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The geometry of controlled rough paths

Mazyar Ghani Varzaneh, Sebastian Riedel, Alexander Schmeding,
Nikolas Tapia

ABSTRACT. We prove that the spaces of controlled (branched) rough paths of arbitrary
order form a continuous field of Banach spaces. This structure has many similarities to an
(infinite-dimensional) vector bundle and allows to define a topology on the total space, the
collection of all controlled path spaces, which turns out to be Polish in the geometric case.
The construction is intrinsic and based on a new approximation result for controlled rough
paths. This framework turns well-known maps such as the rough integration map and the
[t6-Lyons map into continuous (structure preserving) mappings. Moreover, it is compatible
with previous constructions of interest in the stability theory for rough integration.

1. INTRODUCTION AND STATEMENT OF RESULTS

One of the key insights in rough path theory is that there is no canonical integration theory
that allows to integrate two arbitrary paths of low regularity against one another!. Lyons'
fundamental observation was that paths have to be augmented with higher order objects
which play the role of iterated integrals in order to build a robust theory of controlled ordinary
differential equations [29], and he called these augmented paths rough paths. Later, Gubinelli
realized that given a reference rough path, there is a canonical notion of an integral that allows
to integrate paths that “look like the reference path” on small time scales, known as controlled
rough paths [18,19]. These principles were carried over from the world of paths to the world
of distributions (or generalized functions) by Hairer [21] and Gubinelli-lmkeller-Perkowski [20].
In Hairer's theory of regularity structures, the reference distribution has to be augmented with
products of itself and its derivatives, and multiplying distributions is explained when they are
modelled after the reference distribution.

Although these concepts are nowadays used extensively in the theory of stochastic ordinary and
partial differential equations, the mathematical structure which is formed by rough paths and
their controlled paths is still not very well understood. Since for every reference a-rough path
X, the set of all controlled paths &3 constitutes a linear (Banach) space, it is natural to suspect
that they form some sort of “infinite-dimensional vector bundle” [24, p. 123]. However, making
these ideas precise, one encounters several difficulties, starting with the fact that the space of
rough paths does not carry any known (infinite-dimensional) manifold structure. Surprisingly,
it turns out that there is still a non-canonical homeomorphism transforming the collection
of spaces of controlled paths to a trivial infinite-dimensional vector bundle [12, Remark 4.8].
However, this map is highly non-explicit since it uses the Lyons-Victoir extension theorem [28],
and the applicability of this result in practice is unclear. Furthermore, note that the existence of
this homeomorphism does not imply that the spaces of controlled rough paths form a smooth
(Banach) vector bundle.

One motivation for this article is an observation two of us made in [16]. In this work, we
considered the solution map induced by linear stochastic delay differential equations (SDDE)
driven by a Brownian motion, which turns out to be a linear map between spaces of controlled
paths. Since these spaces were random, we faced serious measurability issues when considering,
for example, the operator norm for this map. To overcome these issues, we proved that the
spaces of controlled paths form a measurable field of Banach spaces [16, Definition 3.13]. It

1This fact is visible e.g. in stochastic analysis: there is no exclusive notion of a stochastic integral, both It
and Stratonovich integral have their justification.
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turns out that this structure is extremely useful and a perfect infinite-dimensional substitute
for what is called a measurable bundle [1, 1.9.2 Definition]. In fact, we could prove that SDDEs
induce random dynamical systems (RDS) on this measurable field of Banach spaces, and that
important theorems like the multiplicative ergodic theorem hold for these RDSs [17]. Note,
however, that we proved the existence of a measurable field only for Brownian-type rough

paths, i.e. in the regime of an Holder-index close to % One goal of the present article is to

generalize this important result to rough paths of arbitrary regularity.?

In the present paper, we first construct a novel approximation of controlled rough paths by
rough integrals of smooth functions and smooth remainders. We do this for paths which are
controlled by branched rough paths of arbitrary order. It will turn out that once the algebra
underlying the process has been worked out, it is straightforward to construct a dense subset
of controlled rough paths depending continuously on the underlying controlling path. Our
results here are a far reaching generalisation of our earlier results in [16]. Based on this novel
approximation result, we are able to construct a finer structure for the spaces of controlled
rough paths. Indeed we prove that the spaces of controlled rough paths form a so-called
continuous field of Banach spaces (see Definition 4.1). This structure is well-known from the
representation theory of C*-algebras (see e.g. [8,9]). It will turn out that our field of Banach
spaces sits in the middle between the two trivial bundles, namely for a € (1/3,1/2) we have

B X (C® X C®) CE%x D C B x (C** x C%)

where the trivial bundle on the right is the one from [12] and the trivial bundle on the left
forms a “dense” subset of the field of Banach spaces (we will say more about the topology we
use here below).

In more detail, our results subsume the following theorem:

Theorem 1.1. Fix a € (0,1) and let €% denote the space of a-branched rough paths. For
X € €%, denote by Dy the associated space of controlled paths. Then the family (25)xez«
forms a continuous field of Banach spaces (FoBS) over €.

Theorem 1.1 has several implications from which we will list a few here:

m Every continuous field of Banach spaces allows to define an intrinsic topology (that we
call the tube topology) on the total space, i.e., in our case on the product space

[] 25

Xe®~
It turns out (Section 4.2) that this topology is compatible with rough integration, there-
fore making the It6-Lyons map a continuous section of the bundle. This also gives a nice
interpretation of the “metric” that compares two controlled paths that live in different
fibres (see [12, p. 74]): adding the distance of the reference rough paths to it, we can
show that this metric is exactly the one inducing the topology on the total space. This
also implies that the total space is a Polish space when restricting to geometric rough
paths® (Theorem 4.18).

m The continuous field of Banach spaces induces a so-called Banach bundle of controlled

paths, cf. Section 4.1. It turns out that well-known mappings in rough paths theory such
as the rough integration map and the It6-Lyons map are structure-preserving mappings

2\We note that extending these results to arbitrary regularity is of interest, for example, for financial appli-
cations in the context of rough volatility models [3, 15, 30] where the typical regularity of the driving noise is
of the order of a = 11—0.

3See [12, Section 2.4] for a precise definition of geometric rough path.
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on this Banach bundle. We would like to mention here that for proving these statement,
we had to establish sharp bounds for the rough integral (Proposition 2.19) and local
Lipschitz continuity of the Ité-Lyons map (Proposition 4.21) in full generality, i.e. for
rough integrals and rough differential equations driven by branched rough paths of any
order. Although these bounds are widely accepted in the rough paths community, we
could not find them explicitly worked out anywhere in the literature. Having closed this
gap is another contribution of the present work.

m In [12, Remark 4.9], it is claimed that “the notion of 'controlled rough paths' (...) does
not come with a natural approximation theory”. As a remedy, one can construct non-
canonical approximations using the Lyons-Victoir extension theorem [12, Exercise 4.8],
but this is not trivial as the reader can easily convince herself. Furthermore, the con-
struction in the cited reference only works in the case ;— <a< % We will show that
Theorem 1.1 immediately yield canonical approximations for controlled rough paths of
any order (Remark 3.11). In principle, this approximation result should yield, as partic-
ular cases, results concerning convergence and stability properties of random dynamical
systems [16], rough differential equations [12,14], and numerical schemes for stochastic
(partial) differential equations [2,27], but we do not explore this further and content
ourselves with setting up the general framework underlying these results.

m Continuous fields of Banach spaces are also measurable fields. The results in this article
allow to study dynamical properties of SDDE as in [16] driven by more general processes
than Brownian motion, e.g. fractional Brownian motion with lower Hurst parameter.

The remainder of the article is organized as follows: in Section 2 we recall the definition of
branched rough paths and set up basic notation and results necessary for the next sections. In
Section 3 we introduce the main construction of the paper, namely how to build a controlled
rough path out of a collection of smooth functions. Next, in Section 3.1 we use this construction
to show how to locally approximate any given controlled path by piecewise-linear controlled
paths in the Banach norm, and then extend this approximation to the full time interval in
Section 3.2. In Section 4.1 we recall the main definition of a continuous field of Banach spaces
and show that the bundle of controlled paths satisfies this definition with the space of branched
rough paths as base space, and use this result to construct the so-called tube topology. We
end by showing several continuity results under this particular topology for well-known objects
associated to rough paths, such as the It6-Lyons map, in Section 4.2.

2. BRANCHED ROUGH PATHS

Let us first recall the Hopf algebraic framework for branched and controlled rough paths. In
what follows, we write N = {1,2,3,...} for the set of natural numbers and Ng = N U {0}. All
linear structures are defined over the field of real numbers, denoted by R.

2.1. Let A be a finite, non-empty set, and denote by 7 the linear span of all rooted trees
decorated with labels from A. We recall that the decorated Connes—Kreimer Hopf algebra H
is the polynomial algebra H = S(7°), which can be identified with the vector space spanned
by all forests of decorated trees; the basis will be denoted by 7. We grade H by the number
of nodes, and we denote the degree of h € H by |h|. There is a unique forest of degree zero,
called the empty forest and denoted by 1. We also set, for each n > 0,

ﬁ::{he?—’:lhl:n}’ ﬁn)::{h€¢:|hlﬁn}, (;):ﬁn)\ﬁ
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and we let H, and H,) denote the corresponding linear spans of ¥, and ¥(,, respectively.
We finally introduce the set #* := F \ {1} and its linear span

= (P H..

n>0

The space H comes with a collection of maps ([-]5, a2 € A), where [ - - - T,], is obtained by
grafting the trees 7q,...,7, to a new root labeled by a. Observe that by definition, |[h],] =
|h| + 1. Moreover, for each tree T € 7 with || = n+ 1 there is a unique label 2 € A and a
unique forest h such that [h],; = 7. These maps define uniquely a coproduct A: H — HH
via the relations A1=1® 1, A(hy---h,) = Ahy--- Ah,, and

A[h], = (id® [-],)Ah+ [h], ® 1 (2.1)

for all a € A and h, hy,...,h, € H. One can immediately check from this definition that A is
coassociative, i.e., the identity (A®id) o A = (id® A) o A holds. Therefore, the triple (H, -, A)
defines a bialgebra.

It can be shown that for trees T € 7, the image AT admits a representation in terms of
admissible cuts of T [7], but we refrain from providing further details since we will not make
use of it in the following. We shall instead use sumless Sweedler’s notation

Ah = h(]) ® h(z), ANh=H®Hh

where A’h .= Ah—h®1—-1® h denotes the reduced coproduct. Since product and coproduct
respect the grading we obtain a graded and connected bialgebra of finite-type, i.e. disassembling
degreewise we obtain H = @neNo H,, where Hy = R1 and dim H,, < co. Note that any graded
connected bialgebra is automatically a Hopf algebra whose antipode S can be computed
recursively (whence we do not discuss it here, but see [31]).

We introduce the n-fold iterated coproduct A : H — H®+D inductively by A® =id, and
A = (A id) oA for all n > 1. Note that these are indeed well defined by coassociativity
of A. An iterated reduced coproduct can be defined in a similar way. In particular, we can write
the image of an element h € H using Sweedler’s notation as

APh=hay® - ®hpny, (M) Ph=hrD @ @ h",
Finally, we remark that the n-fold tensor product H®" is also graded, with graded components
K= €D o0,
Jitetjp=

and so, since A is a graded map, we see that if |h| = k then |h| + - + |hpe1] = k for all
n > 0.

2.2. Denote by H* the dual space of H, i.e. the space of all linear mappings H — R and let
mr be the multiplication map of real numbers. We write (¢, h) for the duality pairing between
H* and H given by evaluation. The convolution product

pxy =mro(p®y)oA

turns H* into a unital algebra (the unit being the counit & of H). Then the character group
(G(H,R), %) of H is defined as

G(H,R) ={¢p € H" : (¢p,ab) = (¢, a){¢,b),YVa,b e H and (¢, 14;) = 1}.

Inversion in G(H,R) is induced by precomposition with the antipode, i.e. for a character
1(p) = ¢ =@ oS. The counit & of H thus becomes the unit of the character group. One
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can show, [5] that the character group carries a natural Lie group structure whose Lie algebra
is given by the Lie algebra of infinitesimal characters (q(H,R), [-,-]);

g(H,R) = {y € Hom(H,R) : {y, ab) = (y, a){e, b) + (g, a){y, b),Va, b € H}
with the Lie bracket [y, k] =y xk —k x y.

There is an injection H <— H* mapping h € H to the linear functional h" +— &p 4 (the
Kronecker delta mapping A to 1). In the sequel we will just identify h € H with this functional.
Using this identification, we write dual elements X € H* as formal forest series, i.e.,

X:ZX”h

heF
where X = (X, h) € R.
2.3. An important subspace is the space of primitive elements
Prim:={heH : A'h =0}.

Let h and A’ be forests. We define the natural growth operation h T h’ as the sum of all forests
obtained by grafting h to every node of A’, normalized by |A’|. This definition is extended
bilinearly to the natural growth operator T: H ® H — H. For example

o0 T3 :%(‘\V +Y)

;T..:%(f.ﬂi):i.

We observe that this operator is neither associative nor commutative. Given a collection
hy,...,h, € H, we set

T(h1,.. o hn) = (- ((h1 T ha) T hs)---) T hy.
The following results are due to Foissy:
Lemma 2.4. [11, Lemma 4.3 and Theorem 9.6]

1 Ifp1,...,pn € Prim, then
n—1
NT(p1y....pp) = ZT(p1,...,pj)®T(pj+1,...,pn).
J=1

2 Let P ={pj:i > 1} be a basis for Prim. Then
P = {T(ph""’pik) ek > 1,621}

is a basis for H.

As before, for n € N we define
Py =P NHpny, Pn=PnH, P(<n) =P \ Pn,
and simialrly for P(Tn) and so on.

As a consequence, we have that for every forest h € ¥, there are coefficients (c,(h) : p € PT)
with only finitely many being non zero, such that

h= Z c,(h)p.

pePT

DOI 10.20347/WIAS.PREPRINT.2926 Berlin 2022



M. Ghani, S. Riedel, A. Schmeding, N. Tapia 6

In particular, every element (where only finitely many coefficients Z” are non-zero)

z=) Z'neH
heF
can be rewritten as
z=> z°,
pePT
with
ZP = Z c,(h)Z"
heF
Denote by {f;,..._j } the basis of the graded dual H®", dual to T, i.e., such that (f;, ., T(Pjys--->Pj))) =
Tifandonly if K =/ and i1 = ji,...,ix = jk. We will also use the notation p* = f;, _; when-
ever p = T(pij»...,Ppi,) € PT. In particular, we identify the change of basis coefficients as
cp(h) = (p*, h), and we have the identity
Z cpo(h)h =p*.
heF

Therefore, any dual forest series
X = Z X"h e H*
heF
can be be re-expanded in the new basis as

where

2.5. Given a rooted tree T and a vertex v € V(7), let 7, denote the subtree of T with v
as root. For v € V(71), let SG(1,v) be the group of permutations of identical branches out
of v, i.e., if {vq,..., v} are the children of v, then SG(t,v) is the group generated by the
permutations that exchange 7y, and 7,; when they are isomorphic rooted trees. The symmetry
group of T is the direct product

and the symmetry factor Z(7) of 7 is defined to be the order of SG(7) [23]. For a forest
h € H, we let X(h) = Z(J;(h)) for some j € A. It is not hard to see that in fact this
definition is independent of the choice of j € A.

Letting {n(h') = Z(h)Sp . one can show that {{ : h € F} is a basis of H* dual to the forest
basis [23, Proposition 4.4], and in particular ¢ = e.

2.6. Recall that a (right) pre-Lie algebra is a vector space V with a bilinear operator <: V@V —
V' such that the associator a.(x, y, z) = (x<y) <z — x <(y <Zz) is symmetric in the last two
variables, i.e.,

a«(x,y,z) = a.x,z,y)
forall x,y,zeV.

There is a left pre-Lie structure on 7~ given by grafting of trees, denoted by v ~\: T Q7T — 7.

DOI 10.20347/WIAS.PREPRINT.2926 Berlin 2022



The geometry of controlled rough paths 7

Example 2.7.
2R :Y
Ve :2{, +83”

This is in fact the free pre-Lie algebra on d generators [6].

Grafting can be extended to an operator v»: 7 ® H — T by grafting every forest on the
right to some node of the tree on the left.

Example 2.8.
e oo =%,
AN
<
Let V' be a vector space. Let us recall that the symmetric algebra S(V') carries a coproduct
A, defined by A,y =v®1+1®v for all v e V. We stick to the sumless Sweedler's notation

for this coproduct as well. A symmetric brace algebra [25] is a vector space V equipped with
abrace V® S(V) - V,x®ar— x{a} such that

x{1} =x
x{y1---ynHa} = x{yr{aqw)} - ynlamtacn }-

It can be shown that grafting endows 7 with the structure of a symmetric brace [32].# In
particular, the identity

(Tﬂﬁ])ﬂflzZTv"\(ﬁ1 *Flz) (22)
holds for any T € 7~ and hy, hy € F.
Finally, we extend v~ to H ® H via

hihy v h = (hy ™ h1y) (hy A hy)).
Example 2.9. Since e is primitive and
Aoe =ee®@1+20e Qe +1Qee
we have
°e o =23,
o0 oo =2%0e +233. o
Furthermore, the % product admits the following description:
Cr*xCh= C(hnﬁm)f:(z)-
More concretely, we have the formula
Ch* Crrtn = Crrmbin) - (toenimnet) -

*In general, this holds for any pre-Lie algebra, i.e., if (V,<) is pre-Lie, then x{a} = x <a is a symmetric
brace for some suitable extension of < to S(V) on the right.
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Example 2.10. We compute all products of forests up to degree 3:

Lo *x Lo = loe +§I

lee *x Lo = Loee + QC.I + gv Lo * Loe = Loee + 2{.:
€:*Co=§.1+§§ 4’*4::C-I+4§+¢V'
In particular we see that the % product is not commutative. o

Remark 2.11. When written in terms of the “pure basis” ¥, there are some non-trivial factors
in front of each term in the % product. For example

exe =200+3, o0 xe=3c00+0]+%".
This becomes even more apparent in the case of decorated trees, as
oixej=(1+65;)eiej +3.
The formula in terms of the ¢}, basis stays, however, the same in both cases.
Lemma 2.12. Let h, h € H and denote by [: F — T the projection onto trees. The identity
N(A* [A],) = [A*hl,
holds.

Proof. Let us start by noticing that [h], = e2 v~ h. Now, from the formula for the product in
terms of grafting we see that
Chslnls = S(lhlarmhayhe
= $((@ann b )y
Therefore, by eq. (2.2),

Cn(ﬁ*[h]a) = g(oanh)nﬁ
= Coan(hxh)
= Clhwh],
The proof is finished by noting that the map [-], leaves the symmetry factor invariant. O
2.13. Let n € N, then we denote by C, the vector space of continuous scalar functions on
[0, 1], vanishing whenever two contiguous arguments coincide. More precisely, C, consists

of functions f := [0,1]” — R such that f;..;, = O when t; = t;;1 for some index i €
{1,...,n—=1}. As a convention, we set Cp = R.

Given f € C,, we define §f € C,41 by setting

n+1

8t = ) (=D ot
k=1

where f; means that this argument is omitted. For instance, if f € C; then 6f;; = f; — f5;
and if f € Cy then 6f;,+ = f5+ — fs.u — fur and so on. It is a known fact that if f € Cy is such
that 6f =0 then f = 6g for some g € Cy.

Given f € Cy and a > 0, we define

|fs.¢
1flla = sup ——
O st [t -S|

and we set C5 = {f € Cp : ||f||lq < o0}.

DOI 10.20347/WIAS.PREPRINT.2926 Berlin 2022



The geometry of controlled rough paths 9

Before we continue let us fix some useful notation (which has the unfortunate sideffect of
identifying the dual and primal Hopf algebra structures).

2.14. Recall that ‘H — H* is an injection defined on h € ¥ by the linear functional & (and
we suppress the identification in the notation), hence it makes sense to use both the evaluation
Xg,t = (Xs,t, h> and Xs,t *x h = Xs,t * 6/7.

2.15. For a € (0, 1), an a-Hdlder branched rough path is a family of characters (X : s, t €
[0, T]) over H such that

|(Xs.eo Y| < |t — s
for all he H, and X, * X, = Xt for all s,u,t € [0, T].

With the help of the notation introduced in the previous paragraph, we remark that Chen's
identity can be rewritten as

EX1, ¢ = (Xow ® Xy, A'R) = X X (2.3)

s,u’tu,t

This identity together with eq. (2.1) implies that for all labels a € A we have
h R ’ n"’ B
sXe = Xh X35 + XE XUe,

s,u,t u,

In particular, if h € Prim(H), there exists a path " € Cy such that X’S”t = 6F£t. In the case
where h = ea for some a € A, we just write X?. We observe that this path is in general not
unique, but there is a canonical choice with F(;’ = 0. We also note that by definition, rhis
a|h|-Holder continuous.

We will denote by €< the set of a-Holder branched rough paths. We also set N := [a~'] so
that Na <1 < (N +1a.

We endow the set €% with the distance
pa(X, X) = max X" = X"|| pjq
heF
()
and we define
IXlla = pa(1,X) = max [IX[|ja-
he?—'(N)
2.16. Let X € €% for a # 1/n for any n € N.2> A path controlled by X is a path Z: [0,T] —

7_{(<N) such that

KA, Zt) — (Kot % b, Z5)| < |t — s|(N-IADa

for all h € F5,,. We set Rgt = (h,Z;) — (Xst x h,Zs) and we note that this condition

(N)
is equivalent to requiring that R” for all h € F(n-1). We denote the space of
controlled paths by &¢. It is a Banach space when endowed with the norm

1ZUe = 3 (140 Zo)I+ IR - 1hpa)-

<
he?—'w>

(N-|h)a
€ C2

. ap . =l
Given B < a, we let 9)( = QZX )

If Z € QZ; and Z € SZ;, we define

1Z:Zla = ). (1(h.Z0 = Zo)l + IR" = R7ll(n- e (24)

<
he?‘-‘(N)

where R, := (h,Z;) — (Xs¢ % h, Z;).

5This technical restriction on « is standard, cf. [28] and we will require it from now on.
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Unraveling the definition of controlledness in coordinates, we see that the path Zth =<(h,Z;)

has to satisfy for all h € 7-"(7\/) and the product from Paragraph 2.6 the following relation to be
controlled: ]

620, = > (AxhZ)Xl +Rl, (2.5)

RET i)

This coincides with Gubinelli's definition in [19].

Example 2.17. Suppose a € (%, %). A path Z € 9§ satisfies (cf. [19, Example 8.2]),

§Z), = Z2X, + Z2° X2 + z} xit + 70X + ZS’IXZE + z}’ x:{ +R!

s, s,t>

522, = (22;' + z})xg,t + (32;“ + zs’I + Zy)x;; + Z:I + zsE xit +R2,,

5208 (32;" vz, R

5z§t z:I + z§ + z}’ XS, + Rit

with z“',zi,z'!,z\’ e C%, R**, R € C2% R® ¢ C3% and R € C4%, where we have
used the computations in Example 2.10. o

Thanks to Paragraph 2.3 the controlledness condition can be rewritten in term of the basis
PT relative to a basis  of Prim. Indeed, for any h € 7—'(7\/) the remainder rewrites as

h _ h p*xh y P
Rl =6zl - > zZ°*"xt,
T,<

PEP (N 1))

2.18. Controlled paths are “good integrands” for rough paths, in the sense that if Z € 9§

then for any label a € A,
t
a .__ H h [h]a
/O ZodX = lim > zixl

[u,v]er he?'(fv)

exists, and defines what is know as the rough integral of Z against X?2. It satisfies the funda-
mental inequality

t
hla
/ Z,dx3— Y zIXUll < ClZlaliXllalt - 5|V (2.6)
’ heF )

Moreover, it defines an element 33 (Z) € H(n) with components

t
(1,32(2)) =/O Z,dX3,  ([hla,3%(2)) = 27
and zero otherwise.

Proposition 2.19. The map S;”'(: QZQ — @; is bounded, i.e., there is a constant C = C(«a)
such that

IS%(Dlla < C+ T+ IXN) I Z ]l
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Proof. For all h € F(n-1) set

R, = 63%(D)se— Y, SH@DPXL,.
heF iy n-1)
We first show that for all h € Fn_2) we have
R W)
heFn_|h|-1
and zero otherwise. Indeed, recall that for any h € #F(n_1), we have that
o~ h a
@i = 2!
We note that by Lemma 2.12, the identity
(A% [h]2,3%(2)s) = ([A* h].,3%(2)s) = Z[*"
holds. Hence
hla hxhvy h
m£,t] = 5Zsh,t - Z Zs* xs,t

P
heT (n-1h1-2)
_ ph hxhy h
=Rl + Y zZMx,
heFn_|p)-1

Now, given h € F(n-2), the remainder satisfies
IR v pp=tya < TR v—tapa TS + IXl« Z 1Z""|co.
FIE‘}'N_W

Moreover, from the fundamental estimate (2.6) we see that

IRMIva < CHZN X T + IX]la Z 12" )|co.
heFn-1

For any h € Fn-1 we have that

120 < | Z0)+ T Z" |-

Finally, the norm can be bounded:

I3 lla = > 1Rl (nv-ih)a

he‘]—'(jv)
= 1R Ina+ > IR (v yi1ya
he‘F(jv_”
< CIZIaMXNa T+ 0ZHaT* + IXlla D> (1 251+ 112"]la)
he‘]—"(fv)
< CO+IXN) (1 + T Z 0

Proposition 2.20. Let X, X € €% such that |[Xllo V IXlla < M and let Z € D, Z € 2 be

such that ||Z|la V |Z|l« < M. Then there is a constant C = C(a, M) such that for all a € A,
the bound

I3%(2); 32 (D)lle < C(NZ; Zlla + pa (X, X))
holds uniformly.
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Proof. By considering the germ

- h h]a > hw [h]a
=st = Z Z X£,t] - Z s X£,l‘]
he?—'(jv) he?—‘(jv)
it is possible to show, using the Sewing Lemma [12, Lemma 4.2], that (using the same notations
as in Proposition 2.19)
IRT = R ve < CTY(IZ; Zllo + pac (X, X)) + Mpg (X, X) + M Z 12" = Z"|co.
heFn -1
Proceeding in a similar way to the proof of Proposition 2.19, we see that
hla > [h]a h 5h hxhy h = hxhg h
g‘Rg,t] - mg,t] = Rs,t - Rs,t + Z Zs* Xs,t - Z Zs* Xs,t
heFn_n-1 heFn_ip-1
from where the bound
||‘.R[h]" —iﬁ[h]"ll(N_|h|_1)a < ||R'/7 - léhll(N_|h|)aTa+Mpa(X, X)+M Z ||Zf7 - Zh“oo
heFn_|p1-1

follows. Summing over h € 7:(7\/) yields the desired bound. O

3. MAIN APPROXIMATION RESULT

In this section, we generalise a key result obtained in [16]. There it was shown in [16, Theorem
3.10] that for a fixed a-rough path X, if B < a < 1/2 are sufficiently close to 1/2, the set

t
{(ll/, w) |ws: = / frdX, +6gst, w.=f; where f,g € C;X’},
S

is dense in SZ;’ﬂ (where the integral is understood in the Young sense). As a consequence, if
X(w) is a random rough path of a-regularity (e.g. the lift of a Brownian motion), the spaces
{9;’(/1)}“,69 turned out to be a measurable field of Banach spaces [16, Proposition 3.15].

Our aim is to generalise and strengthen these results. We shall see that the field is indeed a
continuous field, we will remove the cumbersome conditions imposed on a, B in loc.cit. and
obtain the result for arbitrary 8 < a. To this end, we will construct a dense subset of smooth
functions for every order:

Definition 3.1. Fix £ € (0,1 — Na) (where we recall that Na < 1 due to our assumption
that a # 1/n,n € N) and C%'¢ denote the closure of C™ under the (1 — g)-Hélder norm.®
We recall that this space is a separable Banach space, and the following inclusions hold: let
PL c Lip denote the space of piecewise linear functions on [0, 7], then

ﬁ”'lh-s _ 01— « ol-e
Moreover, since 1 —& > Na > (N —1T)a > --- > a we get that

coOl=¢cchNorc...cce
and ||fllka < [|Fll1—e T 757K« for all k € {1,..., N}.

Denote by Q ¢ C%'~¢ a countable dense subset and define for N € N the sets

Sv= P ¢ = P @

heF(n-1) heF(n-1)

6These spaces are also known as the little Lipschitz spaces, see [33, Chapter 4] and cf. [13, Theorem 5.33]
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We endow Sy with the norm
170 = max [1F]]1-c.

€T (iN-1)

It will turn out that (rough) integration of elements in Sy leads to a dense subset of the
Banach space of controlled paths over a given rough path X. To establish this result, let us
define a map I'x: Sy — Dy with the property that for all h € F(n_1, the remainder

Ri =6Tx(H)l = > Tx(HPXE, (3.1)
ReF (N ihi-1)
satisfies |R7,| < C(1+ IX[la)N""" "I £ [}t — s|"~¢. The definition of I'x(f) is recursive:
F)((f)i7 = fth for every h € Fn_1. (3.2)

Clearly,
IR 1= = Ifll1—s < [F1]
and in particular R" € CS with IRlo < NFNT 5.

Given n < N -1, let h € ¥,, and suppose that we have defined Fx(f)ﬁ for all forests h € 7
with n < |h| < N =1, in a way such that |Rf,t| < CO+ X))V A - 5|2,

Recall that every p € PT is of the form p = T(pj,,...,pi) for some integer k > 1 and
primitive elements pj, ..., pi, € P. Given p € PT we define p* = f;, _;, to be its dual basis
element.

Lemma 3.2. Let h € ¥, and p € P be a primitive element with |p| < N —n. Then the rough
integral

t
p**h «yep . | P *p khypTp
[ axe = im S S g

0
T,<
[a,b]en PEP (3 o)

exists along any sequence of partitions, and it is independent of any choice. Moreover,

Proof. Let

Observe that
6Es,u7t _ Z (I_X(f)g**p**haxp—rp _ 5rX(f)§,Z*p**hX5Ip)-

s,u,t
T.<
PEP (N-n—t)

By recalling that
PTP _ wP yP P yP'Tp
EXE LA = XEXE + > XE XL,
(p)
a standard computation gives

= _ P xp ke pTp
6Zsur=— . RESFXOF.
T,<

PEP(N-n-1p])
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Therefore
6 cuel < COFNC+ XDV 27 0XNe D = s['*]¢ — ] (PHIED

T,<

PEP (N n-lpl)

The result then follows from the Sewing Lemma since 1—e+|pla > (N+|p))a > (N+1)a >
1. O

We then set for every h e 7,,0<n< N -1

t
X(Af = > / X (F)P " dXP + £} (3.3)
epP 0
lpI<N~h]

Lemma 3.3. The map I'x: Sy — Dy sending f to I'x(f) as in egs. (3.2) and (3.3) is
well-defined, linear and bounded, with

eNIXla _ 1

I (Alle < C—mm—
‘ Xl

71 (3.4)
for all f € Sp.

Proof. The proof is by induction. Linearity clearly holds when |h| = N — 1. Indeed,
X(F +Ag)! = (f +Ag){ = £" + Ag{ = Tx(F){ + ATx(g);.

Now pick h € 7, and suppose that linearity holds for all forests h with || > n. Then

t .
(ragf = Y [ T e Agaxg (7 4 g,

peP
lpl<N-n

t
= > /{rx(f)f*”+/1rx(g)f*”}dx’,’+r;”+/1g§’
0

peP
lpl<N-n

= Ix(F)] + ATx(g)".

From the previous sections, we have that ||R||o < C[[f[IT'~5"® for all h € Fy_1. Take
h € ¥,, and note that

*xh
RI =6Tx(Nl = > Tx(FE"XE,

/'767’(7,\,7"71)

t * *
- Y [ e Y X, el
PEP(N-n-1) * ° peP(TN_n_D

t * * *
= Z / X (F)2*"dXF - Z X (F)P*PXEP |+ 6f),.
PEPN-n-1)\**°

T

PEP (N-n-1p])

Therefore, by Lemma 3.2 we see that
IRE ] < CIFIA+IXH) 27X 0 > [t = |41 4 7ot — 5[,
PEP(N-n-1)

so that
IRl (N-ma < Cr(1+[IXlla)¥ "1 £ (3.5)
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sinceT—e—-(N—-n+k)a>(n—-k)a>(N-1a>0forall ke{0,..., N—n—-1}.1In
particular, R" € C2(N_|h|)a for all h € Fin-1y, i.e., Tx(f) € QZ;, and the required bound holds
after summation over h € 7:(7\/) O
Theorem 3.4. Let X, X € €% such that ||X|la V | X|l« < M and f € Sy. Then,

I (F); Tx (Alle < CIF Dpa(X, X).

Proof. For h € F(n-1) and p € P, let us define

t
Qi = [ ASTAXE- N (T,

s T,<

PEP N 1h1-1p])

Using the Sewing Lemma and proceeding as in the proof of Lemma 3.2 one can inductively
show that

h, =h, S -
Q0 — Q7F1 < ClIFllpa(X, X)|t — s|!ePle.
Then, arguing as in the proof of Lemma 3.3, we see that
5 h, =h,
RI,-Ril<Cc > Qi -apfl,
PEP(N-|h-1)

and the required bound is obtained after summation over h € 7—'(7\/) O

In order the make the presentation more amenable to the reader, the construction of our
approximation will be split in two parts. First we show how to approximate a given controlled
path Z € ¢ in the ||-[lg norm over a small interval [0, T], for any B < a. Then, we
extend this approximation to an arbitrary interval by patching together each of the individual
approximations.

3.1. Short-time approximations. Given Z € 9g, we start by defining a controlled path of
the form I'x(f): [0,T] — F(n-1) on a given time interval [0, T] such that ||Z;x(f)|l is
arbitrarily small for small 7 > 0 and any 8 < a.

We do this by a backward procedure: The highest order functions are defined as affine functions.
That is, for every h € Fyn_1, we set

fh=2h+2(Zh- 20, teloTl (3.6)
The idea is to define all lower order terms by integration against the rough path.
Assume that we have defined f" for all h € F with n < |h| < N — 1. Given h € F, we set

P 4 "xh
=20+ =625 - > /0 x(F)2 " dXE|. (3.7)
PEP(N-Ihl-1)

where the integral is defined by Lemma 3.2. Note that by construction we have

IF"ll1—e < ClIRMI(n_jppya THN 1D+ (3.8)
for some C > 0.

The controlled path M'x(f) so constructed can serve as a first-order approximation to a given
controlled path Z. This is summarized in the next lemma.

Lemma 3.5. Let Z be a controlled path. Define Z = x(f) with f as in egs. (3.6) and (3.7)
and R" as in (3.1). Then Z has the following properties:
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(i) Zo =2y and Z7 = Z7.
(ii) ég,r = Rg’T for every h € F(n-1).
(iii) For every B < a, there is a constant C > 0O such that
= K’hll(N—|h|)/3 < cT(N-Ihh(a=B)

In particular,
TN(@-p) _ a-p

TaB 1

I1Z; Zlls < C

Proof. (i) follows by definition. Next,
5h >h 5 hkhyh
Ror =627 = ) Z Zy* Xo.r
heF n-thi-1)
=szf - > Zp'Xb; (3.9)
hePin-ini-1)
h
=Ror
and property (ii) is shown. Finally, in view of (3.8) we obtain an estimate for [|f [ in terms of
IZ||. Thus property (iii) follows from the estimate (3.5) and the triangle inequality.

O

3.2. From local to global. Having constructed affine controlled paths on a given interval,
we will glue them together now. Fix a dissection 7 = {0 =ty < t; < --- <ty < ty41 = T}
of [0, T] with mesh 6 = maxy |txr1 — t|. Set Iy := [tk, tik+1]. Assume that we are given
controlled paths

szIk—>7'(

for which Z’t(m = Z’t‘kﬂ and with rem~ainders satisfying |l'\~’fjth| < C|t — s|(tgsr — tg)NV-IADa=T
for every s, t € [tg, tyr1]. We define Z: [0, T] — H by

N
Z,:= ) ZK. (1) (3.10)
k=0
and set
h h 5 hxhy h
Rst = Zs,t - Z s* Xs,t
heF N 1ni-1)
Lemma 3.6. For all h € F(n-1) we have
§RE,.= > REIXE.
heF - in-1)

If Z € Dy, the same identity holds with R replaced by the remainder R of Z.

Proof. By definition we have that
RE, = (h,6Zss) — (Xt ® W, N'Z)

Applying & to both sides of this equation and recalling that if f € Cy, g € C; and F,; =
fsgs.t € Cy then
6Fs,u,t = fs‘Sgs,u,t - 5fs,ugu,t
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we see that
SR, = —(Xsu ® Xyt ® h, (N ®id)A'Zs) + (Xye ® h, N'SZs )
Now, we have that for any f € F(n_jp-1),
(F®hNSEZs,) = Z (f @B, AR, + (X, ® F ® h, (id ® A')A'Z)
heFo
and therefore
SR, o= —(Xsu ® Xyt ® h, (A @ id)A Zs) + (Xsy ® Xy ® h, (id ® A)VA'Z) + Z Xyt ® h, A'RYR!,
heFO
= > (X ®hNRRL,

heFo

where the fist two terms cancel by coassociativity of A’.

Finally, we have

SRE,.= ) > (FehnNRREX],

heF iy in-1) FEF in-1h1-1)

5fxhwyf
Rs,u Xs,u d

£
FET v-1i-1)

Proposition 3.7. The path Z defined in (3.10) is an a-controlled path.

Proof. We have to show that ||R~’h||(N_|h|)a < oo for every h € Fin-1). Fix s < t with s €
[tk, tes1] and t € [¢/, tj+1]. Using Lemma 3.6 twice shows that

5h _ Bkih 5h 51;h Skihxhw b 5hxh h

RSJ - Rs,t/m + Rtk+1,t/ + Rt/,t + Z Rs,tkn th+1,f + ) Z Rtk+1,tlxt/,t'

&F N-1h1-1) heF - ihi-1)

By the triangle inequality, it suffices to show that R?, < C[t — s|(N1"D« for every s,t € .
This follows by induction over the length of |t — s| using again Lemma 3.6 for the induction
step. ]

Proposition 3.8. Let Z € 9. Fix a dissection iy = {0 =to < t; <--- <ty <tnys1 =T}
gf [0, T] with mesh 6 := maxg |tk~+1 — t|. On every interval Iy = [tg,trs1], we define
Zk: Iy — H as in Lemma 3.5 and Z as in (3.10). Then

1Z;Z]|lp >0 as 6 —0

for every B < «.

. 5 P 5h
Proof. By construction, Z satisfies Z;, = Z; and Ry ,

Moreover, for all h € ?'(“,LV) the remainders satisfy the bounds

= R?k,tkﬂ forall Kk =0,...,N.

&Y e ) o
sup sup L < coN-lhDa-1, sup ||R" - Rh”(N—IhI)/B;Ik < CoWN-lhD(a=p)
k=0,..N s,tel, |t — S| k=0,...,N

Lemma 3.6 implies that for any pair of contiguous mesh points ty < ti41 and any ¢t > ty.1 we
have

h 5h

SR et =OR

tistierst®
Inductively, this implies that ,‘?g f = RZ t forall 0 <j <k <N, and so

h _ < ph
5Rfj,tk,t - 5Rfj,tk,t
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as well. Consider now any two points s < t € [0, T], and suppose that s € I}, t € I} for some
0 <j < k < N. Note that

h _ ph _ ph 5h h 5h h 5h
Ret = Rst = Rotry = Rot T Rt = Rt T ORG 10 = ORs e
_ ph 5h h 5h h 5h
= Rt = Rt TRt = Re e #ORs e = ORs 00

hence, since both [tj11 —s| < [t —s| and |t — t,| < [t — 5],
|R?,t _ égﬂ < CQ(N—IhI)(OI—,@)|tj+1 — s|(N=IMDE 4 coN-IhD(@=p) |4 _ ¢, |(N-INDS
hxh 5hxh h
+ Z |R5}j+1 - Rs:ktjﬂ ||ij+1,f|
heF n-thi-1)
< 2C0WN-1hh(@=p) |4 _ | (N-IhDS
+C Z gN=IhI=IAD(a=P) ¢, 1 — S|(N—Ih|—lhl)ﬂ|thr1 — ¢|lhle

heF - thi-1)
< 3C9(N—|h|)(a—ﬁ)|t _ 5|(N—|h|)/3.
Therefore, for all h € Fy_1) and B < a,

”Rh _ ’éh”(N—MDﬁ < C@(N_|h|)(a_ﬁ)'

Moreover,
1Z; Z||5 = Z IR" = RM|l (n-ip1)p
he?'(‘jv)
<c Y gles
he‘}'(fv)
>
=C ) oK F -0
k=1
as 6 — 0. o

Corollary 3.9. For every X € C%, the linear subspace 'x(Sy) is dense in QZ;”B under |||l
for B < a.

Theorem 3.10. Let N = |1/a]. Define the following sets of sections
F={X—x(f): feSn}, To={XrTx(f):feSy}
Then the following holds:

(i) T is a linear subspace of []x E/Z;’ﬁ

(ii) For every X, {y(X) : y € o} is a countable dense subset of @;’ﬁ.
(iii) For every y € T with y(X) = Ix(f), the function X — |ly(X)lla = ITx(Fll« is
continuous.

Proof. Part (i) follows from Lemma 3.3 applied fiberwise, and part (ii) follows from Proposi-
tion 3.8 together with the observation that I is countable as S,?, is.

Finally, we have to check continuity of the mapping X — |ly (X)|l« = ITx(f)ll«. Since we are
working in a metric space, it suffices to pick a sequence X, — X as a-Holder rough paths.
Then we apply Theorem 3.4 to obtain

T, (O)lla = 1T (O)llal < I, (F); Tx(H)lla < CIF[oa(Xn, X).
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Since X, converges to X in the a-Holder topology, we see that the map X — ||y (X)||« is
continuous. O

It is important to note that ' can be completed to yield a structure which is known as a
continuous field of Banach spaces, [8]. We will review the general theory of these structures
in the next section.

Remark 3.11 (Approximation of controlled paths). We will show now that our results imme-
diately yield canonical approximations for controlled rough paths. Let X be an a-rough path
and assume that there are smooth rough paths X, (i.e. canonical lifts of smooth paths) such

that X, — X as € — 0. Note that this is always the case when X is geometric. Let Z € Qi’ﬁ.

We aim to construct smooth Z, € 9;’ﬁ such that || Z; Z,||g — 0 as € — 0. Let 6§ > 0. From
property (ii) in Theorem 3.10, we can choose f € Sy such that

IZ; Tx(F)llg = 1Z - Tx(H)llg < 6/2.
From Theorem 3.4, we can choose € > 0 sufficiently small to obtain

ITx (F); Tx. (Fllp < 6/2.

Since X, is smooth, I'x_(f) is also smooth by construction. Therefore we can set Z, = I'x, (f)
and conclude with the triangle inequality that ||Z; Z.||s < 6.

4. BANACH BUNDLES OF CONTROLLED ROUGH PATHS

In this section we construct Banach bundles of controlled rough paths. We recall first some
general definitions and results on Banach bundles and continuous fields of Banach spaces.

4.1. Continuous fields and Banach bundles. Let us first review two closely related struc-
tures which arose in conjunction with C*-algebras and provide a convenient framework for our
investigation of spaces of controlled rough paths. We shall now present these frameworks and
discuss the pertinent examples from the theory of rough paths thereafter.

Definition 4.1. Let T be a topological space. A continuous field ' of Banach spaces over T
is a family (E¢)¢er of Banach spaces, together with a set I' C [, E¢ (where the elements
of [ are thought of as functions y: T — []; E: with y(t) € E;,Vt € T), such that:

(i) [ is a linear subspace of [1,c7 E,

(ii) for every t € T the set [(¢t) := {y(t) | y € [} is dense in E;,

(iii) For every y € I, the function T — R, t — ||y(t)]| is continuous,

(iv) Let ¥ € [1ser Es. If for every t € T and every & > 0, there exists an y; € [ such that
17 (x) — y:(x)|| < € on some neighborhood of ¢ in T, then 7 € .

If moreover [ contains a countable subset A such that A(t) = {y(t) | ¥ € A} is a dense
subset in E; for every t € T, then I is called a separable continuous field of Banach spaces
over T.

In the previous section we have constructed an example of a family of sections of the spaces
of controlled rough paths which is almost a continuous field of Banach spaces. Indeed our
example satisfies properties (i)-(iii) but not (iv) of Definition 4.1. Let us agree to call such a
collection a continuous pre-field of Banach spaces. The reason the notion of pre-field does not
exist as an independent object of study is that every pre-field can uniquely be completed to a
continuous field. Namely, [8, Proposition 10.2.3] yields
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Proposition 4.2. If T is a topological space and I a pre-field of Banach spaces over T.
Then there exists a unique continuous field " of Banach spaces over T such that T C .
Furthermore, if T admits a countable subset A such that A(t) = {y(t) | y € A} is a dense
subset of the Banach space over t, for all t € T, then [ is a separable continuous field of
Banach spaces.

Proof. In view of the cited proposition, we only need to establish the separability. This is
however trivial since we have assumed that there is a countable subset A of I C ' which
yields the (countable) dense set A(t) in each fibre for t € T. Thus I is separable. O

The concept of a continuous fields is a convenient framework in which one can speak about
continuous sections on a topological space with values in a collection of Banach spaces. The
main point here is that the union of fibres E = Li;c7 E; does not need to carry a topology while
the sections are still continuous in an appropriate sense. If one considered E — T as a bundle
in the usual sense, it would be natural to define a topology on E making the elements of a
continuous field continuous. Indeed there exists a canonical way to introduce such a topology
on E from a given continuous field.

Definition 4.3. Let I be a continuous (pre-)field of Banach spaces on a topological space
E and denote by (E;)¢er the family of Banach spaces over T. Define E = | |;c7 E¢ and let
p: E — T be the canonical projection p(e) =t if e € E;. Then we consider fory e ', UC T
open and & > 0O the tube

W(y.U,e) ={be E|p(b) eU, |lb-y(p(b)ll <€} (4.1)
From now on we endow E with the topology generated by the base

{W(y,U,e) |y el,UCT open, and € > 0}.

The point is that the tubes define a base of a Hausdorff topology on E. Before we discuss
this, let us recall following concept.

Definition 4.4. Let £, T be Hausdorff topological spaces and p: E — T be a continuous
and open surjective map. We call the triple & = (B, p, T) a Banach bundle over T if each
fibre E; := p~'(t),t € T is a Banach space and the following conditions hold

(i) the map E — R, s — ||s|| is continuous.

(i) +: E; X E; > E, (aj,a) — a; + ay is continuous for all t € T,

(iii) For each A € R, the map E — E, a — Aa is continuous,

(iv) if t € T and {a;};cs is any net of elements’ in £ such that ||a;|| — 0 and p(a;) — t in
T,then a;, > 0;inT.

Note that in the notation we usually suppress the index for the vector space operations and
norms if the fibre is clear from the context. A continuous map o: T — E such that poo =idr
is called continuous crossection.

Remark 4.5. A Banach bundle in the above sense is a special type of fibre bundle whose fibres
are Banach spaces. It is more general than a vector bundle whose fibres are Banach spaces
(and which is also often called a Banach bundle in the literature). Note that contrary to vector
bundles, Banach bundles do in general not admit a local trivialisation by a bundle trivialisation.
Consequently, we do not claim that a canonical trivialisation exists for the Banach bundle B.

"While the general definition of a Banach bundle is naturally phrased using nets, we will only encounter

Banach bundles which are metrisable topological spaces. Thus all nets we have to care about are countable,
i.e. sequences.
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Banach bundles are (up to some technicalities) equivalent to continuous fields of Banach
spaces as the next result shows:

Proposition 4.6. Let " be a continuous pre-field of Banach spaces over a metric space (T, d).
Let again (E¢)ieT be the family of Banach fibres and endow E := U1 E; with the topology
from Definition 4.3. Then the canonical projection p: E — T turns (E, p, T) into the unique
Banach bundle such that the following holds:

1 Every element o € T is a continuous cross section of the Banach bundle.

2 The Banach bundle has enough cross sections, i.e. for every b € E there exists a
continuous cross section oy, with op(p(c)) = b.

3 If the completion [ is a separable continuous field of Banach spaces, E is a metric space.
Moreover, E is separable if and only if T is separable.

Proof. By definition of a continuous pre-field of Banach spaces the set I'(t) = {y(t) |t € T}
is a dense linear subspace of E; for each t € T. Moreover, for every y € I', the function
t — |ly(t)|| is continuous. Hence, the prerequisites of [9, 13.18 Theorem] are verified. Applying
the theorem, we see that the tubes (4.1) form the basis of a Hausdorff topology on E. This
topology turns (E,p, T) into a Banach bundle such that every element o of ' becomes a
continuous cross section of this bundle. Furthermore this topology is unique and satisfies (1)
and has enough cross sections by [9, Remark 13.19], i.e. (2) holds.

We are left to prove (3) and note first that by uniqueness of the Banach bundle topology, we
may replace I with its completion I". Hence without loss of generality we may assume now
that I is a separable continuous field of Banach spaces with a countable subset A such that
A(t) = {y(t) | y € A} is a dense subset of E; for each t € T. To see that E is metrisable
we note first that, as a metric space, T is paracompact. Hence we can apply [26, Proposition
A.1] and deduce that E is a completely regular topological space. In particular, E is a regular
topological space. Further, [10, Corollary 4.4.4] shows that T admits a o-finite topological
base B, i.e. a topological base which is a countable union of locally finite families of open sets
B = UnEN B.

Let us construct a o-finite topological base for E. For this let 8, = {U;}jecs,, n € N for the
locally finite families of open sets U; comprising B. Consider the family 7~ of tubes defined via

W(y,U,r),yeNieS,reQn(,1). (4.2)

By construction 7~ consists of open neighborhoods in £ and if W(y,U;,r) "W (y’,U!,s) # @
we must have U; N U,.’ # @. As A is countable, the set

T:U U U{W(V,U/,f)}iesn

neN reQn(0,1) yeA

is again o-finite. We are left to prove that it is a topological base. Pick W(n,U,r), for
nefl,UCT open and some r > 0. For any fixed b € W(n,U, r) we construct a tube of
the form (4.2) contained in W (n, U, r) which contains b. Pick a rational number 0 < & <
|16 — n(p(b))]|/2. Exploiting that the image A(t) of A is dense in E; for every t € T, we
can pick yp € Tg such that |6 — y»(p(b))]| < €. Applying the triangle inequality we see that
Yo(p(b)) € W(n,U, r). Moreover, t — ||ys(t) —n(t)|| is continuous, whence there is a small
neighborhood O of p(b) in U such that W(ys, O,e) € W(n,U,r). As B is a topological
base of T, we can pick / € S, for some n € N such that p(b) € U; C O. This implies that
be W(yp U,e) CW(n,U,r). We conclude that 7 is a o-finite topological base.

Summing up, E is a regular topological space with a o-finite topological base, hence the
Nagata-Smirnov metrisation theorem [10, 4.4.7] establishes that E is metrisable. To establish
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the claim on separability, we recall that (E, p, T) has enough cross sections and T is a metric
space. Metric spaces are second countable if and only if they are separable. Since A(t) is
dense in every E¢, [9, Proposition 13.21] shows that the metric space E is second countable
(equivalently separable) if and only if T is so. This establishes (3) and finishes the proof. O

Remark 4.7. Note that most of the statements in Proposition 4.6 are easy corollaries from well
known results on Banach bundles. Hence they are hardly surprising. However, we were unable
to locate the statement on the metrisability of the total space in the literature. (A metrisability
statement for the total space under the more restrictive assumption that T is separable can
be found in [26].)

The uniqueness assertion in Proposition 4.6 shows that a continuous (pre-)field of Banach
spaces uniquely determines a Banach bundle with enough sections. A deep result due to
A. Douady, L. dal Soglio Herault and K.H. Hofmann shows that this can be reversed. Indeed
over paracompact topological spaces, there is a one-to-one correspondence between continuous
fields of Banach spaces and Banach bundles which admit continuous cross sections through
every point (see [9, Appendix C]). However, for later use (see Remark 4.16) it is important
to note that the general construction only allows one to recover the continuous field, not the
pre-field from which the field might have arisen by completion.

We conclude this section with a brief discussion of the construction of the metric on the total
space of the Banach bundle in Proposition 4.6. This is essentially just a recap of the proof of
the Nagata-Smirnov metrisation theorem. However, we need the cocnrete form of the metric
constructed in the next section to study the Banach bundle of controlled rough paths.

4.1.1. The Nagata-Smirnov metric on the Banach bundle. Let (E, p, T) be a Banach bundle
over a metric space (T,p) constructed from a separable continuous Banach bundle I with
countable dense subset A via Proposition 4.6. To understand convergence in the metric space
(E, de) we explicitly construct de by revisit the Nagata-Smirnov metrisation theorem, [10,
4.4.7]. Its proof shows that the construction hinges on two choices:

1 the o-finite topological base U;,i € S,,n € N. We note that since (T,p) is a metric
space, we can choose every U; = B/, (t;) as a metric ball in T with t; € T,and 0 < r; < 1
(cf. [10, Theorem 4.4.3].

2 For every tube in the basis of the topology one picks

W(y,B.(t),6),i € Sp,ye AAne N, 6§ cQn(0,1)
a continuous function f(,;s): E — [0, 1] such that W(y, B, (¢;),5) = 7‘(;1/ 5)(]0, o).

Note that also here § < 1 is enough since the section ins A have dense image in every fibre.
In the situation at hand, the following functions are valid choices

(ri = p(p(b), 1)) (6 = lb =y (p(O)ID), if b€ W(y, B (t),6)

s (b) = 43
(r.i.)(b) {o, clse (4.3)

For later use we remark that both factors in the product in (4.3) are smaller then 1 by choice
of ri and 6. By construction |fy i s)(x) = f(,.i6)(¥)| = 0if (x,y) ¢ W(y,U;,6) X EUE x
W (y,U;, 8). To ease notation, let us agree on the following definition:

Definition 4.8. Fory e ', i € S,, n € N such that U; = B,,(¢;) for some r; > 0 and rational
6 > 0, we define a pseudometric on E

diy.is) (X, y) = fy.i.8)(X) = fiy.i6 (V)]
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Pick now an enumeration m — (np,, ¥m, 6,) of the countable set N x A X (QN]0, co[) and
recall that the open sets U; = B/, (t;) for i € S, form a locally finite family. Thus we obtain
a well-defined continuous function

dmZ EXE — [0,00[, (X,_y) — Z d(}’m,/ﬁm)(x’ y)

i€Sn,

Cutting off at 1 and summing up, this yields the Nagata-Smirnov metric on E:

de: EXE - R, de(x,y) = Z 27" min{1,dn(x, y)}.

meN

Note that convergence x, — x in the metric dg implies d,(x,, x) — O for all m € N. As a
direct consequence of the construction of the d,, we thus obtain the following.

Lemma 4.9. Let (x,)nen be a sequence in (E, de). Then x, —q4, x if and only if

klim dymism) (Xks X) =0 forallmeN,i € S, .

Finally, we note that if x, y € W (y, B, (ti), ) then an elementary estimate yields
diyie) (%, y) < (ri = p(p(x), t))([x =y (PO = lly =y (p(¥)ID

€(0,1)

+ (&= lly —v(pNID(p(p(y), ti) = p(p(x), ti))]

€(0,1)

Hence the pseudometric dy ; s)(x, y) is dominated by the sum of the two terms

llx =y = lly =y (4.4)
le(p(y), ti) — p(p(x), ti)] < p(p(y), p(x)) (4.5)

The expression (4.4) can only be simplified using the reverse triangle inequality (as we did in
(4.5)) if p(x) = p(y), i.e. if both points are contained in the same fibre.

For a converging sequence x, —4, x, where x lies in the tube W (y, B/ (t;),6), the above
terms control convergence if enforced for all tubes in the base in which x is contained. By
Lemma 4.9 all terms (4.4) and (4.5) which are not cut off need to converge to 0. Besides
the estimate (4.5), continuity of p with respect to the tube topology yields p(x,) —, p(x) if
Xn —de X.

In the next section, we shall consider the Nagata-Smirnov metric for the Banach bundle of
controlled rough paths. Our preparation here enables us to prove that it is equivalent to a
metric constructed extrinsically on the union of the Banach fibres. This metric has been used
extensively in the literature (see e.g. [12]) to establish stability of rough integration.

4.2. Properties of the Banach bundles of controlled rough paths. We have seen in
Theorem 3.10 that the spaces of controlled rough paths form a continuous pre-field of Banach
spaces over the space of branched rough paths. Moreover, we deduce from the result and
Proposition 4.2 the following:

Corollary 4.10. The continuous pre-field ' from Theorem 3.10 can be uniquely completed to
a separable continuous field of Banach spaces I' over the space of branched a-rough paths.

We will now leverage the theory recalled in the last section and consider two Banach bundles
of controlled rough paths. For this let us fix some notation
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Definition 4.11. We denote by €% the space of branched rough paths for some 0 < a < 1
and recall that it is a metric space with respect to the a-rough path metric p,. Further, we let
@ be the closed subspace of geometric rough paths endowed with the metric induced by the
space of branched rough paths. For brevity we will also write p, for the metric on this space.

For any 0 < B < a we define now the bundles

p: E%F = | | 93f - 6° (4.6)
Xe®*

prEgP = | | 93P - 68 (4.7)
Xe®yg

where p is the canonical projection of a controlled rough path onto the controlling rough path.

Combining now Corollary 4.10 with Proposition 4.6 we see that the field of controlled rough
paths induces a unique Banach bundle structure on the bundles (4.6) and (4.7). Moreover, we
obtain the following result.

Proposition 4.12. The total spaces of the Banach bundles (4.6) and (4.7) are separable
metric spaces with the Nagata-Smirnov metric. Moreover, E ; P s separable while E** is not.

Having obtained the Banach bundles of controlled rough paths over the branched and geometric
rough paths, let us introduce another metric which has been used in stability analysis of rough
integrals (see e.g. [12])

Definition 4.13. Let £ be either E*# or Eg’ﬂ. We define a map d%: E x E — R with the
help of (2.4). Namely for x, y € E, we set

a5 (%, ¥) = pa(p(x), P(¥)) + I1X; Ylla-

In the following, whenever we derive results on dg which hold for both Banach bundles we
consider we shall denote their total spaces as E.

Note that || x; y[lo makes sense for arbitrary elements x, y € E but it only constitutes a norm
for elements belonging to the same fibre of the total space. The trick is that we can still
compute a Holder distance of the remainders as they take their values in the same Banach
space. From the point of view of the Banach bundle this is however an extrinsic construction
which does not reflect the geometric structure of the bundle (whence we chose to call this
metric the flat metric, as it exploits an extrinsic embedding into a flat space).

Lemma 4.14. The map dg is a metric on the total space E, called the flat metric.

Proof. We only have to prove that dg(x,y) = 0 implies x = y. To see this, we first note that
d’(x, y) = 0 implies p(x) = p(y). In this case, [|x; yll« = lIX = yll« and since ||-]lq is a norm
on the space of paths controlled by p(x), the claim follows. O

Proposition 4.15. The flat metric d° and the metric dg are topologically equivalent. In
other words, for a sequence (X,)nen C E we have dg(xn,x) — 0 as n — oo if and only if
de(xp, x) > 0 as n — 0.

Proof. Assume first that lim,_, d’(x,, x) = 0. By definition this implies pa (p(x,), p(x)) —
0 and the term (4.5) converges to 0. For (4.4) we find with the negative triangle inequality

11X =¥ (PO = l1xa = ¥ (P < 1dg (X, ¥ (P(x))) = da (X ¥ (P(Xi)))I] < g (X, Xp).

DOI 10.20347/WIAS.PREPRINT.2926 Berlin 2022



The geometry of controlled rough paths 25

Hence convergence in dJ) implies convergence of (4.4) and (4.5) for all choices of d(,.s). Thus
Lemma 4.9 shows that convergence with respect to dg implies convergence in ds.

For the converse, assume that de(x,, x) — 0. Since the bundle projection p is a continuous
map, this implies py (p(x5), p(x)) — 0 as n — oo.

Now let € > 0. For every y € I (note that for the bundle over the geometric rough paths, we
replace ™ by the restrictions of its elements to the subspace of geometric rough paths),

Ix; xalla < llx =y (POl + lly ()i ¥ (P(Xa))lla + lly (P(Xn) = Xnla-

We can choose y € I such that ||x —y(p(x))|l« < €. Continuity of the rough integral implies
that we can find My > 0 such that |[y(p(x)); ¥(p(xn))lla < € for every n > M;. Choose an
open neighborhood U; = B/, (X;) as in the definition of the Nagata-Smirnov metric (where 0 <
r; < 1 and X is a branched rough path for the bundle over the branched rough paths, otherwise
we can pick a geometric rough path) such that p(x) € B, 2(X;) and p(x,) € B, (X;) for
every n € N large enough. Since x € W(y, B/, (X,), 2¢), we must have x, € W(y, B/, (X,), 2¢)
for all n > M, and some M,. We already know that py(p(x,), p(x)) — 0 as n — oo which
implies that

(r = pa(p(Xn), X)) = (r — pa(p(x), X))
as n — oo. Since dy i s) (X, Xx,) — O for every rational § > 0 as n — oo, this implies that

X0 =y (P(Xa))lla = llx =y (p(x))la

as n — oo. Since ||x — y(p(x))|l« < &, we can conclude that ||x, — y(p(xn))|la < 2¢& for
n > Ms. Therefore, we have shown that for n > M := max{M;, M, M3},

Since € > 0 was arbitrary, this concludes the proof. O

X; Xplla < 4e.

Remark 4.16. In light of the equivalence of the Nagata-Smirnov metric and the flat metric,
it is not hard to see that the Banach bundle structure can also be established using the flat
metric. Hence from the flat metric, we could have constructed the Banach bundle and the
associated continuous field. Now the reader may wonder whether the constructions in [12] (for
level 2-rough paths) would not lead to a direct proof of the articles results so far. While we
can recover the continuous field by the general result, the same is not true for the pre-field
of Banach spaces constructed through the approximation arguments. The point is that by
working with the algebraic structure and the smaller set of sections from the pre-field our
arguments yield estimates and control which can not (without further arguments) be deduced
from the flat metric and the (non-canonical) homeomorphism with a trivial Banach bundle
introduced in [12].

Note that the equivalence of the metrics is quite weak as they only induce the same topology.
There are stronger notions of metric equivalence which ensure that properties established for
one metric also carry over to the other. We will briefly discuss this now.

Remark 4.17. Topologically equivalent metrics do not need to have the same Cauchy-sequences
(whence completeness of one metric is not automatically inherited by a topologically equivalent
metric). For this, uniform equivalence of metrics is sufficient. This means that the identity
map idx: (X,dy) — (X, dy) and idx: (X, dy) — (X, d,) is uniformly continuous (and not
just continuous as in topological equivalence). Unfortunately, without additional properties
on the open cover uniform estimates of one metric against the other seem to be out of
reach. The problem lies in the construction of the functions d,, which are defined as sums of
pseudometrics. Locally, every dp, is a finite sum of such pseudometrics. However, since the
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number of summands can potentially be unbounded over the whole space (this depends on the
chosen cover of the space of rough paths), this makes a uniform estimate impossible without
further knowledge.

Consequently, we were only able to establish the completeness for the flat metric (completeness
for the Nagata-Smirnov metric runs into a conceptually similar problem as a proof of the
uniform equivalence). Note however, that the proof leverages the topological equivalence with
the Nagata-Smirnov metric.

Theorem 4.18. Let (E, d>) be the total space of the Banach bundle (4.6) or (4.7), then E
is complete. In particular, the space (E g P , dg) is a Polish space while (E*#, dg) is a complete
metric space.

Proof. In view of Proposition 4.12, we know that the topological space is separable only for
the bundle (Eg’ﬂ, dg). Now the Nagata-Smirnov metric and the flat metric are topologically
equivalent by Proposition 4.15, whence the (non-)separability is inherited by the flat metric.
Thus we only have to establish completeness of the space (E, dg). For this we consider a
Cauchy-sequence (x)nen With respect to the flat metric. Recall from Definition 4.13 that
being Cauchy in the flat metric implies that the sequence (p(x,))nen of basepoints must be
a Cauchy-sequence with respect to the metric p,. Now the space of branched (respectively
geometric) rough paths is complete with respect to py, whence there exists a rough path X
such that lim, . p(x,) = X. Furthermore, Definition 4.13 implies that for every h € T(fv) the
series ({(h, X)), is a Cauchy sequence with respect to the uniform topology. By completeness,
there exist continuous paths x” such that (h, x,) — x" uniformly. Define Z: [0, T] — H

(N)
by (h,Z;) = x"". We show that Z is controlled by X. Define
RIT = (h, xn(t)) = (p(Xn)s.t * h, xn(s)) and
Rg,t = (h,Zt) — Kse X h, Zs).
Let € > 0. Since (x,), is a Cauchy sequence w.r.t. dg, there is an M such that
|Ret = R
|t — s|(N=lhDa —
for every s # t and every n,m > M. Letting m — oo, pointwise convergence implies that
IR"™ — R™l(n—ppya < €
for n > M. This implies that Z is indeed controlled by X and that dg(x,,,Z) —0asn— o
which proves completeness. O
It is now easy to recast stability results from the theory of rough paths in the language of

Banach bundles (or equivalently continuous fields of Banach spaces).

Proposition 4.19. Let again E be the total space of the Banach bundle (4.6) or (4.7). Then
the integration map

R¥ E—>E,Yr—>/YdX, where X = p(Y).

o~

is a morphism of Banach bundles over the identity, i.e. I is continuous, fibrewise linear and
projects via the bundle projection down to the identity.

Proof. Let us note first that due to Paragraph 2.18 the integral of a controlled path is controlled
again, whence the integration map makes sense and respect the fibres of the bundle. Since
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integration is linear in the integrand, we see that J is fibre-wise linear. Now continuity with
respect to the Banach bundle topology is equivalent to continuity with respect to df,’, and this
follows immediately from Proposition 2.20. O

Having established the integration map as a morphism of Banach bundles, we turn to the other
prominent mapping in the setting, the Ito-Lyons map which assigns to a rough differential
equation its solution as a controlled rough path.

For this let us recall first that the definition depends on the choice of vector fields fi,...,fy €
C*(R",R"). Following [22], given ¢: R” — R" and vy,..., v, € R” we denote

n
om
Dm(p(.y)(Vh-.,V ):: —(p(y)V(X]'..Vam.
” a1,.§m:1 OYa;*** OYay, 1 m

Define the elementary differentials fy € C*(R",R") for © € 7 recursively by f1(y) = y and
fleyery), = D™ (fryy oo fr).

Lemma 4.20. Let 7,p01,...,p0n €T, n > 1. Then
D"fr i (foys ..o fp,) = Frmpropn

Proof. We first show the statement for the case n = 1 by induction on |7|. The case when
|| =1, i.e., when T = e/ follows from the defintion. Indeed,

Dfi(y)f(y) = fip),(¥) = feimp(¥).
Now, if |t| = n+ 1 there are 71,...,7Ty € 7 with |5q| +--- 4+ |tm| = n and some label
i€{l,...,d}, suchthat 7 =[11...7p]; = e v T1---Tp. Hence, by the chain rule

m
Dfy i fy = D™ (Fyy s fap £o) + D D7t (Fyso o, Dfefp, o Fr)
k=1

m
= f[Tr"TmP]i + Z f[TT"(Tk"-\p)"'Tm]['
k=1

Whence we conclude by noting that, at the level of trees, the identity
m
[r1 Tmpli+ Y [11 - (e p) -+ Tl =01 A (11 T % p) = [0+ Th]i A p
k=1
holds.

Now, for the case n > 1, we note that by eq. (2.2)

n
D™ (forse s fops £5) = Dirmpyopy 1 fo = D Dt (fors o, Dl fp, o £y
k=1

n
= Heprpa)ep — Z Frn(or-+(perp)-pn)
k=1

= frpi-pnp- m|

Given a branched rough path X and vector fields fi,...,fy: R” — R”, we say that Y solves
the Rough Differential Equation (RDE)

dYt =

d
fi(Yy) dX|

i=1
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if it has the local expansion
1

5Y5,t = Z mf}(Ys)X;t + rs,t, (48)
T€7?N)

with r € CZ(NH)O(, where we recall that N = [a™'] so that Na < 1 < (N + 1)a, and the path
1
Ye= ) —=h(Yr
T€'7ZN)U{1} O-(T)

belongs to 2y .

It can be shown [19] that if f; € C)'*" then foreach ¢ € R”, the RDE has a unique solution
Y = d(&, X) starting from Yo = €. The map ®: R” X €% — | xcge D3, (€, X) — P(&,X)
is known as the It6-Lyons map.

Proposition 4.21. The It6-Lyons map satisfies the bound
(€, X); D& X)lla < C(I€ = €| + pa (X, X)). (4.9)

Hence, the It6-Lyons map is a parameter dependent continuous crossection of the Banach
bundle (E%P, p, %)

Before proving the theorem, we recall the following result from [19, 22],

Lemma 4.22. et X € €% and Z € Dy. If o: R" — R" is a function of class CN then the
path ¢(Z): [0, T] — H5,, defined by (1,¢p(Z):) = ¢ (Z;) and

(N)
N-1 1
ho@e) =3, > Pzl .zl
k=1 ﬂ,...,fkeq" ’

fi-fo=h

also belongs to .

Proof of Proposition 4.21. Note that by definition ®: R x €% — E%# satisfies d(-, X) €
@i’a. Hence we only need to establish continuity of ®. For simplicity we only deal with the
single noise case, i.e., |A| = 1 since the general case differs from this case only in notation.
The proof follows ideas present in [4], in the setting of discrete rough paths. First, note that
the controlled path Y = @ (&, X) solves the fixed-point equation

Ye=Yo+3Ix(F(Y))
in Dy Therefore, by Proposition 2.20 we immediately obtain the bound
(€, X); D& X)lla < CIFY); F(V)lla + pa(X, X)).
From Lemma 4.22 we see that for any forest h =11 --- 74 € 7—”(7\,) we have
(h,F(Y)ey = DXF (YD) (YT, ..., Y™)

= Dkf(Yt)(ﬁﬁ (Ye), .., (Y1)
= f[Tr"Tk](Yt)
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Therefore, the remainder term can be expressed as

RE, =8f ()i, - > FONZXE,

heF v im-1)
=i (YD) = fin (Y = D Frm (YOXL,.
heF - ihi-1)

Now, we can perform a Taylor expansion on f{; and see that

N—|h|-1

fir (Ye) = fig (Ye) = D im (Y6 (8Yee)* + T,
k=1 )

where
1
1
T = / WDW—"’%}(K)(YS+65Y5,t)®<’v"h'>(1 _g)N-Ihi-1 gg.
0 - !

Thus, the remainder may be rewritten as

N—|h|-1 i
Rg,t = Tsf,]t + Z EDkf[h](Ys)(ays,t)@k T Z f[ﬁ*h](Ys)Xg,r
k=1 heF v 1a-1)

Now, fix 1 < k < N — |h|. Replacing eq. (4.8) into Dkf[h](Ys)(éYs,t)@‘ we obtain

®k
D fip (Yo) (8Ye)® = D¥fip (Yo)| > YEXT + 1oy
TG?ZN)
= k! Z Dkf[h]n/',(ys)xg,t + Bg,t’
heF(n-1n-1)*
where B" contains terms of the form DXfiy i (foy, ..., fy, Rf,‘t, cees RZ’? :

Proceeding similarly with the remainder corresponding to Y, we obtain that
IR = Rt < ITg = Toul + 1BS = Bil.
A straightforward bound gives
- ~ ~ ~ ~ 1 (N=|h -
T2 = Tl < (1Y = Y laProa (1Y a1V ll2) + 1Y = Vel VIS )£ = 5| Nt

with
m
P(x,y) = > Xl y™ .
j=1
The difference B" — B can be estimated in terms of the difference of remainders R" — R" and
the argument is closed recursively.

Due to the bound (4.9) we see that ® is continuous as a mapping into (E%?, dg). Now the
flat metric generates the topology of the Banach bundle E%#, Proposition 4.15, whence the
continuity of & follows. O
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APPENDIX A. PRIMITIVE ELEMENTS AND TREE BASES

This section presents tables of the primitive elements forests up to level four. We use these
elements to generate a new basis by applying the natural growth operator (cf. Paragraph 2.3).
At the end, we apply our approximation procedure to an example. For calculating the primitive
elements, we use the following operator defined in [11, Theorem 9.6],

w1 H — Prim,

my(h)=h= > AT m(h?),
")

where A’h = 3 h' ® h? and m1(e) = e. By [11, Theorem 9.6], this operator is surjective.
Accordingly, since this is also explicitly defined, we can quickly generate a basis for the space
of primitive elements. The following vectors constitute a basis for this space up to level five.

Level (1) mi(e) =e
Level (2) 71 (ee) = 00 — 28
Level (3) T (ooo) = o000 — 30: + 3£

71 (eeee) = ceee —4..:+4.£ —49 +

433 +2°0* —4af +2Y - 2082

Level (4) 1 (e0}) = v+::—2\;+’{ Y

We can now apply to Lemma 2.4 and find a new basis for H. Here are the remaining vectors
we need to add to construct a basis for the space of forests up to level four.

Level (2) eTe=1
Level (3) T(e,0,0) :i mi(ee) Te =8» — 2; eTmi(ee) =03 —0—-%

For the level (4),

T(o,0,71(s0)) = 0§ —§—a} Teom(ee) =of -} - T(m(..),.,.):Y—zi

T(7T1 (oo),ﬂ'1 (oo)) = 'V - Y o T 1y (ooo) = oooI - II —
Y - - 24 +2§ +208 71 (e0e)Te = '\V‘3\;+3£ o} o +§ + ¥ +ef

T(e.0.0.0) :§

We now apply our approximation scheme to the Example 2.17.

Example A.1. Recall from the example that we consider a path Z € 9§ for a € (%, JT). We
can rewrite the controlledness condition of Z with respect to X in terms of the primitive basis
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as shown below:

eoeo-301+3
5], = Z0X2, + 220X R 4 (22“+zz)x: £ 220X, el

i (3Z:°' v 28 ZY )X:{_zi + (32;" Lzt I)x:f_i_v

oo—ZI
s,t

529, = (ZZ" + ZI)X't+ (32“' + Z ol +ZV)X
+ (62;” 320807 ZsE )xit + RS,
[ J
5237 = (325'" +ZSI)X't+Rst,
5z§t :(ZS':+ZSi V)X't+RI

Let us to fix a dissection # = {0 = tg < t; < -+ < ty < tyy1 = T} of [0, T] and set
Iy := [tk, tis1]. For s € Iy, we define

Ni i s—t i ~® ° s—t °
Zg :Ztk+—kztktk1’ ZS::ZkI+—k tkItk1
Ly — g Tk ter1 — Lk *
Z.\(._Z.Y._'_ s — I Zv Z.OO_ZOQQ+ s — g e0e0
s T T t —t ti,tesr? s Bt 7% t —t tistis1”
k+1 — Lk k+1 — tk

We then define
- S o= ~o3 s — tx et ~o3
Z2° = Z;k°+/ (3Z2°° + Z; *)dX? +—[Z" —/ (322°° + 7, )dx;],
te tk

ter — b |
and
— ks - - -
-7 / (20 +22v+Zi)dX' ﬁ[z}w —/t (208 22¥ +z§)dx;].
k
Finally, set
N S
Z? = Zt°k+/ (22;‘+Z,:)dx: +/ (322°° +Z}’ +Z'I)dX" 24,
tk ty
— i+ - » tr+1
Sz [z s zho - [Tezeee e 2V s 2o 3|
kel — tk t e

and

s s _ s ee0-301+3
‘+/ Z;dx:+/ Zoodx?* 2I+/ Z°°%dX, ¢ I+
tx te

tk

Z2dX® - Z2dx? Ze*%dX

S — tk [ 1 te+ - te+ oo 2: tk+] ..._3.:+3$:|
tk ty te

te,t -
the1 — b | O
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