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Given a Gaussian process X, its canonical geometric rough path lift X,
and a solution Y to the rough differential equation (RDE) dY; = V (¥};) o dX,
we present a closed-form correction formula for [ Y odX— [ Y dX, that s, the
difference between the rough and Skorohod integrals of ¥ with respect to X.
When X is standard Brownian motion, we recover the classical Stratonovich-
to-Itd conversion formula, which we generalize to Gaussian rough paths with
finite p-variation, p < 3, and satisfying an additional natural condition. This
encompasses many familiar examples, including fractional Brownian motion
with H > % To prove the formula, we first show that the Riemann-sum ap-
proximants of the Skorohod integral converge in Lz(Q) by using a novel
characterization of the Cameron—Martin norm in terms of higher-dimensional
Young-Stieltjes integrals. Next, we append the approximants of the Skorohod
integral with a suitable compensation term without altering the limit, and the
formula is finally obtained after a rebalancing of terms.
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1. Introduction. Gaussian processes are used in modeling natural phenom-
ena, from rough stochastic volatility models in high-frequency trading [2], to
models of vortex filaments based on fractional Brownian motion [31]. To analyze
stochastic processes with regularity lower than standard Brownian motion, one can
employ the theory of rough paths [27]. In particular, given a Gaussian process X,
one can lift it canonically to a geometric rough path X [17], and this allows one to
study the properties of rough differential equations (RDEs)

(1) dY, = V(¥ odX,,  Yo=yoeR",

and of rough integrals of the form

T
) / Y, 0dX,.
0

Furthermore, this geometric calculus generalizes Stratonovich’s stochastic calcu-
lus, and as such, it finds natural applications, for example, in stochastic geom-
etry where the change-of-variable formula allows one to give an intrinsic and
coordinate-invariant definition of a rough path on a general smooth manifold; cf.
[5,9].

1t6 integrals, by contrast, preserve the local martingale property, which is a use-
ful feature when computing probabilistic quantities such as exit distributions and
conditional expectations. One can often gain insight into a problem by transform-
ing Stratonovich integrals to Itd integrals and vice versa, depending on the require-
ment at hand.

Now if Y and X are two continuous semimartingales, both R9-valued, it is
well known that the difference between the two integrals is given in terms of the
quadratic covariation through the formula (cf. [24, 33])

T T l
fo (¥, 0dX,) =/0 (¥, dX0) + 51V, X7

In the case where Y; solves RDE (1) and X, is taken to be standard Brownian
motion By, this becomes

T T 1 (T
3) /0 (Y, odBy) :/0 (Y:,dB;) + 5/0 [V (Yy)] de,

where in the second term on the right-hand side we have the usual trace of V (¥;) €
R? @ R¥ considered as a d-by-d matrix.
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On the other hand, if Y; = V f(X;), where f is sufficiently smooth, then we get
1t6’s formula,

T
@ FXr) - f(Xo) = /0 (V£ (X)), 0dX,)

T 1 (T
5) - /O (V7 (X0, dX,) + 5 [0 Af (X)) dR(2),

where the first term on the right-hand side is the Skorohod integral of V f(X)
with respect to X, and R(¢) is the variance E[(X t(l) )2]. This has been well studied
for general Gaussian processes, particularly fractional Brownian motion, over the
past two decades; see [1, 4, 30, 32], and in particular [22], which uses rough path
techniques to prove the formula.

Our main result is the following theorem, where the driving signal X is con-
structed from the limit of the piecewise-linear approximations of a Gaussian pro-
cess with i.i.d. components.

THEOREM. For2 <p <3,let Y € CP7V¥([0, T]; Rd) denote the path-level
solution to

dY, =V (Y;) odX;, Yo = yo,

where V € CO(RY; R? ® RY) and X € COP™4([0, T]; GPI(RY)). We assume the
covariance function R of X is of finite 2D p-variation, 1 < p < % and satisfies

1
(6) ”R(t")_R(S")”p-var;[O,T] <Clt —s]|*,

forall s,t €0, T)]. Then almost surely, we have

T T 1 T
J ised = [0 axi 5 [ olvemlare)
@ ° 0 0
X/ rxy—1
* fmp Ljo,0 () [ (J30) T V() = V(Y] dR (s, 1).

Here, ]tX denotes the Jacobian of the flow map yo — Y;. The last term on the
right-hand side of (7) is a proper 2D Young—Stieltjes integral with respect to the
covariance function. When X is standard Brownian motion, it vanishes since the
integrand is zero on the diagonal and dR(s, t) = §{s— ds dz. This, together with
the fact that R(¢) = ¢, allows us to recover the usual Itd—Stratonovich conversion
formula (3).

Hence, an immediate contribution of the theorem is the generalization of for-
mula (3) to the setting where the integrands are solutions to Gaussian RDEs. Here,
we are able to give a formula for integrators other than standard Brownian mo-
tion without restriction on the regularity of the integrand; compare this to [12]
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for example, where essentially Young complementary regularity is required. Fur-
thermore, the novel 2D Young—Stieltjes integral can be understood as measuring
the failure of the commutativity of V with respect to the covariance of the Gaus-
sian process. For studying the dynamics of Gaussian processes in cases where the
correction formula is indispensable, for example, Gaussian processes evolving on
manifolds, this could lead to new insights.

We now provide the main idea behind the proof of the theorem. Denoting X =
(1, X, X?), the solution ¥ to RDE (1) can be integrated against this rough path and

T
(8) /0 (Vi,0dX;) = lim Y (¥, Xy1,)) + VD (X,

Il~04

almost surely. Continuing, we devote Section 4 to proving two claims. The first is
that Y lies in the domain of the Skorohod integral operator w.r.t. X, and the second
is that, as a limit in L?(Q2) we have

T
/ (¥, dX,)
0

= lim Z|:<Ylivxti,ti+l)_/titr[thi(-]sX)_lv(YS)]R(Ai’ds):|‘
0

Iwl—04

)]

Proving these facts is less obvious than in the case where Y; = V f(X;), and we
need to use the tail estimates of [10] in a fundamental way. In Section 5, we use
condition (6) to prove that

1
(10) Sva (2 ,.) - B, 1)

has a vanishing L?(2) limit as ||77 || — 0. The proof of this relies on estimates com-
ing from a delicate interplay between the theory of Malliavin calculus and Gaus-
sian rough paths; see Proposition 5.1. After augmenting (10) to (9) and extracting
an almost sure subsequence, we can take the difference between this subsequence
and (8). A careful rearrangement of the terms in this difference will then yield the
correction term.

We now outline the structure of the paper, as well as highlight other contribu-
tions that are of independent interest. We begin in Section 2 with a summary of
Gaussian rough path concepts and a primer on the Malliavin calculus as applied to
RDE solutions. In Section 3.1, we provide a general closed-form expression and a
novel bound for the higher-order Malliavin derivatives of RDE solutions relative
to the driving rough path (cf. [8, 21, 23]). This will be then used in Section 5 to
show that (10) has vanishing L>(2) limit.

In Section 4, we give a new characterization of the Cameron—Martin norm in
terms of multi-dimensional Young—Stieltjes integrals. We show that one can iden-
tify CP™V¥([0, T']) with a dense subspace of H1, the Hilbert space generated by the
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indicator functions which is isomorphic to the Cameron—Martin space. In particu-
lar, for f € CP7™V¥ ([0, T']), we have

(1) £l =\/f[0 Lo S ARG, D).

We also give a corresponding characterization with regards to the tensor prod-
uct of the Cameron—Martin space in Section 4.2, and revisit the classical Ito6—
Skorohod isometry in Section 4.3 by giving it a new formulation in terms of multi-
dimensional Young-Stieltjes integrals. Finally, Section 4 is concluded with a proof
of (9).

The main theorem and its proof is given in Section 6.

2. Preliminaries. The following is a summary of basic notation that will be
used throughout the paper.

We will use {e;}, j =1,...,d, to denote the canonical basis for R4, and | - |
will denote the standard Euclidean norm.

A and Vv will be used to denote the min and max operators, respectively, and
C, with or without subscript, will always denote a finite constant which may vary
from line to line.

The notation C; will be used when denoting a class of functions which have
bounded derivatives up to nth order.

Given vector spaces A and B, L£L(A; B) will denote the space of linear maps
from A to B.

Frequently, we will canonically identify a tensors Zf-‘zl le: Laije; ®e;j (or co-
tensors Y F_, le:l a;j de; ® de;) in R @ R! with a k-by-/ matrix.

For simplification, we will denote both tensor spaces and co-tensor spaces with
R¥QR!, andif A e RQR¥ tr A := Zf: 1 aii will denote the usual trace operation.

Ty = Zl}:l e;j ® e will be used to denote the k-by-k identity matrix.

2.1. Rough paths, p-variation topology and controls. We begin by reviewing
the basic concepts and notation of rough paths theory. The standard references in
this area include [14, 25, 26] and [18].

Given x € C([0, T]; R?), that is, a continuous R¢-valued path defined on the
time interval [0, T'], where T is some arbitrary but fixed terminal time, a rough
path x includes the higher-order iterated integrals of x in addition to the first-order
increment x; ; 1= x; — x;. To account for these higher-order increments, the right
space for x to take values in turns out to be the step-n nilpotent group, which we
will define below.

First, let 7" (R%) denote the truncated tensor algebra up to degree n:

T"RY) =ROR @ --- @ (R)®".



6 T. CASS AND N. LIM

Addition and scalar multiplication are defined in the usual fashion, and given a =
@®,a,...,a", b= b, ... b") e T"(RY), multiplication is performed by

k
a®b:=(c0,cl,...,c”), ck=2ai®bk_i,‘v’0§k§n,
i=0
where here we abuse the notation by reusing the same symbol for the tensor prod-
uct in R,
The tangent space of 7" (R?) at the unit element ¢ = (1,0, ..., 0) is given by

We will define the exponentlal map exp : A% (]Rd) —T" (Rd ) by

n ®i

(12) exp(a) =3 &

y
i—0 U

[for a € R? we will occasionally abuse the notation by denoting exp(a) :=
exp((0, a, 0))], and the logarithm map log : T"(R%) — A% (R%) by

i+1 (a - )®i
(13) log(a>—2< D=

i=1

DEFINITION 2.1. The step-n nilpotent group (with d generators), denoted
by G"(RY), is the subgroup of T"(R?) corresponding to the sub-Lie algebra of
AT (R?) generated by the Lie bracket [a,b] =a @b — b R a.

One can check that the inverse of any element a = e + & € G (R?) is given by
n
(14) a”'=)"(-Dra®,

see Lemma 7.16 in [18].
G"(RY) will be equipped with the topology induced from the symmetric, sub-
additive homogeneous norm

(15) lgll = max (i1g"))7.

.....

1
i

Consider now x € C([0, T]; G"(R?)), a continuous G™(R¢) valued path on
[0, T']. We define the increment by setting X; ; := Xs_l ® X;. Such a path is called a
multiplicative functional (cf. [27]) as it satisfies Chen’s equality

(16) X5t = Xg,u @ Xy 1 Vs,u,t€[0,T],s <u<t.

We now define the p-variation distance as
1

P
(17) dP'VaI;[O,T](X’ y) = sup(E :d(xti,l‘i+1’yli,li+1)p> )
T .
l



STRATONOVICH-SKOROHOD FORMULA FOR GAUSSIAN RPS 7

where the supremum runs over all partitions 7 = {¢;} of [0, T']. We also define

”X”p—var; [0,T] = dp—var; [O,T](X, 0),
where 0 denotes the constant path y; = e for all # € [0, T'].
DEFINITION 2.2. For p > 1, the weakly geometric p-rough paths, which we

will denote by CP™V¥ ([0, T]; GLPI(R¥)), is the set of continuous functions x from
[0, T] onto G} (R?) such that ||| p-var:[0.7] < 0©-

The simplest example of a weakly geometric p-rough path is as follows, given
a bounded-variation path x in R¢, we can compute the signature of x in GL?1 (R%):

L2 Lp]
Sip (X = (l,xs’l, b PR )
where x¥ , is the conventional kth iterated integral of the path x over the interval
[s, t]:
d
ko _ (o) (Y e . .
Xt = Z (f de,/V @ @dxM)ej ® - ey
Jlseees Jr=1 S<ry<--<rg<t

Let C*®([0, T]; GP)(R)) denote the subset of weakly-geometric rough paths
which are also of bounded variation. Then the signature of x is in C*°([0, T'];
G P! (R?)), and we also have the following definition.

DEFINITION 2.3. For p > 1, the space of geometric p-rough paths, which
we will denote by C%P™V ([0, T]; GPI(R?)), is defined to be the closure of
C%°([0, T1; GPI(R?)) in CP™Y¥ ([0, T]; GLPI(RY)) with respect to the topology
given by the p-variation distance (17).

REMARK 2.4. In finite dimensions, the difference between weakly-geometric
rough paths and geometric rough paths is fairly minor, as we have the following
relation:

coOPva([0, T1; GYPH(RY)) c cP™™ ([0, T1; G (RY))
C CO,p+8-var([O’ T], GLpJ (Rd)),
where ¢ > 0 can be chosen arbitrarily small; cf. [16].

We will now extend the notion of finite p-variation to general metric spaces.
Given a metric space (E, d),apath f : [0, T] — E issaid to have finite p-variation
if

1

(18) 2 P—— sgp(zd(fti, ﬁ,~+,)’§> ? <o0.
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We will use VP7V¥([0, T]; E) to denote the space of functions which satisfy the
bound above, and CP~V¥ ([0, T']; E) to denote the set of continuous functions which
satisfy (18).

We will also define the notation c{,’v;var([o, T]; E) for piecewise-continuous
functions of bounded p-variation as follows: f is in cg’v;m([o, T1]; E) if there ex-
ists a partition {#;} of [0, T'] such that f is in CP™¥((t;, t;+1); E) for all i.

We have the following simple proposition; cf. Proposition 5.3 in [18].

PROPOSITION 2.5.  Let f €C([0,T]; E). Thenif 1 <p < p’ < o0,
||f||p’—var;[0,T] = ”f”p-var;[O,T]-
In particular, CP™V™([0, T1; E) C CP" ™™ ([0, T1; E).

We will use the notation || f || p-var;[s,,j When the supremum is taken over parti-
tions of [s, ] C [0, T]. Proposition 5.8 in [18] tells us that

Cl)(s’ t) = ||f||£—var;[5’t]

defines a control, that is, a continuous, nonnegative, real-valued function that is
super-additive and vanishes on the diagonal, that is, w(¢,¢) = 0 for all # € [0, T'].
We also note the following lemmas about controls.

LEMMA 2.6. Assume w| and wy are controls:

(1) If ¢ is a positive convex function, then ¢ (w1) is a control.

(i) Givena,B >0witha+ 8 >1, a)‘l"a)zﬂ is also a control.

PROOF. Exercises 1.8 and 1.9 in [18]. [

LEMMA 2.7 (Proposition 5.10 in [18]). Let w be a control on [0, T] and let
p > 1. Then the pointwise estimate

d(fs’.fl‘)pfcw(s7t) VS<[€[0, T]

implies the p-variation estimate

1 1
”f”p-var;[s,t]Scpw(s’t)p Vs <tel0,T].

If E also has a norm || - || £, we will also use the notation || f|ly».[0,7] to denote
the norm

I fllve:o,71 := Il fl p-var;io, 71 + sup |l felle
1€[0,T]

< ILfolle + 211 f Il p-var; 0,71
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For a function defined on [0, T]2, f 10, T1> — E is said to be of finite 2D

p-variation if
¥ (”iv ui+1>
Uj, Uj+]

]2

1
p P

< 00,
E

, and the rectangular increment is

(19) 171 st e = sup (2
l’j
where 7m = {(u;, v;)} is a partition of [0, T
given by
-
Q0) £ (415 ) o= v+ gt i) = S o) = i, v)).
J> Y]

Similar to the 1D case, we will use V™V ([0, T1%; E) (resp., CP™V¥([0, T1?; E))
to denote the set of functions (resp., continuous functions) which satisfy (19).
On occasion, we will use the notation

f(Ai,v) = fuivr,v) — fui,v),
S, Aj) = fu,vj1) — f(u,vj).

Given a rectangle R = [s, ] x [u, v] C [0, T1%, we let [T(R) denote the family of
all partitions {[a;, b;] X [c;,d;],i = 1,...,n} of R, where in each partition, the
subrectangles have disjoint interiors and satisfy U,’-’:l [a;, bi] x [ci,di]=R.

21

DEFINITION 2.8. Let A7 :={(s,t) |0<s<t<T}. Amapw:Ar X A7 —
[0, 00) is called a 2D control if it is continuous, zero on degenerate rectangles, and
super-additive in the sense that for all rectangles R C [0, T1?,

n
> o(R) <w(R)  whenever {R;, 1 <i <n}eTl(R).
i=1

Now let f € CP™V¥ ([0, T1%; E), e > 0and R C [0, T]>. Then wf’erS(R) defined
as

i b
(22) @ pie(R) = sup Z‘f (‘C‘ d,-)

M(R) 5

pte

’

is a 2D control [19].

REMARK 2.9. Note that IT(R) includes partitions which are not grid-like, in
contrast to (19). Furthermore, we use wy, ¢ ([, #] x [u, v]) instead of what seems
to be the more natural choice || f ”Z-var; [5.1]%[10.v] because the latter is actually not
super-additive, and is thus not a control; see [19].

However, there exists a finite constant depending on ¢ such that

+
@ pye (511X [, 0]) = Cell FI) st 111,01 < OO
for all [s, t] x [u, v] C [0, T]*. The reason to use o + & regularity instead of p is
that otherwise (22) might be infinite; cf. Example 1 in [19].
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DEFINITION 2.10. We say that the 2D Young-Stieltjes integral of f with
respect to g exists if there exists a scalar / (f, g) € R such that

wa,,v,)g(“’ e B B

23
23) Vj+1

that is, for each & > 0, there exists a § > 0 such that for all partitions 7 = {(u;, v;)}
of [0, T]?® with ||| < 8, the quantity on the left of (23) is less than ¢. In this
case, we use [jo 712 f dg to denote 7 (f, g), 0r [i; ;x(u.v) f dg Whenever we restrict
ourselves to any particular subset [s, ] x [u, v] of [0, T1.

DEFINITION 2.11. We say that f € VPV¥([s,t] x [u,v]) and g €
Va4V ([s, t] x [u, v]) have complementary regularity if % + é > 1.

The significance of this definition lies in the following theorem, which gives
the existence of the Young—Stieltjes integral and Young’s inequality in two dimen-
sions; see [14, 18, 27] for the one-dimensional version.

THEOREM 2.12.  Let f € VP™V¥([s,t] x [u, v]) and g € VI™V¥([s, t] x [u, v])
have complementary regularity. We also assume that f(s,-) and f(-,u) have fi-
nite p-variation, and that f and g have no common discontinuities. Then the 2D
Young—Stieltjes integral exists and the following Young’s inequality holds:

(24)

/ fdg’ =< Cp,q|||f|”“g”q-var,[s,t]x[u,vL

[s,¢]1x[u,v]

where

|”f||| = |f(sv M)| + “f(s7 ')Hp-var;[u,v] + Hf(9 M)”p-var;[s,t] + ”f”[?'Var,[SJ]X[uvv]'

PROOF. See[17,36]. 0O

2.2. Gaussian rough paths. We will work with a stochastic process
X, =(xP,...xP),  telo,T1],

which denotes a centered (i.e., zero-mean), continuous Gaussian process in R4
with i.i.d. components and starting at the origin.

This process is defined on the canonical probability space (£2, F,P), where
Q = C([0, T]; RY), the space of continuous R?-valued paths equipped with the
supremum topology, F is the Borel o -algebra and PP is the unique Borel measure
under which X (w) = (@:):¢(0,7] has the specified Gaussian distribution. We will
use

R(s, 1) := E[XS(I)X,(I)]
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to denote the covariance function common to the components. The variance R(z, t)
will be denoted simply by R(¢), and we will also use the notation

(25) o?(s,1) =R <j ;) =E[(x}))*]:

recall the definition of the rectangular increment in (20).

The triple (€2, H, P) denotes the abstract Wiener space associated to X, where
HY = @;-j: | H is the Cameron—Martin space (or reproducing kernel Hilbert space).
The Cameron—Martin space, which is densely and continuously embedded in €2,
is the completion of the linear span of the functions

[R(t, )™ :=R(t,)e, |t €[0, TLu=1,...,d)
under the inner-product
(R(t, )™, R(s,)")0 = 8uvR(2, 5), u,v=1,....,d.

By definition, #? satisfies the following reproducing property; for any f =
(fD, ..., fDyen,

(foR@ D™ )u =", 1€[0,T].

We assume that there exists p < 2 such that R has finite 2D p-variation. The
following theorem in [17] (see also [11] in the case of fractional Brownian motion)
then shows that one can canonically lift X via its piecewise linear approximants
X7 to a geometric p-rough path for p > 2p.

THEOREM 2.13.  Assume X is a centered continuous R¢-valued Gaussian
process with i.i.d. components. Let p € [1,2) and assume that the covariance func-
tion has finite 2D p-variation:

(i) (Existence) There exists a random variable X = (1, X!, X%, X3) on (Q, F,
P) which takes values almost surely in COP™¥ ([0, T1; G*(R?)) for p > 2p, that
is, the set of geometric p-rough paths for p € (2p,4), and which lifts the Gaussian
process X in the sense that X},’, = X; — X almost surely for all s, t € [0, T].

(i1) (Uniqueness and consistency) The lift X is unique in the sense that it is
the d_yqr-limit in LY(R2), q € [1, 00), of any sequence Sp) (X™) with ||| — 0.
Furthermore, if X has a.s. sample paths of finite [1, 2)-variation, X coincides with
the signature of X.

Moreover, Proposition 17 in [17] shows that for all 4 € He,

(26) 21l p-var; 10,77 = Nl 3ga \/ I R Il 5-var: [0, 772

which implies that H¢ < CPV¥([0, T]; R?) whenever R has finite 2D p-
variation. Thus if p € [1, %), corresponding to 2 < p < 3, we have complemen-
tary regularity between X and any path in the Cameron—Martin space, that is,
151

-4+ = > 1.

p o
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We will need to impose further conditions on the covariance function. For all
s,t € [0, T], we assume there exists C < oo such that

1
(27) IRt ) = R(s. )| yyarspo.ry < Clt — 517

This bound will be later used to control the L2(§2) norm of the iterated integrals.
An immediate consequence of the bound is illustrated in the following lemma.

LEMMA 2.14. Let X be a continuous, centered Gaussian process in R and
assume its covariance function satisfies

1
|R(. ) = R yarjor) < Clt =517 Vs <1 €[0T,

for some q, p > 1. Then:
(i) R(t) := R(t,1) is of bounded p-variation.

(i) For p >2p, X has a %-H(')'lder continuous modification.

PROOF. Let f;;(-) denote R(¢,-) — R(s,-). Then for any partition {f;} of
[0, T'], we have

Y |RGiy1) — R(1)|°

<Y |R(ig1.tix1) — R, tig1) + R, tiy1) — R, 1)]°

1

=< 2,0—1 Z‘ft,‘,t,‘+1 (ti+1) - ft,‘,l‘,‘+1 (O)}p + ‘ftl‘,t,'+1 (ti) - fl‘i,t,‘+1 (0)|,0
i

<23 | firin ) HZ—Var; [0,7]
i

<C> ltiy1 — 4| <CT.

1

For the second part, for all n € N we have
E[X72] < CiE[X],]" < Calfou(®) = fou®)]"
< CulR(t,) = R(s, ) g ovar 0.7
<Cplt—sls, s<tel0,Tl.

By Kolmogorov’s continuity theorem, there exists a y-Holder continuous modifi-

cation of X forall y < ﬁ. U
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2.3. Malliavin calculus. We will primarily work with the following Hilbert
space which is isomorphic to <.

DEFINITION 2.15. Let ’Hf denote the completion of the linear span of

{1160, () =10 (eu |1 €10, T)u=1,....d}

(cf. [1, 29]) with respect to the inner-product given by
(L0 s Loy Ot = 8uu R 2, 5).

Furthermore, let @ : H‘ll — H? denote the Hilbert space isomorphism obtained
from extending the map ]lf(b)‘?t)(-) — R(t, -)(“), tel0, Tl,u=1,...,d.

We record some basic properties about the Malliavin calculus. For simplicity,
we assume here that d = 1. First, we recall that the map 1o ;) — X, extends to
a unique linear isometry / from 7 to L?(2). It follows that I(h) is a mean-
zero Gaussian random variable with variance || ||%_“. The set S of smooth cylinder
functionals is the subset of random variables taking the form

F=f(I(h),....1(hy)),

where h1,...,h, € Hi and f : R" — R is infinitely differentiable with bounded
derivatives of all orders. The Malliavin derivative DF is the H;-valued random
variable which is defined for smooth cylinder functionals as follows:

"9
DF:=) a—){(l(hl), ooy I(h))h;.
i=1 !

It can be shown that D is a closable operator; see, for example, Proposition 1.2.1
in [29]. For p > 1, we let D7 denote the closure of S with respect to the norm

”F”fp = ”F”ip(g) + ”DFHZP(Q;’HI)'

If K is a separable Hilbert space, the higher-order derivatives D" and the corre-
sponding Sobolev spaces ID"'?(K) can be defined iteratively.

Moving to the case p =2, for any F in D2, we let D, F := (DF, h)3,. The di-
vergence operator 8% is defined to be the adjoint of D. The domain of this operator
consists of all 4 € L?(€2; ) such that

[E[DyF1| < C|IF 12

for all F € S, whereupon 8% (1) is characterized as the unique random variable in
L?(2) for which

E[(DF, h)y,] =E[F§*(h)].
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We will use the notation 8% () and fo hydX; interchangeably. It is well known
that the domain of 8% contains D!"2(#;); see, for example, Proposition 1.3.1 in
[29].

Fixing a multi-index a = (ay, ..., ay) where |a| := Zf‘ilai = n, we define
L, : 7—[‘?" — R as follows:

M
LS ® - @ hS™) = al [ Ha (8% (h)),
i=1

where a! := HiAi1 a;! and H,, (x) denotes the mth Hermite polynomial. The fol-
lowing duality formula is then classical
(28) E[F1,(h)]=E[(D"F, h)H?n].

For f € 7—[?”, g € ’H?m , both f and g symmetric, we also have the following
product formula (cf. Proposition 1.1.3 in [29]):

29) WD) = 3! (1) (1) trtm-arts &1 00

Here, f ®, g denotes the symmetrization of the tensor f ®, g, which in turn
denotes the contraction of f and g of order r; that is, given an orthonormal basis
{hm} of Hy,

00
f®rg:= Z (f, hk1®"'®hkr>7-[§’®<g’hk1 ®“'®hkr>7-¢?’ c Hcl@(n—l—m—Zr);
ki,....ky=1

cf. [28].

REMARK 2.16. One can also define operators equivalent to D and 8% di-
rectly on the abstract Wiener space (2, H,P). To make the presentation clear
we summarize the correspondence here. First, for every / in the topological dual
Q* = C([0, T], R)*, there exists a unique A4; in H such that [(h) = (h;, h). Un-
der this identification, the random variable Z(4;) : w — [(w) is a centered nor-
mal random variable with variance ||/; ”%i' Second, it can be shown that the set
{h; : 1 € Q*} is dense in H, whereupon Z extends uniquely to an isometry between
# and L*(S2), and is called the Paley—Wiener map. It is simple to see that / and
T are related by I (h) =Z(®(h)) for all h € H; and, therefore, any smooth cylin-
der functional F can be represented as F = f(Z(®(h1)),...,Z(P(hy))), and a
derivative operator D can be defined analogously to D by setting

DF := Z Z(®(h1)). ..., I(P(hy))) @ (h;) = D(DF).

This implies that
Dq;(h)F:(DF,(D(h»H: (DF,]’L)HI =DyF Vh e H;.
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The exposition above presents Shigekawa’s definition of the Sobolev-type space
D" P(K) for K-valued Wiener functionals, where K is a separable Hilbert space.
Although this is the one most often used in the literature, there are equivalent char-
acterizations of these spaces. One of these, which is attributed to Kusuoka and
Stroock (cf. [35]), is especially convenient to study stochastic differential equa-
tions for which bounds on the directional derivatives can be computed explicitly.
The definition relies on two properties. First, a measurable function F : 2 — K is
called ray absolutely continuous (RAC) if for every k € ‘H, there exists a measur-
able map ﬁk : Q — K such that

(30) F() = F (), P-a.s.,

and for any w € €2 the function s — Fi(w + sk) is locally? absolutely continuous
in s € R. Second, F has the property of being stochastically Gateaux differentiable
(SGD) if there exists a measurable G : Q— Lys(H, K), such that for any k € H

1 P
g[F(- +ek) — F()] > G(w)(k)  ast—0,

where Lys(H, K) denotes the space of linear Hilbert—Schmidt operators from #
to K. In this case, the derivative G is unique P-a.s. and we denote it by DxsF .
Higher-order derivatives are defined inductively in the obvious way: if ’Dgl F is

SGD then Dl F := Dxs (D' F).
Next, we define the spaces ID)'I?(SP (K) for 1 < p < oo inductively, first for n = 1
by setting

Dllgg(K) :={F e LP(K): F isRAC and SGD, DksF € L?(Lus(H, K))},
and then analogously forn =2, 3, ... by
. -1, -1,
D& (K) :={F e Dis "(K): DxsF € Dyg ¥ (Lus(H, K))}.

We have the following theorem.

THEOREM 2.17 (Theorem 3.1 in [35]). For 1 < p < oo and n € N, we have
ID>”K’§)(K) = D"P(K), and for any element F in this space, DxsF = DF holds
P-a.s.

REMARK 2.18. By applying the same result iteratively it follows that
Dk F = DFF holds P-as. fork=2,...,n.

3Local absolute continuity is important here and is a point often missed in the literature where
RAC is sometimes stated by demanding that s Fk(w + sk) is absolutely continuous in s € R.
See however Definition 8.2.3 and Theorem 8.5.1 in [3] for a proof that local absolute continuity is
enough.
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2.4. Rough integration and controlled rough paths. In this subsection, we will
review rough integration via the theory of controlled rough paths. We will develop
the concepts in p-variation topology rather than the usual Holder topology (cf.
[20] and [14]), and henceforth, I/, V will denote finite-dimensional vector spaces.

We begin with the following definition.

DEFINITION 2.19. Let x = (1,x,x%) € CP™V™([0, T]; GZ(RY)). A pair of
paths (¢, ¢'), where ¢ € CP™V¥([0, T1;U) and ¢’ € CP™V¥ ([0, T1; L(RY; U)), is
said to be controlled by x if for all s, ¢ € [0, T'],

(31) ot = Dyxes + RY,.
where the remainder term satisfies
R? eC2™™ ([0, T1; U).
If we define the controlled variation norm as
1911 p-cvar = ¢ lvrzto. 1 + 19 [yosjo.71 + 1R N ovars 0,71

then the preceding definition says that (¢, ¢') is controlled by X if [|¢ || p-cvar < 0.

THEOREM 2.20.  Let x = (1,x,%x%) € CP™V¥([0, T]; G*(R?)), where 2 <
p <3.

Let ¢ € CP™([0, T]; LR RY)) and ¢’ € CP™([0, T1; LR?; LR RY))).
If (¢, @') is controlled by x, we can define the rough integral

n—1

t
32 dx, = li Xy 'x2),
(32) /0 ¢r o dx; ||n||—>o,n={(}r=nro<~-<rn=z}g(@’x”’”“ +¢r, r,,ri+1)

where we have made use of the canonical identification L(R?; L(RY;R®)) ~
L(RY @ RY: R®). Furthermore, denoting

t
Zt :/0 ¢r°dxrv Z; ::¢ta
(z,7)) is again controlled by x, and we have the bound

(33) ||Z”p-cvar =< Cp||¢”p-cvar(l + ”x”p-var;[O,T] + “X2 ” %-var;[O,T])‘

The following propositions will provide us with various ways to construct con-
trolled rough paths from existing ones.

PROPOSITION 2.21.  For p > 2, let
y € CPV([0, T U),
y e CP™ ([0, T1; L(RY; U)),
and let ¢ be a Cg map fromU to V.
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Then ¢(y) € CP™V¥([0,T1; V) and Vo (y)y' € CP™V¥([0, T1; LRY; V). Fur-
thermore, if (v,y') is controlled by x € CP™¥([0, T]; GZ(R?)), then (¢(y),
Vo (y)y') is also controlled by x and we have

H ¢ (¥) ” p-var;[0,T]° Vo (y)yl “ p-var;[0,T]

(34) /
<liglezylveori(U+ 1Y 0,7

and

(35) ” R¢(y) ” g-var;[O,T] = ||¢“C1%(”yllfa-var;[0,T] + ”Ry” g-var; [O,T])'

PROPOSITION 2.22 (Leibniz rule). For p > 2, let
¢ €CPV([0,T1; LU V)),
¢’ € CP™Y([0, T1; L(RY; LWU; V))),
and we assume that (¢, ¢') is controlled by x € CP™¥ ([0, T1; G*(R?)).

() Let € CP™V ([0, T1; U), ¥’ € CP™V™ ([0, T1; LRY; U)), and suppose that
(Y, ¥') is controlled by x. Then the path ¢ € CP™V* ([0, T1; V) given by the
composition of ¢ and  is also controlled by x, with derivative process () =
&'V + @', In addition, we have the bound

(36) oW [l p-cvar < 201Dl p-cvarll¥ [l p-cvar

(ii) Suppose that € C%'Var([O, T, U). Then ¢ € CPV¥([0,T1; V) is also
controlled by x, with derivative process () = ¢'v. Moreover, we have the
bound

(37 1OVl p-cvar = 10l p-cvarllV 5 o -

REMARK 2.23. The second part of the proposition clearly holds true if the
roles of ¢ and v are reversed. Furthermore, it asserts that one can trade increased
regularity in place of a controlled rough path structure in ¥ (or ¢) for the compo-
sition to remain a controlled rough path.

The proofs of the preceding theorem and propositions are routine and hence
deferred to the Appendix.

2.5. Rough differential equations. Now consider the following equation:
(38) dy(®) = V(t,y@®)dx(®),  y(0)=yo,

where V € C,gp . (R x R¢; L(R4; R?)) is a differentiable function with bounded
derivatives up to degree | p|. Given x € C*([0, T]; GlPI(RY)), the unique solu-
tion y = S|, (y) can be obtained simply by solving (38) as a regular ODE. Fur-
thermore, we have the following theorem (see [25]).
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THEOREM 2.24 (Universal limit theorem).  The It6 map I : X+ y is contin-
uous from C*°([0, T1, GPL(R?)) to itself with respect to the p-variation topology
and thus admits a unique extension to the space of all p-geometric rough paths
cO-Pvar([0, T1, GPI(RY)).

The universal limit theorem allows one to transfer geometric results in the
smooth case to geometric rough paths, that is, rough paths that satisfy the change-
of-variable rule. This effectively allows a generalization of the Stratonovich inte-
gral to processes with higher p-variation.

We will mainly be considering RDEs with time-homogeneous vector fields
driven by Gaussian geometric rough paths. Furthermore, although the RDE

39) dY; =V (¥y) o dX;, Yo = yo,

outputs a full rough path Y;, we will be concerned only with the first level/path-
level solution, which satisfies

t
Yz=y0+/0 V(Yy) 0 dX,,

and ignore the higher iterated integral terms. We will use the following notation;
writing V (Y) as the co-tensor

e d )
Y3 VP(r)de; @dej e R @R,
i=1j=1

we will denote

d i)
VA(Y):= Z Z —E )V (V) de; ® dej @ dey e RO @R @ RY.
im=1 jk=1 €m

(

THEOREM 2.25. Forall s <t €[0,T], |Y |l p-var:[s,r s in LL(RQ) for all
q > 0.

PROOF. From equation (10.15) in [18], we have
||Y||p -var;[s,1] = C (”V”CU’J ||X”p -var;[s,1] V ”V”prJ ”X”p -var; s, t])
and || X|| p-var;[s,] has moments of all orders; see Corollary 66 in [17]. [

We will now show that

Y; e D®(R) := ﬂﬂ]D)’”’]Re for ¢ > 0,
p>1k=1
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where Y solves RDE (1) with smooth vector ﬁelds~. To do so, we ~make use of the
fact (cf. [7])~that there exists a measurable subset 2 C 2 with P(2) = 1 such that
for all w € Q2 we have the identity

X(w+ ®(h) =TowX(w)  VheH!,

where T ;)X denotes the rough path translation of X by ®(h) (see [6]), which is
well defined via Young—Stieltjes integration due to complementary regularity.
We then obtain

5 X
Y, (0 + s®(h)) 1= yX@H W) _ ylomX(©)

which is smooth in s (see Theorem 11.6 in [18]), and hence locally absolutely con-
tinuous. It follows that Y; is RAC; indeed, in this case we can even take the version
Fc])(h) in (30) to be independent of ® (/). Using Theorem 2.17, it is immediate from
the definition of DksY; and the directional derivatives that

DisYi(@)(®(h)) =DpYi(w),  P-as.,

for all 1 € H¢, and henceforth we will use the latter notation exclusively.

Moving on to the higher-order derivatives, given hy, ..., h, € ’Hf, we can take
the directional derivatives of ¥; in the directions ®(h;), ..., ®(h,) in H? by set-
ting

a" e

(40) Dy Y=Y :
hl’.“’hn ! 881 st 88;/1 ! 81:"':811:0

where Y1 solves
dyyt ot = VY ") o d(Te o)+ tend X Yo" = o,

The path (40) again has finite p-variation and in Section 3.1, we will give it an
explicit expression in terms of a sum of rough integrals and/or Young—Stieltjes
integrals when n > 2. It only remains to show that these derivatives are Hilbert—
Schmidt operators with norms having moments of all orders, and this has been
proved in [23].

When n =1 the first-order derivative is given by (cf. [6, 18])

(41) DyY, = /Ot JX(IX 7V (¥) dd (h)(s).

Here, JtX denotes the Jacobian of the flow map yp — Y; and satisfies
(42) dJX = vV (¥, (edX,)JX, F=1,.
On occasion, we will use the shorthand

JX =X0%7 0<s<r<T,

t<s
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and for future reference, we also note that its inverse (JX)~! satisfies
(43) AU T ==V ) edX), ()T =T..

To bound the Jacobian, we will need the following definitions. Following [10]
we define, for a given interval [s,¢] C [0, T] and B8 > 0, the so-called greedy se-
quence {t;(f)}, a finite increasing sequence given by

0(B) =,
Ti1(B) =influ € (w1 | IXID i r g = B) AT
We then denote
(44) N3 5.1 i=sup{n e NU {0} | 7, (B) <1},
and note the following theorem.

THEOREM 2.26. Let X be an R%-valued centered Gaussian process with

i.i.d. components. For 1 < p < 4, assume that X has a natural lift to X €
COP([0, T1; GPI(R?)), and that HY < 4™ ([0, T1;RY), where 5 + & > 1.
Then we have

2
PROOF. See the proof of Theorem 6.3 in [10]. [

THEOREM 2.27. Forall s <t e[0,T], ||JX||p-Var;[s,t] is in L1(2) for all
q > 0.

PROOF. Using the fact that N 1%[.;, ;) has Gaussian tails from the previous theo-
rem, we see that E[exp(ngfo[w])] <ooforallg >0,s <t el0,T]. Now from
equation (4.10) in [10], we have the bound

(45) | 7% < C1IIX povarss.11€XP(C2 N 5 1)

p-var;[s,t]

The statement of the theorem then follows immediately using Cauchy—Schwarz
since ||X]| p-var;[s,r] also has moments of all orders. []

3. High-order directional derivatives for solutions to RDEs. We first begin
with the following theorem.

THEOREM 3.1.  Consider the system of RDEs
dy; = V(y) odxy, yo=a€eR",
dJ =V V(y)(odx;)JS, Jo =L,
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where x = (1,x,x?) € CP™([0, T1; G?(RY)),2 < p < 3,and V is in C} (R R* ®
R%).

In this case, both (y, V(y)) and (JX, (J*)') are controlled by x. Moreover, we
have the bounds

(46) 191l p-cvar < Cp (14 1V ll2) (1 + 1Xl p-varsf0,71)°
and
47) “ J* ”p-cvar = Cl(l + exp(CzNﬁ[O’T]))‘t(l + ”X”P'Vaﬂ[ovﬂ)a’

where C1, Cy depend on p and ||V||C,3'

PROOF. (i) From Corollary 10.15 in [18], for y > p and s, ¢ € [0, T'], we have
|ys,t - V()’s)xs,t - Vz(ys)xil| =< Cp(”V”Cg”X”p—var;[s,t])y-

This implies that

Yp
|R t|2 = CP(|V (YS)XS liz + (”VHCZHX“p -var; [s, t]) 2 )
(48)
CollVIZ NI gt 1V s 11 )

and thus
IR” ||p_szlr 07 =C (IIVIICzIIXHp var:f0.71 V IVl zIIXII,, var:[0.77)>

from the super-additivity of the right-hand side of (48). We will choose y to be in
the interval (p, 3), and since

” V(y) ”p—var; [0,7] < V”Cl% Iy ||p-var; [0,T]
and
Y1l p-var;[0,7] < Cp(||V||c§||X||p—var;[0,T] VIV 2||X||p —var:[0.71)

we obtain (46).
From Proposition 5 in [15], we have

¥ p-varsio.71 = eXP(Cp,llvllcg (Mot 1)
which gives us

49) ” JX”oo <1 +€Xp(Cp,||v||Cg (N?;[O,T] + l)) =14+ M.

Foreachi =1, ...,d, wecan construct U; € Cg (R¢ x Rez; R¢ ®]Rd) which is equal
to the vector field (y, z) = VV;(y)z on the set W) ={z € R¢’ ||z| <M + 1} and
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vanishes outside the set W, = {z € R¢’ | |z| < M + 2}. Hence, we have

Willez < 81;13 IVVi()z] oo + IVViO) | o
zevVp

=IVIgM+3),  i=1,...d
Then the solution to
dyr=V()odx,,  yo=a€R,
dIX=U(y, JNodx,,  JX=1,,

where U = (Uy, ..., Uy), will be the same as the solution to the original system
on R¢ x W, and it can be rewritten as

A =V@E)ods,  Jo=(a.Te),
where y = (y, J¥) € R¢ x R and ”‘7”02 < ||V||C,§(M+3)'
Hence, we can apply (46) to obtain
151 p-evar < Cpl1+ 1V lla M +3)* (141X pevarspo. 1)
and since J* is a component of ¥, we obtain (47). O
3.1. Upper bounds on the high-order directional derivatives. 'We now use the

preceding theorem as well as results on controlled rough paths from Section 2.4 to
obtain upper bounds on the directional derivative

al’l
50 ,Dn - €1,...&n ,
(50) e1rengnVt de - 0e, Vi b0
where the driving rough path x is perturbed in the directions g1, ..., g, which are
now assumed to be paths having complementary regularity with x. To condense
the notation, we will write DL{L" vs, for any subset A of {g1, ..., g}, noting that the
symmetry of the derivative. ensures this is well defined. Fori € {1, ..., n}, we then
let A?(-): [0, T]1— (R®)®' be defined by
51)  Af(t):= > DMy, &--- @Dy, e[0Tl

r={ny,...7;}€P{g1,..-.&n})

Here, ® denotes the symmetric tensor product, and the summation is over the set of
all partitions of {gi, ..., gn} containing exactly i/ elements. Foralli € {1,...,n —
1} and j €{1,...,n}, we also let Bi’fj () : [0, T]— (R®)® be defined by

(52) Bl ;(0):= > DIy, & - & DIy,
w={m1,... i }€P{g1,-,&j—1:8j+1s--8n})

The following result gives an integral equation for the formula for Dy,
terms of these paths (cf. [8, 21, 23]).

------
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THEOREM 3.2. Let p>1and q > 1 be such that 1/p + 1/q > 1, and let
n € N such that n > 2. Assume x € COP™V¥ ([0, T1; G (R?)) and suppose vy is
the path-level solution to the RDE

(53) dy; = V(y;) o dx;, yo € R given,

where V € CLpHn(Re; R¢ ® RY). Suppose that g1, ..., g, € CIV¥(0,T]; RY).
Then the nth-order directional derivative (50) satisfies the RDE

n
dDy o vi= Y VV)AL (1) odx,
i=1

54 n—1 n _
oY +ZZV1V()’t)B?,]‘(I)dgj(I),

i=1 j=1
n _
Dy, ....ga¥0=0,

,,,,,,

where A} and B jare respectively defined by (51) and (52).

REMARK 3.3. The symmetry of the higher-order derivatives of V ensures that
we may simplify V'V (y,;) A7 (¢) in (51) by replacing the symmetric tensor product
with the usual tensor product to give

VIV(y)ALE) = > ViV DPIly, - @ DIy,

The terms V' V(y,)B” (t) may also be simplified similarly. For this reason it is
sufficient to prove (54) for paths A} and B;'; whose symmetrizations coincide
with the right-hand sides of (51) and (52) respectlvely

PROOF. We begin with the case n = 2. Taking the directional derivative of
Dy, yr [see (41)] in the direction of g2, we see that Dél, P solves the RDE

dDél,gz)’t VV(yt)( 21, gzyf) odx; + VzV()’t)(Dgl Yty Dgzyt) o dx;

(55

+ VV(y)(Dg,y) dg1(t) + V'V (y)(Dg, yr) dg2(2).
The proof is completed by induction. Assuming (54) is true forn =2, ..., k, one
can take the directional derivative of Dy, ¢ y; in the direction g to obtain the
identity

.....

k -
Dt 1= Day /0 VIV () A (s) 0 dx,
i=1

k=1 k

+ZZD8k+l/ VIV(yS)Bl](S)dg](S)

i=1j=1
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k+1

r . ~
=3 [ VVOo0At ) oix,
i=1

k k+1

t . ~
Ly Z/o VIV () Bf T (5) dg;(s),

i=1j=1

where the coefficients Af.‘Hand Elk +1 are the (R®)® -valued paths defined for ¢
[0, T'] by

ng+1A]1(([)a i=1,
(56) Af—H(t): ng+1A§((t)+A§_1(t)®pgk+1yt, i=2,...,k,
A1) ® Dy, 1 i=k+1,
and
(57)
Dy BY (0, i=1,j=1,...k
Dy, Bf (1)
BT = +BE (O®Dyg v, i=2...k—1j=1_.k
B, ;) ® Dy, yi» i=k j=1,.. .k
AL @), i=1,.. k j=k+1.

To finish the inductive step, we first show that for every ¢ € [0, T],
(58) At = Aoy vi=1, k41,

where a = b means that the symmetrizations of the tensors a and b are equal. From
this, it immediately follows that V!V (y)A¥™ (1) = VIV (y,) A1 (1) for all i =
1,...,k + 1. We check (58) for the boundary cases first. For i = 1, the induction
hypothesis gives at once that

AT =Dy g
whereas the case i = k + 1 follows from

AL = AL @ Dy, i
= AL (1) ® Dy, ¥t
=Dy 31 ® - @Dy Vi = Aﬁi([)

For the remaining cases i =2, ..., k, we note that any partition of {g1, ..., gk+1}
of size i can be formed from a partition 7 of {g1, ..., g«} in one of two ways. The
first way is that w = {my, ..., m;} itself has size i and g is assigned to one of the
subsets 71, ..., ;. The second way is that w = {7y, ..., m;_1} has size i — 1 and
{gx+1} is adjoined as a singleton to give {m, ..., Ti—1, {gk+1}}. The two terms in
(56) obtained by differentiation and the tensor product respectively correspond to
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these operations. By the induction hypothesis, Aff (resp., Af_ 1) includes a summa-
tion over all partitions of {g1, ..., g,} of size i (resp., i — 1), thus every partition
of {g1,..., g&k+1} of size i is accounted for in (56). It follows immediately that

Tkl ~ ak+1
AT () =AT(0).
Finally, we show that for every ¢ € [0, T],
BIV'o =BT ) Vi=l... kj=1..k+1

Again we treat the boundary cases separately. For j =k + 1, from the definition
of B and A, we have

Bt m=Akm =B vi=1,.. L

Fori=1,wehaveVj=1,...,k,

By (1) = Dy, Bf ;)

k—1
ngHDgl ,,,,, 8j—1:8 415w )t
_ Pk _ pk+l
_Dgl ..... 8j—1:8j+1swms gk+1y’_BLj ®).

The remaining terms are dealt with by exactly the same argument used for the
nonboundary A terms, and the induction is thereby complete. [

The following corollary makes explicit the expression given in Proposition 11.5
of [18].

COROLLARY 3.4.  Under the conditions of the preceding theorem,

n t )
Dy V1 =D fo TXINTIVIV () Al(s) o dx,
i=2
(59)
n—1 n

t .
+Y Y /0 JXUX) VIV (3B (5) g (5)
i=1j=1
foralln >2.

PROOF. From formula (54) and the fact that

......

(59) can be recovered using Duhamel’s principle. [

‘We now arrive at the main result of this section.
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PROPOSITION 3.5. Let p€(2,3),q := g and n € N. Let y be the solution to
the RDE
dy; = V(y;) odx;, yo € R¢ given,
where x € COP™V ([0, T]; GZ(R?)) and V € C§+n (R¢; R¢ @ RY). Then there exists
a polynomial Py : Ry x Ry — Ry of finite degree d(n) for which

HDZI ..... Y va;[o,T]

(60) .o
=< Pd(n)(”X”p-var;[O,TL eXP(CNl;[O,T])) 1_[ lgi ||q-var;[0,T],
i=1

for any gi1,...,g, € CTV¥([0, T]; Rd). Here, Nf is defined as in (44), and the
constant C as well as the coefficients of Py () depend only on ||V ||c§+n and p.
PROOF. The proof will proceed by induction. First, we denote
4 e _
F/ = (J))"V'V(y), i=0,1,....

Applying Theorem 3.1 together with Proposition 2.21 to V! V (y), we see that there
exists an integer k1 such that

(61) V'V -evar < Cr (14 XN povar o, 71)"

[note from (15) that ||xk||£_var;[0’T] < C||x||';_var; 0.7] for all k] and again from
Theorem 3.1, we know that there exist k, and [ such that

~1
[0 pecvar 17 pecvar

<C(1+ exp(C3Ni‘;[0,T]))k2(1 + ||X||p-var;[0,T])l~

Now applying Leibniz rule, that is, Proposition 2.22, we have, for some integer k,

(63) ”Fi ”p-cvar = Cl(l + exp(CQNi[O,T]))k(l + ”X”P'Vaﬂ[ovﬂ)l’
where C1 and C» depend only on p and ||V ||CZ+i.

(62)

We now begin with the base case n = 1. Let ¢, denote JX and v, denote
fot(JS")_1 V (ys)dg(s). Then Dgy; = ¢y, and applying Young’s inequality to v,
we obtain

t
H [ 027 Vo g

(64) g-var;[0,T]
< Cpl (7)Y o118 llg-vars 10,71

Continuing, the second part of Proposition 2.22 tells us that D,y is controlled by
x, and from the bounds (63) and (62), we have

k )
(65) ||Dgy~||p—cvar =< C3(1 + CXP(CN?;[(),T])) (1 + ||X||p—var;[O,T]) ||g||q-var;[O,T]~
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The cases n > 2 are proved in the same manner. Let z' denote
n._ gy
Zz T Dglum?gnyt’

where {g;}7_, is an arbitrary subset of C4™¥([0, T']; R?), and the induction hy-
pothesis is as follows:
Assume that foralln =1, ..., k, z" is controlled by x, and that

n
HZ ”p —cvar = Pd(n)(”X”p -var;[0,T], €XP CN] :[0, T H”gi ”q—var;[O,T]-

To show the result for n = k + 1, first recall from Theorem 3.2 that zkH

Dkf_lwgkﬂyt equals
th(Htk+1 _|_ Gi('i‘l)’
where
1 k+1
Hf = / Z FIAf (5) 0 dxy
and
k k+1
Gitl = / oY FIBIT(s)dg (s).
i=1j=1
From the induction hypothesis and Leibniz rule, for a partition 7 = {7y, ..., 7;}

in P({g1,--., 8k+1}), we have the bound
Dy & - & Dy | v

(66) i k+1
= l_[ Pd(|n1|)(”X”p—var;[O,T]» eXp(CN?;[O,T])) 1_[ lgm ”q—var; [0,71-
=1 m=1
Similarly, for a partition 7 = {1, ..., m;} € P({g1,.... &j—1, &j+1,--- 8k+1}) WE
have the bound

HD|7TI|y ® ®D|7Tz y. H

p-cvar
k+1

i
1_[ d(|m)) ||X||p—var [0,77> CXP(CNl [0,7] )) l_[ lgm ||q-var;[O,T]-
=1 m=1,m#j

(67)

Recalling the definition of Af“ (s) in (51), we use (66) together with bound (63)
and apply Leibniz rule. After summing over i and invoking Theorem 2.20, we see
that H**! is controlled by x, and there exists a polynomial P; such that

k+1

| < Hp-cvar < Pr(Ixll p-var; 0,71 exp(CNTj0,71)) [Thsillg-varto.71-
i=1
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For G¥*1, we will show that its g-variation is bounded similarly, and then add it to
the remainder term of H**! to make H**! 4 G¥*! a controlled rough path (with
the appropriate bounds). Fixing i and j, from Young’s inequality we have

/ FIB 7' (s)dg;(s)

g-var;[0,T]
<Cp|F' lve.f0.71 HBkH”w (0,7118 llg-var-

Now if we recall the definition of B;‘jl(s) in (52) and use (67) in the above ex-
pression, after summing over all i and j, we obtain some polynomial P, such that

k+1

g-var;[ S ]32(||X||p—var;[0,T]y exp(CNi(;[O,T])) l_[ ||gi ”q—var; [0,T]-
i=1

68) |G|

Finally, applying Leibniz rule to zk+1 = J"(H,IﬁLl + G],‘H) shows us that z5*! is
controlled by x with the bound

k+1

peevar = Pak1) (1Xll p-var;10,71, €xp(C N g 7)) [ Tl llg-var: o, 71- .
i=1

Fan
REMARK 3.6. Our main use of this result will be in the stochastic setting
where X is a Gaussian rough path zero mean continuous Gaussian process with
i.i.d. components, and a covariance function R of finite 2D p-variation for some
pell, %). Under these assumptions, Proposition 3.5 can be applied with g; :=
@ (h;) for any collection {h;} C Hf. Note also in this section we abuse the notation
by using Dy, F rather than Dy, F' (see Remark 2.16); in later sections, the subscript
will be elements in Hf rather than ¢,

4. An isomorphism and dense subspace of the Cameron-Martin space. In
this section, we will identify a dense subspace of the Cameron—Martin space which
will be of importance later. The motivation is as follows: let Y be a solution to RDE
(39). We would like to show that Y € DI’Z(H‘li), which in turn implies that Y is
Skorohod integrable. To do so, consider a partition 7w = {r;} of [0, T'], and observe
that

Yn (t) = Z Y"i ]]-[ri,ri+|)(t)
i

is almost surely an element of ’H‘f . Using It6—Skorohod isometry, we have

2 2 2
E[s* (™ — ¥P] <E[|¥" - ¥ |3] + B[[DY™ — DY [yq]

. T T __
Thus if we can show that almost surely, ||Y Y ||H[11 and | DY DY ||HL11®H(11

both vanish as || || — 0, then with further integrability assumptions one can apply
dominated convergence to show that §X (Y7) converges to %X (Y) in L>().
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We will investigate the (almost sure) regularity required of Y to identify it as an
element of 7—[‘1" and to have | Y" — Y”H‘{ — 0. We first note the following lemma,

which is a direct consequence of Theorem 2.12.

LEMMA 4.1. Let f € c{,’v;var([o, T1; R®) and R be continuous and of finite
p-variation where we assume that % + % > 1. For any partition w = {r;} of [0, T],
let T denote

7@ =Y F) L @)
Then
(69) lim

7 l|—0

/[0,TJ2<f“ﬂ — fss £ = filge dR(s, )| = 0.

PROOF. Since f € C{,’V_vvar([O, T1; R¢), we can partition [0, T1? into finite sub-
regions [x;,x;+1] % [xj, xj11], where (fs, f;)re is continuous in the interior of
each such subregion. We will show (69) in each subregion, and the case for [0, T)?
will follow from summing the Young integral over all the subregions.

By assumption f has finite p-variation over [0, T'] and it is therefore a regulated
function, that is, it has finite right and left limits everywhere in (0, T') and a finite
right (resp., left) limit at the left (resp., right) end point. Hence, for all i, there
exists a unique continuous function F; : [x;, x;+1] — R® which agrees with f on
(xi, Xig1).

To avoid the discontinuities on the boundary, we will bound the integral over the
subset AZJ' = [rE(i)’rk(i'H)] X [r;(j),rk(jﬂ)] of A,',j = [x,',x,'_|_1] X [xj,xj+1],
where

TRy = inf{ry | rx > x1}, i 2= sup{re | re < xi}.

From Young’s inequality (24) and the fact that wg . is a control, the integral

over the region A; ; — AT j will be arbitrarily small as || || tends to zero. Let w, j
denote the control

w; (Is, 1] x [u, v]) == | F |l WED (s.1) X (u,v) € Aj ;.

p-var;[s,t p-var;[u,v]’
Continuing,

1

(70) (s 1] x [, v]) := 7 (Is, 11 % [u, vD)ag 71, (Is. 1] x [u, v]),

is again a control, where ¢ is chosen such that 6 := % + ﬁ > 1.
Now we have

J

<fsﬂ - fs’ ftn - fl‘)Re dR(S,t)'

=X
kol

b4
i

f o / ]+l<fs — Jros Jt = Jfr)re AR (s, 1)),
Tk T



30 T. CASS AND N. LIM

where the sum is taken over the partition points in AZ i By Young’s inequality
(24) and the fact that (f; — f,,, f; — fr,)re vanishes at all points (r¢, r;) in AZ It
the expression above is bounded by

Cp,ﬂ Z”Fi ”p-VaI; [rksrk+1] ”Fj ||P'Var;[rl,ri+1] ”R”,0+£-Vﬁr;[rk,rk+1]X[rl,r1+1]
k,l

<Cp, ng([rk, Fk1] X [r1, rig1l)
k.l

<C,,pmkalxw N(Ures riet] x [, rign ) (A ).

which tends to zero as the mesh of the partition goes to zero. [

4.1. A dense subspace of Hf. We now give a novel characterization of a sub-
space of Hﬁl using Young-Stieltjes integrals. Let R be of finite 2D p-variation,
where p € [1, 2). We define

U Cp le’ [0’ T]; Rd)

P<pT

and equip it with the inner product

) (Foghwgi= [ (g dRG.D).
4 [0,T]2

One can check that (-, -),)« defines a semi-inner product; it is bilinear due to
the linearity of the Young-Stieltjes integral, and positive semi-definite as well
as symmetric because the covariance function R is positive semi-definite and
symmetric. We will identify f and g to be in the same equivalence class if
(f—g, f— g)Wg = 0, and quotient W/‘OI with respect to these classes. This then
makes (-, -)Wz a proper inner product.

PROPOSITION 4.2, Wg is a dense subspace of ’H‘f, and the inclusion map
it v, (., '>Wﬁ) — (’H‘li, (- '>H111) is an isometry.

PROOF. Let f € Wg and let w(n) = {ri(")} be a sequence of partitions whose
mesh vanishes as n — 00. As usual, we denote

o= Zf ]l o) NOZ
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Now the key point to note is that for each n, f7 ™) is in Wg N H4; moreover,

”fﬂ(n)”i[‘lizz f(n) f(,,) ]Rd ]]_ (n) (n)),]]- (ﬂ) (’l) ))
iJ

i T+

(n) I’(n)
(72) —Z f(n) f(n) RdR< ) r(n)l)

rj j+1
=| f”(”) [

From Lemma 4.1, || f*™ — f ||Wd — 0, which means that 7 is Cauchy and

from (72) and the completeness of 14 4 1im,— 00 f7™ exists in H¢. We identify f
with this limit and under this identification we have

73 1= [, s fizs ARG, ).

Since W/‘f contains all the generating functions {Jlfg,)t)(-)} of H, its completion,
and hence closure, is all of Hf. O

REMARK 4.3. We recall the following nondegeneracy condition on Gaussian
processes which is featured in [7]. We say that R (or equivalently, X) is nondegen-
erate on [0, T'] if the following implication holds:

(74) / (fs, fi)padR(s, ) =0 = =0 a.e.
(0,772

Under this condition, each equivalence class of Wg would then consist of functions
which agree almost everywhere.

4.2. The Malliavin derivative and convergence in the tensor norm. We will
now extend the results of the last section to the tensor space H¢ ® HY. Let
X e CO-Pvar([0, T1; GLP) (R?)) and assume that for all & € H9, ®(h) can be em-
bedded in C47V¥ ([0, T']; RY) where % + é > 1. Then the Malliavin derivative of Y
satisfying

dY, =V (Y;) odX;, Yo = yo,

is given by

Dy, = [ CIXX) IV (Y,) dd () (s)

T
=f0 0.0 () IX(IX) TV (¥y) dd (h) (s).
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Using g(s, t) to denote the Malliavin derivative,
g(s.1) 1= DY, = 1o () IX(1X) " v (xy).

then with respect to any partition = = {r;} of [0, T'], we also have

Dy Ytn = Z Dy Y, ]]‘["iv"i+l)(t)
i

=808, )iy (@)
i

We will proceed to show that DY7” lies in H‘f ® H‘f almost surely, and under
suitable regularity assumptions on DY, we have | DY"™ — DY ||HCIJ®H,11 — 0 as

||| = 0. Coupled with the results in the previous section, this will mean that
Y™ converges to Y in Dl’z(Hf), and 8% (Y) is then the L2(2) limit of 8% (Y 7).

PROPOSITION 4.4. Let g :[0,T]*> > R @ R? be of the form g(s,t) =
Ljo,n ($)&1(1)&2(s), where g1 € Cp' ([0, T, R* ® R) and g € Cpy " ([0, T';
R¢ @ R?). Let R be continuous and of finite 2D p-variation, p € [1, %), and we
assume that % + % > 1. For any partition & = {r;} of [0, T, let g" : [0, T >
R¢ @ R? denote

(75) g (5:0) 1= 3 808 i) sy i) ().

Then |

6 [, ( [, (67 = )09, (67 = £)0. Dl AR ) dR(s. 1)
— 0.

REMARK 4.5. Here and henceforth, we canonically identify 2-tensors with
matrices, and g1 (¢)g>(s) denotes matrix multiplication of g (¢#) with g2(s).

PROOF. Similar to the proof of Lemma 4.1, we will first partition [0, T]* x
[0, T]? into subregions A X B = ([a1, az] X [a3,a4]) x ([b1, b2] X [b3, bs]) on
which the integrand is continuous (shrinking each region if necessary to deal with
discontinuities at the boundaries), then sum the results to obtain the full proof.

Under the conditions imposed on g, we will show that the 4D-integral in (76)
can be written as an iterated 2D-integral and

L(L((g —¢")(u,s), (g —&")(v, t)>Rf®]Rd dR(u, v)) dR(s, 1)

l7l—0

157 (s, 1) dR(s, 1) —— 0,

ij '/[riyri+]]><[rjyrj+1]
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where
19 G5,1) = [ l90u.5) = g(u). 800 1) = g0, s AR, ).
First, observe that for any r <'s,

gu,s)—gu,r) =105 (u)g1(s)82(u) — Ljo,r (u)g1(r)g2(u)
=110, @) (g1(s) — &1 () &2 () + L5 @) g1 () g2 (u).

Thus for (s, ) € [ri, rip1] X [rj,rj41] CA,
I (s, 0y = 1 (s.0) + 18 (5. 0) + L (s, 0) + 1 (s, 1),
where

Ili’j(s, 1) = Z (gl(s) — gl(l"i))lm(gl(t) - gl(rj))ln

I,m,n,k

x /[ oty O (B200), ARG ),

BYs.0= Y (819)),,(&10) — 210),,

l,m,n,k

8 /[ri,s]x[b3,rj](g2(u))mk (§2(U))nk dR(u, v),

Ié’j(s,l‘) = Z (gl(s) —gl(ri))lm(gl(t))ln

l,m,n,k

* /[‘blvri] [rj.1] (g2(u))mk(g2(v))nk dR(u,v),

Ii’j(s,t):= Z (810)) (81D)),,

l,m,n,k

* /[ri,s]x[rjvt] (gz(u))mk (gz(v))nk dR(u, v),

and (g);m denotes the (I, m)th entry of the matrix g. Note also that it is possible
that ; < by or r; < b3, in which case we define the integral to be zero.

For k =1, 2, 3, since the summands in / ,i] (s, t) are products of 1D functions,
we have the following bounds on the 2D pth-variation of [ ,ij (s,t)in [rj, riy1] X
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[rj,rj+1l:
T I
1 W p-var;[r;,rip11x[rj.rjs1]
~ 2
=< Cp.p.all&2lyr. 0,711 RI p-var: [0, 712 I
X g1 ||p—var;[r,~,ri+1]”§1 ||p—var;[r_,',rj+1]’
1557
2 Wp-vag[ri,rig1]x[rj.rjil
(77)

< Callgill p-var:rj.rjan]
X (”gl||P'Var;[l’i,"i+l]”h1”OO + ||é~’1||oo||h1“p-Vaf;[riJiH])’
l’j
”13 Hp-var;[ri,ri+1]><[rj!r/+1]
<Cy4llg1 ”p-Var:[riJiJrl]
* (181l p-varstry.ry 112l oo + 181 oo 12 ll p-var: . 11) -

Here, /1 and h, denote the functions (suppressing the dependence on m, n and k
in the notation since the bounds are independent of them)

hi(s) = /[r,.,s]x[b3,r,]@2(”‘))“@2(”))% dR(u, v).

ho(1) = f{bmlxw(gz<u>)mk(gz(v>)nk dR(u, v).

1L

Choosing ¢ sufficiently small such that p + ¢ < p and % + o

> 1, we have
|71 ||p—var;[ri,ri+1] <|lh1 ||P+8-Var;[ri,r,-+1]
= Cp"o”gz||]27PZ[O,T]wR,p+s([ri’ ri+1] x [0, T])pI?,
(78) N2l p-var;(rj,rj 11 = h2ll pre-var;[r 1]
= Cppll&2Wr0,110R (10, TT ¢ [’j»rj+1])p7i£,
11 llsos 1721100 < Cp.pll@2 5. 10,711 RN povar: 0,772~

From (77) and (78), we see that the 2D pth-variations of fJ , Ié’j and I;’j over
[s, ] x [u, v] C [a1, az2] X [a3, a4] are controlled respectively by

o, ([s, 71 x [u, v])
._ s 2P =P =P p
=C ||g2||VP;[0,T] g1 ”p—var; [5.7] &1 ”p-var; [u,v] I R”p—var; [0,T]%°

w,z([s, 11 x [u, v])
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~ 2 ~
= C2ll&20 0.7 181 1 -varfu )

~ ~ P
X (”gl ”Z'Var;[&t]||R||£-Val‘;[0,T]2 + ||g1 ||gowR,p+g([s7 t] X [07 T]) p+£),

a)h([s, 11 % [u, v])
= 312203 0.71 181 1 s
X Z a1 RIZ- 0 7 + 181 120g (10, T [at, v])757).
For Ii’j(s, 1), if we let
h3(s.1) = f{mx[rm (820)),py (B2(0)),, AR 1, V),

we have

||h3”p-var;[ri,ri+1]><[rj,rj+1] =< ||h3||p+8—var;[ri,r,-+|]x[rj,er]

1
~ 2 PR
=< Cp,p”g2”Vl’;[()’T]wR,p-l,-g([rhri+1] X [”j”’j+1])p+8-

From Lemma 4.6, we then conclude that the 2D pth-variation of / i’j over [s, t] x
[u, v] is controlled by

~ 2 _pr_
oy, (s, 11 % [u, v]) := Cl &2l 10,719, pe (I55 1] X [, v]) 7

X (12112 + 18117 o) (18112 + 18117 s o)

Now define w as
1 1

o([s, 1] x [u, v]) :a);)_p ([s, 1] x [u, v])wm([s, 11 x [u, v]),

where o, den.()‘Fes the con.trf)l w; o, +o,+o, and 6 = % + ﬁ. Then ob-
serving that 1"/ (r;,-) = I""/(-,r;) =0 for all i, j, we use Young’s inequality (24)

to obtain

Z/ I (s, t)dR(s, 1)
i [ri,riv1]x[rj,rjs1]

(79)
<Y & (lri,riga] X [rj, rj41]) = O,
ivj

The following lemma was used in Proposition 4.4.

LEMMA 4.6. Let g1 € CP7V¥([s1, 52]; R) and g € CP™V¥([t1, 12]; R). Given
a 2D control w, let f € CP™V¥([s1, s2] X [t1, 12]; R) have finite 2D p-variation
controlled by w. In addition, assume that f(s1,t) = f(s,t1) =0 for all s,t in
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[s1, s2] X [t1, ©2]. Then the 2D pth-variation of f(u, v)g1(u)ga2(v) over [s1, s2] X
[t1, t2] is controlled by

4PV (s1, 521 % [t 221) (18112 + 1811 varsgs, ) (18202 + 182117 v 1y )
PROOF. Let {(u;, v;)} be any partition of [s1, s2] x [#1, 2]. We have
p
Ui  uj
2 |fan (U" U’.“)‘
i Jo Ui+l
= Y (f i) = f @i, vj0) g1 ()

i,J

+ (fig1,vje1) — fUig1, vj))gl(’fii+l)|p

<P~ I[Z‘f< u’“)
+;|gl(ui+1)—gl(ui)|p;'f <1S)i uz:H)H

Vj+1

<2- 1[ngln"’ ||f||,,var+||f||,,VarZ|g1<u,-+1>—g1<u,->|"],

which tells us that the 2D pth-variation of fg; is controlled by

(80) 27 o([s1, 520 x 11, 21) (g1 13 + 18115 yareps, 0)-

Repeating the same procedure with fg; [controlled by (80)] in place of f and g»
in place of g; completes the proof. [

PROPOSITION 4.7. Let g(s t) = Lo, (s)81(2)82(s), where gi,82 €
Ch™ ([0, T RY @ ]Rd) and let g™ be deﬁned as in (75). Let R be of finite 2D

p- varlatlon, p € [l, 2), and we assume that 1 > +1 o> 1. Then g € ’H‘li Q 'Hd, with
norm given by

COORPTR =\/ [ (L o508 s dR @ ) 4R,
and
® l¢" = elugens = 0

as ||| — 0.
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PROOF. Given a d-by-d matrix function A(s), let a;i)(s) denote the (i, j)th
entry of A(s). Using the canonical identification,

d d ‘
83) AOLn®O =Y Y aP®ea 1), .  abel0,T],
j=1lk=1

we see that g is a member of Wg ® H¢, and thus lies in ’H‘li ® Hﬁl by Proposi-
tion 4.2. Furthermore, we can compute the square of its norm

d
I Bigeng =X [ 2olester. v s dR ok (767451
k,l

0,712 “— i Ti+1
j=1

~ Jorp </[0 T]2<gn (u,5), 8" (v, 1))gagra AR (u, v)) dR(s,1).

Taking any sequence of partitions 77 () with vanishing mesh, we know that g™ is
Cauchy as n — oo by Proposition 4.4, and we identify g with its limit in 7—[‘11 & ’H‘li.
Invoking Proposition 4.4 again gives us (81) and (82). [

4.3. The Ito—Skorohod isometry revisited.

THEOREM 4.8. Let X be a continuous, centered Gaussian process in R4
with i.i.d. components, and assume that its continuous covariance function satisfies
3 . oo 1]
| Rl p-var:[0,712 < 0© for some p € [1, 5). Given p satisfying >t o> 1,letY bea
random variable which satisfies, almost surely:

(i) Y € Chy' ([0, TI; RY),
(i) DY : [0, T1*> — R @ R? is of the form 1191 (s)&1(t)g2(s), where g1, &
are both in C5,"" (10, T1; R? @ RY).

Then limjz o Y™ =Y in D"2(HY) if and only if
T T
E[/[o,r]z(ys Y. Y, Yl)Rd dR(S,t)] —-0
and
Ef (/ D (Y —Y,),D Yf—Y dR(r, )dRs,t:|—>()
|: [0,T12 [O,T]2< r( t t) 61( R s))]Rd®Rd (r,q) (s, 1)

as ||| — 0, in which case limj |- E[8X (Y™ —Y)?] = 0 and E[6X (Y)?] is equal
to

EU[O’W(YS, Y;)ra dR(s, z)} + E[/[o,m tr(D,Y; Dy Ys)dR(s, r) dR(z, q)],
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PROOF. For a Malliavin-smooth real-valued random variable F', we will write
DF = (DWF,...,DYF)e#!,

which means that D§j ) Yt(i) will denote the (i, j)th-entry of the matrix DsY;.
From Propositions 4.2 and 4.7,

B{lY™ - Y] =E| |

071" *

(Y7 = ¥y, ¥ — Yi)ou dR(s, z)},

To_ 2 :
and E[|| DY DY”H?@H‘I’] is equal to

E[ /[O’T]z ( /[O’T]Z(D,(Y,” ). Dy (Y7 — ¥,))gugpe AR q)) dR(s, z)]
Furthermore, It6—Skorohod isometry (see [29]) gives us
E[sX(V)?] =E[|Y ||§L(11] + E[trace(DY o DY)]
= lim E[|Y7|? lim E[trace(DY”™ o DY™
im B[V 3]+ lim Eftrace(DYT o DYT)],
since

2 2 2
E[s*(¥™ —¥)"] <E[|Y™ = Y[[54] + E[|DY™ = DY [0 3,a]-

Recall that the trace term is given by

trace(DY 0 DY) = (DY (hm), (PY)* (hm))34-

m=1

where {h,,} denotes any orthonormal basis for H‘li and

d
DY (h)(r) = Y (DY, hin ())yga e
k=1
d
(DY) (hw)(r) =Y _[(DPY, hnO)yaler,  rel0.Tlm=1,....
k=1

For the first term, we have

. t; tj
By 3] = lim B[S0, vowr (U 04)]
J.k

lim
7 ||—0 l7||—0 Ik fk+1

=E|:/ (YS7YZ‘>RddR(s’t):|7
(0,71
and for the second term, we need to compute

E[trace(DY™ 0 DY™)] = E|: > (DY (h), (DY”)*(hm))Hf].

m=1
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We have
d
DY (h,,)(r) = Z [Z(D Ytgk)’ hm('))qﬁl]lAi (r)]ek and
k=1~ i
d
(DY) () () = Z[Z<D§k>Y,jnAj<->, hm(-))ﬂf]ek,
k=1-j
rel0,T]l,m=1,...,
which yields
E[Z(DY”hm, (DY”)*hm)Hd
m=1

d oo
=E|> Y3 Dﬁ“YUnA,.(-),hm(-))H(;,<DY,5’°,hm<->>HgﬂAi<r>>Hl]

Li,j k=1m=1

d o0
- E <Z D(k) YA, (), hm(')>H‘f’<D Ytgk)» hm(‘)>H§” Ia, (r)> }
Hi

_l]k 1'\m=1

d
5|23 DOV 18,0, DY) 1, (r))Hl},

Li,j k=1

where r is the variable for the outer H-inner product.
Since

d
k ) k
DOV 14,0, DY)y = Y (DFY V14,0, DOV,
=1

QU

1 k
Zp(k)y()<1Aj(')’D~(l)th ))Hl’
=1
with R(A;, dr) denoting R(ti+1,dr) — R(¢;, dr) [cf. (21)], we obtain

E[trace(DY” o DY™)]

d
- E[Z > PPV 14,0y, (DOYE 14, (-))HJ

i,j k=1

(84)
_E[ZZ/ DOYVR(A;, dr)/ DOYORA,;, dq)]

i,j k=1

—>E[/ 4tr(D,YthYs)dR(s,r)dR(t,q):| as ||| = 0.
[0,T]
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REMARK 4.9. In the case of standard Brownian motion, if we use the fact
that dR(s, ) = §{s=ryds dt in Theorem 4.8, we recover the usual Ito—Skorohod
isometry

T
E[sX(Y)?] = EUO 1Y;)? dt} + E[f[o - tr(D, Yy DyY;) ds dt].

4.4. Riemann sum approximation to the Skorohod integral.

PROPOSITION 4.10. Let X be a continuous, centered Gaussian process
in R? with i.i.d. components, and assume that its continuous covariance func-
tion satisfies || R|| ,-yar.10, 712 < 00 for some p € [, %). For p €[1,3), let X €
cO-rvar([0, T1; GLPY(RY)) denote the geometric rough path constructed from the
limit of the piecewise-linear approximations of X .

Furthermore, let Y € CP™V¥ ([0, T1; RY) denote the path-level solution to

dY, =V (¥;) o dX;, Yo = Yo,
where V € CeP T (R, RY @ RY). Then Y € DV2(HY) and
T
Y, dX,
0
(85)
_ : X )
- un:l{lr?}’uﬁolZ[Y’f K = [ 6lIE VIR 4.

where the limit is taken in L*().

PROOF. Using integration-by-parts, we have

d
k
ax(yﬂ)zz[m rra)Rd — (DY M1 E,),H)())Hf{}

i k=1
- Z[ "z Tigl Rd - Ar tr[‘]r)(esv(YS)]R(Ai’ds)iI'

From Propositions 4.2 and 4.7, we have Y € ’H‘ll and DY = ]l[o’,)(s)Jt)f_sV(Ys) €
Hf ® H‘li almost surely. So in light of Theorem 4.8, we need to show that

(86) E[/{O!T]Z(Ys Y YT — ¥)pa ARG, t)] o,
and
E Du(YT — Y,), Dy (Y™ — ¥, R(u, v) ) dRGs,
(87) [/[o,Tp(/[o,nz( ("= X). Dol = ¥i)page AR U))d ¢ t)}
-0

as ||z|| — 0.
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For (86), we have

T T
E[ f[mz(ys Yy, ¥ — Yilga dR(s. z)]

B Titl fTj+1
o D3 N A AR S Y dR(s,o},
2 j

1

(88)

and from Lemma 4.1 with w and 6 defined as in (70),

Ti+1 Tj+1
E f / (YS_Yrivyl_Yrj>]RddR(Sat)‘
ri rj

i,j

=Cpyp ng([’”i, rig1] X [rj, rjt1),
ij
which tends to zero almost surely as the mesh of the partition goes to zero and
is also bounded above uniformly for all partitions by the random variable (up to
multiplication by a nonrandom constant)

2
Y1l p-var: [0, 7111 R Il p-var; 0, 772+

This is in L' (£2) by Theorem 2.25, and thus the limit of (88) vanishes by dominated
convergence theorem.

We will use Proposition 4.4 to show (87). We have
(39)

/[O’T]Z ( /[ (DT = YD = Vo) R v)) dR(s, 1)

where U; j = [ri, rit1] x [rj, rj+1]. With g(s, 1) := DsYy = 10,1 (5)g1 (1) g2(s),
where

/ (DyYs — Dule‘a DyY; — Derj>Rd®]Rd dR(u,v)dR(s,1),
[0,T71?

ij

a0 =45 2 =Xy,

we see that g satisfies the conditions of Proposition 4.4 almost surely. Hence, from
(79), the expression in (89) vanishes almost surely as the mesh of the partition goes
to zero.

Furthermore, it is bounded above uniformly for all partitions by the random
variable (up to multiplication by a nonrandom constant)

(90) &1 15010, 7118205010, 711 RIZ yarefo. 72

As with the case of ||V || p-var, | /Xl p-var and || (JX) 71| -yar have finite moments of
all orders by Theorem 2.27. This in conjunction with the fact that V (Y') is bounded
almost surely ensures that (90) is integrable, and thus we can apply dominated
convergence theorem again to complete the proof. [
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5. Appending the Riemann sum approximation to the Skorohod integral.
The main purpose of this section is to show that the usual Riemann-sum approxi-
mation to the Skorohod integral can be augmented with suitably corrected second-
level rough path terms which vanish in L*(£2) as the mesh of the partition goes to
Zero.

We will use 7 (n) := {t]'} to denote the nth dyadic partition of [0, T], that is,
= ’2—5 fori =0,...,2", and AY to denote the interval [, #; Jrl]

1

In addition, p’ will denote the Holder conjugate of p, that is, > + % =1.

PROPOSITION 5.1. Let X be a continuous, centered Gaussian process in
4 \with i.id. components, and for p € [2,4), let X € Co’p"’ar([O, T1; GLP! (Rd))
denote the geometric rough path constructed from the limit of the piecewise-linear
approximations of X.
Let p and q be such that p € [1,2) and % + é > 1. We assume that the covari-
ance function of X satisfies:

(a) “R”p—var;[O,T]2 < 00,
1
(b) IR, ) = R(s, )llg-var:10,71 < Clt =517, for all 5,1 € [0, T].

Now let ¥ : Q@ x [0,T] = R? @ R? be a stochastic process satisfying ¥, =
Zﬁ,z;:l w,(a’b)dea ®dep € ID)4’2(]Rd ® ]Rd)for all t € [0, T]. Furthermore, assume

there exists C < oo such that forall s,t € [0, T]land a,b=1,...,d, we have
1) B[y Py < C,
and for k =2, 4, we have
k
k by, (a,b
92) E[Dy, ., (W Py ))]‘ =C HHCD(hi)”q-var;[O,T]’
i=1
forall hy, ... hy e H.
Then
(93) Jim Z Y (thn T30 (r{’,rl."ﬂ)zd) o =0.
PROOF. First, note that
2n—1 1,
> w( b~ 5 r,-'a])zd)
L2(Q)
1,
(94) ( 2 ) = e, ,H)zd)
i z+1 2 LZ(Q)

LX)
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where (X?)S denotes the symmetric part of X2 and (X?)# denotes the antisymmet-

ric part. The two parts will be tackled separately, and since

= Z Zw(ab) Xt”t ) )(a’b)

i'i+1
L2(Q) a,b=1li=0

2"—1

Z Wt" t! M)A)

and s1m11arly for the symmetric part, we can study the convergence of each fixed
(a, b)th tensor component individually. For simplicity, we will henceforth suppress
the notation for the component in the superscript of .

Let i1, ha, g1, g2 € H¢ be such that (h;, 8j)y¢ = 0foralli, j =1,2. Then from

the product formula (29), we have the following identities:

(95a)  I(h)) 11 (h2) = Ia(h1 @ hy) + {1, 12)ga,

k]

LX(Q)

(95b) D(h1 @ h2)I2(g1 ® g2) = Ia(h1 ® hy ® g1 ® g2)  and

(95¢)  Ly(h1 ® hy) 2 (ha ® hy)

(95d) =I4(h1 @ h1 ® ha ® hy) + 41> (h1 @ ha)(h, ha)qg +2(h1, hz);d
Following [28], the idea of the proof is to rewrite (94) in such a way that the

summands take the form
E[‘/fti’”/ft”x(a) x® yl@ x®) ]

Uy, up > uz,ug vy, v 3,04

Where [M19 MQ], [u3v l/t4] - [tl”v tl+1] and [vlv UZ], [U3’ U4] C [tj ’ t7+1], or
2 2
E[x//,;m//,;z((Xt(f)tn ) - Gz(tznv 1+1))((Xz('(’l)t" ) _Gz(t;?» t7+1))]

as appearing in the symmetric part. After applying the identities in (95) and using
the duality formula (28), (92) will be used to bound the summands.
(a) For the symmetric part of the second level rough path, we have

s 1 @b b
<(X2 . ) —Eoz(t;,t;lﬂ)zd) = X, XW s (i)

i l+1

In the case where a = b, we need to estimate

2
[(z P (X)) 2—02<z;tr:’+1>>) }

21
=> E[w,;qw,y((xt(f)tn 2
(96) i.j=0
—a?(if, l+1))((X(“ n+1)2 — (1}, 1}41))]
2" —1

Z B[y b1 @ ]12‘?))12(1(@@11(;3)]
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where the last line follows from (95a). Using (95¢) with h; = ]l(a)( -y and hy =
]l( )( ) and applying the duality formula (28), the expression above is equal to

2" —1 n n
. 5 P
Z E[Dhl,hlthshZWt{lwt;L] + 4E[Dhl’h2‘//’z‘n w’?]R (tl” t£1+1)

i,j=0 it

o\’
+ 2E [y Yy IR (t’q tln+l> .

J j+1

For the first term, we have

2]
Z E[Dzl,hl,hzyhzw’fwf}l]
i,j=0
2"—1 2
(97) <C Z ”R ' q var;[0,T] HR( ')”q—va:;[O,T]
i,j=0
C

<—0——
H2n(5—1)

since p < 2.
For the second term, we have

2"—1 P
Z E Dh1 hzwfnwt"] < n t;l—H)

1
(98) 21 2\ »
= Z E[Dhl hzwt”wt” Z |R : nt |
i,j=0 i.j=0 e
2—2n(%—i,) R — G Dyp
<C r “ ”p—var; [0,T12 = C r ” ||p—Var; [0,7]?>
which also vanishes as n tends to infinity.
For the third term, we have
o o 2
Z E[y i ]R( ;_ﬁl)
2l "\ P
(99) <C Z|R( t;?ﬂ)‘ p}R(;ﬂ /'!H)V)
i,j=0 J+1 J Jj+1
= “n@=p) IR ”p -var;[0,T1?’

)

which vanishes as n — oo since p < 2.
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In the case where a # b, we let
=100, h=1H0.  g=100 ad gi=1500).
We obtain
E[y w,;xfgxg’gxfgxfg]
=By (la(h1 @ hy) + (b1, ha)y,a) (1281 @ 82) + (81, 82)349)]
= B[y La(hy Rhy ® g1 ® g2)] +E[¢r Yin I (hy ® h2) (g1, 82) 444

+E[Yn Vil (g1 ® g2)](h1, h2)ya + Bl {h, ha)ga (g1, 82)4a

2
i
=E[D} hy.g1.0, Vi Vir ] + ElWyp v IR (;,_1 " )

J j+1

TEC
+ (B}, i, i iy | + D, o Vi v ) R ( éii) |

Similar to the case where a = b, the sum over all i, j of the first, second and third
terms in the above expression can be bounded by (97), (99) and (98) respectively,
and hence vanish as n — oo.

(b) We will now handle the antisymmetric part. We will use (XEJ)A(JT (k)) to
denote the Lévy area of X% the piecewise linear approximation of X over 7 (k),
that is,

(X3,)" (k) = m2(log(S2(x™), ).

where > denotes projection onto the second level. Next, we define

(X)) A = (X3) (r (€ + D) = (X7,)* (),
and noticing that (X " )A(n(n)) =0, we can use Theorem 2.13 to see that

m

A .
(X )" = lim > (X ) (Antk)

foreveryneNandi=0,1,...,2" — 1,

where the limit is taken in L2(S2).
We want to show that
211
Z Y ( ,n o (n(n + m)))(a’b)

-0
L2(Q)

uniformly for all m as n — oo. To begin, let

k,i . n+k
(100) Sy - t +2n+k tu+i2k’
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and we will denote the intervals
; ki k . ki k
(101) A:,L [s2ul’s2ul+l] Al uR = [s2u+1’s2ul+2]
A=A UA S ] Yu=0,... 21— 1.

Note that we suppress the dependence on k and n in the notation for the variables
on the left, and we will also use X[, and X, (s, € [0, T]) interchangeably.
Continuing, we have

ok—1_1 2k=1_1
® exp(XAiL) ® exp(XAiR) - ® exp(XAL)
u=0 " “ u=0
ok=1_1 (XAL)®2 1
= @) <1’XAZ’T>+(0’0’§[XA;L’XALR])

(X 0i)®?
@ (1 )

2]( 1_ 1
z ( ’E[XALL’XAQR]>’
which means that

2k=1-1
1
(X7, o ) I ESY X ai, X ]
M:O u u

since only antisymmetric terms are left in the difference.
Thus, we obtain

[(Z Vi (X (n<n+m>))(“”’))2}
[

k= 1
2h—1 m A b
(102 =3 E{%;%;Z((Xiw) (i)
i,j=0 k=1

= b
Z tn l" (A}’L-‘rl))(a7 ):|

Z Z Z wt”‘pz"[XAz , Al ](ab)[x j s j ](ah)]
Al A

4>|~
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Since the (a, b)th entry of [XAiL s X Ai R] € so(d), where a # b, is given by
(@) (b) ®) (@)
Far, Nae T Mo, ol
each summand in the last line of (102) is of the form

(@) y(b) y (@) y(Ob)
X, Yo Yo, X,

— n n (d) (b) (b) (a)
Elyyva X Xy X X ]
(103)

®) y@ yla) )
—E[yp i X i XAf,R X XAiR]

b b
+ [y Y X() X(“) X() X(A“} .

Proceeding, we will use the first term in the above expression for the proof and
omit the other terms as the result remains the same with trivial modifications to the

notation. We first denote
Sk i Sk i sk i Sk i
R 2u 2u+1 + R 2u+.1 2u.+2
l,j 1,j l,j L,j
S2v S2U+1
sk i Sk i
R 2u 2u+1 +
L,j l,j
S2o4+1 S2u42

2"—1

o o
Z ZR i Ai <4 ”R”p -var;[0,T]?"
i,j=0u,v

RAL xAi =

(104)
+

and note that

Next, we let

hl—ﬂ@() hy =1 (), gl—ﬂ | O and g:=10 (),

UL v

and applying (95b), we get

b b
E[%;ﬂﬁz"X(“) X() X(a) X(AJ) ]

= B[y (Iz(hl ® h) + (h1. h2)ya) (12(81 ® 82) + (81, 82)04)]
= B[y La(hy Rhy® g1 ® g2)] +E[¢r Yin Iy (hy ® h2) (g1, 82) 444
+E[Yn Vil (g1 ® g2)](h1, h2)ya + Bl ]{h, ha)ya (g1, 82)4a

=1 A1+ Ax + Az + Ay,
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(i) Terms of type Ay:
D1, 1y )]
<C| q)(hl)”q—var; [0,7T] | @ (h2) ”q—var; [0,7]
X [ @@ y-var:10.71] @2 | y-var:10.71
< C|R(sh/ ") — R(s5; . M y-var:0.71
x |R (Szu+1’ ) = R(syy. M g-var: 0,71
x |R (S2u+2’ ) — R(S§MI+1 W g-var:10.71
HR(Svarz’ ) — R(sévj-i—l’ W g-var:10.71
o gy
and thus we have

2"—1 m
> 20 D IEDS gy 0 W )|

i,j=0k,I=1 u,v

2m(2=1) — k(2=1)A—1(2—1
< c2~ "(;— ) Z 2~ (;— )2— (;— )
k=1

2
5C272n(571) —0 as n — oo.

(ii) Terms of type A, and Az: We only detail the argument for the A, terms;
the A3 terms can be dealt with in the same way. Using Holder’s inequality and by
exploiting the upper bound,

E[D? <clsk <c2
E[ n, hz(‘/ft”‘/ft ]| |S2u+1 s2u’ ’S2u+1_52 }" L

we obtain

2"—1 m
b b
> > YEDi s, Wpv X X ]
i, j=0k,I=1uv uR DR
1

(Z > _EDE, 5, W] ) (Z"ZIZ ",W)E

i, j=0u,v i, j=0u,v

I/\
WME

k,

—Zn(%—1

1
kG

IA

M2

C 2

1

1 1 1
“)a—l(5=-)
n"2 pop ”R”p—var;[O,T]z'
k,l



STRATONOVICH-SKOROHOD FORMULA FOR GAUSSIAN RPS 49

Since % — % = % — 1> 0, we may sum over k and [ to get
- v ) ®) ) 2n(2-1)
—on(2—
Z Z ZE[Dhl,hz (WI," Wt;’)]E[XAiRXAj ] =C2 r ”R”p—var;[O,T]z’
i,j=0k,l=1uv u vk

which tends to zero as n — oo.
(iii) Terms of type A4: We have

Bl ¥ 1, ha)yga (81, 82) 304

sk i sk i sk i Sk i
=Ky IR ( 7 %f’f“l) R ( 7t %”fz)

S0 S2u41 Yol Sdo42
<CR> ..
Al XAy
Using the fact that

RA{ < 2||R(s2u+1, ) — R(Szu , ')“q -var;[0,T]

k,
+ 2”R(s2u+2’ ) - R(s2ul+1’ ) Hq—var;[O,T]
and

1,j Lj
Ryi g S 2IR(234107) = B2 ) gvarsgo. )

I,
+ 2||R(s2v+2’ ) = R(Szvj+17 ')“q-var; [0,T]’
we have
m 2"—1 2"—-1

Z Z Z 2lXAj§CkZ 2 —(n+k) % S D52 o Z Z plXAJ
=1

kJ=1i,j=0u,v i,j=0u,v

<C2 2n(——2) Z 2 k( 2)2 l( Z)HR”
k=1

p-var;[0,T1?’

which converges to 0 since 52> 0. O
Given the preceding proposition, the following corollary is straightforward.

COROLLARY 5.2. For2<p<d4,letY e CPV¥(0,T]; ]Rd) denote the path-
level solution to
dY; = V(¥;) o dX,, Yo = yo,
where X € COP™V ([0, T1; GPL(RY)) satisfies the same conditions as in Proposi-

tion 5.1. Then if V € C}P' T (R, RY @ RY), we have
1
Z V(Yt" <th tn - Eoz(t;l, t:l+1)z-d> = 0

(105)
LX)

IIJT(n)H—>0
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PROOF. Since V € C,l, |E[Vs(a’b) Vt(a’b)]| is bounded for all s, ¢, a and b. Now

we have to show that bound (92) in Proposition 5.1 is satisfied with
Y =V(¥) eRIQRY,

to show (105). To do so, recall Proposition 3.5, which states that almost surely we
have

R/ 4 P

(106) n
< Pan) (Xl p-var: 0,71, xp(C N0 77) [T @ i) [P—_"
i=1

As both [|X] p-var; 0,77 and exp(Cfo[OyT]) belong to (),-o L (£2), we have

n
(107) IDh, . el 1r) < Cng l_[||q)(hi)||q—var; [0,7]

i=1

for any r > 0. Now we simply use the product and chain rule of Malliavin dif-
ferentiation in conjunction with the fact that V has bounded derivatives up to the
appropriate order. [

6. Conversion formula. We are now ready to prove the main result of the
paper. As before, w(n) 1= {t/'}, t]' := ’z—f, denotes the sequence of dyadic partitions

on [0, T].

THEOREM 6.1. For 1 < p <3, let Y € CP™V™([0, T1; RY) denote the path-
level solution to

dY; =V (¥y) odX;, Yo = Yo,

where X € COPV([0, T]; GLPI(RY)) denotes the geometric rough path con-
structed from the limit of the piecewise-linear approximations of X, a continuous,
centered Gaussian process in R¢ with i.i.d. components and continuous covari-
ance function satisfying ||R|| ,_yar.j0,772 < 00 for some p € [1, %). In addition, we
have the following assumptions:

) If1<p<?2, assumeV € C,%(]Rd; R4 ®Rd), 02(s, 1) <Cl|t — s|9f0r some
0 > 1 and | R()llg-var:0.7] < 00, where % + ; > 1.

(i) If2 < p <3, assume that V € Cg’ (R?: R? @ RY), and the covariance func-
tion satisfies

1
(108) [RG. ) = R\ poyarsjo.r < Clt =517,
foralls,t €[0,T].
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In either case, almost surely we have
T T 1 (T
/ YtOdXt=/ Yth[-i‘—/ tr[V(YS)]dR(S)
0 0 2 Jo

+ /[O,T]z Ljo. () e[ JX_ V (Yy) — V(YD ]dR(s, 1).

PROOF. Using regular Riemann—Stieltjes integration when 1 < p < 2 and
Theorem 2.20 when 2 < p < 3, fOT Y; o dX; is equal almost surely to

Yt(Xtt ) I<p<2,
lim Z
n—00 Yt"(Xt N )+V(Yz )( i ), 2<p<3.
We now apply Proposition 4.10 in conjunction with Corollary 5.2. Upon extract-

ing a subsequence (and reusing the index for notational simplicity), the Skorohod
integral is given almost surely by

T o
. X ;
/0 Y; dX; :nli)nc}o E |:Ytl.”(Xti",ti”+1) _/0 tr[‘]z s V¥)]R(AY, ds) +A(l):|,
l
where
1,
V(=507 )T ). 1<p<2.

AD =

1
V() — 30 @ )T). 22p <3,

Note that when 1 < p < 2, we can append ) ; V(Yr{‘) —%az(tl.", ti' )Zg) to the
Riemann sum approximants of the Skorohod integral because

(109) You[ Ve o) <C YN — 1,
i i

which vanishes as n — oo.
In both cases, subtracting the two integrals gives us

T T
Y[OdXZ—/ Y[dXt

0
(110)

n—oo

1 1
= lim Z/O tr[Jéf(_sV(Ys)] (A", ds) + N 2(er, ) V]

Subtracting tr[V(Y,ln)]R(A;’, t{') from the first term on the right of (110) and
adding it to the second term gives us

n

i 1 . .
[ ULV OIR(AL 05) 4 S0ty ]V ()] = O+ G,
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where
. t!
F® ::/0 [ VADIR(A], ds) —u[V (V) ]R(A] 1),
5o
GO = 2o (1] ) ulV ()] + oV () IR (A7 1),
We have

n

. f
Fm_/ alJ ¥ V(¥y) = V()] R(A], ds)
_/ R(A, ds),

h(s,t) =1, t)(s)tr[ H_SV(Y)—V(Y,)]

Since h(s, t) vanishes on the diagonal, it is continuous almost surely on [0, T1%.

Furthermore, we have complementary regularity since % + % > 1, in which case

Theorem 2.12 tells us that

where we denote

f h(s,t)dR(s, 1),
[0,7]?

exists. Thus, we have some partition 7’ = {53} x {t'} such that

'/ h(s, 1) dR(s, t)—Zh St (f" j’:,+1>‘<§.

i i+1

Refining {s;} if necessary, we also have for each i

n Sk Sk Tl
V R(A7. ds) Zhs’“' <l- t{‘+1>‘<2(2">’

and note that these estimates hold for all ¥ = 71 x mp where ||| < ||7’| and
72|l < ||zt (n)||. Thus

SFO [ b0 dRG.D.
l. [0.772
For the G terms, we have

1
60 =Yl (RO 1) = R + 5070 )

= 3 VIR ) — RS 1),
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which converges to % fOT tr[V (Y;)]dR(¢) as Y and R(-) have complementary reg-
ularity. [

The limit in (110) necessarily exists almost surely because it is the dif-
ference of almost sure convergent sequences. However, we add and subtract
tr[V(Ytin)]R(A;-’, t{') because in general, if considered separately, neither term can
be expected to be a convergent sequence.

Consider the case when R(s t) is the covariance function of fractional Brow-
nian motion where 1 3<H< Z For the first term of (110), formally one would
expect convergence to the Young integral

,/[0 T2 ]l[O,t) (s) tr[‘]t)f—sV(Ys)] dR(s, 1)

since we have complementary regularity. However, the discontinuity of the inte-
grand at the diagonal poses a problem, as can be illustrated by the following simple
example; if we take the sequence of square partitions {(z,7)}, the Riemann—
Stieltjes sums of f[O,T]Z Li0,1(s)dR(s, t) are given by '

D Y R(AL A, )_ZR 100) = Rt} 1) — —o0

Joi<j

and thus f[o,T]2 Ljo0,r)(s) dR(s, t) does not exist as a Young—Stieltjes integral. For
the second term of (110), if V is bounded from below, we have

1
220’2(1‘1 ’ l+1)tr V(Yl‘ > C2|t1+1 ’

i
which also diverges.
Now consider the following theorem from [12].

THEOREM 6.2. Let X be fractional Brownian motion with Hurst parameter
H < %

3_
Ifue ]D>1’2(102Jr H(Lz)), then 8% (K*u) and trace(Du) are well defined, and the
sequence

1
tit1 — 4

>

converges in L*() to 8% (KK*u) + trace(Du).

fi+1
/ u;dt(X;iH —th-)
1

Formally, K* is the operator K* o D},, where DIT, is the adjoint of the deriva-

3_
tive operator; see [13]. It is well known that the Besov—Liouville space 102+ H(Lz)
can be embedded continuously in C%!~# (see [13, 29, 34]), the space of (1 — H)
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Holder continuous paths starting at zero. This imposes a strong condition on the
integrand as one essentially requires Young-complementary regularity of # and X.

Thus, when the integrand solves an RDE, Theorem 6.1 extends this theorem
to cases where the integrand and integrator do not have complementary regular-
ity. Furthermore, when 1 < p < 2, although f(;i tr[]t)_,f(_sV(Ys)]R(A;’, ds) in gen-
eral converges, by augmenting the Skorohod integrai with A; and rebalancing the
terms, we can identify the trace term in Theorem 6.2 more precisely.

6.1. Application of the correction formula to fractional Brownian motion. We
now apply the correction formula to fractional Brownian motion with H > %

THEOREM 6.3. For 1 < p <3, let Y € CPV™([0, T1; RY) denote the path-
level solution to

dY, =V (Yy) odX,, Yo = yo.
We assume that V € Cllj (R?: RY @ RY), with

2, 1<p<2
(111) k=" =p=5
6, 2<p<3,

and X € COPVa ([0, T1; GLPI(R?)) is the geometric rough path constructed from
the limit of the piecewise-linear approximations of fractional Brownian motion
with Hurst parameter H > %, and covariance function

1
R(s, 1) = E(SZH + 20—t — 5?1,

Then almost surely, we have

T T T
/ nodxfzf Eer+H/,UU%nﬂfH”ds
0 0 0
+AnﬂmMﬂﬂﬁZVWQ—WEWm@0-

PROOF. We will show that fractional Brownian motion fulfills all the require-
ments needed to apply Theorem 6.1 when H > % Let p := ﬁ and g := Ly
The proof that || R|| ,-y,r. 0,772 < 0© can be found in [17]; see also [19]. Note also
that R(¢) = t2# is of bounded variation, and thus has finite g-variation.

Inthecase 1 < p <2,or H > %, the geometric rough path is simply (1, BH),
and for H < %, one can invoke Theorem 2.13 to construct the geometric rough
path.

Finally, it is proved in Example 1 of [19] that

1
|R(z,) — R(s, -)||p_var;[07T] <C|t —s]|r Vs, t €0, T]. O
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APPENDIX

THEOREM 2.20.  Let x = (1,x,%%) € CP™V([0, T1; G>(R%)), where 2 <
p <3.

Let ¢ € CP™ ([0, TT; LRY; R9)) and ¢ € CP™([0, T1; LR?; LR?; R?))).
If (¢, @') is controlled by x, we can define the rough integral

n—1

2 dx, := lim
(32) /¢r0 r |7 | =0,7={0=rg<-- <rn—t}Z(¢r1xrl r1+1+¢r, Tis ’l+1)

where we have made use of the canonical identification L(RY; L(R?;R?)) ~
L(R? @ RY: R®). Furthermore, denoting

t
Zl :j(; d)l’odxra Zl{ ::¢f’
(z,7') is again controlled by x, and we have the bound

2
(33) ”Z”p-cvar . Cp”‘p”p-cvar(1 + ||x||p-var;[0,T] + ”X ” %-var;[O,T])'

PROOF. Let0O<u <s <v <t and define
Eu,v = ¢uxu,v + ¢,’,X5,v,
which yields the defect of additivity,
| + s — Buwl < |RY x| +[8],5%5 .

Now let 6 := %. Then the following function

1
— || p¢ 2
a)(”’ v) = HR ”ﬁ—var [u U]” ”p -var;[u,v] + ”¢ ”p -var;[u,v] ” H,_var [u,v]
is a control by Lemma 2.6 as 2 > 1. Moreover, following the proof for Young
integration (see [14]), for any partition = = {r;} of [u, v] with k subintervals, there
necessarily exists some r; € 7 such that

— — = ¢ | | 2 |
|C'4r_,~_1,rj + Sy L':'Jr_,~_1,r_,~_,_1| =< |Rrj71,rjxrj,rj+1 + ¢rj,1,rj RIS

0 2\ 6
<2w(rj-1,rj+1) <2 1 w(u,v)”.
Extracting r; leaves one with k — 1 subintervals, and we can repeat this procedure
until only [u#, v] remains. Since 6 > 1, we obtain the submaximal inequality (cf.
[14, 25])

(112) < Ct@)wu,v)?,

der - (¢uxu v +¢u u, U)
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where ¢ is the Riemann zeta function and
R ! o2
/ ¢r ° er T Z¢rixrisri+l + ¢r,~xr,-,r,-+1 .
b .
l

Proving (32) is equivalent to showing that

/(brOer—/ ¢r o dx,
b4 '

where the supremum is taken over all partitions of [0, ¢]. Without loss of generality,

sup —0 ase — 0,

Iwliviizl<e

we can assume 7’ refines , in which case ||| V ||7/]| = || || and
/ ¢y o dx, _/ ¢r o dx,| = Z (d)uxu,v + d);xi,v - / ¢r o er)‘
b4 7’ [u.v]er 'N[u,v]
<Cp > o)’
[u,vler
which vanishes as ||z || — O.
Continuing, we define
t
(113) R = [ drodn — g,
s

and using (112), we obtain

25,617, 25417 < Cp(llvesio, 7+ | ¢ lveo.77+ | R? ||g-var;[o,r])p

X (”x”Z'VaH[SJ] + ”X2 ”g—var;[s,t])’

5 o153
+ ”x ”p-var; [0,T1] || R || I4

D L 4
|R§,t| ° = CP(H(Z)/”iz)P;[O,T] sz “% ;—var;[s,t])'

-var;[s,t]

From the super-additivity of the quantities on the right-hand side in the above
expression, the fact that (z, z') is controlled with norm (33) follows immediately.
O

PROPOSITION 2.21.  For p > 2, let
y € CP™([0, T1: U),
y e cra([o, T1; L(RY; U)),

and let ¢ be a Cg map fromU to V.
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Then ¢(y) € CP™V¥([0,T1; V) and Vo (y)y' € CP™V¥([0, T1; LR?; V). Fur-
thermore, if (v,y') is controlled by x € CP™V¥([0, T]; G*(RY)), then (¢(y),
Vo (y)y') is also controlled by x and we have

o () Hp-va.r; (0,77 1 V9 My’ ”p-var; [0,T]

(34) /
<Nl lylvesori(T+ 15 Tyrigo.r9):
and
35) ” R¢(y) ” %-var;[O,T] = ||¢||C£(||y||§)-var;[0,T] + ”Ry” g-var;[O,T])'

PROOF. See Lemma 7.3 in [14] for the proof in Holder topology; the p-
variation estimates will be derived similarly. Using the mean-value theorem, (34)
can be obtained easily. To show (35) and that (¢ (y), V(y)y’) is controlled by x,
we first use Taylor’s theorem to obtain

(114) (6),, = Ve s)ys. + R

Taylor
t

forall s <rin [0, T], where |R;} | < ||¢||C§|ys’,|2. From this, it follows that

Tayl 2
(115) |R™ Or\\g_var;[oﬂ = Nl Iy Ip-var; 5,1+

We next use the fact that (y, y’) is controlled by x in equation (114), which yields

Tay].
(@), = Vo) yeXs + VOOIRT + Ry,

=) =R?Y

and also gives

IR g vario.r) < IVOD oo B | govarsto 1 + 1R™ 3 yarspo,r - O

PROPOSITION 2.22 (Leibniz rule). For p > 2, let
¢ €CP([0,T]: LWU:V)),
¢' € CP([0, T1; L(RY LU V))),
and we assume that (¢, @) is controlled by x € CP™¥* ([0, T1; G*(R?)).

(i) Let y € CP™([0, T];U), ¥ € CP™([0, T1; LR?; U)), and suppose that
(Y, ¥') is controlled by x. Then the path ¢ € CP™V*([0,T1; V) given by the
composition of ¢ and V is also controlled by x, with derivative process () =
&'V + @', In addition, we have the bound

(36) oYl p-cvar < 2Dl p-cvar |V 1l p-cvar
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(ii) Suppose that W € Cg'var([O, T, U). Then ¢y € CPV¥([0,T1; V) is also
controlled by x, with derivative process () = ¢'v. Moreover, we have the
bound

(37) 1PV p-cvar = 11l p-cvar V115

0,71

PROOF. The statement can be seen as a corollary to the previous proposition
if we consider the smooth map ® (¢, V) = ¢. However, we will prove it directly
to get the precise bounds (36) and (37).

For the first part, it is trivial to see that [|¢y || and [|¢’y + @Y’ || p-var;[0,7] are
bounded by the right-hand side of (36). For the remainder term, we note that

@V)s,e — (D5 Ws + s Vy)xs,e
= BV — bs Vs — Do s — DsVis.e + ROy + ¢ RV,
= GV — G5 — bt + bWs + RO + o RY,
= G Vsi + RO W + 6 RY,,
and thus

[R?Y | wvarsgo,r1 = 100l p-vars 0,791 L p-var:0.71 + 1¥lloo | R | -y 0,71

+1lloo | RY | g —yars 0,71

For the second part, note that [|¢py|| and ||¢' || p-var;[0,7] are bounded by the right-
hand side of (37). Moreover, we have

@V )sr — (L) X5t = Pets — sty — bs s s + RE s
= ¢V + RS s = RV,
which gives

IR 15 vargo,r1 = 19 lool¥ I 2 varsjo.r1 + IV oo | RO | pvapor - OO
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