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Ramification of Volterra-type rough paths
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Abstract

We extend the new approach introduced in [24] and [25] for dealing with stochastic
Volterra equations using the ideas of Rough Path theory and prove global existence
and uniqueness results. The main idea of this approach is simple: Instead of the
iterated integrals of a path comprising the data necessary to solve any equation driven
by that path, now iterated integral convolutions with the Volterra kernel comprise
said data. This leads to the corresponding abstract objects called Volterra-type Rough
Paths, as well as the notion of the convolution product, an extension of the natural
tensor product used in Rough Path Theory.
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1 Introduction

Volterra Equations comprise a thoroughly studied class of differential equations with
wide applicability in physics, engineering and other sciences, capable of adequately
capturing the behavior of a wide range of natural models. Introducing stochasticity to
these models via a random driving noise naturally yields the corresponding notion of
Stochastic Volterra Equations. These equations are typically of the form:

d t
u(t) = ug + Z/ k(t, ) fi(ur)dg. , ug € R (1.1)
=070

where k is a kernel that obeys the analytic condition 2.1 and is allowed to be sin-
gular in the diagonal ¢ = r, the f; are sufficiently regular vector fields on R¢ and
q € C*([0,T);R*!) a.s. is a stochastic process on R¥*! with ¢¥ = r that is Holder
regular of some degree a € (0,1] almost surely. Such equations are of independent
theoretical interest, but also arise in the description of the dynamics of various natural
systems and are becoming increasingly popular with the recent advent of so called Rough

*IECL (UMR 7502), Université de Lorraine, France. E-mail: yvain.bruned@univ-lorraine.fr
TUniversity of Edinburgh, United Kingdom. E-mail: F.I.Katsetsiadis@sms.ed.ac.uk


https://imstat.org/journals-and-publications/electronic-journal-of-probability/
https://doi.org/10.1214/22-EJP890
https://ams.org/mathscinet/msc/msc2020.html
mailto:yvain.bruned@univ-lorraine.fr
mailto:F.I.Katsetsiadis@sms.ed.ac.uk

Ramification of Volterra-type rough paths

Volatility Models in Mathematical Finance after the paper [17], where it is empirically
demonstrated that volatility is best described by a rough process. We refer the reader to
Rosenbaum and coworkers in [13], [15], [14], who, based on stylized facts of modern
market microstructure, construct a sequence of Hawkes processes suitably rescaled
in time and space that converges in law to a rough volatility model of rough Heston
form with the variance process of the underlying asset obeying a stochastic Volterra
Equation. Therefore, there is ample interest in developing a robust solution theory to
these equations.

In cases where the noise is a Brownian Motion or a continuous semimartingale
process, classical interpretations of these equations, such as the Ito interpretation by
means of the classical stochastic integral are very much sufficient. Indeed, this approach
has been undertaken in [27] and [29] where these equations are treated via the means
of classical stochastic calculus. A mathematical challenge is presented when the driving
noise is of wilder nature, yielding rougher realizations as its sample paths and/or appears
without the semimartingale property, necessitating the search for finer interpretations
of such equations. This challenge is not contained in the context of Volterra Equations,
but can be seen as pertaining to a wide class of stochastic PDEs. Various tools have
been introduced to tackle this problem and naturally, these tools have also been applied
to yield appropriate solution theories to 1.1. We shall give a brief overview of these
developments that span the last three decades.

In 1998, T. Lyons introduces the Rough Path calculus in the seminal work [26].
Lyons treats the problem by enhancing the process into an object known as a Rough
Path, thereby introducing the higher-order calculi that allow one to obtain a “rough”
formulation of the given equations. In 2004, Gubinelli introduces the concept of a
controlled Rough Path in [18] and later on that of a Branched Rough Path in his work
[19]. Advancements rapidly follow. In 2011, in one of the most impressive applications
of the theory Hairer uses Rough Paths in [21] to provide a solution theory to the KPZ
equation, a landmark achievement in the field of singular stochastic PDEs. Shortly after,
Gubinelli, Imkeller and Perkowski, in [20] also introduce techniques of paracontrolled
calculus in the study of singular SPDEs. Advancements culminate around the same time,
when, in a major synthesis of ideas in [22], Hairer develops the theory of regularity
structures, being one of the first to introduce renormalization techniques in the field.
This, together with the subsequent [5, 9, 2], form a body of work that covers a large class
of parabolic stochastic PDEs. Finally, as an addition to the powerful arsenal developed
through the theory of regularity structures, higher order paracontrolled calculus is also
formulated in [1], generalising the approach introduced in [20].

The study of stochastic Volterra Equations follows these developments. In [11] and
[12] Deya and Tindel use ideas of Rough Path theory for the treatment of non-singular
Volterra equations. Furthermore, in their recent work [28] Promel and Trabs treat the
first order case by use of paracontrolled calculus.

As mentioned above, Regularity Structures have proven to be one of the most potent
tools for assigning a well-posed interpretation to a large class of stochastic PDEs.
Indeed, a more powerful approach introduced in [4] and elaborated upon in [3] has
been to interpret stochastic Volterra Equations via means of the theory of Regularity
Structures; this has been done down to Hoélder exponent 1/3 when the driving noise is a
fractional Brownian motion, with the expectation that methods therein are amenable to
generalization in the case of arbitrarily low exponent. One should then be able to obtain
existence and uniqueness results that are global (see for instance the first paragraph in
Appendix C of [4] for global existence).

In this work, we are interested in extending the approach introduced lately in [24]
and [25], which is to generalize the ideas of Rough Path theory in order to treat the case
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of stochastic Volterra Equations. The idea is that instead of the iterated integrals of
a path one now keeps track of iterated integral convolutions with the Volterra kernel.
An object encoding this information is called a Volterra-type Rough Path, or simply a
Volterra Path. These objects are a generalization of Branched Rough Paths and satisfy
a generalization of Chen’s relation. In order to formulate this generalized relation a
convolution product operation is introduced, serving as an extension of the natural
tensor product used in Rough Path Theory.

In their works [24] and [25] the authors only treat the cases of Holder regularity that
is higher than 1/3 and 1/4 respectively. Furthermore, the Hopf-algebraic framework
necessary for the description of the objects has not yet been clarified by the authors.
In particular, while use of the techniques of Branched Rough Paths is attempted, the
classical Connes-Kreimer Hopf algebra is not a suitable choice in the context of the
results. In this work, we introduce a general framework and extend these results in the
case of arbitrarily low Holder exponent. In the process, we provide an application of
a Hopf-algebraic structure that yields a robust and general description of the objects
at hand. The idea for this structure is based on a plugging coproduct used in [6] for
recovering the algebraic structures of [5]. It can be understood as a Connes-Kreimer
type coproduct where one keeps along the edges that would normally be lost when
performing an admissible cut. Pinpointing certain properties of convolutional integrals
in a sufficiently regular setting as well as drawing from the ideas of Branched Rough
Paths together with the more suitable framework provided by this algebraic structure,
we are able to formulate the theory on any order and to extend the main results obtained
in [25].

We will now proceed to give a brief outline for the contents of the paper. In the
next section, we begin by setting up the analytic and algebraic framework of interest
by describing the analytic conditions imposed on our kernels and the ambient spaces
for our objects, as well as introducing the Hopf algebraic structure that will be used
for the description of the objects involved in our rough formulation. We also prove
some motivating propositions that hold true when one is dealing with sufficiently regular
functions (see Propositions 2.9 and 2.12). Then, we move to the main objective of this
section which is to introduce a convolution-type operation on our spaces of interest,
which we call a convolution product and shall denote by . This is done after recalling
some results that were proven in [24] and [25], at which point we proceed to prove the
main result of the section, which is Theorem 2.24. The statement of the theorem can be
seen as giving the definition for the convolution product operation.

This operation is vital for our description of the new objects introduced, which
we shall call Branched Rough Paths of Volterra type or simply Volterra Paths. These
objects, while resembling the Branched Rough Paths introduced by Gubinelli in [19],
nevertheless serve as to model rough versions of convolutional integral expressions
that in general cannot be operated upon by mere tensorization and be expected to yield
another “integral” of the same form. We will therefore need an operation that will serve
as a sort of “integral convolution” for our objects. The x operation introduced fulfills this
role.

In the third section, we begin by giving the proper definition for a controlled Rough
Path of Volterra type in Definition 3.2 and show how to integrate these objects against
a given Volterra Path in Theorem 3.4. We also prove a version of the “chain rule” for
our Rough Path calculus (see Proposition 3.5), showing how to lift the composition of
a function y controlled by a given Volterra Path with a sufficiently regular function f
into the space of controlled paths. This will allow us to finally formulate and prove our
main result, which is Theorem 3.7 on the existence and uniqueness of solutions to Rough
Volterra Equations.
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The authors are very grateful to the referees for their careful reading of the manu-
script. We are particularly indebted to the referee who aks clarifications on the defi-
nitions and the proofs concerning the convolution product. This leads to substantial
improvements in the clarity of the exposition.

2 The convolution product

We begin this section by presenting the convolution product operation proposed
in [24] at the level of iterated Volterra integrals and proceed to describe how it can
be generalized to ramified integral expressions with tree-indexed iterations. We will
use this in the next section to define the concept of a Volterra Rough Path which is an
abstraction of the collection of ramified Volterra integrals corresponidng to a path: it
will be comprised of a sequence of functions that is stipulated to satisfy a convolutional
variant of Chen’s relation. To accomplish this, we will face the challenge of defining this
convolution product as an operation on the spaces these function terms reside in. This
challenge has been tackled in [24] for Holder exponents p > 1/3. We proceed to construct
a theoretical framework that is more general and works for arbitrarily low Holder
exponent. Letting 7' > 0, we will denote by A,,([0,T]) the subset {0 < t; <--- <t, <T}
of R™ and by Q,([0,7]) the n-th dimensional hypercube {0 < t; < T, i € {1,...,n}} C R™.
We will usually omit the interval [0, 7] and use A,, and Q,, respectively.

Let us recall the analytic condition (H) imposed on the kernel k in [24]. The assump-
tion is that k : Ay — R is such that there exists v € (0,1) so that for all (s,r,q,7) € Ay
and 7, 8 € [0, 1], we have:

k(r,r)| S lm—r[77
k(7 1) = k(g,r)| S lg— |77 "7 —q|"
|k(r,r) = k(1,8)| S| —r] 77 Mr — s|? (2.1)
(k(r,7) = k(g,r) = k(7 8) + k(g,8)| S lg — |7 F|r —s/”
k(7. 7) — k(q,7) — k(7,8) + k(q,s)| S lg—r[77"|r —q|".

The kernel k is the basic block for the construction of iterated convolutional integrals.
To represent these, we will need to introduce the appropriate algebraic structure. We
first introduce a natural space of decorated rooted trees. Let T (resp. 7) be the set of
rooted trees with nodes decorated by {0, ..., d} (resp. decorated by {0, ..., d} except for
the root which carries no decoration). We grade elements 7 € T (resp. 7) by the number
|7| of their nodes having a decoration and we set

T ={7 €T :|1| <n}, n e IN.

(and resp. for 'f'). We denote by F (resp. F) the set of forests, i.e. sets consisting of
trees in 7 (resp. 7). Forany h€ Forh e F we shall denote by E}, the set of its edges,
by N;, the set of its nodes and by L;, the set of its leaves.

Any rooted tree 7 € 7T, different from the empty tree 1, can be written in terms of the
Bi-operators, i € {0, ..., d} which connect the roots of the trees in a forest ;- - - 7, € F
to a new root decorated by i. Indeed, given any 7 € 7 other than 1, we have that
T =B (r - 1,) for some 7q,...,7, € F. Elements of 7 are described similarly except
that we use the operator B, since their roots carry no decoration. We introduce another
operator on the linear span of decorated trees denoted by Z; which acts as follows: for
7 € T, the tree Z;(7) is given by grafting the root of 7 onto a new root with no decoration
and then decorating with ¢ the node of the new tree corresponding to the root of 7.
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Below, we ilustrate the various operations:

="\ Bl o=V n(V) = "Y .

)
J

B+(;

Concerning the map |- | which counts the decorated nodes in a tree, we have for example:

i J
|’“Y =1\ =3

k

A decorated tree that is of the form 7, (7) for some 7 € T is called a planted tree. The set
of these trees is denoted by P7 and P7,, C PT denotes the set of planted trees of size n.
Remark 2.1. We can potentially consider a finite family of kernels (k;);c; satisfying con-
dition (H). Then, our decorated trees should also come equipped with edge decorations
indexed by I. This type of structure has been introduced in the context of Regularity
Structures in [5].

We are now ready to give the precise definition of what we mean by the h —th iterated
convolutional integral of a path ¢, where h is a given tree.
Definition 2.2. Let ¢ be a path in C!([0,T]; R%*!) and k : Ay — R a Volterra kernel
satisfying the analytic bounds imposed in condition (H). Let h € T be a rooted tree with
n + 1 vertices. Let h* € F denote the forest one obtains after removing the root of h and
its adjacent edges. Then, using the convention that r, = 7, where p is the root of h, we
define the h — th iterated Volterra integral as a mapping z" : A; — R given fort >t > s

by
h,T i
V= k s g dW
A= [ T1 ko) IT aa

ts =" (i,5)€En LeNp~

where i, is the decoration attached to the node ¢ and the domain of integration is the set

A?s: n {t>7‘i>7’j>8}

(i,7)EEp+

i.e. the order relations defining the variable ranges are directly given by the partial
ordering induced by the forest h* € F. Let V' C Ny« be of cardinality m. Then, we also
define:

Z ((reev) = [ diﬁ/ II kGir) T da

h —m
weV Al ((re)eev)CR" ™™ (4 b em, LEN\V

where A" ((r;)scv) correponds to A?, when one fixes the values of (r¢)ecy .

Example 2.3 (Linearly Iterated Volterra Integrals). Let h be the ladder tree with n + 1
vertices, with decorations i1, ...,4,. Then, the iterated Volterra integral of order n is a
mapping z" : A; — R given by

n—1

h, j
(s,t,7) — 2" = / k(r, 1) H k(rjy1,7ri)dg?...dg,".
t>rp>.>T1>s =1

This expression corresponds to the case of Volterrra-type Rough Paths as they were

originally introduced in [24].
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Before stating Proposition 2.9 which presents the convolution in the smooth case,
we introduce a coproduct A on #, the linear span of F and a coaction A on H, the
linear span of F. These are similar to the Butcher-Connes-Kreimer coproduct and their
combinatorial nature will allow us to encode the various formal operations on the Taylor
expansions that approximate our objects locally, such as formal integration. We define
the plugging coproduct A : H — H ® H and the coaction A:H — H @ H as follows:

Ah= Y R°(h)®Pnh)
CeAdm(h)

where Adm(h) is the set of admissible cuts, which are defined as collections of edges
with the property that any path from the root to a leaf contains at most one edge of the
collection. We will also write Adm(%)’ for the set of all admissible cuts of i except the
one where the entire tree is cut. We denote by Pc(h) the pruned forest that is formed by
collecting all the edges at or above the cut, including the ones upon which the cut was
performed, so that the edges that were attached to the same node in / are part of the
same tree. The term R (h) corresponds to the “trunk”, that is the subforest formed by
the edges not lying above the ones upon which the cut was performed. This coproduct
differs from the classical Butcher-Connes-Kreimer coproduct introduced in [8, 10]. It
can also be constructed via a plugging pre-Lie product, see [6, Sec 3.3]. We shall use
Sweedler’s notation for the coproduct of a forest h and write:

Ah=> "1 ®n®. (2.2)
()

Remark 2.4. One can provide an alternative recursive definition of A and A as follows:

AB(hy - oohy) = ) <B+(-)®B+(Hhi)>A I~

Ic{1,...,n} iel ie{l,...,n}\I (2.3)
ABY(hy - .- b)) = <B_’i(~)®B+(Hhi)> A ]
Ic{1,...,n} i€l ie{l,...,n}\I

The proof of this identity is similar to the recursive formulation obtained for the Butcher-
Connes-Kreimer coproduct.

Example 2.5. To illustrate with an example, we compute the result below for a given

tree:
i J i J i J i J i J
Ak\</2= k\</£®1+1® '“\</£+ ¥ ]+ ¥
J i
+k:< ®iI ZI +k< ®]I EI +k\/e®ivj (2.4)
J i
+kI®ZI ivj+k</€®il+k06®jll

In the sequel, we use an extension of the map A by identifying the nodes. We will
consider the nodes of 1Y) and h(?) as a subset of those of h. Therefore, the roots of the
trees in h(? will be identified with some nodes in A(!). We still use the same notation
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with this identification. This property is crucial in order to define a convolution operation
on tree-indexed iterated integrals. We also define the reduced coproduct A as follows:

Ah=Ah—h®1-10h=>Y D en®.
(R
Remark 2.6. While the coproduct A introduced is slightly different from the original
Connes-Kreimer coproduct, one has a projection of the algebra H onto the classical
algebra of forests that intertwines their actions. Hence, while the the coproduct A
carries slightly more information, one has a morphism onto the original Connes-Kreimer
Hopf algebra. To be specific, we define the operator B_ as the left inverse of B,. Then
B_ is an algebra morphism from F to F when these are equipped with the corresponding
forest products and given Ack, the Connes-Kreimer coproduct, one has

(B_®B_)A=AcxB_, (id®B_)A=AcB_ (2.5)

where

Ackhi-ooohn= > (id@Hhi>ACK |
n} ie{l

Ic{1,..., icl on I (2.6)
AckBY (hy - b)) = Y (B{;(-) ® th) A ]
Ic{1,...,n} i€l ie{l,....,n}\I
Indeed, by applying B_ to (2.3) one gets

(B®@B_)ABy(hy - hy) = Y (id@]‘[m)
IC{l n} iel (27)

(id ® B,)A H R

ie{1,..,n}\I
(id@B_)ABY(hy- .. hn) = > (Bi( ) ® th>

IC{l,...ﬂ’L} i€l (28)

(deB)A [ h
1€{1,...,n}\I
Using an inductive argument, one can show (2.5) by using (2.7) and (2.8).

Before introducing the convolution operation, we extend Definition 2.2 to objects
with forest indices.

Definition 2.7. Let h = hy -...- h,, be in F. We define the h — th iterated Volterra integral

as:
n

RT1,e T P, Ti
zg - z
i=1
: i Ti
where 71, ..., 7, € [s,t|. The function (71, ...,7,) — [ Zz.™

the functions z)":" .

is obtained by tensorising

Remark 2.8. Definition 2.7 is the reason why we have introduced the spaces 7 and F.
Elements of 7 can be seen as forests and in this case one could see the elements of F
as “forests of forests”. Indeed, we have a bijection between trees in 7 and forests in F.
Given a tree h € T, one just needs to remove the root and the edges adjacent to it in
order to obtain a forest. Below, we illustrate this bijection:

iq 87
ke sl i #j
— "V,

k 4
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The use of the spaces 7 and F is also robust to the introduction of decorations on the
edges. This structure is also reminiscent of the one used in [7] for dispersive equations,
where a planted tree is associated to a frequence and planted trees with the same
frequence can been seen as a tree.

As mentioned, iterated Volterra integrals satisfy a generalized Chen identity. We
prove this below.

Proposition 2.9. Let h be a tree in T and (s,u,t,7) € A4, we have

h, 7 __ h(l),‘r h(2)7-
Zi, = Zpy, | K Ziyg (2.9)

(R)

where the convolution product x is defined as follows

1 (2) ..
a, Txal = / 2, " ((ri)iev) [ zox ", (2.10)
L eV
Here, V C N~ is of cardinality m and is such that every i € V considered as a node of h
appears also as a root of a tree h{” in h® and h®® = [[,.,, h\*).
Remark 2.10. In the proposition above, the set V' is implicitly given by the fact that
we have identified the nodes of h(!) and h(?) with those of h. This avoids carrying along
notation of the type:
D K2 .
Zyy *fV Zys ’
where here V is a subset of the nodes of A(!) with cardinality equal to the number of
roots in »(?) and fy is a bijection between V and the roots of h(2).

Proof. Let h be a tree with n + 1 vertices. Using the convention that r, = 7 where ¢ is
the root of h, we have

h,7 __ i
o= [y e JL Mo TT

(i,5)€En £eNpx

Let u € [s, t], then one notices that

A= N N ) fwsmin{ms>usnin{t>r>r>s}

CeAdm(h) (i,j)EEp (k,1)EC AEL e (1

All unions in the above expression are pairwise disjoint. Indeed, if we consider two
different admissible cuts C and C’, then there exists A belonging to L RC(h) (or L RC'( h))
such that there exists A € Lpc () with vy > r5. Then {u > ry} and {r\ > u > ry} are
disjoint. Therefore,

= D /Aff(u)gm 1L #tror) 11 da

CeAdm(h) (i,j)EER LEN«

where A" (u) is defined as follows:

A () = n ﬂ ﬂ {fu>rn{rr>u>r}in{t>r>r; <s}

(i:4)€Enx (k1)EC AEL e (1
If A = RC(h) and h(® = PC(h), then one has:

C,h o K1) h(2)
Ats (u) - Atu X Aus .
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. . h
Then, we can rewrite the above expression for Atcs’ (u) as

Agh(u) = ﬂ {t>ri>r; >u}| x
(1,7)EE, (1)

m ﬂ {u>nr}tn{u>r;>r;>s}

(i,4)€E, (2) AeLgc (1)

where the sets intersected on the right hand side are each considered as a subset of an
appropriate subspace of R". We conclude by using Fubini. O

Example 2.11. If h € 7 is the ladder tree consisiting of a root and n additional vertices
decorated by ¢4, ..., %,, then for t > r; > s we have:

n—1

—h,T i ic i
2,y (r1) =/ k(r,mn) [ *(rjeasrs) 6t dg...dgr
>rp>...>re>r

j=1

In similar spirit, in the case of h being a linear tree, we get a simpler version of Chen’s
relation closer to the one for classical Rough Paths. Proposition 2.9 reduces to

n
D ST

s
=0

where the superscript n is used to denote the linear tree with n vertices and set of node
decorations of cardinality one. From this relation we can recover the classical Chen’s
relation for the signature of a path with bounded variation, since the convolution product
reduces to the tensor product by choosing a trivial kernel.

Our aim now is to capture the algebraic properties of these generalized signatures in
order to abstract from them the definition of a Branched Rough Path of Volterra-type.
With this in mind, we prove the following proposition, which describes the convolution
product in terms that can be generalized in the rough setting. The idea is that we can then
use an expression similar to the one below as a definition for the convolution product in

the rough case. Given a tree h, we first extend (2.10) to a function (7;);en,. — fST‘ €N

We have:
_h77- (77, LEN
2w fuim [ (im0 ]
" i€ENpx

where m is equal to the cardinality of Nj.. From this definition, one can make sense of
the following expression:

ey @
2y, T (2l xf)

where () and ~(? are coming from (2.2) with the identification of their nodes with those

of h. The inner convolution is happening on the nodes N(;)). and the outer convolution

is happening on the nodes N, ))«.

Proposition 2.12. Let h be a tree with n decorated vertices and let P denote a partition

of [s, t] . Let f : R™ — R° be a smooth function whose upper arguments

are indexed by Nj. That is, for every s € R we have a mapping: (7;)ien,. — f(‘rq)7eNh* '
Then, the following identity holds:

2" % f, = lim 2 fo+ S 2 (2" ) (2.11)
[u,v]eP (h)’
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Proof. Let h be a tree with n+ 1 vertices. Assuming that r1, ..., r,, refer to the integration
variables associated with the nodes ps, ..., p,, adjacent to the root, one has

A= J Al
[u,v]€P

where the disjoint sets (A} (u,v))[,,,jep are defined by

Al (uv) = [ {fu<r V.. Ve, <o}n{t>r;>r; > s}
(i,J)€EER

Then, given (7;)icn, € AP (u,v), one has either u < r; < v for all i € Nj,, or there exists a
unique C' € Adm(h)’ with C non empty such that u > r, for all A € NPC(h)' As a result,

Aﬁs(u,v) = U A?S?C(%v)
ceAdm(n)’
where
Al (u,0) = ﬂ ﬂ ﬂ {u<m V.. Vr, <vin{u>ry}
(1,5)EER (k,1)EC AENpC (1,
N{re>u>r}tn{t>r,>r; > s}
Therefore,

2R S VRN N | RCHN |

[u,v]eP CeAdm(h)’ (i,7)€h LEN*

Thus, since the above decomposition of A" is true for any partition P of [s,t], we can
split each set A?S’C(u, v) into a Cartesian product and use Fubini’s theorem to obtain the
equality

27 % fy = lim 2T [+ gl Tk (2« f) (2.12)
|P|—0
[uw]€P (h)’
which is precisely the desired identity. This concludes the proof. O

We now wish to extend this product operation in the rough setting. In order to do
this, we will need a version of the Sewing Lemma different from the one used in classical
Rough Path Theory. We will call it the Volterra Sewing Lemma, following the terminology
used in [24]. We first introduce the spaces needed for the formulation of this lemma. We
recall [25, Def. 2.3].

Definition 2.13. Let (a,~) € [0,1]? with p = a — v > 0, we define the following space
V(@) (Ag; R) of functions z such that 2] = z, € R and equipped with the norm:

12l = l20l + 12l (@)1 + 2l @12

where
|25 ]
[2ll(ay)1 = sup
(LT imens IT — [t —s[o Afr — s|e
ZTT
Iolamaz = sup i

(storryen, |T =TT =271 C(|7" — [T ¢t — s|* A7/ — s[e7¢)
n€(0,1],¢€[0,0)

where the increments z[, and zst are given by

’ ’ ’
T __ T T TT __ T T T T
Rst = Rt — % Zgp T — 2 —Zg T2

EJP 28 (2023), paper 7. https://www.imstat.org/ejp
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Given « and v in [0, 1] we also define the norm for elements w of the k-fold tensor product
®f:1 V(@) to be the projective tensor norm

lliary = mEL S o 1] 2w =3 2" @ @ 2F)

where the infimum is taken over all decompositions of w. This defines a crossnorm, in
the sense that

128 ® . ® 2l = 12 @ * - 128
We denote the completion of the algebraic tensor product with respect to this norm by
Ak
®izlv(aﬁ).

Definition 2.14. Given any Banach space V we define the operator ¢ : C(As; V) —
C(As; V) as follows:

(df)tus = fts - ftu - fus~

We will usually write this as

(Sufts = fts - ftu - fus~

We now introduce the space of abstract integrands that is needed to formulate the
Volterra Sewing Lemma, as given in [25, Def. 2.9].

Definition 2.15. Let o € (0,1), v € (0,1) with o« — v > 0, and  with v+ n € (0,1). We
suppose given three coefficients (3, k, 0), with (k + 0) € (0,1) and 5 € (1,00). Denote by
Plerm B0 (A, RY), the space of all functions of the form Ay > (v, s,t,7) — (57)s € R?
such that the following norm is finite:

[Ey@mm@mo =1Eaqm T 165500 (2.13)

In equation (2.13), the operator § is the one introduced above and the term [[0= |3, 9
takes the double singularity into account. Namely, we define

HEH(Q,’y,n) = ||E||(a,’y,7]),l + HE||(()¢7’Y717)71,2’

||5E||(5,K,9) = ||55||(5,K,9),1 + ||5E||(ﬁ7){,9),1,2 )

where
= [(E7)1s]
H‘:”(a,'ym),l = sup _ N “ S_ o’ (214)
(05,87 €A [\Tfﬂ Vit — 5| |s — | "} Alr—o]*70
Om(ET
16Z 1 (5,x.0),1 = sup — L’”( “)t_:' FH— (2.15)
@smtn)ens [|r =t |t = s |s = o] ] A Jr — 07"
and
(577 )es
1=l corimy 1,2 = sup : (2.16)
(crm (v,s,t,-r’,'r)EAg, f(U,S,t,T/,T,Og,’%n)
7€(0,1],¢€[0,a—v—n)
‘6m(57—7—/)ts
10=1(,1,0),1,2 := sup ~ , (2.17)
(’U,S,m,t,‘r/,T)EAG f(U, 57 t? T Y T7 Bv K/a 9)
n€[0,1],¢€[0,8—K—0)
EJP 28 (2023), paper 7. https://www.imstat.org/ejp
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where the function f is given by

Fo,s,6,7 7, 8,5, 0) = |7 — 7T |7 — ¢ 770 x

e o (2.18)
x ({|T'ft| it sP s — o) O A — P 4).

Notice that we will use V(*71(8:5.9) as a space of abstract Volterra integrands with a
double singularity.

We are now ready to state the Volterra Sewing Lemma with two singularities (see
[25, Lem. 3.2]).

Lemma 2.16 (Volterra Sewing Lemma). We consider the following exponents («, v, n),
and (8,k,0), with g € (1,00), (k +0) € (0,1), (y+1n) € (0,1), « € (0,1) and v € (0,1)
such that a — v > 0. Let V(@ MBr0) and V() be the spaces given in Defini-
tion 2.15 and Definition 2.13 respectively. Then, there exists a linear continuous map
T : Yerm@r6) (A RY) — V@) (Az;R?) such that the following hold true.

(i) The quantity
Z(E7)ts := lim (BT ) wu

|P|—0
[u,w]eP

exists for all (v, s,t,7) € A4, where P is a generic partition of [s,t] and |P| denotes
the mesh size of the partition. Furthermore, we define Z(=Z7), := Z(Z7 )0, and have
L(E9)ts = (S0 )0 — L(Z7) s0-

(ii) For all (v,s,t,7) € A4 we have

—_ —_ —_ —K —0 —Kk—0
Z(E0)ss = (Dol S 162N g ([Ir =t 1= 875 = ol Alr =0 =)
while for (v, s, t,7',7) € A5 we get

(277 s — (257 s

S ||65||(5¢K,9),1,2f(v7 S, t? Tl» T)a

where f is the function given by (2.18).

We also have the following theorem, which was proven in [24].

Theorem 2.17. Let x € C* and k be a Volterra kernel of order —+ satisfying 2.1, such
that p = a — v > 0. We define an element =], = k(7, s)z.s. Then the following holds true:

1. There exists some coefficients f > 1 and x > 0 with 8 — k = a — y such that
= e v@®Br) where V()85 js given in Definition 2.15 where there is no

—_

dependency on v that is =, = Z. Therefore, we can drop the extra parameters
n and 6. It follows that the element 7 (=7) obtained in Lemma 2.16, the version
with no dependency on v, is well defined as an element of V(*7) and we set
2, =T(27),, = fst k(r,7)dx,.

2. For (s,t,T) € A3 z satisfies the bound

|zts — k(T 8)2ts| S [|T —t| 7|t — S|a} Al —s|?,

and in particular it holds that |z|(4,),1 < 00.
3. For anyn € [0,1] and any (s, t,q,p) € Ay we have

2 <l —al"la— 7 ([la— o7l =51 Ala = s17)

where 2} = z{ — z{ — 20 + z1. In particular it holds that |z|(4,)1,2 < 0.

EJP 28 (2023), paper 7. https://www.imstat.org/ejp
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A next step now is to find the right spaces on which to define the x operation so that
we may abstract from the notion of a collection of iterated Volterra integrals that of a
Volterra-type Rough Path. However, even with the appropriate abstract function spaces
at hand, the definition of the product will still pose a challenge: defining the resulting
expression in terms of the kernels involved as one big iterated integral is conceptually
straightforward when our functions are indeed expressible as such integrals; but defining
the product on an abstract function space in a way that generalizes these cases of interest
is a delicate matter, as we shall see. We begin by giving the definition of the convolution
product for increments. We recall [24, Thm. 26]:

Proposition 2.18. Let z € V(®) (A3, R) and y € V(*")(A,,R¢). We set o = a — v and
assume that o > 0. Then, we define the convolution product between z and y as:

where (s, t,u,7) € A4. Moreover, one gets the following inequalities:

127 * Yusl S 12l @119l a1z (7 = 877 = s A |7 — s]?)

’ . —
20" * Yusl S N2l @i 1 2l el = 77 — 877+

(I =t = 257 A fr = s22)

where n € [0,1], ¢ € [0,20] and (s,u,t,7,7") € As.
We will need to extend the convolution product x to functions y with more variables.

To this end, we introduce the spaces V,(La’”) of functions y defined on the hypercube @, 1.
The norms of these spaces serve to control the increments of each variable.

Definition 2.19. We define the space V,(LO"V)(QnH,]Re) to be the space of functions

T1,0Tn

Y : Qny1 — R such that y, = yo and

n
H‘yM(a,’y),n = Z ||y||(a,'y),n,k <0
k=1

where, for every k < n, we define the norms

TlyeesTyeesTn ) Tl Uy Ty
||y||(a,’y),n7k - sup |yts Yis ‘

(8,6, 1 e ey Ty Uy ey ) EQnp2 hn,C(37 T Ly ey Ty Uy ey Tn)
n€[0,1],(€[0,a—~)

where

By (858,71, oy Ty Uy ey ) = |7 — ] TN (7 ey 7y ey ) — TS

X (| Min(ry, oy 7y Uy oeey ) — t|_7_<|t = $|* A fmin(ry, .., 7y Uy ooy 7)) — s|a_'y_<) .
Here, the values r and u appearing as superscripts in the expression for the numerator
are the values of the k-th variable of y.
Remark 2.20. Note that the constituent norms introduced above are similar to the norm
|| . ||(a,v),1,2

We now introduce the family of spaces and the corresponding convolution product.
They will be defined recursively.

Definition 2.21. Let o,y € (0,1) with p =« — v > 0 and n < 1/« be fixed. We define a
tree-indexed family of spaces V**" and a family of products

(2,y) VT VST o zay

EJP 28 (2023), paper 7. https://www.imstat.org/ejp
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recursively, by first setting for the tree with one vertex:
Yoot .= plen)

and defining the product x as

’

T E 2 : T u

2ty *yus T \7£1|I£1>0 Zo'u Yus
[u' v']eP

where (s,t,u,7) € A4 and convergence is guaranteed by Proposition 2.18 in this case.
We then define for any h € T with |h| < n < 1/a the space V7 c V!e+7:7) consisting
of all 2 € VMe+7:7) such that

R h(2

h _
5Uzts - tu us

(r)

for some functions
rM h(1>,0¢7 %2 n(? ,oz
z" ey, @ phie

with h® = r? . . 12 and such that, for every y € V"), one has

buZ wy =S (zh‘” (z’“” )) (2.19)
(hy

We define the product (z,y) € V7 x V‘” — Zxy as follows:
h,T : h,T Uy..., h(U h(z)
z,, *Ys = lim Z z,)] @yt + Z *Ys)

where we use the inductive hypothesis that the spaces x product has already been
defined for h of order less than or equal to |h| — 1. Convergence of the expression on the
right is proven below, in Theorem 2.24.
Remark 2.22. The spaces V"®" are metric subspaces of the corresponding V{I"*lr+7:7)
space. However, they do not appear to be linear subspaces.
Remark 2.23. The identity (2.19) can be viewed as an extension of the Chen’s relation
where the terms z?s are considered as operators. This property appears in the smooth
case, as can be seen by the proof of Proposition 2.12.

We now proceed to prove convergence of the defining expression for x by using the
Volterra Sewing Lemma 2.16 in an essential way.
Theorem 2.24. Let h be a tree in T,, and let z"" € V»*7 and y € Vlfl with a,vy € (0,1)
and p = a— v > 0. Then, for all fixed (s,t,7) € A3 the expression

h Cope @,
Zy)| *Ys 1= |7£1f§o RN B MR RS
[u,v]eP (h)’

yields a well-defined Volterra-Young integral. It follows that x is a well defined operation
between the three-parameter Volterra function z" and an |h|-parameter path y, linear in
its second argument. Moreover, we have the following two inequalities:

k
h,T S,..0y8 (i)
|Zts * (ys —Ys ) | S E H ||zh ||(|h(i)|p+’y,’y)
((h)) =1 (2.20)

X Yl (a,y), 10| X (|7’ — 7 — S‘Ih\pw Alr — S|\h|p)
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k
h't e yey8 @
zp k(Y =y ) S Z H th H(lh(i)lp—"-ﬂhfy)
((h)) i=1 (2.21)

X Myl gl 7" = 7[77 = ¢ (|r — it — s| e A — 8|\h|p—c)

In these bounds, our notation of summing over ((h)) means that the summation is over
all elements hY) ® ... ® h'¥) that appear in the expansion of

Ah =3 "AFh, AT = (1@ A)A, A°=id
k

It can also be understood as iterated admissible cuts.

Proof. We induct on the number of vertices of the tree h. The base case of h € T is
covered by Proposition 2.18. We now assume that the statement holds forall h € 7,_;
and proceed to prove it is true for all h € 7,,.

Step 1: Let us denote by Zp the approximation of the right hand side above, that is

e Y G Y drews @l @22
[u,v]eP [uv]eP

where y; is a short hand notation for yi>*. Our goal is to apply Lemma 2.16 to the
increment =. We must therefore check the regularity of the integrand under the action

of 4. To this aim, two simple computations using that §,z};7 = >, 2" 2" reveal

(1) (2)
Szl @yt) = —zhT @ (y —yl) + Y _zh, w2l @yl (2.23)

(h)’
6r((6uz™T) % ys) = — ZZZ;D * (szj) *ys) , (2.24)
(h)’
To prove (2.24) we first expand the left hand side of the identity using the definition of
the operator § and get

. (1) (2) (1) (2)
5 ((0uzly) xy;) = Z(Zﬁu (2, *ys)) = (zo, * (25 *ys))
(h)
(1) (2)
- (zﬁu * (ZZS * ys))

We know by Chen'’s relation, that one has

R o K1) R(12)
Zuu - E Z'u’r' *Z’ru
(R()
Therefore,
j3S) h(2 R h(2 _ K1) r(12) K2
Zyu *(Zus *ys)_zru *(Zus *ys)_ E (qur * Zpy, )*(Zus *ys)
(A1), RV 1

Similarly, one has

R h(2) R K21 h(22)
Zvr * (zrs *yS) = Z Zv'r‘ * ((zru *zus )*ys)

(h2)

One can see that (") # 1 and h(?) # 1 which is not the case for the range of »(??) in the
sum above. Now, after making these substitutions in the original sum, by coassociativity
of the coproduct and (2.19) we see that most of the terms possess a counterpart with
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identical forest-indices and opposite sign. These terms cancel out and we eventually
obtain (2.24).

Step 2: Let us now analyse the regularity of the terms in (2.23)-(2.24), starting with
the right hand side of (2.23). Namely, we recall our assumption that z" € V(r+7:7) Wwe
have also assumed that ||[y|||(a,,),jn] < 0. We can therefore multiply the bounds afforded
by the finite norms of z" and y and use the fact that « < r < v to obtain the following
bound:

20" @ (y5 = v S Ylllcamin12" | ripry .m0
(2.25)
X Ju — 8|77 —v| Vv — w|lhlerrtn

We then choose 7 € [0, 1] such that |h|p + v+ 7 > 1, which is always possible since
p > 0.

Step 3: In order to treat the remaining terms in (2.23) and (2.24), observe that
formula (2.22) trivially yields (recall again that y; has to be considered as a constant in

the lower variable)

h,T h,T
Zys *ys = Zts ®ys

Therefore, we can gather our two remaining terms into

h(l) *Zh(z) yur.__’u _ h(l) h(2) o h(l) h(® (

vr U ® s vr U Ys = vr U

(h) (h) (h)

u,..

Ys - ys)

We introduce the following notation for y and h; a subforest of h: §"*"" which means
that y, is evaluated at r for all the variables corresponding to the nodes of h;. The
other variables are free. If the nodes of h; receive the evaluation ry, ..., 7|5, we use the

h1,7150T R
notation s el

Now, using the inequality in the statement of this theorem, which is assumed to hold
for all h € F,_; by our inductive hypothesis (see Proposition 2.18 for the base case) and
using that [|[y||[(q,), 0| < 00 we get

) @, L (1)
D L TS [ DY H 12" 1 jp,m)
(hM))
X [[wll(a,qy),in) - (|T — | My — [T A — T|‘h|p)
LASUR X ST C
where w1Vl = g, IO (yu-t — grooe M1y Next, we want to bound
|||w‘||((x,'y),|h(1)|' We have
@) _
|||w|||(a,’y S| S HZ |‘(|h(2)|p+'y,'y)HyH(a,v),\hl‘U —ulu—s[7"

where we have repeatedly applied the bound 2.21, since in the expression for w the

factors comprising the term z"” are convolved with respect to different variables of

oot g)h(l)’”"”’r\h(”\. This yields a bound that involves the product of the norms of the
factors comprising 2" which, if z"” is seen as an element of a tensor power of V(@)
is equal to the factor th@)H(‘h(?)lpﬂm appearing in the inequality above by virtue of

Definition 2.13. Thus, combining the above estimates we get

k
h(l) h(2) - 1382
2, (e =yl S D0 T lgnoiperm | 19ll@ain
((h))i=1
X [T =] Vu—s| v — u|\h\p+7+n

EJP 28 (2023), paper 7. https://www.imstat.org/ejp
Page 16/25


https://doi.org/10.1214/22-EJP890
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Ramification of Volterra-type rough paths

where we have used that |v — r| < |v — u| as well as the following identity:

k k
i) ) ©)
Z Z H 12" (1RO pty,7) 12" lr oty = Z H 12"

(h)" \((h(1))) =1 ((h)) =1

(1RO | p+7,7)"

We notice that the regularity obtained in the last inequality above is the same as for
(2.25). Hence, choosing n € [0, 1] as after (2.25) and recalling (2.23) and (2.24), we
obtain that

16:(Z5)0ul S eypalr =0 7 = 8| o — wlPlPFIE
where p = |h|p + v + 1 > 1 and where the constant ¢, in this inequality is the same as
that in the right hand side of the last inequality above it.

Using this bound one can readily check that ||0Z||(|4|p4y41n,v,m),1 < o0. One can
similarly check that |[6Z|[(np+y4n,7.1),1,2 < 0. Therefore, using the Volterra Sewing
Lemma with two singularities (lemma 2.16) we get that the Riemann sums defined
by (2.22) converge as |P| — 0, and we define

Z xys = lim Tp. (2.26)
We also immediately obtain the two bounds afforded to us by the Volterra Sewing Lemma,
thus proving the inequalities (2.20) and (2.21) in the statement of the theorem. This
completes the proof. O

3 Rough Volterra equations

In this section, we introduce the Rough Path calculus for Volterra Equations. Our
aim is to prove existence and uniqueness of solutions to Rough Volterra Equations with
driving noise of arbitrarily low Holder exponent. In order to formulate the main theorem
(3.7), we will need to develop all the tools of classical Branched Rough Paths in a manner
suited to treat the case of Volterra Equations.

We begin this section by giving the definition of a Volterra-type Rough Path. We then
go on to define the concept of a controlled Volterra Path. As in the classical Branched
Rough Path setting, the latter will comprise the class of paths that can be integrated
against a given Volterra-type Rough Path.

Definition 3.1. Fix o, € (0,1) with a« — v > 0 be fixed. Let (zi)ic{o,...,qy Such that
z; € V@) (Ay,R). Forn with (n + 1)o +~ > 1, we suppose given a tree-indexed family
of iterated integrals (Z?S’T)‘h‘gn indexed by the trees of T such that

. ie
z% = Ziy €; = l
and one has: o
h,T z : T (2)
6uzts = zt}ELu * Zhus (31)
(h)’

where the Sweedler’s notation corresponds to the reduced coproduct A. Let h a tree
with m < n nodes. We suppose that for every y € Vﬁf’ﬂ’), one has

= X (0 (27 )
(h)
where the product x is defined inductively via Theorem 2.24 and Proposition 2.18. We

also assume that z" € V("et77) We then say that z is a Volterra-type Rough Path. We
define the norm ||| - |||, . as:

2lllaqy = D 12 Grlprro-

heFn
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We shall now introduce the concept of a controlled Volterra Path. Central to this
is the concept of a Gubinelli derivative. These functions are basically the coefficients
that appear when one has a local Taylor approximation to the initial path attached to
every point. This type of local approximation property is stipulated to hold for the
path and all of its derivatives, which are in turn assumed to possess the appropriate
formally differentiated version of the initial Taylor expansion. In order to encode formal
differentiation we make use of the A operation, exploiting the Hopf-algebraic structure
that our forest algebra H was additionally equipped with.

Definition 3.2 (Controlled Volterra Path). Let z be an a-Holder Volterra-type Rough
Path and let n = |1/a]. A Volterra Branched Rough Path controlled by z is a function
y = (y")neT,_, such that, for every h € T,_, we have y" € Vlflﬂ(QWH,Re) and the
remainder terms, for every 7 € [s, ],

Rts = Yts — Z ths *yg (32)
pe]:nfl

satisfy R € V{"a’"w where y;, := yl, for h being the empty tree and

RI}SLS = yts Z Z U h p zts *ys (33)

PEFn_10€Tn_1

satisfy R" € V‘(ffﬁ_l‘h‘)a’("_‘h‘m. Here c(a, h, p) is the counting function for the number of

appearances of the term h ® p in the expansion of the reduced coproduct Ac. The space
of such functions is called the space of Controlled Volterra Paths. We equip it with the
norm

9llzam = D (w61 + 118" . n + IR (noinp)a, (inm)
he€Tn-1

We shall use D5 to denote the space of (o, y)-Holder Volterra Paths controlled by z.
If y is zero on trees which are not planted and y" is a function of |h| variables, none
of them being associated with the root of h, we denote this space as ’[);a”). We define
DY) as the following affine space:

DI = {y € DL |yo = (U™ Vnerar) = W neT 1)}

(@) (e7)

We define in the same way the space D,y where D, )

is replaced by D).
Remark 3.3. We shall consider a controlled path Y as defined on the hypercube @,,. It
is possible to refine this domain of definition to a set of the form (., {ti < t;} C Qjnj41
where the order relations imposed on the components is given directly by the partial
ordering induced by the tree h. We choose to work on @,, for the sake of simplicity.

We will now show how one can integrate a controlled path against a given Volterra-
type Rough Path. This will in essence be done by applying a formal “shift” on the
Taylor-like approximation to the object Y. In the case of Terry Lyons’s rough paths
this is done by using the shift operator on the tensor algebra of words indexing the
expansion. In our case the role of the shift operator is played by a “grafting” operator 7
from the tensor algebra of forests to the tensor algebra of trees. We formulate the rough
integration theorem below:

Theorem 3.4. Let g € C* and k be a Volterra kernel satisfying the analytic bounds (2.1).
Define z," fo 7,7)dq’ using Theorem 2.17 and assume there exists a Volterra-type
Rough Path z of order p built from Definition 3.1. Additionally, suppose that the p
components of z are uniformly bounded. We now consider a controlled Volterra path
(Y"her,_, € D). Then, one has:
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(i) The following limit exists for all (s,t,7) € As,
t
wy, = / k(r,r)yldg. = lim Z Z Zi(h), (3.4)
s Pl= [u v]€P h€Tp-1

where the tree Z;(7) is given by grafting the root of T onto a new root with no
decoration and then decorating with ¢ the node of the new tree corresponding to
the root of 7.

(ii) One has the following bounds for all (s,t,p,q) € Ay, n € [0,1] and ¢ € [0, pp)

\ths - —‘tsl S ||y||z (a,’y)(l + |HZ||| (a 'y))

(i 1171t — sP] Al — o) o
il = ZEVS Wl o (0 el o= alla ¢
([ — s[PPT A g — 5|pp74) )
where £, is given as
S BTl
he€Tp-1

where zfi;(h)” *yuf is understood according to Theorem 2.24. Indeed, (yh)heq;kl S

DY) implies that yh e Vl;;‘lﬁ
(iii) The tuple (w")ne7,_, is a controlled Volterra path in D) where wh™ = yb,

wﬁ = 0 for h not a planted tree and w%i () js the integral defined in (3.4). This

implies that (w")er,_, is in D).

Proof. Our first step is to invoke the Volterra Sewing Lemma 2.16 in order to define

t
w;=/kwrmm%—zem.

To this aim, similarly to the proof of Theorem 2.24, we need to check that §= is sufficiently
regular. This is what we proceed to do below. Combining (2.13) and (2.19), we get the
following relation for (u,m,v,7) € Ay,

=T __ Zi(h h),T h,- Z;(h),T h,-
6"”“’uu - Z (Zvu( ) *y ( ), *Ym _Z’rm(L) * Yy )
heTp_1
Zi(h), h,- Zi(h), h,-
= Z 6mzvu( )T*yu _zv'ng )T*ymu
h€Tp_1
h< )T h® Zi(h h,-
= Z Z (Zmu *yu ) ’U’IT(L) * Ymu
heTp—1 (Zi(h)

Now, we resort to the fact that y is a controlled Volterra Path and thus satisfies the local
approximation property (3.3). Substituting the appropriate expression in place of y"
then allows us to write:

I(h *ymui Z Z O'hp mr(L)T*( u X Yy )+ (h)’ *anu
pEFp_10€Tp_1

Plugging this into the expression we have obtained for /= we get

_ (Eop @ . .
OmZny = E E zh h *yﬁ’

h€Tp—1 \(Zi(h)

Z Z 0(07 h7 p) ZU;’Y(L )’T * ( TYIU * yu Z Z'IIJTY(Lh * anu

pEFp—1 h,c€ETp_1 heTp-1
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where hU) is a short hand notation for (Z;(h))). By using the fact that

Z Z MY oh® gn— Z Z cloh,p)Zi(h) @ pR o

he€Tp—1 (Zi(R)) pEFp_1 h,o€TH_1
= Z Zi(h)®h
he€Tp-1\Tp-2
we get
o) _ Z;(h), h Z;(h), h
OmEry, = Z zZi(WT oy b Z 2Ty Rh
h€Tp-1\Tp—2 h€Tp—1

Using this expression, we can now analyze the regularity of 0=”. Indeed, invoking
Theorem 2.24 we get for all h € 7,_1 \ Tp—2 the following inequalities:

|ZI (h),T

Zi (}1)7

* Yol S 1Y (o140, (1 + 12l o )”\u —m|?|r — | = m[PPT

* Bl S IR otnotr) 1+ 2l a,)”
|7 — o] Y| — m|PIFDPHY | — | (P=IRDP,

|z,

Recalling that 7 > v > m > u, we thus obtain that
10,mZ0, | < Cyoa - |7 — 0| |0 — u| PP, (3.7)

Since (p+1)-p++ > 1, we can apply the Volterra Sewing Lemma 2.16 to define
wy, = Z(Z");s and at the same time obtain the bounds needed for part (ii) of the theorem.
Finally, for part (iii), the bound (3.5) guarantees that w;, has the correct Taylor expansion
and is a controlled Volterra rough path with wI ih) = yl'. This completes the proof. [

The next step is to show how we can lift the composition of a controlled rough path
y with a sufficiently regular function f in the space D;O‘”) of controlled Volterra Paths.
This will finally allow us to formulate our equation abstractly in the Rough Path sense.

The following theorem shows that if f is a sufficiently smooth function and y is a
controlled path of Volterra-type, then f(y) may also be seen as a controlled path. It also
gives us the form of the higher-order Gubinelli derivatives of f(y). Its role is analogous
to that of the chain rule in differential calculus.

Proposition 3.5. Let f € C} (R°) and assume (y")rer,_, € DL (Re). Then the compo-

sition (f(y)")ner,_, is a controlled Volterra Path in DY (Re) and its Gubinelli deriva-
tives are given for h = HZL h; € Tp—1 by

f)b™ = WDmf(yl)yi“ ® .0y,

where S(h) is the symmetry factor associated to h and [, h; is the tree product of the
planted trees h;. Moreover, one has

p—1
1@y S (1 N2l ) %

rt (3.8)
(D 11+ 19l vV | D ()
heTp-1 heTp-1
Proof. From (3.3), we get
yts - Z Z U h p Zts *ys +R?s (39)
PEFp_10€Tp-1
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Using Taylor’s theorem, we obtain:

[T S(ha) D™ F(YD) T b 1
fl) = fys) = > = sl | AT
eI mer, . S0 A (3.10)
+ R,
where the remainder R, is given by
p—1 r s
T Dmf(y;—) Hi: S(hl) m T \m—r hi,T ;
Rts - Z m) Z Sl(h) m—r ( ts) Zts, *ygl
m=1 h=ITi=y hi€Tp—1 i=1

ST / (1= 0y F D g7 + (1 0)y7))db.
0

By bounding each term of the previous sum, one can easily check that R € VPP Let
h=TI", hi € Tp—1, then one has

™ S(h;
F)t — gyt = =80 Lpon oy gy gyt

m!S(h) m!
H;Zl S(hl) o 1 m T h1 h; hi hon
W;ml} F) ye ®~'-®(yt *ys>®-~-®ys

Then, one has to plug the expansions (3.10) and (3.9) in order to conclude. This completes
the proof. O

Example 3.6. We consider, as an example, the special case of Proposition 3.5 with p = 3.
Then, one has the following forests:

J
h12i17 h2:jI7 hgzivj, h4:i<.

We then obtain the corresponding Gubinelli derivatives:

f)T =Dyl fly)he = %f”(y?) yr@ e, fy)"T =yl yte

Before formulating our main theorem, we introduce some new spaces. Let 0 < a <
b < T, we consider

AL ([a, b)) = {(s,7) € [a,0] x [0,T]ja < s <7 < T}

We are now ready to formulate and prove the main theorem on existence and unique-
ness of solutions to Rough Volterra Equations. We prove these properties by setting up
the appropriate solution space and viewing the solution as a fixed point of an appro-
priately chosen mapping. We then establish that this map possesses the contraction
property. This allows us to use the Banach fixed point theorem to obtain a unique fixed
point, thus proving existence and uniqueness of solutions for the given equation.

EJP 28 (2023), paper 7. https://www.imstat.org/ejp
Page 21/25


https://doi.org/10.1214/22-EJP890
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Ramification of Volterra-type rough paths

Theorem 3.7. Let g € C%([0,T]; R?) and let k be a kernel of order v satisfying 2.1 with
p= { J We define z € V(*7) by 2] = [ k(r,7)dg,. Assume that z satisfies the same

hypothesis as in Theorem 3.4 and suppose that f; € Cf“(l&e) fori € {0,...,d}. Then,
there exists a unique solution in DS* (R¢) to the equation

d t
e =15 +Z/ k(r,r) fi(y))day ¢ €10,T], o € R® (3.11)
i=0 0
where the integrals above are understood as rough Volterra integrals in the sense of
Theorem 3.4.

Proof. We begin by defining:

(EMner,or = (fi)")ner,—, € DFPTY

as given by Proposition 3.5. Restricting to a subinterval [0, 7], Theorem 3.4 allows us to
define the map

Mz (" her,r); = GV her,_y,  (t,7) € AT(0,T))

where
d t
=17 =7 _ =r i
= =2 =Yoo+ § / k(r, T)“i,rquV
: 0

iI[(h),T __ —=h,T v—~h,T
SHT _ gkt EMT 0, ¢ PTya.

The solution of our Rough Volterra Equation (3.11) on [0, T'] will be constructed as a fixed
point of the map M. We consider a parameter $ such that 5 < aand § — v > ﬁ
Step 1. We begin by defining the unit ball

Br ={(y"her, - € DL (AT(0, T R™) : [|(y" nery 1 llas) < 1}
We will assume from now on that ||[z|||(4,),j0,71 = M. We consider

T

h,
wio = (Wi ner, » = Mz (")),

Then, by a simple extension of inequalities 3.5 and 3.6 for y € D(i,;’) we have:

I ,
\wt;’q\<2 ST P Fi(y)d )+

1=0 g€T|n|-1
h —
£, (L + N1zl 3,0) ™ P — al"|g — 77
(lg — t\’7’<|t _ 5|\h|p+v Alg— S‘Ih\p*C)
Then, we use inequality 2.21, take norms and sum over h € 7,_;. In this way, noting that

l(5,~) and that |||z|||(5,4) = |||2l|/(a,;yT*? we obtain that for some
constant C' depending only on M, «, v and || fi||.»+1 the following inequality holds:
b

Mz (Y nern o < D ZCIIIZIH(W (1 + [112l] g™~

heTp—1 i=0
115 )" lg0,0 T2 + CNfi@hers . s 2l (1 + 2]l (g.) " T 7
(3.12)
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Furthermore, by inequality 3.8, for any h € 7,_; one has

£ Mgyt < @)l las.) < OO+ [llalllsq))" " x
p—1

Dol +1yllmeq | VDD w6+ 19llzsy) A
he€Tp_1 h€Tp_1

Therefore, under the additional asssumption that y € B we obtain a bound of the
form

IMz(("ner, Izsqry < c-T7°

Hence, for T small enough, the ball B+ is left invariant.
Step 2. Next, we will prove that M+ is a contraction on f);om). To this aim, we set
F; = f;(y) — fi(y) and consider the controlled path F = (F"),c7 | € DY) Now, using

inequality (3.12) which was proved in the previous step, we have

d
IMz (" ner,—) = Mo((@her, Iaisn < D, D Clllzllliaq (1 + [zl g)" "

heT,Hl =0
E ., 101 T2 + CHE ne, - s 2l ) (1 + NIzl g)" T

Next, we will need to find a bound for ||(F/*)ne7,_, s (5,4 With respect to ||(y" —
7" )heT,_1|l2,(8,)- Recalling that F; = fi(y) — fi(y) and keeping in mind the form of
the Gubinelli derivatives using the “chain rule” (Proposition 3.5) we proved earlier, we
can obtain such a bound using an approach similar to that in [16]. That is, taking into ac-
count that y and gy are both in the ball B+ and since we have assumed that |||z|||a,y < M,
one can check that there exists a constant ¢’ = C}, l1f1Lps, SUuch that

s&S5TY C£+1

NE e lza < CN@" = T"Vnet,_i llas.)

Therefore, combining this inequality with the previous one we get that

M (" her,—1) = MG her,_ s < < NG" = T ner, i lasn TP

Hence, picking T small enough, we get that # := ¢/T*# < 1. That is, for 7' small enough
we have

M ner,—1) = Me(T" et Iasy < ONG" = 7" ner, a5,

for some @ < 1 which establishes that M is a contraction on DY (AT ([0, T]); R¢). This,
together with the invariance of the ball for small enough T implies that M+ has a unique
fixed point in the ball Bf. It is clear that the fixed point inherits the regularity of the
controlling noise z. Therefore, it is also in ﬁ;a”). We conclude that this fixed point is the
unique solution to the original equation in By.

Step 3. To finish the proof, we want to extend the solution to all of Ay, which we do by
constructing a solution on a connected sequence of intervals of length T' covering [0, T].
We do this by constructing a solution to (3.11) on A ([T, 271) using as a starting point 7o
the terminal value of the solution created on AZ([0,7]) and so on, thus constructing the
solution iteratively on AT ([kT, (k+ 1)T]). Since these solutions are connected on the
boundaries we can then piece them together to obtain a global solution. Notice that the
time step 7' can be made constant thanks to the fact that f € C¥ 1 (R*). We thus conclude

that there exists a unique global solution to (3.11) in the space ﬁ;a”Y)(Ag; Re). O
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