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Tree algebras over topological vector spaces
in rough path theory
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Abstract

We work with non-planar rooted trees which have a label set given by an arbitrary
vector space V. By equipping V with a complete locally convex topology, we show how
a natural topology is induced on the tree algebra over V. In this context, we introduce
the Grossman-Larson and Connes-Kreimer topological Hopf algebras over V', and prove
that they form a dual pair in a certain sense. As an application we define the class of
branched rough paths over a general Banach space, and propose a new definition of a
solution to a rough differential equation (RDE) driven by one of these branched rough
paths. We show equivalence of our definition with a Davie-Friz-Victoir-type definition,
a version of which is widely used for RDEs with geometric drivers, and we comment
on applications to RDEs with manifold-valued solutions.
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Introduction

A cornerstone of classical rough path theory is to understand differential equations of the
form
dyy =V (y) dx¢ for t € [0, T],started at yo € F, (1)

in which x is a geometric p-rough path on a Banach space E, and V is a continuous linear
map from FE into the space of vector fields on another Banach space F. A number of
different approaches to this definition exist. The first chronologically is due to Lyons [19]
for whom a solution is defined as a fixed point, in geometric rough path space, of the rough
integral equation corresponding to (1). More recently, Gubinelli introduced an essentially
equivalent definition which characterises solutions in terms of controlled rough paths, cf.
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[14,15] and [16]. In the finite-dimensional case F = R% and F = R", Davie [9] (for
2 < p < 3) and then Friz and Victoir [11] (for general p > 2) proposed a notion of solution
motivated by the Euler approximation for ordinary differential equations. This definition
requires that y and x be related! by

Lp) d o
Y — Ys 2 Z Z Vi - Vi id (ys)xfft“"“’zk for s,t € [0,T], (2)

k=1141,....ip=1

where x];t”““ = (ei, ® - ®ej,Xs1), and V; (y) =V (y) (e;) when {ei}?zl denotes the
standard basis of R?. Somewhat differently, and inspired by the work of Strichartz [24],
Bailleul in [2] interprets a solution as the unique rough flow (a diffecomorphism on F)
associated to a class of approximate flows. This rough flow can be used to construct a path

y which satisfies

Lp] d o
f (yt) - f (ys) = Z Z V21V1kf (yS) Xlsf,;tlh.“’% for s,te [OvT] ’ (3)

k=111,...,ix=1

for all smooth enough functions f : F' — G and for any Banach space G. See Proposition 3.5
of [2].

In many situations (3) is a more natural test than (2) to determine if a given path y solves
(1). For example, on any smooth manifold (3) still has meaning even if the increment on
the left side of (2) does not. This observation has been used in [5] in order to study rough
differential equations on submanifolds of R%. One application of this paper will be to show
the equivalence of (2) and (3); this is currently unknown even for the special case sketched
above where F and F' are finite-dimensional and for geometric x. The basic challenge
is algebraic: a general smooth function f can have non-zero derivatives of any order,
while the derivatives of the identity function of degree two and higher vanish identically.
The summands in (3) therefore typically involve many more terms than those in (2), and
to handle these we need to systematically keep track of terms involving derivatives of
f of a fixed degree. The algebraic structure needed is exactly the Grossman-Larson Hopf
algebra on labelled rooted non-planar trees. These ideas, which orginally go back to Cayley
[6], appear in Butcher’s seminal study of numerical methods for differential equations
[4]. Connes and Kreimer [8] and Grossman and Larson [12] subsequently introduced two
different Hopf algebra structures based on rooted trees; these are dual to each another, cf.
[21] and [17], allowing one to view the Butcher group either as the character group of the
Connes-Kreimer algebra, or as the group-like elements of the Grossman-Larson algebra.
Recently the connection between tree algebras, renormalisation theory and rough paths
has led to new results such as the work by Bruned, Chevyrev, Friz and Preif3 [3].

!The meaning of ~ in (2) is made precise later, but it relates two terms whose difference is negligible in
a certain sense.



Our analysis admits two important generalisations on the motivating discussion above,
namely:

1. It allows for branched rough path drivers. These have been introduced by Gubinelli
and developed further by Hairer and Kelly. They generalise the notion of a geomet-
ric rough path by removing the algebraic constraints which come from the classical
integration-by-parts relations. As such, a wider class of driving signals can be ac-
commodated, e.g. stochastic rough paths constructed via iterated It0 integration.

2. It permits F and F' to be general Banach spaces. An key advantage of classical rough
path theory is its ability to treat models in which the signal and response evolve in
infinite dimensional state-spaces. This poses an extra challenge to the algebraic
methods, most of which work for trees with a finite — or at most countable — label
set. In this article, by constrast, we will work with general locally convex topological
vector spaces as label sets.

The eventual outcome of this paper will thus be to close two gaps in the literature: we
present the first rigorous treatment of infinite-dimensional branched rough paths and then,
in this general setting, we prove that (3) is equivalent to the classical Davie-Friz-Victoir
notion of solution to a rough differential equation.

The structure of this work is as follows. In Section 1 we define trees as partially ordered
sets and introduce the properties and operations that are relevant in later sections. Sec-
tion 2 contains the construction of algebras of labelled trees, where the label set is given
by an arbitrary vector space V. If V carries a topology, then this topology induces a
topology on the tree algebras associated to V. This topology is introduced in Section 3.
Once the algebraic and topological algebras of Grossman-Larson and Connes-Kreimer are
introduced, we show in Section 4 that they form a dual pair of Hopf algebras. Finally we
apply this duality in the context of rough paths in Section 5.

1 The set of non-planar rooted trees

There exist various equivalent definitions for the set of non-planar rooted trees and here
we choose to follow [17] and work with equivalence classes of partially ordered sets. Two
partially ordered sets are defined to be equivalent if there exists an order preserving bijection
between them.

Definition 1.1 A Non-planar rooted tree t is an equivalence class of finite partially ordered
sets S such that S has a unique minimal element and for every v € S the set {w € S : w <
v} is totally ordered. The set of all (non-planar rooted) trees is denoted by Tt.

From now on, by a tree t € Tt we mean a generic representative of the equivalence class
and we will address the problem of well-definedness where we deem it necessary.



The elements of a tree t € Tt are called vertices and its unique minimal element is called
its root and it is denoted by r(t). By v(t) := t\r(t) we denote the set of all vertices of t
without the root. Finally we define |t| to be the number of elements of v(t) and we call
this number the degree of t. There exists a unique t € Tt with [t| = 0 and we denote this
tree by 1.

The symmetry group SG(t) of t € Tx is the group of all order-preserving bijections from
v(t) to v(t).

For t € Tv and v € t, denote by c(v) the set of children of v, i.e. all vertices w € t such
that w > v and such that there exists no x € t with w > z > v.

Trees can be canonically interpreted as graphs where the vertices of the graph correspond
to the vertices of the tree and the edges of the graph correspond to the statement ‘is a
child of”.

An important operation is that of grafting two trees together. Let t,5 € Tt be two trees.
A grafting map from t to s is a map d : c¢(r(t)) — s, i.e. it assigns a vertex of s to every
child of the root of t. Denote by Gr(t,s) the set of all such maps. Given d € Gr(t,s) we

define t & 5 := v(t) Us with the additional relation v > d(v) for every v € c(r(t)) (plus
all necessary additional relations so that transitivity holds). Here U denotes the disjoint
union.

In the special case where d(v) = r(s) for all v € c(r(t)) we write t o s instead of t 4,
Observe that we have tos = s o t, since the operation o simply identifies the roots of t and
s5.

Example 1.2 These are all possible ways of grafting t = to 5= I:
Note however that |Gr(t,s)| = 4 since there are two possibilities to obtain the middle one

of the above three trees. Furthermore the first tree corresponds to to s.

Let t € Tx be a tree. We call a subset C' C v(t) of its vertices an admissible cut if none
of its elements are comparable, i.e. if for all v,w € C' we have neither v < w nor w < v.
The set of all admissible cuts of t is denoted by Cut(t). For a given cut C' € Cut(t) we
define the trees

RE(t) == t\{v € v(t) : there exists w € C such that w < v}

and
PC(t) := {r} U {v € v(t) : there exists w € C such that w < v}

with the additional relations » < w for all w € C' (plus all necessary additional relations
so that transitivity holds). Intuitively, RC(t) contains the tree that remains after cutting



away the elements of C' and PC(t) is obtained by grafting all the subtrees that have been
removed to a new root.

Example 1.3 The result of the cutting operation when C is given by the highlighted

vertices.
t= —  PYY= . ROmy= Y/

In order to keep track of the vertices of a tree t € Tr, we would like to consider bijections
p:v(t) = {1,...,]t|}. However, since we are working with equivalence classes of trees,
we have to consider equivalence classes of such bijections. Thus we assume that every
representative 7' of t comes with a bijective map pr : v(T') — {1,...,|t|} which we call
the enumeration of T. Furthermore we assume that for any two representatives 1" and
T of t the enumerations pr and p7 are equivalent in the sense that there exists an order
preserving bijection ¢ : T — T with pp = p7 O P.

For a tree t € Tv we obtain a canonical embedding of SG(t) into the symmetric group
S|y by its enumeration py, i.e. we define the group

{pempit :m e SG(H)} C Sy

We will abuse notation and denote this embedding by SG(t) as well.

For k € N we denote by Tt C Tt the set of all trees whose root has exactly k children and
by TtF C Tt the set of all trees with degree k. We will also use the notation ‘Ztﬁ = TFNTe,,.
The set Tty is especially important as the following trivial yet important lemma shows.

Lemma 1.4 Let t € Tv;.. Then there exist unique trees tq,...,4 € Try such that we have
the decomposition t =41 0--- o t;.

2 Algebras of labelled trees over a vector space

Let M be a set. The most straightforward way to define a labelling of the vertices of a tree
t € Tr with labels from M is to consider a map [ : v(t) — M. More precisely, we have to
consider equivalence classes of such maps where two maps [ and [ are equivalent if there
exists m € SG(t) such that [ = Iw. We can then consider the (free) vector space spanned
by all of those equivalence classes of labellings for a fixed tree t € Tt. Let us denote this
vector space by L¢(M).

This definition is perfectly fine and especially if M is finite there is not much difference
between labelled and unlabelled trees since in that case the space L£¢(M) is finite dimen-
sional for every t € Tv. However, if M is infinite, then the vector space L¢(M) is infinite
dimensional for every t € Tt\{1}. It is therefore desirable to equip L((M) with a topology
since topological vector spaces are usually nicer to work with than infinite dimensional
vector spaces without a topology, for example when it comes to dual spaces.



Hence we would like to establish a different point of view which takes the (free) vector
space V spanned by M as the label set rather than the set M itself. In fact, it is usually
V that is given in the first place rather than M. Thus our aim is to describe the spaces
L(M) in terms of V rather than M so that we can then use a given topology on V to
construct a topology on Li(M).

In terms of the application to rough paths that we will present in Section 5 the vector
space V will take the role of the noise space. The topological tree algebra generated by it
— in the way given below — will then be the space in which the rough path lift of the noise
takes its values.

2.1 Spaces of labelled trees as tensor products

Let now V be a given vector space. We will perform a purely algebraic construction in this
section and then consider a topological vector space in the following one. A permutation
o € &), with k € N can be canonically interpreted as a linear map on V®* which is given
by 0(v1 ® - @ Vk) = V(1) @+ @ VUg(y) for elementary tensors. Given a subgroup G C &,
we define the projection

1

symg : VO 5 VO gy Gl Z o(a).
oeG

Definition 2.1 Let V be a vector space, let t € Tt be a tree and let SG(t) be its symmetry
group. Then the t-tensor power of V' is defined as the quotient space

Yot . ol /ker (SymSG(f))

The space V®! is isomorphic to the image of Symg g, which provides a more direct
description of V®'. We say that an element t € V®' is an elementary labelled tree if its
equivalence class contains an elementary tensor. The set of all elementary labelled trees in
V® spans V&

To illustrate an elementary labelled tree we choose one of its elementary representatives
as in the following example. E.g., for t =Y we can visualise t = [2v] ® vy + v2 ® v1] € V&

as
V1 @U2
t=3 \‘ { .
Let us now define the following spaces.

(V) = @ V@ for ke N
teTek

T (V) = @ V@ for k€ N
tG‘Ztk



Th (V)= P V' =TH(V) N Te, (V) for k,n €N

te‘It’;;
TV) =PV =PTFV)=P (V) =P P (V)
teTr k=0 k=0 k=0n=0

The definition of (V) provides canonical projections onto Tt (V), Te, (V) and ek (V)
for k,n € N and we will denote those projections by 7%, 7, and wa respectively.
We will also need truncations of the space Tt(V'). Thus for k € N define the subspace

1% .= @ V®t

teTu:|t| >k

and the quotient space
T (V) = Te(v) 10

The canonical projection Tt(V) — St¥)(V) will be denoted by 7). We will furthermore
need the projection m(f) =7k o, = m, o),

Before we can define the additional algebraic structure on (V') to turn it into a Hopf
algebra we have to extend two auxiliary constructions from the previous section, namely

grafting and cutting, to tensors. We start with grafting.

Definition 2.2 Let t,s5 € Tt and let ¢t € V&I and s € VIl be two elementary tensors.
Let furthermore d € Gr(t,s) be a grafting map. Then we define

t 4 s = <Pt5 o p_dl > (t®s) e V®(|f|+\5|)’ (4)

where
pi(v) v € v(t),

pol) + 1t v v(a). ®)

pts:V(t)l_lv(ﬁ)—>{1,...,|t|+|5|}:vr—>{

Remark 2.3 This definition has to be handled with care since the value of t > s may
depend on the choice of representatives of t and s. However, this is unproblematic because
it is only an auxiliary construction for Definition 2.7, where the resulting object will be
independent of the choice of representatives, which will be shown in Lemma 2.9.

By analogy with to the previous section, if d € Gr(t,s) maps all elements of ¢(r(t)) to

r(s) we write t o s instead of ¢ 4.

Lemma 2.4 Lett,5 € Tv and lett € V® ands € V®° be two labelled trees. Let furthermore
t € VO and s € VI8l be representatives of t and s respectively. Then the equivalence class

[tos] € VE(tos) depends neither on the choice of t and s nor on the choice of representatives
of t and s.



Proof. Choosing a different representative of t and/or a different choice of ¢ amount to
replacing ¢ by ¢ with the property that

symggy (t — 1) = 0.

From (4) we get tos—tos = (t —t)os. Thus if SG(t) embeds as a subgroup into SG(tos)
we are done because then we have

[tos]—[tos]=[(t—1)os]=0.

But this is clearly the case because the operation o identifies the roots of t and s and hence
both t is a subtree of tos.

The same argument shows that choosing a different representative of s and /or a different
choice of s does not change [t o s]. [ |

The lemma allows us to define t o s := [t o s] for representatives ¢ and s of t and s
respectively. If t € V® is an elementary labelled tree as defined above, then the unique
decomposition t = t; o --- ot from Lemma 1.4 induces a decomposition

t=t o0---ot, with t; € VO . ¢, € VO, (6)

Let us now turn to cutting. Let t € Tt and C' € Cut(t). Then the vertices of RC(t) and
PC(t) are defined as subsets of the vertices of t and hence there are canonical injections

GCR:V (Rc(t)) — v(t) and bop iV (Pc(t)) — v(t).

Definition 2.5 Let t € Tt be a tree and let C' € Cut(t) be an admissible cut. Then we
define

C
R VOl - VOO 0 @ - @ v o Vo0 n(1) @+ @ Vg0 n(rO()

and
PO VO 5 VEIPT Ol 0@ - @ vy 1 Vg (1) @+ @ Vg ()

where pc g := pt© ¢c R © Pfgé(t) and pc p = pto ¢c,p o P}é(ty

Remark 2.6 As in Remark 2.3 we should emphasize that R¢ and P¢ depend on the choice
of the representative of t. Nevertheless, the following definition makes sense as Lemma 2.9
shows.

Definition 2.7 Let V be a vector space, let t,s € Tr and let t € V® and s € V®* be
elementary labelled trees.

(i) For elementary representatives ¢t and s of t and s we define

txs:= Z [t 4 s} e (V).
deGr(t,s)



(ii) If t can be decomposed into t =ty o--- oty as in (6) we define

AaL(t) = Y. Oti®oOt; € Te(V) @ Te(V),

[c{Lo Ky i€l i€l
where the sum ranges over all subsets of {1,...,k} and we set O;cpti = 1.
(iii) For an elementary representative t of t we define

Ack(t) =Y [PY@®)] @ [RO(1)] € (V) @ T(V).
CeCut(t)

(iv) For A € R we define
n(A) == A1 € T(V)

(v) Finally we define

t, t=1
e(t) =4 " " eR.
0, otherwise

All of the above maps are then extended linearly to all t,s € Te(V) and X € R.

Example 2.8

U1 V2 @U1

V1 QU2 U3 V2 @U3

* + vi1@U3 + v2@U3 + v3
V1 @U2 U3 V1 QU2@V3

(e} =

V2 V2 V2
U1

Agr, |vieus = ° + ®Us + v ®I + R uieU
0+ ®

U1

Ack [vieus = v3 + uve® I + @R v1@U3

AR SRR
RS I AR

U11)2 V2 V1 @U3
VA D N IV

Lemma 2.9 With the notation as in the previous definition, neither t xs nor Ack(t)
depends on the choice of t and s or on the choice of representatives of t and s.



Proof. Let t and § be different elementary representatives of t and s respectively. The
simple yet crucial observation is that there exist 01 € SG (t) and o2 € SG (s) such that we
have

F45] = ) L oa(o)] = [ ot ).

where the second equality is a straightforward consequence of Definition 2.2 and the fact
that the enumerations of different representatives of the same tree are compatible. Here
o1 and o9 may also depend on the choice of representatives of t and s. On the other hand,
for fixed o1 € SG(t) and o9 € SG(s) we have

Gr(t,s) = {o20doo; : d € Gr(t,s)}.

Hence t x s is well-defined as long as the same representatives are chosen for each term in
the defining sum.

A similar argument shows that Ack(t) is well-defined since we sum over all admissible
cuts. |

Proposition 2.10 Fach of the tuples
Hor (V) = (Ze(V),x,n, Agr,€) and
HCK(V) = ({Zt(V), o, 1, ACK; E)

defines a graded bialgebra and therefore each of them can be equipped with an antipode
which turns them into Hopf algebras. We call Hgr (V) the Grossman-Larson Hopf algebra
over V and Hog (V) the Connes-Kreimer Hopf algebra over V.

Proof. Let us show that the product x is associative. We will essentially follow [12]. Let
thus t1,%,t3 € Trand t; € VO ty € VO and t3 € VOB and fix representatives ¢, to
and ¢y of t1, to and t3 respectively. Then we need to show

3 3 Ktl L\ t2> LA t3:| - ¥ > [ (e 2)],

dEGr(tita) ) cCr(ti Do t3) 2€Gr(t2,13) o) e Gr (1)1, R 45)
(7)

Thus assume d; € Gr(t;, t2) and dy € Gr(ty dy ty,t3). Define es € Gr(tg,t3) to be the
restriction of dy to the children of the root of t; and define e; € Gr(t, to 2 t3) via

e (’U) ': {dl(v) dl (’U) 75 I‘(’tg)
dy(v)  di(v) =r(t2)

It follows from [12, Lem. 2.6/2.7] that this gives a one-to-one correspondence between the
terms on both sides of (7) such that

(tl ﬂtg) By — gy A (tg eitg)

10



holds. In light of (5) we define

Pi oty - V(G Uv(te) Uv(ts) = {1,..., [t| + [t2] + [ts3]}

P (V) v € v(t)
v P (v) + [t v e v(t)
pis (V) + ] + [to| v € v(ts)

and it is then easy to verify that

d d —
(t1 it2> Lg=t L (2 t) = (P or s \o | OO
(’qitg)j{_g

where dy,dy and eq, eo are related as above. Hence associativity of x follows.
In a similar way one can verify that the remaining (co)associativity and compatibility
conditions hold. ]

Observe that I®) as defined above is an ideal for both * and o. Hence Tt*) can be
interpreted as a quotient algebra of both (Tt(V),*) and (Tx(V),0). On the other hand
I%) is a coideal for neither Agk nor Acy, and hence the quotient is not a quotient Hopf
algebra. Furthermore St(k)(V) is isomorphic to the closed subspace

@ et

teTe:|t|<k

of Te(V'), which justifies the name truncated tree algebra. We will use this isomorphism
implicitly without mentioning it. Note however that this vector space isomorphism is not
an algebra morphism.

3 Algebras of labelled trees over a topological vector space

Let V be a complete locally convex vector space. Our aim is to understand how the topology
of V can induce a topology on Tt(V'). This question can be split into two problems. First
we have to introduce a topology on each of the spaces V& for t € Tr and second we have
to choose an appropriate topology on their direct sum.

Let t € Tt be a tree. The space V®' is (isomorphic to) a quotient of a tensor power
of V' and therefore we can use the well-developed theory of topological tensor products.
We recommend [13] for the necessary background. Most importantly, there is no canonical
topology on V&* for k € N. However, if (&)es is a family of seminorms that generates
the topology of V', then for every k € N and indices 41, ...,i; € I there exists a seminorm
£, ® - ®&, on V@ such that the system of seminorms thus obtained satisfies

§i @ @&, (b)) =5 ® - ®&,(a)i,, @ ®&,,,.(0)

11



for all m,n € N, a € V" b€ V®" and 41,...,imsn € I. A system of seminorms with
this property is called a system of cross (semi)norms. This system is in general not unique
and the most important choices are the projective seminorms, given by

N N
§i, @ @&, (a) izinf{Z&l(U{)“'&k(vi) ta = ZU{@’“'@UZ}
=1 j=1

and the injective seminorms, given by

i ® @&, (a) ==sup {|(v] @ - @vp)(a) 1 vh,. .. v €V (V) = o =&, (v) = 1}
for all @ € V®¥. Both the projective and the injective seminorms are symmetric in the
sense of the following definition.

Definition 3.1 Let V be a locally convex vector space and let (&;);c; be a family of
seminorms that generates the topology of V. A system of cross seminorms on the tensor
powers of V is called symmetric if for all k € N, all i1,...,i; € I, all a € V®* and all
o € G we have

1@ @&k(a) = &) @ &) (0(a)).
From now on we will always assume that the tensor powers of V' are equipped with
a symmetric system of cross seminorms and for all £ € N we will denote by V®* the
completion of V®* with respect to the respective family of seminorms. These assumptions
imply that for all trees t € Tv the projection symgg ) defined above is continuous. Therefore

it can be uniquely extended to a continuous map on Vel and we define
V®t = V®|t| /ker (symSG(t))> .

Equivalently, V& is the completion of V®! under the quotient topology.

ft(V) =cl @ e,
teTe

where the closure is taken with respect to the product topology. Furthermore we observe
that for t,s € Tt we have an isomorphism

Ve @ VO ~ (V®|t| ® V®‘5|) /(V®|t| ® ker (symsg(s)) + ker (Symsg({)> ® V®|5‘)

and therefore the system of cross-seminorms that we have chosen for the V®* gives a locally
convex topology on V&' ® V5, Thus, using distributivity of the tensor product and direct
sums, we can define the completion of Tt(V) @ Te(V) via

Te(V)&Te(V) =l ( D (V®*®V®5)) .

t,s€Tt

We can now state a topological version of Proposition 2.10.

12



Proposition 3.2 Fach of the tuples
Hen(V) = (‘/Z\t(V)a*% AGL,E) and
ﬁCK(V) = (ﬁ(v)v o, 1, ACK) 5)

defines a topological graded bialgebra and therefore each of them can be equipped with an
antipode which turns them into topological Hopf algebras. We call Har (V') the topological
Grossman-Larson Hopf algebra over V' and Hox (V') the topological Connes-Kreimer Hopf
algebra over V.

Proof. Tt is immediately clear that all operations of Her, (V) and Hcek (V) are continuous
since they only consist of tensor multiplications and permutations. Hence the claim follows
directly from Proposition 2.10. |

Remark 3.3 Technically, a topological Hopf algebra H is not a Hopf algebra since its
coproduct may take values in H&H rather than H ® H. Nevertheless, when we write Hopf
algebra in the sequel, we always mean Hopf algebra or topological Hopf algebra.

Remark 3.4 There are many sensible choices for a topology on @+, V&t For instance,
one could consider a topology akin to the one that is introduced in [7] for the tensor
algebra. If V is Banach, considering the [P direct sum for p € [1,00] might be a useful
choice. We have chosen the product topology because it is the coarsest sensible choice (in
the sense that it renders the canonical projections continuous) and hence it leads to the
largest possible closure (which turns out to be the direct product []cq, V®t). Therefore the
separation results in the next section hold automatically for any other reasonable choice of
topology.

4 The Grossman-Larson and Connes-Kreimer algebras form a
dual pair

In the unlabelled case (which corresponds to V' = R in our notation) it has been shown
in [17] that Hcek(R) and Hgr(R) are graded duals of each other. The graded dual V"
of a graded vector space V is defined as the direct sum of the duals of its homogeneous
subspaces. This is no longer true if R is replaced by an infinite dimensional vector space
V', because in this case the spaces (Tt(V) ® Tv(V))8" and Tr(V)8" @ Tr(V)&" are no longer
canonically isomorphic. Nevertheless, the Grosmman-Larson and Connes-Kreimer algebras
still form a dual pair in a sense which will be made precise in this section.

Definition 4.1 Let V and W be vector spaces and let (-,-) : V x W — R be a bilinear
map. The triple (V, W, (-,-)) is called a dual pair of vector spaces if

(i) The set of linear maps {(-,w) : w € W} separates V and

13



(ii) the set of linear maps {(v,-) : v € V'} separates W.

If V and W are locally convex vector spaces, we say that (V,W,(-,-)) is a dual pair of
locally convez vector spaces if in addition (-, w) and (v, -) are continuous for all v € V and
we W.

Remark 4.2 Any bilinear map (-,-) : V x W — R induces a bilinear map on V& x W®*
for kK € N which is given by

(M ® - U, w1 @ -+ @wg) = (Vi,w1) -+ (Vg W)-

We will use this fact below and denote the resulting map also by (-,-) without further
comment.

Lemma 4.3 Let t € Tx and let (V, W, (-,-)) be a dual pair of vector spaces. Define

<', ’>t : V®t X W®t —R: (tl,tg) — Z (O’(tl),t2> = Z <t1,0’(t2)> (8)
o€SG(t) oeSG(Y)

where t; € VU and to € WO are representatives of t1 and to respectively. (Recall that
we denote by SG(t) both the symmetry group of t and its embedding into &y which is
induced by the enumeration py.) Then the following hold.

(i) (VLWL () is a dual pair of vector spaces.

(ii) If (V,W,(-,-)) is a dual pair of locally convex vector spaces, then (-,t2) can be extended
continuously to VE for all to € W& and (V®t, Wet (. >{) is a dual pair of vector
spaces.

Proof. Let us first show that (8) does not depend on the choice of t; or to. Thus, let t; be
different representatives of t;. Then we have

> olt),te) = Y (o(fa),ta) = < > ot —51),752> =0
) ) +€SG (1)

and similarly for ts.
Let us now prove (i). Fix to € W®' and assume that we have (t1,t2)¢ = 0 for all
t; € V. Thus if we fix a representative t5 of to we have

0= (tl,t2>{ = Z <t170(t2)> = <t17 Z U(t2)>
)

o€SG(t) oE€SG(t

for all t; € VI which implies Yoesa( o(t2) =0, i.e. to =0. This last implication holds
because it is shown in [23, Lem. VII/1] that (V®M, wel (. >) is a dual pair. Therefore
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the maps {t1, )¢ with t; € V®! separate W®'. The converse statement is shown in exactly
the same way and hence the proof of (i) is finished.

In order to prove (ii), we equip V®! with the weak topology induced by (-, -}, i.e. with the
weakest topology which makes the maps (-, t2)¢ continuous for all to € W®!. Denote this
topology by 71. Thus W& is the topological dual of V&' with respect to 71 and therefore
it is also the topological dual of the completion of V® under 71. As a consequence Wt
separates this completion. Since we assume that the pairing between V and W is continuous
with respect to their locally convex topologies, 71 is weaker than any topology on V&t that
is induced by cross-norms as introduced in Section 3. Therefore the space Vs contained
in the 7i-completion of V&' and hence W®! also separates V®!. Thus we have shown that
(V®t, Wet (., >t) is a dual pair. [ |

Example 4.4

< Y, }11/> = <U1,ZU1><U2,’LU2><U3,ZU3> + <U1,ZU1><’U3,’LU2><U2,ZU3>

Definition 4.5 Let A and B be two Hopf algebras. We say that they form a dual pair of
Hopf algebras with the pairing (-,-) : A x B — R if (A, B, (-,-)) is a dual pair of vector
spaces which satisfies the conditions

(A(a),by ® be) = (a,b1bs) and (a1 ® ag, A(b)) = (ayasz,b) (9)
for all a,aq,as € A and b, by, by € B.

Remark 4.6 An alternative way to formulate (9) is the following. Consider the linear
maps

p: A= B :aw (a,-) and Y:B— A" b (-, b),

where A* and B* denote the (algebraic) duals of A and B respectively. Then (9) holds if
and only if both ¢ and 1 are algebra morphisms.

Lemma 4.7 Let (A, B,(-,-)) be a dual pair of Hopf algebras. Let g € A be group-like, i.e.
such that A(g) = g ® g. Then for all elements by, ..., b, € B we have

(9,01 bg) = (g, b1) -+ (g, bx)

Proof. Let k = 2. Then we have

(9,01b2) = (A(9), b1 ® b2) = (g ® g,b1 ® ba) = (g,b1)(g, b2).

The claim for k£ > 2 follows by induction. |
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Theorem 4.8 Let (V,W, (-,-)) be a dual pair of vector spaces. Define
()2 Te(V) x Te(W) — Rt (b1, t2) — 0y 1 (b1, t2)y,
fort; € VOU and ty € W2, Then the following hold.
(i) (HeL(V), Hck(W), (-, )x¢) is a dual pair of Hopf algebras.

(ii) If (V,W,{(-,-)) is a dual pair of locally convex vector spaces, then (-, t2)s. can be con-
tinuously extended to Te(V) for all ty € Te(W) and both (ﬁGL(V),HCK(W), (- '>fzt)

an ACK 5 GL s\ )% )] are aua pairs o opJ aitgeoras.
d (Hox(V), Hor(W), (- )xe) are dual f Hopf algeb

Proof. We start with the proof of (i), which means we need to show two things. Firstly we
have to make sure that T¢(V') and Tv(W) separate each other. This follows immediately
from Lemma 4.3. Secondly we have to show that the pairing satisfies (9). This has been
shown in [17, Proposition 4.4] for the special case V = R, i.e. for unlabelled trees.

We will extend their arguments to the labelled case.

Let t,t2,5 € Tt be trees and let t; € VO, t5 € V2 and s € W®* be elementary trees
with elementary representatives 1, to and s respectively.

It is an easy exercise to show that both Har(V) and Hek (V) are generated as an algebra
by the elements of Tty(V). In light of Remark 4.6 it is therefore sufficient to show

(t1 *to,s)ge = (t; @ t2, Ack(s))se and (t; oto,s)z: = (t1 ® to, Aqr(s))se

for t; € Try. By definition the first equality is equivalent to

Z Z 4 ty,0(s))

deGr(ti,t2;5) 0€SG(s )

= Z Z Z (o1(t1) ® 02(t2),PC(8) ® RC(S)>,

CECut(S;’q,{z) O’1€SG({1) JzESG(tz)

(10)

where we denote by Gr(t, t2;8) the set of all grafting maps d such that t; LY to = s and
by Cut(s; t1, t2) the set of all cuts C such that P%(s) = t; and RY(s) = ta.

Denote by ¢ the unique child of the root of t; € Tv;. Any d € Gr(ty,t3) is uniquely
determined by the vertex of t, to which c is attached. Let us now rewrite the left-hand side
of (10). Instead of summing over all d € Gr(t;, t2;5) we can alternatively fix an arbitrary
de Gr(t1,t2;5), denote the associated vertex of ty by v and rewrite the expression as

m > 2 L x(ty), 0 (s), (11)

TESG(t2) c€SG(s)

where Fix(v, t2) := {0 € SG(t2) : 0(v) = v}. In order to verify that (11) is indeed equal to
the left hand side of (10) we observe that

S L ata),os) = 3 (L #(t),0(s)

oeSG(s) oeSG(s)
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holds for m,# € SG(ty) whenever 7—1(v) = 7 1(v). For fixed 7 € SG(t) there are
|Fix (v, t2)| ways to choose 7 in such a way.

On the other hand, any cut C' € Cut(s;t;,t2) contains exactly one vertex and hence we
can choose C' € Cut(s;t1,t2) such that for the canonical injection ¢z p:v(t) = v(s) we

have that w := ¢ z(c) is the unique vertex which defines C. Thus we can rewrite the
right-hand side of (10) as

Z > Y () @o(t), PO(r(s) @R (7(s)),  (12)

!le(w s) T€SG(s) 01€5G(t1) 02€5G (t2)

where Fix(w, s) := {0 € SG(s) : o(w) = w}. This can verified as in the previous paragraph.
Since ¢ p induces a canonical embedding of SG(t1) into SG(s) as a subgroup we can rewrite
(12) as

oot C Y Y (1ea(t),PUre) 9RY0()

[Fix(w,5)| 7E€SG(s) 026G (t2)

|1L?}E}(1z15 > > <t1 4 02(t2)77(8)>

TE€SG(s) 265G (ta)

One easily verifies that |Fix(w,s)| = |Fix(v, t2)||SG(t1)| holds, which shows (10).

The second condition in (9), i.e. the relationship between o and Ay, is shown analog-
ously.

Finally, (ii) is an easy consequence of (i). [ |

Corollary 4.9 Let V be a locally convex vector space and let t € ’}-A[GL(V) be group-like
i.e. such that it satisfies Agr(t) =t @ t. Then we have

00 T ok
b= exp,(m (1) = Yo T

k=0

Proof. Let V' be the continuous dual of V, let s € Tr and let s € (V')®* be an elementary
labelled tree with decomposition s =sj o---osy as in (6). Then we have

<t, S>‘3:t = <t,Sl O-:-0 Sk>‘3,'t
= <t’ Sl>‘3:t T <t7 Sk>‘3§t
= (m1(t),s1)ze - (m1(t), Sk)ze,

where we have used first Lemma 4.7 in combination with Theorem 4.8 and then the fact
that s; € Tey(V) for all i € {1,...,k}. On the other hand we have

(m@)*s) = (mE)F si0-osy)

T
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=kNmi(t),s1)7c - - - (m1(t), Sk) 3,

which follows from (8) and the multinomial formula. .
Since we have chosen an arbitrary s and since Tt(V’) separates the points of Tv(V') this
shows that we have 7 (t) = % (m1(£))°" for all k € Ny. Hence the claim follows. |

Corollary 4.10 Let V' be a locally convex vector space and let t € ﬁGL(V) be group-like
i.e. such that it satisfies Agr(t) =t @ t. Then we have

GRON

ﬂ-l(cn) (t) = T +7T,
where ¢ is such that 7™ (¥) = 0.
Proof. This follows immediately from the previous corollary. |

5 Change of variables for differential equations driven by
branched rough paths in arbitrary dimension

For a general introduction to the theory of rough paths we refer to [10,11,20]. In this

section we assume that F is a Banach space, which implies that ‘/Z\t(k)(E) is also Banach
for all k € N. For T' > 0 define Ap := {(s,t) € [0,T] : s < t}. By a control function or
simply control we mean a continuous function w : Ay — R which satisfies w(s, s) = 0 and
w(s,t) +w(t,u) <w(s,u) foral 0 <s<t<u<T.

Definition 5.1 Let T > 0, let p > 1 and let w be a control function. A continuous map

x:Ap — ft([p])(E) is called a branched p-rough path controlled by w if it satisfies

(i) Xsu = Xs,t * Xt

(ii) x5t = w([p])(g) for some g € ft(E) with Agr(g) =g®g

k
p

(i) {|7*(xs)]| < wis,t)
foral 0 <s<t<wu<Tandke{l,...,[p}

Let F' be another Banach space and let V : E x F' — F be a continuous map which
is linear in the first argument and smooth (in the Fréchet sense) in the second argument.
There are two ways to view such a map. The one that is chosen in [20] is to interpret V as
a map from F' to the space of linear maps from F to F'. However, we prefer to view V as
a continuous linear map from E into the space of smooth vector fields on F'. To emphasise
this point of view we write V. instead of V(e,-) for e € E. Note that the the vector fields
Ve for e € E are kinetic vector fields in the language of [18].
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Let furthermore f : ' — G be a smooth map into some Banach space G. Then for

y € F the linear map .
\IIV,f,y : {Zt(E) -G

is constructed in the following way. It maps a labelled tree t to a product of derivatives of
f and V, evaluated at y. The root of t corresponds to f and a vertex labelled by e € E
corresponds to the vector field V.. The number of children of a vertex indicates how often
the corresponding term has to be differentiated. The terms corresponding to the children
are then plugged into the derivative.

Example 5.2

€3@E41 Q€5

\IIV,f,y €1Q¢2 = f”(y)[veql(y) [Ve‘s (y)7 V€4 (y)7 Ves (y)]7 Vez (y)]

There is a particular choice of f which will become important. For any positive integer
k we define the map
id*: F— F%F g s 2®F

The maps Wy, Y have two important properties. First they satisfy

Uy, gy(t) = %f(’“)(y)[\l’v,idkvy(t)] (13)

for all t € f‘c(E) Second they are compatible with the o-product of labelled trees in the
sense that for two trees t; € Tri(E) and ty € Try(F) we have

(k+1)!
Wy iantt (b1 0 t2) = PATTRCACIE (‘I'V,idk,y(tl) ® \IJV7idl7y(t2)) ‘ (14)

Theorem 5.3 Let V : E x F — F be as above. Let furthermore x be a branched p-rough
path controlled by w and let y : [0,T] — F be a continuous path. Then the following are
equivalent.

(i) There exists a function 6 : R — R with 6(h)/h — 0 for h — 0 such that
19t = Uviid . (Xs.0) | < 0(w(s, 1)) (15)
holds for all (s,t) € Ar.

(ii) For every Banach space G and every smooth f : F — G there exists a function
0r: R — R with 0;(h)/h — 0 for h — 0 such that

1Y) = v, g, (Xt || < Op(w(s,1)) (16)

holds for all (s,t) € Ar.
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Proof. The implication (i) = (7) is trivial. For the other direction, the idea is to split the

term Wy ¢, (%s¢) into terms that we can control. We have (see explanations below)

IN

IN

1F Cye) = O, 1y, (xs,0)l

lp) (k) )
F®) (ys
k(' ) yggjf - \Ilv,idk,ys (Wk(XS,t))} + Cl”y&t”m—i_l
k=1 o
lp) ¢ (k) - 1
! k(lyS) ver — y‘yv,idk,ys ((Wl(xs,t))Ok)] + C|lys P + Cow(s, 1)
k=1 oL :
2! (k) I lp]+1
! k(,yS) y?ff = (Yvidy, (Wl(xs,t)))@)k} + Cl”ys’t”\_pj-i-l + Cow(s,t) »
k=1 o
) r(k) I k-1 . .
! k(,y“*) st — Uviag, (11(xs0)) @ Y 4o Wy, (Wl(xs,t))@] |
k=1 oL i=0
lpJ+1
+ Ol + (s, )
lp) ¢ (k) k—1 ' '
= ;f,yS) (v = Pviiag. (%6)) © Y vt Wvjay, <m<xs,t>>®’] |
k=1 ' i=0

lpJ+1
+ Ot |lys | P + Cow(s, t) P

In this computation we have used the following arguments.

(17a) Replace f by its Taylor approximation up to degree |p| and make use of (13).

lp]+1

(17a)

(17b)

(17¢)

(17d)

(17e)

(17b) Apply Corollary 4.10, where the remainder t leads to the term that involves w.

(17c) Use (14), where we can ignore the symmetrisation because f*)(y,) is a symmetric

multilinear form anyway.

(17d) Use the elemetary identity a* — 0¥ = (@ — b)(a*~' + a*=2b + --- + abF=2 + VF1),
which holds in principle only for commuting variables a and b. It can be applied

nevertheless, again because f (k)(ys) is symmetric.

(17e) Observe that Wy iq,, maps any tree which is neither in ftl (E) nor in E®1 to zero.

Now define the constant C3 by

lp) p(k) k-1

Py k—1—i '

C3:= sup sup Z k(l : a® y;@f? Z)\I’Vvidﬂ/s (m1 (Xs,t))@n
0<s<t<T a€F:|a||=1|p—=1 : =0
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We have C3 < oo because f*)(y) is a continuous multilinear map for all k& € N and all
y € F. Thus (17e) can be estimated by

lp)+1 lp]+1
Csllys — Yviidy, (Xs)ll + C1llys,ell + Cow(s,t) »

lp]+1

<C30(w(s,t)) + Cyw(s, t) 7 ,

for some Cy > 0 where we have also used that y has finite p-variation controlled by (a
scalar multiple of) w. Defining

lp]+1

07(h) := Cs0(h) + C4h »

finishes the proof. |

Definition 5.4 With the notation as in Theorem 5.3 we say that y solves the rough
differential equation
dy: = V(y)dxy (18)

with initial value yq if (i) (and thus also (ii)) of Theorem 5.3 holds.

The idea to define solutions of rough differential equations via Euler expansions is ori-
ginally due to Davie [9] and was later developed further in [11]. Note that, in contrast
to Lyons’ original work [19,20] and Gubinelli’s theory of controlled rough paths [14], this
approach defines a solution as an ordinary F-valued path without any higher order terms.

5.1 Geometric rough paths and differential geometry

Even though we have formulated Theorem 5.3 only for branched rough paths it is also valid
for (weakly) geometric rough path since the latter can be interpreted as branched rough
paths in a canonical way. The relationship between branched and geometric rough paths
has been discussed in detail in [16], at least for the finite-dimensional case. The crucial
difference between branched and geometric rough paths is that geometric rough paths take
their values in the tensor algebra over E rather than the Grossman-Larson algebra.

Let us define the tensor algebra over E and see how it embeds into the Grossman-Larson
algebra. For the algebraic details we refer to [20,22]. Recall that we have fixed a symmetric
system of cross-norms on the tensor powers of E in order to define Tv(E). Thus we can

equip .
T(E) := PV
k=0

with the product topology and denote by JA’(E) its completion. The space f(E) carries a
natural product, namely the tensor product, which turns it into an algebra. Note that the
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sub-algebra generated by E is dense in JA’(E) Thus we can define the coproduct A, on E
by
Ayle) =1®e+e®l

and then extend it to all of T' (E) as a continuous algebra morphism.
Now define t = $ and note that E®* ~ E. Hence we can define the continuous algebra
morphism

®:T(E) = Haou(E)

which is given by ®(e) = e € E®! for e € E. One easily checks that this is in fact a Hopf
algebra morphism. Thus @ lets us embed the space of geometric rough paths into the space
of branched rough paths.

In [16] it has in fact been shown that conversely, one can interpret every branched rough
path as a geometric one, albeit this geometric rough path will then take values in the tensor
algebra over an augmented version of the original vector space.

Now assume that V is a linear map from FE into the space of vector fields on some
smooth manifold M. Let furthermore y € M and let f : M — G a smooth map into
some Banach space G. In this case the ‘non-geometricity’ of general branched rough paths
becomes apparent in the definition of the map ¥y s, that we have defined above. Let
é1,...,er € E. Then we have

\I/V,ﬁy ((I)(el R ® ek)) = \Ilv,ﬁy (61: x oo % ek:) =V, Vekf(y)7

because the *-product simply encodes the product rule. Thus when we say that a rough
path x is geometric, this is because Wy f,(P(xs¢)) is a canonically defined object for
all V. f,y,s,t, even in a non-linear setting. In contrast, if x is a branched rough path,
then Wy ¢, (xs;) is in general only well-defined once we choose an affine connection on
M because it involves covariant derivatives of vector fields and higher order derivatives of
f. Hence it is the independence of the choice of a connection which makes the geometric
rough paths special among all branched rough paths. Differential equations driven by
geometric rough paths can be interpreted as generalised Stratonovich equations whereas
differential equations driven by branched rough paths should be seen as a generalisation of
Ito-corrected Stratonovich equations.

In light of the previous paragraph we will write ¥y ¢, v in order to make clear that
the values of the function on arbitrary labelled trees are to be computed with respect to
the connection V. To align this with the notation used above, we agree that V is the
canonical connection of a vector space if it is not mentioned explicitly. Thus we generalise
Definition 5.4 in the following way.

Definition 5.5 With the notation as in Theorem 5.3 we say that y solves the rough
differential equation
dy: =V (y¢)dx (19)
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with respect to the connection V on F and with initial value yg if there exists a function
6 :R — R with (h)/h — 0 for h — 0 such that

192 = Wviid.y,. v (Xs.0)[| < 0(w(s,1)) (20)
holds for all (s,t) € Ar.

To conclude, let us mention two consequences of Theorem 5.3 which underline its sig-
nificance in the context of differential geometry. First, we have the invariance of rough
differential equations under changes of coordinates as stated in the following corollary.

Corollary 5.6 Let the notation be as in Theorem 5.8 and assume that y, € U for some
open set U C F and allt € [0,T]. Let W C F be another~ open set and let p : U — W be
a diffeomorphism. For each e € E define the vector field V, on W by

Velp) = &' (07 () Ve~ (0))]-

Then y solves (19) (with respect to the canonical connection on F') if and only if § given
by 4 == @(yt) solves

dge = V (§e)dxy,
with respect to the pushforward connection NV given by
VyX(@) = X' G B)] - " O e @)

for vector fields X,Y on F and p € W.

B
S
5.
GI
S
=
S

Proof. Writing ¢ itself in the new coordinates on W gives @(p) = ¢(p 1(p)) = p, i.e.
@ = id. Thus we have

Ut — \I'f/,id,gsﬁ(x&t) = o(yt) — ‘ij/,@,gsﬁ(x&t) = o(t) = Vv, (Xs),

where the last equality is obtained by writing everything in the original coordinates. The
claim follows now immediately from Theorem 5.3. |

A careful reading of [5] shows that the authors have used arguments similar to those
that went into the proof of Theorem 5.3 in order to obtain well-definedness of RDEs on
submanifolds of R?, albeit in the less general case p < 3.

Second, Theorem 5.3 yields a way to define what we mean by the solution of an RDE on
a manifold by testing (16) for a suitable set of real-valued test functions. If the manifold is
finite-dimensional, then smooth compactly supported test functions are an obvious choice.
Even though this definition has been suggested before — see e.g. [1] and the references
therein — we believe that Theorem 5.3 is so far the most general way to establish that such
a definition is compatible with Definitions 5.4 and 5.5.
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