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...Bénie sois-tu, puissante Matiere,

Evolution irrésistible,

Réalité toujours naissante,

Toi qui, faisant éclater a tout moment nos cadres,
nous obliges a poursuivre toujours plus loin la Vérité...

Pierre Teilhard de Chardin, Hymne a la Matiere.
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Résumé

Dans cette these nous développons une théorie générale pour prouver 'existence de
plusieurs formules de It6 sur I’équation de chaleur stochastique unidimensionnelle di-
rigée par un bruit blanc en espace-temps. Cela revient a définir de nouvelles notions
d’intégrales stochastique sur u, la solution de cette EDPS et a obtenir pour toute fonc-
tion assez lisse f des nouvelles identités impliquant f(u) et des termes de correction
non triviaux. Ces nouvelles relations sont obtenues en utilisant la théorie des structures
de régularité et la théorie des chemins rugueux. Dans le premier chapitre nous obtenons
une identité intégrale et une différentielle impliquant la reconstruction de certaines dis-
tributions modélisées. Ensuite, nous discutons d’une formule générale de changement
de variable pour tout chemins Holderiens dans le contexte des chemins rugueux en
le rapportant a la notion d’algebres quasi-shuffle et a la famille des chemins rugueux
dits quasi-géométriques. Enfin nous appliquons les résultats généraux sur les chemins
rugueux quasi-géométriques a 1’évolution temporelle du processus u. En utilisant le
comportement gaussien de u, nous identifions la plupart des termes impliqués dans ces
équations avec certaines constructions du calcul stochastique.

Mot-Clés : Formule d’Ito, Equations aux dérivées partielles stochastiques, Structures
de régularité, Chemins rugueux, Algebres quasi-shuffle, Calcul stochastique.






Abstract

In this thesis, we develop a general theory to prove the existence of several Ito formulae
on the one-dimensional stochastic heat equation driven by additive space-time white
noise. That is denoting by u the solution of this SPDE for any smooth enough function
f we define some new notions of stochastic integrals defined upon wu, which cannot be
defined classically, to deduce new identities involving f(u) and some non-trivial cor-
rections. These new relations are obtained by using the theory of regularity structures
and the theory of rough paths. In the first chapter, we obtain a differential and an
integral identity involving the reconstruction of some modelled distributions. Then we
discuss a general change of variable formula over any Hoélder continuous path in the
context of rough paths, relating it to the notion of quasi-shuffle algebras and the fam-
ily of so-called quasi-geometric rough paths. Finally, we apply the general results on
quasi-geometric rough paths to the time evolution of u. Using the Gaussian behaviour
of the process u, most of the terms involved in these equations are also identified with
some classical constructions of stochastic calculus.

Keywords: Ito formula, Stochastic partial differential equations, Regularity struc-
tures, Rough paths, Quasi-shuffle algebras, Stochastic calculus.
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Chapter 1

Introduction

This thesis is devoted to express several non-classical change of variable formulae,
called in short Ito formulae, on a specific stochastic process.

Introduced in the seminal papers [[t642], [[t644], the original It6’s formula was writ-
ten as an interesting remark of the general It integration theory. The main achievement
of this theory was to extend the analytical theory of the Paley-Wiener integration to
define an integration theory against a Brownian motion B (whose trajectories have a.s.
infinite total variation), when the integrand is also a random process. In order to show
that this new type of integral, the Ito integral, looks different from a classical Stieltjes
integral, it has been remarked in [[£644] that for any C? function f: R — R one has
the a.s. identity

F(B) = f(B.) + / t f’(BT)dBT+% / B (10.1)

The relation became famous in the literature as the Ito formula. The main
consequence of this identity was precisely the possibility of integrating against B as if
it was a bounded variation function in standard calculus, provided that we modify the
classical formulae with an extra term containing higher order derivatives. It6 integrals
and Ito formulae are at the basis of the theory of stochastic calculus and the ideas
behind their formulation have been extended to a wide class of processes, leading to
one of the most important mathematical theory of the twentieth century.

The stochastic process that we will consider in this dissertation is the one dimen-
sional stochastic heat equation with additive space-time white noise. More precisely,
this process is the solution u: R, x R — R of a one dimensional heat equation with a
source term £: R? — R

u(0,2) = ug(x).

The main feature of this partial differential equation is that the source term £ is a
space-time white noise, namely a Gaussian random field on R? with zero mean and for
any (t,z), (s,y) € R? the following covariance structure

E[E(t, 2)&(s,y)] = 0(t — s)d(y — ), (1.0.3)

1



2 Introduction

where ¢ is a one dimensional Dirac delta function. In particular, equation is
one of the simplest examples of stochastic partial differential equation (SPDE).

Originated as an infinite dimensional extension of the stochastic calculus fifty years
ago, the theory of SPDEs has been an increasingly active field of research at the inter-
section of probability theory, statistical mechanics and functional analysis. We refer
the reader to the monographs [Wal84], [DPZ14] and [CR99] for a general introduction
on the topic. Following the classical results of the theory (see e.g. [DPZ14, Thm. 5.4])
there exists a global weak solution u for any initial condition ugy solving the determin-
istic heat equation (see [Can84]). The linear structure of equation allows also
to solve it explicitly. Indeed, introducing the heat kernel on R

1 x?
Gt (fE) = \/m exp _4_t )

the solution u can be formally expressed by means of the variations of constants formula

) = [ Guo =ty + | t [ Grsa = vpets.pyasay, (1.0.4)

as if & were a smooth function. We stress the fact that the above relation is only
formal because the space-time white noise £ cannot be evaluated pointwise. The only
way to rigorously interpret the action of ¢ inside the integral can be done by defining
it as an isonormal Gaussian process on the Hilbert space H = L%*(R?), i.e. £ is seen
as a collection of centred Gaussian random variables & = {£(f)} ren verifying for any
fhged

EE(NE9)) = {f.9)n - (1.0.5)

Rewriting the random variable &(f) as [g. f(s,y)¢(ds, dy) and using the integrability
property of G, identity ((1.0.4)) can be then rigorously written as

u(t,x) = / Gyl — y)un(y)dy + / 090G (e — s dy). (10.5)

Since the stochastic behaviour of the solution is only encoded in the term containing &,
it is common to set ug = 0. The resulting process thus becomes an explicit example of
stochastic convolution (see [DPZ14, Sec 5.1.2]). Note that we can carry out a similar
procedure to compute the unique global weak solution of equation ((1.0.2)) with Dirichlet
or periodic boundary conditions, by simply replacing G in expression with the
corresponding heat kernel.

The explicit form of the process u has lead to an intensive study of its properties
since the beginning of the SPDEs theory. Two main approaches have been developed.
On one hand we can consider the process u as a time evolution v = {u(t,-)}i>o on
an infinite dimensional space such as L*(R) or C'(R), the space of continuous function
on R. Under this perspective £ becomes an infinite dimensional Brownian motion,
a cylindrical Wiener process dWy (see [DPZ14]), and u is seen as the solution of a
stochastic differential equation with values in an infinite dimensional space

{du = (Ougu)dt + dWV,

u(0,z) = up(x) . (10.7)



In particular the solution u is a Markov process whose properties can be studied by
means of the standard tools of semigroup theory (see [DPZ14]). For instance The
hitting properties of independent copies of u were studied in [MT02] and an explicit
description of its generator in the L? setting has been provided in [DP99]. We also recall
that the corresponding Markov process associated the solution of the equation
with homogeneous Dirichlet boundary conditions on [0, 1] admits as unique invariant
measure the law of a standard Brownian bridge (see e.g. [Zaml7, Chap. 4]). This
process represents then a rigorous mathematical model of random interface because it
can be also obtained as the scaling limit of a class of interacting particle systems, as
explained in [EL15]. Others results in the same spirit were obtained in [Fun83| for the
solution of with other boundary conditions.

In alternative to the infinite dimensional setting, the process u can be seen also
as a real-valued Gaussian random field uw = {u(t,z)}i>0 zer - This approach dates
back to the seminal lecture notes [Wal84] and we used it to introduce the process u
in (1.0.6). Even if this point of view looks simpler from a purely probabilistic point
of view because it does not involve semigroup theory, it still requires an extensive
use of functional analysis. Indeed looking back at the definition of £ in , an
alternative way of introducing it is can be made by defining £ as a random distribution,
i.e. a random variable taking value in D’(R?), the set of distributions on R? and
in principle we might expect a very technical theory. However in the specific case
of the process u, the properties of ¢ allow to compute explictly the covariance of the
stochastic convolution and we deduce that the trajectories of u are “almost” 1/4-Holder
continuous in time and 1/2-Holder continuous in space. An elementary explication of
this regularity property can be found in [Zaml17], [MT02]. From an analytical point
of view, this result can be interpreted by saying that the regularising effect of the
heat kernel turns the distributional trajectories of ¢ into a continuous function (we
recall that the deterministic part of the process is smooth for any positive time as a
consequence of the classical theory). The explicit Holder exponents appearing for u
can be also justified by using a parabolic version of the Schauder estimates (see e.g.
[Kry96]) on the realisations of .

One of the big disadvantages in the study of w is then the absence of the classical
tools of stochastic calculus on its trajectories. Indeed the time evolution {u;};>¢ is
not an infinite dimensional semimartingale but for any smooth compactly supported
function A: R — R the process

(e, b = / ult, y)h(y)dy

is a real-valued semimartingale. Moreover we can fix a space or a time point z € R,
t > 0 and the resulting evolutions s — u(s,z), y — u(t,y) are continuous processes
which are not semimartingales. The main reason behind this ill-posedness comes by
writing u as the solution of where we immediately note that this process have
the same quadratic variation of the space time white noise dW; which is naturally an
infinite quantity. An explicit computation of the covariance of w in [Swa07] shows also
that the time evolution s — u(s, x) is not a Markov process and it has infinite quadratic
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variation. Since the powerful theory of the Ito stochastic calculus cannot be applied
directly to u, many fine properties of its trajectories, such as an intrinsic theory of local
times associated to a Tanaka formula or the study of its excursions, cannot be studied
as in the Brownian case (see e.g. [RY04]) and there are still no general theories to
approach these problems. Over the years few attempts were done to define some new
tools to define a new stochastic calculus on u using for instance the Malliavin calculus
(see [GNTO05]) or the theory of local times for Gaussian random fields (see [ZamO06])
but these results were not sufficiently investigated by the scientific community. More
recently in the article [EZ18] the authors provided an intrinsic notion of local times
based on the theory of Dirichlet forms (see e.g. [FOTT1]) to extend the family of Bessel
SPDEs (see [Zam01]) up to some critical parameters.

During the past few years the whole discipline of stochastic partial differential
equations was radically innovated by the emergence of the theory of reqularity structures
(see |[Haild]). The main goal of this new mathematical theory was to establish some
rigorous well posedness results for singular SPDEs, few important classes of equations
present in the statistical physics literature but whose meaning was still a challenge for
the mathematical community. Many of these equations are constructed as a non-linear
perturbation of the d-dimensional extension of the equation (1.0.2)). For instance the
well-known KPZ equation (see [KPZ86]) writes formally as the equation ([1.0.2)) with a
quadratic perturbation

Oth = Opuh + (0h)* + €. (1.0.8)

Since we expect h to share the same space regularity as u, there is no classical analyti-
cal theory to define (9,h)?, the square of the distributional term d,h. In order to solve
equation the theory mixes several new results on the analysis of PDEs, algebra
and stochastic calculus (see [BHZ19|, [CH16], [BCCHI1TY]) to achieve a rigorous defini-
tion for the term (9,h)? and the solution h (See also [Hail3] for further details). Even
if this equation is by far more complex than we still remark that the process u
plays a fundamental role in the study of the solution because it approximates locally
the random field A in the same way as polynomials approximates smooth functions.
The study of the singular SPDEs has also generated other theories to study the same
family of equation with other analytical tools. Even in those context the knowledge
of u is still fundamental to give a rigorous meaning to these equations. We recall for
instance the theory of paracontrolled distributions [GIP15].

The theory of regularity structures should not be seen as an isolated phenomenon in
the probability panorama but instead the culminating point of an another theory, also
at the intersection between analysis and stochastic processes, the theory of rough paths
(see |[Lyo98], [Gub04]). Basically speaking this theory extends the Riemann-Lebesgue
integration theory to perform the rough integration, a deterministic integration theory
against a generic non smooth continuous path. One of the main consequence is that
in some cases it is possible to interpret the [t0 stochastic integral as the path-wise
realisation of a specific rough integral. Similarly we also obtain that the solution of
some an Ito diffusion can be een as the path-wise realisation of a so called rough
differential equation, a deterministic evolution driven by this rough integration. The
combined techniques of rough paths and regularity structures have deeply transformed
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the field of stochastic calculus showing interesting applications and connections with
many other branches of applied and pure mathematics (see [FHI14]).

The main scope of our thesis is then to define new integration theories upon the
stochastic convolution process u: R, x R — R, that is the explicit solution of

{atu:amwg 1.09)
u(0,2) =0

using the techniques developed in the theory of rough paths and regularity structures.
Moreover in the same spirit of 1to’s first researches, for any new notion of integral
we will investigate the associated change of variable formulae. The choice of starting
from a zero initial condition is simply done because we are interested in studying the
stochastic behaviour of the solution and as shown in formula ([1.0.6]) in order to recover
the general results on it is sufficient to add a deterministic smooth function.

The thesis is divided into three different chapters, each associated with a scientific
paper [Bell8] [Bell9a] [Bell9b] (submitted or in preparation) dedicated to a particular
aspect of this problem. In particular the first chapter concentrates on the regularity
structure approach and the remaining chapters are devoted to a deeper comprehension
of the change of variable formula in the rough path context. We present here a quick
overview of the main contributions contained in each chapter.

1.1 Ito formula in regularity structures

The first chapter will be entirely focused on the theory of regularity structures. In
particular we will explain how a theory designed to resolve equations like the KPZ
equation in (1.0.8) can contribute to express also a change of variable formula on u
which is classically well-posed. The fundamental concept behind this connection is
that for any sufficiently regular function ¢: R — R the random field ¢(u), which is
completely well defined by itself, it is in turn the solution of a singular SPDE similar
to (1.0.8). How can we deduce such equation? Working as if £ were a smooth function,
we obtain formally from the chain rule

O(p(u)) = &' (u)0u,  Dualip(u)) = ¢ (ue)(0su)” + &' (u)Oust, (1.1.1)

Thus if u satisfies the stochastic heat equation ([1.0.9), we obtain immediately that
©(u) satisfies the new relation

{atv = 0uat + ' (W)€ — (1) (Opu)?
v(0,2) = ¢(0).

By the variation of constants formula on the second equation, we deduce from the
equation ([1.1.2]) a formal expression for p(u)

p(u(t, z)) = p(0) + / / Gyl — )¢ (u(s, ) E(s, y)dsdy

(1.1.2)

t (1.1.3)
- / / Gry(@ — )¢ (s, ) (B)? (s, y)dsdy .
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Clearly the reasoning behind the chain rules in is only this formal because the
process u is a.s. not differentiable but this is not a simple problem of regularity of
functions because the terms o' (u)€, ¢”(u)(9,u)* appearing in and , in
analogy with the equation (|1.0.8)), do not have any rigorous meaning. The main reason
for which these terms are ill posed is because they involve formally products of £ and
0;u, terms which can be defined only as random variables with values in the space
distribution D’(R?) (we recall that u is non-differentiable in space).

Since the beginning of the theory of distributions, the problem of finding a notion
of product has been a crucial one in mathematical analysis (see [Sch54]). Explaining
the functional spaces where we can actually perform a product for distributions has
produced many interesting theories in mathematical analysis such as the paraproduct
theory (see [BCD11]) or the Colombeau algebra (see [Col84]). Thus we might expect to
interpret these products using a technical analytical machinery. Actually it has been
shown in [Hail4] that both & and J,u belong a.s. to some functional spaces where
there exists no continuous bilinear map to express the terms ¢’ (u)¢ and ¢”(u)(9,u)?,
showing that this operation cannot be attacked with the known analytical theories.

One of the great achievements obtained in the theory of regularity structures is
then to build a coherent mathematical framework to deal with such expressions. The
main idea behind the whole theory is then to express a random distribution v, in
terms of a universal family of generalised stochastic polynomials describing locally v as
polynomials describe smooth functions. Vaguely speaking this is equivalent to say that
there exists a family of random distributions {II,7(y)},er, depending on a reference
point z € R? a variable y € R?, a fixed probability space (€2, F,P) and a finite set T
such that for any random distribution v we can write formally

v(y) —v(@) =Y a(@)Lm(y) +r(y,z), as. (1.1.4)

el

where I is a finite subset I C T, {a;};cs is a family of random fields process playing
the same role as the derivatives and r is a random remainder term which is sufficiently
small with respect to some metric. The equation is still a formal identity because
it involves the evaluation of distributions on points but it can rigorously be written
with some new definitions. Following the formula (|1.1.4]) we can say that the random
distribution v is approximated by the triplet V' = (A, ©,I) where A and © are defined
respectively as

A(z) == (a1(z) -+ ,a(x)), © = {m}icr- (1.1.5)

One of the fundamental results expressed in [Hail4] is that if we dispose of a family
of generalised stochastic polynomials {I1,7(y)},er (called model) then there exists a
family triplets V' = (A,0,1) (called modelled distribution) such that for any triplet
belonging to this class we can associated a unique random distribution to it denoted
by R(V) (called the reconstruction of V') satisfying the identity (1.1.4). This result,
which is referred in the theory as the reconstruction theorem, is a cornerstone of the
theory, characterising a random distribution in terms of a local expansion of a finite
number of elements. Under this perspective we can define a product between two
random distributions.
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We consider two random distribution v, v? satisfying v! = R(V?!) and v* = R(V?)
for two fixed modelled distributions V= (AL, el 1Y), V? = (A?,02 I?) where A!,
A%, ©', ©7 are written like (1.1.5). Then if we are able to define a finite number of
new generahsed stochastic polynomiai I, (7)77)(y) on a specific set of indices we can
define an abstract notion of product between the modelled distribution V!'V? and the
product between v! and v? becomes the random distribution R(V!V?), that is the
unique random distribution satisfying

RV'V)(y) — R(V'V?)(x Za IL (772 (y) + 7(y,z) as.  (1.1.6)

where 7 is the stochastic remainder. Even if we still keep the discussion at an infor-
mal level, we stress the fact the the resulting product operation (v!,v?) — R(V1V?)
provides a measurable operation with some properties of a product but its definition
requires more properties than the simple theory of distributions.

The first chapter of this thesis will be devoted to justify in detail the equation
defining ¢(u) (1.1.2) and the integral formula in the context of this new notion
of product between distributions sketched above. For technical reasons the starting
process u will be the solution of with periodic boundary condition, written as
a random field u: R, x T — R, where T = R/Z is the one dimensional torus. First
we will introduce an explicit family of generalised stochastic polynomials which is able
to describe a solution of . The existence of such family will be obtained by
specifying and simplifying some technical results of the theory contained in [BHZ19],
[CH16]. Once obtained the generalised stochastic polynomials, we will show explicitly
four different modelled distributions ®'(U), ®”(U), = and 0,U satisfying

R(Q'(U)) =¢'(u), R(SU)) =¢"(w), R(%WU)=0wu, RE)=¢. (LLT)

From the knowledge of these modelled distributions and the underlying model we
will obtain that it is also possible to define the modelled distributions ®'(U)= and
®"(U)(0,U)?, giving a rigorous meaning to the terms ¢'(u)&, ¢”(u)(0,u)?.

The remarkable property of this construction appears then when we want to link
this definition with the differential identity . Indeed for any sufficiently smooth
v a key result of the chapter is the rough differential Ito formula

(01 = Ouo)p(u) = R(P'(V)E) — R(Q"(U)(8:U)*), (1.1.8)

where both sides are interpreted a.s. as distributions. Therefore this new notion of
product satisfies formally the same identity of standard calculus, provided that we
interpret the terms in a distributional way. Writing the expression of using the
variation of the constants formula for the heat equation with a distributional source,
we obtain an a.s. expression for ¢(u) called rough integral Ité formula:

p(ult, ) = P+ 1 qR(P(U)E)(t, x) — P x 1y R (V)@ U))(t,2),  (1.1.9)

where P is the heat Kernel on the torus, the operation * is the convolution operation
on R? and 104 is an operator between distributions extending the multiplication with
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the indicator function of [0,¢] x T. Similarly as before the identity is a rigorous
way to interpret (1.1.3).

The identities ([L.1.§), explain the behaviour of p(u) as a solution of a partial
differential equation whereas they do not study the probabilistic meaning of the ran-
dom distributions R(®'(U)=), R(®"(U)(0,U)?). The last part of the chapter will be
dedicated to study for any test function ¥: R, x T — R the behaviour of the random
variables R(®'(U)Z)(¢v), R(®"(U)(9,U)?) () using the explicit Gaussian structure of
the process u and the space time white noise &, as introduced in work [Zam0O6]. In
particular for any test function ¢: R, x T — R whose support is contained in [0,¢] x T
compactly we will obtain the following identification theorems

R(¥(U)2)) () = / / o (a5, )5, )Wy (1.1.10a)

R(CI)"(U)(DIU)2)(@/)) = —%/0 /T¢(s,y)ap"(u(s,y))C(s)dyds (1.1.10b)

t
+ / { / / (s, 9)¢" (u(s,9)) 00 Pos, (Y — ¥1)0u Po—s, (y — y2)dyds | dWZ,,
[O,t]gXTQ soVsy JT

where the integral dW,, is a Walsh integral taken with respect to the martingale
measure associated to W, the brownian sheet associated to £ (see [Wal84]); C: (0,7) —
R is the function

C(s) ::/TP(s,y)Qdy (1.1.11)

and the integral dWS%y is the multiple Skorohod integral of order two associated to W
(see the general notion of Skorohod integral of order two in [NN10]). The content of
the chapter is based upon the article [Bell§].

1.2 Rough It6 formula

Contrary to the main topic of the thesis, in the second chapter we will not speak
directly of the process u. Indeed the whole discussion will focus on the generalisation
of the It6 formula ([1.0.1]) using the rough paths theory.

Introduced at the end of the nineties in the seminal paper [Lyo9§|, the theory of
rough path was built to solve the following family of controlled differential equations

{dYt = f(Y,)dX,

(1.2.1)
)/E) =%,

where Y and X are continuous functions Y: [0,7] — R®, X: [0,7] — R? and f: R® —
Re*? is smooth. The key point in equation is that we want define a notion of
solution even when the trajectories of the driving path X are “rough”, that is neither
differentiable nor absolute continuous. Even if the formulation of this problem is purely
deterministic, most of its results are then applied in the probabilistic setting by con-
sidering the realisation of some continuous stochastic process X as driving path (e.g.
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a fractional Brownian motion). Therefore this theory can be used to develop a robust

solution theory for stochastic differential equations which cannot be defined classically.
The usual way to formulate the problem is in its integral form. Hence a

large part of the theory is dedicated to give a rigorous meaning to integrals such as

/ t F(X,)dX, (1.2.2)

where X : [0, 7] — R is a rough function with Holder regularity v € (0,1) and f: R —
R is smooth. As expressed at the beginning, this problem motivated the definition
of the Ito calculus when X is a Brownian motion. However the main feature of this
rough path point of view is then to provide an analytical way to define the integral
independently of the stochastic properties of the trajectories. A first interesting
solution to this problem has been provided by a result of W. Young [You36], defining

as the limit
t
[ e = i Y 0K - X, (1.2.3)

where P, is a generic sequence of partitions of [s,t] whose mesh-size converges to 0.
One of the big obstacles of this result is that this approximation holds if and only
if the parameter v € (1/2,1), excluding the possibility of defining a a similar object
in the Brownian case (whose trajectories are almost 1/2-Hélder). The fundamental
progress introduced in [Lyo98] and explained in a simpler formalism by [Gub04] was
that even when v < 1/2 it is still possible to define the operation through a
limiting procedure. Nevertheless instead of a classical Riemann sum as in the Young
case the approximations of this operation depend on a larger path X containing
the driving path X and a finite number of extra components that behave formally as
the iterated integrals of X. This new object X takes the name of rough path over X,
and we can formally define the integral as a rough integral as long as we can
define a rough path X over the driving path X. To stress the fact that this integral
does not depend uniquely on X we will denote it by fst f(X,)dX,.

The general definition of a rough path X when the driving path is y-Holder for
v € [1/3,1/2) is at the basis of the monograph [FH14]. However when we want to
treat the general case v € (0,1) two main notions of rough path are defined in the
literature to give a rigorous meaning to the rough integral: the geometric rough paths
and the branched rough paths. The first family dates back to the first formulation
of the theory and it imposes that the extra components of a geometric rough path
(the objects which replace the iterated integral) should respect the usual integration
by parts formulae rule of the iterated integral of smooth paths. One disadvantage of
this definition is that we cannot recover the It6 integration theory in this family. The
other class was introduced in [Gub10] and using it we can easily include the stochastic
calculus as a particular case but the cost of this inclusion is the presence of more
components than for a geometric rough path. A detailed comparison of these two
families has been discussed [HK15] showing also some interesting connections with the
theory of Hopf algebras.
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The presence of two different methods to construct the rough integral leads nat-
urally to study the problem of the change of variable formula. Particularly if X =
(X1, X9:[0,T] — R? is a generic y-Holder path contained in a rough path X and
©: Rd — R is a sufficiently smooth function, does the change of variable formula

o(X,) = +Z / dip( X, )dXL (1.2.4)

still hold? On one hand if X is geometric, the formula is true and it follows
directly from the definition of a geometric rough path. On the other hand the same
problem shows a more interesting behaviour when X is a branched rough path. This
topic has been studied in the PhD thesis of David Kelly [Kell2] and a new formula
was obtained in this context by means of the notion of bracket extension X over a
branched rough path X. Loosely speaking a bracket extension is again a branched
rough path containing the information given by X and in addition to that it encodes
also some new paths X @) for 4, .-+ 4, =1,---d called (i - - - i, )-order variations,
which extend in an algebraic and analytical context the notion of quadratic variation
of a semimartingale. By fixing a bracket extension X over a branched rough path X,
we obtain the general formula

o(X,) = +Z / Oyp(X,)dX!

(1.2.5)
N d ,
O X)
1 I (irin)
+nz—;i z;: n! ), Oxy---0x;, " ’

where N = |[1/v] and the other terms appearing in are rough integrals with
respect to the paths X (1) We call the identity (1.2.5) rough Ité formula because
it represents a deterministic generalisation of the stochastic identity . Looking
at this theory from a probabilistic point of view, the formula establishes an
interesting starting point to study non standard change of variable formulae on general
stochastic processes with continuous trajectories. Unfortunately it turns out that the
notion itself of bracket extension does not seem to be adapted for applications to
stochastic processes because of its intrinsic algebraic complexity.

The main improvement obtained in chapter two is then a new reformulation of
Kelly’s original theory in order to establish for a generic y-Holder path X a formula
similar to but using a simpler algebraic structure to encode the (71 - - - i,,)-order
variations. Specifically we will introduce a new notion of rough paths called quasi-
geometric rough paths and we will restate the formula in this new context. This new
family of rough paths was recently introduced in the paper [BCEFI§] in a much ab-
stract context and it relies on the theory of quasi-shuffle algebras (see [Hof00], [HIL7]).
Basically speaking a quasi-geometric rough path X over X encodes in a single object
the same information as a bracket extension but using a different indexing of the co-
ordinates. Indeed of starting from the paths X 1) for iy, --- i, =1,---,d we will
represent them in terms of multi-indices X* where k = (ky,--- , kg) and using {e;}&,
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the canonical basis in N? we will adopt the identification X? = X¢. These new paths
are called k-order variations. Using this new notation for any fixed quasi geometric
rough path X over X the new change of variable formula reads as

1 PoM - OMp(X) ok
p(X)=p(X)+ > k1!-~~kd!/5 oo, (1.2.6)

keN?: |k|<N

where the value |k| corresponds with the absolute value of the multi-index k.

One of the big advantages of the class of geometric rough paths is the existence of
an explicit one to one correspondence between them and the geometric rough paths
over the extended path of the k-order variations. Therefore the problem of constructing
a quasi-geometric rough path can be reformulated as the construction of a geometric
rough path over a higher dimensional path and in the stochastic case we can apply
some standard criteria from the literature [FV10b] to show the existence of explicit
quasi-geometric rough paths. This chapter is based upon the article [Bell9al.

1.3 Ito formulae on the time evolution

In the last chapter of the thesis, we will apply the results on the rough Ito formula
to deduce some new It6 formulae on the time evolution of the stochastic heat equation.

Recalling the regularity of the space and the time trajectories of the solution of
(1.0.9), both the trajectories s — u(s,x), y — u(t,y) are Gaussian processes which
should fit naturally in the rough path theory. However all the known work in the
literature focuses only on the spatial evolution mostly because of this process has
Holder regularity almost 1/2. For a detailed discussion of the applications of rough
paths theory to this process we refer the reader to [Hailll], [HW13], [FGGR16] and the
general monograph [FHI14].

The process we will consider in this chapter is defined from a slight modification of
the usual stochastic heat equation defined in because we consider

dpu = 20,,u+ €
u(0,2) =0.

Then for some fixed = € R we set X; := u(t,x). Since X is a real valued process whose
Holder regularity is almost 1/4, the rough change of variable formula (1.2.6) applied
to any random quasi-geometric rough path X over X implies the identity

t 1 t
o) = (x) + [ P+ o [ o)
s e (1.3.1)
1 1

where every integral in the right hand side of (1.3.1)) is the a.s. realisation of a rough
integrals. In analogy with the stochastic calculus, where there are several ways to
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express the same change of variable formula using different notions of stochastic integral
(e.g. the It6 and Stratonovich formulation) we will show the existence of four different
change of variable formulae on X by proving the existence of four random quasi-
geometric rough paths over the process. Once obtained an analytical description of
these identities, as we discussed in the first section, we will recover the probabilistic
nature of some rough integrals by identifying them with some classical objects from
stochastic calculus.

Summing up both the analytic and the probabilistic results, the resulting formulae
are the following: first we have the geometric formula

o(X0) = p(X,) + / (X, )X (13.2)

obtained by choosing X, the unique one-dimensional geometric rough path over X
(which can be identified to a trivial quasi-geometric extension over X). Then we
construct two quasi-geometric rough paths X and X such that the third and the fourth
order rough integrals on the right hand side of are identically zero and the
second order ones are identified to some classical objects. Plugging them in we
obtain the identities

o(Xy) = p(X,) + / ¢’(Xr)d3€i+g / ¢"(X,)dB,, (1.3.3)
o(X)) = p(X) + / P (X )L + / (X, )do? (1.3.4)

where B is an independent Brownian motion, o2 is the variance function ¢? = E[X?]
and the integrals in the formulae are an It integral and a Stieltjes one. The identities
and are called the Burdzy-Swanson formula and the Cheridito-Nualart
formula [BS10] [CNO5]. Finally we prove the existence of a quasi-geometric rough path
X such that the fourth order integral is a Lebesgue integral

t 1 t

P(X) =o(X) + [ vt + g [ (a2

0 e (1.3.5)
! B (X,)dx? + - W (X,)d
+§S(D (Xr) r"’ESSD (X)dr,
thereby proving the existence of a deterministic “quartic variation” for the process X.
Moreover the sum of the remaining rough integrals in the right hand side of (|1.3.5)) can
be also associated with the limit of a compensated Riemann sum related to the higher
order Follmer calculus, introduced in [CP19]. This chapter is based upon the article
[Bel19b)].



Chapter 2

An Ito type formula for the
additive stochastic heat equation

2.1 Introduction

We consider {u(t,z): t € [0,T], x € T = R/Z} the solution of the additive stochas-
tic heat equation with periodic boundary conditions and zero initial value:
ou = Oppu + &,
u(0,2) =0
u(t,0) = u(t,1)
Ou(t,0) = dyu(t, 1)

(2.1.1)

where £ is a real valued space-time white noise over R x T. This equation was origi-
nally formulated to model a one-dimensional string exposed to a stochastic force (see
[Fun83]). From a theoretical point of view, the equation represents one of the
simplest examples of a stochastic PDE whose solution can be written explicitly, the
so called stochastic convolution (see e.g. [Wal84], [DPZ14]). Writing & = 0W/0tox,
where W is the Brownian sheet associated to &, one has

ult, z) = /O t /T Pry(z — y)dW,, (2.1.2)

where the integral dW,, is a Walsh integral taken with respect to the martingale
measure associated to W and P: (0,+00) x T — R is the fundamental solution of the
heat equation with periodic boundary conditions:

Pi(z) = Z Gz +m), Giz)= \/%GXP (_Z_t) :

MEZ

It is well known in the literature (see e.g. [DPZI4]) that almost surely u admits a
continuous modification in both variables ¢ and x and it satisfies the equation (2.1.1])
in a weak sense, that is for any smooth function /: T — R one has

/TU(t,y)l(y)dyZ/Ot/TU(s,y)l”(y)dyds+/Ot/Tl(y)dWs,y~ (2.1.3)
13
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Looking at u as a process with values in an infinite-dimensional space, the process
u; = u(t,-) is also a Feller Diffusion taking values in C(T) (the space of periodic con-
tinuous functions) and L*(T). Its hitting properties were intensively studied in [MT02]
employing the Markov property, potential theory and the theory of Gaussian processes.
Nevertheless, some classical tools of the infinite-dimensional stochastic calculus (see e.g.
[DPZ14]) such as the It6 formula cannot be applied to u;. Moreover for any fixed 2 € T
it has been shown in [Swa07] that the process t — u(¢, x) has an a.s. infinite quadratic
variation. Therefore any attempt to apply classically the powerful theory of Ito calcu-
lus seems pointless. Introduced in 2014 and explained through the famous “quartet”
of articles [Hail4], [BHZ19], [CHI16], [BCCHI7], the theory of regularity structures has
provided a very general framework to prove local pathwise existence and uniqueness
of a wide family of stochastic PDEs driven by space-time white noise. In this chapter,
we will show how these new techniques allow formulating an It6 formula for u. The
formula itself will be expressed under a new form, reflecting the new perspective un-
der which the stochastic PDEs are analysed. Indeed, for any fixed smooth function
¢: R = R, we will study the quantity (0; — 0,)(u), interpreted as a space-time ran-
dom distribution. This choice is heuristically motivated by the parabolic form of the
equation defining v and it is manageable by the regularity structures, where it
is possible to manipulate random distributions. Thus we are searching for a random
distribution g, , depending on higher derivatives of ¢, such that, denoting by (,) the
duality bracket, one has a.s. the identity

(O = Ora)p(u), ) = (9p, ) (2.1.4)

for any test function v. We will refer to this formula as a differential Ito formula,
because of the presence of a differential operator on the left hand side of . By
uniqueness of the heat equation with the distributional source g, (see section , for
every (t,z) € [0,7] x T — R, we can write formally

p(u(t, ) = (0) +/0 /TPt_s(x —Y)gp(s,y) dsdy (2.1.5)

where for any fixed (t,z) the equality hold a.s. We call a similar identity an
integral Ito formula because of the double integral on the right hand side of .
This resulting formula may be one possible tool to improve our comprehension of the
trajectories of u, even if it is still not clear whether it will be as effective as it is for
finite- dimensional diffusions (see e.g. [RY04]).

In order to obtain these identities, we will follow the general philosophy of the
regularity structure theory. Instead of working directly with the process u, we will
consider {u.}.~o an approximating sequence of u, solving a so called “Wong-Zakai”
formulation of (see [HP15] for this approximation procedure on a wider class of
equations)

atus = amxus + 56 )
us(0,2) =0

Ua(tv O) = ua(t7 1)
Opus(t,0) = Jyuc(t, 1)

(2.1.6)
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where the random fields {£.}.~¢ are defined by extending ¢ periodically on R? and
convolving it with a fixed smooth, compactly supported function p: R? — R such that
Jg2 p=1and p(t,z) = p(—t, —z). That is denoting by * the convolution on R* for any
e > 0 we set

pe = Pp(e e ), &t x) = (p. % &)(t, x). (2.1.7)
The inhomogeneous scaling in the mollification procedure is chosen accordingly to the
parabolic nature of the equation . This regularisation makes & an a.s. smooth
function &.: [0,7] x T — R and the equation (2.1.6) admits for any ¢ > 0 an a.s.
periodic strong solution (in the analytical sense) u.: [0,7] x T — R which is smooth
in space and time. Therefore in this case (0; — 0. )@(u.) is calculated by applying the
classical chain rule between u. and ¢, obtaining

F(p(ue)) = &' (ue)Oue ,  Ou(p(ue)) = ¢ (ue)Oyue (2.1.8)
Ore(p(ue)) = @ (1) (Opu)® 4+ @' () Opgtic . (2.1.9)

which yields:
(O = Ouw)p(ue) = @' (ue)éc — ¢ (ue) (Drue)® . (2.1.10)

Let us understand heuristically what happens when ¢ — 0T. Since p, is an approxi-
mation of the delta function, u is a.s. continuous and the derivative is a continuous
operation between distributions, we can reasonably infer that the left hand side of
(2.1.10) converges in some sense to (0; — Oz, )p(u). Thus the right hand side of
should converge too to some limit distribution. However, written under this form, it is
very hard to study this right hand side because it is possible to show

¢/ (ue)&el| = +o0,  [|¢" (ue) (Bptue)?|| <> +o0

with respect to some norm (see the remark . These two results suggest a can-
cellation phenomenon between two objects whose divergences compensate each other.
This simple cancellation phenomenon between two diverging random quantities, which
lies at the heart of the recent study of singular SPDESs, has already been noticed in the
pioneering article [Zam06] (see also [GNT05], [Lan07]) and now we are able to reinter-
pret that result in the general context of the renormalization theory, as explained in
the theory of regularity structures. By means of the notion of modelled distribution
and the reconstruction theorem, we can also explain the limit as the difference of two
explicit random distributions. However, these limits are only characterised by some
analytical properties which cannot allow to understand immediately their probabilistic
representation. Therefore the convergence is also linked with some specific identifica-
tion theorems which describe their law. Summing up both these results we can state
the main theorem of the chapter:

Theorem 2.1.1 (Integral and differential It6 formula). Let ¢ be a function of class
CH(R), the space of C* functions with all its derivatives bounded. Then for any test
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function ¥: R x T — R with supp (¢b) C (0,T) x T, one has the a.s. equality

(0~ Dur)iw). 0) =
| [ nav., 5 [ [ o wmeeis

T
- / [ / / (5,90 (W) P o (g — y1) Py (y — yo)dyds| dW2, .
[O,TPX']T2 soVsy JT

Moreover for any (t,z) € [0,T] x T we have a.s.

() =
o0+ [ [Pty 45 [ e = )i
- /[O o { / tv /T Pr_o(z — )" (us(y)) Pi_g, (y — y1) P, (y — y2)dyds | dWZ,,

where in both formulae P)(y) = 0,Ps(x), the integral dWZ, is the multiple Skorohod
integral of order two integrating the variables s = (s1,82) and 'y = (y1,y2), us(y) =
u(s,y) and C: (0,T) — R is the integrable function C(s) := ||PS(-)||%2(T).

Remark 2.1.2. Tt is natural to ask whether the same techniques could be applied to a
generic convex function ¢, in order to establish a Tanaka formula for u. In case ¢ is
not a regular function, the formalism of regularity structures does not work anymore
(see the section . However even if we try to generalise the Theorem using
only the Malliavin calculus, the presence of a multiple Skorohod integral of order 2 in
both formulae would require apriori that the random variable ¢”(u(s,y)) ought to be
twice differentiable (in the Malliavin sense). Hence the condition ¢ € C#(R) in the
statement appears to be optimal. Finally any Tanaka formula would require a robust
theory of local times associated to u, yet this notion is very ambiguous in the literature.
On the one hand using some general results on Gaussian variables (such as [GH80]) we
can prove the existence of a local time for any x € T of the process ¢ — u(t,z) with
respect to its occupation measure on [0,7]. On the other hand an alternative notion
of a local time for u has been developed by means of distributions on the Wiener space
in [GNTO05].

We discuss now the organization of the chapter: in Section and [2.4| we will apply
the general theorems of the regularity structures theory to build the analytical and
algebraic tools to study the problem: all the constructions are mostly self contained.
In some cases we will also recall some previous results obtained in [HP15] and [BHZ19],
[CH16]. Then in the section we will combine all these tools to obtain firstly two
formulae involving only objects built in the previous sections (we will refer to them as
pathwise Ité formulae) and later the identifications theorems.

We finally remark that some of the techniques presented here could potentially be
used to establish an Ito formula for a non-linear perturbation of (2.1.1)), the so called
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generalised KPZ equation:

O = Ozt + g(u)(0pu)? + h(u)(Opu) + k(u) + f(u)€,
u(0,z) = ug(x)

u(t,0) = u(t, 1)

O,u(t,0) = dyu(t, 1)

(2.1.11)

where g, f, h, k are smooth functions and uy € C(T) is a generic initial condition.
(We refer the reader to [Brulb], [Hail6], [BGHZ19]). Establishing such a formula
in this generalized setting shall be subject to further investigations. Other possible
directions of research may also take into account the Ito formula for the solutions of
other stochastic PDEs with Dirichlet boundary conditions (see [GH17]) and, using the
reformulation in the regularity structures context of differential equations driven by
fractional Brownian motion (see [BEGT17]), we could recover some classical results in
the literature of fractional processes (see e.g. [FR02], [RV93]).

2.2 Holder spaces and Malliavin calculus

We recall here some preliminary notions and notations we will use throughout the
chapter. For any space-time variable z = (¢, ) € R?, in order to preserve the different
role of time and space in the parabolic equation (2.1.1) we define, with an abused
notation, its parabolic norm as

120 = VIt + ||

Moreover for any multi-index k& = (ky,k2) the parabolic degree of k is given by
|k| := 2k; + ko and we adopt the multinomial notation for monomials z¥ = ¢* k2
and derivatives OF = 0F 19%2 (the derivative 92 f will be denoted in some cases by Oy, f
to shorten the notation). According to the definition of p. in (2.1.7), the parabolic
rescaling of any function 7: R* — R of parameter A > 0 and centred at z = (t,z) is
given by -
t—t z—x .

R = ) = ).
For any non integer o € R, a function f: R? — R belongs to the o Holder space C*
when one of these conditions is verified:

e If 0 < a < 1, f is continuous and for any compact set K C R?

f(z) — flw
1oy = sup ()| + sup TE IO o
zeK zZWweK ||J; - y”
ZFW
e If « > 1, f has |a] continuous derivative in space and |«/2] continuous derivative
in time, where [-] is the integer part of a real number. Moreover for any compact

set K C R?

O f(2) — O f(w
Il = sup sup (%2 + sup_sup PTEOZTT
2ek k<o) £ ek [ki=|ol [z — wl|
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e If @ < 0, denoting r = —|a] + 1, f € §'(R?), the set of tempered distribution on
R2, and the dual of the function of order C" on R2. Moreover for every compact set

K C R? A
et = S SUp. S |(f,n2)]
| fllea o) p sup sup
2€K neBr Ae(0,1] A

< 00,

where B, is the set of all test functions 7 supported on {z € R?: ||z|]| < 1} such that
all the directional derivatives up to order r are bounded in the sup norm.

The spaces C® and the respective localised version C®(D), defined on a open set D C R?
are naturally a family of Fréchet spaces. Moreover for any o > 0 and compact set
K C R?, defining C*(K) by restriction of f on K, we obtain a Banach space using
the quantity || f||cec). The elements f € C*(R x T) are interpreted as elements of C*
whose space variable lives in T. Most of the classical analytical operations apply to
the C* spaces as follows:

e Derivation if f € C* and k is a multi-index then the map f — 0*f is a continuous
map from C® to C° where 3 = a — |k|.

e Schauder estimates (see [Sim97]) if P is the Heat kernel on some domain, then the
space-time convolution with P, f — Px f is a well defined map for every f supported
on positive times and it sends continuously C® in C**? for every real non integer c.

e Product (see [Haild, Prop. 4.14]) for any real non integer S the map (f,g9) — f-g¢
defined over smooth functions extends continuously to a bilinear map B: C* x C? —
C if and only if a4+ 8 > 0.

The Holder spaces and the operations defined on them provide a natural setting to
formulate the deterministic PDE

O — Oy = g,
v(0,z) = vo(z)
v(t,0) = v(t, 1)
9,v(t,0) = dv(t, 1),

(2.2.1)

where g € C°(R x T) and vy € C(T). For any 38 > 0, classical results on PDE theory
(see e.g. [Kry96]) imply that there exists a unique strong solution v € C#+%([0,T] x T)
of (2.2.1)) which is given explicitly by the so called variation of the constant formula

o(t,x) = / Pz — y)vo(y)dy + (P * 1oy 9)(t.x) (22.2)

where for any ¢ > 0, 1y is the indicator function of the interval [0,¢] x T. Fur-
thermore if we consider § € (—2,0) non-integer, the equation admits again a
unique solution v € C#*2([0, T] x T) satisfying but only in a distributional sense.
This solution can be expressed again by the formula by interpreting 1y as a
continuous linear map 1jy: C?(R x T) — C*(R x T) such that (1p9)(¢) = g(¢¥)
for any smooth test function 1 satisfying supp(¢) C [0,¢] x T and (1p49)(¢) = 0 if
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supp(¢) N [0,¢] x T = O (see [HP15, Lem. 6.1]). In particular it is possible to show (see
[Haildl Prop. 6.9] and [GH17, Prop. 2.15]) that for any test function ¢

(Lpag)() = lim glpnt), (2.2.3)

where ¢y is a fixed sequence of smooth cutoff functions converging a.e. to L xr-
Thus the solution of the equation is given by the same formula if g €
CP(R x T). The following procedure can be adapted straightforwardly a linear map
1js4: C°(R x T) — CP(R x T) for any interval [s,¢] C R eventually unbounded.

The equation can be expressed in the context of the spaces C*. Indeed for
every k > 0 interpreting £ as the derivative in space and time of the Brownian sheet W,
there exists a modification of ¢ belonging to C~3/27%(R x T) and defining &, as in
one has, as ¢ — 0%, &, —¢ in probability for the topology of C~%/27%(R x T) (see [Hail4),
Lem. 10.2]). This theorem has some very deep consequences. Indeed choosing k < 1/2
and vy = 0, we can apply the deterministic results of with every a.s. realisation
of £ and by uniqueness of the solution (2.1.1]) we obtain the pathwise representation

u(t,z) = (P*198)(t, ), u(t,x) = (P*1pgé)(t, x). (2.2.4)

Hence applying the Schauder estimates, we deduce immediately that every a.s. realisa-
tion of u belongs to CY/27%([0,T] x T). Therefore if we want to have a pathwise notion
to an object like “u&” the sum of the Holder regularity of each factor will be —1 — 2k
and there is no classical way to understand this product starting from the product of
two smooth approximations. The same reasoning applies also for the formal object
“(0,u)?”. We recall finally that for every distribution u € §'(R x T) we can define its
periodic lifting U € S'(R?) defined for every test function ¢: R? — R

() =u(d ¢, +m)). (2.2.5)

mEZ

Thanks to this operation we obtain that @ coincides with the classical lift to R? of a
periodic function when wu is a function and we have

—_—~— —_—

u(t, ) = (G* &)t x), u(t,x) = (G*1Lpyé)(t, ). (2.2.6)

From a probabilistic point of view, £ is an isonormal Gaussian process on H = L*(RxT)
defined on a complete probability space (€2, F,PP). That is we can associate to any
f € H areal Gaussian random variable £(f) such that for any couple f, g € H one has

E[E(f)(g)] = / / £(s,2)g(s,2)ds da

We denote by I,,: H®" — L*(Q), n > 1 the multiple stochastic Wiener integral with
respect to & (see [Nua99)]). I, is an isometry between the symmetric elements of H®"

equipped with the norm v'm!|| - || ge» and the Wiener chaos of order n, the closed linear
subspace of L*(Q) generated by {H,(£(h)): ||h||g = 1} where H, is the n-th Hermite
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polynomial. Thus we have the natural identifications £(f) = I ( fR fT s, y)dW .
Let us introduce some elements of the Malliavin calculus with respect to & (see [Nua9j|
for a thorough introduction on this subject). We consider S C L?(Q2) the set of random
variables F' of the form

where h: R"™ — R is a Schwartz test function and f;,---,f, € H. The Malliavin
derivative with respect to £ (see [Nua95l, Def. 1.2.1]) is the family of H-valued random
variables VF = {V,F: t € R x T} defined by

8h
ViF =

(€(f1) &) filt) -

=1

Iterating the procedure and adopting the usual convention V° = id, for any k& > 0
one can define the k-th Malliavin derivative V*F = {V} . ot t € Rx T,
which is a family of H®*-valued random variables. Moreover starting from a separable
Hilbert space V' and considering the random variables G € Sy of the form

G=> Fuv FeS, veV,

we can also define the H®* ® VV random variable V*G. In all of these cases the operator
V* is closable and its domain contains for any 1 < p < oo the space D¥?(V), the closure
of Sy with respect to the norm || - |5, defined by

k
IEIR v = ENFIL] + Y ENV Flfegy] - (2.2.7)
=1

(the space D¥P(R) is denoted by D¥P). Trivially all variables belonging to some finite
Wiener chaos are infinitely differentiable. We denote by : Dom(d) C L*(Q; H) —
L*(2) the adjoint operator of V defined by duality as

E[0(u) F] = E[(u, VF) ]

for any v € Dom(d), F' € DY2. The operator § is known in the literature as the
Skorohod integral and for any u € Dom(d) we will write again §(u) with the symbol
fR fT u(s,y)dWs, because § is a proper extension of the stochastic integration over a
class of non adapted integrands. Using the same procedure we define 6*: Dom(6%) C
L*(Q; H®%) — L*(Q) as the adjoint of V*. Similarly to before we call the operator ¢
the multiple Skorohod integral of order k£ and we denote it by

/ u((t17x1>7"’ 7(tk7xk‘))thI,€m'
(RxT)k

Let us recall the main properties of §*:

o Extension of the Wiener integral For any h € H®* we have 6%(h) = I(h).
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e Product Formula (see [NN10, Lem. 2.1]) Let u € Dom(6*) be a symmetric function in

the variables ¢, ,--- ,t; and F' € D¥2. If for any couple of positive integers j , r such
that 0 < j 4+ 7 < k one has (V"F,§u) ger € L2(Q; H®*k=7=9) then (V"F,u)yer €
Dom(6? ") and we have

Fof(u) =) <k> ST (VT u) e ) (2.2.8)

o Continuity property (see [NNI10, Pag. 8]) We have the inclusion D*?(H®*) C
Dom (%) and the map §2: D¥2?(H®*) — L2?(Q) is continuous. In other words there
exists a constant C' > 0 such that for any u € D*?(H®*) one has

H(Sk(u)H[p(Q) < CHUHDk,z(H@)k) . (229)

Extending periodically ¢ and the Brownian sheet 1 to R?, we can transfer the Walsh
integral as well as the Skorohod integral to stochastic processes H: QxR? — R through
the definition:

H(s, y)dWsjy = / Z H(s,y +m)dW, , (2.2.10)

R2 RxT . c7

as long as the right hand side above is well defined. Similar definitions hold for the
multiple Skorohod integral of order k, mutatis mutandis. Using this notation we express

—~— t o~
E(t,x) = / pe(t — s,x —y)dWs, , u(t,z)= / / G(t— s,z —y)dWs,.
R2 o JR

2.3 Regularity structures

In this part we will recall some general concepts of the theory of regularity structures
to show the existence of an explicit reqularity structure and a model. These objets will
permit to define some analytical operations on u. For a quick introduction to the whole
theory we refer the reader to [Hailb].

2.3.1 Algebraic construction

The starting point of the theory is the notion of a regularity structure (A, T,G), a
triple of the following elements:
e A discrete lower bounded subset A of R containing 0.

e A graded vector space T' = @, 4 T such that each space T, is a Banach space with
norm || - ||, and Tj is generated by a single element 1.

e A group G of linear operators on 7' such that for each a € A, a in T,, and T" in G,
one has I'l =1 and

Fa—ac@PTs. (2.3.1)

[B<a
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Recalling the equations (2.1.10) and (2.1.6)), our aim is then to build a regularity
structure 7 whose elements are capable to describe for any ¢ > 0 the systems of

equations

{atue = OpaUe + 56 (2 3 2)

atve - 6xxve + @/(ua)gs - @/I(Ua)(éxus)Q .

Let us give a first description of 7 in terms of abstract symbols. We start by considering
the real polynomials on two indeterminates. For any multi-index k € N2 k = (ky, ko)
we will write X* as a shorthand for the monomial X' X3 while the unit will be denoted
by 1. In this way we will be able to describe smooth functions. At the same time,
we introduce an additional abstract symbol = to represent the space-time white noise
¢ and for any symbol o and k € N? we introduce a family of symbols Zy(c) (Z(o,0)(0)
is denoted by Z(0)) to represent formally the convolution of the k-th derivative of the
heat kernel with the function associated to the symbol o. Since Z,(X™) should be
identified with a smooth function, we simply put it to 0 to avoid repetitions. Finally
for any two symbols 7 and 7 we consider also the juxtaposition of symbols 775 as a
new symbol. In order to include the product between polynomials as a juxtaposition
of symbols we impose that the juxtaposition with 1 does not change the symbol and
for every multi-index I, m X!X* = X*™_ We denote also the iterated juxtaposition of
the same symbol by an integer power. Adding all these formal rules, we denote by F'
the set of all possible formal expressions satisfying

[ ] {Xk}kGNQ U {E} C F

e For any 7, € F', ym5 € F.

o Foranyoc € FandmeN? Z,(0) € F.

We write F for the free vector space generated by F'. Similarly to polynomials, we

define a homogeneity map |- |: F' — R whose values have the properties of the degree
of polynomials but in the context of the Holder spaces. In particular we set recursively

o |X*| := 2k; + ky the parabolic degree (we imagine X, as a time variable for the
parabolic degree);

e |Z|:=—3/2 — & for some fixed parameter x > 0 ;

o | Z,(7)| :==|7| +2—2ky — ko, |77'|:=|7| + || for any 7,7 € F.

Starting from the linear space F, we introduce a subset of F' where we choose all

reasonable products that we will need in our calculations. We write Z; (=) as shorthand
of I(O,l) (E) .

Definition 2.3.1. We define the sets of symbols T, U, U’ C F as the smallest triple of
sets satisfying:

o {Z}CT AZE)}U{X bhene € U ATUE)} U {X pere € U

e for every k > 0 and any finite family of elements 7,..., 7, € U and any couple of
elements oy, 09 € U’ then {7,7Z,701,70102} C T and 7 € U, where 7 = 7y ... 7.
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We denote also by T and U respectively the free vector spaces upon 7" and U.

The definition of T has an equivalent description in terms of symbols. Defining

V ={Z(E)"X!": m € N, | € N?} and for any 0 € {Z,7,(Z),Z,(Z)%} V, := oV the set

of all symbols of the form o times an element of V| it is straightforward to show the
identities

U - V, T - VE L VIl(E)Z LJ VI1(E) (] V . (233)

Therefore, denoting by V., the free vector space generated upon V,,, we have the decom-

position 7 = V=®Vrz, (z2® V7, (=)®BU. Let us give the construction of the structure group

associated to 7. For any h € R?, h = (hy, he, h3) we define the function T': T — T
as the unique linear map such that

TW(oZ(2)™XY) := o[(X1 + h 1) (Xy + he1)2(Z(Z) + hs1)™], (2.3.4)

for any o € {Z,7,(2),Z;(2)?,1}, m € N, [ € N2 Using this explicit definition it is
straightforward to show
I'y,l'y, = Fh+k (235)

for any h,k € R® and the map h — T'j, is injective. We will denote by G the group
{Fhl h € R3}

Proposition 2.3.2. For any k < 1/2, the triple (A, T,G) where A= {|r|: 7 € T} is
a reqularity structure.

Proof. To prove that A is a discrete lower bounded set, we show that for any 5 € R the
set [ := {7 € T:|r| <} is finite. For any 7 € I by means of the identity there
exist two indices m € N, n € N? and o € {Z,7,(Z),Z;(Z)?} such that 7 = ¢Z(Z)™X".
From |7] < § we deduce

ny+2ns+ (1/2—x)m < B —|ol. (2.3.6)

Imposing k < 1/2, the left hand side of the inequality is bigger or equal than 0
and the set I is bounded. This finiteness result implies also the identity 7 = @ve AT
where 7, = {7 € T": |7| = v}. Moreover there is no need to specify a norm on 7,
since it is finite-dimensional. Finally the property comes directly from Newton’s
binomial formula and the positive homogeneity of the symbol Z(Z). O]

Remark 2.3.3. The Definition is a simplification of the vector space introduced
in [Hail6l Pag. 7] with fewer symbols. The triple (A, 7,G) is also intimately linked
with (AZE THP GHE) the regularity structure defined in [HP15, Pag. 13-14]. More
precisely we consider UH? the smallest set of symbols of F such that {X*},ene € U
and satisfying the properties

TEUHP:>I(T),I(ET)€UHP; .7 e U = 7' ¢ UHP

Introducing the set T2P = {Zv € F: v € UAP} and THP UM the corresponding free
vector spaces defined on these sets, the space T is defined by THP = THE ¢ yH?,



24 An It6 type formula for the additive stochastic heat equation

Looking at T NTH"P = V= ® U, it is also possible to show that the action of the group
GHP coincides with that of G on these subspaces and from the explicit definition of I'
one has I'(Vz) C V= and I'(U) C U for any I' € G (see the Remark 2.3.3)). Hence the
subspaces V= and U are respectively a sector of regularity —3/2 — k and a function-like
sector of both TH#F and T (see [Haild, Def. 2.5]). Due to these identifications, we can
transfer some results of [HP15] to our context.

Remark 2.3.4. As a matter of fact we can restrict our considerations once and for all to
a subspace of T generated by all symbols with homogeneity less than some parameter
¢ > 0. By convention we denote by | - |s the euclidean norm on 73 (The euclidean
norm is coherent with [HPI15] but there is no “canonical” choice since T3 is finite-
dimensional). For any 5 € A, we will denote by Qs and Q.4 the projection operator
respectively on 73 and ®a<ﬁ Te-

Remark 2.3.5. A consequence of the definition ([2.3.4)) is that for any i € R? one has
Lprr’ = Tprly7’ for every symbol 7,7/ € T such that also their product 77" belongs to
T. We remark that the explicit expression of I';, in ([2.3.4) can be easily rewritten as

), = (id® h)A, (2.3.7)

where h is a real character over U (we can easily identify ¢/ with the space of polynomials
in three coordinates) and A: T — T ® U is the unique linear map such that for every
i=1,2,0€{2,7,(2),Z:(2)?} and all 7,7 € T such that 77’ € T one has

2.3.8
AZE)=ZI(2)®1+1xI(Z), At =ATAT. ( )

Thus the group G coincides with the classical way to define the structure group G
of a regularity structure. Moreover comparing the relations with the explicit
definitions given in [Hail4l Sec. 8.1] and [HP15, Pag. 14] we obtain that the group G
is simply the restriction of these general constructions when they are applied on the
set of symbols defining 7.

In order to apply some general results obtained in [BHZ19] and [CHI16], we show
how to express the regularity structure 7 by means of the formalism of trees. Let us
recall some basic notations. We start by considering labelled, rooted trees 7 (LR tree),
that is 7 is a combinatorial tree (finite connected simple graph with a non-empty set
of nodes N, and a set of edges F, without cycles and not planar) where we fixed a
specific node p, € N, called the root of 7. The trees we consider are also labelled i.e.
there exists a finite set of labels £ and a function t: E, — L. These trees are the
building blocks of a more general family of trees. We define a decorated tree as a triple
* = (7,n,¢) where 7 is a LR rooted tree and n: N, — N? ¢: E, — N? are two fixed
functions. The set of decorated tree is denoted by ¥. Similarly to what we did for the
set of symbols F' we fix a scaling function s: £ LU N> — R and we define a homogeneity
map |- |s: T — R as

ol =) s(t(e) — s(e(e)) + > s(n(x)), (2.3.9)

eEET IEGNT
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for any 7 € . Moreover for any two elements 7", 0% € T we can also define a product
tree Te“a;‘,/ by simple considering 7o, the tree obtained by joining the roots of 7' and
0% and imposing n(puro)) = Mpur)) + W(puoy). Finally for any m € N2, [ € £ we
define an application £ : T — T (called grafting operation) as follows: for any o € T,
E! o € Tis the tree with zero decoration on the root obtained by adding one more edge
decorated by (I,m) to the root of o. The set T can be constructed recursively starting
from the root trees {®;}rcnz and applying iteratively the grafting operations and the
multiplication.

Looking at the equation (2.3.2), we choose in this case a set of labels with three
elements £ = {Z, I, J} (= should represent the noise and I, J are respectively the heat
kernel in the first and the second equation). Moreover, the function s is defined by

5(]{?1,]{32) :2]€1+k2 , 5(5) :—g—li, 5(]) :B(J) :2, (2310)
where k > 0 is a fixed parameter (this choice of s is done to imitate the parabolic
degree and the Schauder estimates). We can easily draw a decorated tree 7' € T by
simply putting its root at the bottom and decorating the nodes and the edges with the
non zero values of n, e. For example when we write the tree

E 1,2)
((1,2),1 (2:3).]]

we suggest that n is zero over three nodes and ¢ is zero on the edge labelled by =.

After applying these choices, similarly to what we have done to define T', we can
build a regularity structure from ¥ by choosing a suitable subset of trees ¥ C ¥. This
operation is then formalised in the context of decorated trees by the notion of a “rule”
which describes what type of edges are allowed next to every label (see [BHZ19, Def.
5.7]). More precisely, denoting by E the set of all finite multisets of £ x N2, a rule is a
function R: £ — P(F) \ {0} where P(E) is the power set of E. Let us explain what
rule we choose in this context.

Definition 2.3.6. Writing I and I; as a shorthand for (7, (0,0)), (I,(0,1)) € £ x N?
we define

RE)={0}, RU)={0,5},

R(J)={0,---I), ---I,L), (I--- 1,11, 1), (I---1,=Z), k € N}, (2.3.11)

k times k times k times k times

where the brackets {} describe a subset of E and the brackets () a multiset of £ x N?
(the symbol () denotes the empty multiset).

Once we established a rule, we can consider the set of all decorated trees which
strongly conforms to the rule R (see [BHZ19, Def. 5.8]), denoted by T(R), that is
7t € T(R) if the following properties are satisfied

e Looking at the edges attached at the root p,, they can be expressed as R(l) for some
le L
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e for any node = € N, \ {p,}, all the edges attached at = can be written as R(t(e)),
where e is the unique edge linking x to its parent.

For example we use the shorthand notation J = ] and we consider the two

U b

the tree on the left hand side strongly conforms to the rule R but the tree on the right
one does not because the multiset (7, J) is not in the image of R. From the Definition
[2.3.6] it is straightforward to see that all possible decorations of the trees in T(R) are
of three types. We will abbreviate them with the shorthand notations

o T T

Thanks to this operation we can extract a specific subset of trees, but if we want
to build a regularity structure it is necessary to check that the rule R has two last
fundamental properties. Firstly R must be subcritical (see [BHZ19, Def. 5.14]), that is
there must exists a function reg: £ — R such that when it is extended to F as follows

reg(l, k) :=reg(l) — s(k), reg(N) := Z reg(l, k),

(Lk)eM

Y )

for any (I,k) € £L x N? and M € E, then we have

1) <s(l inf M
reg(l) < () +  inf reg(M),
For any | € L£. Moreover R must also be normal (see [BHZ19, Def. 5.8]), that
is R(l) = {()} for every I € L such that s(I) < 0 and for any couple of multisets
M, N € E of E such that N € R(l) for some [ € £ and M C N, then M € R(l). Both
properties are relatively easy to check in this specific case. Indeed the rule R is normal

by construction and we can verify the subcriticality using the function reg: £ — R
defined by
3 1
reg(=) = 5 2k, reg(l) =reg(J) = 3 3K,
as long as « is sufficiently small. These two properties allow us to apply the results
[BHZ19, Prop. 5.21], [BHZ19, Prop. 5.39] and the definition [BHZ19, Def. 6.22] to
prove the following result

Proposition 2.3.7. There exists a rule R such that R(l) C R/(l) for every l € L and
a group G' such that the triple (A', T, G’) is a reqularity structure, where T' is the free
vector space generated from T(R') and A = {|7]s: 7 € T(R')}.

Even if we could give an explicit description of the group G’ and 7' given in the
Proposition [2.3.7 for our purposes it is sufficient to establish a relation between the
regularity structure 7 and 7. From the explicit definition of F' and ¥ it is possible to
define recursively an injective map ¢: F' — ¥ as follows:
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e for any m € N? we set

L(Z) = , U(X™M) = e,

e For any symbol ¢ such that ¢(o) is defined, then «(Zy(c)) := &L (o) .
/

e For any couple of symbols o,0" such that (o) and i(0’) are well defined we set
toa’) = u(o)(d’).

We present two examples of the action of ¢:

. (3,4)
(22LE) = 7, TEPTEXEY)) = N
Restricting the map ¢ on T and extending it by linearity we have the following inclusion

Proposition 2.3.8. The regularity structure (A, T,G) is contained in (A, T',G") in
the sense of the inclusion explained in [Hailj, Sec. 2.1].

Proof. The theorem is a strict consequence of the choices done to define 7”. Firstly by
definition of R, every decorated tree ¢(7) for some 7 € T strongly conforms to the rule
R, therefore it will conform to the rule R'. Moreover by construction of s in ([2.3.10)
we have |¢(0)|s = |o| for any 0 € F. Thus A C A’. Finally, when we consider the
groups G, G', it has been showed in [BHZ19, Pag. 89] that the group G’ acts on «(7) in
the same way as the operator A explained in the Remark [2.3.5] Therefore we obtain
the inclusion of the regularity structures. O]

Remark 2.3.9. The function ¢ is clearly an injective map function from F' to ¥ but there
are many trees of ¥ which do not belong to ¢(F'). In particular all the trees whose edges
are only labelled with I are not contained, because we identified all the symbols Z (X™)
to zero. Moreover none of trees labelled with J belong to ¢(F"). The presence of two
different labels I, J to denote the heat kernel is actually done to isolate all the tree we
really need for our calculations and if we identified I = J in the Definition we
would obtain the rule for generalised KPZ equation as explained in [BHZ19, Sec. 5.4].
In what follows we will identify both symbols and decorated trees, without writing
explicitly the map .

2.3.2 Models on a regularity structure

The algebraic structure comes also with a model associated to it. In order to
recall this notion and to simplify the whole exposition, we fix a parameter ¢ > 2 and
with an abuse of notation we will identify all along the chapter 7 (respectively its
canonical basis T") with the finite-dimensional vector space Q7 (resp. the finite set
{r € T:|r| <(}). The same applies also for the sets Vz, V7, (=), V7, (=)

Definition 2.3.10. A model on (A, 7, G) consists of a pair (II,T") given by:

e A map I': R? x R? — G such that I',, = id and I",,I',,, = I',,, for any z,v,w € R%
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o A collection II = {II,},cg> of linear maps I, : 7 — S'(R?) such that II, = I1,T,, for
any z,v € R%

Furthermore, for every compact set X C R?, one has

|(IL.7)(12))

e = sup { L5

2Z€’C,/\€(0,1],T€T,T}EBQ}<OO, (2.3.12)

sz
1T xc ::sup{ | ()ls zAweK, |z—w|<1,7€T,5< |T|} < 0,

Iz = wiir=2"
(2.3.13)
where the set of test functions By was already introduced in the Section [2.2]

This notion plays a fundamental role in the whole theory, because it associates to
any 7 € T an explicit distribution II.7 belonging in some way to C!l. In order to
compare two different models defined on the same structure, we endow M, the set of
all models on (A, T,G), with the topology associated to the corresponding system of

semi-distances induced by the conditions ([2.3.12)) and ([2.3.13)):
J(IL, D), (1L T) L aagey = 70— T + I — Dl (2.3.14)

Since we want to study the processes on a finite time horizon, it is sufficient to verify
the conditions ([2.3.12)) (2.3.13)) on a fixed compact set K containing [0, 7] x [0, 1] and
we will avoid any reference to it in the notation. In this way (M, || - ||s) becomes a
complete metric space (M is not a Banach space because the sum of models is not
necessarily a model!). In particular if a sequence (II",I'"™) converge to (II,I"), then II77
converges to I1,7 in the sense of tempered distributions for any z, 7. To define correctly
a model over a symbol of the form Z(o), we need a technical lemma related to a suitable
decompositions of G, the heat kernel on R interpreted as a function G: R*\ {0} — R.

Lemma 2.3.11 (First decomposition). (see [Hail4l Lemma 5.5]) There exists a couple
of functions K: R?*\ {0} — R, R: R> — R such that G(z) = K(z) + R(z) in such a
way that R is C*(R?) and K satisfies:

e K is a smooth function on R*\ {0}, supported on the set {(t,z) € R*: z* + |t| < 1}
and equal to G on {(t,x) € Ry x R: 2® +t < 1/2,t > 0} .
o K(t,x) =0 fort <0,z #0 and K(t,—x) = K(t,z).

e For every polynomial Q: R? — R of parabolic degree less than , one has

K(t,z)Q(t,xz)dxdt =0 . (2.3.15)

RQ

Remark 2.3.12. Thanks to these lemmas, it is possible to [ocalise on a compact support
the regularising action of the heat kernel. Indeed it is also possible to show (see [Hail4,
Lem 5.19]) that the map v — K * v sends continuously C in C**? for any non integer
a € R and any distribution v not necessarily compactly supported.
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In what follows for any given realisation of {6, the periodic lifting of &, we will
provide the construction of (f[":,f‘s) a sequence of models associated to £° and con-
verging to a model (ﬂ, f‘) related to €. As a further simplification, we parametrise all
possible models (I,T') on (A, 7,T) with a couple (I, f) where IT: T — S'(R?) and
f: R? - R3. Indeed it is straightforward to check that for any given couple (II, f) the
operators

HZ = HFf(Z) s Fzz/ = Ff(zl),f(z). (2.3.16)

satisfy trivially the algebraic relationships in the Definition [2.3.10] because of the iden-
tity (2.3.5)). Since any realisation of £ is smooth, we firstly build a model upon any
deterministic smooth function ¢: R? — R adding randomness at a second time.

Proposition 2.3.13. Let £: R? — R be a smooth periodic function. If the map II
satisfies the conditions

M1 =1, IXFr=:IIr, (2.3.17)
M7, (0) =0 (K xII(0)), TI==¢, (2.3.18)
II77 = 1717 (2.3.19)

defined for any k € N¢, 7,7 € T such that TX* € T, T;,(t) € T and 77 € T, then there
exists a unique couple (IL, f) such that, using the identifications (2.3.16)), the associated
operators (II,T') is a model. We call it the canonical model of €.

Proof. The hypotheses on & and the conditions (2.3.17)) (2.3.18)) implies straightfor-
wardly that II7 is a smooth function for any 7 € T" which is not a product of symbols.
Therefore in this case the point-wise product on the right hand side of the equation
(2.3.19) is well defined and by linearity the operator IT exists and it is unique. In order
to choose f by means of , we compute explicitly

I.(0Z(2)"X*)(2) = TT 4.) (0 Z(2)"XF)
=TL(0)(2) (2 + (f(2))12) " [(K * )(2) + (£ (2))s]™ .

for any z, z € R?, 0 € {Z,(2),Z,(2)? Z,1} and k, m as before. Imposing the condition

(2.3.20)

f(z)i=—2z,1i=1,2 f(z)3 = —=(K+IIZ)(2). (2.3.21)

we obtain immediately the bound II,7(2) < C|/z — z|/l"l for some constant C' > 0
depending on ¢ and uniformly on 7 € T. Thus the condition is satisfied. On
the other hand, using the definition and the explicit formulae
it is trivial to verify the property (2.3.13) when 7 € {Z(Z), X1, X2}. Applying the
multiplicative property of I' (see the Remark , we conclude. O]

Remark 2.3.14. The existence of a canonical model is a general result already proved in
[Haildl Prop 8.27] but we repeat a simplified version of that proof to take in account the
slightly different notation of this article. Looking at the definition of f in ([2.3.21]), we
remark that f depends on II but in order to define it we do not need the multiplicative
property of IT (2.3.19), nor the smoothness of £. Therefore for any map II: 7 —
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§'(R?), choosing f as in (2.3.21]), we can uniquely associate to it the couple L£(II) :=
(IL,T') where I and T are given by (2.3.16). L£(II) is not necessarily a model but if

E=¢ € C3% " for some 0 < k < 1/2 and IT satisfies (2.3.17)), (2.3.18) (these
conditions can be always formulated in case IT takes values on distributions and if they
hold we call the map II admissible), then the proof of the Proposition implies
also that the operators I',,, given by L(II) will always satisfy the property .
The choice of a kernel K satisfying is due in order to be compatible with our
previous assumption on the symbols Z (X™).

Remark 2.3.15. If € is also periodic in the space variable it is straightforward to prove
that the canonical model (II,T") associated to £ satisfies also

H(t@_;_m)T(t,, .1'/ + m) = H(t’x)T(t’, $/) s F(t,m+m)(t’,:p’+m)7 = F(t@)(t/@/)T (2.3.22)

for any couple of space-time points z = (¢t,z), 2/ = (t/,2'), m € Z, 7 € T. Thus the
canonical model is also adapted to the action of translation on R (for this definition see
[Haildl Definition 3.33]). Roughly speaking this property allows to apply the notion
of models also for distributions periodic in space.

Remark 2.3.16. Recalling the inclusion of the regularity structure 7 in 7’ as explained
in the Proposition we can immediately extend the Definition to define a
model (IT',I") over the regularity structure (A’,7’,G’). In particular for any smooth
function £: R? —+ R we can define again a canonical model in this context starting from
an explicit function II: T(R') — C>. Usmg the grafting operation the application I
is defined recursively for any k,m € N2, 7,7/ € ¥

II(e))(2) := 25, TI(EL(M)(2) = TL(E())(2) = G (K * II(7))(2),
TI(E (o)) (2) = 07" (E(2)2%),  TL(r7)(2) = TL(m) (2)TL(') ().

These conditions are sufficient to define IT without knowing in detail R and the exis-
tence of a model is provided by [BHZ19, Prop. 6.12]. By construction when we restrict
IT on T we obtain the properties (2.3.17)) (2.3.18)) (2.3.19).

2.3.3 The BPHZ renormalisation and the BPHZ model

For any € > 0 we denote by IT¢ and L£(I1¢) := (1%, I'?) the canonical model obtained
by applying the Proposition with a fixed a.s. realisation of 55 Since &, converges
to & a.s. in the sense of distributions as recalled in the section [2.2] we would like to define
a model by studying the convergence of the sequence (I1¢,I'?) as ¢ — 0. Unfortunately,
it is well known from [HPI15] that the sequence II°(Z(Z)=Z) does not converge as a
distribution, implying that £(II¢) does not converge. A natural way to get rid of this
ill-posedness and to prove a general convergence result is the main content of [BHZ19)
and [CHI6]. The main consequence of these general results will be the existence of an
explicit sequence of applications F.: M — M such that the sequence F.(L(II%)) :=
(IT=, ) converges in probability to some random model. The model (II¢, ) and the
limiting model are referred in the literature as the BPHZ renormalisation and the
BPHZ model.
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In order to satisfy the bounds ) for I uniformly on € > 0, it is reasonable
to write (II5,1¢) as £(II¢), for some adrmssuble map II°: T — & (RQ) (see the Re-
mark [2.3.14] m This property can be obtained by defining a sequence of linear maps

{Ac}es0: T — T satisfying

Aa]- =1 y AEIk(T) = Ik(AET) y

AXFr=XkAr, AZE=%, (2.3.23)
for any k¥ € N? and 7 € T such that 7X* € T, Z;(7) € T. Indeed combining the
properties of with the explicit definition of II¢ in the proposition the
application IT¢ A, is automatically admissible (by analogy we call {A.} an admissible
renormalisation scheme) and we can define the couple £(II°A.). However the condi-
tions are not sufficient to prove that £(II°A,) is again a model. As a matter
of fact, writing the elements of 7 as trees and embedding 7 in 7" (see the Proposition
- the BPHZ renormalisation is obtained from an explicit admissible renormalisa-
tion scheme {M.}.so: 7 — T such that imposing IT¢ := II°M, the couple £(IT¥) is
again a model. By construction M. is a linear map M.: T' = T’ but an important
consequence of the Theorem will imply M.(T) C T. Let us recall briefly the
definition of M. in terms of decorated trees as explained in [BHZ19, Sec. 6] and [Brul§,
Sec.4] starting from 77 and its basis T(R') (see the Proposition [2.3.7).

Denoting by . the combinatorial operation of the disjoint union of graphs, we con-
sider T, the set of all graphs ¢ such that

O=Tis" " sTn

for some n > 1 and {7;};—;... , € T(R') union the empty graph §. The elements of 7_
are called forests and we denote by 7_ the free vector space generated over T, which
is clearly a commutative algebra with . whose unity is given by (). For any decorated
tree 7' we say that a forest v € T is a subforest of 4 (v C 70) if 7 is an arbitrary
subgraph of 7' with no isolated vertices. For instance let us consider

71:3‘-/, 72:[ . 73:: 1

In this case 45 and 73 are both elements of T but only 73 C v because 7, has an
isolated vertex. The empty forest () is always a subforest. A decorated tree 7' and
a subforest v = 0y.---.0, such that v C 7' are used to define the contraction tree

Ky = (Ky7, Kin, K, e), where
e [C,7 is the tree obtained from 7 replacing each o; with a node.

e Denoting by e,---, e, each node associated to the contraction of the tree o;, the
function Kyn is equal to n on every non contracted node of K,7 and for every ¢,

n(e) = 3,cn, n(y).

o Kye: Ex, — N? is equal to ¢ on every non contracted edge of K, 7.
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In the previous example we have K,y = e.
Once we give 7_, we define 7_ :=7_/J as the quotient algebra of 7_ with respect
to J, the ideal of 7_ generated by the set

Ji={m"eI(R): |, >0}CT_.
The map M. is then defined for any 7" € T(R') as
M7 = (h, @ id)A_7". (2.3.24)

We will describe the objects A_ and h, separately. First A_: T — 7_ ® T is a linear
map which is explicitly given for any 7' € T(R’) by the formula

" I (n
AT = Z Z o (n’)p(% n, F ey, ely) @ (Ko, Ky(n—n,), Kie+ey) . (2.3.25)

|
YCT ey,ny<n v

Let us explain the meaning of the formula (2.3.25)). The first sum outside is done over
all subforests v C 7 and for any subforest 7, denoting by N., and O(v, 7) respectively
the set of the nodes of v and the edges in E, that are adjacent to N, the second
sum is done over all functions n,: N, — N? and e,: d(y,7) — N? such that for
any * € N, n,(x) < n(x) with respect to the lexicographic order. Furthermore the
operation p: T- — T_ is the projection on the quotient and for any e,: d(vy,7) — N?
the function me,: N, — N? is given by

me,(x) = Z e, (e).
e€d(vy,7): z€e

The remaining combinatorial coefficients are finally interpreted in a multinomial sense,
that is for any function /: S — N? where S is a finite set we have

=T w)Uw)).!

and similarly for the binomial coefficients. In principle the summations over n, and e,
are done over an infinite set of values but the projection p makes the sum finite.
On the other hand the map h. has the explicit form

he = g.(IN)A_ . (2.3.26)

The first object in (2.3.26) is given by a map A_:T_ — T_. Its name is twisted-

antipode and it is characterised as the only homomorphism (so then A_(()) = () such
that for any tree 7' # (), denoting by M the forest product, one has the identity

A7t = —-M(A_@id)(A_TP — P ®1). (2.3.27)

Finally the last object g.(II): 7 — R is the only real character on the algebra T
such that for any tree 7 € T(R)

g-(TI)(r) := ETI=(77)(0) , (2.3.28)
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where II¢ is the extension of II¢ over all the decorated trees as explained in the Remark
2.3.16f We combine all these definitions to obtain the explicit form of the application
M..

Theorem 2.3.17. By fizing K > 0 sufficiently small and restricting the map ]\Aj€ defined
n (2.3.24) on T, we have M, = M., where M.: T — T is the unique linear map
satisfying M. = id on Vz, (=) ®U and for any integer m and k € N?

M. (EZ(Z)"X") = ZZ(2)" X" — (mCIZ(2)™ ' X" 1,51 ,

2.3.20
MATEPTE"XY) = TEPIEX - CZE"X" (2:3:29

where the constants C1 and C? are given by
Cl = BT EZE)0) = [ () po)(:)d. (2.3.30)
C2 = E[IE(T(2)2)(0)] = /R (Ko p ) (2)ie. (2.3.31)

Proof. Thanks to the result [BHZ19, Theorem 6.17], for any k € N, 7 € T such that
7Xk € T, T)(7) € T the map M, always satisfies

MA=1, MTI(r)=Ty(Mr), MX"r=XM.r.

Therefore to prove the theorem it is sufficient to show for any m the identities
M.(ZZ(2)™) = ZZ(Z)™ — (mCIZ(Z2)™ V> , (2.3.32)

Denoting by W the set of symbols
W = {T,(E)*Z(Z)™, T,(E)Z(2)™, ZI(2)™, Z(Z)™: m € N}.

we have to calculate the operator A_ and h. over the elements of W. In order to do
that we need to know for any w € W what are the subforests v C w and in principle
we should know the explicit form of the forests in 7~ and the rule R’ which defines
7- . However we remark for any w € W that every subgraph v included in w with
no isolated vertices can be expressed as a disjoint union of trees belonging to T(R).
Thus the knowledge of R’ is unnecessary and in the definition of A_ in (2.3.25)) we can
restrict the first sum over this set. Secondly we fix £ > 0 sufficiently small such that
the only trees of T(R) with strictly negative homogeneity that are included in W are
the following

{\ \I \/ HV\/\U/\W}



34 An It6 type formula for the additive stochastic heat equation

Denoting by 7, = ZZ(Z)™, we calculate the quantity ]\Z(Tm) in case m = 0, 1 explain-
ing all the passages. Firstly we can apply the simplified version of A_ in ([2.3.25)) and
the recursive definition of A_ in (2.3.27]) to obtain immediately

A=0Ri+i®l, A i=-i
AN =N+ i@+ @1+ +ion @7/ +1i®l+ i) @I+ \Vel,

AN =N+ = A (o) 1+ = A (o) "/ —i 1 1= A (ion) A= (o) 1.
(The extra decoration with (0,1) comes from the operation 7 in the definition of A_).
Using the general definition of A_ in (2.3.25)) and the recursive identity (2.3.27)) the
calculation in case of the symbol ZX(®V) are given by

-~

A_ :(0,1) =0® :(0,1) +i® ®0,1) + :(0,1) ®1, A_ (:(0,1)) = —:(0,1) +i ®0,1)

To complete the calculation of ]\Z, we need to apply ¢.(IT) on the images of the pseudo
antipode. By definition of I1¢ one has

() =2 | [ p(-20dW, | =0, oD (1)) =0

) (2.3.33)
g (IT) (\) =K [/ pe(—2z1)dW,, | K % pe(_zz)dW22:| =C!.
R2 R2
Hence we conclude firstly
he(1) = he (o) = 0, m@):—@. (2.3.34)

Plugging the formulae (2.3.34) in the sums of A_ we obtain the right identities of
m for M. -Tm m = 0,1. Let us pass to the calculation of M. Tm m = 2,3. Writing

A_1,, and A_ Tm, & deep consequence of (2.3.34)) and (2.3.33} m is then all the subforests
containing the trees = or ZX 01 between the Connected components will become zero
after applying h. or ¢g.(IT) thereby not giving any contribution for M.. Denoting by
(---) all these terms we have

AN =0 N+ 2NV @14 2N\ ﬂ+\1 @14+ (---),
AN/ _(Z)®\/ +3\ ®\/+6\01 ®\/+2\I ®I+W @1+ (--),
AN = N o9d ( \) =y (\..(»'0,1)> L4 (o),
AN/ = ST 3AL <\> /464 ( \.(0,1)) V- 24 (\1 ) (-0
Similarly we also have

A_\*(.OJ) = Q) & \"(.071) + \*(.071) & 1 + ( c ) s A\_ (\*(.071)) = —\*(.071) + ( .. ) .
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Therefore the calculation of ]/\>[/5Tm is obtained once we know the constants

9¢(IT) (i\'('o,n) , 9:(I) (\I ) , g-(TT) (\/> . g-(I0) (W ) .

The first two constants from the left are zero by definition of II¢ and because we are
taking the expectations over a product of an odd number of centred Gaussian variables.
On the other hand using the shorthand notation K. = K * p. we have

9-(11) (\/) =E{ 5 Ke(—zl)d’vilr = /R Q(Ka(z))de

and applying the Wick’s formula for the product of four Gaussian random variables we
obtain

9¢(IT) (W ) =
:E[ 3 K.(—2)dW,, 3 Ko(—2)dW,, /R K. (—23)dW., /R pe(—24)dWZ4}

:315:{ K.(—z)dW,, Kg(—ZQ)dWZQ]E[

R2 R2

K.(—z3)dW., / pg(—z4)d/sz4}
R2

RZ

=3 [ (w2 [ i =300 (V) €

By replacing the values of g.(II) in the above calculations of A\_Tm one has

b (Naw ) = (N = (S ) o (23.35)

Moreover the values of ]\ZTm coincide with (2.3.32]) for m < 3. Looking at ]\Zrm if
m > 3 and M. (Z(Z)™), the terms in the left factor of the sum A_7,, and Z(Z)™ will
contain an arbitrary subforest obtained respectively from the forest product of these
trees

{‘ s A\ ) N ) N ) :(0,1) ) \'(0,1) } ) {‘ ) :(0,1) } .

and denoting by (---) the forest in the left factor which becomes zero after applying
the values of h. in (2.3.34]) (2.3.35)) we obtain

A,Tm=@®7'm+m\-’®\\¢+(---), A,¥:®®v+(-~-).

m-1

(The factor m appears because the tree associated to ZZ(Z) appears m times inside
Tm) Therefore we prove the first part of the equations (2.3.32)). We pass to the terms of
the form o, = Z;(2)2Z(Z2)™ and n;, = Z;(2)Z(Z)* for m = 0 and k < 1. Adopting the
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same notation as before to denote the terms that do not give any effective contribution
in calculations after applying h. we have

Al=0I+I01+(-), AV=0V+I®I+Vel+(-),

AV=0V+20x1+Vel+(-),

Ad=—l4(), ANV=-NV+I1+(-), AV=-NVt201+(-).
Applying the map I we obtain also

2
axKE(—zl)dwzl] = C?

[

9-(I1) <ﬂ> =0, g.(IT) (\/) :E[

g<(IT) <v> = E[ 5 K.(—2)dW., 5 8xK5(—z2)dW22} (2.3.36)

R2

= K. (2)0,K.(z)dz =0,

R?

where the first and the last identity of ([2.3.36|) are obtained because we take the
expectation of a centred Gaussian variable and the function © — K.(t,2)0,K.(t, ) is
odd in x for any ¢ > 0. Then we obtain

he (u) — h. (\/) ~0, h (v) -2, (2.3.37)

and consequently the right identities of ([2.3.32) for ]\Zam and ]\Zm. Passing to the
calculation of M.o,, for m = 2,3 we have

A_.\ﬁ/.:@é\ﬁ/.%\/:@i+:\%0,1)®ﬁ+.\ﬁ/'®1+(~),
A_@:@®§%+'\2®'\/’+2%7D®'\/'+N/'®i+§%®1+(---),
AN = NAZ A (V) A (Mo ) 1460,
ANS - NS W) '\;_2@_('\/;0,1)) V24 (w) 4 ().

Moreover using again the same algebraic notations, the Wick’s formula and the defini-
tion of IT¢ we have

A Moy =00Mony +Mony @1 +(---), A (\%071)) = Mo+ (),

g-(11) (:V(.o,n) =0,
o) (S37) =2 (o (V) 4 0 (V) alm (V).
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Thus yielding finally
hs <\/{0,1)) - hE (W) - O, (2338)

and (2.3.32) when m < 2, k < 1. In case m > 2 or k > 1, the terms in the left factor
of A_o,, and A_n; are respectively forests composed by the trees

{:,:(071),H,\/,V@J),\/,W,W} or {:7:(0,1)7H7\/}'

Applying the identities (2.3.34) (2.3.37) and ([2.3.38) the only relevant terms in the

sums become

Ao =080, +VON +(-), Am=B@n+ ().

Thus we obtain the final part of the identities ([2.3.32)) and we conclude. O]

We will henceforth fix the parameter s in order to keep the Theorem true.
By construction of the BPHZ renormalisation (see [BHZ19, Sec.6]) the application
]\Z is an admissible renormalisation scheme and, denoting by I = H]\Z, the couple
L(I1¢) = (II=, T¢) obtained from the Remark is always a model for any ¢ > 0.
The explicit form of the map M, obtained in the Theorem allows us to write
explicitly also (1:[5, fs)

Proposition 2.3.18. For any z € R? and 2,2’ € R? one has

A

e =IEM,, TS, =T%,. (2.3.39)
Furthermore the model (1:[5, fa) 15 also adapted to the action of translation on R

Proof. By definition of E(f[f), the model (II°,I¢) can be represented as the couple
(II¢, f), where the function f.: R? — R3 is defined as

f(2)i=—2z,i=1,2 fA2)3=—(K*IIFE)(2) = —(K * II°Z)(z). (2.3.40)

Thus the function fe coincides with f. ,the same function obtained from the decompo-
sition of the canonical model (I1¢,1¢) as (IT¢, £.). By definition of I’ we have straight-
forwardly f;, =TI%,,. In case of II° we can apply immediately the identity
wtih the previous result to obtain

Hi — HEng(Z) — HEMEng(Z) — HEMEF]"E(Z) .

Then the formula (2.3.39)) holds as long as for any h € R? and € > 0 one has
M., =TLM., . (2.3.41)

Let us verify the identity (2.3.41) for any 7 € V= U V(=9 U V7 =y U U. In case
7 € Vz,(z) U U, this identity holds trivially because I', leaves invariant the subspace
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V(=) WU and M, is the identity when it is restricted to this subspace. On the other

hand if 7 € Vz U V7, ()2, the multiplicative property of I', (see the Remark [2.3.5]) and
2.3.41]

the behaviour of M. on the polynomials in (2.3.29) reduces to verify (|2.3.41)) over the
symbols Z; (2)?Z(Z)™ and ZZ(Z)™ for any m > 1. Writing h = (hy, ho, h3) we obtain

M.TW(T(EPTE)™) = <zl<z>2—cf>2(m)z<z>nh;"-" DML (EPTE)™),

n
n=0

—_ —\m — m —_ —\n —\n— m—n
MIWEZE)™) =) (n)(:ﬂ:) —nCYZ(E)" )hy
n=0
m m m—1 m— 1
- Z (n)zz(z)”hg"-" —mCl Y ( . )I(E)" hy o

O

n/=0

Z(Z(Z) + hg1)™ — mCHI(Z) + hs1)™ ™ = T, M.(EZ(E)™).

Thus yleldmg the result The identity (2.3.39) implies immediately the properties in
the identity (2.3.22). Therefore (II¢,T¢) is adapted to the action of translations. [

We study the convergence of E(HE ) in the space of models. Embedding the regular-
ity structure 7 into 7 as explained in the Proposition [2.3.8] it is possible to prove the
convergence of £(ITf) using on T the general criterion exposed in [CHIG, Thm. 2.15].
To apply this statement we introduce some notation. Representing all the elements
of 7 € T as decorated trees, we denote by E=(7) the set of edges labelled by =. By
construction every element e € F=(7) is written uniquely as e = {e=, €=}, where €= is
one of the terminal nodes of 7. This decomposition allows to define the sets

Nz(7):={ez: e € E=(1)}, N=(7):={e":ec Ez(1)}, N(1):=N,\N=(1).

Moreover, expressing 7 as 7' for some decoration n, ¢ we write 70 to denote the dec-
orated tree whose decoration n is replaced by zero in every node. Let us express the
convergence theorem in this context.

Theorem 2.3.19. There exists a random model (II,T) such that
(M., T.) 5 (1, 1) (2.3.42)
with respect to the metric || - | m. We call (I L) the BPHZ model.

Proof. This theorem is a direct consequence of [CH16, Thm. 2.15]. Expressing the
hypotheses of this theorem in our context, we obtain the thesis after checking the

following property: for any 7' € T and every subtree o} included in 7' such that
#{N (o)} > 2 one has

1) For any non-empty subset A C E=(7) such that §{A} + #{N=(0)} is even, one has

001 + > s(t(e)) + 38{A} > 0, (2.3.43)

e€A
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2) For any e € Fz, |00|, — s(t(e)) > 0 and |0?|, > —3/2.
Since 5(Z) = —3/2 — k, it is sufficient to prove the condition |¢?

the inequality ([2.3.43]) becomes
O 3
o2+ (5 ) £4} >0,

3 n
s > —3 for any of and

for any non-empty subset A C Ez(7). It follows easily from the structure of 7' that
the trees o satisfying #{N (o)} > 2 such that |0?], is minimal are given by

o) =\"or o) =V,

and |0V, = —1 — 2k in both cases. Therefore we can chose the parameter k > 0
sufficiently small to satisfy 2) and 1). O

Remark 2.3.20. The BPHZ model (I, ") obtained from the Theoremis an exam-
ple of a random model with a.s. values on distribution and it will be the main object to
formulate a new type of [to formula for u. Recalling the inclusion of the space V= & U
into the regularity structure Tz p defined in [HP15] (see the Remark[2.3.3), we can eas-
ily check that the renormalisation map M. defined in (2.3.29) and the model (f[a, fa)
restricted to the sector V= @& U coincide exactly with the renormalisation procedure
developed in [HP15, Thm. 4.5] to define what in this context is called the Ité model.
By uniqueness of the limit on this sector we can apply directly this result and we obtain
immediately L= = ¢, the periodic lifting of ¢ and for every 7 € U, 2z = (t,z) € R? and
every smooth test function 1 such that for any s < t 1(s,y) = 0 we have immediately

L)) = [ [ Aerls ot iy (2.3.44)

We stress that holds only when the test function is supported in the future.
Otherwise the right hand side integrand will not be an adapted integrand and we cannot
interpret IZ7(¢) neither as a Skorohod integral. An explicit formula to describe the
law of II,7 in its full generality has been developed in [CH16, Prop 4.22]. Moreover we
recall that in our case we have I',,, =T (1) f (=) Where f: R = R3 is given by

A

fRli=—z,i=12 f(z)3=—(K*&)(2).

The model (ﬂ, f) is also adapted to the action of translation on R, as a consequence
of the Proposition [2.3.18 on the converging sequence (I1¢,1¢).

2.4 Calculus on regularity structures

In this section we will show how the models (II¢,T¢) and (II,T') can be used to
describe respectively u. and u and, more generally, what kind of analytical operations
we can define on a the regularity structure 7.
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2.4.1 Modelled distributions

The main function of a regularity structure and a model upon that is to provide a
coherent framework to approximate random distributions in a way similar polynomials
approximate smooth functions via Taylor’s formula. Since for any function f: R — R
it is possible to describe the condition f € C7 in terms of F': R? — R the vector of
its derivatives, for any fixed model we introduce an equivalent version of this space in
our general context.

Definition 2.4.1. For any given parameters v > 0, n € (—2,+) and (I, ") a model
upon (A, T,G), we define D77 as the set of all function U: R* — QT such that for
every compact set K C R?, one has
U(2)]a U(z) —T..U(Z)|a
|U|,., := supsup wfza” + sup sup U(z) — () < 400, (2.4.1)
2eK a<y |t|(T)/\O (2,2)eK(2) a<y (|t| A ’t/|)T|Z _ Z/|'y—o¢

where K denotes the set of points (z,2') € K? such that |z — 2/| < 1/2/[t| A |t/].
The elements of D" are called modelled distributions.

Remark 2.4.2. The definition of the set D" does depend depend in a crucial way on
the underlying model (II,T"). To remark this dependency we will adopt for the same set
the alternative notation D?(1I) . Similarly we recall that the quantities ||U]|,,, depend
on the compact set IC but we avoid to put the symbol K in the notation because for
our finite time horizon setting, we will henceforth prove the results on a fixed compact
set K C R? containing [0, 7] x [0, 1]. The presence of an extra parameter 7 allows more
freedom than the classical C7 spaces. In this way the coordinates of U are to blow
at rate n near the set P = {(t,z) € R*: ¢ = 0} and the condition n > —2 is put to
keep this singularity integrable. By definition of D" for any value v > +' > 0 and
U € D" the projection Q.U € DY,

For any given model the couple (D¥"(II), | - |,,) is clearly a Banach space. Since
we will consider modelled distributions belonging to different models, for any couple of
models (II,T") and (II',I") and modelled distributions U € D*"(II), U’ € D*"(II') we
define the quantity
U'(2) = U'(2)la

R

Uiz)-U(z) -T,,U ru o
00 e sup IV = U) = Pl ) + DU 0l

PRI (|t| A ‘t/|)%|2 _ Z/|y—a z,x

where the parameters z,w,« belong to the same sets as the quantity (2.4.1). This
function together with the norm || - ||»s on models endows the fibred space

M x D" = {((ILT),U): (ILT) € M, U € D¥(II)}

of a complete metric structure (e.g. we can use the distance ||-, ||y, + ||, [|m). Com-
bining the knowledge of a model (II,I') € M and U € D¥"(Il), it is possible to
define uniquely a distribution such that the coordinates of U has the same role of the
derivatives of a function in the Taylor’s formula. This association takes the name of
reconstruction theorem and it is one of the main theorem in the theory of regularity
structures (for its proof see [Haild, Sec. 3, Sec. 6]).
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Theorem 2.4.3 (Reconstruction theorem). For any (II,T") € M there ezists a unique
map R: DV(I1) — S'(R?), called the reconstruction operator, satisfying the following
properties:

o (Generalised Taylor expansion) for any compact set K C R? there ewists a constant
C > 0 such that
[(RU —ILU(2)) (n2)| < CX (2.4.2)

uniformly over n € By, A € (0,1] and z € K;

e the distribution RU € C*UN where ay = min{a € A: Q,U # 0} and in case
a An =0 we set by convention C° the space of locally bounded functions;

e (local Lipschitz property) for any fized R > 0 and all couples (II',T"), (II,T") € M,
U e D1, U € DIT') such that |U;U’||,, + ||ILT); I, I")||m < R and
ay = ayr = «, denoting by R and R’ the respective reconstruction operators, there
ezists a constant C > 0 depending on R such that

IRV = RU|[corn < C (U, U' [l + [I(IL,T), (IV, )| a1) - (2.4.3)

Remark 2.4.4. The reconstruction map has in some rare cases an explicit expression.
For instance if II,7 is a continuous function for every 7 € T (like the model £(II¢)
or L(IT?) for any ¢ > 0) and U € DY(II), then RU is a continuous function given
explicitly by

R(U)(2) = IL(U(2))(2). (2.4.4)

Introducing the space D;;" of all modelled distributions taking values in I, the identity
holds also if (I, ") is a generic model and U € D};"(II), because the elements of
the canonical basis of « have all non negative homogeneity (see for further details in
[Haildl Sec. 3.4]). Concerning the regularity of RU, the result stated in the Theorem
is optimal because of the presence the parameter 7 in the definition and the
possible explosion of the components of U. However if we forget the behaviour at 0 it
is also possible to prove RU € C%7(R? \ P) where 3y := min{a € A\ N: Q,U # 0}
(see [Haild, Sec. 6]) and the local Lipschitz property holds on the same space
CPv(R%\ P). We finally conclude that for any value v > +' > 0 and U € D" we
have the identity RQO.,,U = RU, therefore to define correctly the distribution RU is
sufficient to fix v > 0 such that Q.7 is generated by the set {7 € T": |7| < 0}. In what
follows we will denote by R. (respectively 7%) the reconstruction operator associated
to the space D¥(I1¢, %) (resp. D¥(I1,T)).

Remark 2.4.5. If a model (II,T") is adapted to the action of the translations (see the
equations ) we and the function U is periodic in the space variable on R2,
then using the general result [Haild, Prop. 3.38] we obtain also RU = u for some
u € C*UM(R x T), with an abuse of notation we can identify RU with w.

By fixing a compact set Using the shorthand notation 1, = 19 ,o)xr, We introduce
1,=: R* — T, defined for any 2z = (¢,z) € R? by:

(1,2)(2) == 1,(2)= =

= ift >0,
0 Otherwise.
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For any fixed realisation of § and any choice of the parameters 7 > 0 and =2 <n <,
the definitions of I' and I'® implies immediately 1, = € DY(II¢) for all € > 0 and

~

1.= € D(II). The reconstruction of 1, = in both cases can be explicitly calculated.

Proposition 2.4.6. for any z € [0,T] x T one has

~ ~

R(1,5)(2) = 1.()6(2),  R(1LE) = gt (2.4.5)
where the second identity holds a.s. as distributions.

Proof. As we recalled in the Remark [2.4.4] to prove the first part we can apply
directly the identity obtaining the result trivially. Using the Theorem [2.3.19]
related to the convergence of models and the local Lipschitz continuity of the recon-
struction map, the distribution ﬁ5(1+5) converges in probability to 7?,(1[0,+OO)E) with
respect to the topology of C~3/27#(R x T). Since £, converges in probability to ¢ with
respect to the topology C=%27%(R x T) (see [Hail4, Lem 10.2]) and the operator 1j ;o)
(introduced in the section extends continuously the multiplication with the indi-
cator 1, then 1, (2)& converges in probability to 1j )¢ with respect to the same

topology. We conclude by uniqueness of the limit. O

Remark 2.4.7. Denoting by R. the reconstruction operator with respect to the canon-
ical model (II¢,T¢) we have also 1,2 € D¥(IFF) and R.1,Z = R.1.Z, because
[IEZ = IIEZ for any ¢ > 0. Using the same argument above one has R.1,Z con-
verges in probability to 1y yo)& as before. Nevertheless the sequence (II°,T°%) does
not converge and we cannot interpret 1jp—;.)§ as the reconstruction of some modelled

distribution, unless we study the model (IT¢, ).

2.4.2 Operations with the stochastic heat equation

Although modelled distributions look very unusual, the reconstruction theorem
associates to them a distribution, which is a classical analytical object. Under this
identification it is possible to lift up some operations on the C” spaces directly at the
level of the modelled distributions as it was explained in detail in [Haild, Sec. 4, 5,
6]. Moreover this “lifting” procedure is also continuous with respects to the intrinsic
topology of the modelled distributions. In what follows we will briefly recall them to
put them in relation with the stochastic heat equation.

Convolution

The first operation to define is the convolution with G, the heat kernel on R. In
other terms, we analyse under which conditions we can associate continuously to any

(I, T), V) € M x D7 one modelled distribution P(V') € D¥7(II) such that
R(P(V)) = G*RV . (2.4.6)

For our purposes we are not interested to describe this operation in its full generality.
Indeed recalling the formulae (2.2.4)) and (2.4.5) it is sufficient to define P only in the
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case of the modelled distribution V' = 1,= to have an expression of u. and u, the
solution of and , as the reconstruction of some modelled distributions. In
this case we can restate the convolution with G with the convolution with two other
kernels thanks to this technical lemma (its proof is a direct consequence of [Hail4,
Lemma 7.7]).

Lemma 2.4.8 (Second decomposition). For any fized T > 0, there exists a function
R: R? — R such that

o For every distribution v € C°(R x T) with 8 > —2 non integer and supported on
[0, 4+00) one has

(G 0)(2) = (K 0)(2) + (R*D)(2) (2.4.7)

where K is the function introduced in the Lemma|2.3.11, z € (—oo,T + 1] x R and
v 18 the periodic lifting of v.

e R is smooth, é(t, x) =0 fort <0 and it is compactly supported.

Thanks to this decomposition it is sufficient to write P = K+ R, for some operators
K and R satisfying

RBRV) =K«RV, RRV)) =R*RV. (2.4.8)

Considering the case of R, we remark that for any distribution v supported on positive
times the distribution (R * v) will always be a smooth function on R? by hypothesis
on R. Thus for any fixed couple ((II,T),V) € M x D such that RV is supported
on R; x R and the model (II,T") is of the form L£(IT) for some admissible map IT (see
the Remark [2.3.14)), the operator R can be easily defined for any 4 > 0 as the lifting
of the 4-th order Taylor polynomial of (é * RV), that is:

RV)(2) = 3 (0 x (RV))(Z)%. (2.4.9)

|kl<7

From this definition if is straightforward to check that S3(V') € DV(II) for any 7 > 0
and —2 < 77 < 7 and that it satisfies the second identity of (2.4.8). Moreover the
application R: M x D7 — D71 is also continuous with respect to the topology of M,
as a consequence of [Hail4, Lem. 7.3]. This continuity property is a consequence of the
compact support of R and it is the main reason behind the choice of a decomposition
of G different from the Lemma 2.3. 11l On the other hand the kernel K is not a smooth
and the definition of & depends on the model and it is given as a consequence of this
general result (for its proof see the “Extension theorem” [Haild, Thm. 5.14] and the
“Multi-level Schauder estimates” [Hail4l, Thm. 5.14, Prop 6.16]).

Proposition 2.4.9. For any couple (II,T), V) € M x D" where (I1,T") is of the form
L(IT) for some admissible map I and v > 0, 3/2 — k < n < v are not integers, there
exists a reqularity structure (As, Tz, Go) including (A, T,G), a linear map I: T — Ts
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satisfying 1(Z) = Z(Z) and a model (I12,T'2) extending (11, T) on Ty such that, imposing
¥ =742, 7=ay An+2, the applications N': M x D1 — D" J. T — D))"

NV)(z)= Y ((akK)*(RV—HZV(z))) (z)%, (2.4.10)
|k|<y+2
Jer= Y ((akK \ H;)) @)%, (2.4.11)
|k|<||+2 )
are well defined and the application
RV (2) = Qs (I(V))(2) + J(2)V(2) + N(V)(2), (2.4.12)

is a map R: M x D" — DVI(Ily) satisfying the first identity of (2.4.8) without any
restriction on the support of R(V'). Moreover R is also continuous with respect to the
topology of M.

Choosing in the definition of SR the same parameters 4 and 7 of K, the application
P = R+ Ris a well defined map P: M x D" — D77 which depends _continuously
on the topology of the models. We will denote by ﬁg, R., P. (resp. R, R, 73) the
operators &, % and P associated to the model (II¢,T¢) (resp. (II,T)). Let us we
calculate P.(1,Z) and P(1,Z) in this case.

Proposition 2.4.10. For any v > 0 and every —3/2 + k < n < 7 non integer,
using the shorthand notation 7 = v + 2, the modelled distribution U, := 755(1+E) and
U = P(1.E) belong respectively to DZ,’l/z*K(ﬂs) and DZ,’l/Z*“(fI) and they are both
given explicitly for any z = (t,z) € [0,T] x R by the formulae

. Xk
Uu(2) = ()1 + 10 (2) [+ ) vf(,z)ﬂ , (2.4.13)
0<|k|<”
_ : L, XE
U(z) = ()1 + 14(2) 1+ > v ()7 (2.4.14)
0<|k|<7 )

where v¥(2) = (O,R * 1:55)(2) and v*(z) = (xR * 1[0/’;,0/)5)(,2). Moreover we have for
any z € [0,T] x R, Ro(U.)(2) = u. and R(U)(z) = u(z).

Proof. The proposition is a direct consequence of the definition of £ in the Proposition
2.4.9, In particular we have immediately &.(1,Z) € D) /2 F(IIF) and R(1.2) €

D) 2 *(IT) because ay,= = —3/2 — k. Considering the explicit formula (2.4.12),
which defines K, by definition of 1, = we have for any z € R?

RA(LE)(2) = LLIEE)(:), R(LE) = Lo L(E).
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Hence the function N (1,Z) defined in (2.4.10)) is constantly equal to zero in case of
K. and K. Summing up the definition of I, the definition of J and the identity (2.4.5),

we obtain

R(1,5)(2) = (K * 1€)(2)1 + 1, ()],

~

ROLD)E) = (K Lonm©) ()1 + 1,

Applying again the identity (2.4.5)) and the definition of R in (2.4.9)), the formu-
lae (2.4.13) (2.4.14) follws from the distributional identities (2.4.7)) and (2.2.6). The

last identities on the reconstruction follow straightforwardly from the general identity
(2.4.6) and the property that the kernels K and R are 0 for negative times. Thus for
any z = (t,z) € [0,7] x R one has

P

(K % 1o 4a€)(2) = (K * 10g€)(2), (R L 4o€)(2) = (R 1pg€)(2)

and similarly with &. Thereby obtaining the thesis. O]

Remark 2.4.11. For any € > 0 it is also possible to consider P., the convolution op-
erator associated the canonical model (II¥,1°). Following the Remark related
to the modelled distribution 1= in the case of the canonical model and the proof of
the Proposition , we obtain also that P.(1,2) € DZ’UQ_H(HE) and the identity
P.(1,2)(z) = U.(2) for any z € R? implying R.U. = u.. Another consequence of the
Proposition [2.4.10| is then 4 > 2. However in order to reconstruct u. and u from U,
and U, as explained in the Remark we can relax this condition by writing U, and
U as elements of D?"1/27% for some 0 < v < 7.

Writing u. and u as the reconstruction of some modelled distribution, we obtain
immediately the following convergence.

Proposition 2.4.12. Let u. and u be the solutions respectively of the equations (12.1.6))
and (2.1.1). Then ase — 0%

sup  |ue(t,x) — u(t, x| 50. (2.4.15)
(t,x)€[0,T]xT

Moreover u. — u in probability with respect to the topology of C'/*7*((0,T) x T).

Proof. Thanks to the Proposition [2.4.10 the Proposition [2.4.9] and the local Lipschitz
property of the reconstruction map, there exists a continuous map ¥: M — C°([0,T] x
T) such that u. = ¥((II5,1%)) and v = ¥((II,T)). Thus the limit is a direct
consequence of the Theorem Restricting u. and v on (0,7) x T and following
the Remark on the regularity of the reconstruction operator outside the origin,
we obtain that W is also a continuous map ¥: M — CY/27%((0,T) x T), concluding in
the same way. O
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Composition

For any ((IL,T'), V) € M xD;;", the general property of the reconstruction operator
ensures us that RV is a function (see the Remark[2.4.4)). In particular for any function
h: R — R sufficiently smooth we can find a modelled distribution H (V') such that

R(H(V)) =hoRV . (2.4.16)

We call this operation the lifting of h and we write it as a linear map H: D};"(II) —
D);"(IT) (the lifting of a function f will always be denoted in capital letters F). For
any smooth function A the function H(V): R? — U is given by

k
H(V)(2) = Qay ), — 7~ (V(:) = R(V)(:)1)", (2.4.17)
k>0
where the power k is done with respect to the product of symbols. Denoting by C}'(R)
the space of C" functions with all bounded derivatives up to the n-th order, we apply
the general theory to deduce a sufficient condition to define the lifting H (V) when h
is not necessarily smooth.

Proposition 2.4.13. For any v > 0, 0 < n < v, recalling the notation By := min{a €
A\N: Q,V # 0} the lifting of h in (2.4.17)) is well defined and it depends continuously
on the topology of M x D" if h € C} (R) where B is the smallest integer 3 > ((v/By)V
1)+ 1.

Proof. Following the general results [Hail4, Thm. 6.13], [HP15, Prop. 3.11], the map
H — H(V) is local Lipschitz with respect to the metric |-, ||y, + ||, -||x as long as h
is a A-Holder function where A > ((v/fy) V 1) 4+ 1. Thus we obtain the thesis. O

Remark 2.4.14. Applying this proposition in case of U. and U we obtain easily fy. =
By = |Z(Z)| = 1/2—k. Thus when we consider for any 7/ > 0 the projection on D7"1/2=*
of the modelled distributions U, U introduced in and , the theorem
applies for any h € C(R) where § is the smallest integer 3 > ((27//1 — 2x) V1) 4 1.
Since this operation depends only on the algebraic structure, we have also the same
result on U, interpreted as a modelled distribution with respect to the canonical model
(TI5, ).

Space derivative

Thanks to its definition, the regularity structure 7 allows us to define easily a linear
map D, : U — T which behaves like a space derivative on abstract symbols. Indeed it
is sufficient to characterise D, as the unique linear map satisfying

D,1=0, D,X,=0, D,Xo=1 D/JZ(Z)=T7,(%),

D,(r0) = (Dy7)o + (Do)
for any couple 7, o such that o7 € U. Thus by composition we can define for any
couple ((II,T),V) € M x D};" the function D,V: R?* — T. This abstract operation

which is defined at the level of U can pass directly at the level of the reconstruction,
thanks to the explicit structure of the models we are considering.

(2.4.18)
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Proposition 2.4.15. For any model (II,T") of the form L(II) for some admissible
map II, the operator D, is an abstract gradient which is compatible with (I1,T"), as
explained in the definitions [Hail4, Def. 5.25, Def. 5.26]. Moreover for any V € D"
such that v > 1, 0 < n < 7 the application V- — D,V is an application D, : D" (II) —
D11~ Y(11) depending continuously on the topology of M x D" such that

R(D,V) = 0.(RV), (2.4.19)
where the equality is interpreted in the sense of distributions.

Proof. By construction of the application D, and using the multiplicative property of
Iy, (see the Remark [2.3.5)) it is straightforward to prove recursively for any g € A and
all h € R? the following identities

Dx(QQU) C Qﬁ_lu, D, =1)D,. (2420)

Hence D, is an abstract gradient operator following [Haild, Def. 5.25]. Let us fix a
model (IT,T") of the form L£(IT) for some admissible map II, then the conditions (2.3.17))
([2.3.18)) defining an admissible map imply that IT: & — S'(R?) is well defined and for

any u € U
IID,u = 0,1Tu,, (2.4.21)

where the derivative 0, is interpreted in the sense of distributions. Summing up the
properties (2.4.20) (2.4.21) and recalling the definition of II, in (2.3.16)), for any z € R?
we obtain for any u € U

Hszu == HFf(z)Dxu = HDIFf(Z)u = (8IH)Ff(Z) = 8I(HFf(Z)u) = &EHZ y

where the equality (0, II)I's.y = 0,(IIl'f(.)) holds because the operator I', acts as a
translation. Therefore D, is compatible with (II,I"), as explained [Hail4l, Def. 5.26].
The remaining part of the statement follows directly from [Haild, Prop 6.15] and the
linearity of D,. O]

Applying the Proposition [2.4.19 to U. and U, we can write d,u. and O0,u as the
reconstruction of some modelled distributions.

Corollary 2.4.16. For any v > 1 let U., U be the projection on DV"/>=% of the

modelled distributions introduced in (2.4.13|) and (2.4.14) for any fixed realisation of €.
Then the modelled distributions DU. and D,U belong respectively to DY ~5~1/2=% qnd

for any € > 0 one has

A

R.(D,U) = Re(D,U) = dyue, R(D,U) = dyu (2.4.22)

where the second identity holds on C~'/*7%((0,T) x T).
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Product

We conclude the list of operation on modelled distributions with the notion of
product between modelled distribution. Even if 7 is not an algebra with respect to
the juxtaposition product m introduced in the section 2.3, we can still consider m
as a well defined bilinear map on some subspaces of T such as m: U x T — T or
m: (V=) @U) x (V=) @U) — T. Therefore for any couple of modelled distribution
Vi, Vi and v > 0 we define the function V;V5: R? — T as

ViVa(z) == Q,(Vi(2)Va(2)), (2.4.23)

as long as the point-wise product on the right hand side of ([2.4.23)) is well defined. The
behaviour of this operation is described in [Hail4, Proposition 6.12], which we recall
here.

Proposition 2.4.17. Let (II,T") € M and V; € D1 (11), Vo € D™ (I1) be a couple of
modelled distributions such that the point-wise product is well defined. If the parameters

y=Mmta)A(ve+ar), n=0+n)AMm+a)A@m+a), (2.4.24)

where for i = 1,2 o; = ay; satisfy the conditions v > 0 and —2 < n < v, then the
function V1V4 is a well defined element of DV". Moreover this operation is continuous
with respect to the topology of M x D",

Remark 2.4.18. Differently to the other operations we defined before, where we related
the reconstruction operator to some classical operations on distribution, the recon-
struction R (V1 V5,) cannot be defined directly as an analytical operation between R(V])
and R(V), even if we interpret the product as the operation between Holder spaces
explained in the section (See in the Proposition an example of a well defined
product of modelled distributions such that the respective reconstruction of the factors
cannot be multiplied). However in case of the canonical model (I1¢,1¢) for any € > 0
we can apply the multiplicative property of II, on symbols and the explicit form of
the reconstruction operator in to obtain for any couple of V1V, € DV(I1¢) the
general identity

R:(V1Va) = R-VIRV; . (2.4.25)

We conclude the section by applying directly the Proposition [2.4.17| to verify the
existence of two specific modelled distribution related to U, and U.

Proposition 2.4.19. Let U., U be the projection on DY"Y/2~% of the modelled distribu-
tions introduced in and for any fized realisation of & and ~' > 0.
Choosing v' = 3/2 + 2k for any ¢ € C{(R) the modelled distributions ®'(U.)=,
®"(U.)(D,U.)? and ®'(U)Z, ®"(U)(D,U)? are respectively well defined element of
D1=25(11°) for any fized € > 0 and D" 1=2%(IT). Moreover as € — 0 we have

|9 (U)Z, @' (U)E]n1-26 = 0, [|0"(U)(DoU2)2, " (U)(DylU)? |l —1-25 — 0.
(2.4.26)
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Proof. Using the Proposition and the Remark m to ¢' and ¢”, the modelled
distributions ®"(U.) ®'(U.) are well defined if ¢/, ¢” € C} (R) where 3 is the smallest
integer such that 8 > ((29//1—2k)V 1)+ 1. Choosing 7' = 3/2+ 2k we have ((29//1—
2k)V1)+1 >4 and § = 5. Thus by hypothesis on ¢ we can lift the functions ¢’, ¢” to
modelled distributions. By construction of 7 the point-wise product of ®”(U.)(D,U.)?,
o'(U.)=Z, ®"(U)(D,U)* and ®'(U)Z are well defined. Thus we recover the thesis by
application the Proposition 2.4.19] In case of ®”(U.)= and ®"(U)= supposing that
= € D™ for some v, > 0 and 7, sufficiently big the parameters v and 7 in ([2.4.24))
become

y=+-3/2—k=k, nN=1/2—Kk—az=-1-2k. (2.4.27)

On the other hand when we consider ®"(U.)(D,U.)* and ®"(U)(D,U)? we are doing
two products. Choosing 7/ > 1 we start again from the functions D,U,, D,U given from
the Corollary . Even in this case the parameters v and 7 given by for
the product (D,U.)?, (D,U)? are given by because ap,p. = ap,y = —1/2— k.
Multiplying then for ®”(U) and ®”(U.) the parameters v and n of this last product
become

=0 =-3/2-r)AN(Y -1-2k)=kr, n=(-1-28)A(-1/2—-3k) (2.4.28)

which becomes equal to because k was fixed sufficiently small. Thus the
modelled distribution are well defined and the convergence property is di-
rect consequence of the Theorem [2.3.19] and the continuous nature of the operations
involved. O]

Remark 2.4.20. Following the proof of the Proposition , the choice of the pa-
rameter 7/ and ¢ in the statement could be replaced by a generic value v > 3/2 + k
and a function ¢ with the right number of bounded derivatives. The value 3/2+ 2k was
simply chosen in order to find the smallest subspace where the modelled distributions

O'(U.)Z, "(U.)(D,U.)?, & (U)Z, &"(U)(D,U)? are well defined.

2.5 Ito formula

We combine the explicit knowledge of the sequence (1:[5, f‘s) with the operations on
the modelled distributions defined in the section [2.4lto describe the random distribution
(0r — Ovz)(u) and (u), when u is the solution of and ¢ is a sufficiently
smooth function, as explained in the introduction. The resulting formulae will be called
differential and integral Ito formula, in accordance to the formal definitions given in

the equations (2.1.4)) and (2.1.5)).

2.5.1 Pathwise Ito formulae

The first type of identities we show are called pathwise differential 1t6 Formula
and pathwise integral [to0 Formula. The additional adjective in their denomination
is chosen because these identities involve in their terms the reconstruction of some
modelled distribution, an object which is defined pathwise.
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Theorem 2.5.1 (Pathwise differential 1to6 Formula). Let u be the solution of (2.1.1))
and ¢ € C{(R). Then we have the identity

~

(O — Dua) (p()) = R(¥'(U)Z) = R(Y"(U)(D,U)?), (2.5.1)
where the equality holds a.s. as elements of C™3/27%((0,T) x T).

Proof. The identity will be obtained by rearranging the equality (2.1.10]) in
terms of modelled distributions and sending ¢ — 0. Recalling the Proposition [2.4.10
and we write u. = R.U. where U. is the projection on D¥2t25:1/2=5(T[¢) of the
modelled distributions introduced in . The hypothesis on ¢ and the definition
of U, allow to lift ¢’ and ¢” at the level of the modelled distributions and we can

rewrite the identity (2.1.10|) as
(0 — Oua)p(ue) = (Re®'(UL))(RLE) — (Re®"(U.))(R-D,U.)? . (2.5.2)
On the other hand the same Proposition [2.4.19] implies that the modelled distribu-
tions ®'(U,)= and ®"(U.)(D,U;)? belong to D~ '~2*(II*). Consequently the random
fields R.(®"(U.)(D,U.)?) and R.(®'(U.)Z) are well defined functions and they are
given explicitly by
7%'6:((1),((]6)5)(2) =11 (MEQ)I(US)E(Z))(Z) )
7%6((1)”<U6)(DrU6)2)<Z> =11 (Meq)//(Ue)(DxUs)2(Z))(z) )
for any z € (0,7) x T as a consequence of the equation (2.4.4) and the Proposition
2.3.18. From these equalities we deduce an explicit relation between the functions on
the left hand side of (2.5.3)) and the right hand side of (2.5.2)). In order to lighten
the notation we write down @' (U.)Z, and ®"(U.)(D,U.)? on the canonical basis of

Q.. T and (D,U)? on the canonical bases Q.1/249,7 without referring explicitly to
z € (0,T) x R the indicator 1, and the periodic lifting obtaining

(2.5.3)

2
o (u)
6

/ - _ ! " \ " (0,1) * @///(ue):\i
P (UE)‘—‘ =@ (ue) + 2 (us) + 2 (u€>U€ «(0,1) + —-

+90//,(U5)U§071)\"(.0,1) + N2 ’

(D,U.)? =V + 200D | 4 (V)21 |
V(U (DU = @ () (DoUo)? + 0" ()N + " (o) Moy
R PRI I
+290”’(u5)v§0’1)\/ + 90—(%)\\% _

2
Then we apply of the renormalisation map M,

MBWIZ) = ¢/ lui+ ) (V= C11) 4 (0l

1 s e : :
+ ¥ éue) (\I . 2051 I) + SOlll(ua)véog) (\(0’1) o O;X(O’l))
)

(4 S .
+ 7 6(“8) (W “_30! \/) ,
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M.((D,U)?*) =V + 20D 14 (0021 — C21 = (D,U.)* — C? 1,

ML(®"(U)(D,UL)) = " () (DU — 21 )+2¢“< OV
+ g0///<u€) <\u/ C2 I) ///( ( 01) . C2 01))

(4) e e e .
) ().

To conclude the calculation we apply the operator TIZ - (z) on both sides of the
above equations. As a consequence of the notion of model we have IIS7(2) = 0 for
every 7 € T of the form 0,05 with |oy| > 0. Hence one has the identities

ﬁs(qy(Uf—:)E> = ¢/ (u)é — ¢"(uc)C: = (QE(D/(UE))(,Q&E) —¢"(ue)C: (2.5.4)
Ro(@"(U)(D:Uz)?) = ¢ (ue) (IE(D, U2 ) (2) — CF)
= R.O"(U.) (IE(D,U.)%(2) — C?) .

Writing 11¢(D,U.)*(z) = R.((D,U.)?), the multiplicative property of R. in ([2.4.25)
and the identity (2.4.22)) imply that the equality (2.5.5)) becomes

Ro(®"(U.)(D,U)?) = (Ro®"(U.))(ReD,U.)? — ¢ (ue)C2 . (2.5.6)

(2.5.5)

Resuming up the equations (2.5.4) and (2.5.6]), we obtain the final rearrangement
(at - arl>¢(u€> - 7és(q)/(Ue)E') - 7€6<®//(U )(D U ) ) ( ) (Cl Cez) . (257)

Let us now send e — 0. the left hand side of (2.5.7) converges in probability to
(0 — Opz)(u) thanks to the Proposition [2.4.12] and the fact that the derivative is a
continuous operation between Holder spaces On the other hand, the local Lipschitz

property of the reconstruction operator R in and the convergence (2.4.26)) imply
R (¥ (U.)Z) 5 R(P'(U)E), R(®"(U)(D,U.)2) 5 R(®"(UND,U)?), (2.5.8)

with respect to the topology of C=3/27%((0,T) x T). Thus the theorem holds as long as
the deterministic sequence C! —C? — 0, which is the main consequence of the Lemma
2.0.2) O

Remark 2.5.2. Looking at the identities (2.5.4) and ({2.5.6) separately and the con-
vergence result (2.5.8]), we obtain the existence of two sequences of random variables
X!, X2 € C327%((0,T) x T) converging in probability such that

SOI(UE)£ Xl + ¢ (UE)Cl ‘P”(u€>(axu€)2 = X€2 + 90”<u€)052-

Since we know from the Lemma that the deterministic sequences C! and C? are
both diverging, we obtain easily

P P
”Qpl(ue)faHC—S/Q—“((O,T)X’]I‘) — +00, ||90”(U€)(a:vu6)2HC—S/Q—“((O,T)X’H‘) — +00.

Thus we can justify rigorously the calculations done in the introduction.
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From the formula we can identify ¢(u) with the solution of the following
equation
00 — Daav = R(P'(U)Z) — R(P"(U)(D.U)?),
v(0,7) = ¢(0)
v(t,0) = v(t, 1)
0,v(t,0) = 0,v(t, 1)

Using the general results in the section [2.2| we obtain immediately.

Corollary 2.5.3 (Pathwise integral 1t6 Formula). For any ¢ € C{(R) and (t,z) €
[0,7] x T we have

plult, 7)) =p(0) + (P 1 R(¥(U)E))(t,2) — (P + 1[o,t17@((<1>”(U)(DxU)Q)))(Ef,x)- |
2.5.9

2.5.2 Identification of the differential formula

Thanks to the explicit Gaussian structure involving the definition of u in (2.1.2)),
in order to obtain the Theorem , we can identify the terms R(®'(U)Z)) and
R(®"(U)(D,U)?) appearing in the formula (2.5.1) with some explicit classical oper-
ations of stochastic calculus (the so called identification theorems of the introduc-
tion). In what follows we will denote by (F;)ier the natural filtration of &, that is
Fii=0({&(W): Y] 400)xr = 03¢ € L*(R x T)}). In case of R(®'(U)Z)) this identifi-
cation is done by means of a general result contained in [HP15].

Proposition 2.5.4. Let (II,T)) be the BPHZ model and ¢ € CI(R). Then for any
smooth function : RxT — R with supp () C (0,400) X T, one has for any t € (0,7

(Log R(®(U)E)) (1) = / / & (s, m) (s, ) dWay - (2.5.10)

Proof. Thanks to the inclusion of V= and U into the regularity structure Tgzp and the
identification of the BPHZ model (I, I") with the [t6 model, both defined in [HP15] (see
the Remark [2.3.3and [2.3.20)), the identity is a consequence of [HP15, Theorem
6.2] applied to the modelled distribution ® (U) € D}, , with ' = 3/242k, 71 = 1/2—k
given the Proposition Let us check that ®'(U) satisfy the hypotheses of this
theorem. For any z € [0,7] x R, z = (¢,x) applying the definition to the
explicit form of U in (2.4.14)) we have

Y(U)(2) = ¢/ (@)1 + (@) Lo (2) | + @ (@)D (2)XOD

¥
. @"/(u(2)>v(0’1)(z)1+(2)i(m) N ¢///<g(z)) 1+(z)'\/'
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Since {u(t, 2)} 0 and {vOV (¢, 2)} .. are adapted to the filtration F;, so is the process
{@"(U)(t, )} t0)- Moreover E[®'(U)[},,, < +oo for any p > 2 thanks to the local
Lipschitz property of @', the lifting of ¢’, and the bounds

E sup |u(2)]P <400, E sup [vOY(2)P < +o0, (2.5.11)
2€[0,T]xT =€[0,T]xT

that are true because u and v(®Y are centred Gaussian processes whose variance is
uniformly bounded on [0,7] x T. O

We pass to the identification of R(®"(U)(D,U)?). In this case no general result can
be applied and following the same procedure of [Zam06], we can identify this random
distribution by means of a different approximation of the process u using the heat
semigroup on u. For any € > 0 we define the process

ug(x) == /TPE(x —y)u(t,y)dy . (2.5.12)

Lemma 2.5.5. For any € > 0 the process u® satisfies the following properties:

e for any t > 0 the process {u5(x)}zer has a.s. smooth trajectories, satisfying for any
integer m > 0 the a.s. identity

t
g (x) :/ /(’JTPEHS(JJ—y)dWS,y. (2.5.13)
o Jt

o for any x € T the process {ug(x)}icor) i the strong solution of the equation

{dug(az) = Oy (uf) (2)dt + AWy () (2.5.14)

ug(z) =0,

where W (z) is the (Fi)-martingale

Wi(z) = / / P — )W,y (We(x)), =t / Ple.z — y)dy = | P()] 2

e By sending € — 0 one has

sup  |ut(t,x) —u(t,x)] =0 a.s. (2.5.15)
(t,2)€[0,T]xT

Proof. We start by considering the trajectories of © — u$(z) for any fixed ¢ > 0. Since
w is a.s. a continuous function, the regularisation property of the heat kernel P implies
the desired property on its trajectories. Moreover for any integer m > 0 we can pass
the derivative under the Lebesgue integral to obtain

orui(e) = [ oP(o— y)ult. )iy as
T
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Using the straightforward bound

t
///(6’;”P€(x—y)PtS(y—v))Qdevdy<+oo,
TJo JT

we can obtain the formula (2.5.13)) by writing the stochastic integral in (2.5.13) as

a Wiener integral and applying the stochastic Fubini theorem for Wiener integral, as
explained in [PT11, Thm. 5.13.1]. For any fixed x € T we study the process t — uf(x).
By definition of mild solution of the equation u satisfies the equality for
any smooth function /: T — R, thus the identity follows by simply setting
I(y) = P.(z —y) in (2.1.3). Finally for any (¢,z) € [0,T] x T the a.s. Holder continuity
of u in the space and time implies the convergence , using the classical property
of the heat semigroup on continuous functions. O

Theorem 2.5.6. Let (II,T) be the BPHZ model and ¢ € C(R). Then for any smooth
function : R x T — R with supp (¢) C (0,+00) x T, one has for any t € (0,7

Lo R(S"(U)(D,U)?) (v) = —% /O /T W(s, )" (u(s, y))C(s)dy ds (2.5.16)

t
+ / { / / (s, 9)¢" (u(s,9)) 00 Pos, (Y — ¥1)0 Po—s, (y — y2)dyds | dWZ,,
[0,75]2><Tl2 soVsy JT
where C': (0,T) — R is the deterministic integrable function C(s) := HPS(~)H%Q(T).

Proof. We prove firstly the result when ¢» = h ® [ where h: [0,1] — R is a compactly
supported smooth function and [: T — R. % is compactly supported up to time t.
Therefore we can forget the operator 1, on the right hand side of and we
can apply the Theorem [2.5.1] and the Proposition obtaining

R(®"(U)(D.U)) () = (~0uew) + 2lpw) + R@(V)E)) () =

I (wu(s,y))h'(s)uw+so(u(s,w)h(s)r'(y))dsdy
o Jr (2.5.17)

N /0 t /T & (uls, ) h(s)I(y)dW,,,

Let us recover the right hand side of (2.5.17) via a different approximation. Using
the process u° defined in (2.5.12)), we can apply the It6 formula to the semimartingale
h(s)p(us(x)) and we obtain

S

Bt ()~ (0o (1 ) = / I (s)p(us(y)) ds + / (5D (45) () (0 (1)) s

0

+ [ B W)+ SIP Ol [ He)e w)ds.
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The left hand side of (2.5.18) is a.s. equal to zero by hypothesis on A and we can still
apply the formula (2.1.9) with u° instead of u.. Hence we can rewrite the equation

s
/0 (w(%é(y))h’(S)+8m(s0(UE(y)))h(8))d8+ /0 h(s)¢' (ug(y))dW (y)

t (2.5.19)
= [ @z - S| nerecmas.

By multiplying both sides of (2.5.19)) with [ and integrating by part over T to transfer
the second derivative on [, the equation ([2.5.19)) becomes

ﬁé(lwkwmmwwww+wwmmm@mw)%

b [ e maie) )iy (25.20)

' 0 g Ol
= [ [1oms)e it (@) - 522 ) dsdy.

Writing the integral with respect to dWg(x) as a Walsh integral, we can apply the
boundedness of ¢" and ¢ to apply a stochastic Fubini’s theorem on dWj, (see [CWT5,
Thm. 65])

// N(y)AWE(y @—/(// @M@@M@Q@
::4hA(AP&z—@dWﬁ@M@W@@OdW@

Let us prove that the left hand side of (2.5.20) converges in L*(Q2) to the right hand
side of (2.5.17)). From the uniform convergence ([2.5.15)) of u®, it is straightforward to
show as ¢ — 0

// dyds—)// (us(y)) R (s)l(y)dyds  a.s.
/ / )" (y)dyds — / / (us(y))R(s)" (y)dyds  a.s.

and the convergence holds also in L?*(€) because these random variables are also uni-
formly bounded. In case of the stochastic integral in (2.5.21)), the same uniform con-

vergence of u° in (2.5.21]) implies that

(2.5.21)

sup
(s,2)€[0,T]XT

/EPE(Z = )" (us(y))h(s)l(y)dy — ¢ (us(2))1(s)l(2)| = 0 as.
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and bounding these quantity by some constant we obtain by dominated convergence

E / t / ( / Po(= = y) (u2(y)) h(s)1(y)dy — ¢'<u8<z>>h<s>1<z>)2 dsdz] - 0.

Hence the proof is complete as long as the right hand side of (2.5.20)) converges in L?(2)
to the right hand side of (2.5.4). Using the shorthand notations p5(y) = 0, P-1+s(y),

Pe(y) := P.ys(y), the formula (2.5.13]) on u® when m = 1 becomes

:/ /pi_T(y—Z)dWT,Z.
0 T

Thus writing it as a Wiener integral, we can express (9,uS(y))? using the Wiener chaos
decomposition of a product (see [Nua95, Prop. 1.1.2]) obtaining

(0pus(y))? = I (1[0,5}2><’]1’2p§.(y_ Ipe(y ) / /ps . 12dz dr .

Hence, recalling the invariance by translations of ( — fT P(s,¢ — y)*dy we write the

right hand side of (2.5.20) as A] + A5 where

ai= [ [ on ([ [ o= aaas =5 [ Pre—oiay)auas

A= [ [ 106 D (aopi (o = W= .

We treat both terms separately. In case of Aj a simple integration by parts on T and
the smoothness of P outside the origin imply

//ps,, — 2 drdz =~ / /sr — 2)0u Py (y — z)drdz =
:_/E at(/jr%dy)dr_/qr%—%y_/qrwdy'

Using again the invariance by translations of {( — fT P(s,( —y)3*dy, we can rewrite

a5 =3 [ [ o ([ Pty -2z asas
_ ! / / W) Pote () 2agry ds de

where the function C' is given is defined in the statement. Therefore from the conver-

gence ([2.5.15)) we obtain
1 t
A= 5 [ [ els e ulscyds as
o Jr
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and the convergence holds also in L?(2) because the sequence A$ is uniformly bounded.
We pass to the treatment of A5. In order to identify its limit, we interpret the double
Wiener integral I as a multiple Skorohod integral of order 2. Then we want to rewrite
the quantity

(y)h(s)e () s (1[0 oy — .y — ->)

using the product formula for 62 to commute the deterministic integral in ds dy
with the stochastic integration. Defining UZ(y) := I(y)h(s)¢"(us(y)), one has UZ(y) €
D?? because u® € D?? belongs to some fixed Wiener chaos and ¢” has both two
derivatives bounded. Applying the chain rule formula for the Malliavin derivative (see
[Nua95l, Proposition 1.2.3]) we have

Vary Us(y) = L(y)h(s)" (ui(y)) Ps_g, (y — y1),
Ve yrsaysUs = L)A(8) W (us(y) P_g, (y — y1) Pg, (y — ¥2) -

For any € > 0 it is straightforward to check that the hypothesis of the product formula
(2.2.8)) are satisfied, therefore we can write

Us(y) 12 (Lo, gexrepi_.(y — )pi_.(y — ) =

= / / []86 (y)pifsl (y - yl)pifsg (y - y2>dW521y152y2
[0,5]2 J T2

(2.5.22)

+2 / ( /[ ] Ve UsW)ps—s, (v = y1)P55,(y = yg)dsldyl)dW52y2 (2.5.23)
0,s]xT

[0,s]xT
+ / Vzl ,¥Y1,82,¥2 USE( )pi—S1 (y - Y1>pi—52 (y - YZ)dsldY1d52d}’2 .
[0,5]2 x T2

Looking at the deterministic deterministic integrals in the right hand side of (2.5.23]),
they are both zero as a consequence of the trivial identity

/Tpﬁ_r@ — 2Pl (y — 2)dz = /Tam =27 . (2.5.24)

2

Thus we can interchange the product of UZ(y) with the multiple Shorokod integral of
order 2. For any € > 0 the stochastic integrand inside dVVSﬂylSzy2 is a smooth fnction
in all its variables s1,y1,82,¥2,s,y, then it is square integrable when we integrate it
on its referring domain. Therefore we can apply a Fubini type theorem for Skorohod

integrals (see e.g. [NZ98]) to finally obtain

si= | ( / JAC! (?J))Pi—sl(y—yl)pi_SQ(y—yﬂdyds)dWs%y,
[0 t]2 xT?2 s1Vsg

Let us explain the convergence of A5 to the multiple Skorohod integral of order two in
the final formula (2.5.16). On one hand we proved that all the previous terms in the
formula converge in L?(€2). Then if the sequence of functions

t+e
Fe(s,y) = / / h(s —e)l(y)e" (s (y))P2_s, (Y — y1)P2_s,(y — y2)dy ds,
s1Vsa+e JT
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where s = (s1,89) and y = (y1,y2), converges in L*(2 x [0,¢]* x T?) to the function

F(s.y) = / / R (), (0= Yy~ ya)yds,

the theorem will follow because the multiple Skorohod integral is a closed operator.
From the a.s. convergence of u® in ([2.5.15)) it is straightforward to prove that F*°
converges to F' a.s. and a.e. Then we conclude by dominated convergence by proving
that ||F|3., the square norm of F*© in L*([0,¢]? x T?) is uniformly bounded in e. Using
the symmetry of F*© in the variables s; and sy we introduce the set Ay, = {0 < 51 <
sy < t} and writing the square of an integral as a double integral one has

|F€||L2—2/ /F Vdsdy —
Aoy JT?

) / s / T / dy / A h(s — £)h(r — y))e" (w5 ()" (1. (1))

SAT S92
< / / / / PO (@ = y1)P e (@ — y)p e (y — YRy, (v — yo)ds dy
0 TJO T
(2.5.25)

where we adopted the shorthand notation ds = ds; dss, dy = dy; dy, and we applied
the Fubini theorem. Integrating by parts with respect to y; and ys and applying the
semigroup property of P we obtain

SAT So
/ / / /pg—s1 (z — Yl)P(s)—sQ (z — Yz)pg_sl (y — YI)pS_SQ(y — yo)dsdy =
0 TJo JT

SAT So
— [ [ [are - y0r ey P - )0 ) - y2)ds dy
0 TJO T

SAT So 1 o=lr—s 2
— [ AP - 0Py - ) s = ¢ ([P~ ]2
0 0
(2.5.26)

Bounding ¢ [ A with a deterministic constant and applying the rough estimate

(]3|2—7’|(y ) Pso—i-r( )) (]D|s r\( )) (Pso—i—r( 513))2,

there exists a constant M > 0 such that for any £ > 0 one has

HFEHL2<M/ / (P2(y dsdydx—M/ C(s)ds < 4+00.

Thereby obtaining the thesis. To conclude the result when 1 is a generic smooth
function supported on (0,t) x T, we apply the formula with a sequence of test
functions hy @1y (0,t) x T — R converging to ¢ as rapidly decreasing functions. This
convergence is very strong and writing ﬁ(@”(U)(DxU)Q) (hy ® lx) as the right hand
side of we can use the same argument as before to prove

R("(U)(D,U)?) (hy ® ) 2% " R(@"(U)(D.U)?) (0) .
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and then we can repeat the same argument above to prove that the double Skorohod
integral converges to the respective quantity. When 1 is a generic test function defined
on (0,400) x T we repeat the same calculations with the sequence of tests function
wn where py is introduced in and it converges a.e. to the indicator function

1(0,6)xT- [

Remark 2.5.7. The Proposition [2.5.4] and the Theorem [2.5.6| are formulated when the
test function ¢: R x T — R is supported on positive times in order to be coherent
with the statement of the Theorem and [HP15, Theorem 6.2]. However for any
generic test function v, we can apply the identification theorems to the sequence @y
given in and the explicit definition of the indicator operator 1jp4 to obtain that
the same result holds without any restriction on the support of the test function.

Remark 2.5.8. The approximating procedure we used to prove this result is very differ-
ent compared to the proof of [HP15, Theorem 6.2]. In that case the result is obtained
by studying of the approximating sequence which is introduced to define the recon-
struction map in the proof of the Theorem m That is l[Ovt}ﬁ(CI)’(U)E) is a.s. the
limit in the C~3/27* topology of the smooth random fields

RY®'(U)Z)(2) = 1pg(t) Y, (' (U)E(2))(2)e2(2), (2.5.27)

zeAn([0,t))

where A™([0, 7)) denotes the dyadic grid on [0, 7] x T of order n and the functions ¢?(2)
are obtained by rescaling of a specific compactly supported function ¢: R x T — R. It
turns out that when we study the sequence in the L2(2) topology the behaviour
of this sequence is completely determined by knowing only the terms IL, (7Z))(¢?) for
7 € U, thus we can apply the identity and conclude. However considering the
same approximations of 1[07t]7@(<b” (U)(D,U)?), we do not have the same simplification.
In particular, the splitting of the heat kernel G' as a sum K + R as explained in
the Lemma [2.3.11] make all the calculations very indirect and it does not allow to
use directly some nice properties of P such as the semigroup property. A general
methodology to describe the stochastic properties of the reconstruction operator with
respect to the BPHZ model is still missing.

Remark 2.5.9. From the formulae (2.5.10]) and (2.5.16)) we can easily write the periodic
lifting of the reconstruction defined above. Indeed for any smooth function ¢: R? — R

with supp (¢) C (0,400) x R we have the identities

14 R(®'(U)Z)) / /w s, )¢ (s (y)) AW, (2.5.28)
Loy R (U)(DLU) () = —-/ /¢ 5, 0)¢" (s (1)) C(5)dy ds

t ——~—
—i—/[ | {/ / (s, 9)0" (Us(y))0:Gs—s, (Y — ¥1)0:Gs—s,(y — y2)dyds | dW 3y .
0,t]2 xR2 soVsy
(2.5.29)
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And the indicator operator on the right hand side tell us that that these identities hold
for any smooth function ¢ (see the Remark [2.5.7)).

2.5.3 Identification of the integral formula

We pass to the identification of the terms involving the convolution with P. In
principle this operation is deterministic and it should be obtained by applying the
previous results to the deterministic test function ¢: R x T — R given by 9 (s,y) =
P,_s(z —y) for some (t,z) € [0,7] x T. However the function v is not smooth because
Y has a singularity at (¢,z). In order to skip this obstacle we recall an additional

property of the function K: R?*\ {0} — R, introduced in the Lemma [2.3.11| and the
Lemma 2.4.8

Lemma 2.5.10. There exists a sequence of smooth positive function K,: R> — R,
n > 0 satisfying supp(K,) = {z = (t,z) € R?: ||z|| < 27", t > 0} such that for any
z € R\ {0}
K(z) =Y Ku(2). (2.5.30)
n>0

Moreover for every distribution uw € C* with —2 < a < 0 non integer one has for any

z € R?
(K xu)(z) =) (Kn*u)(z). (2.5.31)
n>0
Proof. The Kernel K satisfies automatically the property (2.5.30) by construction, as

expressed in [Hail4l Ass. 5.1]. Moreover for all test functions ¢ and N > 0 we have
the identity

(O Kn) xu)(¥) = (K u)(¥). (2.5.32)

Following [Hail4l Lem. 5.19], the right hand side sequence of (2.5.32) is a Cauchy
sequence with respect to the topology of C®*2. Thus by uniqueness of the limit we
obtain the equality

(K xu) = Z(Kn * ), (2.5.33)

n>0

as elements of C**2. Since a+2 > 0 (2.5.33)) is an equality between functions, thereby
obtaining the thesis. O

Theorem 2.5.11. Let ¢ € C/(R). Then for any (t,z) € [0,T] x T one has

P Mo R@OE)) = [ [ Ple—peman,. (@53
P+ Loy RE@)DVPNta) == [ [ 050 @w)C)ayds

t
+ / [ / / (5, 9)¢" (@(8))9 Prass (5 — ¥1)0u Pasa (4 — y2)dyds | dW2,
[O,t]ZXR2 soVsy JR
(2.5.35)
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Proof. We will prove equivalently the identities (2.5.34) and (2.5.35)) on the periodic
lifting. Using the Lemma|2.3.11on the distribution v = R((I)”(U)(D U)?), R(®'(U)Z),
for any (¢, ) € [0,7] x R we have the general identity

—_—

(P 1 0)(t, ) = (G % 1 g0)(t, ) = (K % 1 qv)(t, 2) + (R % 1 q0)(t,2) . (2.5.36)

Since the function R is smooth we can apply directly the formulae (2.5.28) (2.5.29).
On the other hand the Lemma [2.5.10| implies

K * (1j0qv)(t, x) ZK * ( ,T) = NEIEOOI[O’t]U(nN)’
n>0

where 7y : R? — R is the sequence of compactly smooth functions

ZK -5,z —y).

Thus we will recover the result by applying the Proposition and the Theorem [2.5.6
to the function ¢ = ny and studying the convergence of this sequence with respect to
the topology of L?(2). In case v = R(®'(U)Z) one has trivially

10.00(ny) / /mv 5,9)@ (s, y))dW, .

Since ¢’ is bounded, there exists a constant M > 0 such that for any (s,y) € [0,¢] x R
and N > 0 one has

Inn (s, )¢ (Us(y))] < MGy_s(z —y).

The function (s,y) — Gy_s(x — y) is L? integrable on [0,#] x R and ny(s,y) con-
verges a.e. to K. By using the It6 isometry and the dominated convergence we can
straightforwardly prove

—~— L2Q t
Toro(ny) 29 / / K(t — 5,2 — )¢ (@ (y)) AT,
R

Thereby obtaining the identity (2.5.34) summing this term with respective containing
the function R. Let us pass to the case of v = R(®"(U)(D,U)?). To shorten the
notation we will adopt the convention gs_,.(x —vy) := 0,Gs_.(xr —y) and O, = [0,¢] x R.
Looking again at the equation ([2.5.29)) we have 1?);]/21(77]\;) = A} + A3 where

1

A= [ ms e GOy,

t o~
Ay = /O . { / / v (5, 9) " (Us(y)) gsms, (U — Y1) Gs—sy (y — y2)dyds | dWZ,, .
+ X O¢ s2Vs1

From the definition of ny one has a.e. and a.s.

nn (s, y)¢" (u(s,y))C(s) — K(t — s, 2 — )" (u(s, y))C(s) -
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Moreover there exists a constant M > 0 such that for every N >0

t
AN <M | Gis(z—y)C(s)dyds = M/ C(s)ds < o0
O 0

(the last equality comes by integrating on R the density function of a Gaussian random
variable). Therefore by dominated convergence we obtain

L2(Q I 1"~
AL 29 —5/0 /RK(t—s,x—y)w (us(y))C (s)dyds .

Let us pass to the convergence of the sequence A%. Introducing the functions {®" } yo,
(I)K, {FN}NZO and FK defined by

q)N(Sa Y, S, Y) = nN(S7 y)wﬂ(as(y))gs—m (y - YI)gs—sg (y - YQ) )

D (s,y,8,y) =Kt —s,2—4)" (Us(¥))gs—s; (¥ — ¥1)Gs—s, (¥ — ¥2) ,

t t
FN(Say) = / / @N(s,y,s,y)dsdy, FK(87Y) = / / @K(S,y,s,y)dsdy,
soVsy JR s2Vsy JR

(asusual s = (s1,82) and y = (y1,y2) and s1Vsy < t), we will prove the last convergence

2 L2(Q) T2
Ay — / Fy(s,y)dWg, . (2.5.37)
O¢x Oy

The multiple Skorohod integral is a continuous map from H = D*?(L*(0; x Oy)) to
L*(Q) (see the definition of D*?(V') and the inequality in the section [2.2). Then
the result will follow by proving that F¥ and Fi belong to H and F¥ — Fy in
H. In order to prove these results we calculate the first and second Malliavin derivative
of N and Fk thanks to chain rule formula of the Malliavin derivative (see [Nua95,
Proposition 1.2.3]). In particular we have

t
Vou PN (5,y) = / / v (5,90 (@ (4)) Gty (y — 21)
soVsiVty JR

X Gs—s1 (Y — ¥1)Gs—s, (Y — y2)dyds,

(2.5.38)

t
Viiotom F (8,y) = / /R v (8, 1) (Us(y)) Gty (Y — 22) G, (y — 21)

2Vs1Vti1Vty

X Gs—s; (Y = Y1)Gs—s, (Y — y2)dyds .
(2.5.39)

and similarly for F by replacing ny with K (¢ — s, —y). Bounding uniformly 7y and
K by Gi_s(x — y) we have trivially ||FV||% < |[|[Fg||% for every N > 0 where

(s, y,8,y) = Grs(r — )" (Us(Y)) gs—s1 (¥ — ¥1) G55, (¥ — ¥2) ,

t
Fa(s,y) = / / (s, y,s,y)dsdy,
soVsy JR
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(The Malliavin derivatives of Fi; are given by (2.5.38]) and (2.5.39)) where 7y is replaced
by G) Then in order to show F¥ and Fy are elements of H, it is sufficient to prove
that the random variables

= [ Folsy)Pasdy, avi= [ (Ve Rl y) dsdydtadn,
(0O)2 (O)3

o [ (T loley)ilsdyitds, = (t), 2= (),
(Ou)4

are uniformly bounded. Let us analyse them separately. Looking at the expression of
a1, it is possible to express the term g, s, (¥ — ¥1)gs—s,(y — y2) in the definition of F
in the same way as in the equations (2.5.26|) (2.5.25) where the kernels p and P are
replaced by g and G, thereby obtaining

o= [ Gl = G~ D) @) )
X <G|57r|(y - Z) - Gs—l—r(y - Z))QdededZ :

By hypothesis on ¢ and bounding roughly the difference of a square there exists a
constant M > 0 such that for every N >0

o <M Gt—s('r - y)Gt—T(x - z)<G\s—r|(z - y))2 + (Gs+r<z - y))2d7’d8dyd2 :

OtXOt
(2.5.40)
Let us show that the deterministic integral in the right hand side of (2.5.40) is finite.
By definition of GG one has

Glser2(z2 =) Gisgry2(z —y) ‘

\/87|s — 7| 8m(s+1)

Plugging this identity in the deterministic integral in the right hand side of (2.5.40) we
can apply the semigroup property of G and using a rough estimate on the Heat kernel
there exist some constants C, C’" > 0 such that

<G|S 2z —y)  Glspr2(z —

Gi_s(x — )G (x
/Otth o= Y)Gor \/8mls — | \/8m(s+ )

t
Girpls—r2(® —y)  Gips—r)2(z —y)
= Gi_s(z — + dsdrd
/o 04 =T =9) ( \/8m|s — 7| \/8m(s+ ) Y
! 1 thr+|sfr|/2( y) Gt+ sfr)/2(l‘ - y)
< C’/ / + ds dr d
0o Jo, Vt—s ( \/87|s — 7| V8m(s+ 1) Y
bt 1 1 1 1
C”/ / + dsdr < +o00.
- o Jo <\/t—8\/|5—7’| \/t—s\/s—l—r>

Gls—r|(z = Y)* + Goyr(z —y)? = (2.5.41)

)> drdsdydz
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(we are again integrating on R the density function of a Gaussian random variable).
Passing to aw, we rewrite (Vy,,, F(s,y))? as a double integral and applying again the
semigroup property of G we have

B / (Veor N (5, y))2ds dydt,dz,
(AQ tXRz)XOt

=2 [ Geulo = )Gila — P @) T, o) drdsdyds.
(O¢)?

where the function I'} (z,y) is defined through the identities

Z y / / / srst1 Z Y det1+/ / / srst1 Z y dtlds
SAT
—l—/ / / Fgrstl(z,y)dsldtldsg,
0 o Jo n
F3

srstl( 2,Y) = Garrot, (Y — 2)Gsrr—25) (Y — 2)Gsr—2s,(y — 2) .

Let us consider the term I'? (z,y). Using the elementary estimates

)] < sup(—=exn ). G < - (25.42)

u€R

we can bound each term of in the sum defining '3 +(2,y) by some integrable functions
depending only on r and s. For example in case of the first term in the sum defining
'} (2,y) there exists a constant C' > 0 such that

‘/ / / srstl Z y detl =

<c/ / / Lo s — L
) 0 o SHr—2s1 s+r—2sy |Vstr—2t

and writing explicitly the integral on the right hand side there exists a constant C” > 0
such that this integral is bounded by

, 2 T (s [ @)l T n(y)?
C {ln(s—i—?") (Vs+1r—1/] )+ 1In(s + )/S_T| 7y dy+/s_r| NG dy].

Working exactly in the same way on the other integrals and bounding roughly the
functions without singularity by some constant depending on the finite time parameter
T, it is possible to show that there exists a constant Dy > 0 depending on 7" such that

7 In(y)? 7 n(y)]
r:,.(2,9) <D <1+/ dy—l—/ dy). 2.5.43
| ( )l g [s—| \/g V1 [s—r| \/@v 1 ( )
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let us denote the right hand side of (2.5.43) by Cr(s,r). This function is clearly
integrable on [0, ]?, therefore integrating on the remaining components and bounding
the derivatives there exists a constant M > 0 such that

as < M Gi_s(x —y)Gi_r(x — 2)Cr(s,r)drdsdydz
(O1)?

=M Cr(s,r)drds < 4+00.

[0,)?

Considering as, we write (Vi ,F(s,y))? using the same technique to express a; and we
obtain

a3 = 8/ (Ve FY(s,y)) ds dydtdz
(AQ,tXR2)2

-8 /( . 0 (5, 9)nw (r, )0 ([T (1)) o™ (@0 ()T, (2, ) drdsdyd
Oy

(the factor 8 comes out because the function (Vi,F™(s,y))? is symmetric under the
change of coordinates s; — 3, t; — t and s — t). The function I'] .(z, ) is defined
through the new identities

SAT to t1 S2
Ts.(2,9) = / / / / [y rss(2y)dsdt
o ta e pm
+ / / / / I sz, y)dbidsdts
Os/\r 0t2 052 0t1
- / / / / I s (2, y)dsidtydsadts
0 0 0 0

Fir,s,t(’za y) = Gs+r72t1 (y - Z)Gerertz (y - Z>gs+rf2s1 (y - Z)gs+r7252 (y - Z) .

Recalling the elementary estimates in (2.5.42)), we can similarly bound every single
integral appearing in F;{T(z,y) in the same way implying there exists an integrable
function Br(r,s) such that |T'? (z,y)| < Br(s,t). bounding ¢®* we conclude there

S,7r

exists a constant M > 0 such that

as < M Gi—s(x —y)Gi—r(x — 2) Br(s, r)drdsdydz
(Or)?

=M Br(s,r)drds < +o0.
[0,]?

Thus we conclude that the sequence o is uniformly bounded and FV, Fx € H. As a
matter of fact the previous estimates have a stronger consequence because they imply
that the functions ®V(s,y,s,y) and ®k(s,y,s,y) defined above are a.e. on s,y,s,y and
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a.s. dominated by some integrable functions. Therefore looking at the quantity

IPY Bl =B [ (FV(s.) ~ Fils. )" dsdy
Oy

+ E/ (vt1Z1 FN(57 Y) - vtlleK(Sa y>)2ds dydtldzl (2544)
(O)3

+ E/ (Vf’zFN(s, y) — VizFK(s, y))*ds dydtdz,
(Op)*

since we have trivially the a.e. a.s. convergence of the functions
(DN(Sa Y, s, Y) - CDK(S7 Y, s, y) 9 vt1Z1FN(Sa Y) — V1;1Z1-FWI((S7 Y) )

VE,ZFN<S7 Y) — V%,ZFK(S7 y) >

we obtain ||[FY — Fg||% — 0 by dominated converge and the theorem is proved. ]

Proof of the Theorem[2.1.1. For any ¢ € C{(R) the differential and the integral for-
mula are obtained applying straightforwardly the previous results. Looking at their
proofs we realise that the Skorohod and the Wiener integrals and their convolution
with P, differently from the reconstructions, are well defined if the derivatives of ¢
are bounded up to the order 4. Thus for any fixed ¢ € C}(R) the formula holds us-
ing a classical density argument of the C* functions with all bounded derivatives and
repeating the same calculations. O

Remark 2.5.12. Using the integrability of the random field » in (2.5.11)) and looking
carefully at the proof of the identity (2.5.3F]), we could actually lower down slightly the
hypothesis on ¢ in the Theorem [2.1.1} supposing that ¢ has only the second, the third
and the fourth derivative bounded. Indeed the function ¢'(u) will have linear growth
and the right hand side of will be always well defined. In this way the same
density argument should provide to extend the Theorem even in this case. These
slight modifications should allow us to obtain a differential and an integral formula
even for the random field «?, giving an interesting decomposition of this random field.

2.6 Renormalisation constants
We calculate the asymptotic behaviour of the renormalisations constants defined in

(2.3.30), (2.3.31). A preliminary result to analyse them lies on a remarkable identity
on G, the heat kernel on R, interpreted as a function G: R? \ {0} — R.

Lemma 2.6.1. For any z € R?*\ {0} one has

2 [ Go(z— 2)Ga(—2)dz = G(2) + G(—2) (2.6.1)

RQ
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Proof. We verify this identity by calculating the space-time Fourier transform
o fo= [ e
R2
of both sides. In order to do that, we recall the elementary identity
~ 1
G)= —m—=.
(&) 2mi&y + 4m2&3

Using the notation u(z) = u(—z), for any function u: R? — R, we rewrite the left hand
side of (2.6.1)) as 2G, * G,(z). Applying the Fourier transform, we then obtain

26, # Cul€) = 20(OFulE) = 22mi&aCE) (27160~ = g amm

On the other hand, the same operation on the right hand side of (2.6.1)) implies

o RS _ 8Ty
GO+ G0 = g T 1) (—oniey T 4r) — 8 + ()

By uniqueness of the Fourier transform, we conclude. O]

Lemma 2.6.2. Let C}, C? be the constants introduced in (2.3.30), (2.5.31). Then the
following estimates hold as € — 0T

C! = %/RZ G(s,y)p™(s,y)dsdy + o(1); (2.6.2)
C? = E/RQ(GI * p)?(s,y)dsdy + o(1); (2.6.3)
Cl=0C2+0(1). (2.6.4)

Proof. All the integrals we consider in the proof will be taken on the whole space R2,
therefore we will not write it explicitly. Moreover for any function F': R?*\ {0} — R,
any integer m and € > 0, we introduce the shorthand notation

S™(F)(t,x) == e™F (e, ex) .

Using the definition of C!, together with the hypothesis p(—z) = p(z) one has

— [ [ K@ppc - w)dua:

= [ Kw) [ 2w = e = [ K)o (w)dw
o

A simple change of variable tells us that (p.)**(w) = (p**)-(w). Therefore we deduce

that
/K (t,x)e3p*? (t g) dtdx = /K e, ex)p*?(t, x)dtdzx
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= l/S;(K)(t,x)p*2(15,:E)dtdm.

€
Since S!(K) is equal to S}(G) as e — 0T and G satisfies S!(G) = G, one has
SUE)(E 22t ) = Gl )™ (1) ace.

Moreover, it is straightforward to show that the function Gp*? is integrable and it
dominates S!(K)p*?, therefore we obtain

/S;(K)(t,a:)p*Q(t,x)dtdx% /G(t,x)p*g(t,x)dtdx,

by dominated convergence. We recover the identity (A.2), by using the decomposition
G = K + R, as explained in the Lemma [2.3.11] Writing again S!(G) = G, we obtain

1

i / [G(t,x) — SNEK)(t,2)] p2(¢, 2)dtda = / SO(R)(t )p 2 (t, ) dtdz

Since the function R is smooth, bounded and R(0,0) = 0 and p*? is compactly sup-
ported, by sending ¢ — 07 it is straightforward to conclude

/Sg(R)(t, x)p*(t, 2)dtdr — R(0,0) /p*Q(t, x)dtde = 0.

Thus the estimate (A.2) holds. Passing to the identity (A.3), we rewrite C? as

C2= [ (e p ez = 1 [ el P (e

Let us express [e(K, * p.)*(z)dz in terms of the operator S? and of p. We apply a
change of variable to get

(Ko * pe) (et ex) = /Kx(egt —e¥s,ex — ey)p(s,y)dsdy = (S2(K.) * p)(t,x).

Therefore for any z = (¢, x) we write

(K pt.) = (82K ) (5.2 )

g2’ ¢

Applying again the same change of variable we obtain

/e(K;E * pe)?(2)dz = &t /(SS(KQC) * p)*(t, x)dtdr = /(Sg(Kx) * p)2(t, z)dtd .

By sending ¢ — 07 the function S?(K,) becomes equal to S?(G,,) and, using the scaling
relation S?(G,) = G, for a.e. couple of points (¢, ), (s,y) one has

SHKL)(t — s,z —y)p(s,y) = Gu(t — s, —y)p(s,y).
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The function G,(t — s,z — y)p(s,y) is clearly integrable in both variables (¢,z) (s,y).
Therefore as a consequence of Fubini’s theorem we get

(S2(K,) * p)(t,x) — (Gp % p)(t,x) ae.
which implies trivially
(S2(K.) * p)*(t,x) = (Gox p)*(t,z)  ace.

The function (G, * p)? is also integrable and it dominates (S?(K,) * p)?, then

/(Sf(Kx) * p)*(t, x)dtdr — /(Gw * p)*(2)dz .

Writing again the decomposition G = K + R as explained in the Lemma [2.3.11] and
then using Cauchy-Schwarz inequality we deduce

o L ey B RYALBIE
=2 [(82G0) 4 pP2) ~ (SEEKL) + p)(2):

! / 282K, « p)()(S2(Re) * p) (2)d= + - / (S2(R.) # p)(2)d

3

_ / S, * p) () (SL(Ra) # p)(2)d= + = / (SL(R) + p)2(2)d
<o ( [t piera:) " ([t ppoe) " e [s:®) <7 G1a

Now, the function R is smooth, bounded and it satisfies R(0,0) = 0. Using the identity
SHR,) * p= S2%R) * p,, it is straightforward to show that

(SHR,) *p)(z) = 0 ae.

Moreover we can bound (S°(R) * p,)? by an integrable function. Thus we obtain

(st <921 0.

and the identity (A.3) follows. To finally prove the identity (A.4), it is sufficient to
show

/ G(s,9)p™ (s, y)dsdy = / (G % p)*(s.y)dsdy.

Starting from the identity (2.6.1]), we convolve both sides of the equation with the
function p*? = p x p. Therefore for any u € R? the left hand side of (2.6.1)) becomes

2(G,+ G () = [ [ [262 000 = w)Ga-w)plo - 2)p(a)dodud.
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Choosing the following change of variable

¥ =x x=21a
V=v—1x v=20 +21 dxdvdw = da’dv'dw’
w=w+zx w=w —a

the integral becomes

///2G’3(u =V = w)Go(—w' + 2")p(v') p(a")da'dv'dw" .

Using the identity p(2’) = p(—2') the above integral equals

? / / / Gao(u—v" = w)Ga(—w' = 2')p(v") p(a)da’ dv'duw’ =

2 /(GI x p)(u —w) (G * p)(—w)dw'.

On the other hand, the right hand side of (2.6.1)) convolved with p*? gives

[ 6= wpwitn + [ Gl - u)pw)du -

[ tu=wpwide+ [ G wypw)de = (6 o)) + (6 xp)(-u).

Evaluating both sides in v = 0, we finally conclude. O



Chapter 3

Rough change of variable formulae
and quasi-geometric rough paths

3.1 Introduction

Let f: R — R be a smooth function. The classical change of variable formula
states that for any C*! path Y: [0,7] — R? Y = (Y},---,Y;) one has the identity

fY (@) = F(Y(s)) +Z/ Oif (Y (r)Y (r)dr, (3.1.1)

where Y’ = (Y{,--- ,Y)) is the derivative of Y and 0; f = 0f/0x;. The formula is
a milestone of standard calculus and it holds if and only if Y is an absolutely continuous
function. In particular when the path Y is not absolutely continuous, the Lebesgue
integral in is not well defined because Y might not be differentiable.

A remarkable example where this phenomenon happens comes from the stochastic
analysis when Y is the realisation of a continuous semi-martingale and the trajectories
of Y are not even a bounded variation function. One of the big achievement of the

stochastic calculus theory was to show that even in this case there exists a new change
of variable formula on Y, the well celebrated It6 formula (see [RY04, Thm 3.3])

3 / g f (V)Y YT, (3.1.2)

s

d o
F05) = $00) + Y [ aufiay+

3,j=1

where differently from (3.1.1)) for any any given sequence of partitions P, of [s, t] such
that its mesh size |P,,| converges to zero, the integrals of (3.1.2]) are continuous processes
which can be defined through the identities

t
[ armay; = tm 3" 05, Vi),

tLEPn

t
[ aufma v, = lim 3T aufRY, - YD, - Y.
s tr€EPn

71
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The convergence of these discrete sums requires deeply the semimartingale hypothesis
and it does not a.s. but it holds only as a convergence in probability uniformly on
s,t € [0,7] (see [RY04]). The formula is not the unique way to express a
change of variable formula. Using the so called Stratonovich integration (see [Str66])
for any semimartingale Y we can write also a formula which looks formally equivalent
to (3.1.1)

00 =10+ Y [ oYY (3.13)

where the integrals of (3.1.3)) can be defined similarly by means of the limit

' ] (! Y, i Y, . .
/ azf()/;‘)doy;l = lim Z a f( tk) +2a f< tk+1) (}/Zﬂ_l . }/;Zk) ‘
s n—00 s

The formulae and were two important breakthroughs in the modern
proability theory and they have been extended in many directions (see e.g. [ERV02]
for cadlag processes or [GRV03] for the fractional Brownian motion).

In this chapter, we present an alternative approach to the stochastic change of
variable formulae expressed in and we will explain how to extend the formula
(3.1.1) when Y is a v-Hélder function for some v € (0, 1) satysfying some additional
hypotheses. The fundamental tool to express these new identities will be the rough
path theory. Introduced in [Lyo98] and reformulated in [Gub04], the main focus of this
theory was to give a rigorous meaning to this type of dynamical systems, called rough
differential equations

{Y(t) =3, LY (£)X'() (3.1.4)

Y(O) = Yo

where fi: R? — R? are smooth vector fields and X: [0,7] — R€ is generic ~-Holder
function. In particular it is possible to define a well posed integration theory of a path Z
with respect to the increments of X, the rough integral, as long as we start from two
enlarged objects: one containing the path X and some other objects representing its
higher order integrals, a rough path; the other one, a controlled rough path, obtained
from Z and other additional paths associated to it (see the Section [3.3). This rough
integration will be the key notion to formulate a so called rough change of variable
formula (see also [FH14, Chap. 5] for an introduction on this topic).

A first general theory to express these new identities was given in the last chapter
of David Kelly’s Phd Thesis [Kell2, Chap. 5]. Following its results it turns out that
even in this context it is possible to formulate two general types of formulae very sim-
ilar to the semimartingale case: a first one formally equal to and (see
Proposition and a second one similar to , where it appears a correction
containing some higher order derivatives of the function f (see Proposition .
These two different results are indeed related to two different families of rough path
where the original problem of the change of variable formula was posed: the geometric
and the branched rough paths (see [HK15], [Gub10]). In order to obtain a formula in
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the branched case the author introduced the notion of bracket extension (see Defini-
tion which extend in an algebraic and analytical context the classical notion of
quadratic variation of a semimartingale. The notion of bracket extension presented in
these works, however turns out to be quite technical to check on some explicit examples
and for the time being it has not been linked with any other properties of branched
rough paths.

In what follows, we will introduce rigorously a change of variable formula starting
from an another class of rough paths: the so called quasi-geometric rough paths (see
Definition [3.5.7). The origin of this family can be traced back in [BCEFI8| and its
definition was already sketched by David Kelly in an oral talk of 2013 at the ICMAT of
Madrid. Essentially the main idea behind their definition comes by simply modifying
the definition of a geometric rough path in order to preserve an alternative product de-
fined on the tensor algebra: the quasi-shuffle product (see [Hof00] [HIL7]). Using some
elementary algebraic properties of this operation, we can state two remarkable prop-
erties of this new class of rough paths: first we can associate to each quasi-geometric
rough path an explicit bracket extension. This property will imply the existence of a
non-geometric change of variable formula over this new class of rough paths. Then we
will show the existence of a one to one bijection (the so called Hoffman isomorphism)
between this new family of rough paths and a class of the geometric rough path over
an extended path (see Proposition [3.5.8)). The resulting isomorphism will allow us to
manipulate quasi-geometric rough path as if they were geometric showing the existence
of an intrinsic change of variable formula without using Kelly’s results.

The present chapter will be organised as follows. We first recall the main properties
of the rough paths theory in Section 2 and 3. We then briefly detail the main ideas
behind Kelly’s theory in Section [3.4], and we conclude with the last two sections where
we study the general properties of quasi-geometric rough paths.

As mentioned at the beginning, all the results in this chapter are deterministic
but in principle they can be applied to the realisation of any a.s. Hoélder continuous
stochastic process. We remark that a recent paper [CP19] studies the same problem of
rough change of variable formulae, establishing some interesting connections with the
theory of Follmer calculus (see [FGI81]).

3.2 Rough paths of any Holder regularity

We introduce the basic constructions and the notations of the rough path theory.
Unlike the classical case, we want to describe the family of higher order integrals
starting from a path X = (X?),ca whose components are indexed by a an alphabet A,
which is not necessarily {1,--- ,d} but a generic finite set. By analogy the elements of
A are called letters.

3.2.1 Algebraic preliminaries

The two main algebraic structures where the rough paths theory are formulated
depend on two specific Hopf Algebras: the tensor algebra and the Butcher-Connes-



74 Rough change of variable formulae and quasi-geometric rough paths

Kreimer Hopf algebra (see e.g. [Man04] for a general introduction to the theory of
Hopf algebras). We recall briefly their definition.

Tensor algebra

For any real vector space V' we will adopt the notation T'(V') to denote the tensor
algebra of V and ® for the usual tensor product of T'(V'). In order to distinguish
between ® and the tensor product of two generic vector spaces W, U we will adopt
the notation W® U for the latter. In this way every bilinear product on T'(V) can
be described as a function m: T(V)QT(V) — T(V). The duality between one vector
space and its dual is denoted by (,). In case of an alphabet A we denote by R the
free vector space on A, namely the set of formal linear combination of elements of A.
We define the tensor algebra T(A) as the tensor algebra of R4, that is

T(4) = P T4,

where, by convention, Tj,(A) = ((R4)®*) and we set (Tp(A))*° = R ~ span{1}. There
are two possible ways to denote the elements of T'(A): on one hand, using the canonical
basis of R? {e, }aca, We can express an element v € T(A) as a finite linear combination
of tensors e,, ® - - - ® e,, for some letters a;, -+ ,a; € A and £ > 1. On the other hand
we can use the identification

€a; D Re, ~aj---a,, 1~ empty word

and the elements of T(A) can be represented as a finite linear combination of words
built from the alphabet A (we will use both notations). Thus T'(A) can be also seen
as the free vector space on W (A), the set of words given by A. Three operations can
be naturally defined on T'(A):

e The concatenation product ®: T(A)RT(A) — T(A), defined for any couple of words
V=ayGp, w=by---b, € W(A) as the usual tensor product in term of words,
that is

VR W = al"'anbl"'bm
and extended linearly. In order to simplify the notation we will denote this operation
as a simple juxtaposition on T'(A).
e The shuffle product w: T(A)QRT(A) — T(A), defined by the recursive relations

lwov:=vwl:=wv,

3.2.1
av W bw := (vWbw)a + (av W w)b, ( )

for any couple of words v, w € W(A) and letters a,b € A and extended linearly.
e The deconcatenation coproduct V: T(A) — T(A)®RT(A), defined by the relations
V1=1®1

m

Vuw := E ay - Q41 Ay

1=0

(3.2.2)
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for any word w = a; - - - a,, € W(A) and extended linearly

Using the last two operations it is a standard result in the algebraic literature (see
e.g. [Reu93]) that the triple (T(A),w, V) is a commutative bialgebra where the empty
word 1 and its dual element 1*: T(A) — R are the unit and the counit. We recall
that the shuffle product LU admits also an explicit expression in terms of permutations.
Indeed for all couples of words w,v € T(A) such that the length of w is n and the
length of v is k£ we have the identity

wl v = Z (wv),

o €Shuf(w,v)

where o € Shuf(w,v) is a permutation of n + k element which preserves the original
ordering of the sequences in w and v and for any word u (u), is the word where the
indices are permutated following o. The bialgebra T (A) has a natural graduation by
definition and we remark that (R4)®* is generated by all words w whose length |w| is
equal to k. Moreover it is also straightforward to show that the operations L and V
are compatible with the bialgebra structures, meaning that the operations L and V
satisfy

W To(A)RTH(A) = Tesn(A) . Vi Te(A) = @ T(AST,(A),

pta=k

for any integers k, h > 0. Thus the triple (7'(A),w, V) becomes a connected and
graduated bialgebra. From a classical result on bialgebra (see e.g. [Abe04]) these
properties imply automatically that T'(A) is also a Hopf algebra.

We denote the algebraic dual of T'(A) by T'((A)) and the algebraic dual of Tj(A)
by Tr((A)). By definition any element of T'((A)) can be expressed as a formal se-
ries of terms in T;((A)). The dual space T((A)) carries a general product operation
x: T((A)®T((A)) — T(A) which is defined by duality from the relation

(u*v,z) = (v@w, V),

for any © € T(A) and u,v € T((A)). We will call it the convolution product. In
case of the tensor algebra T'(A) this convolution product can be explicitly described as
the concatenation product ® applied to the dual words. Therefore we can adopt this
second notation without ambiguity. A fundamental object for the theory of the rough
paths is given by the set of real characters G(A), defined as

G(A) :={h € T((A)): for every a,b € T(A) (h,awb) = (h,a)(h,b)}, (3.2.3)

From a classical Hopf Algebra result (and in this case we can explicitly check it with a
straightforward calculation) the couple (G(A), ®) is a group where the counit 1* is the
identity element. For any N > 0 we can consider the truncated dual tensor algebra
TN(A) .= @Y, T,.((A)) and its dual space TN ((A)). We define the A-decorated step-N

free nilpotent group Gy (A) by the quotient

Gn(A) = (G(A)/ D Tn((A))> c TY((4)), (3.2.4)

n=N-+1
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where all the dual words whose homogeneity is bigger than N + 1 are identified to 0.
We stress the fact that the quotient in (3.2.4) is not a group quotient but, including
G(A) in T((A)), the set Gy(A) is the image of the vector space quotient map

m: T((A)) = (T«A»/ P Tn<<A>>> = T((4)).

n=N-+1

Remarkably the group operation & is still a group operation on Gy(A). We will adopt
the shorthand notation (Gy(A), ®) to recall this group.

Butcher-Connes-Kreimer Hopf Algebra

For any given alphabet A, an A-labelled rooted trees is given by a triple (7,7, L)
where 7 is a combinatorial tree (a finite connected simple graph) with a non-empty
set of nodes N, and a set of edges E,., r € N, is a fixed vertex called the root and
L: N; — Ais a fixed function called labelling. The set of A-labelled trees is denoted
by T(A). A finite disjoint union of A-labelled rooted trees is called an A-labelled forest
and the set of all A-labelled forest is denoted by F(A). By convention we introduce
also the empty forest 1 (just the same notation of the empty word) and we consider
it as an element of F(A). For any finite family of trees 7y ,--- , 7, the forest obtained
by the disjoint union of the previous trees is denoted by f = 71 ---7, independently
of the order of the trees (we represent the disjoint union as a commutative operation
on forests). We can graphically represent trees or forests by simply putting the root
at the bottom and decorating each node with the corresponding label. For instance if

A ={1,2} one has
a2 VY e T, VU e Fa).

Starting from the empty forest 1 we can recursively describe 7 (A) by means of the
grafting maps {B}: F(A) = T(A)}aca. That is for any a € A we define B¢ (1) := e,
and for any forest 7 - - - 7,, the tree B¢ (7 ---7,,) is graphically given by

Bi(r ) = N&TT

(since we consider combinatorial graphs, all the graphical representations above are
identified to a single tree). The free vector space on F(A) is denoted by H(A) and the
grafting maps can be extended linearly on H(A). Three main operations are defined

on H(A).

e The free commutative product m: H(A)QH(A) — H(A), which coincides with the
linear extension of the disjoint union of graphs.

e The Butcher-Connes-Kreimer coproduct A: H(A) — H(A)@H(A), which is given
by the base condition A1l = 1®1 and satisfies recursively the identities

Af:=Ar---A1,, A(Bi(0)):= B (0)®1+ (id®B%$)Ac,

for any forest f =11 ---7,.
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e The reduced coproduct A’: H(A) — H(A)QH(A), defined for any forest o as
ANo = Ao —o®1 - 1&0, (3.2.5)

and extended linearly.

For any tree 7 we can equivalently rewrite A7 working directly on the graphical struc-
ture of tree 7 (see e.g. [Man04]). A cut C of a tree is a subset of F,. A cut C is said
admissible if C' is non empty and any path starting from the root of 7 to any other
node contains at most one element of C'. We denote by Ad(7) the set of all admissible
cuts of the tree 7. Given a tree 7 and an admissible cut C, we can erase the edge of C'
from 7 to obtain a forest. We will denote by R(7) the tree containing the root after
the cancellation and by PY(7) the remaining forest. Thus we obtain the alternative
formula
AT =17 +7Q®1+ Z PC(T)®@R(7).
CeAd(r)

We will abbreviate the definition of A using the Sweedler notation A7 = 7(W&7(3).
The triple (H(A), -, A) defined above, together with the natural modification of 1 and
1* in this context, is again a bialgebra. The set H(A) is naturally graded with respect
to |o|, the number of nodes of the forest o. That is

H(A) = EPHr(A), Hi(A) = span{v € F(A): |v| = k}.

Also in this case it is straightforward to show that this decomposition is compatible
with the bialgebra structure and Ho(A) = R1. Thus for the same reasons as before
(H(A),-, A) is also a Hopf Algebra. We will call it the A-decorated Butcher-Connes-
Kreimer Hopf Algebra (see [CK98], [But72] for the first definition of this algebra).

In analogy with the notation for the tensor algebra, we denote the algebraic dual
of H(A) and Hi(A) by H((A)), Hi((A)). The presence of a coproduct allows to define
equivalently a convolution product x: H((A))@H((A)) — H((A)) by duality in the
same manner as before:

(11 % T3, 0) == (M®m) Ao .

In the case of the Butcher-Connes-Kremier Hopf algebra this operation is called in
the literature the Grossman-Larson product and we will henceforth denote it by the
symbol *. The set of real characters on H(A) is denoted by G(A) and it is defined as in
(3.2.3) with H((A)) and m instead of T'((A)) and . Again the couple (G(A),*) is a
group (which we call the A-decorated Butcher group), due to the Hopf algebra structure
of H(A). For any N > 0 we introduce the vector space HN(A) :== @Y H,(A) and
HN((A)) its algebraic dual. We denote by Gx(A) the quotient

Gn(A) = (G(A)/ ) ”Hn((A))> C HY((A)). (3.2.6)

n=N+1



78 Rough change of variable formulae and quasi-geometric rough paths

We call this set the A decorated step-N Butcher group and the quotient is interpreted
in the same manner as G(A). By analogy we adopt the same notation for 7y, the
quotient map of vector spaces and for the couple (G (A), *) is still a group.

We decided to specify the algebraic constructions of T'(A) and H(A) starting from
a generic locally finite set A in order to be coherent with the framework of the quasi-
shuffle algebras as explained in [HIL7] (see Section[3.5.1). Nevertheless in what follows
we will formulate our results on finite alphabets A. This hypothesis does not change
anything in the algebraic construction above but it implies simply that each vector
subspace T;((A)) ,Hx((A)) will be finite-dimensional. If A = {1,---,d} the resulting
algebraic structure are denoted by the classical notation H(R?), H((R%)) and T(R?),
T((RY)).

If A C A" we can always identify T'(A) with a subspace of T'(A’). This inclusion
is also an injective Hopf algebra morphism and we will write it as T(A) C T(A').
Since the same reasoning applies also for H(A) and H(A’), we will adopt the same
notation H(A) C H(A’). By duality we can define the inclusions j: T'((A")) — T((A)),
7' H((A) = H((A)) defined for any h € T((A")) or k € H((A")) as

<j<h)>w> = <h7w>a <j/<k)70> = <k70>7

for any w € W(A) and 0 € F(A). These inclusions are also Hopf algebra morphisms
and in case of the groups G(A’) and G(A) the maps j and j’ are an injective homo-
morphism. We denote these inclusions as G(A") C G(A) and G(A") C G(A).

Anisotropic grading

In order to take into account the case where the letters of A are associated to some
continuous path X with some Holder regularity 7, € (0,1) we introduce a different
type of groups related to a different quotient of G(A) and G(A). We suppose that A
is a endowed with a sequence I' = {7, }4ea of real numbers such that ~, € (0, 1) for all
a € A and 4 = inf,cq 7, > 0. We call the elements of I' weights and we define every
couple (A,T") satisfying these properties a weighted alphabet. Under these hypotheses
for any word v = a;---a; € W(A) and any forest 0 € F(A) we can define the real
numbers

Y, 1
ol i= 2T = 2N (0),
v fyaGA

Ycw) 1
o= 3024 1S o,

UEN, a€A

(3.2.7)

where n,(v) = |{j : v; = a}| and n,(0) = [{v € N,: L(v) = a}| and |1|pr = 0. In both
cases the function | - |p defined above has an additive property on words and forests
because |uv|r = |u|r + |v|r for each pair of words u,v and |oo’|r = |o|r + |o'|r for any
couple of forests o, ¢’. Thus for any word or forest o the coproducts Vo or Ao is a sum
of terms o) ® ¢(® such that any term satisfies |0 |p + |0®|p = |o|p. This function



Rough paths of any Holder regularity 79

allows to define the sets

Wr(A) :={ve W(A): |vlp >3, WHA) = {veW(A): |lwp <5},

= - (3.2.8)

Fr(A):={oc € F(A): |ojr >47'}, F(A):={ocecF(A):|olr <5 '}.
We will denote by Tr(A), Hr(A), T (A) H'(A) the subspaces generated respectively
by Wr(A), Fr(A), WI'(A) and FT'(A) in the spaces T(A) and H(A). Moreover we can
easily define the subspaces Tr((A)) Hr((A)) TT((A)) H'((A)) by duality. In analogy
with the definition of the N-step free nilpotent group and the N-step Butcher group

in and we introduce the corresponding quotient sets
Gr(A) := G(A)/Tr((A)) C TT((A)), Gr(A) := G(A)/Hr((A)) € H'((A4)). (3.2.9)

and we call them the anisotropic T'-step free nilpotent group (resp. the anisotropic
[-step Butcher group). The additivity property of | - |r implies immediately that the
operations ® and x are well defined on Gr(A) and Gr(A) and the couples (Gr(A4), ®)
and (Gr(A), x) are groups. We will adopt the notation 7 to denote the quotient map
of vector spaces in both cases. By construction one has |[v|r > |v| and |o|p > |o| for
any word v and any forest ¢ (In case I' is a constant sequence we have an equality).
Thus it follows that TT((A)) € TN((A)) and HI((A)) € HN((A)) where N := [§71].
Using the classical graduation of T'(A) and H(A) we can write also

TN (A) = EPTi(A) H'(A)=EPHL(A),

where TY(A) :=T,,(A)NTY(A) and HL(A) := H,.(A) NHI(A).

The definition of Gr(A) was already given in the recent work [TZ18| pag. 22] in an
equivalent form and we simply extended this construction in the forest case. If I' is a
constant sequence equal to v (which we call also isotropic case) then Gr(A) = G (A),
where M := |y7!|. In case we have two different weighted alphabets (A,T) , (4’,T")
where A C A, T' = {7V, }aca and TV = {7/ }aeca we will always impose «), = ~, for any
a € A, to be coherent with the anisotropic grading.

3.2.2 Geometric and branched rough paths

Let us introduce the formal definition of a rough path in the case of a weighted
alphabet (A,I') where A is a finite set and I' = {7, }aca is a finite number of weights.
Following the previous section the parameter 4 = min,e 4 7y, and the function |- |r given
in are uniquely identified. Starting from (A,T') we can easily consider C'(A),
the set of continuous functions X : [0, 7] — R4, X; = (X{)aeca such that for any a € A
one has

| Xi — X¢
sup < 400.
At [t —s]e
We call the elements of C'(A) I'-Hélder path. The notion of a rough path wants to
encode into a formal object all the increments and the iterated integrals of I'-Holder
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paths and, as explained before, the geometric or the branched nature of a rough path
are related to the integration by parts formulae that the coordinates of this path should
satisfy.

Definition 3.2.1. A T'-regular geometric rough path X is a function X: [0,7]* —
T'((A)) satisfying the following conditions:

lg) for every wy,we € T(A) (Xgp, wy W ws) = (X, wy) (Xgp, wo)
2g) for every s,t,u € [0,T]3, Xy = Xy @ Xt
3g) for every word w € W(A) one has

[(Xoe, w)]

1t — sl

< 400 (3.2.10)
Definition 3.2.2. A T-regular branched rough path X is a function X: [0,7T]* —
H((A)) satisfying the following conditions:

1b) for every 71,7 € H(A) (X, 1i72) = (X, 71)(Xst, T2)
2b) for every s,t,u € [0,T]® Xy = Xy * Xt
3b) for every forest o € F(A) one has

sup M < 400. (3.2.11)
st |t — S‘V|W|F

We denote the set of ['-regular geometric and branched rough path by the symbols
R, (A), Ry(A). We call the elements of both R} (A) and R} (A) rough paths and we
adopt the shorthand notation R'(A) for these objects. An alternative to state the
properties 2¢g) or 2b) in the literature is also given by saying that X satisfies the Chen’s
relations.

Remark 3.2.3. Following [HK15] and [Gubl10], the original definition of geometric and
branched rough path is done when the underlying alphabet is A = {1,--- ,d} and I is
a constant sequence with value v € (0,1). In this case we adopt the notation RY(R%),
R}(RY), R)(R?). The name I-regular is given as a generalisation of [CEFMMKIS,
Def 4.1.]. We remark that in other works such as [TZI8] the elements of RY(A) are
called anisotropic rough paths. An equivalent version of the geometric I' rough path
in the context of the p variation topology is given by the notion of II-rough paths (see
|[Gyul6]) and the original formulation of the geometric rough paths in [Lyo98§].

Remark 3.2.4. Recalling the inclusions G(A’) C G(A) and G(A') C G(A) for any
couple of weighted alphabets (A,T), (A’,T") such that A C A’, we can identify any
element of R'(A’) as an element of R'(A). Under this identification if there exists
X’ € RY(A’) such that its inclusion in RY(A) coincides with X € RI'(A) we say that
X’ is over X. The link between a rough path X € RI'(A) and the increments of a
function X € C'(A) is trivially encoded in Chen’s relations. Indeed for all @ € A and
(s,t,u) € [0,T]? it is straightforward to show the identities

<Xst7 (Z> = <Xsu7 (Z> + <Xut7 a) or <Xst7 .a> == <X8u7 .a> + <Xut7 .a> .
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Thus there exists at least a function X’ € C'(A) such that (Xg,a) = (X)¢ — (X')?
or (X, e,) = (X)) — (X')% The resulting path X’ is not unique but it is defined up
to a translation constant. By choosing a specific element X € CY(A) in this class, we

resume this condition by saying that X is a rough path over X.

Using the definition of the groups G(A) and G(A), an equivalent and more synthetic
reformulation of the properties (1g) (2g) (1b) (2b) comes by simply stating that a
rough path is a group-valued path X': [0,7] — (G, 0) (where (G,0) = (G(A),®) or
G(A) = (G(A),*)) such that Xy = 1*. Indeed for any given path X', the definition

Xst = Xt o (XS)_I

satisfies (1g) (2g) (1b) (2b) and for any fixed rough path X the path t — Xy is a group
valued path. By definition the knowledge of one element g € G(A) or G(A) requires
potentially the knowledge of a infinite number of real values (e.g. in case of G(A) a
character is determined as long we know (g, 7) for any tree 7 € T(A)). However the
analytical conditions (3g) (3b) and the finiteness of A simplify radically the structure
of a rough path, letting all the values of X; depend uniquely only on the trees or words
h such that 4|h|r < 1. An algebraic way to consider only these terms and to formulate
this dependency consists in replacing the groups G(A) G(A) with the quotients Gr(A)
and Gr(A). Thus we can write the following definitions:

Definition 3.2.5. A geometric I'-rough path X is a function X: [0,7]*> — Gr(A)
satisfying the following three conditions:

1) Xy = 1* for every t € [0,T];

2) for every (s,t,u) € [0,T)?, Xy = Xy @ Xy ;

3) for every word w € WT(A), sup,, [(Xe, w)|/[t — s|/1"I" < 400,
Definition 3.2.6. A branched I'-rough path X is a function X: [0,7]*> — Gr(A)
satisfying the following three conditions:

1) Xy = 1* for every t € [0, T;

2) for every (s,t,u) € [0, T]?, Xy = Xy * Xt

3) for every forest 0 € F'(A), sup,, [(Xy, )]/t — s[17Ir < +o0.

The Definitions [3.2.5 and [3.2.6| are very similar to the definition of R (A) but they
are not exactly the same because they are defined in principle on two different groups.
In general the projection 7 of an element X € RY(A) provides immediately a I'-rough
path. A non trivial theorem shows that the viceversa is also true.

Theorem 3.2.7 (Extension Theorem). Let X be a geometric or a branched I'-rough
path. Then there exists a unique X € RY(A) such that ipX = X.

Proof. Let us adopt the same notation H for the spaces T'((A)) or H((A)), G for
the groups G(A) or H(A) and B for W(A) or F(A). In case when I' is a costant
sequence this result was already partially proven in [Lyo98] for the geometric case
and in [Gubl10], [Boel8] for the branched case by showing the existence of a function



82 Rough change of variable formulae and quasi-geometric rough paths

X: [0,T)?* — H satisfying the Chen’s relations (2g) (2b) and the conditions (3g) (3b).
The last properties (1g) (1b) are then obtained following [CEFMMEKI18, Thm. 4.1].
Passing to a weighted alphabet (A,T"), the properties of the function | - |r allow to
apply the same proof of [CEFMMKIS, Thm. 4.1] to obtain for any o € B such that

lolr > 47! a unique function f,: [0,7]> — R by means of the sewing lemma (see the
Theorem [3.3.4)) such that the function X: [0,7]*> — H given by

X0y i J Kot} ia €WH(A) or FT(A)
sty 7/ = fo(s,t) ifoeWr(A)or Fr(A)

belong to GG. Another consequence of the sewing lemma implies that there exists a
constant cr > 0 depending on I' such that one has for all ¢ € B

(X, )] < gz ()|t — 5|71 (3.2.12)

where the function g;(o) is defined as follows: for any letter a or any tree e, we set
¢5(a) = g5(e,) = 1 and for any other o € B g5(0) is obtained recursively by the identity

1
¢;(0) = mq&(a(l))%(gﬂ))- (3.2.13)

Thereby obtaining the thesis. O]

Remark 3.2.8. Thanks to this theorem we can easily identify the notion of I'-rough
path with the the notion of rough path of regularity I' adopting the same notation
RY(A) for both objects. We recall that there exists in the literature another equivalent
definition of a rough path. Indeed writing an element X € RY(A) as a path with
values in Gr(A) or Gr(A), it is possible to rewrite also the analytic conditions in the
definitions |3.2.5{ and [3.2.6| in an intrinsic way. It turns out that the groups Gr(A) and
Gr(A) are actually Lie Groups (more precisely Gr(A) is a Carnot group and when
' is constant Gr(A) is a Homogeneous group). These geometric properties allow the
existence of an intrinsic metric d and the analytic conditions in the Definitions [3.2.5
and are equivalent to state that the path X is really a 4-Holder path with respect
the metric d. For more details see [TZ18].

In order to prove that the notion of a rough path is not useless we recall the Lyons-
Victoir extension Theorem (see [LVOT7]). This result gives a sufficient condition to
prove in an extremely general setting the existence of a geometric rough path X € over
a given path X € C'(A). We state this result as in [TZ18, Thm. 5.7], where it is
formulated and proved for a generic weighted alphabet (A, T).

Theorem 3.2.9 (Lyons-Victoir extension Theorem). Supposing 1 € Y~ .. 47N, for
any X € C'(A) there exists X € R} (A) over X.

Remark 3.2.10. Differently from the Theorem the rough path X given by the
Theorem [3.2.9is clearly not unique but it is obtained trough an explicit construction.
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3.3 Controlled rough paths

As the notion of rough path generalises the iterated integrals of a driving continuous
path X, in order to state a change of variable formula we recall a class of paths Y
where we can give a rigorous meaning to the notion of integration with respect to X
and the composition p(Y') with respect to a smooth function. Known in the literature
as controlled rough paths, (see [Gub04] for its first formulation) we introduce them in
the case of a weighted alphabet (A, T").

3.3.1 General definitions

The main idea behind their definition is that a controlled rough path should be a a path
Y:[0,7] — R where we impose some additional Taylor’s formula relations between Y
and the iterated integrals of X making them dependent on an underlying rough path
X € RY(A). To recall its definition we introduce the following sets of words and forests
for any integer m > 1

WE(A) .= {ve W' A): [Jv|r] <m}, FL(A):={oecF(A): ||lo|r] <m}, (3.3.1)

and the corresponding subspaces TP (A) and HL (A) generated by these sets in T/(A)
and H(A). We recall that by construction T (A) C TT(A) and HL (A) € H'(A) and
denoting N = [§7!| we have the equality Ty, ,(A) = T (A), Hiy,,(A) = H'(A4).

Definition 3.3.1. Let X € Rg(A). An X-controlled rough path of regularity m > 1 is
a path Y: [0,7] — T% (A) such that for every dual word w € W} (A) one has

Yy) — Xs 7Ys
qup 1Y) = (K @ w, Y|

up PR < +00. (3.3.2)

If (1*)Y,;) =Y, we say that Y is a controlled rough path over Y.

Definition 3.3.2. Let X € R} (A4). An X-controlled rough path of regularity m > 1
is a path Y: [0,T] — HL,(A) such that for every dual forest o € F! (A) one has

Y;) — Xs aYs
sup ‘(O—a t> < t ¥ O—A >|
it |t — s|(m—lolr)3

< 400 (3.3.3)

If (1*)Y,) =Y, we say that Y is a controlled rough path over Y.

For any X € RY(A) we denote by D™ (X) the set of all X-controlled rough path
of regularity m. Since D™ (X) is a vector space and it generalises the notion of a real
valued path, we can easily define vectors of controlled rough path using product spaces.

Remark 3.3.3. The conditions ({3.3.3) and (3.3.2)) evaluated on 1* mean that the func-
tion Y satisfies the generalised Taylor expansion

Vi=Yo+ Y Y'(Xgw)+O(t—s™),

1<]|w|p|<m
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for some functions Y;". These functions are known in the literature as the Gubinelli
derivatives of Y (see [FHI14, Chap. 4]) and an informal way to define a controlled
rough path is given by a path Y and all its possible Gubinelli derivatives up to a
certain order. The other estimates in the Definition B.3.1] and the Definition [3.3.2]
encode a similar development for the functions Y;” but with a a remainder of order
O(|t — s|m=IwIr)¥) - An equivalent way to restate the bounds and can be
given using the notion of modelled distribution developed in [Hail4]. In order to obtain
such description in the branched and in the geometric setting we adopt the notation
V., and V,, for the codomain of a controlled rough path and its basis. Then we can
easily define the two parameter family of linear maps MX: V,, — V,, defined for any
v € V,,, by means of the Sweedler notation as

MXw = (X, w)w® .

Since the set V}, is finite, we can easily show that the conditions (3.3.2)) and (3.3.3) are
equivalent to
(o, Yo — MFY.)|
sup sup

< 400. (3.3.4)

For further details on the link between controlled rough path and regularity structures
in a simplified setting see [FH14].

The study of all possible controlled rough paths over a fixed rough path X or the
existence and uniqueness of a controlled rough path above a fixed path Y: [0,7] = R
might be a very technical topic (see e.g. [FHI4, Chap. 6]). However for any X € R!'(A)
over a path X € CY'(A) there exists always a trivial X-controlled rough path, the
coordinate path of X. In the case when X is a geometric rough path we define it as the
function X': [0,T] — (TL(A))* given by

Xe ifk=1*,
(k, (X)) =<1 ifk=a (3.3.5)
0  for any other k € W1 (A),
for every component a € A. In the branched case we define it similarly as a function
X' [0,T] — (HE (A))” such that
X¢ ifo=1*,
0, =1 ifo=s, (3.3.6)
0  for any other o € F. (A),
Applying the basic definitions of the products * and ® we obtain
<U), (Xt)a> - <X8t ®w, (Xs)a> =0, <Ua (X/t>a> - <Xst * 0, (X/S)a> =0,

for any a € A and for all words w € F! (A) and forests 0 € F\ (A). Therefore X and
X' are two controlled rough paths the for any m > 1. In order to simplify the notation,
we will denote them by the shorthand notation X € (D™'(X))4.
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3.3.2 Integration and composition

Let us explain how the notion of controlled rough path allows to give a deterministic
theory of integration of one path Y: [0,7] — R with respect to the increments of
X:[0,7] — R for some X € CT(A) and a € A.

In general for any given sequence of partitions P, of [0, 7], represented as P, =
{0 =1t5 <--- <ty =T} such that its mesh size [P,| := sup,({j}, — t}') converges
to zero, we would like to define the integral from a generalisation of the Riemann
summation:

T
/ Y,dX! = lim > V(X! - X3), (3.3.7)
0 n—o0

[u,v]€Pr,

provided that the limit does not depend on the approximating sequence. This strategy
is at the basis of Young’s integration [You36]. A fundamental result of this operation is
that the limit is well defined if and only if Y is 3-Holder and S+7, > 1. However
when 27, < 1 this characterisation prevents us from considering integrand functions
of the form p(X}) for some smooth function ¢ and then any possible formulation of
change of variable formula is allowed. In order to explain the exact way to formulate
an integration operator we recall the Sewing Lemma (see |[Gub04, Prop. 1]). This
fundamental theorem provides a general criterion to study the behaviour as |P,| — 0
of the following sums
Y Zuw

[u,v]€Pn

for a fixed continuous function Z: [0, T]?> — R. We formulate the theorem in the same
way as [CEFMMKIS| Prop. 2.1], referring the reader to the same citation for the proof.

Theorem 3.3.4 (Sewing Lemma). Let Z: [0,T]> — R be a continuous function and
e > 0. Suppose that there exists a collection of real numbers a;;b; >0 fori=1,...,n
and v € (0,1) such that a; +b; = 1 + ¢ and

|20 — Zou — Zuil <ZC|t—u‘“ — s 2] < Colt — 8| (3.3.8)

for some positive constants {C;}iz1,... > 0 and Cy > 0 and uniformly on s, t,u € [0,T]
with s <u <t ort<wu<s. Then there exists a unique y-Hélder function Z: [0,T] —
R such that Zo = 0 and for any s, t € [0,T]

| Zy — Zy— Zy| < CJt — s|'te,

where the constant C = (217 —2)~1 3"  C;. Moreover for any sequence of partitions
P, of [s,t] such that |P,| — 0 it follows that

Zy— 7y = nﬂrfoo[ > Zuw, (3.3.9)
u,v]EPn,

idependently on the approrimating sequence.



86 Rough change of variable formulae and quasi-geometric rough paths

Remark 3.3.5. The convergence of the series in holds uniformly on ¢t € [0,T].
The path Z in depends clearly on the function Z, but this dependency holds
only up to a correction of order o(|t — s|). Indeed for any other continuous function
2!, such that

|2y — 2L, < Ot —s]°, (3.3.10)

for some > 1 and C' > 0, there exists C' > 0 such that the function Z’ satisfies

12, — 2l — 20| <|2g — 2o — 2] +C'|t —u)® + C'|u— s|°.

su

Therefore the function Z’ satisfies again the hypothesis of the Sewing Lemma and there
exists a continuous function Z’: [0, 7] — R, Zj = 0 and C” > 0 such that

Z] - Z, - Z/,| < C"|t — s]7. (3.3.11)

Combining the conditions (3.3.11)) and (3.3.10)) we deduce that
(Zy — Zs) = (Z; — Z,)| = o(|t — s])

and the paths Z and Z’ must coincide because Zj) = Z, = 0.

Combining the sewing lemma with the definition of a controlled rough rough path
we obtain the so called rough integral.

Proposition 3.3.6. Let X € R'(A) be a fized rough path, a € A and N = [471].
For any Y € DW=Uelrl+VT(X) and any partition P, of [0,t] such that |P,| — 0 the
following sums

Z Z (W, Yo )(Xyp,wa) or Z Z (0, Yu) (Xuw, By (0)),

[u,v]€Pr weWL'(A) [uw]€Pr ceFL (A

where we introduce the finite sets WY (A) := {w € WY (A): ||lw|r] < N — ||a|r]},
FI(A):={o € F(A): ||lolr] < N —||e.|r]} converge to a limit independently on the
sequence of partitions P,. We call this limit rough integral and we denote it by the

symbol
t
/ Y, dX? .
0

The rough integral is a v,-Holder function whose value in 0 s 0 and there exists € > 0
such that for any t,s € [0,T], the increments

/YdX“' /YdX“ /YdX“

. D wewr () (w, Yoy (X, wa) + O(|t — s|')
/ Y, dX) = or (3.3.12)
) Zoefg(A)<Ua Y)(Xst, B () + O(|t — s'*%)

satisfy the relations
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Proof. Depending on the geometric or branched setting, the result is obtained by check-
ing that the functions

th = Z <w7Y8><X8t’ wa) ) ZSt = Z <0-’ YS><Xsta B:(U»
weWl'(A) c€FLE(A)

satisfy respectively the hypotheses of the Sewing lemma. We will prove firstly the
geometric case. For any fixed s < u <t one has by definition.

Zh—- 2, -2 = Z (w,Ys) (Xst, wa) = (Xoy, wa) — (w, Yo ) (Xup, wa) .
weWL (A)
Let us fix a word w € WL (A). By definition of V and using the geometric Chen’s
property of X we have
(Xg,wa) — (X, wa) = (Xe®@Xy, V(wa)) — (X, wa)
= <Xsu®Xut> w a®1 + w(1)®w(2) CL> - <XSU7 w &>
= (X, w) (X, w? a) .

Therefore we can write

Z9-20,-Z5 = > (W, Y) (Xe w) Xy, w® a) — (w, Y,) (X, wa) . (3.3.13)
weWl'(A)

In order to understand the right hand side of (3.3.13)) we split the sum in two terms.

Writing on the same dual basis the first term becomes

Z <w7YS><XSU)w(1)><XUt7w(2) CL) - Z <w;YS><XSt7w(1)><k7w(2)><Xut7 k(l>
weWl'(A) k,weWl(A)
= D> (w0, Y) (X @k, w) (X, ka)
weWl'(A)

= ) Xu®kY) (X, ka).
keWl'(A)

Since the index in the summation is mute, we can finally apply the bound ([3.3.2)) and
the Holder property of a rough path in (3.2.10) to obtain the existence of a sequence
of positive constants {Cy }yewr(4) such that

’ngt _ngu_th| < Z |(<Xst®w7YS> - <w7YU>)<XUt7wa>‘
weWl'(A)
< Z Cw|u _ S|(N+1—L|G\FJ—\1U\F)‘/|t _ u|(\w\r+|a|r))ﬁ ]
weWl'(A)

Using the trivial estimation (N 4+ 1+ |a|r — [|a|r]|)¥ > (N +1)% > 1, we can apply the
sewing lemma. In case of the function Z° we can repeat exactly the same proof because
the coproduct A satisfies again the relation AB,(0) = B,(0)®1 4+ cMRB,(c?) by
construction. [
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Remark 3.3.7. For any Y € D™ (X) we introduce the norms (depending on the nature
of the underlying rough path X)

(1%, Yo)| + 2 wewr (4) SUPss (w0, Yi) — (Xt @ w0, Y )| /[t — s|(m=lwle)y
1Y |1y == or
(1%, Yo)| + 2 perr (a) WP [(0, Vi) — (Xt @ w, Y )| /]t — s|(m=lelr)y

The couple (D™ (X), || [lmy) becomes then a Banach space and for any fixed X €
RY(A), a € A the integration map Y — [ YdX" becomes a linear continuous map
from to the space DWW ~Lalr]+VUI(X) where N = |47 to C7,(R), as a consequence of a
quantitative estimation of the sewing lemma. More generally if Y € D@V =lalrJ+DI'(X)
we can introduce the path ZX(Y); defined by duality as

[Y,dXe if k=1,
(k,IX(Y):) = < (w,Yy) for any k € WY(A), F'(A) such that k = wa or B} (k),
0 for any other w € W'(A) or F¥'(A).

Using the estimate (3.3.12)) and the properties of Y, we can easily check that the map
Y — ZX(Y) is a bounded linear map ZX: DW~llalrl+DI'(X)) — DWN+DI(X)). In this
way we can encode the relation (3.3.12) in a higher order algebraic structure.

The second fundamental operation we can define on controlled rough paths is the
composition with a smooth function. That is for any fixed Y € (D™ (X))¢ over a
path Y: [0,7] — R® and a smooth function ¢: R® — R for some integer e > 1, we
want to define Y¥ € D™ (X) such that (1*,Y{) = o(Y;). Using the same notation of
the remark for any a € (V,,,)¢ there exists a unique decomposition a = agl + a,
where ay € R® and a; = (ai, .-+ ,a%) is an e-dimensional vector whose components
are generated by all words or forests o € V,, such that |o|r > 1. Given such a
decomposition, we define the lift of ¢ as the function ®: (V,,)¢ — V,,

Zn, Z Oiy - Oi, p(ao) (@ -+ % af )<, (3.3.14a)

i1, 5t =1

where % is the intrinsic product of V,, (the shuffle product or the disjoint union of
forests), ()<, is the projection on V,, and
o dr

oxh Ox'n #(z)

Since the product x is commutative and the expression inside the second sum is sym-
metrical in the choice of i1, - -+ i, this definition is equivalent to the following

Z al )™ %k (a) ™) < (3.3.14b)
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where the sum is done over all multi-indices k € N¢, k = (ky,--- , k) and

Fp(a) = O - O LA

p(x) :=0y"--- 0, ¢($)=:EE;"'5;;¢($)-

(See Section [3.4]for a careful explanation of the equivalence between equalities (3.3.14al)
and (3.3.14b))). This operation has then the right behaviour in the controlled rough
path setting. In what follows we will denote by CF(R? R) the set of C* functions
f: R — R with all bounded derivatives up to the k-th order.

Theorem 3.3.8. For anyY € (D™ (X)) over a path Y : [0,T] — R® and any function
© € CI"(Re R) the function t — ®(Y,) is an X-controlled rough path over o(Y).

Proof. By construction all the derivatives appearing in ®(Y;) are at most of order
m — 1, thus this function is well defined. In order to give a synthetic description of
the branched and the geometric case, we keep the notation of the remark Using
the equivalent condition and the symbol < to denote the inequality up to a
constant, we want to show for any o € V,,

o, ®(Y,) — MXD(Y,))| S [t — o107

Writing Y, = Y, + Y,1 for some fixed function Y: [0,7] = (V)% Y = (Y, .-, Y¢)

and using the compact multi-index notation we have the identity

k N
v, = 3 22 (5,

k!
kENe

Applying the linear maps MX to ®(Y), we remark that for any o, o’ € V,, MX(ox0’) =
MZX(o)xMZX(c') as a consequence of the character property of X and the multiplicative
property of the coproduct. Thus there exists a value C' > 0 such that

k ~
ey, = Y A o), 33.15)

k| <C

where |k| = 77 k;. Since MX1 =1 and Y € (D™ (X)) there exists a function
R:[0,T]? = (V)¢ R= (R, -+, R®) such that

MX(Y)=MXY,)-Y1=Y,+(Y; - Y,)1+ Ry, sup (o, i) n
it |t — s|(m=lel)d

< +00,

uniformlyon¢=1,--- e and o € V,,. Plugging this expression in (3.3.15|) there exists
a function R: [0,T)? — V,, satisfying |(o, Ry)| < |t — s|™~19I0)¥ for any o € V,,, such
that

o) - Y g vt R 639

[k|<C
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Performing a Taylor expansion between Y, = (Y}!,--- | Y¢) and V; = (Y}, ,Y), we

have
8’“*%0()@)

k _

|k+1|<C

(Vs = V)" + O(Jt — 5| 1FD7), (3.3.17)

as a consequence of the Holder regularity |Y? — Yi| < |t — s|Y for any i = 1,--- e.
Using the same bound we obtain also for any o € V,,, such that |o| < |k

(0, (Y + (Y = Y)1)™) S [t — 5] (H1oD < Jg — g O-iob3 (3.3.18)

Combining the bounds (3.3.17) and (3.3.18)) in (3.3.16|) one has

3k+lg0(yt)
k'

(o, MF®(Y,) -
k+1|<C

(Ve = Y)Yy + (Vi = Y1) S [t — |77

From this bound we apply the multinomial identity

1 ~ 0mo(Yy) &
N V- Y)Y+ (Y - V) = S (Y
Ny k!l m)!
and we obtain the thesis. O

Remark 3.3.9. The proof of this result was already given in [Gubl(, Lem. 8.4] for the
branched rough path case but we decided to give a full account because our definition of
®(Y;) does not coincide with the equivalent formulation given in [Gubl0] and [HK15]
and it requires only a commutative product x. This proof is a simple rewriting of the
proof of [Hail4, Thm. 4.16] without referring explicitly to the theory of regularity
structures. Looking at this operation as a linear map Y — ®(Y) for any fixed X, we
obtain that this operation is also a bounded operator with respect to the norm || - |-

As a direct application of the Theorem for any fixed X € RY(A) we calcu-
late explicitly ®(X) € D™'(X), the composition of the coordinate path of X in the
geometric and in the branched case for any m > 1.

Proposition 3.3.10. Let X € Rg(A) and m > 1, Then for any ¢ € CI"(R*, R) one
has

(X)) = Y Oup(Xw, (3.3.19)

weW}r (A)

where for any word w € WL (A) we define

(Xt) ifw=1,

811) X =
o(Xy) {8ai1...aaingp(Xt) ifw=a - a

—_—

Proof. In what follows we write A = {a,---,a}. Following the definition of ® in
(3.3.14b)) in the case of the coordinate path X € (D™'(X))4 defined in (3.3.5) we
obtain

K
X
O(Xy) = g OplXy) 'cp( 2 .aml L -+ - LU a‘u:‘lT‘A' ;
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where NF(A) = {k € N*: 0 < |ki|at|r + - -+ + kjajajar] < m}. Using the identity
a* = kla®* which holds for every i = 1---|A| and k > 0, the theorem is proved as

1 )
long as we can verify the identity

Z OFo(X)af™ - waly” = Y dup(Xow, (3.3.20)
kENT (A weWT (A)

We check this identity by induction on |A|. If |A| = 1 the result is trivial. Let us prove
the inductive hypothesis. Supposing that the result is true for any alphabet A’ such
that |A’| < |A| we use the linear property of LU to write the left hand side of (3.3.20)

as
L
k ol k ®k) 4| .
ST et wewa ) wa

1=0 keN{HUa‘AHFJ(A\{a‘,ﬂ})

for some fixed value L > 0 depending on m. Applying the induction hypothesis this
sum becomes

2 ( 2 Ou Oy, P(Xi)w ) waf . (3.3.21)

=0 w EW”F"*lUCﬂAHFJ (A\{GVH})

Using the direct definition of shuffle product, the sum (3.3.21)) becomes

L
Zzaw’apr()(t) Z (w'aa™ Z w' G\Algp (X)) (' a4 )s
=0 w’ oeShuf(w’, 1) Lw'o
where w’ belongs in the same set as in (3.3.21)). Since the triple (I, w’, o) is in a one to
one correspondence with the words w € W} (A), we conclude. O

Remark 3.3.11. In case X € R} (A), using the same notation of A, we do not have
any further simplification and we can only apply the composition formula (3.3.14al)
obtaining

m 1 (3.3.22)
= Z Z ﬁa(a’il T ain)aail te aaingp<Xt) 0, "%,

where o(a;, -+ - a;,) is the number of distinct anagrams of the word a;, - - - a;, .

n

3.4 Change of variable formulae for rough paths

3.4.1 Kelly’s change of variable formula

We apply the integration and the composition operations to recall the general
change of variable formulae in the rough path setting starting from X € C?(R?) for
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some v € (0,1). In what follows we will suppose that there exists some rough path
X € RY(RY) over X. The geometric setting will be obtained as a simple exercise,
whereas to express the formula in the branched setting, we will need the crucial no-
tion of simple bracket extension as developed in David Kelly’s Phd thesis [Kell2], a
branched rough path defined on a weighted alphabet (A,T").

The geometric case

Since geometric rough paths aim to generalise the notion of iterated integrals for
smooth paths, it is reasonable to think that we can prove a classical change of variable
formula as if X were a smooth path.

Proposition 3.4.1. Let X € C'(R%) and N = |y~|. For any geometric rough path
X € R}(RY) over X and any ¢ € CNTH R, R) one has

p(Xe +Z/ 8, (X, )dX" (3.4.1)

where {0;®}i=1 ... 4 is the lift of Oip: RT — R.

Proof. Since d;p € CY (R R), the controlled rough path 9;®(X,) € DY (X) as a
consequence of the Theorem and the rough integrals in (3.4.1)) are well defined.

Using the explicit definition of 9;®(X,) in (3.3.19) and the development (3.3.12)) for
the rough integral one has

/acp )dX: = Z Y 0u0ip(X,) (Xt wi) + o[t = s])

n=0 fu|=n
where we parametrised the set of words W) ({1,--- ,d}) ={w e W({1,--- ,d}): |w| <
N — 1} using the word’s length. Summing on ¢ we obtain

d N-1

Z/a@ JX =357 ST 0,000(X,) (X wi) + o[t — s])

'Lan\w\

:Z Z Bwp(Xs) (X, w) + o[t — 5]) .

On the other hand, interpretlng Xt as a controlled rough path of regularity N + 1
the hypothesis of o implies that ®(X;) € DW+Y7(X) by means of the Theorem m
Thus we can apply the bound ( m on (1*, ®(X})) to obtain

(3.4.2)

o(X, Z D Ohp(Xo) (X k) + ol [t — s]) (3.4.3)

n=1 |k|=n

Then subtracting (3.4.2)) to both sides of (3.4.3)), we obtain that the difference between
the left hand side of (3.4.1)) and its right side is equal to o(|t — s|) for any ¢,s. Since
this difference is the increment of a path which is zero in t = s, we obtain the identity

B41). 0
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Remark 3.4.2. Even if this simple proof is a direct consequence of Proposition [3.3.10]
we want to stress that these identities hold because we have encoded in X all classical
integration by parts formulae by means of the shuffle product. Therefore products of
coordinates might be rewritten as a sum of iterated integrals.

The branched case

In case X € R} (R?), the different expansion of ®(X) in (3.3.22) does not imply the
same result of the Proposition but it really depends on the parameter . Indeed
writing the controlled rough path expansions of (1, ®(X};)) and the expansion ({3.3.12)
for [!0,®(X,)dX: one has the following identities modulo o([t — s|)

N d
1
P(Xe) —p(X) =) m Z (921 P(Xi)(Xst, 03+ 95,) (3.4.4)
n=1 i Jin=
d t N
) / 2(X)dX, =) o Z Ony -+ Oh, 0 (X0) (X, B (9 01,)
i=1 Y95 n:l in=1
N 1 n .
— HEOICH
- Z E Z 8@1 : t)<X8t7 Z B+ <.io'(j)(2) e .ia(j)(n))> )
n=1 i1, yin=1 j=1

where o = (1---n) is the cyclic permutation of n elements and N = |y~!|. Unfortu-
nately the right hand sides of the above sums only coincide when N = 1. Therefore if
N > 1 one has:

o( Xy Z/ O'®(X,)dX! =

N
1 i (4
} : E : E : (e (1))
nl Orr-in@(Xe) Kot 9 00 = ) By (.ia(j)(2) o .ia(j>(n))>
n=2 i j=1

1, ,in=1

(3.4.5)

obtaining a non trivial remainder in the formula. The key idea of [Kell2] to get rid of
this remainder is then to subtract recursively to both sides of the expansions
associated to other rough integrals in order to obtain finally a remainder of order
o(|t — s|) as before. This is possible by extending the actual alphabet {1,---  d} to
a bigger weighted alphabet (A,I') and choosing X e Ri(A), a possible extension of
X, which satisfies an explicit algebraic condition between the new letters and the old
ones. We will simply recall the basic definition to state the theorem and we refer to
[Kel12] for the heuristics behind these definitions. In order to state them we introduce
a weighted alphabet depending on some parameter

Definition 3.4.3. For any v € (0, 1) we define the finite alphabet Ay as

AN_|_|{1 = {1, dy U U{(iy-in): i, iy € {1,-+,d}},
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where N = [y~ and the symbols (i) and i are identified. The weight T' = {7, }acay
is defined for any (i1 - i) € ANn 8S Y(iyoip) 1= M.

The definition of Ay depends in principle on v but we suppress v from the notation
to make the notation easier. We simply remark that {1,---,d} C Ay for any v €
(0,1) obtaining an equality if 1/2 < v < 1 and Ay = A;. The weight I" is directly
compatible with the isotropic setting for {1,--- ,d} and trivially |(i; - - i,)|r = m for
any (i1 +--4,;,) € Ay. This alphabet comes also with a natural notion of symmetry.

Definition 3.4.4. Two elements of a,b € Ay, a = (i1-++1,), b = (j1--+Jjm) are
said to be symmetrical if m = n and there exists a permutation ¢ € S,, such that
Ay = (io(1) " io(n)) = b. We denote it by the symbol a ~ b.

It is straightforward to check that ~ is an equivalence relation over the set Ay and
on any subset {1,--- ,d}" C Ayn. Moreover we can easily extend it to an equivalence
relation ~ on T (Ay) and F(Ay) considering the trees and the forests with two sym-
metrical labelling. Using the letters of the alphabet Ay, we can now define a specific
linear combination of forests: the bracket polynomials.

Definition 3.4.5. For any (i1 - - -i,) € Ay we define the forest the bracket polynomial

(irda -~ in)

(irig- - ip) = @ ... 0, — Z Bflmb’“)(oa1 Y (3.4.6)
{C’"b}:{il "")in}

where the sum is done over all ways of splitting the set {i;,--- ,i,} = {a,b} into two
non-empty sets a = {ay, -+ ,a,_x} and b = {by,--- , by} for every k > 1.

By definition (i) = e;, for any iy € {1,---,d}. Thus we can expect that the
bracket polynomial (i1is---4,) is related with the tree e ;,..;,). Let us recall the
main properties of the bracket polynomial.

Proposition 3.4.6. The bracket polynomials {{i1iz- - in)}(i,.in)eay Salisfy the fol-
lowing properties:

a) For all a,b € Ay such that a ~ b one has {a) = (b).

b) Let By : H(RHQH(RY) — H(Ay) be the unique linear map defined for any forest
o€ H(RY) as

B+(U ® 7_) - B_(len)(o') ’LfT = .-il . .i7L fo,r. any 1 S n S N
0 otherwise .
Then we have the identity
<<711 o Zn>> = .il e .in _B""A/(.il e .in) , (347>

where A" is the reduced coproduct defined in (3.2.5)).
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c) Applying the coproduct A: H(AN)QH(Ax) — H(An) to (iria- i) we have
Afivig---in) = (iris - - in)®1 + 1@{iria - - in)

Y eneu (b b)) —epny), (348)
{a,b}={i1 - in}
where the sum is done over the same set of symbols as in (3.4.6)).

Proof. We will prove the three properties a), b) and ¢) separately. Writing a = (i1 - - - i,,)
and b = (j1 -+ Jm) if a ~ b one has m = n and

i = O s

J1°

since the forest product is commutative. Moreover we have the equality between the

sets {i1, -+ ,i,} and {j1, -+, Jm} implying the identity
bi---b (b -+b7)
o BUMew e )= D B (e ey ),
{avb}:{il " 7i’n} {alabl}:{jl ot 7.7m}

Therefore (a) = (b).
In order to prove b) we can iterate the multiplicative property of A to obtain

A("il"'.’in):.’il"'.in®1+1®.i1“'.in+ Z .al"'.anfké.bl"'.bk
{a,b}={i1 , in}
Thus by definition of the reduced coproduct we obtain
Ao, ---e; )= Z 0 ... 0  Dey .. e (3.4.9)
{a,b}={i1, in}

and by definition of the operator B, we obtain the identity (3.4.7)).
In case of ¢), writing Ac = 0®1 + 1®0 + A’c and applying (3.4.7) we obtain

Afiriz - i) = (irio- - in)®L 4+ 1@ (iriz - - ip) + A (0, ... 0, —BLA'(0; - 0; ).
Using the simple identity A’'(B% (o)) = (id®B%)A'c + c®e, and the coassociativity of
the reduced coproduct (A'®id)A’ = (Id®A’)A’ one has
A/B+A/(.i1 o .in) =
= (id®B+)(A/®id)A/('i1 e )+ Z € - %,y ®.(b1'"bk)
{a,by={i1 - yin}
(BB ABA)A (o )+ S e e B e
{avb}:{il )t 7i71}

Thus using the combinatorial identity (3.4.9) and the alternative definition (3.4.7)) we
obtain

A (e ...0, —BiA(e; -0, )) =

= > e e D (o e, —BL(A (e, .. e,)) — 8.0,
{a7b}:{i1 7"'7in}

= > e e D (b b)) —egny) -
{aﬂb}:{il P ,in}
Thereby otaining the thesis. ]
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Remark 3.4.7. All these properties as well as their proofs were already given in several
parts of [Kell2, Chap. 5] and we decided to encode them in a unique proposition to
keep the discussion self-contained.

The identity has a very deep consequence. Indeed for any fixed X € Ry (An)
and any triplet s, u,t € [0,T], the formula together with the algebraic property
of X implies

~

(Xots vz -~ in) = Ko i1z -~ in) + Koy (ini - n)

+ <Xsu> ® - .an—k><X‘Ut7 <<b1 T bk>> - .(bl"'bk)> .
{avb}:{il :"'77:n}

Therefore the function (s,t) — (X, (i1is---in)) may be reinterpreted as the incre-
ment of a path as long as (X, (b1 b)) = (Xst, 85,..0,)) for any letter (b ---by)
with k& < n. This observation justifies the following definition of bracket extension.

Definition 3.4.8. For any v € (0,1) an element X € Ri (Ay) is said to be a bracket
extension if it satisfies the following properties:
1) for all 4y,--- i, €{1,--- ,d}, 1 <n<N

A~ A~

(Xsts 8y in)) = (Xats (i1 - in)) - (3.4.10)

2) The rough path X is symmetrical. That is for any couple of forests o, 7 € H(Ay)
such that 7 ~ o then (X, 7) = (X, 0).

Remark 3.4.9. For any X € RJ(RY) over a path X: [0,7] — R? an informal way

to_describe a bracket extension over X is then to add a family of extra paths X =
{X (il"'i")}(il...in)e 4, With higher Holder regularity satisfying some symmetry hypothesis
and a family of higher order iterated integrals from X in order to satisfy the identities

(Xt 0, ...0; ) = Z ()A(St, Bﬁ’lmbk)(oa1 O )/(\'t(“l") — )/(\'SIZ”) ,
{a,b}={i1,in}
(3.4.11)
for any 4y,--- .1, € {1,---,d}. In this way we restore partially the integration by

parts formulae for the coordinates paths of X. By analogy with the stochastic calculus
setting, we call the path X (1) the (i - - -14,)-variation of X.

This notion is then sufficient to get a general change of variable formula for any
sufficiently smooth function ¢.

Theorem 3.4.10 (Kelly’s change of variable formula). Let v € (0,1), X € C"(R%)
and X € R} (R?) over X. Then for any ¢ € Cy' ™' (R% R) where N = |y71] and any

bracket extension X over X one has

d t N d t
P(X) = (X)) + > / 8i<I>(Xr)dX;+Zm 3 / By, -+ 05, (X, )dRin) |
i=1"vS n=2 i S

ity yin=1
(3.4.12)
where 0;, - - 0;, ® is the lift of the function 0y, ---0; p: R? — R.
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Proof. Our proof retraces Kelly’s original one via a slightly different notation, we re-
peat here for sake of completeness. As before we will write down all the equalities
modulo o(|t — s|). For any fixed element (i ---4,) € Ay the function 0;, ---0;, ¢ €
CNH="(R?, R) and the rough integral [, - - 8; ®(X,)dX\"") is well defined. Ap-
plying the identity to it we obtain

t N—n d
S ityeejm Oy i (X)) i1
/5i1"'5in¢(Xr)er:Z > O inOn-in?l )(Xst,B(ﬁ RICTRRET )3

m!

m=0 jla'" 7jm:]-

This formula holds also when n = 1 and (41 ---4,) = i; and the left hand side is the
rough integral with respect to X%. By summing over all indices iy, --- ,i, and n, we
use the substitution £ = m + n obtaining

1 AN . .
— § 00, 0(X,)dX ) =
n ‘ / 1 n ) T

cin=1

N o o (3.4.13)
“n S 0 () e (n) B 0y 04)
k= Tdp,eeip=1 n=1

For any fixed k and iy, -+ ,ix, we consider the sum of trees on the right hand side of

(3.4.13)). Since this expression does not change in its equivalence class by applying any
permutation of k elements we can write

k
k B1in lo ‘Ao (n))
Z <n) B (0w 00) k! Z Z ( ) T sy i)

n=1 " o€eS, n=1
= 1 (1) iom)
- Z Zm3+ T @y i) F Z oy igay) - (3:4.14)
ogeSE n=1 aESk
Using again the symmetry relation (i (1) io(iy) ™ ®(ir-win) and
B_(:v(l)-..ig(m)(.io(nm . .iam) -~ B_(fl...bn)(.al o .an7k>7
where a = {ay, -+ ,an_r}, b={b1, -+ ,b,} is a non empty partition of {iy,---ix} into

two set, it is straightforward to show that the sum (3.4.14]) is then symmetrical with

b1-+bn
Z Bsrl )('al 90, ) T (i)
{il E 7ik}:{a b}

by counting the respective multiplicity of the indexes in the two sums. Therefore using
the symmetrical invariance of X and the identity 1} one has

k

3 k i1-in

XY (n> BE T (o, 0)) = (K00, 03,)
n=1

Thus the right hand side of (3.4.13)) becomes equal to the right hand side of (3.4.4)) up
to a remainder of order o(|t — s|). We conclude finally using the same final argument
given in the proof of the Proposition (3.4.1). ]
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Remark 3.4.11. Looking at the Definition and the Theorem [3.4.10} it is not
obvious to prove apriori the existence of one bracket extension X over some X &
R} (RY). However in the simple case v € (1/3,1/2] where N = 2, the condition (3.4.10)
becomes simply

(Xoty00) = Xpoi0; =1 1)) = (X 0,0, = 1] = 1), (3.4.15)

i J %
for every i, € {1,--- ,d}. In this way recalling the fact that the set F'(Ay) is given
by ‘
FU(Az) = {05, 0,100, je{l, - d}},

we can easily define a function X: [0, 7] — HY((Ay)) satisfying the properties of the
Definition [3.2.6] only in terms of the underlying rough path X and consequently there
exists a unique bracket extension over X by means of the extension theorem. The
related change of variable formula in this case will depend only on X and it
looks formally identical to the classical [to formula for a semimartingale X. The case
N = 2 was already known in the literature and an equivalent formulation of
in this case was obtained in [FHI14, Prop. 5.6] by means of the notion of reduced rough
paths. When N > 2 the result given in [Kell2, Prop. 5.2.14] shows the existence of a
bracket extension but this object is not unique anymore.

3.4.2 Symmetrical paths

In order to simplify the Definition [3.4.8 we want to encode immediately the notion
of symmetry hypothesis for a bracket extension X by changing the underlying alphabet.
Indeed we can describe directly the equivalence classes of Ay with respect to ~ in terms
of a new alphabet.

Definition 3.4.12. We denote by A = N¢\ {0} the set of d-dimensional non zero
multi-index o = (aq, - -+ ,aq). For any and v € (0,1) we define the finite alphabet Ay
as

Ay ={a€A:|a| <N}
where N = |y7!] and |a| := Zle a; . The weight I' = {74 }acay is defined for any
a € Ay as v, = |afy.

Similarly to the definition of Ay, we suppress the parameter v from the notation
of Ay. Moreover we keep the same notation I' for the weight of Ay. We note also
that {1,--- ,d} C Ay for any v € (0,1) by means of the canonical identification i — e;
where {e;}i—1 ... 4 is the canonical basis, obtaining an equality if 1/2 < v < 1 and
Ax = A;. The weight I is directly compatible with the isotropic setting for {1,--- ,d}
and trivially |a|r = |a] for any o € Ay. The link between Ay and Ay is done by
means of an explicit function S: Ay — Ay.

Definition 3.4.13. Let v € (0,1). For any a € An, a = (iy---i,), we set for any
j €{1,---,d} the integers

m; =#{le{l,--- ,n}: i =j}, (3.4.16)

and we define S(a) := (my,--- ,mg). We call the map S the symmetrization map.
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For instance if d = 3 and v € (1/4,1/3] one has
S((12)) = (1,1,0), S((21)) =(1,1,0), S((333)) =(0,0,3).

By definition the symmetrization map is a well defined surjective application and for
any a € Ay |a|r = |S(a)|r where the function |- |r is associated to the different weights.
The function § is also a bijection when we pass to the quotient.

Lemma 3.4.14. For any v € (0,1), S is a bijective map from Ayn/ ~ to Ay.

Proof. In order to prove the bijection it is sufficient to show that for every 1 < n < N,
S is a bijection between A, and A, where

A, ={1,---,d}"/~, A ={veAy:|v]=n}.

That is for any a,b € {1,---,d}", one has a ~ b if and only if S(a) = S(b). Thanks
to the definition (3.4.16)), if @ ~ b then both S(a) and S(b) belong to A/, and their
components do not change under permutation of the writing of a, therefore S(a) = S(b).
On the other hand, if S(a) = §(b) = (my,--- ,my), then for any j = {1,--- ,d} both
a and b contain the same amount of coordinates with the value j. Rearranging the
components of a and b, there exist two permutations ¢, and o, such that

gy =bg, =(1-+-1 2---2 -+ d---d). (3.4.17)
—— —— ——
m1 times mo times mg times
As a conclusion, if we define o = o, Yo g,, then a, = b by construction. O

Looking at the proof of the above lemma, we associated to every 3 € Ay a specific
element of S7!(5), that is the right hand side of the identity (3.4.17). We will refer
to this element of Ay with the symbol 8’. Another trivial consequence of the Lemma
is then a useful identity we already used in the definition of the lift ® of a smooth
function ¢.

Proposition 3.4.15. If ¢;,..;, is a sequence of values indexed by {1,--- ,d}" invariant
by permutation then
d nl
Yo=Y : (3.4.18)

i Bl Byl

i1, sin= BeA: |Bl=n
Proof. Writing the left hand side of (3.4.18)) as a sum on {1,---,d}" C Ay for some
N > n, and denoting by [a] the equivalence class of an element a € {1,--- ,d}" we use
the proof of the Lemma [3.4.14] and invariance by permutation to obtain

d
> aum ¥ Ta- T an ¥ sk
i1, in=1 [a]e{1,-,d}™/~ [a]=a BEA: |Bl=n acS™ BEA: |B|=n

Now using the elementary combinatorial identity

|8]!
Bl Bl

which holds for any # € Ax we conclude. O

${S71(B)} = #{anagrams of 1---1 2---2 ... d...d} =

1 times (B2 times Bq times
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This simple identity allows to justify the equivalence between definitions (3.3.14al)
and ([3.3.14D)). Even if the map S is originally defined at the level of the alphabets, by
simply applying S at each decoration of any forest appearing in H(Ay) and extending
it linearly, we can easily define a linear surjective map S: H(Ay) — H(Ay) (we will
denote it by the same notation). For instance

SC™ Niguim) = "M+ Sy uin) +280i0in) = fiia $Gaio) +2 $fiin)
Since S acts only at the level of decoration it is straightforward to verify
8(7'17'2) == S(Tl)S(TQ) s (S & S)ATl == AS(Tl) s (3419)

for any 71, 75 € H(Ay). Moreover |S(o)|r = |o|r for any o € F(Ay) as a consequence
of the previous compatibility between the related weights. Therefore the application
S is a surjective Hopf algebra morphism sending H ' (Ay) to HY(Ay). By duality we
can define its algebraic adjoint S*: H((Ay)) — H((Ax)). For any X € R; (Ay) the
properties of S in and the related weights imply that the function (¢,s) —
S§*Xy is again a branched rough path, we will denote by the symbol S*X.

Proposition 3.4.16. Let v € (0,1). Then X € R} (Ax) is symmetrical if and only if
there exists a unique X € R} (Ay) such that X = $*X

Proof. Applying the Lemma [3.4.14] at each decoration of every forest in H(Ay) it is
trivial to show that for any couple of forests 7,0 € H(Ay) one has 7 ~ o if and only

if S(7) = S(o). Thus the proposition follows straightforwardly. O
By means of this proposition we can easily rewrite the Theorem|3.4.10using Ay . For
any iy, - ,i, € {1, --- d} we introduce the notion of symmetrical bracket polynomial

Thus we can replace the Definition with a new one.

Definition 3.4.17. For any v € (0,1) an element X € RE(Ay) is said to be a sym-
metrical bracket extension if it satisfies for all iy,--- i, € {1,--- ,d}, 1 <n < N the
identity R R

(Xst, 05((i1-in))) = (Xist, [i1 -+ 1n]) - (3.4.21)
Remark 3.4.18. Using the same notation of the (zl -1, )-variation for some path X
in the Remark . if X is a rough path over X € CF(AN) and X € C'(RY) is the
projection of X on R? then for any o € Ay we call the path X the a-variation of X.

Thus we can reformulate the change of variable formula for a path X € C7(R?) in
the branched case only in terms of a symmetrical bracket extension.

Proposition 3.4.19. Let v € (0,1) and N = |[y7!] and X € RV(Rd) over X. Then
for any ¢ € CNH(Rd R) and any symmetrical bracket extension X over X one has

p(X Z/acb dX’+Z > ﬁ|/aﬁq>( X,)dXP | (3.4.22)

n=2 BeAy:|Bl=n

where 0°® is the lift of the function 9°p: R — R.
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Proof. Let us fix ¢ and X. Using the Proposition |3.4.16| we apply the Kelly’s Change
of variable formula with the bracket extension X = S§*X over the well defined path
X € C"(Ay) defined for any (iy - --i,) € Ay as X\ = X3P Thys we obtain

d t
> / sy -+ 05, B(X,)dX i)

S

d t N
| 1
P(X) — o(x) = 3 [ae()ix+ 3"
i=1 "5 n=2 i

i1, in=1

For any iy, ,i, € {1,---,d} one has the straightforward identity
t t
/ Oi, - '8in(I>(XT)dX£“"'i") — / as((il"'in))Q)(XT)de((il'”in)) 7

because the approximating sums defining both integrals are the same. Therefore we
can apply the identity (3.4.18]) and we obtain the desired formula. O]

3.5 Quasi-geometric rough paths

The Proposition and the Theorem show us a deterministic change of
variable formula which works with every path X € C?(R?). These formulae are ex-
tremely general but they rely in the first case on a particular choice of X € Rg(Rd) over
X and in the second case on particular choice of a branched rough path X € R} (R?)
over X and the additional choice of a bracket extension. In what follows we intro-
duce a new notion of rough paths defined on Ay. This new object will be called
quasi-geometric rough path and it will provide a sufficient simpler condition to build a
bracket extension over X, as well as an alternative change of variable formula.

3.5.1 Quasi-shuffle algebras and quasi-geometric rough paths

Looking at the Definition [3.4.17] we have rewritten the notion of a bracket extension
in terms of a branched rough path with values in Ay C A. The alphabet A comes
naturally with an intrinsic operation of sum between multi-indeces +: A x A — A
which is trivially associative and commutative. Using this additional operation we can
introduce the notion of quasi-shuffle algebra, another Hopf algebra very similar to the
tensor algebra. We recall its construction following the framework of [HIL7].

To define a quasi shuffle algebra we start from an alphabet A endowed with a
commutative and and associative bilinear map [,]: R*@ R4 — RA. For any word
we W(A), w=ay---a, we use the shorthand notation

a1 ap] == [a1] - [an_1, an]] -+ -] € RA

and the hypotheses on [,] allow to write unambiguously [a; - - - a,] independently on
the order of the letters and the parenthesig. Using [,] we can define a new product on
T(A), the quasi-shuffle product (11 : T(A)QT(A) — T(A), given recursively as follows:

e for any word v € W(A)
10vi=0vl1:=v,
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e for any couple of words v,w € W(A) and any couple of letters a,b € A
av Wbw := (vWbw)a + (av Lw)b+ (v w)[ab] . (3.5.1)

The couple (T'(A), (1) is called quasi-shuffle algebra and it has been shown in [Hof00,
Thm. 2.1.] that it is always a commutative algebra for any choice of [,]. Similarly to
the definition of the shuffle product in Section [3.2.1] it is possible to represent explicitly
the quasi shuffle product in terms of surjections (see e.g. [EFMPWI15, Pag. 7]). For

any word w = aq - - a, and all surjective map f: {1,--- ,n} — {1,--- ,p} forp <n
we set
flav--a) =[] al--[ [I al-
Jjef~t(1) J€f~Hp)

Then we have the following identity

@ g Db b= S flar-e-anby - b)., (3.5.2)
feSn,nL
where S,,,, is the set of all surjections f: {1,--- ,n+m} — {1,---,k} satisfying

f(1) <--- < f(n), f(n+1) < --- < f(n+m) for every integer k such that max(m,n) <
k < n+ m. The main important property of the quasi shuffle property (see [Hof00),
Thm. 3.1.]) is that the triple (T'(A), (U, V) with the same deconcatenation coproduct
V given in is again a bialgebra with the same unity and counity of T'(A). We
will denote it by the symbol T(A) to stress the presence of a different product. The
bialgebra T(A) is naturally graduated but the natural graduation with respect the
word length is not always compatible with (1. However it is always possible to find
a sequence of vector spaces {Wj }i=o depending on [, ] such that W, = (1) and T(A)
becomes a graduated bialgebra with respect to the subspaces {W; }x>o. Therefore T'(A)
may also be viewed as a Hopf algebra.

Looking at the algebraic dual T((A)) (which we denote by T'((4)) in the quasi
shuffle case) the choice of a different product for T'(A) does not change the convolution
product which is still the dual of the concatenation product ® but in this case the set
of characters (which we denote by G(A)) is given by

G(A) :={h € T((A)): for every a,b € T(A) (h,a@b) = (h,a)(h,b)}.

This set is still a group with the concatenation operation ® because the coproduct
V does not change. The same reasoning applies also to Gy(A) := my(G(A)) and to
Gr(A) := mr(G(A)) for any weighted alphabet (A,T). In this last case we recall that
it is not necessary to specify any behaviour between the product [,] and I' to define
Gr(A), however for any given weighted alphabet (A,T) it will useful to introduce the
following compatibility condition. Denoting for any a € A

R := span{b € A: v, = 7.} C R4,

we say that the product [,] is compatible with I' if for any a,b € A the product [,]
satisfies on the subspaces {R7},c4 the following property

[’ ] . R’Ya ®R’}/a — R'Ya"l")/b .
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Shuffle and quasi shuffle structures are intimately related. Indeed if [,] is the trivial
product which is always zero, from (3.5.1) we obtain trivially (3.2.1)), the recursive
definition of the shuffle product, and we recover the same algebraic structure. On
the other hand there exists also an explicit homomorphism between T'(A) and T(A).
We recall its construction. For any integer n > 0 we say that the multi-index I =
(i1, , i) with all strictly positive components is a composition of n if i+ - -+, = n.
The set of all composition of n is denoted by C(n) and its cardinality is 2"~ ! using
some elementary combinatorial arguments. Using the same multi-index notation, for
any composition I = (i1, ,i;,) we set

N=dyl 0!, pl)=d1- iy, UI)=m.
Moreover for any word w € T(A), w =a;---a, and any I € C(n), I = (i1, -+ ,iy) we
define the contracted word [w]; as
[wlr = [wy - wi J[wi, 1 wiy ] - - Wi, 40+ - wn]
Using this notation we define two fundamental applications.

Definition 3.5.1. We define the maps exp,log: T(A) — T(A) as the unique linear
maps such that for any word w € W(A) one has

exp(w) == Y %[w];, log(w) == )

IeC(jwl) = IeC(jwl)

(—1)ul=1)

TUERGE (3.5.3)

We will refer to these application as the exponential and the logarithm of words.

For instance for any triple of words a, b, ¢ € A the definitions in (3.5.3)) become

1 1 1 1
exp(ab) = ab + §[ab] , exp(abc) = abe + E[ab]c + Ea[bc] + g[abc] ;

1 1 1 1
log(ab) = ab — i[ab] ., log(abc) = abe — é[ab]c — ia[bc] + g[abc] :

A fundamental result of quasi-shuffle algebra consists in the relation between these
functions and the tensor algebra T'(A). For its proof see [Hof00, Thm. 2.5].

Theorem 3.5.2. The exponential of words defined in (3.5.3)) is the unique Hopf algebra
isomorphism between T(A) and T'(A) whose inverse is the logarithm of words.

Remark 3.5.3. The main consequence of Theorem [3.5.2| implies that many definitions
of T (A) can be expressed using the exponential and logarithm of words on T'(A). For
instance considering the adjoint maps exp*: T((A)) — T((A)) and log*: T((A)) —
T((A)), we deduce immediately the identities

~

log*(G(A)) = G(A), exp*(G(A)) = G(A). (3.5.4)
Moreover the identities hold also for Gy (A) and Gy(A) because exp(w) and

log(w) are linear combinations of words with at most length |w|. In case [,] is compat-

ible with I" we deduce from the explicit definitions in (3.5.3) that for any w € W(A)
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exp(w) and log(w) are a linear combination of words where | - | is constant on each
word. Supposing this compatibility condition we have

log"(Gr(A)) = Gr(A4), exp*(Gr(4)) = Gr(4), (3.5.5)

and the applications exp* and log™ are group isomorphism.
_ As already explained in [BCEF18], we can explicitly link the quasi shuffle algebra
T(A) with H(A) by means of an explicit linear map ¢: H(A) — T'(A).

Definition 3.5.4. Let ¢: H(A) — T(A) be the unique linear map defined recursively
on the forests by the conditions:

1) ¢(1):=1,
2) for every a € A and every forest f =71 -7, € F(A)
Y(BL(Sf)) = ((r) @D - W(7m))a, (3.5.6)
3) for every couple of forests 0,7 € F(A) ¥(o7) := (o) L (7).
We call ¥ the contracting arborification.

We will denote by ¢*: T((A)) — H((A)) the adjoint of ©. By construction 1 is a
surjective algebra, but in general it is also an Hopf algebra morphism.

Proposition 3.5.5. For any h € H(A) one has
Vi (h) = (YY) Ah. (3.5.7)

Proof. The proof is essentially the same as [HK15, Lem. 4.8] in the context of quasi
shuffle product. We repeat here for the sake of completeness. Writing H(A) =

T2 Hyi(A) we will prove on ;" , Hi(A) for every m by induction. When
m = 0 the identity holds trivially. Supposing the identity true on ;- Hx(A) we
prove it on @Z’:Ul Hi(A) by proving the identity for all forests h such that
|h| = m + 1. Indeed any such forest h could be under form h = B¢ (o) or h = hyh, for
some forests o, hy, hy such that |o| V |hi| V |ha| < m and a € A. In the first case one
has

V(B (o)) = V(¢(o)a) = Y(0)a®@1 + Vo(o)(1®a) . (3.5.8)
By induction V¢(o) = (1)®v¢)Ac and the right hand side of becomes
Y(0)a@l + (YRY)Ao)(1®a) = (Y1) (B4 (0)®1 + ([d®B})Ac) = (v&y)ABY (o).
In the other case, using the bialgebra properties of V and (11, one has

Vip(hihe) = V(¢ (h) Wip(he)) = V(b)) LV ¢(hs), (3.5.9)

where we denote again by (1 the tensorisation gf the quasi shuffle product. The
recursive hypothesis tells us that V(¢(h;)) = (Yv®@¢)Ah; for i = 1,2, therefore the
definition of ¥ as well as the bialgebra property of A allows to write the right hand

side of as
(p@Y)Ahy W (YRY) Ahy = (Y1) Ahy - Ahy = (Y@Y) Ahyhsy

and the proposition is proved. O]
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Remark 3.5.6. The name of 1) comes as a tribute to Jean Lecalle’s arborification appa-
ratus in the context of Hopf algebras of trees, as explained in [FM17]. We recall that in
the shuffle case (that is 1) satisfies the properties 2) and 3) above with the shuffle prod-
uct) the same function was introduced in [HK15|] and it was denoted by ¢,. Actually
it is also possible to define a right inverse of both ¢ and ¢, ¢: T(A) — H(A) which
maps any word w = ay - - - a,, into ¢(a), the associated ladder tree whose decoration on
the leaf is aq, the decoration on the vertex next to the leaf is as and so on until a,
is the decoration of the root. The map ¢ is not an algebra morphism but using the
recursive definition of A it is possible to prove that it is a coalgebra morphism.

The algebraic structure of T(A) leads naturally to the notion of quasi-geometric
rough path for any fixed finite weighted alphabet (A,I') endowed with a commutative
and associative bilinear map [,]: R* @ R4 — RA.

Definition 3.5.7. A I'-regular quasi-geometric rough path X is a function X: [0, T]? —
T((A)) satisfying for every wy, ws € T(A)

<Xst,w1 G\JU)Q> = (Xst,w1><XSt,w2> y (3510)
and the conditions 2¢g) and 3g) in the Definition [3.2.1]

We denote by 7@5(14) the set of all quasi-geometric rough paths. The Theorem m
implies that we can equivalently rewrite the quasi-geometric rough path as a geometric
rough paths and vice versa. As before we denote by exp*: T((4)) — T((A)) and
log*: T((A)) = T((A)) the dual maps of exp and log.

Proposition 3.5.8. Supposing that the product [,] is compatible with T', then the map
X — exp* X is a bijective application between Rg(A) and Rg(A) whose inverse is given
by the application X — log* X.

Proof. The proof follows from the Theorem|3.5.2, We explain in short how the algebraic
properties of exp allows to prove that exp*X € RE(A) for any X € Rg(A). For any
fixed couple of words w,v € T(A) the morphism property of exp and the equation

(13.5.10]) imply

(exp* X, w Wv) = Xy, exp(w W o)) = (X, exp(w) (1 exp(v))
= (X, exp(w)) (X, exp(v)) = (exp” X, w) {exp” Xy, v) .

At the same time the comorphism property of exp implies for any s,u,t € [0,T]3
(exp”* Xu) ® (exp* Xyy) = (Xeu®@Xy ) (exp @ exp)V = (X, ®@Xoy )V exp = exp #X,; .

Finally using the hypothesis of compatibility between [,] and T, for any fixed word
w € W(A) there exist N > 1 and a family of words {w;},—1 .. y and ; > 0 such that

N
exp(w) = 3 B,
=1
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and |w;|r = |w|r for all i (see the Remark [3.5.3]). Thus we obtain

fexp" Ko )] _
|t — S|'Y|w|r‘

Using the same reasoning we obtain that X — log* X is a well defined function from

R4(A) to Ry(A). Since logexp = explog = id, we conclude. O

Looking at the Definition |3.5.7, we can easily restate the notion of I'-regular quasi-
geometric rough path in terms of a path with values in @F(A) and we can prove the
equivalence by means of an explicit extension theorem. Thanks to Theorem this
result is already a consequence of the Theorem (3.2.7]

Corollary 3.5.9 (Extension Theorem for quasi-geometric rough path): Supposing that

the product [,] is compatible with T, for any function X: [0,T]> — Gr(A) satisfying
the same properties 1) 2) 3) of Definition |3.2.5, there exists a unique X € R} (A) such

that 7r o X = X. The function X is called a quasi-geometric T-rough path.

Proof. By means of the algebraic properties of the map exp it is straightforward to
prove that the function Xst = exp” Xst is a geometric I'-rough path. Using the Theorem
3.2.7 on X there exists a unique X € RE(A) such that 7 o X = X. Applying to both
sides the map log*, the compatibility condition of [,] with I' implies that the map
7r and log" commute. We conclude that X = log™ X satisfies the properties of the
statement. O

The same strategy allows to prove the following version of the Lyons-Victoir exten-
sion Theorem.

Corollary 3.5.10 (Lyons-Victoir extension Theorem for quasi-geometric). Supposing
that the weights {Ya}aca satisfy the condition 1 € 3", 4 VN, for any X € C'(A) there

exists X € 7%5(14) over X.

Another deep property of quasi-geometric rough paths is then given by the con-
tracting arborification . Indeed the existence of such Hopf algebra morphism allows
to write down a quasi-geometric rough path as a specific family of branched rough
path. In what follows we will denote by ¢*: T'((A)) — H((A)) the dual map of ¢ and
t*: H((A)) — T((A)), the dual map of ¢: T(A) — H(A) introduced in the Remark
. If the product [,] is compatible with I' it is straightforward to show that the
function ¢*7r is a well defined function from H((A)) to TT((A)).

Proposition 3.5.11. Supposing that the product [,] is compatible with ', then for any
X € R (A) the function V*X € Ry(A). Moreover an element X € Ry (A) satisfies

X = ¢*X for some unique X € 7@9(14) if and only if
<X8t7 U> = <Xst7 L¢(O'>> (3511)

for every forest o € FL(A).
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Proof. We fix X € 7@5(/1) In order to check the properties (1b) (2b) (3b) for *X,
we use the same argument as in the Proposition because when the product [, ] is
compatible with I' then for any forest o ¥ (o) is a linear combination of words where
|- |r does not change. Moreover if we impose X = ¢*X one has trivially (3.5.11]). On
the other hand if one element X satisfies , we introduce the function X’ :=
X [0,T)> — TH((A)). Using the hypothesis and the fact that X € R} (A)

we have the the following chain of identities

(XL vw) = (X, w(w ww)) = (mr X, 1t (v 1w)) = (7r Xy, to 1w)
= (mrXp, ) (mrXge, cw) = (XL, v) (XL, w)

for any couple of words v,w € W(A) such that vilw € TV(A). Using also the
comorphism property of ¢, we can straightforward look at X’ as a function satisfying
the hypothesis of the Corollary Therefore there exists a unique X € 7%5 (A) such
that 7pX = *npX. Since 7 and ¢ commute and *i* = id we have mr¢*X = 7 X.
Thus we obtain ¢*X = X. O]

Remark 3.5.12. An equivalent version of Proposition [3.5.11|in the shuffle case is given
in [HK15 Prop. 4.1], where the map v is replaced by ¢, (see Remark [3.5.6).

3.5.2 Building a symmetrical bracket extensions

Let us apply the notion of quasi-geometric rough path in order to build a symmet-
rical bracket extension. Recalling some notation of the Section , for any v € (0,1)
we can endow the weighted alphabet (Ay,T") of a commutative and associative bilinear
product [,]: RANQRAY — RAN defined for every a, 3 € Ay as

a+p ifa+peAy,

[2®6] := { 0 otherwise (3.5.12)

This product is clearly commutative, associative and compatible with the weight T,
therefore it is possible to consider the quasi shuffle algebra T (Ayn). The presence of
the product [,] allows to rewrite for any 4y,--- ,ix € {1,---,d} and k < N = |y ]
the identity

S((iq---ix)) = [i1 -1k (3.5.13)
where in the right hand side the letters iy, - - - , 7, are identified with the corresponding
vector of the canonical basis. Therefore we can graphically write the map S by simply
turning the rounded brackets of the decorations in Ay into square brackets. There
exists a deep connection between the notion of symmetrical bracket polynomial and
the quasi-shuffle arborification. A central result in our analysis will be the following
characterisation of the elements of 7%5 (Ay) in terms of bracket extensions.

Theorem 3.5.13. Lety € (0,1). For any X € ﬁg(AN) the rough path ¢¥*X € R} (Ay)
18 a symmetrical bracket extension.

In order to prove this theorem we need the following algebraic lemma which links
symmetrical bracket polynomials defined in (3.4.20)) and the contracting arborification.
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Lemma 3.5.14. Let v € (0,1). Then we have
O([ir - tal) = [i - i), (3.5.14)
foralll1 <n < N= |y and all iy, - ,i, € {1,--- ,d}.

Proof. We fix N and we will prove the theorem by induction on n up to the value
N. In the case n = 1 the identity (3.5.14)) is verified by definition. We suppose that
(3.5.14]) holds for some 1 < n < N and we want to prove

O([in -+ dna]) = i -]

In order to do that we establish a recursive identity over the symmetrical bracket

polynomials. Using the formula (3.4.7)) and the following straightforward identity
Al('il T .in+1) = (.in+1 X @, - 'in) + (‘in+1 ® 1)A/(.i1 T .in)
+ (.i1 T, ®.in+1) + (1 & .in+l)A,(.i1 T .in) )

we have immediately

[ir ] = O(S((iriz - in))) = &5 - @4y =B "0y ) — B (e, 0;)
—~SB((9,,, @1)A'(0;, -~ 0, )) =SB (1@ e, ,)A (e, -0 )).

Then by definition of ¢ we obtain

V([ir- - ing1]) = V(@ - 05,) Wiy — (@, - -~ @ Vingy — pgafin -« - i)
— )(SB(,,, @L)A (o), -~ ;) = )(SB(1® e, JA (0, - 0;,)).
Writing the induction hypothesis using one has
(o, - 0i,) = V(SByLA (o -0 ) + [i1 -]
Then the right hand side of becomes

~

[il s Zn] mn in+1 — [Zl s in]in+1 — in+1[i1 s Zn] + w(8B+A/<.Z’1 s .Zn)) LU in+1
—p(SBLA (0, - 0 ))ing1 — ¢(5B+('in+1 ®1)A (e, -9 )
_¢<SB+<1 ® .in+1)A/(.i1 e .in>> .

After a simplification of the first three terms this expression becomes

iy ing] + V(SBLA (0, -0 ) Winy — )(SBLA (e - - @ ))ipni

—Y(SBi(1® e  JA (e -0, ) —)(SBi(e;,,, RL)A'(e;, ---@; )). (3.5.16)

Let us show that the remaining terms after [iy - - - 7,1 in (3.5.16|) are zero. Using again
the expression

/
A(.il....in): E .al'...ak®.bl....bn7k7
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where the sum is done over all the partition of {iy,--- ,i,} into two non empty blocks
a={ay, - ,ax} and b= {by,--- ,b,_}, one has
SBJrA/(.h e .in) = Z B—[il-)ln.bnik}(.m T .ak) )
{a’b}:{il"" ’in}
SB+(.in+1 ® 1)A/(.i1 o .in) = Z B—[&l-)lmbnik](.al ER 7 .in+1) )
{a,b}:{i]_,--- 7in}
SB+(1 ® .in+1)A/(.i1 T .in) = Z B—[fl.”bn_kiwrl](.m T .ak> .

{avb}:{ilﬂ'“ 7i"}
Applying the recursive definition of (1) (see (3.2.1])), we finally obtain that

w<SB+A/(.i1 e .zn)) ﬂ\—l Z‘n-‘rl = Z (w<.a1 e .ak)[bl e bn—kz]) ﬂ\—l Z‘n-‘rl
{avb}:{ilv“'vin}

- Z <¢(.al T .ak)[bl T bn—k]in-&-l + (¢<'a1 T °ak> N in+1>[b1 T bn—k]
{a,b}={i1, ,in}

+(0a)[inabr - bo- ]>

= (SBLA (05, 0;))int1 + U(SBy (e, @ 1)A (05, ---9;)))
+U(SBL(1@ e, )A (e, -+ 0;,)) -

Plugging this last equality in (3.5.16|) we obtain the result. O

Proof of Theorem|[3.5.15. Applying Proposition [3.5.11] to the alphabet Ay one has
immediately 1*X € R} (Ay). Moreover formula (3.5.14) implies directly

<¢*Xstv [[il o Zn]]> = <Xst7 ¢(ﬂ21 toe Zn]]>> = <Xst> [il e Zn]) = <¢*Xst7 .[ir"in})

and using the identification (3.5.13)) ©*X becomes a symmetrical bracket extension. [

.7;1

Remark 3.5.15. As remarked before, Theorem [3.5.13] is only a sufficient criterion to
show the existence of a bracket extension. Indeed the hypothesis X = ¢*X implies
more equations than (3.4.21). For instance when d = 1 and v € (1/4,1/3] the set Aj
becomes equal to {12,3} and a symmetrical bracket extension X satisfies

(Xt 0 01) = (X,2 Ii +03), (X, 0,0 0)=(Xy+3 i3 If + o3) .

(We decided to write the identities (3.4.21)) as in (3.4.11])) However a branched rough
path under the form ¢*X for some X € T'(A3) satisfies also the identity

~

("X yp, 0201) = (Xyp, 20001) = (X, 21 4+ 124 3) = ("X, 1) + 15 + o3) .
Using the property X = Xy, * Xy, it is straightforward to prove that the function

1 2
($>t) — <Xsta e _12 - Il>
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for any X € R} (A3) can be written as the increment of a path and the additional
hypothesis X = 9*X implies that this increment must coincide with (X, e3). This
condition is not contained apriori in the definition of a symmetrical bracket extension.
Thus the notion of symmetrical bracket extension is more general than the quasi-
geometric rough path. Since in the case of v € (1 / 3,1 / 2] there exists a unique bracket
extension above any X € R](R?) (see Remark |3 and this bracket extension X
satisfies the identity [3 m 1| by construction, then we have X = Y*X for some unique
X € RE(A,).

3.6 Quasi-geometric change of variable formula

Since the notion of quasi-geometric rough path implies the notion of symmetrical
bracket extension, for any X € C7(RY) and any X € ﬁg(AN) such that (Xy,e;) =
X! — X! where e; is the canonical basis of R? interpreted as a family of letters of Ay
(we resume this condition by saying that X is over X)), we can easily deduce a change
of variable formula on X by using Theorem on ¢¥*X. However the resulting
formula can be expressed and proved autonomously, without any reference to this
theorem but following the same strategy of Proposition [3.4.1] Thus the two notions of
quasi-geometric rough path and symmetrical bracket extension will result absolutely
independent to obtain a formula for ¢(X;).

3.6.1 An alternative formula

In order to prove this new identity we should in principle define a new notion of
controlled rough path with respect to X (a so called quasi-geometric controlled rough
path) but since the Definition depends only on the property 2g) of a geometric
rough path, we can keep the same definition. Starting from X € C?(R?) we can
introduce for any m > 1 the coordinate path of X: [0,T] — (TL(Ax))? (denoted by

the same notation), which is given for any ¢ = 1,--- ,d by
Xioifk=1*,
k, (X)) =<1 ifk=e (3.6.1)

0  for any other k € W (A),

Using the same argument of Section we can trivially show that X € (D™'(X))4
for any m > 1. Passing to the rough integration and the lifting operation, we can
easily check that the definition of the rough integral in Proposition and the lift

® in (3.3.14a}) and (3.3.14b)) can be applied immediately to the quasi-shuffle case. The
explicit structure of the alphabet Ay and its associated commutative product [, | imply

an explicit formula for ®(X;) for any ¢ sufficiently smooth.
Proposition 3.6.1. Let vy € (0,1) and X € ﬁg(AN) over X. Then for any m > 1 and
¢ € C"(R%R) one has

X)) = Y Mu, (3.6.2)

u!
UEW,,I;(AN)
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where the set WE (Ay) is given in (3.3.1]) and for any word v € W (Ay) we define

p(X:) fu=1,
0"o(X,) =
p(Xt) {8a1+"'a”<,0(Xt> ifu=oy - q, ,

. {1 ifu=1,

[T, ! ifu=ay -, .

Proof. This proof has the same strategy of the proof given for the Proposition |3.3.10L
Following the definition of ® in (3.3.14b]) for the coordinate path X € (D™'(X))?
defined in ((3.6.1)) we obtain

HFo(Xy) mr ~ ~
X)) = Fp(Xe) eI ... dye ke

I | ’
e kqle kgl
where N4 = {k € N?: 0 < |k| <m} and e;,--- , eq is the canonical basis of R?. Thus
the theorem is proved as long as we can verify the identity
Xt Luk ~ ~ Mky __ a”@(Xt)
Z BT e Dy t= ) — (3.6.3)
keNg, ueWr (An)

We check this identity by induction on d. If d = 1 by applying the identity exp log = id
and the previous relation a“** = kla®* for any a € Ay = {1,--- , N}, for any k > 0 we
have

_ _ k!
el"" = exp(log(ef”®)) = exp(log(er)"*) = klexp(ef*) = Z p[ 2 (3.6.4)
Iec(k)

Then the left hand side of (3.6.3)) becomes

m— 1

eIk 9"p(X
OG- E 3 T - © T

k=0 1eC(k ueWr (AN)

because the couples (k, ) where I € C(k) are in one-to-one correspondence with the
elements W' (Ay). Supposing the identity ([3.6.3) true for d — 1 we write the left hand

side of (3.6.3) as

m—1
1 OFmo(Xy) 2 ~ o~ @ S,
Sz ZEAD o e megr,

where Ay = {a € Ax,a = (a1, ,aq) Lag = 0}. Applying the induction hypothesis
for every n and the identity (3.6.4)) on ej"™ this sum becomes

Z > Z %ﬁmu@ led"]1 - (3.6.5)

n=0IeC(n) weWl _ (A%)
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Using the direct definition of the quasi-shuffle product given in (3.5.2)), the sum (3.6.5))

becomes
00 p(Xy)
Z Z > dffpt > S

n=0IeC(n) weWk _, (A}) FESu) 1)

Since all the letters in the words «' € WL _ (A’;) have the d-th component equal to
zero, the parameters (n, I,u’, f) above are in one-to-one correspondence with all the
words u € WL (Ay) and u! = u'!I!, thereby obtaining the result. O

From the explicit formula of ®(X;) in (3.6.2]) we deduce immediately the consequent
change of variable formula for ¢(X;).

Theorem 3.6.2. Let v € (0,1) and N = |[y~'|. Then for any ¢ € CY T (R% R) and
any X € R (Ay) over X one has

PX) = o)+ 3 5 [ Pe)aRe, (36.6)

BeAN
where 0°® is the lift of °¢: R — R.

Proof. This proof has the same strategy of the proof given for the Proposition [3.4.1]
For any 8 € Ay the function 9%¢ € C’N+1 15 ‘(Rd R) thus the controlled rough path
OPd(X,) E D (N+1=18DI(X) as a consequence of the Theorem and the rough inte-
grals in are all well defined. Using the explicit deﬁmtlon of 0°®(X,) in (3.3.19)
and the development m for the rough integral one has

1/@%( X)dXl = m@%t, uB) +o(|t — s),

[ 13
p u€W} (Ay) wpt

where W3 (Ay) = {u € W' (Ay): 0 < |ulp < N —|B[}. Summing on § € Ay we obtain

u 95 R
@'/ Po(x)ixl =3 3 P0X) & W)+ o(lt— s|)

u! B!
BEAN BEAN ueW[ (AN)
o (X,) (3.6.7)
- > Tt<Xstaw> +o([t = sl),
weWk (Ay) ’

where W (Ay) = {w € WH(Ay): 0 < |wlr < N}. On the other hand, interpreting
X; as a controlled rough path of regularity N + 1 the hypothesis of ¢ implies that
®(X,) € DNV+II(X) by means of the Theorem [3.3.8f Thus we can apply the bound
(3-3.2) on (1*, ®(X;)) to obtain

ox)-px)= Y T yiog-s). 368
weWk (An)

Since the right hand side of the equations (3.6.7]) and (3.6.8)) is equal to o(|t — s|), we
conclude using the same argument of the Proposition [3.4.1 O]
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The formula (3.6.6) can be obtained also as a trivial consequence of (|3.4.22)) after
this identification of rough integrals.

Proposition 3.6.3. Let v € (0,1), B € Ay and f € CZZVH*'”B'(RC[,R). Then for any
X e Ry(Ay) over X one has

t
/ Fy(X,)d(yX)! = / Fy(X,)dX] (3.6.9)
where Fy, and Iy are respectively the lift of f with respect to the forest product and the
quasi-shuffle product.

Proof. By hypothesis both integrals are well defined and they satisfy the following
identities modulo o(|t — s|)

t
. 1 .
*X)8 — = Y * B
L Fb(XT)d(w X)r - ZO m‘ . Z 1821 aznf(Xs)<w XstaB+(.ei1 .eim)>7
m= 11, im=
t N I f(Xy) =
[ R = Y SO S)

5 ueWF (An) ’

By definition of v, for any 4y ,--- ,i,, € {1,---,d} one has

<¢*§§sta Bi(.eil o .eim)> = <§§sta (6i1 I:I\—l e ‘—I/:l 67:m)5> .

Using this identity and the combinatorial identity (3.4.18)) we can write

N—|8]| 1 d N
% Z ail "'ainf(Xs><Xst7(ei1ﬁ\—l |:|\_|61m)ﬂ>
o TV il,u-,imaz - (3.6.10)
- R, (€4 D D)),
0<|k|<N—|g| LT

Applying finally the identity (3.6.3), we deduce that the right hand side of (3.6.10))

becomes 5" F(X,)
v LX) g g
u!
Thereby obtaining the desired result. ]

An_alternative proof of Theorem[3.6.4 Thanks to the Theorem [3.5.13] the rough path
¥*X € R} (Ay) is a symmetrical bracket extension over X. Thus the formula (3.4.22))
reads as

(X; )+ 8, 0(X,)dy X + O°D(X,)dy*XP
! Z/ nzg 66A25| 5'/

where the integrals are calculated from w*X Using the equality (3.6.9)), we conclude
immediately. [
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Remark 3.6.4. The main simplification lying in the formula (3.6.6) consists in the
nature of X. Indeed differently from the notion of symmetrical bracket extension there
is a bijection between ﬁg(AN) and Ry (Ay). Thus to obtain a non trivial change of
variable formula for one path X it is sufficient to define only a geometric rough path
over X without any double definition as described in Theorem

3.6.2 Extension of coordinates

In order to make all the change of variable formula (3.6.6)) effective, it is reasonable
to study the existence of a quasi-geometric rough path X € ﬁg(AN) over one path
X € C7(R%). Looking at the Corollary , for any fixed path X’ € C'(Ay) there
exists X € 7@5(1& ~) over it. Thus the existence of a change of variable formula on X will
depend on the choice of a path X’ such that X, = X, an estension of coordinates,
and a choice of a rough path over X’. As a further simplification we can use the
Proposition [3.5.8 and we reduce ourselves to study the existence of a geometric rough
path X' € R} (Ay) over X'.

Let us recall two basic results related to the extension of coordinates in the geometric
setting. We fix (A,I') and (B, H) two finite weighted alphabets where A C B. The
first result is related to the behaviour of Theorem with respect to the extension
of coordinates. For its proof see [TZ18, Cor. 5.8].

Proposition 3.6.5. Let X € C'(A) and Y € CH(B) be an extension of coordinates
and let X € Rg(A), Y € RI(B) be two rough paths obtained respectively from the
application of the Theorem to X and Y following the construction of [TZ18,
Thm. 5.7]. Then the restriction of Y on T(A) coincides with X.

The second result is more explicit and tells us an explicit way to deduce X € RE(A)
when we extend X by simply putting to zero its extra coordinates.

Proposition 3.6.6. Let X € C'(A) and X € R} (A) over X. Considering the function

(XO); =

(Xt)a Zfa/ € A,
0 for any other a € B\ A,

then the function X°: [0, T)> — T((B)) which is given for any w € W (B)

(X0, ) — (Xst,w) ifw e W(A),
’ 0 if w contains at least one letter of B\ A,

is a geometric rough path over X°. We call X, € Rf(B) the zero extension of X.

Proof. Without loss of generality we can assume B = AU {b} since A and B are finite.
Then the proposition will follow by proving that X° satisfies the properties 1g), 2g)
in the Definition because the property 3g) is trivial. To prove 2g) we remark
that for any word w € W(B) containing the letter b, writing Vw = wM@w® we

have that b is contained in w™® or in w® thus the we have (X%, w) = (X% ® X, w)
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for any w € W(B) because both sides are zero when w contains b. Finally for any
couple of words w and u of W (B) containing at least in one of them the letter b, the
sum w LW u contains the letter b in all of its terms by definition, thereby obtaining
(X9 wwu) = (XY, w)(XY%, u) because both sides are trivially zero. O

st st st

Remark 3.6.7. The explicit structure of the zero extension, even if it is trivial to define,
represents a useful tool to define for any {1,---,d} C A C Ay and X € R} (A) over
X € C'(A) a canonical object X" € R} (Ay) over X and by means of the Proposition

a suitable X' € ﬁg(AN) over X where we can apply the formula (3.6.6]). We stress
the fact that an equivalent formulation of the Proposition|3.6.6/in the quasi-shuffle case
might be false because for any couple of words w and w of W (B) containing at least
in one of them the letter b, the the sum w (Il u contains words where the letter b might
not be present and the function X° might not be a character.






Chapter 4

Rough It6 formulae for the one
dimensional heat equation

4.1 Introduction

We consider u: [0,7] x R — R, the solution of the stochastic heat equation with
additive noise on

{atu:gamwg (1)

v(0,2) =0.

where £ = OW/0t0z is the space-time white noise over [0, +00) x R associated to W, a
Brownian sheet on [0, +00) X R and defined on a complete probability space (2, F,P).
The existence and uniqueness of a weak solution for is a classical result in the
SPDE theory (see e.g. [DPZ14] or [Wal84]). Moreover the solution v can be described
explicitly as the random field

u(t,z) = /Ot /R G(t —s,x —y)W(ds,dy), (4.1.2)

where for any ¢t > 0, © € R, G(t,z) = (2rt)""/2e7*"/2 is the heat kernel and the
integration W (ds, dy) is in the sense of the Wiener integral on L*([0, +oc) x R). For
any = € R we will consider the process X; = u(t, x).

Using the standard properties of the Wiener integral we will easily show in the
section that the process X is a centred Gaussian process whose covariance function
is explicitly given by

E[X,X,] = \/%(\/Hs— N (4.1.3)

Looking at function (4.1.3) we deduce immediately that the trajectories of X are al-
most 1/4-Holder continuous but X is not a Markov process neither its increments are
independent or homogeneous. As recalled before, this hypothesis prevents us to define
an Ito calculus on this process. Morevover looking at the existing literature of rough

117
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paths, the covariance (4.1.3)) cannot be included neither in the framework of Gaussian
rough paths, as studied in [FV10a].

In this chapter, we apply the resulting theory of rough change of variable formulae
on X in order to recover some new and old Ito formulae. All these formulae will be
obtained by providing the existence of some explicit one dimensional quasi-geometric
rough paths over this process. As explained in the previous chapter, roughly speaking
a one dimensional quasi-geometric rough path is a geometric rough path X defined over
an extended path of variations, that is a process X = (X*,--- XV): [0,7] — RY for
some N > 1 such that X' = X and the others components {X ‘}ocicn (the i-th order
variations) satisfy some algebraic and analytical properties of the standard quadratic
variation up to the order N. For any X satisfying these properties, the resulting rough
integrals will satisfy some non trivial change of variable formula. Specifically for any
quasi-geometric rough path X over X and any sufficiently smooth function ¢: R — R
we will obtain the general identity

t 1 t
o(Xy) = p(Xy) +/ P'(X,)dX! + 5/ " (X,)dX?2
t

; X (4.1.4)
+3 dB)(X,)dX3 + 4/<I>(4)(Xr)dxi‘,

S

where the terms in the right hand side of (4.1.4)) are the rough integrals of the controlled
rough paths lifting {¢®(X;)}1<i<s With respect to X' the iterated integrals of the i-
th order variation. Different choices of X will lead to different values of these rough
integrals and they will coincide with new notions of stochastic calculus for X.

The approaches we will develop in this chapter are four and for each one we will
also provide a probabilistic description of the resulting rough integrals. First we can
use the one-dimensional nature of the process X to identify X, the unique geometric
rough path over X, obtaining the so called geometric formula

p(X1) = p(X,) + / t '(X,)dX, , (4.1.5)

where the rough integrals involving the higher order derivatives of ¢ in are all
zero. Moreover we can also describe the nature of the rough integral in in terms
of a Stratonovich-type sums, using some results contained in [BS10].

Passing to the other examples, we will construct two quasi-geometric rough paths
X and X such that when we plug them in the third and the fourth order rough
integral cancel out and the second integral can be described explicitly. These are called
respectively the Burdzy-Swanson formula and the Cheridito-Nualart formula

/ A (4.1.6)
/ A (4.1.7)

wx»=wx»+/¢ X,)dx! +

MIR

[\.’JI»—l

wxa:wxg+/ X,)dx! +
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where B is a Brownian motion independent of X, 6% is the variance function 02 = E[X?]
and the integrals in the formulae are an It6 integral and a Stieltjes one. The name of
the identity comes from the paper [BS10], where the same formula was obtained
using different techniques but in that article the resulting equality holds only in law
and not almost surely. On the other hand the formula is named after the paper
[CNO05], where the authors obtain an analogous change of variable formula starting from
the fractional Brownian motion with Hurst parameter H € (0,1/2). Finally we recall
some basic properties of the process X from [Swa07] to deduce the existence of a quasi-
geometric rough path X where there is the fourth order rough integral which becomes
a standard Lebesgue integral. We call this identity the quartic variation formula

t 1 t
p(X) =90(Xs)+/ <I>’(Xr)d2€£+§/ "(X,)dX>
i e (4.1.8)
6
/ OO(X)dX! + = [ (X, )dr
S T S

1
T3
The sum of the remaining rough integrals in the right hand side of can be also
associated to the limit of a compensated Riemann sum introduced in the recent paper
[CP19], where the authors generalise the usual Follmer calculus [F6181] in a generalised
context for processes admitting higher order variation.

The present chapter will be organised as follows. After recalling in the section 2
the explicit rough change of variable formula in the geometric and the quasi-geometric
setting we provide a general criterion to prove the existence of a geometric rough
path. Moreover the section 3 will be devoted to provide all the explicit constructions
reported above. The last section will finally study an interesting identity between some
generalised Stratonovich integrals and again the rough integration with respect to the
canonical geometric extension of a one-dimensional rough path (see Proposition .
In this way we can give a simplified proof of the Stratonovich type formula obtained
in|[BS10] by means of this general criterion.

All techniques presented here are based on the Gaussian structure of X. Thus we
can be easily adapt the propositions presented here to obtain the same identities on a
fractional Brownian motion with Hurst parameter 1/4 or, looking at X as a bifractional
motion (see [RT06]), we can extend this results on a larger class of Gaussian process.
However, we chose to interpret X as the time evolution of the equation because is
the simplest time evolution of generic family of stochastic partial differential equations

Ou = L0p,u+ f(u) + o(u)é
u(0,z) =0

where f,0: R — R are Lipschitz functions. It is a well known fact (see [Wal84]) that
these equations admits a unique solution u which is almost surely continuous in ¢ but
a general theory to study the properties of the process t — wu(t,x) for fixed x is still
missing and the techniques developed here could be also the starting point to study
this interesting family of stochastic processes.
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4.2 One-dimensional change of variable formula

The scope of this section is to recall the change of variable formula on continuous
paths Y: [0,7] — R? when d = 1 for quasi-geometric rough path. This hypothesis
simplifies drastically many general expressions contained in the previous chapter so we
will restate briefly the previous results to improve the readability of this chapter. An
explicit criterion of the existence for rough paths will allow to define rigorously some
random rough path X over the process X.

4.2.1 General results

Let us fix some notation from the previous chapter. In what follows we start
from a continuous function Y: [0,7] — R belonging to C?(R), the space of ~-Holder
continuous function for some vy € (0,1). Then for any choice of the parameter v we
introduce the weighted alphabet (Ay,T) where N = |y~ ], Ay ={1,--- , N} and for
any m € Ay we set I',,, = m~vy. Analogously for any subset A C Ay we will henceforth
keep the same weight I" to define the weighted alphabet (A,T"). Subsequently we can
consider W (Ay) the set of words generated from the alphabet Ay union the empty
word 1 and the the tensor algebra T'(Ay), interpreted as the free vector space generated
from the W(Ay). Four operations can be defined on the set T'(Ay):

e The concatenation product ¢: T(Ayx) x T(Ay) — T(Ay), defined by extending
linearly the juxtaposition of words, that is for any couple of words v = a;---a,,
w="by b, € W(Ay) one has

VOW :=ay - Apby -+ byy.

e The deconcatenation coproduct V: T'(Ay) — T(Ay) ® T(Ax) defined by the rela-
tions

Vi=1®1,
Vw ::Zal---ai®ai+1---am,
1=0

for any word w = ay - -+ a,, € W(Ay) and extended linearly.

e The shuffle product W: T(Ay) x T(Ayx) — T(Ay), defined by extending linearly the
recursive relations
lWwov:=vwl:=wv,

av Wbw = (v W bw)a + (av LW w)b.

e The quasi-shuffle product (11 : T(Ax) x T(Ax) — T(Ay), defined on the other hand
by extending linearly the recursive relations
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where the operation [,]: R x R*¥ — RAN is the unique bilinear function such that
for any i,5 € {1,---, N} we have

Cq tea. ity i+ <N,

3] = .1 = { 0 otherwise. (4.2.1)

Looking at the definition of these operations we remark that V and L can be defined
on T'(A), the tensor algebra generated from W (A), the set of word built from a generic
subset A C Ay, whereas the product (11 can be only defined on T(Ay) due to the
definition of the additional operation [,] defined in (£.2.1). Furthermore for any w €
W(Ay) of the form w = iy - - - i,,, we introduce several quantities associated to w: the
word length |w| = n, the word homogeneity |w|r = >";_, i and the the word factorial
w! = [, 4!. Denoting by T'((A)) and W ((A)) respectively the dual vector space of
T(A), we give a simplified version of the Definitions [3.2.1{ and [3.5.10]in this context to
recall the notion of rough path:

Definition 4.2.1. A function Y: [0,T]> — T((A)) is called a geometric rough path if
it satisfies the following conditions:

1) for every wy,wy € T(A) (Y, w1 Wwe) = (Y, w1) (Y, wo)

2) for every s, t,u € [0,T]®> and w € T(A) Yo = (Yo @ Yur, V),

3) for every word w € W (A) sup,; | (Y, w)| /[t — s[*I" < +o00.

Definition 4.2.2. A function Y: [0, T]> — T'((Ay)) is called a one-dimensional quasi-
geometric rough path if it satisfies for every wy, wy € T(Ay) the identity

(Y, wy Dwa) = (Yo, w1)(Yar, wo)
and the conditions 2), 3) in the Definition {4.2.1{

We denote respectively the sets of geometric rough path and the one-dimensional
quasi-geometric rough paths by Rg(A) and ﬁg(AN) and the elements of both sets
are denoted by R,(Ay) when A = Ay. Recalling our initial function Y, we say
that a geometric or quasi-geometric rough path Y is over Y if one has the identity
(Yg,1) =Y, — Y,. Moreoverif and a path Z: [0,7] — R satisfies (Y, n) = Z;, — Z
for some 2 < n < N we call Z the n-th order variation of Y.

The choice of a specific rough path Y € R,(Ay) over Y allows us to consider form
any m € Ay and any sufficiently smooth function v: R — R the rough integral

t
[ v,

where ¥ is the lifting of the function ¢ (this operation will be always denoted with
a capital letter) defined in (3.3.14al), (3.3.14b). The general expression defining this
function is given in the Proposition and we will recall it in this particular case.
In what follows we will denote by CJ"(R,R), the space of C™ functions whose all
derivatives are bounded up to the order m.
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Proposition 4.2.3. Let Y € R,(An) be a quasi-geometric rough path overY, m € Ay
and 1 € C’év_m“(]R,]R). Then for any sequence of partitions P,, of [0,t] such that its
mesh-size |P,| — 0 one has the identity

/\IJ(Y)de 7}1_)120 Z Z w|U|;'( )<Yw,um), (4.2.2)

[u,0]EPn ueWr (An)

where WY (Ay) == {u € WY (Ayx): |ulr < N —m}. The rough integral is a y-Hdlder
function whose value in 0 is 0. Moreover there exists € > 0 such that for anyt,s € [0, T
we have the approximated equality

t (Julr)
/ U(Y,)dY!" = Z 4 u!( )<Yst,um> +O(]t — s)'t9) . (4.2.3)

uEWF AN)

Using the notion of rough integral, we can easily write the two change of variable
formulae obtained in Proposition and Theorem in this simplified setting.

Proposition 4.2.4. Let N = |yv7!| and ¢ € C)TH(R,R). For any one-dimensional
Y € R, ({1}) overY one has

oY) = (Vo) + / ¥(Y,)dY! . (4.2.4)

Proposition 4.2.5. Let N = |77!] and ¢ € C} (R, R). For any Y € RL(Ay) over
the path Y one has

o(Y7) )+ Z —~ / Y, )dY" . (4.2.5)

Remark 4.2.6. Unlike in the previous chapter, we will consider only the change of vari-
able formulae for geometric and quasi-geometric rough paths without using Theorem
and the symmetrical bracket extension. This choice is made because all our
examples are covered by this hypothesis. More generally the existence of an explicit
example of a bracket extension over a continuous path Y which is not a quasi-geometric
rough path is still unknown in the literature.

In order to apply the formulae (4.2.4]) and (4.2.5)) it is necessary to start from some
rough path over Y. The hypothesis d = 1 really simplifies also this problem in the
geometric setting, yielding a unique candidate.

Proposition 4.2.7. For any Y € C"(R), there exists a unique Y € Ry ({1}) over Y,

which is given explicitly by the unique linear function Y : [0,T]*> — T((R)) defined for

anyn >0

(Y, - Yy)"
n! '

We call Y the canonical geometric extension of Y.

(Yo, 1°") = (4.2.6)
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Proof. The function Y is well defined because T'(R) contains only words with the letter
1. We can check directly that Y is a geometric rough path as an elementary exercise.
We give here the proof for the sake of completeness. Since the Holder property

Y 1()"1
Sup|< sty 1) < oo
sAt |t — s

is trivial, we simply check the Chen relations and the character property. We fix n > 0
and applying the definition of the coproduct V we obtain for any s,u,t € [0, 7]

(Y, = Y)P (Y -Y) (YY)
Z( )" ( T )

Ysu YU? 1°") = - )
(You @ Yur, VI™) i (n— k)] nl

k=0

as a trivial consequence of Newton’s binomial theorem. Choosing two integers m and
n by definition of the shuffle product we have the trivial identity

|
1<>n L] 1<>m — (mm—:_n:l) 1<>(n+m) (427)

Therefore for any s, ¢ € [0, T] we have
(Y, 19 19™) = (Yo, 190 (Y i, 1)

The function Y is also unique because for any Y’ € R’V(R) over Y we can use the
multiplicative property of Y’ to obtain the definition from (4.2.7) . O]

Combining the equation (4.2.6) with the explicit expression of the rough integral
(4.2.2)), we deduce immediately that the rough integral in the right hand side of (4.2.4)
is given by

/ '(Y,)dY, = lim > Zw Y Y), (4.2.8)

0 [u,v]€Pp =1

where P, is an arbitrary sequence of partition of [0, ¢] such that its mesh-size |P,| — 0.
We recall finally two useful deterministic propositions to prove the existence of some
rough path Y’ € R} (Ay) (defined on a wider alphabet) over Y. The first one is given
by simplifying the Proposition [3.6.6]

Proposition 4.2.8. Let (A,T") be a weighted alphabet such that {1} C A C Ay and
let Y € RY(A) be over Y. Then the function Y°: [0,T]> — T((Ay)) defined as

(Yg,w) ifwe W(A),

(Yo, w) = | . (4.2.9)
0 if w contains at least one letter of Ay \ A,

belongs to Rg(AN). We call YO the zero extension of Y.
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We usually apply the Proposition when we want to extend a non trivial Y €
R, (A) up to R} (Ay). Finally in order to pass from elements of Ry (Ay) to elements
of QE(AN), we recall the isomorphisms exp,log: T(Ay) — T(Ay), which are given
explicitly for any word w € W(Ay) by

—1)lwl=i)
exp(w) == Y %[w],, log(w) == Y (D—[w]l, (4.2.10)

. i
1€C () rectey PO

where the sum runs over C(|w|), the set of compositions I of the word’s length |w|.
We denote by log*,exp*: T((Ayx)) — T((Ay)) the adjoints of exp,log. Looking at
Proposition in this case we obtain:

Proposition 4.2.9. For any Y € R (Ay) over Y the function log"Y is a one-
dimensional quasi-geometric rough path over'Y .

Thanks to the Proposition (4.2.9) and 4.2.8, we can reduce the construction of
a one-dimensional quasi-geometric rough path Y &€ Rg(AN) to the construction of a

geometric rough path Y € Rg(A) on a smaller alphabet A C Ay and later defining
Y = log* Y°.

4.2.2 An existence criterion for rough paths

In order to show the existence of some specific geometric rough paths Y € Ry (A)
over Y we will need to generalise the deterministic result obtained in Proposition [4.2.7]
As explained in its proof, the algebraic identity between 1°" and 1" in allows
to fix uniquely the value of the canonical geometric extension. Equivalently we could
ask if there exists a “minimal” proper subset of words B C W (Ay) such that every
word w € W(Ay) can be written as a polynomial using the shuffle product. This is
exactly the property of the Lyndon words. In what follows for all subsets A C Ax we
shall denote by (A, <) the set A endowed with the total order of Ay = {1,--- N}.
By means of the standard lexicographic order induced by (A, <) we can define a total
order on W (A). We will denote it by the same notation (W (A), <).

Definition 4.2.10. Let A C Ay. A non-empty word w € W (A) is said to be a Lyndon
word if for any decomposition w = uv where v and u are non empty words one has
w < vu. We denote by L(A) the set of all Lyndon words upon the alphabet A.

For instance if A = {1,2} the word w = 12 is a Lyndon word because we have
easily w < 21 but the word v = 211 is not a Lyndon word because we can decompose
v = (2)(11) and we have 112 < v. Since the alphabet A has also a weight T', we
introduce the sets

WHAN) ={v e W(AN): [olr <47}, W™(Ax) :={v e W(Ay): |v] < T(Z}z, 0
LY'(A):={we L(A): lw|lr <77}, L™A):={weL(A): |w|<m}. (42.12)
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By definition of | - | we have trivially L' (A) C LY (A) where N = |y~!]. The study of
Lyndon words is a classical topic in combinatorics (see e.g. [Lot97]). One of their main
properties is then related to the possibility of generating the shuffle algebra (7'(A), ).

We resume this property in a single statement. For its proof see [Lyn54, Thm 5.1.5]
and [MR89].

Theorem 4.2.11. For any word w € W(A) there ezists a unique writing of w as

w =" 0 (4.2.13)
where ly -+ 1, € L(A) satisfy ly = -+ =1, and iy,--- ,i, > 1. We call this writing
the Lyndon decomposition of w. Moreover for any word w written as (4.2.13) one has

7w
w= — — Zauu (4.2.14)

i)

for some sequence of natural numbers o, depending on w. Therefore every word of
W(A) can expressed as a polynomial in terms of the Lyndon words L(A).

Remark 4.2.12. Theorem does not only prove that T'(A) is generated by the
polynomials of the words in L(A) but it shows also an iterative method for writing the
coefficients. Since the function |- |r is additive on the concatenation product we deduce
from that every word belonging to W (A) can be written as a concatenation of
Lyndon words belonging only to L' (A). Therefore we deduce recursively from (4.2.14)
that T'(A), the linear space generated by W' (A), coincides with the polynomials using
the shuffle product whose indeterminates are the Lyndon words of L'(A). Using the
definition of the shuffle product we deduce that every u < w in the relation [4.2.14
satisfies also |u|r = |w|r. These considerations allow to rewrite by saying that

for any w € WV (A), writing L'(A) = {l;,--- Iy} and considering K, the set of all
multi-indices J = (j1,-- -, jar) € K such that S0 jillelr = |w|p, there exist a unique
sequence {f;}sex such that
w=Y By W (4.2.15)
JeK

As a trivial example of the identity (4.2.15) when A = {a}, we have the identity
a® =a™"/n!,

which was used in Proposition [4.2.7]

The properties of the Lyndon words allow to prove the following existence theorem.
In what follows we will denote by L£I'(A) the linear space of L'(A), LI'((A)) the dual
of LY(A). Moreover we denote by TT(A) the linear space of WT(A) and TT((A)) the
dual of T (A).

Lemma 4.2.13. Let (A,T") be a weighted alphabet such that A C Ay. For any function
Y: [0,T)> — LY((A)) there exists a unique Y: [0, T)> — TV ((A)) extending Y such that

(Yor, v b w) = (Y, v) (Y, w) (4.2.16)
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for any w,v € WY (A) satisfying viuw € TH(A). Moreover if for every s,t,u € [0,T]?
and u € Lr(A) one has (Yq,u) = (Yo, ® Yor, V) , then for any w € WY (A) we have

(Yo, w) = (Yg, ® Yy, V) . (4.2.17)
Proof. Writing LY (A) = {ly,-- , Iy} this result is a direct consequence of the identity
(4.2.15)) which holds for any w € WF(A) Thusif Y: [0,7)? — L'((A)) satisfies (4.2.16))
and (Y, ;) = <Yst,l ) for any ¢ = 1,--- | M we deduce that Y must satisfy for any
s,t €10,T)?
Yoow) = By (Ve )" -+ (Yo, g™ . (4.2.18)
JEK

Since the shuffle product is commutative, for any w,v € W (A) such that |v|p+ |w|r <
~v~1 defining Y as (4.2.18]), we obtain by construction the property . Let us
prove the property . Using the decomposition (4.2.15)) given before one has for
any w € WT(A)

(You @ Yor, Vi) = D By(Yeu @ Yo, VI -t I37)) (4.2.19)

JeK

By construction the deconcatenation coproduct V is an algebra morphism. Therefore
for any ji,---,Jm > 1 we have

V(I W M) = (V)Y W - (V)9
where the product LW': (T'(A) @ T(A)) ® (T(A) @ T(A)) — T(A) ® T(A) is given by
(a@bW(c®d:=alWc® bud.

Since the function Y satisfies the equation (4.2.16)), then for any 71, - ,jm > 1 we
obtain by hypothesis

(You ® Y, V77 - - -t 57M)) = (Yoo @ Y, VI -+ - (Yoo ® Yo, Vigg )
= <Ysu ® Yuta Vl1>J1 T <Ysu & Yuta VlM)‘jM - <Yst7 l1>j1 T <Yst7 l1>jM

Then the right hand side of (4.2.19)) becomes equal to (Y4, w) and we conclude. [

We conclude the section by applying this criterion to a random process X: [0, T]? —
TT((A)) in order to deduce the existence of a random rough paths, that is a random
variable whose are a.s. in R,(A). The probabilistic estimates we will present are a
generalisation of Kolmogorov’s continuity Theorem (see [RY04, Thm 2.1]), translated
in the context of rough paths. This result can be also seen as an extension of [FH14,
Thm 3.1] for any Holder regularity.

Proposition 4.2.14 (Kolmogorov’s criterion on Lyndon words). Let vy € (0,1), (A,T)
a weighted alphabet A C Ax and X: [0, T])?> — TY((A)) a given process satisfying a.s.
the properties (4.2.16]) and (4.2.17). Supposing that there exists ¢ > N and C' > 0 such
that

, E[(X, u)|* < CJt — 5|/ (4.2.20)

1
N
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for any uw € LY'(A). Then there exists a modification of X (also denoted by X) such
that for any w € WY(A) the function (s,t) — (X, w) is continuous and it satisfies

a/lwlr

< 0. (4.2.21)

X—S7
E| sup H t UO|

Therefore by means of the extension Theorem (see Theorem there exists a unique
random rough path X' € R} (A) over X,

Proof. We will prove the result by induction on |w|, the word’s length. Moreover we can
fix T'= 1 without loss of generality. In case |w| = 1 the word w is a letter a € A C Ay
and since every letter a belongs to L'(A) by hypothesis we deduce

E|(Xy, a)|? < CJt — s|@elr)/N (4.2.22)

Then writing (X, a) as the increment of a path X*: [0,1] — R we can apply directly
the classical Kolmogorov’s continuity criterion (see [RY04, Thm 2.1]) to obtain the
property because 1/(N + 1) < v < 1/N. Supposing the result true for any
word of length equal to n, we will first show that the result holds for any u € L'(A)
such that |u| = n + 1 by adapting the proof of the Kolmogorov’s continuity criterion
in this context. Let D,, be the set of integer multiples of 27" in [0, 1). The cardinality
of D, is 2" and the smallest distance between its elements is 27" =: |D,|. In order
to show the existence of a modification of F(s,t) := (X, u) satisfying it is
sufficient to define F on every s,t € | J, -, D, filling the remaining values by continuity.
Introducing the random variable K,, := sup,c, |F(t,t+27")|, by hypothesis
we have

E|K,|? < Z E|F(t,t+2"")]7 < ijn|Dn](q|“‘T/N) — C’\Dn|(q‘”|F/N’1) )
t€Dy
Let s <t € U,>; Dn such that [Dy, 11| <t —s < [Dy|. Using the properties of the
partition D,, we can express the interval [s,t) as a partition

sS=1g<---<Tpm=t, (4.2.23)

where each 7; € D,, for n > m + 1 and for each fixed n > m + 1 there are at most
two intervals with values 7; € D,,. Using the property (4.2.17)) and the notation Vu =
u®1+1®u+u® ®u? we obtain

M-1
F(s, ) = | Y F(rimin) + (Ko, u) (X u?)
o (4.2.24)
M-1 M-1
< |\ F (T3, Tig1)| + Z |<X8mU(1)><Xnn+1,u(2)>| '
=0 i=0

Since every word u") and u® has strictly smaller length then u and |u®|p + [u®|r,

we can use the recursive hypothesis and for any couple of terms v, u(® there exist
two positive random variables K “(1), K"® such that for any ¢ = 1,2

(X, u®)| < K5O ft — sl g |90 < oo (4.2.25)
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Plugging the estimates (4.2.25|) into the right hand side of (4.2.24)) and using the
properties of the partition (4.2.23) we obtain

M-1
F(s, )] <2 Y Ky + KK N gy — M |r — s

n>m—+1 =0
<2 > K.+ (2 > |anlu<1>|r> (2 > \anlumm) o peu®
n>m—+1 n>m+1 n>m-+1

S 2 Z Kn + Clle+1|7|u‘FKu(1)Ku(2) :

n>m—+1

for some deterministic constant C’ > 0. Therefore we obtain

F(s,t Ky
|F'(s,t)] <9 Z L O R < K4 oY R
= s Do

n>m+1
where we consider the random variable K = 23} ., K, /|Dpmy1|"r. The bound
(4.2.22)) implies immediately

E| K, |9/ I4Ir L
qa/lulr q/lulr i q/lulr a(x—7-1
E|K| < 20/l Y~ D < 020/ N "D, | < 400
n>0 n>0
because by hypothesis ¢(+ —7) < ¢(+ — NLH) > 1. Moreover the product K" K«

belongs to L%/!“Ir(P) as a trivial consequence of and the Holder inequality.
Thus the process F(s,t) satisfies (4.2.21) and up to modifications can be extended
to a Holder continuous process with the right exponent for any u € L'(A) of length
n + 1. Writing any w € WT'(A) such that |w| = n + 1 as the sum (4.2.15) where
|l;] < n+1 for any ¢ we have automatically and the continuous trajectories
because 224:1 Jkllk|r = |w|r, thereby obtaining the result. O

4.3 Stochastic heat equation

We apply the results in the previous section to X the time evolution of the stochastic
heat equation (4.1.1]), which is given explicitly by

t
Y= [ [ 6o ywids.ay).
0 R

for some fixed x € R. We recall from the general defintion of the Wiener integration
INZ98] that for every f € L*([0,400) x R) the random variable

= ” [ #smwas.an)
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is a centred Gaussian variable such that for any f,g € L?*([0,+00) x R) we have the

identity
+o0
—/ /f(s,y)g(&y) dsdy,, (4.3.1)
0 R

Let us resume the main properties of the process X.

Proposition 4.3.1. The process X s a centred Gaussian process whose covariance
function is explicitly given by (4.1.3). Moreover there exists a continuous modification
of X belonging to C'(R) for some fized v € (1/5,1/4) such that for any p > 1

X, — X,||P
Esup‘ L |

At [t—s]

< 00 (4.3.2)

Proof. This result is a classical consequence of the properties associated to the Wiener
integration (see [Swa07]). We recall it here for sake of completeness. By applying the
property (4.3.1)) and the semigroup property of the heat kernel G we obtain

E[X:Xs| = E[v(t, z)v(s, x)] / / (t—r,z—y)G(s —r,x —y)dydr

:/G(t—l—s 2r,0)dr \/_\/H—S—\/hfj

thereby obtaining the identity (4.1.3). The explicit form of the covariance implies

%(\/%+\/§—\/2(t+8>+\/2|t_8|)7

which implies immediately for any 0 < s < ¢
Nz T VE (it \/_+ m vl + \/_)\f
|t — sf? It — 5|

= < .
VI V2VEVE+5)2 T a1+ V/2)3/2
Hence by symmetry we deduce that there exists a constant C' > 0 such that

E| X, — X,? < O]t — 3.

Combining this inequality with the Gaussian nature of X allows to deduce for every
integer p > 2 the existence of a constant C}, > 0 such that

E|X, — X,|> =

(4.3.3)

E|X, — X,[P < C,|t — s|P/* (4.3.4)

Choosing p sufficiently large we can apply the classical tool of Kolmogorov’s continuity
criterion (see [RY04, Thm 2.1]) to obtain that there exists a continuous modification of
X belonging to the space of v Holder functions for v € (1/5,1/4) satisfying (4.3.2). O
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From the Proposition |4.3.1] we can apply immediately the identities (4.2.4)), (4.2.5))
to the a.s. realisations of X, obtaining the following rough change of variable formulae

Proposition 4.3.2. Let X be a continuous realisation of the canonical geometric ex-
tension of the path X (see Proposition . For any ¢ € C7(R,R) we have the a.s.
identity

o0 =00 + [ Wi, (135)

Moreover the rough integral f (Y, )dX! is defined explicitly as the limit

/ O'(X,)dX} = lim Y ng“) XZ—X) (4.3.6)

[u,v]ePy =1
where Py, is an arbitrary sequence of partition of [s,t] such that its mesh-size |P,| — 0.

Proposition 4.3.3. For any ¢ € C7(R,R) and any random X € 7@5(&4) over the path
X one has the a.s. identity

p(Xy ) + Z —~ / )X (4.3.7)

We will discuss in the following some possible choices of random one-dimensional
quasi-geometric rough paths X in and some probabilistic properties.

4.3.1 Burdzy-Swanson formula

The problem of showing a change of variable formula on the same process X for
functions g € C™(R,R) was already studied in the paper [BSI10] by means of some
different probabilistic tools. We recall here the main formula obtained in this work.
For its proof we refer to [BS10, Thm 6.2].

Theorem 4.3.4. Let g € C°(R,R). We consider the sequence of processes given by
the midpoint-Riemann approrimations

[nt/2] .
n J
It (g/) = Z g/(Xth—l)(Xt2j - Xt2j72>7 tj = ﬁ? te [O7T]
j=1

and for some explicit constant k > 0 the sequence of alternating squares

2|nt/2)

Bl i=sT 30 (FIP(X, — X, )7 = e [0.T].

j=1

Then the triple (X, B™, I"(g")) converges in law with respect to the Skorohod topology
on D([0,T],R3), the space of cadlag functions, to the triple (X, B,I) where B is a



Stochastic heat equation 131

Brownian motion independent of X and writing the process I as fot g (X)dM X, we
have the identity in law between processes

o) =90 = 5 [ grxgan £ [ goxgax,, (159

where the integral on the left hand side (4.3.8)) is an Ité integral.

Remark 4.3.5. The original formulation of is given on a specific class of regular
functions h: R x [0, +00) — R and it is formulated on the process h(X;,t). Then we
have the presence also of the additional term fot Oth(Xs, s)ds. The choice of considering
this simpler formulation is made because we can easily obtain this correction using the
general theory developed in the previous chapter.

In what follows we will show how this theorems can be included in the context
of the path-wise change of variable formulae given in the introduction. we remark
immediately that the formula is weaker than the path-wise identities .
However we can replace the left hand side of with a rough integral with respect
to a specific quasi-geometric rough path X € Rg(AQ over X. In order to build X
we will apply the Proposition and the Proposition to show the existence of
geometric rough path X € RY({1,2}) over X.

Proposition 4.3.6. Let B be a Brownian motion independent of X and x > 0 the
constant given in Theorem|4.3.4. Then there exists a unique X € Ry ({1,2}) such that

X, 1) =X, — Xs,  (Xg,2) := k(B — By),
¢ t _ 2 4.3.9
(Xgt,12) := /@/ (X, — X5)dB,, (Xg,112) = /'i/ wdﬁq ) ( )

Considering X° € RE(A4), the zero extension of X, we call the quasi-geometric rough
path X = log* XY the Burdzy-Swanson extension of X .

Remark 4.3.7. We observe that the conditions imposed to define X are chosen
to define X on L' ({1, 2}), the set of Lyndon words defined in (£.2.12)). Indeed we recall
that for any alphabet A = {a,b} C Ay where a < b the set L*(A) containing the
Lyndon words whose length is smaller than 4 is explicitly given by

L*(A) = {a,b,ab,aab,abb,aaab, aabb ,abbb} . (4.3.10)
Then by choosing v € (1/5,1/4) we deduce that
L'({1,2})={1,2,12,112}.

Thus the hypothesis (#.3.9) identifies a random process X: [0, T]> — T7(({1,2})) which
satisfies the property (4.2.16]) by means of Proposition (4.2.13)).

Proof. Considering the random process X: [0,7]2 — T7(({1,2})) defined from the
conditions (4.3.9)), we will prove the existence and the uniqueness of X by showing that
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there exists a modification of X satysfying a.s. the property (4.2.17) and the bound
(4.2.21)). Starting with the Chen’s property we see that for the values (Xy,2) and
(X4, 1) the identity is trivial and we only need to verify for any s,u,t € [0,7]* the

identities
(X, 12) = (X, 12) + (X, 12) + (X, 1) (X, 2) (43.11)
(X, 112) = (X0, 112) + (X, 112) 4+ (X, 11 (Ko, 2) 4 (X, 11X, 12), o

which hold trivially because of the classical properties of It0 integration and the identity
(Xy, 11) = 1/2(X,;, 1)2. Passing to the bound (4.2:21), Recalling the properties of X
and the Brownian motion B, for any ¢ > 4 there exists a constant C; > 0 depending
on ¢ such that

E[(Xot, DI S Gylt — s, E|(Xy, 2)[* < Cyft — 5|7

Moreover we can apply the Burkholder-Davis-Gundy inequality ([RY04, Thm IV.4.1])
and the previous estimates to obtain that for any ¢ > 4 there exist C’é >0and D >0
such that

t a/2 t
E[(Xq,12)|" < C, (/ E|X, — X8|2dr> < CiCy (/ VIr — s|d7")
< D’t - 8‘((13)/4 )

. t q/2 t q/
E|(K., 112)]7 < C/ </ ]E|XT—XS|4dr) <, (/ |r—s|dr)

< D[t — s]?.
Therefore we can apply the Proposition [4.2.14] to conclude. O

q/2

2

Remark 4.3.8. Looking at the definition of the quasi-geometric rough path X, the first
line of the conditions (4.3.9) are chosen to obtain the identity

1 X2 K
(Xor, 11) = (X0, log(11)) = (Xqs, 11) — §(X0t,2> = Tt — §Bt.

Thus the function ¢ — (Xg, 11) must coincide in law with the process fg X, dM X,
obtained from the Theorem when g(z) = 2? (see [Swa07, Cor 4.8]). Hence the

name Burdzy-Swanson extension for X.

Let us show how does the general change of variable formula (4.2.5) becomes when
we consider the Burdzy-Swanson extension of X.

Theorem 4.3.9. Let X be the Burdzy-Swanson extension of X and ¢ € CP(R,R).
Then we have the a.s. equality

/tm(xr)dxf = /i/tw(Xr)dBT. (4.3.12)

Therefore for any ¢ € CP (R, R) we have the identity

K

P(X) = () + [ @(X)ax 4 [ X)dB (43.13)
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Proof. By definition of the rough integral given in the equation (4.2.2]) we have

t
/ U(X,)dX? =

T () (Fur2) 0 (K) (B 12) () (o 112) + L, 29)

for any sequence of partition P, of [s,t] such that |P,| — 0. Moreover the convergence
holds a.s. uniformly on s < ¢ such that s,¢ € [0,7]. Let us rewrite the terms of the
sum using the rough path X defined by (4.3.9)

1 v
(%0,12) = (X3, log (12)) = (X7,12) — (X0, 3) = (X,,12) =& / (X, — X,)dB,
1 1 1
<%uv7 112> - <X?w,10g (112)> - <ng7 112> - §<X?w7 22> - §<X?w7 13) + §<nga4>
1 v X —X 2 2
= (X, 112) — = (X0, 22) = K;/ K= X g KB, - B,
2 . 2 4
1 1 1 1 1 K2
— 22) = (X% log (22)) = =(X? 22} — 2 (X° 4) = =(X,,22) = —(B, — B,)?.
2<%uv7 > 2( uv) Og( )> 2( uv > 4< uv’ > 2< uv > 4( v u)

Thus the converging sequence defining the rough integral simplifies and it becomes

t
/ U(X,)dX? = lim Z (X)X, 2) + ' (X)) (Ko, 12) + 9" (X)) (X, 112) .
s e [u,v]€Pr
(4.3.14)
On the other hand, using a classical argument of stochastic calculus (see [RY04, Prop
IV.2.13]), for any fixed sequence of partition P, of [s,t] such that |P,| — 0 one has

[oeeian, = im 3" wea)s, - B, (13,15

[u,v]E€Pr

where the convergence is in probability uniformly on s,t as before. Passing to a subse-
quence we can suppose that the convergence holds a.s. and using the identity
(Xu0,2) = Kk(B, — B,) we subtract the sequence from to obtain that
the sequence
Xoo= Y (X)X, 12) + ¢ (X,) (Koo, 112)
[u,v]€Pr

converges a.s. to some random variable y uniformly on s,¢. In order to prove the
thesis it is sufficient to show that this limit is zero a.s. By fixing a sequence of partitions
Pn={s =15 <+ <ty =t} and introducing for i = 0,---, p(n) — 1 the family
of square integrable random variables M, N

t?—‘-l T
Mzn = / (Xr — th)dBT = / 1[t?,t?+1)(r)(XT — Xti)dBra
t 0

n

(X, — X,,)? r (X, — X;,)?
N = L dB, = [ 1y " dB,.
Z /t 2 /0 ) ()5
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we can rewrite the sequence X, as

p(n)-1
Xp=r > (X )M + 4" (X )N
i=0
We will prove the convergence of X,, to 0 by estimating the second moment of X,,.
Writing X2 as a double sum we have

= Z( (X ) (X ) MM 4" (X (Ko NN

2,J =0

+ ¢ (X )Y (Xn )NJ M + W'(th)w’(Xty)N}‘Mf) :

Applying the hypothesis of boundedness of the higher derivatives of v there exists a
constant C' > 0 such that

p(n)—1
EX2 <C Y E[M!M]]+E[N]N}] + E[N}M}] + E[M]N}]. (4.3.16)

1,7 =0

For any couple of indexes 7, j, the Ito isometry and the Gaussian nature of X provides
the identities

t?+1 /{2

t?
E[MPMY] = 6,47 / E(X, — Xy Vidr, E[NIN}] =5, / "E(X, - Xy)'dr,
7 tr

K/Q t?—kl
E[N!M]'] = O / E(X, — Xpn)%dr = 0.
t

n
3

Plugging them into (4.3.16]) and using the general estimate (4.3.4)), there exist a couple
of constant C’,C” > 0 such that

p(n)—1

p(n)—
EX2 < (' Z / — )P (e —t)dr < C" Yt — )P (1 — 1)

=0
< 2TC"(|Pu|V% + [P, )

Thereby obtaining the convergence X,, — 0 uniformly on s,¢ as |P,| — 0. Using
Fatou’s lemma and Jensen inequality we have

Esup |xq| < lim E|X,| < lim E|X,[> =0,
s,t n—oo n—oo

concluding that ys = 0 a.s. The formula (4.3.13]) is obtained by combining Proposition
4.2.5], the identity (4.3.12]) and observing trivially that the third of fourth order rough
integrals are zero. O]

Combining Theorem with Theorem we obtain the following alternative
expression of the first order rough integral with respect to X.
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Corollary 4.3.10. For any v € CP(R,R) we have the identity in law between the
processes

/t U(X,)dx! < /t W(X,)dV X, . (4.3.17)

Remark 4.3.11. Looking at the identity , we stress the fact that the right hand
side of the identity is a limit defined on a specific sequence partition of [0, t], whereas the
rough integral is independent of this choice. Moreover this identity suggests that the
convergence of the triplet (X, B", I"(g’)) explained in Theorem could be restated
by showing the existence of a sequence of discrete rough paths converging in law to X.

4.3.2 Cheridito-Nualart formula

The Theorem [4.3.9] is not the only possible applications of the general formula
(4.3.7). Using the same strategy of the construction of the Burdzy-Swanson rough
path, we can deduce a different quasi geometric rough path above X with a non trivial
quadratic variation. In order to define it, instead of starting from a Brownian mo-
tion B independent of X we consider the deterministic function of the variance of X,
o?: [0, 7] = R '

o =E(X}?) = ﬁrlﬂ

The function o2 is clearly an absolutely continuous function 1/2 Holder continuous.
Thus we can integrate the continuous trajectories of X with respect to 0. Replacing
the stochastic integrals in with these deterministic integrals, we have an alterna-
tive construction.

Proposition 4.3.12. There exists a unique X € Ry ({1,2}) such that

(Xgt, 1) =X, — X, (Xy,2) := af — O’? ,

t t _ 2 4.3.18
Xo12)i= [0 = xga?, (X112 = [ E R 318)

Considering X°, the zero extension of X, we call the quasi geometric rough path X =
log* XY the Cheridito-Nualart extension of X .

Proof. As explained before we check that the random process Z: [0, T)? — T"(({1,2}))
defined from the conditions , satisfies the properties and the bounds
. Starting with the Chen’s property we only need to verify for any s,u,t €
[0, T]® the same identities of the equation (4.3.11)) with Z instead of X. However the
same identities hold trivially because of the standard properties of Stieltjes integral
and the identity (Zg,11) = 1/2(Z,1)%. Then we conclude by showing the property
for Z. Using the Jensen inequality for the Stieltjes integrals and the Holder
continuity of o2 there exists a constant C' > 0 such that for any ¢ > 4 we have the a.s.
estimates

t t
(2, 12)]7 < |07 — 020! / X, — X,[%do? < O7 |t — s|(a VP2 / X, — X,|%do?,

S S
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t t
(Zg,112)|7 < |Ut2 - g§|‘1—1/ X, — X8‘2ngz < CP Mt — S|(q—1)/2/ X, — Xs|2qd03.
Combining them with the bound (4.3.4)), for any ¢ > 4 there exists a positive constant
D, such that
t
E[(Zs,12)|* < Dyt — s|(q1)/2/ Ir — s|94do? < CD,|t — 5|4

t
E|(Zg, 112)|7 < D, |t — s|<q-1)/2/ Ir — s|72do? < CD,|t — s

Therefore we can apply again the Proposition [4.2.14] and we conclude. O

Let us show how does the general change of variable formula (4.3.7) modifies in case
of the variance extension. In order to prove this formula we need to recall a specific
property of the process X involving the rectangular increments and a sharp estimate
on some deterministic integrals

Lemma 4.3.13. For all0 <v <u<s <t one has

E[(X, — X,)(X; — X,)]| < @% (4.3.19)

Proof. This result was already obtained in [Swa07, Lem. 2.2]. We repeat here the proof
for sake of completeness. Using the explicit form of the covariance given in (4.1.3)) for
any r > u one has the identities

1
E(\/r+u—\/r—u+\/r+v—\/r—v),

_ 1 <\/r+v—\/r+u_\/r—v—\/r—u>'
2V2r \ VO +u)r+v) VI —u)(r =)

g(’l") = E[(Xu - X’U)XT] =

g'(r)

Using the trivial estimate

vrtuv—yrtu
V(r £u)(r o)

|u =]

~Vr—ulr—v|’

we obtain immediately

b u—l g < 1 |u—v|

o) = a(s) < [ loir< = [t et [

2 |u—v| \/§|t—s||u—v|
= t—u—+vs—u) <y -——F——.
7r|s—v|(\/ v )< T|s — v/t —u

Thereby obtaining the thesis. O]
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Lemma 4.3.14. There exists a constant D > 0 such that for any € > 0 there exists
0 > 0 such that for all |t — s| < 0 one has

t
/ E[(X, — X,)?|do? < D|t — se. (4.3.20)

Proof. We suppose s < t. Applying the bound (4.3.4) and the definition of 0% we
obtain easily that there exists a constant C' > 0 such that

/tE[(XT — X,)¥do? < C’/t 7;/; S dr = ClVr — syr —slog(v/r — s+ /r)|Z"
:C’<\/t—8\/g—sln (%?/E))

:C<\/t—sﬁ—sln(1+%)—Sln(1+ t\/;s)) :

Using the classical estimate x —In(1+x) < 2?/2 holding for any = € (—1, 1), by sending
s — t we obtain

/t]E[(XT — X,)¥do? <
o(m\/%— VA(VE = V) + 5 (VE = VP = sy 2 s))

N 2t
Vi — 1 — 2 —
= C(t—s) t—s i+_(\/%—\/§)_\/§(\/¥—\/§)
Vit 2t 2 t—s (t —s)
Na—
ZC(t—s)( 3+ (\/_ \/_) __\/— )
Vi 2 Vs Vit +\/§
Since the function between round brackets converges to 0 uniformly on s — ¢, we
obtain the thesis. O

Theorem 4.3.15. Let X be the Cheridito-Nualart extension of X and ) € C3(R,R).
Then we have the a.s. equality

/tqz(Xr)dﬁez _ /tzp(Xr)daf, (4.3.21)

Therefore for any ¢ € CP (R, R) we have the identity

t R 1 t
H(X)) = p(X,) + / @ (X,)d%) + / & (X, )do? (4.3.22)

Proof. Since we want to calculate the same rough integral of the Theorem and
the rough path X € R} ({1,2}) defined in |4.3.12 has the same form of X € R ({1,2})
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given in Proposition we can repeat the same algebraic calculations in the proof
of Theorem and we obtain immediately the identity

/ W(X,)dE2 = T D (X)X 2) + ¢ (X)) (K, 12) + ¢ (X ) (X, 112)

n—oo
[u,v]€Pn

for any sequence of partition P, of [s, ] such that |P,| — 0. Moreover the convergence
holds a.s. uniformly on s < ¢ such that s,t € [0, 7] (see the equation(4.3.14)). On the
other hand by definition of Stieltjes integral, for any fixed sequence of partition P, of
s,t] such that |P,| — 0 one has

t
2 _ 1 2 2
| wixact = tim > e =al),

where the convergence is a.s. uniformly on s, ¢ as before. Using the identity (X, 2) =
02— 0?2 we can subtract again both identities as in the proof of Theorem to obtain

that the random variable

Xo= D (X)X 12) + 0(X,) (X, 112)

[u,v]€Pr,

converges a.s. to some random variable Yy, uniformly on s,¢. We will show that this

limit is zero a.s. Choosing a sequence of partitions P, = {s =, < --- < bomy41 = t}
and introducing for i = 0,--- , p(n) — 1 the family of random variables M, N
. b ) . o (X, — Xm)?
M = / (X; — Xyn)do, , Nj':= / #dar )
tn n

we write the sequence X, as

p(n)—1
Xo=r Y /(X)) M+ 0" (Xn)NJ. (4.3.23)
=0

Let us prove the convergence of X, to 0 by estimating its second moment. Writing
again X2 as a double sum and applying the hypothesis of boundedness of the higher
derivatives of 1) there exists a constant C' > 0 such that

p(n)—1
EX2 <C Y E[M!M]]+E[NN;] +E[M]N}| + E[N]'M]].
1,j=0

The Gaussian nature of the process X implies that the terms E[M*N 7] and E[M ]"]\Afl”]
are zero because they involve a product of an odd number of Gaussian random vari-
ables. Thus by means of the Fubini Theorem we need only to estimate for any 4, j the
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quantities

E[N L] = / / CE[(X, — Xup)(X, — Xpp)|do?do?,
tn tn
Lo (4.3.24)
~ A~ i+ i+
E[N7 AT = / / E[(X, — Xy (X, — Xp)?)do’do?
tm tm

In case 1 = 7 we can easily apply again the Jensen inequality and the Holder property
of the function o2 to obtain that there exists a constant C' > 0 such that

~ t?+l
(1) < |0, <any/’ X, = Xpfdo? < Clet — 1 [ 71X - X Pdo?.

o
n n
N2 < (g2 g2 b X, — Xp|*do? < O, — t7|\/? tZHX—X 4,752
(N{') —|0-t;l+1 Ut;l| ; | t"| o [ ; | X t?| gy -
t G

By taking the expectation, using the rectangular bound (4.3.4) and applying the Holder
property of the function o? we obtain that there exist a couple of constants C’, D > 0
such that

. i
E[(V)] < C'lif,, — wm/ I — 71do? < DI, — £,
tn
" (4.3.25)
E[(N7)7] < €'l — ﬁW{/ r = ti]do? < DIt — ti12
t’n.

We pass to estimate the terms in (4.3.24])) for two indices ¢ < j. Using the estimates on
the rectangular increments given in (4.3.19)) and the Holder property of o2 there exists
a constant C” > 0 such that for any j > 7 4+ 1 one has

NN i1 j+1
mwmms/ / E[(X, — Xg)(X, — Xo)|dorydo,

. . . (4.3.26)
< C/// /J+1 ‘7’ t ‘8 _t | do d < C//C tz+1 _t ’3/2‘tj+1 tj |3/2
no '

t"—t"|\/m |t —t7, 32

Using the same rectangular estimate we can bound also E[M! "Mﬁrl] in the same way as

the first line of (4.3.24]). Passing to the terms E[NZ”N]”], we can apply Wick’s formula
on the product of four Gaussian variables and the estimate (4.3.19)), obtaining for any
j>i+1

E[N7 N7 =E[N?)E[N?] + 2 / " / TUEIX, — X)X, — Xi)))2do’do?
tr tmn

. . (e e — s — 72
< E[N]|E[N/] +2(J”/ /J ||t s = 1] do’do?
;7Y

F— Pl — s

< E[NME[N?] 4+ 2C"C b /
! |tn - t?—i—l
tn|11/8’tn _ t?‘ll/S

A A |t 1
< E[NME[N™ + 20" C -
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By means of the same estimate we can bound also E[N"N[jrl] with a term satisfying the

second line of plus ]E[N[‘]]E[N[ﬁrl]] Let us prove the the convergence X,, — 0
uniformly on s,¢ as [P,| — 0 thanks to the estimates (4.3.24)), (4.3.26) and (4.3.27).
Choosing an arbitrary € > 0, we apply the Lemma and we choose d(g) > 0 such
that the property holds. By fixing N such |P,| < d(¢) for every n > N we
have

p(n)—1 p(n)—
EX2 < ) E[(M])’ + (N})?] +2 Z [M]M?"] + E[N N7
=0 i<j
p(n)—1 n|3/2 n|3/2
o — PR — 17
_n 2 n(3/2 17 | i+1 Jj+1 J
<2D Z [ty — G+ [t - T+ 702 Z |t — ¢ [3/2
i+1<j g it
p(n n, —tn|5/2]t7? — [P/ p(n)—1
" ’L n n
race’y BB S -
it1<j B i<y

5 T T 1 5103/ T T 1
< +20"CH (e / / — dxdy +2C"Cé(e / / ———dxd
© o Jo (55_9)3/2 Y ©) o Jo (ff—y)?’/A‘ Y

+ DT (5(g) + 6()"/?) + 2T .

Since every term with () and the integrals are finite, we obtain the convergence to 0.
We conclude then as in the proof Theorem [4.3.9] O

From the explicit formula (4.3.22) we deduce an interesting property of the first
order rough integral with respect to X, by means of the Gaussian nature of X.

Proposition 4.3.16. For any ¢ € C7(R,R) one has

t
IEJ/ V(X,)dX) =0.

Proof. Applying the formula (4.3.22)) with ¢) one has

[ weae vy - vy - 3 [ v, (43.28)

Since 1 is bounded and continuous, we can use the explicit formula of the density
function of the random variable X, to obtain that the function r — E[(X,)] is dif-
ferentiable and we can derivate under the sign of integral. Recalling the notation
G(t, ) = (2mt)"1/2e=*"/2 and the fact that G satisfies the heat equation for any r > 0
we have

%waﬂ=i/w@mﬁw@:/M@mmﬁm§&@

er /@Z) Gaa(02,Y) y———o/z/)” a7),y)dy
2

= §d_ o, EY"(X,)].
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Integrating this identity from s to ¢ and applying the expectation to (4.3.28) we obtain
the desired identity. O

Remark 4.3.17. Looking at the resulting formula (4.3.22)), this last identity tells us
that the rough integral with respect to X has the same zero expectation of a stochastic
integral. Actually this property could be a guess to describe alternatively the law
of this rough integral. Indeed following the literature of 1t6 formulae for fractional
Brownian motion, we can find in [CNO5, Lem. 4.3] a formula with exactly the same
second order term of and a first term given by a generalisation of the Skorohod
integral (whose expectation is trivially zero). Hence the name Cheridito-Nualart. By
analogy with the fractional Brownian motion case we could think the rough integral
with respect to X should coincide with a suitable definition of Skorohod integral built
from the Gaussian process X. This identification result could help to study some
situations where the test function is not sufficiently smooth and it would help to develop
a Tanaka formula on X.

4.3.3 Quartic variation formula

We conclude the section by showing the existence of an another one-dimensional

quasi-geometric rough path over X with a non trivial fourth order rough integral in
(4.3.7). The construction of this new object is based upon the existence of a so called
“quartic variation” for the process X (see [SwaO7, Thm 2.3]). We recall here this

property

Theorem 4.3.18. For any sequence of partitions P, of [0,t] whose mesh-size |P,| — 0
the following sequence of quartic increments

V= Z (X — XU)4>
[u,v]EPn
satisfies the property

E | sup V7 — 2t

™

sup
te[0,7

2] —0. (4.3.29)

Proof. We repeat here the proof of this result from [Swa07] for sake of completeness.
Since V;" is monotone in ¢, it is sufficient to prove the convergence in L*(P) V,;* — (6/7)t
for each fixed t. Using the notation 64X = X; — X, we can add and subtract for any
subdivision [u,v] € P, the quantity A,, = E(6,X)* = 3(E(d,,X)?)? and we obtain
the decomposition:

6 6
Vit = > ((0uX)' = Aw) + Y (Am, - —(v- u)) : (4.3.30)
[u,v]€Pr [u,v]EPr

Thus the theorem will follow by showing that the two sums on the right hand side
of (4.3.30) converge both to 0 in L*(P). By means of the estimate (4.3.3) obtained
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in the proof of the Proposition and the moment estimate (4.3.4) there exist two
constant C, C" > 0 such that for any subdivision [u,v] € P,, one has

Aus = 20 =) =3 <E[<5WX>2] - @) (E[(%X)m M)

™

15/2 |7/4

v —ul
3/4

v —u v —u
03/2 <C L3/4

S C < C/|P |3/4

Summing this identity over all [u,v] € P,, and sending n — oo one has

6 / 3/4 |U_u’
Z <Auv—;(v—u)) < C'|Py| Z 3 — 0,

[u,v]EPy [u,v]EPr

because the remaining sum converges to the finite integral fg x~3/*dxz. We pass to the
other sum Writing the square of the first sum as a double sum we obtain

> <<5WX>4—AW>)2=

[u,v]€Pr

Z Z 5qu Auv)((5U’v’X)4 - AU'U’)}

[u,0]€Pr [u/ W' ]EP

Z Z 5qu 6u’v’X>4] - 9]E[<5UUX>2}2E[(§U’U’X)2]2‘ :

[u,v]EPy [u/ W ]|EPR

Using the Wick formula for Gaussian variables for any couple of subdivisions [u, v] € P,
[/, v'] € P, and the Holder inequality there exists a constant D > 0 such that

E[(040X) " (0urr X)) = 9E[(6.0 X )*PE[(duror X)°]* =

= 24E[(5qu) (5u’v’X)]4 + 72E[(5U’U’X)2]E[(5qu)2]E[(5qu) (5u/v’X)]2
< D B1(5u X B X P[5 X) G X))

Summing this estimate with (4.3.4) there exists a constant D’ > 0 such that

(% <<6WX>4—AW>)QS

[u,v]€Pr

Z Z /|1/2 u|1/2E[(5qu)(6U’v’X)]2 :

[u,v]€Py [W V' ]EP,

Since the terms in the diagonal part of this sum converge trivially, the result will follow
by showing that

o= Z ‘UI . u/‘1/2‘v _ u|1/2E[((5qu)(§u/U/X)]2 — 0.

[u,v]N[u/ 0! ]=0
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Using the estimates (4.3.19)), for any couple [u,v] N [u/,v'] = () we have

’|1/2|v—u|1/2

|u _ U’|3/4 )

|Ul o u’|2|v . u|2

E[(6uUX)(5u’U’X)]2 S D// < M|7) |3/4|/U

| —u']|v — ']

for some finite constants D", M > 0. Summing up this last inequality we obtain

!/ /
n 3/4 0" — wf[v — ul
[u,v]N[u/ v’ ]=0

because the remaining sum converges to the finite integral f[o g2 lz —y| ¥ dedy. O

Remark 4.3.19. Starting from Q,, a sequence of partitions of an interval [s,¢] it fol-
lows trivially from the previous proof that V}, the corresponding sequence of quartic
increments defined on Q,,, satisfies also the property

6
E| sup WVi—=(t—s)
T

s<t€[0,T]

2] —0. (4.3.31)

Since the usual quadratic variation of a process satisfies a property similar to (4.3.31)),
we call the function t — (6/7)t the quartic variation of X.

Using the formalism of the one-dimensional quasi-geometric rough paths, we can
easily construct a rough path where the quartic variation of X becomes the 4-th order
variation of the process X in the context of the rough change of variable formula.

Proposition 4.3.20. There exists a unique X € Ry ({1,4}) such that

6
<Xst7 1> = Xt — Xs > <Xst; 4) = —<t — S) . (4332)
T
Considering X°, the zero extension of X, we call X = log*X° the quartic variation
extension of X.

Proof. The result follows straightforwardly from the application of Lemma and
the general properties of the process X. Indeed we obtain immediately from the homo-
geneity of the words that L' ({1,4}), the set of Lyndon words with small homogeneity
becomes simply the set {1,4} and the conditions identify uniquely a map
Z:[0,T]*> — T"(({1,4}) satisfying a.s. the hypothesis of the extension Theorem (see
Theorem . Thereby obtaining the thesis. O

Similarly with the previous sections, we look at the associated change of variable
formula induced by the choice of X’ in (4.3.7)).

Theorem 4.3.21. Let X be the quartic variation extension of X and ¢ € C}(R,R).
Then we have the a.s. equality

/S t X, )dx! = / V(X (4.3.33)
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Therefore for any ¢ € CP (R, R) we have the identity

PX) =p(X.) + / W+ [ e

1 6 [
+3' <1><3>( )dX3+4'— e (X, )dr .

(4.3.34)

Moreover the sum of remaining mugh integrals satzsﬁes the identity

Zl,/ X,)dx) = lim Z<ﬂ —X X), (4.3.35)

[u,v]ePy, I=1

where the right hand side of (4.3.35) converges in L*(P) uniformly on compact sets for
any sequence of partitions P, of [s,t] whose mesh-size |P,| — 0.

Proof. The identity (4.3.33) follows easily from the general definition of the rough
integral given in equation (4.2.2)). Indeed for any sequence of partitions P, of [s, ]
whose mesh-size |P,,| — 0 we obtain immediately

t
6
4 _ 15 — i — —
/S U(X,)dX, = lim [ X]jp P(Xu) (X, 4) = lim 3 ;» P(Xu) (v = u)
u,ve n ’LL,’UG n

and the identity follows trivially. In order to prove the relation we
will write down the approximating sum defining each rough integral in the left
hand side of . In particular, using the definition of the map log and the zero
extension operation we have the following algebraic identities

|u|r+3
P P 3 = 2 (X K B) + (X0 (K0, log(13))

1
= ——oW(X,) Xy, 4) ;
1290 (Xu) (Ko, 4) 5

1 (’0(|“|F+2)(Xu) 1
S T ) = o (@) (K, 2) + 69 (X (XD, Tog(12))
UEW{(A4)

005 050 0g(22)) + pY06) (0, 108(12))) = 456 () (4]

(Julp+1) (X
2 QDTJWW“ 1) = ¢ (Xu) (Ko, 1) + ¢"(X.) (X, log(11)
ueWT (Ag) '

1

+ " (X)X Tog(111)) + ™ (X.)5 (X0, log(211)) + e (X,)(XD,, log(1111))
1 1

+oW(X, >2<X?w710g<121)> +oW(X, )3, (X9, log(31))

= SDI(XU><Xuv> 1)+ @,/(Xuxxuva 11) + 90(3) (X ) (X, 111) + 90(4) (Xu) (X, 1111) .
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Summing up all these three identities and recalling the definition of X we obtain

Z Z (p(\u\r—i-l X ) <Xuv7 y l)

I=1 'uewF(A4)

_ !
o0 Fe Rk Lo - x-S ).

(4.3.36)

w

™

Since the derivatives of ¢ are bounded, for any for any sequence of partitions P,, of
[s,t] whose mesh-size |P,| — 0 the identity (4.3.36]) implies

(|u|r+l l X X
[zz > RO - 3 gy )

[u,]€Pn 1=1 'uewf (As)

gME[ 3 [(XU—XMV—g(v—u)]r

[u,v]€Pr

for some constant M > 0. Thus we can easily apply the Theorem and we
deduce that the compensated Riemann sum in the right hand side of (4.3.35|) converges
uniformly in L?*(P) to the a.s. limit of

[uw]ePp I=1 uEWlF(A4)
Thereby obtaining the thesis. O]

Remark 4.3.22. Following the proof of the result we remark an interesting property of
the second and third order rough integrals given in . Indeed looking at the sum
defining them, it is straightforward to show that these integrals do not cancel even if the
second and third order path are zero! This property, which is impossible in the usual
integration theory, is perfectly coherent in the context of the rough integration, where
the integrals are not depending only on the increments of a path. The compensated
Riemann sum in the right hand side of was alredy introduced in [CP19] in the
context of the path-wise stochastic calculus. However differently from that context the
limit of this sum does not depend on the sequence of partitions defining it.

4.4 Stratonovich type formula

We conclude the chapter by studying the rough change of variable formula (4.3.5)
with respect to X, the canonical geometric extension of the process X. FEven if the
rough integral [ <I>’ »)dX! is defined as the a.s. limit an explicit corrected Riemann,
the explicit form of the formula

PX) = olX) + [ @(X)ix!
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reminds us the standard Stratonovich calculus. Actually an interesting statement con-
tained in [BS10] shows that it is also possible to define an effective Stratonovich integral
over X. For the proof of this result we refer to [BS10, Cor. 4.5].

Theorem 4.4.1. For any g € C"(R,R) we introduce the sequence of trapezoid-type
approximations

[nt :
Z +g %, )(th -Xi,), ti= % te0,7]. (4.4.1)

Then the sequence T}* converges in probability uniformly on t € [0,T] to some contin-
UOUS PTOCESS f(f ' (X,)d° X, which satisfies the identity

9(Xy) = g(Xo) + /Ot J(X,)d° X, . (4.4.2)

Comparing the Theorem [4.4.1] with the Proposition [4.3.2] we deduce immediately
that for any sufficiently smooth function ¢/: R — R one has the a.s. identity

/ WX, )X = / (X)X,

but the approximating sums of both integrals do not coincide at all. In what follows
we will study the general relations between the compensated Riemann sums defining
the rough integral in (4.3.6)) and some generalisations of the trapezoid-type sums in a
slightly general framework, in order to provide a simplified proof of the Theorem [£.4.1]

4.4.1 A general identity between symmetric integrals

In order to state a general relation between rough integral and trapezoid sums,
we put aside the specific process X and we consider a generic stochastic process Z
admitting a modification C?(R) for some v € (0,1), we recall the parameter N = |y !]
and we denote by Z € R} ({1}) the canonical geometric extension of Z. The operation
we will consider in this subsection is the rough integration of a generic one-dimensional
random controlled rough path Y € DV7(Z) (see the Definition [3.3.1)) with respect to
Z. The general operation is given in the Proposition but in this one-dimensional

case we have
Z Z )
<>k
/ Y,dZ, _7}1_{20 E E (1 —l. , (4.4.3)

[u,v]€Py, k=0

defined for any sequence of partitions of [0,¢], P, = {0 =5 < --- <}, =t} such
that its mesh size |P,| := sup;(t?,; —t}') — 0 (see the Propostion [3.3.6)). This quantity
can be related with a different family of stochastic integrals defined from Z.
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Definition 4.4.2. Let Y be a continuous process on [0, 7] and m > 1. If there exists a
sequence of partitions of [0,t] Q, satisfying |Q,| — 0 such that the limit in probability

| Y, +Yi, i

NETOO Z TH(Z%-H - th) ) (444)
tiegn

exists uniformly on ¢ € [0,7], we call the limiting process the m-th order symmetric

integral of Y with respect to Z and we will denote it by the symbol fot Y,d"™Z,.

Remark 4.4.3. The original notion of m-th order symmetric integral was developed in
[GNRVO05, Def. 2.7], [GRV03], Pag. 9] to study a generalisation of the It6 formula for
the fractional Brownian motion. This idea was conceived by extending the theory of
stochastic calculus by regularization developed by Russo, Vallois and coauthors (see
e.g. [RV93], [RV95]) in order to generalise the Stratonovich integration at higher orders.
In that literature the m-th order symmetric integral is defined as

K t Yu € Yu
/ Y,d°™ Z, .= lim Lute + Yo
0

=0+ J, 90 (Zyse — Zy)"du, (4.4.5)

where the convergence is again a convergence in probability and uniformly on [0, 7.
The two notions are deeply related. Indeed by taking U, the uniform partition of [0, ¢]

Mn:{ﬁzk:(),---,n},
n

we can introduce for any ¢ > 0 the reqularised symmetric sum process

n,e Y;fz—i_y;fz € mt
St’ = Z 2—€+(Zti+6_Zti) N

ti €U,

Observing that

Y, +Y,
n,t/n t; tit1 m
St / = E T+(Zti+l - Zti) )
ti EUn
for any t € [0, 7] and € > 0 we obtain
"Yore + Y
lim S;° :/ L(Zu% — Z,)"du  a.s. (4.4.6)
n—-+o0 0 2¢e

because the process va “ is the Riemann sum associated to the integral in the right
hand side of (4.4.6) and the processes Y and Z are continuous. Thus the two notions
coincide as long as we have the identity

. n,t/n . . ,
lim SM" = lim lim S
n——+0oo e—0*T n—4o00

and the sum (4.4.4]) converges when we take the partition U,,.
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In general the definition of a symmetric integral following the Definition might
depend on the approximating sequence of partitions Q,,. Then we will always specify
which sequence we are choosing The explicit definition of Z as the canonical geometric
extension of Z in and the definition the m-th order symmetric integral suggest
there should be a hnk between the rough integration with respect to Z and the integrals
defined in . An explicit formula can be given.

Theorem 4.4.4. Let v € (0,1) and N = |y~'| > 1. Denoting for any random
Y € DNV(Z) the processes Y, := (1°1)Y,), one has the identity
IN/2)-1

¢
/YrdZT— Z a]/ YD geGit z g (4.4.7)
0

as long as there exists Q,, a deterministic sequence of partition of [0, t] satisfying |Q,| —
0 such that only | N/2| — 1 integrals in the right hand side of (4.4.7) are well defined.
The sequence {ay}1>q is given recursively by the conditions:

Qg = 1
{ ) l " (4.4.8)

A1 = +3)! Zk:o 2(2014+2—2k)! *

We will prove the identity (4.4.7) by means of three preliminary lemmas. The the
first couple of results involves the sequence {a;};>0 given in (4.4.8)). Here are its first

SiX terms
1 1 17 5 2
127 1207 201607 585297 231067

No explicit formula is known for a;. In order to prove a general identity between its
terms, we consider its generating function

)= f ! (4.4.9)

which exists at least for any x € (—1, 1), since it is straightforward to prove from the
definition in (4.4.8)) that |oy| < 1 for every [ > 0.

Lemma 4.4.5. for any x € [0,1) one has

2 sinh(z1/?)
z1/2(1 + cosh(z1/2))

F(z) = (4.4.10)

where the right hand side can be extended smoothly on 0.

Proof. For x = 0 this identity holds trivially. Let = € (0,1); we fix N > 0 and and we
sum the recursive identity of (4.4.8)) until N obtaining

N N N 1
;auﬂxl Z 21+3 Z Z 5 2l+2 3 ) (4.4.11)

=0 k=0
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Using Cauchy’s product formula, the right hand side of (4.4.11)) converges to

+°°—1 1 S 1 ! 1
Z (21 + 3)!"1j B 5(2 mx )F(:c) =: H(x) — §G(a:)F(gg),

=0 1=0

Thanks to some elementary Taylor’s series formulae we can write

sinh(21/2) — 21/2 cosh(z'/?) — 1
H(z) = e, Gl = (4.4.12)

On the other hand, the right hand side of (4.4.11)) becomes

By uniqueness of the limit one has

S - - 0ere) = R =T = S
Thus we obtain the thesis. O
Lemma 4.4.6. For every integer [ > 0 one has

: Qy, 1
2 2020 +1—2k)! (20 +2)! (44.13)

k=0

Proof. We will prove this identity by calculating explicitly the generating function of
both sides of the equation (4.4.13)), obtaining an identity if both functions coincide on
a right neighbourhood of 0. The right hand side of was already calculated
and it is given by the function G defined in . On the other hand, using again
Cauchy’s product formula one has for every x € [0, 1)

+

g

by 2021 + 1= o~ G F(),

l k=0

Il
=)

where the function G is given by for any = € [0,1) by

+oo .
1 sinh(z1/2)
Gi(z) = g 2P = :
| 1/2
par (2p+1)! xl/

From an elementary calculation we obtain for any = € [0,1)

1 _ sinh*(2'%) cosh®(2V/?) -1
éGl(x)F(x) ~ 2(1 +cosh(z'/2))  x(1+ cosh(x1/2)) Gla).

Thereby obtaining the thesis. ]
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Lemma 4.4.7. Let v € (0,1), N = |y '] > 1 and Y € D¥(X) a random controlled
rough path. Then there exists € > 0 and a positive random variable K such that

LV/2]-1 (29) (29) N-1 i+l
Y, + Y; i i(Zt - ZS) €
> o@(%)(zt =2 =) YIS | S Kl - s
j=0 i=0 ’

Proof. This result is a direct consequence of the controlled rough path hypothesis on Y
given in the Definition |3.3.2l Indeed by definition of Y there exists a positive random
variable C’" not depending on ¢, s such that for any & > 0 one has

V% (Z, @192, VY| < C(w)|t — 5|20 (4.4.14)

Writing Y, = 5\51 Yt(l)l‘g’l and recalling the definition of Z, the bound (4.4.14]) be-
comes

< C'(w)|t — 5| N2

—2k
Y(Zk) Y(l s)
‘ ¢ lz;; z — 2k:)

By multiplying both sides by |ay(Z; — Z)?**1| /2 there exists a positive random variable
C" satisfying

(2K) N-1 () 141
Y (7, - Z,
(2, — 2" — o ) 5 ( (tl — %)), < C"(W)|t— s, (4.4.15)
=2k ’

where 1 + ¢ = (N + 1)v. Summing the identity (4.4.15)) from £k =0to k = |[N/2] — 1
all the terms inside the absolute value there exists a random variable K > 0 such that

[N/2]-1

Y;(%)
> (ol a2

k!
k=0 =2k )

)l—i—l

)’ < K(w)|t—s|'*e. (4.4.16)

By adding and subtracting the quantity aj Yy /2(Z; — Z)?**1 inside the sum of the
left hand side of (4.4.16)) we rewrite this term as

[N/2]— Y(Qk)+Y(2k) |IN/2]—1
Z ap—— " (7, — Zs)2k+1 . Z ozst(%)(Zt o ZS)2k+1
k=0
[N/2]-1 N-1
-3 X e G
2(1 — 2k)!
k=0 [=2k+1
[V/2]-1 (2k) (2k) [N/2]—1
Y, + Y
= Z akt#(zt _ ZS)%—H _ Z ak}/s(Qk)(Zt . Zs)2k+1
k=0 k=0
N—-1 L(G—=1)/2]
_ () J+1
ZY; (Z: - 2 2 j—2k!
Jj=1 k=0
[NV/2]-1 (2K) (2k) N-1
Y, 7 4 Y . ‘
= Y ot (2= 2P = Y8y O 2 - 2

k=0 Jj=0
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where the sequence {3;},>0 is defined by the conditions

Qo J=0
l o .
Bj = Zk:OQ(j——ka)! j:2l+1
o+ Yo o =20 +2
Therefore the thesis is verified as long as §; = 1/(i + 1)! for every ¢ > 0. By definition

of {a;}1>0, one has By 19 = 1/(2143)! and the equality Bo41 = 1/(2(42)! is the content
of the Proposition [4.4.6| O]

Proof of Theorem[/.4.4. We suppose without loss of generality that all the terms

Y& 4y |
Z . 9 = (Zti+1 - Zti)2]+1

tiGQn
converge to the corresponding symmetric integral for any 7 > 1. Thus the theorem will

follow by showing that the sum

Y —|—Y
SQn = Qg Z %(Ztiﬁ-l - th) - Z MT(ZH-H - th)

ti€ Qn t; € Qn

converges in probability to
|N/2)—

t
/ Y,Z, — Z / vy (24) d0(23+1)Z
0

uniformly on ¢ € [0,7]. Thanks to the Lemma 4.4.7, there exists a positive random
variable K and € > 0 not depending on ¢ and a sequence of processes R}’ such that

N-1 Ztl)iﬂ

(2, |
SO

t;€9Qyn 1=0
[N/2]-1

Y, +Y, .
Z Z a]( t; tit1 (Zt1+1 o Zt¢)2J+1) + R;L,

j=1 t,€Q,

IR < K(w) > [ty — ' < 2K (w)T]Q.[° .
t;€Qn

Thus R} converges a.s. to 0 uniformly on ¢ € [0,7]. Since the approximations of
the rough integral in (4.4.3) converge also a.s. and uniformly on ¢ € [0,7] and the
remaining terms converge by hypothesis we obtain the desired result. O]

By choosing Y, = ®(Z,) where (1%°)Y,) = ©(+1(Z,), we combine the Theorem
[.4.4 with the formula (4.2.4) to obtain a change of variable formula with the symmetric
integrals.
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Corollary 4.4.8. Let N = |[y~']. For any ¢ € C'™(R,R) one has the identity

|N/2]—1

t
P(Z)=eZ)+ ) « / P (Z,)dP ) 7, (4.4.17)
=0 $

as long as there ezists Q,, a deterministic sequence of partition of [0, t] satisfying |Q,| —
0 such that only | N/2| — 1 integrals in the right hand side of (4.4.17) are well defined.

Remark 4.4.9. A similar type of formula was obtained in the proof of [GRV03, Thm
4.1] in the context of the fractional Brownian motion B with Hurst index H = 1/4.
Indeed using the definition of the symmetric integral defined as in the authors
were able to provide for any ¢ € C*(R) the identity

t t

SO(Bt) = SO(BS) +/ (p/<Br)dO(1)dBr - %/ ()0(3)(Br)d0(3)Br- (4418>
Even without entering in the technical details of the statement, since the process B
admits a continuous modification which is almost 1/4-Hélder (see [NZ98, Chap. 5]),
the formula for N = 4 is formally identical to (4.4.18]) and the Corollary
generalises such identity for any ~-Holder process X. However we should not forget
that this result is based upon the trajectorial properties of X and it does not include
the specific probabilistic law of the process X. Indeed it turns out that in the specific
case of B, the Gaussian nature of its process allows to prove in [GRV03, Thm 3.4] the
additional property

t
/ (p(g)(Br)do(S)Br =0,

where the integral is again interpreted in the sense of (4.4.5)). Thus the formula (4.4.18])
simplifies and we obtain a Stratonovich type formula. By analogy we deduce that even
the the generic formula (4.4.17) might simplify by choosing a specific process X.

4.4.2 A simplified proof of the Stratonovich formula

We apply the Corollary to give a simplified proof of the Theorem 4.4.1| over
a class of test functions with lower regularity. Indeed the sequence T}'(¢') given by

(4.4.1)) is almost the approximating sequence of a symmetric integral defined in (4.4.4)
when m = 1 an with respect to a specific partition of [0,¢] (the last point ¢ is not

included in the sum defining 77*(¢’)). To show the result it is sufficient to recall only
one technical lemma to obtain the Theorem [4.4.1] For its proof see [BSI0, Thm 4.3].

Lemma 4.4.10. Let g € C*(R,R). Choosing the sequence t; = j/n we then have the
following convergences
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[nt] [nt]
lim Z Q(th>(Xt]- - th—1>3 = lim Z g(th)(th - th—1>3

j=1,7 odd j=1,7 even

3 t
= 5 Xsd7
27T/Og( )ds

where the limit is in probability, uniformly on t € [0,T].

Theorem 4.4.11. For any ¢ € CP(R,R) the trapezoid-type approzimations sums
17 (¢") given in (4.4.1) converges in probability uniformly on t € [0,T] to some con-
tinuous process fo ¢ (X,)d° X, such that we have the Stratonovich-type formula
and the a.s. identity

t t
l/'®x)g)dxi:i/‘¢xx;yfxg. (4.4.19)
0 0

Proof. Applying the Corollary when N = 4 to the process X if there exists Q,, a
deterministic sequence of partition of [0, t] satisfying |Q,,| — 0 such that the symmetric
integral

t
/ (XD X,

is well defined, then the first order symmetric integral

t
/ SO (X)W X,

is well defined along the same sequence and we have the identities

t . 1 t )
o(Xy) = p(Xy) +/ oM (X,)d°V X, — E/ e (X)PPX,

t t 1 t
/ O'(X,)dX, = / (XWX, — / o@D (XD X, .
0 s s

Let us show that the sequence of processes

- X )P 50 (4.4.20)

(3) (3)
St = 2 + (Xt

41
tiegn

uniformly on ¢ along the specific sequence of partitions

QW:{E:k:0,~,MH}UU}

n
Using the notation

[nt] [nt]
1 1
A= > (X, (X, - X, )P, Bl = 3 > eO(X) (X, — X, )P
Jj=1 Jj=1

n ()0(3) (Xﬂmj) + Qp(?’) (Xt)
Cy =

(Xt - XthtJ )3 )
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We can easily check that we have the a.s. identity S} = A} + B + C}'. Moreover

by applying the Lemma [4.4.10] and the general estimate (4.3.4), we obtain also the
following convergences uniformly on ¢ € [0, 7]

3 [ 3 [
Agﬂﬂ_/gmym ntpiy/ﬁuww,cwﬂm
0 0

2 n—00 T

thereby obtaining the that the first order symmetric integral satisfies

t t t
p(Xe) = p(Xs) + / P (X)X, / '(X,)dX, = / PV (X)X, |
s 0 s
(4.4.21)
Recalling the definition of the sequence T*(¢') in (4.4.1)), by hypothesis on ¢ there

exists a constant M such that

X,)

i1l i

e (X,
ﬂn_ Z 90( tz) +290( tHl)(Xt

< M|X,— X, 1.

tiegn

Using the estimate (4.3.2)) and the property t,) — t, we deduce that 7} converges
in probability uniformly on ¢ € [0, 7] and its limit coincides with fot J(X,)d°M X, and
using the equality (4.4.21]) we conclude. n

Remark 4.4.12. Looking at the formula , we simply observe that the procedure
to prove it is the same as we briefly recalled in the Remark for the fractional
Brownian motion with Hurst parameter equal to 1/4. Considering the identity
we recall that this identity holds only when the converging sums is chosen along some
specific converging sequence of partitions of [0, ], whereas the rough integral does not
depends on that.
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