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SMOOTHNESS OF THE DENSITY FOR SOLUTIONS TO GAUSSIAN ROUGH
DIFFERENTIAL EQUATIONS

THOMAS CASS, MARTIN HAIRER, CHRISTIAN LITTERER, AND SAMY TINDEL

ABSTRACT. We consider stochastic differential equations of the form dY; = V (Yz) d X+ Vo (Yz) dt
driven by a multi-dimensional Gaussian process. Under the assumption that the vector fields Vo
and V = (V1,...,Vy) satisfy Hormander’s bracket condition, we demonstrate that Y; admits a
smooth density for any ¢ € (0,7], provided the driving noise satisfies certain non-degeneracy
assumptions. Our analysis relies on an interplay of rough path theory, Malliavin calculus, and
the theory of Gaussian processes. Our result applies to a broad range of examples including
fractional Brownian motion with Hurst parameter H > 1/4, the Ornstein-Uhlenbeck process and
the Brownian bridge returning after time 7.

1. INTRODUCTION

Over the past decade our understanding of stochastic differential equations (SDEs) driven by
Gaussian processes has evolved considerably. As a natural counterpart to this development, there
is now much interest in investigating the probabilistic properties of solutions to these equations.
Consider an SDE of the form

4y, = V(Y)dX, + Vo (Y,)dt, Y (0) = yo € R®, (1.1)

driven by an R%valued continuous Gaussian process X along Cpr-vector fields Vo and V = (Vi,..., Vy)
on R°. Once the existence and uniqueness of Y has been settled, it is natural to ask about the
existence of a smooth density of Y; for ¢ > 0. In the context of diffusion processes, the theory
is classical and goes back to Hormander [22] for an analytical approach, and Malliavin [27] for a
probabilistic one.

For the case where X is fractional Brownian motion, this question was first addressed by Nualart
and Hu [23], where the authors show the existence and smoothness of the density when the vector
fields are elliptic, and the driving Gaussian noise is fractional Brownian motion (fBM) for H >
1/2. Further progress was achieved in [I] where, again for the regime H > 1/2, the density was
shown to be smooth under Hormander’s celebrated bracket condition. Rougher noises are not
directly amenable to the analysis put forward in these two papers. Additional ingredients have
since gradually become available with the development of a broader theory of (Gaussian) rough
paths (see [25], [8], [12]). The papers [7] and [6] used this technology to establish the existence of a
density under fairly general assumptions on the Gaussian driving noises. These papers however fall
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short of proving the smoothness of the density, because the proof demands far more quantitative
estimates than were available at the time.

More recently, decisive progress was made on two aspects which obstructed the extension of
this earlier work. First, the paper [5] established sharp tail estimates on the Jacobian of the flow
JZX (yo) driven by a wide class of (rough) Gaussian processes. The tail turns out to decay quickly
enough to allow to conclude the finiteness of all moments for JX ;(yo). Second, [2I] obtained
a general, deterministic version of the key Norris lemma (see also [24] for some recent work in
the context of fractional Brownian motion). The lemma of Norris first appeared in [29] and has
been interpreted as a quantitative version of the Doob-Meyer decomposition. Roughly speaking,
it ensures that there cannot be too many cancellations between martingale and bounded variation
parts of the decomposition. The work [2I] however shows that the same phenomenon arises in a
purely deterministic setting, provided that the one-dimensional projections of the driving process
are sufficiently and uniformly rough. This intuition is made precise through the notion of the
“modulus of Holder roughness”. Together with an analysis of the higher order Malliavin derivatives
of the flow of (L)), also carried out in [21]], these two results yield a Héormander-type theorem for
fractional Brownian motion if H > 1/3.

In this paper we aim to realise the broader potential of these developments by generalising the
analysis to a wide class of Gaussian processes. This class includes fractional Brownian motion with
Hurst parameter H € (%, %], the Ornstein-Uhlenbeck process, and the Brownian bridge. Instead
of focusing on particular examples of processes, our approach aims to develop a general set of
conditions on X under which Malliavin-Hormander theory still works.

The probabilistic proof of Hormander’s theorem is intricate, and hard to summarise in a few
lines, see [I§] for a relatively short exposition. However, let us highlight some basic features of the
method in order to see where our main contributions lie:

(i) At the centre of the proof of Hormander’s theorem is a quantitative estimate on the non-
degeneracy of the Malliavin covariance matrix C (w). Our effort in this direction consists
in a direct and instructive approach, which reveals an additional structure of the problem.
In particular, the conditional variance of the process plays an important role, which does not
appear to have been noticed so far. More specifically, following [7] we study the Malliavin
covariance matrix as a 2D Young integral against the covariance function R (s,t). This
provides the convenient representation:

VIO (w)v = / fs (w3 w) fr (v;w) AR (s,7)

[0,¢] x[0,t]

for some y-Holder continuous f (v;w), which avoids any detours via the fractional calculus
that are specific to fBM. Compared to the setting of [6] we have to impose some additional
assumptions on R (s,t), but our more quantitative approach allows us in return to relax
the zero-one law condition required in this paper.

(ii) An essential step in the proof is achieved when one obtains some lower bounds on v? Cyv
in terms of | f|;[0,- Towards this aim we prove a novel interpolation inequality, which lies
at the heart of this paper. It is explicit and also sharp in the sense that it collapses to a
well-known inequality for the space L2([0,T]) in the case of Brownian motion. Furthermore,
this result should be important in other applications in the area, for example in establishing
bounds on the density function (see [2] for a first step in this direction) or studying small-
time asymptotics.
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(iii) Hormander’s theorem also relies on an accurate analysis and control of the higher order
Malliavin derivatives of the flow JX (y0). This turns out the be notationally cumbersome,
but structurally quite similar to the technology already developed for fBm. For this step
we therefore rely as much as possible on the analysis performed in [21I]. The integrability
results in [5] then play the first of two important roles in showing that the flow belongs to
the Shigekawa-Sobolev space D> (R®).

(iv) Finally, an induction argument that allows to transfer the bounds from the interpolation
inequality to the higher order Lie brackets of the vector fields has to be set up. This
induction requires another integrability estimate for JX ,(yo), plus a Norris type lemma
allowing to bound a generic integrand A in terms of the resulting noisy integral [ AdX in
the rough path context. This is the content of our second main contribution, which can be
seen as a generalisation of the Norris Lemma from [21] to a much wider range of regularities
and Gaussian structures for the driving process X. Namely, we extend the result of [21]
from p-rough paths with p < 3 to general p under the same “modulus of Holder roughness”
assumption. It is interesting to note that the argument still only requires information about
the roughness of the path itself and not its lift.

Let us further comment on the Gaussian assumptions allowing the derivation of the interpolation
inequality briefly described in Step (ii) above. First, we need a standing assumption that regards the
regularity of R(s,t) (expressed in terms of its so called 2D p-variation, see [12]) and complementary
Young regularity of X and its Cameron-Martin space. This is a standard assumption in the theory
of Gaussian rough paths. The first part of the condition guarantees the existence of a natural lift of
the process to a rough path. The complementary Young regularity in turn is necessary to perform
Malliavin calculus, and allows us to obtain the integrability estimates for JX (yo) in [5].

In order to understand the assumptions on which our central interpolation inequality hinges, let
us mention that it emerges from the need to prove lower bounds of the type:

/ FofidR (5.8) = C1f1% 0.0y 1120 11 (1.2)
[0,7]%[0,7]

for some exponents v and a, and all y-Hélder continuous functions f. After viewing the integral
in (L2) along a sequence of discrete-time approximations to the integral, relation (2] relies on
solving a sequence of finite dimensional partially constrained quadratic programming (QP) prob-
lems. These (QP) problem involve some matrices () whose generic element can be written as
QY = E[thi.,ti+1thj,tj+1]’ where thiyti+1 designates the increment thi+1 — X} of the first compo-
nent of X. Interestingly enough, some positivity properties of Schur complements computed within
the matrix @ play a prominent role in the resolution of the aforementioned (QP) problems. In
order to guarantee these positivity properties, we shall make two non-degeneracy type assumptions
on the conditional variance and covariance structure of our underlying process X' (see Conditions
and B below). This is obviously quite natural, since Schur complements are classically related to
conditional variances in elementary Gaussian analysis. We also believe that our conditions essen-
tially characterise the class of processes for which we can quantify the non-degeneracy of Cr(w) in
terms of the conditional variance of the process X.

The outline of the article is as follows. In Section Bl we give a short overview of the elements
of the theory of rough paths required for our analysis. Section [B] then states our main result. In
Section Ml we demonstrate how to verify the non-degeneracy assumptions required on the driving
process in a number of concrete examples. The remainder of the article is devoted to the proofs.
First, in Section B} we state and prove our general version of Norris’s lemma and we apply it to
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the class of Gaussian processes we have in mind. In Section [6] we then provide the proof of an
interpolation inequality of the type (L2). In Section [ we obtain bounds on the derivatives of the
solution with respect to its initial condition, as well as on its Malliavin derivative. Finally, we
combine all of these ingredients in Section [§ in order to prove our main theorem.

2. ROUGH PATHS AND (GAUSSIAN PROCESSES

In this section we introduce some basic notation concerning rough paths, following the exposition
in [5]. In particular, we recall the conditions needed to ensure that a given Gaussian process has a
natural rough path lift.

For N € N, recall that the truncated algebra T (R) is defined by T (R?) = EBQ’:O(]Rd)@”, with
the convention (R9)®% = R. TN (R?) is equipped with a straightforward vector space structure,
plus an operation ® defined by

N
Talg@h) =3 mui(g) @mi(h),  g,he TN(RY),
k=0

where 7, designates the projection on the nth tensor level. Then (T (R9), 4, ®) is an associative
algebra with unit element 1 € (R%)®°,

At its most fundamental, we will study continuous R?valued paths parameterised by time on a
compact interval [0, 7] ; we denote the set of such functions by C([0, T], R?). We write 2, ¢ := 2 —
as a shorthand for the increments of a path. Using this notation we have

1/p
#lloe i= sup fzil,  lollpvaro :=< sup ) !!) !

€[o,7] DI0.T1=(t) ;.4 e Dlo,T)

for p > 1, the uniform norm and the p-variation semi-norm respectively. We denote by CPv2 ([0, T'], R%)
the linear subspace of C([0, T],R%) consisting of the continuous paths that have finite p-variation.
Of interest will also be the set of y-Hélder continuous function, denoted by C” ([0, T], R?), which
consists of functions satisfying

|5,
[Zll;j0,7) == sup o < oo

o<s<t<T |t —s|”

For s < t and n > 2, consider the simplex A”, = {(u1,...,un) € [s,t]"; us < --+ < u,}, while
the simplices over [0, 1] will be denoted by A™. A continuous map x : A? — TV (R?) is called a
multiplicative functional if for s < u < t one has X5 = X;,, ® X, +. An important example arises
from considering paths z with finite variation: for 0 < s <t we set

th _ Z (/ dat ...dxin> e, @ Qe , (2.1)
1<in,ooin<d N A%
where {ey,...,eq} denotes the canonical basis of R?, and then define the signature of = as
N
Sn(z): A2 = TNRTY),  (s,t) = Sy(@)er =14 > _x7,.
n=1

Sn(z) will be our typical example of multiplicative functional. Let us also add the following two
remarks:
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(i) A rough path (see Definition 211 below), as well as the signature of any smooth function,
takes values in the strict subset GV (R?) C TV (R?) given by the “group-like elements”

GN (RY) = exp® (LN (R?)),

where LY (R?) is the linear span of all elements that can be written as a commutator of the
type a @ b — b ® a for two elements in TV (RY).

(ii) It is sometimes convenient to think of the indices w = (i1, ..., 4,) in (1) as words based on
the alphabet {1,...,d}. We shall then write x* for the iterated integral fA;lt dz® .- dxin.

More generally, if N > 1 we can consider the set of such group-valued paths
Xy = (1,x%,...,x£v) eV (Rd) .

Note that the group structure provides a natural notion of increment, namely x; ; := x; ! ®x;, and
we can describe the set of “norms” on GV (Rd) which are homogeneous with respect to the natural
scaling operation on the tensor algebra (see [12] for definitions and details). One such example is
the Carnot-Caratheodory (CC) norm (see [I2]), which we denote by || - || o ; the precise one used is
mostly irrelevant in finite dimensions because they are all equivalent. The subset of these so-called
homogeneous norms which are symmetric and sub-additive (again, see [12]) gives rise to genuine
metrics on GV (]Rd), for example dc¢ in the case of the CC norm. In turn these metrics give rise to
a notion of homogenous p-variation metrics dy.yar on the GV (Rd)-valued paths. Fixing attention to
the CC norm, we will use the following homogenous p-variation and -Hdolder variation semi-norms:

1/p
I xielloe) (22)
D d»[7] 7,:1,...,ij D[S’t]_(tj)j:tjeZD[&t] +1[lCC

qu v Hcc
[%lly;s = sUP
vilst] (u,v)EAZ, |U - ’U’P/

Metrics on path spaces which are not homogenous will also feature. The most important will be

the following
N
Ny ~iis s = sup
x,7;[s,t] ; (u0)enz, v — ulky

|>‘i1]i,v|(]1w)®”c

3 (2.3)

which will be written simply as Ny, when [s, ] is clear from the context.

Definition 2.1. The space of weakly geometric p-rough paths (denoted WGQ,(R?)) is the set of
paths x : A? — GPN(RY) such that (Z3) is finite.

We will also work with the space of geometric p-rough paths, which we denote by G, (R%),
defined as the dp._yar-closure of

{SLPJ (CL‘) cx e ([O,T] ,Rd)} .
Analogously, if ¥ > 0 and N = [1/] we define C*7([0,7]; GV (R)) to be the linear subspace of
GQn(R?) consisting of paths x : A2 — GV (R?) such that
nh—)nolo l[x — S (zn)ly;0,7 = 0
for some sequence ()7, C C*([0,T]; RY).

In the following we will consider RDEs driven by paths x in WGQ,(R?), along a collection of
vector fields V' = (V3,...,Vy) on R¢, as well as a deterministic drift along V. From the point of
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view of existence and uniqueness results, the appropriate way to measure the regularity of the V;’s
turns out to be the notion of Lipschitz-y (short: Lip-y) in the sense of Stein (see [12] and [26]).
This notion provides a norm on the space of such vector fields (the Lip-y norm), which we denote
| [Lip.- For the collection V' of vector fields we will often make use of the shorthand

|V|Lip—'y = z:Hll,a'X,d |V;|Lip—’y ’

and refer to the quantity [V, as the Lip-y norm of V.

A theory of such Gaussian rough paths has been developed by a succession of authors (see [8]
[I4, 7, 11]) and we will mostly work within their framework. To be more precise, we will assume
that X; = (th, . ,Xtd) is a continuous, centred (i.e. mean zero) Gaussian process with i.i.d.
components on a complete probability space (2, F, P). Let W = C([0,T],R%) and suppose that
(W, H, 1) is the abstract Wiener space associated with X. The function R : [0,7] x [0,7] — R will
denote the covariance function of any component of X, i.e.:

R(s,t) = E[X!X]].

Following [14], we recall some basic assumptions on the covariance function of a Gaussian process
which are sufficient to guarantee the existence of a natural lift of a Gaussian rough process to a
rough path. We recall the notion of rectangular increments of R from [15], these are defined by

R( 5% > = E[(x} - x1) (x!-Xx]))].

U,V

The existence of a lift for X is ensured by insisting on a sufficient rate of decay for the correlation of
the increments. This is captured, in a very general way, by the following two-dimensional p-variation
constraint on the covariance function.

Definition 2.2. Given 1 < p < 2, we say that R has finite (two-dimensional) p-variation if

tit; r

V, (R;[0,T] x [0,T])” := sup Z}R( t,’t,“ )‘ < 0. (2.4)
D=(t)eD(0.T]) 7 it
D'=(t;)eD((0,T1)

If a process has a covariance function with finite p-variation for p € [1,2) in the sense of Defi-
nition 2.2 [14, Thm 35] asserts that (Xt)te[o,T] lifts to a geometric p-rough path provided p > 2p.
Moreover, there is a unique natural lift which is the limit, in the dp_yar-induced topology, of the
canonical lift of piecewise linear approximations to X.

A related take on this notion is obtained by enlarging the set of partitions of [0, T]2 over which
the supremum is taken in Z4). Recall from [I5] that a rectangular partition of the square [0, T is
a collection {4, : i € I} of rectangles of the form A; = [s;,t] x [u,v;], whose union equals [0, 77>
and which have pairwise disjoint interiors. The collection of rectangular partitions is denoted
Prcc([(), T]Q), and R is said to have controlled p-variation if

e P
R< Siy bi >‘ < . (2.5)
Uiy Vg

o,7]2> and it is shown in [I5] that for every e > 0 there

p —
|R|p_var;[0,T]2 T Sup 2
{Ai€1}EPrec ([0,T1%) 35
Ai=[sq,ti] X [u;,v;]

We obviously have V,(R; [0,T]%) < i -
exists cp,e such that |R[, .02 < Cpev,,.(mio,r)2)- The main advantage of the quantity (2.5)
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compared to ([24) is that the map

P
p-var;[s, ] [u,0]

[s,1] X [u,v] = |R]|
is a 2D control in the sense of [15].

Definition 2.3. Given 1 < p < 2, we say that R has finite (two-dimensional) Hélder-controlled
p-variation if V, (R;[0,T] x [0,T]) < oo, and if there exists C' > 0 such that for all0 < s <t <T
we have

V, (R;[s,1] x [s,8]) < C (t —s)"". (2.6)

Remark 2.4. This is (essentially) without loss of generality compared to Definition 22 To see
this, we note that if R also has controlled p-variation in the sense of (2.4), then we can introduce
the deterministic time-change 7 : [0,T] — [0,T] given by 7 = o~ *, where o : [0,T] — [0,T] is the

strictly increasing function defined by
p
o(t) = TRl varfo.2

= Iz

|R|p-var;[07T]2

(2.7)

It is then easy to see that R, the covariance function off( = X o, is Holder-controlled in the sense
of Definition [2.3.

Two important consequences of assuming that R has finite Holder-controlled p-variation are: (i)
X has 1/p—Holder sample paths for every p > 2p, and (ii) by using [I2, Thm 15.33] we can deduce
that

E {exp (77||X||%/p;[07T])} < oo for some n >0, (2.8)

ie ||X||f/p;[07T] has a Gaussian tail.

The mere existence of this lift is unfortunately not sufficient to apply the usual concepts of
Malliavin calculus. In addition, it will be important to require a complementary (Young) regularity
of the sample paths of X and the elements of its Cameron-Martin space. The following assumption
captures both of these requirements.

Condition 1. Let (Xt)te[o,T] = (th, . ’Xtd)te{o,T]
Suppose that the covariance function has finite Holder-controlled p-variation for some p € [1,2).
We will assume that X has a natural lift to a geometric p-rough path and that H, the Cameron-

Martin space associated with X, has Young-complementary regularity to X in the following sense:
for some q > 1 satisfying 1/p+ 1/q > 1, we have the continuous embedding

H — T ([0,T],RY).

The following theorem appears in [I4] as Proposition 17 (cf. also the recent note [I5]); it shows
how the assumption VP(R; [O,T]Q) < oo allows us to embed H in the space of continuous paths
with finite p variation. The result is stated in [I4] for one-dimensional Gaussian processes, but the
generalisation to arbitrary finite dimensions is straightforward.

Theorem 2.5 ([14]). Let (Xi),cp01) = (X{, ... 7Xtd)te[o,T]
independent and identically distributed components. Let R denote the covariance function of (any)

one of the components. Then if R is of finite p-variation for some p € [1,2) we can embed H in
the space CP~va" ([O, T) ,Rd), n fact

be a Gaussian process with i.i.d. components.

be a mean-zero Gaussian process with

|h|H > |h|p—’U¢ZT;[O,T]
V(R 0.T] < 0.1

. (2.9)
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Remark 2.6 ([13]). Writing H for the Cameron-Martin space of fBM for H in (1/4,1/2), the
variation embedding in [I3] gives the stronger result that

HT — 09 ((0,T],RY)  for any q> (H+1/2)"".

Theorem 2.5 and Remark[2.6] provide sufficient conditions for a process to satisfy the fundamental
Condition [Il which we summarise in the following remark.

Remark 2.7. As already observed, the requirement that R has finite 2D p-variation, for some
p € [1,2), implies both that X lifts to a geometric p-rough path for all p > 2p and also that
H — Cror ([0,T],R?) (Theorem[Z3). Complementary regularity of H in the above condition thus
can be obtained by p € [1,3/2), which covers for example BM, the OU process and the Brownian
bridge (in each case with p = 1). When X is fBm, we know that X admit a lift to GQ, (Rd) if
p > 1/H, and Remark[2.8 therefore ensures the complementary reqularity of X and H if H > 1/4.

3. STATEMENT OF THE MAIN THEOREM

We will begin the section by laying out and providing motivation for the assumptions we impose
on the driving Gaussian signal X. We will then end the section with a statement of the central
theorem of this paper, which is a version of Hérmander’s Theorem for Gaussian RDEs. First, we
give some notation which will feature repeatedly.

Notation 1. We define
Fap =0 Xy ia<v<v <b)
to be the o-algebra generated by the increments of X between times a and b.

The following condition aims to capture the non-degeneracy of X, it will feature prominently in
the sequel.

Condition 2 (non-determinism-type condition). Let (Xi),c(o 7 be a continuous Gaussian process.
Suppose that the covariance function R of X has finite Holder-controlled p-variation for some p in
[1,2). We assume that there exists o > 0 such that

OS;EEST W Var (Xs)t|f075 \Y .7:157'1“) > 0. (31)
Whenever this condition is satisfied we will call o the index of non-determinism if it is the
smallest value of « for which [31)) is true.

Remark 3.1. It is worthwhile making a number of comments. Firstly, notice that the conditional
variance

Var (X57t|]:015 V ]:t,T)

is actually deterministic by Gaussian considerations. Then for any [s,t] C [0,S] C [0,T], the law
of total variance can be used to show that

Var (X57t|]:015 V ]:t,S) > Var (X51t|]'—075 V ]:t,T) .

It follows that if (311) holds on [0,T], then it will also hold on any interval [0,S] C [0, T] provided
S >0.
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Note that Condition 2] implies the existence of ¢ > 0 such that
Var (X 4| Fos V Frr) > c(t—s)".

This is reminiscent of (but not equivalent to) other notions of non-determinism which have been
studied in the literature. For example, it should be compared to the similar notion introduced
in [3], where it was exploited to show the existence of a smooth local time function (see also the
subsequent work of Cuzick et al. [9] and [10]). In the present context, Condition 2l is also related
to the following condition: for any f of finite p-variation over [0, T]

T
/ fsdhs =0 YheH = f=0 ae on[0,T]. (3.2)
0
This has been used in [6] to prove the existence of the density for Gaussian RDEs. In some sense,

our ConditionRlis the quantitative version of ([8.2]). In this paper when we speak of a non-degenerate
Gaussian process (X¢),c(o 7 we will mean the following:

Definition 3.2. Let (Xt)te[o 7] be a continuous, real-valued Gaussian process. If D = {t; : 1 = 0,1, ...

is any partition of [0,T] let (QP)1<i j<n denote the n x n matriz given by the covariance matriz of

ij
D _ ti—1,t;
g=R < ) . (3.3)

the increments of X along D, i.e.
ti-1,t;

We say that X is non-degenerate if QP is positive definite for every partition D of [0,T).

Remark 3.3. An obvious example of a ‘degenerate’ Gaussian process is a bridge processes which
return to zero in [0,T]. This is plainly ruled out by an assumption of non-degeneracy.

It is shown in [7] that non-degeneracy is implied by ([B2)). Thus non-degeneracy is a weaker
condition than ([2). It also has the advantage of being formulated more tangibly in terms of
the covariance matrix. The next lemma shows that Condition 2] also implies that the process is
non-degenerate.

Lemma 3.4. Let (Xt)te[o 7] be a continuous Gaussian process which satisfies Condition[Q then X
is non-degenerate.

Proof. Fix a partition D of [0,T], and denote the covariance matrix along this partition by @ with
entries as in (B3). If @ is not positive definite, then for some non-zero vector A = (A1,...,\,) € R
we have

n 2
0=X'Q\=E (Z /\iXtim) : (3.4)
1=1

Suppose, without loss of generality, that A\; # 0. Then from (34) we can deduce that

X3
th—l,tj = Z )\_thi—l,ti
i#£]
with probability one. This immediately implies that
Var (th717tj |'F0,tj71 V ]:tj,T) =0,
which contradicts ([B.1]). O

7n}



10 THOMAS CASS, MARTIN HAIRER, CHRISTIAN LITTERER, AND SAMY TINDEL

A crucial step in the proof of the main theorem is to establish lower bounds on the eigenvalues of
the Malliavin covariance matrix in order to obtain moment estimates for its inverse. In the setting
we have adopted, it transpires that these eigenvalues can be bounded from below by some power
of the 2D Young integral:

/ fofudR (s.1). (3.5)
[0,7?

for some suitable (random) function f € CP¥* ([0,7],R?). By considering the Riemann sum
approximations to (3.3)), the problem of finding a lower bound can be re-expressed in terms of solving
a sequence of finite-dimensional constrained quadratic programming problems. By considering the
dual of these problems, we can simplify the constraints which appear considerably; they become
non-negativity constraints, which are much easier to handle. Thus the dual problem has an explicit
solution subject to a dual feasibility condition. The following condition is what emerges as the limit
of the dual feasibility conditions for the discrete approximations.

Condition 3. Let (Xt)te[o 7] be a continuous, real-valued Gaussian process. We will assume that

C[s,t] €10,5] € [0,T] we have

X has non-negative conditional covariance in that for every [u,v]
Cov (Xs,tu Xu,v|]:0,s V .7:1575) 2 0. (36)

In Section [l we will prove a novel interpolation inequality. The significance of Condition [B] will
become clearer when we work through the details of that section. For the moment we content
ourselves with an outline. Firstly, for a finite partition D of the interval [0, 7] one can consider
the discretisation of the process X; conditioned on the increments in DN ([0, s] U [t,7]). Let QP be
the corresponding covariance matrix of the increments (see (3.3])). Then the conditional covariance
Cov (Xft,X£v|f£S \/]-'ET) of the discretised process can be characterised in terms of a Schur
complement ¥ of the matrix Q. Utilising this relation, the condition

Cov (XD, XD | FP, v FPp) =0

is precisely what ensures that the row sums for ¥ are non-negative. Conversely, if for any finite
partition D all Schur complements of the matrix QP have non-negative row sums Condition [ is
satisfied. This relation motivates an alternative sufficient condition that implies Condition [3, which
has the advantage that it may be more readily verified for a given Gaussian process. In order to
state the condition, recall that an n x n real matrix @ is diagonally dominant if

Qii > Z|QU| for every i € {1,2,...,n}. (3.7)

J#
Condition 4. Let (X:),¢(y 1) be a continuous real-valued Gaussian process. For every [0, 5] C [0, 7]
we assume that X has diagonally dominant increments on [0, S]. By this we mean that for every

partition D = {t; : i =0,1,...,n} of [0,5], the n X n matriz ( 5)1<ij<n with entries
D _ _ li1,t
ij E I:Xtiflqtith—lytj:I - R< t;_l,t;‘

is diagonally dominant.

Diagonal dominance is obviously in general a stronger assumption than requiring that a covari-
ance matrix has positive row sums. Consequently, Condition @] is particularly useful for negatively
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correlated processes, when diagonal dominance of the increments and positivity of row sums are
the same. The condition can then be expressed succinctly as

E[XosXss] >0 VY [s,C[0,8]C[0,7].

In fact, it turns out that Condition ] implies Condition [3] This is not obvious a priori, and
ultimately depends on two nice structural features. The first is the observation from linear algebra
that the property of diagonal dominance is preserved under taking Schur complements (see [32]
for a proof of this). The second results from the interpretation of the Schur complement (in the
setting of Gaussian vectors) as the covariance matrix of a certain conditional distribution. We will
postpone the proof of this until Section [0l when these properties will be used extensively.

The final condition we will impose is classical, namely Hormander’s condition on the vector fields
defining the RDE.

Condition 5 (Hormander). We assume that
span{Va, .. Vo, Vi, Vi, [Vis Vi Vil 5o 0 4,0k, ... =0,1,...,d} |y = TyoR® = RE. (3.8)
We are ready to formulate our main theorem.

Theorem 3.5. Let (Xi),cj0) = (X{5- - ’Xtd)te[O,T]
components associated to the abstract Wiener space OV, H, ). Assume that some (and hence every)
component of X satisfies:

(1) Condition [, for some p € [1,2);

(2) Condition [3, with index of non-determinancy o < 2/p;

(3) Condition[3, i.e. it has non-negative conditional covariance.

Fiz p > 2p, and let X €GQ, (Rd) denote the canonical lift of X to a Gaussian rough path.

Suppose V- = (V1,...,Vq) is a collection of C*-bounded vector fields on R®, and let (Y3),ci0 1 be
the solution to the RDE

be a continuous Gaussian process, with i.i.d.

dY; = V (V) dX; + Vo (Yy)dt, Y (0) = yo.

Assume that the collection (Vo, Vi, ..., Vy) satisfy Hormander’s condition, Condition[d, at the start-
ing point yo. Then random wvariable Y; has a smooth density with respect to Lebesgue measure on
Re for every t € (0,T].

4. EXAMPLES

In this section we demonstrate how the conditions on X we introduced in the last section can be
checked for a number of well known processes. We choose to focus on three particular examples:
fractional Brownian motion (fBm) with Hurst parameter H > 1/4, the Ornstein Uhlenbeck (OU)
process and the Brownian bridge. Together these encompass a broad range of Gaussian processes
that one encounters in practice. Of course there are many more examples, but these should be
checked on a case-by-case basis by analogy with our presentation for these three core examples. We
first remark that Conditions [lis straight forward to check in these cases (see e.g. [12] and [7]). We
will therefore commence with a verification of the non-determinism condition i.e. Condition

4.1. Non-determinism-type condition. Recall that the Cameron-Martin space H is defined to
be the the completion of the linear space of functions of the form

ZaiR(ti,-), a; € Rand t; € [O,T],
i=1
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with respect to the inner product

m

<iymwh%§:b %,> iéf:bRt“%

Jj=1

Some authors prefer instead to work with the set of step functions €

£ = {Z ailjo,,) s ai € Ryt; € [O,T]} ,
i=1
equipped with the inner product
(Ljo.7 Lo,s) )y = R (s:1).

If H denote the completion of & w.r.t (-,-)4, then it is obvious that the linear map ¢ : £ — H
defined by

¢ (1) = R(t,) (4.1)
extends to an isometry between H and H. We also recall that H is isometric to the Hilbert space

H'(Z) C L? (Q, F, P) which is defined to be the |-[ ;2 q)-closure of the set:

{Zil a;Zy, ca; €ER, £, €[0,T], n€ N} )

In particular, we have that ‘1[07t] ’ 0 = |2 12(0)- We will now prove that Condition 2Iholds whenever

it is the case that # embeds continuously in L7 ([0,T]) for some ¢ > 1. Hence, Condition ] will
simplify in many cases to showing that

Al Lajo.r) < Clhly,
for some C' > 0 and all h € H.

Lemma 4.1. Suppose (Zt)te[o 7] is a continuous real-valued Gaussian processes. Assume that for

some q > 1 we have H <L ([0,T)). Then Z satisfies Condition[d with index of non-determinancy
less than or equal to 2/q; i.e.

0§511<1£§T 7@ - 5)2/q Var (Zs | Fo,s VFir) >0

Proof. Fix [s,t] C [0,T] and for brevity let G denote the o-algebra Fy s V Fir. Then, using the

fact that Var (Z,.|G) is deterministic and positive, we have

571/2
Var (Z.416) = [Var (Z.,10) 0y = B | B [(Zes ~ E12,49)*19] |

= E|(Zos = ElZol9)] = 1 Z0 = E (Z04lG)}2 0

— 1 - 2
o yeL%?sg,g,P) 1251 YHL?(Q) ‘

We can therefore find sequence of random variables (Y,,),~; C L?(Q, G, P) such that

”Zs,t - Y’ﬂHiQ(Q) =F [(Zs,t - Yn)Q} | Var (Zs,t|g) . (4.2)
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Moreover because F [Z; ;|G| belongs to the closed subspace H! (Z), we can assume that Y,, has the
form

k"l
_ n
Y, = Z @; Zt?’thl
i=1

for some sequence of real numbers

and a collection of subintervals
{[tr 2] vi=1,... kn}
which satisfy [¢7', 7] C [0,s] U [s,T] for every n € N.
We now exhibit a lower bound for ||Z,; — Yn||i2 (o) Which is independent of n (and hence from

([@E2) will apply also to Var (Zs|G)). Let us note that the isometry between the H'(Z) and H
gives that

9 -
1 Zst — YnHLz(Q) = |hn|§:[, (4.3)

where .
]~7,n () = Zayl[t?ﬁthl] () + 1[5715] () €.
=1

The embedding H <L ([0, T]) then shows that
7 7 2
only = elfZaory > et =)
The result follows immediately from this together with [@2]) and 3. O

Checking that # embeds continuously in a suitable L4 ([0, T]) space is something which is readily
done for our three examples. This is what the next lemma shows.

Lemma 4.2. If(Z,) ¢y ) s fBm with Hurst index H € (0,1/2) and q € [1,2) then H — L1([0,T]).
If (Zt)ej0,7) is the (centred) Ornstein-Uhlenbeck process or the Brownian bridge (returning to zero
after time T) then H < L? ([0, T)).

Proof. The proof for each of the three examples has the same structure. We first identify an
isometry K* which maps H surjectively onto L? [0,T]. (The operator K* is of course different for
the three examples). We then prove that the inverse (K *)_1 is a bounded linear operator when
viewed as a map from L?[0,7] into L4[0,7]. For fBm this is shown via the Hardy-Littlewood
lemma (see [30]). For the OU process and the Brownian bridge it follows from a direct calculation
on the operator K*. Equipped with this fact, we can deduce that

Bleapory = (KT KR <)

*~ ~

|E|H7

_ ‘(K*)—l

La[0,T] L2 La L2[0,T] L2—L4

which concludes the proof. |

As an immediate corollary of the last two lemmas we can conclude that the (centred) Ornstein-
Uhlenbeck process and the Brownian bridge (returning to zero after time T') both satisfy Condition 2]
with index of non-determinism no greater than unity. In the case of fBm (Z#),c[07) the scaling
properties of Z enable us to say more about the non-determinism index than can be obtained by
an immediate application of Lemmas 1] and To see this, note that for fixed [s,t] C [0,7T] we
can introduce a new process
ZH = (t—s) " zH

u u(t—s)"
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7 defines another fBm, this time on the interval [0, (t —s)" '] =: [0,T]. Let u=s(t —s) ", v =
t(t— 5)71 and denote by F, ; the o-algebra generated by the increments of Z in [a,b]. Scaling then
allows us to deduce that

Var (Zs | Fos V Fir) = (t — )2 Var(Zyo| Fou V F, 7). (4.4)
By construction v — v = 1. And since Z is fBm it follows from Lemmas A1 and that
inf _ Var(Zyo|Fou vV F, 7) > 0. (4.5)
[ﬁ,v]g[‘oflf], '

It follows from ([@4) and ([3) that ZH satisfies Condition ] with index of non-determinancy no
greater than 2H.

4.2. Non-negativity of the conditional covariance. We finally verify that our example pro-
cesses also satisfy Condition Bl We first consider the special case of process with negatively corre-
lated increments.

4.2.1. Negatively correlated increments. From our earlier discussion, it suffices to check that Condi-
tion @ holds. In other words, that QP is diagonally dominant for every partition D. This amounts
to showing that
EZi, 4, Zor] >0
for every 0 < t,_1 < t; <T. It is useful to have two general conditions on R which will guarantee
that (i) the increments of Z are negatively correlated, and (ii) diagonal dominance is satisfied. Here
is a simple characterisation of these properties:
Negatively correlated increments: If i < j, write
ti oty
(%:E%HM%%AZ/ 92, R(a,b) dadb,

ti—1 Jtj—1
so that a sufficient condition for Q;; < 0 is 9% R(a,b) < 0 for a < b. This is trivially verified for
fBm with H < 1/2. Note that 92, R(a, b) might have some nasty singularities on the diagonal, but
the diagonal is avoided here.
Diagonal dominance: If we assume negatively correlated increments, then diagonal dominance is
equivalent to Zj Qqi; > 0. Moreover, if we assume Zj is deterministic and Z is centred we get

t;
Z Q'L] =F I:Ztifl,ti ZT} - / 8@R(a7 T) da,,
J ti—1

so that a sufficient condition for Ej Qi; > 01is O,R(a,b) > 0 for a < b. This is again trivially
verified for fBm with H < 1/2.

Example 4.3. In the case where (Zt)te[O,T] is the Brownian bridge, which returns to zero at time
T > T we have
R(a,b) =a(T"=b), fora<hb.
It is then immediate that 8% R(a,b) = —1 < 0 and 9,R(a,b) = T" —b > 0. Similarly, for the
centred Ornstein-Uhlenbeck process we have
R(a,b) = 2e ’sinh (a), fora <b.
From which it follows that 8% R(a,b) = —2e~°cosh (a) < 0 and 9, R(a,b) = 2e~° cosh (a) > 0.
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4.2.2. Without negatively correlated increments. In the three examples we were able to check Con-
dition [3] by using the negative correlation of the increments and showing explicitly the diagonal
dominance. In the case where the increments have positive or mixed correlation we may have to
check the weaker condition, Condition Bl directly. An observation that might be useful in this
regard is the following geometrical interpretation. Recall that we want to want to check that

Cov (Zst, Zuw|Fo,s V Frr) > 0.
For simplicity, let X = Z,,,Y = Z,,, and G = Fo s VF; 1. The map Pg : Z — E[Z|G] then defines

a projection from the Hilbert space L? (2, F,P) onto the closed subspace L? (Q, G, P), which gives
the orthogonal decomposition

L* (0, F,P)=L*(Q,G,P)& L (Q,G, P)*.
A simple calculation then yields

Cov(X,Y|G) = E[Cov (X,Y[G)] = E[(I — Pg) X (I — Pg) Y] = (Pg X, P(jy>L2(Q) ,

where Pg is the projection onto L? (Q,G, P)". In other words, Cov (X,Y|G) > 0 if and only if
cosf > 0, where 6 is the angle between the projections Png and PjY of, respectively, X and Y
onto the orthogonal complement of L2 (Q, G, P).

5. A NORRIS-TYPE LEMMA

In this section we generalise a deterministic version of the Norris Lemma, obtained in [21] for p
rough paths with 1 < p < 3, to general p > 1. It is interesting to note that the assumption on the
driving noise we make is consistent with [21]. In particular, it still only depends on the roughness
of the basic path and not the rough path lift.

5.1. Norris’s lemma. To simplify the notation, we will assume that 7' = 1 in this subsection; all
the work will therefore be done on the interval [0, 1]. Our Norris type lemma relies on the notion
of controlled process, which we proceed to define now. Recall first the definition contained in [16]
for second order rough paths: whenever x € C%7([0,1]; GV (R?)) with v > 1/3, the space Qx(R)
of controlled processes is the set of functions y € C7([0,1]; R) such that the increment y,, can be
decomposed as
Yst = yéxé,t + Ts it

where the remainder term r satisfies |r; ;| < ¢, |t — s|?7 and where we have used the summation over
repeated indices convention. Notice that y has to be considered in fact as a vector (y,y',...,y%).

In order to generalize this notion to lower values of 7, we shall index our controlled processes by
words based on the alphabet {1,...,d}. To this end, we need the following additional notations:

Notation 2. Let w = (i1,...,i,) and @ = (j1,...,Jm) be two words based on the alphabet
{1,...,d}. Then |w| = n denotes the length of w, and w stands for the concatenation (i1, ..., in,
J1sy-+-ydm) of w and w. For L > 1, Wy, designates the set of words of length at most L.

Let us now turn to the definition of controlled process based on a rough path:

Definition 5.1. Let x € C%7([0,1]; GN(R?)), with v > 0, N = [1/7]. A controlled path based

on x s a family (Y )wewy_, tndexed by words of length at most N — 1, such that for any word

w € Wn_o we have:

y;’ft = Z y;’“ﬂxgjt + T;ljt, where |7’;U,t| < ¢ylt — s|(N7|w|)'Y. (5.1)
WEWN _ 1 |w|
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In order to take the drift term of (LTl into account, we also assume that for w = () we get a
decomposition for the increment ys: of the form

Ysit = Z ysmxf,t =+ yg(t —5)+ Tgta where |Tg,t| < Cy|t - 5|N’Y- (5.2)
WEWN—1
The set of controlled processes is denoted by QY, and the norm on QY is given by
Ilylloy =181+ D> ™l
wEWN_1

We next recall the definition of #-Hélder-roughness introduced in [21].
Definition 5.2. Let 6 € (0,1). A path x : [0,T] — R? is called 6-Hélder rough if there exists a
constant ¢ > 0 such that for every s in [0,T], every € in (0,T/2], and every ¢ in R? with |¢| =1,
there exists t in [0,T] such that €/2 < |t — s| < € and

[, 2s.e)] > ce”.

The largest such constant is called the modulus of 6-Hélder roughness, and is denoted Lg (x).

A first rather straightforward consequence of this definition is that if a rough path x happens to

be Hélder rough, then the derivative processes y* in the decomposition (G.1) of a controlled path
y is uniquely determined by y. This can be made quantitative in the following way:

Proposition 5.3. Let x € C%7([0,1]; G (R?)), with v > 0 and N = [1/7]. We also assume that
x is a 0-Holder rough path with 8 < 2. Lety be a R-valued controlled path defined as in Definition
(2.1, and set Yy (y) = sup|y|=y, Y lcc- Then there exists a constant M depending only on d such
that the bound

M Daca @) 75 (NS ey ey e
) < <1+Z(Ily””|oolxwl|ww ISR DN L i ’:;i%) Y

|w]=2 |w|=n—1

holds for every controlled rough path QF and every 1 <n < N —1.

Proof. For sake of clarity we shall assume that y° = 0, leaving to the patient reader the straight-
forward adaptation to a non vanishing drift coefficient. Now start from decomposition (E.IJ), and
recast it as

E wy (J) E ww 'w
yst_ Ys " Xs Ys st+'r‘st7
2<|w|<N—1—|w]|

where we have set wj for the concatenation of the word w and the word (j) for notational sake.
This identity easily yields

sup Zw»«“’ <2y lleot D0 el g € gy N
lt=sl<e |j= 2<|@| SN—1—Jw]
(5.4)
Since x is 6-Holder rough by assumption, for every j < d, there exists v = v(j) withe/2 < [v—s| < e
such that

d
S yixU)| > Lo(x) €| (3, ..., y2?) |- (5.5)
j=1
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Combining both (54]) and (G5 for all words w of length n — 1, we thus obtain that

¢ -6
n <— n—
Ynly) < o0 Yn-1(y)e
T ( DN P I MO s'w“+nrww|w.>a<N'”'”9>]'
wi=n \ o<jm|<N-1—|u|

One can optimise the right hand side of the previous inequality over e, by choosing e such that the
term ), _1(y) €% is of the same order as the other ones. The patient reader might verify that our
claim (B3)) is deduced from this elementary computation. O

Remark 5.4. Definition[51] and Proposition[5.3 can be generalized straightforwardly to d-dimensional
controlled processes. In particular, if y is a d dimensional path, decomposition ([B.2) becomes

yz,t = Z y?wxgjt + Tiﬁv where |ri),‘11{| S Cy|t - S|N’Y= (56)
WEWN—1
foralli=1,...,d.

We now show how the integration of controlled processes fits into the general rough paths theory.
For this we will use the non-homogeneous norm Ny , = N . [0,1] introduced in (Z3).

Proposition 5.5. Let y be a d-dimensional controlled process, given as in Definition[5.1 and whose
increments can be written as in (B6). Then (x,y) is a geometrical rough path in G (R2?). In
particular, for (s,t) € A2, the integral Iy = f: yt dx’ is well defined and admits the decomposition
d
Le=Y (val + Y wixli)+rl, (5.7)
=1 WEWN—1

where ]| < Nyl [t — s| N D7
Proof. Approximate x and y by smooth functions =™, y™, while preserving the controlled process
structure (namely y™ € Qxm ). Then one can easily check that (z™,y") admits a signature, and

that 17}, = f; y™dz™" can be decomposed as (B7). Limits can then be taken thanks to [IT],
which ends the proof.

O

The following theorem is a version of Norris’ Lemma, and constitutes the main result of this
section.

Theorem 5.6. Let x be a geometric rough path of order N > 1 based on the R%-valued function x.
We also assume that x is a 0-Hélder rough path with 2y > 0. Let y be a R%-valued controlled path
of the form given in Definition 51, b € C7([0,1]), and set

d t t t
zt:Z/ yédmi—l—/bsds:fst—i-/bsds.
=0 0 0

Then, there exist constants r > 0 and g > 0 such that, setting
R=1+Lo(z)"" + Ny + Iylloz + [bllcm (5.8)

one has the bound
[Ylloo + 1blloc < MR |25
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for a constant M depending only on T, d and y.

Proof. We shall divide this proof in several steps. In the following computations, x will designate a
certain power for R and M will stand for a multiplicative constant, whose exact values are irrelevant
and can change from line to line.

Step 1: Bounds on y. Combining (5.7), the bound on 7! given at Proposition 5.5 and the definition
of R, we easily get the relation

2] oo < MRF.
We now resort to relation (5.3) applied to the controlled path z and for n = 1, which means that
Vn(2) < lylloo and Vyp—1(2) < ||2]|co- With the definition of R in mind, this yields the bound

- .
[Ylloo < M |[2]loc " R, (5.9)

which corresponds to our claim for y.
Along the same lines and thanks to relation (53)) for n > 1, we iteratively get the bounds

[
2

A=5)" 5k
In(y) < Mlzllc " R”, (5.10)
which will be useful in order to complete the bound we have announced for b.

Step 2: Bounds on r’ and I. In order to get an appropriate bound on r, it is convenient to consider
x as a rough path with Holder regularity 5 < =, still satisfying the inequality 28 > 6. Notice
furthermore that Ny 3 < N 5. Consider now w € W,,. According to (G.I0) we have

w (1_%)71 K
[4“loc < M |z[oc ™" R”,
while |ly*|ly < MR by definition. Hence, invoking the inequality

w w 2 w 1-£
1yl < 20ly“lI5 Iyl ™
which follows immediately from the definition of the Holder norm, we obtain the bound

w (1-£)"(=-2)
ly“lls < Mlzlle ™"~ "R,
which is valid for all w € W,, and all n < N — 1. Summing up, we end up with the relation

-V a2y,
Iylls < M2l R

Now according to Proposition B3, we get 71, < Ny gllyllslt — s|(N*+D8 and the above estimate
yields

(1-£)N a5

I lvs1yp < Mlzlloe ™ TR

Plugging this estimate into the decomposition (5.7) of I we end up with

VL1 2)

_ 6
1lloe < M |l2l|% 7 R". (5.11)

Step 3: Bound on b. According to the bound (B.I1I) we have just obtained, we obviously have
. 1— 0 VWN-11_8
H/ bsdsH <M|z|% ) U Rs
0 o0
Once again we use an interpolation inequality to strengthen this bound. Indeed, we have

L o=y g g
196 lloe < M flloe max (o, A1 LA,
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and applying this inequality to f; = fot bs ds, it follows that

R

(1-25
[blloe < M |l2]loc (5.12)
Gathering the bounds (5:9) and (EI2), our proof is now complete. O

5.2. Small-ball estimates for Ly (X). We now take X to be a Gaussian process satisfying Con-
dition As the reader might have noticed, equation (E.8) above involves the random variable
Lo (X)™", for which we will need some tail estimates. The non-determinism condition naturally
gives rise to such estimates as the following lemma makes clear.

Lemma 5.7. Suppose (Xt)te[O,T] is a zero-mean, R%-valued, continuous Gaussian process with
i.9.d. components, with each component having a continuous covariance function R. Suppose that
one (and hence every) component of X satisfies Condition [A Let ag > 0 be the index of non-
determinism for X and suppose o > aq. Then there exist positive and finite constants C1 and Cs
such that for any interval Is C [0,T] of length 6 and 0 < x < 1 we have

P ( inf sup [{(¢, Xs)| < x) < Cyexp (—026;1072/0‘) . (5.13)
[p|=1 s,tels
Proof. The proof is similar to Theorem 2.1 of Monrad and Rootzen [28]; we need to adapt it because
our non-determinism condition is different.
We start by introducing two simplifications. Firstly, for any ¢ in R? with |¢| = 1 we have

D
(6 Xe)sepoy = (th)te[o,T] ’ (5.14)
which implies that
P < sup (¢, Xo4)| < a:> =P < sup |X.,| < x) . (5.15)
s,tels s,te€ls i

We will prove that the this probability is bounded above by
exp (—céxz/o‘) ,

for a positive real constant ¢, which will not depend on T', § or z. The inequality (EI3) will then
follow by a well-known compactness argument (see [2I] and [29]). The second simplification is to
assume that 6 = 1. We can justify this by working with the scaled process

Xt = 5a/2Xt/57

which is still Gaussian process only now parametrised on the interval [0, 7] := [0, 76]. Furthermore,
the scaled process also satisfies Condition [2] since

Var (X57t|.7j-075 Vv ]}t,T) =6 Var (Xs/é,t/6|]:0,s/5 \% ]:t/zS,T)
t _ «@
Zcé“( 6S> =c(t—s)".

Thus, if we can prove the result for intervals of length 1, we can deduce the bound on (B.I3) we
want from the identity

P < sup ‘X§1t| < 3:) =P ( suy; |)~(Slt‘ < 50‘%) .

s, tels s,tely
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To conclude the proof, we begin by defining the natural number n := |z~=2/%| > 1 and the
dissection D (I) ={t; : i =0,1,...,n+ 1} of [ = I, given by
t; =inf I +iz?®, i=0,1,...,n
tpy1 =inf I +1=supl.

Then it is trivial to see that

P | sup ’X;t‘ <z)<P| max ’th Lt
stel =12,m0 T

< ;v) . (5.16)

To estimate (5I6]) we successively condition on the components of
1 1
(Xto,tl’ te 7th711tn)'

More precisely, the distribution of X}  , conditional on (X} , ,...., X} ) is Gaussian with
a variance o2. Condition[@ensures that o2 is bounded below by cz?. When Z is a Gaussian random
variable with fixed variance, P (|Z| < z) will be maximised when the mean is zero. We therefore
obtain the following upper bound

w/o 1 "
P su XS1 §x>§</ ——ex <—— 2)d).
(sun L o (<) o

Using /0 < +/c, we can finally deduce that

—2/a
p <Sup | X5.| < x) < exp(—Cn) < exp <—Cx > :
s,tel ’ 2
where C :=log [2® (,/¢) — 1] ' € (0, ). O

Corollary 5.8. Suppose (Xt)te[o,T] is a zero-mean, R¥-valued, continuous Gaussian process with

i.i.d. components satisfying the conditions of Lemma [54. Then for every 6 > «/2, the path
(Xt)te[o 7] 18 almost surely 6-Holder rough. Furthermore, for 0 < x < 1 there exist positive finite

constants Cy and Co such that the modulus of 0-Hélder roughness, Lo (X), satisfies
P (Lyp(X) <z) <Ciexp (—ng_2/a> .

In, particular, under these assumptions we have that Ly (X)™" is in Np>0L? ().
Proof. The argument of [21] applies in exactly the same way to show that Ly (X) is bounded below
by

2'—89D0 (X)7

where

Xs
D¢(X):= inf inf inf sup M
lgll=1n>1k<2" sser, ,, (2-7T)

and Iy, == [(k — 1)27"T,k27"T]. We can deduce that for any = € (0,1)

P(Dg(X)<x)§iZP( inf  sup M<x),

_ _ 6
== \el=tsien. (277T)
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whereupon we can apply Lemma [5.7] to yield

P(Dy(X)<z)<er Y 2"exp (—022_"(1_29/0‘)T_29/%:_2/a> .

By exploiting the fact that 8 > «/2, we can then find positive constants ¢ and ¢4 such that

exp (—041772/0‘)
1 —exp (—cqz—2/%)

P(Dy(X)<z)<ecs i exp (_c4nx—2/a) _
n=1

< c5exp (—04:10_2/0‘> ,

which concludes the proof. g

6. AN INTERPOLATION INEQUALITY

Under the standing assumptions on the Gaussian process, the Malliavin covariance matriz of
the random variable UX  (yo) = Y; can be represented as a 2D Young integral (see [7])

d
C= 3 [ R Vi) 8 T () Vi ()R (5. 5). (6.1
7 Jlo,t

In practice, showing the smoothness of the density boils down to getting integrability estimates
on the inverse of inf|j,(—; vT Cpw, the smallest eigenvalue of C. For this reason we will be interested
in

v'Cro= Z / o (0 T (o) Vi (Y)) (0, T (o) Vi (¥r)) AR (5,51).
0,T
We will return to study the properties of C'r more extensively in Section . For the moment, we look
to generalise this perspective somewhat. Suppose f : [0, 7] — R is some (deterministic) real-valued

Holder-continuous function, where v is Young-complementary to p, 2D-variation regularity of R.
Our aim in this section is elaborate on the non-degeneracy of the 2D Young integral

fsftdR (s,1). (6.2)
(0,77
More precisely, what we want is to use Conditions [2] and Bl to give a quantitative version of the
non-degeneracy statement:

fsftdR(s,t) = 0= f =0. (6.3)
[0,7]
To give an idea of the type of estimate we might aim for, consider the case where R = R®M is the
covariance function of Brownian motion. The 2D Young integral (62 then collapses to the square
of the L2-norm of f :

fsfdRPM (s,1)

- |f|2L2[0,T] ) (6.4)
[0,7]

and the interpolation inequality (Lemma A3 of [20]) gives

2 2 1) 1/(2 1)
1 ooy < 2masx (T2 1] ooy LT 1A o) - (6.5)
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Therefore, in the setting of Brownian motion at least, (G.H) and (64 quantifies (63]). The problem
is that the proof of (G.5)) relies heavily properties of the L2-norm, in particular we use the fact that

if f (u) > ¢ >0 for all u € [5,1] then |f]., > c(t—s)"/%.
We cannot expect for this to naively generalise to inner products resulting from other covariance
functions. We therefore have to re-examine the proof of the inequality (3] with this generalisation
in mind.

It is easier to first consider a discrete version of the problem. Suppose D is some (finite) partition
of [0,T]. Then the Riemann sum approximation to ([6.2]) along D can be written as

T
f(D)" Qf (D),
where @ is the the matrix [B3]) and f (D) the vector with entries given by the values of f at the
points in the partition. The next sequence of results is aimed at addressing the following question:

Problem 6.1. Suppose |f| ... (s, = 1 for some interval [s,t] C [0,T] . Can we find a positive lower

bound f (D)T Qf (D) which holds uniformly over some sequence of partitions whose mesh tends to
zero?

The next lemma is the first step towards securing an answer.

Lemma 6.2. Let (Qij)i,je{u _____
{1,...,n}. Suppose Q has the block decomposition

n} be a real n x n positive definite matriz and k be an integer in

Q= < g; g;z ) . with Q1 € RFF Qra € RF"F Qg € R"HF Qo € RMTFNTE,

Let S denote the Schur complement of Q11 in Q, i.e. S is the (n — k) x (n — k) matriz given by
S = Q2 — Q21Q7' Q12

Assume S has non-negative row sums:
n—k
> 8 =0 foralli€{l,...,n—k}, (6.6)
j=1

and b > 0 is such that b = (b,...,b) is in R"™%. Then the infimum of the quadratic form T Qx
over the subset

C={(z1,...,2n) : (Xk+1,...,2n) > b}
is given by
n—Fk
. TH,. _ wTap 32 .
inf 27 Qv = b"Sb =b Z Sij.
7,7=1
Proof. Without loss of generality we may assume that b = 1. We can then reformulate the statement
as describing the infimal value for the following constrained quadratic programming problem:
min z? Qx subject to Az > (Opr, 1gn-—+)
where Opi := (0,...,0) € RF, 1pn—x := (1,...,1) € R"* and A the n x n matrix which is defined
(in the standard basis) by

Az :A(xla"'axn)T = (ORk7$k+la"'aIn)T'
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The Lagrangian function of this quadratic programming problem (see e.g. [4] page 215) is given by
L(z,\) = 27 Qx + A\ (= Az + (Ogk, 1gn—r)).
Solving for
VoL(z,\) =2Qx — ATA=0
and using the strict convexity of the function we deduce that z* = 1/2Q "' AT\ is the minimiser of
L. Hence, the (Lagrangian) dual function g (A) := inf, L (x, A) is given by

1
) (/\) - _Z)‘TAQ_lAT)\ + A7 (ORk, ]_Rn—k)
and the dual problem consists of

max g () subject to A>0.

As Q! is positive definite the function g is strictly concave and the local maximum \* = 2Qb > 0
that is obtained by solving Vg (\) = 0 with

1
Vag(\) = —§AQ‘1AT)\ + M (0gr, 1gn—r) (6.7)

is also the unique global maximum. Writing Q' in block form

o= (G ).

and using the definition of A it is easy to see that the vector
X i= (00,2 (Q71),, s ) (6.8)

solves ([6.7]). We need to check that this vector is feasible for the dual problem, since then strong
duality holds (see e.g. [4] pages 226-227) and the optimal values for the dual and primal problems
coincide.

In order to check that ([G.8]) is feasible we need to show A* > 0. To do this, we first remark that
a straight-forward calculation gives the inverse of the sub-block (Q*1)22 as the Schur complement
of 11 in @; that is

(Q_l)zzl =85 =02 — Q2Q:'Q12.
Condition (6.0) gives immediately that for every i € {k+1,...,n}
n—k

Af =2 Z S(i—k)j >0
j=1

and hence \* > 0. It now follows from strong duality that we have

inf 27 Qx = min g(\) = 1%, S1pn—«,
e 900 = el o) = Teu Sy
as required. O

Suppose now that @ arises as the covariance matrix of the increments of a Gaussian process
along some partition. In light of the previous lemma, we need to know when the Schur complement
of some sub-block of @ will satisfy condition (G6l). In the context of Gaussian vectors, these
Schur complements have a convenient interpretation; they are the covariance matrices which result
from partially conditioning on some of the components. This identification motivates the positive
conditional covariance condition (Condition Bl).
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In order to present the proof of the interpolation inequality as transparently as possible, we first
gather together some relevant technical comments. To start with, suppose we have two sets of real
numbers

D={t;:i=0,1,....,n} CD={t:i=0,1,...,7} C[0,T]

ordered in such a way that 0 < tg < t; < ... < t, < T, and likewise for D. Suppose s and t be
real numbers with s < t and let Z be a continuous Gaussian process. We need to consider how the
variance of the increment Z,; changes when we condition on

FP =g (Zti—lyti 1= 1,...,n) ,
compared to conditioning the larger o-algebra
FPimo (Zi g i=1,0).

To simplify the notation a little we introduce
G =0 (Zi_, 5 {lr, i} D\ D #0),
so that )
FP=FPvg.
Because
(Zots Zig trs -+ s Zts 1 4) € R (6.9)

is Gaussian, the joint distribution of Z,; and the vector (63) conditional on FP (or indeed F D )
is once again Gaussian, with a random mean but a deterministic covariance matrix. A simple
calculation together with the law of total variance gives that

Var (Z,4|FP) = E [Var (Zs|FP v G)] + Var (E [Zs.|F” v G])
> E [Var (2,41 FP v G)] = Var (Z,|FP),
which is the comparison we sought. We condense these observations into the following lemma.
Lemma 6.3. Let (Zt)te[o 7] be a Gaussian process, and suppose that D and D are two partitions
of [0,T] with D C D. Then for any [s,t] C [0,T] we have
Var (Zou|FP) = Var (2,4 FP).

Our aim is to show how the optimisation problem of Lemma can be used to exhibit lower
bounds on 2D Young integrals with respect to R. In order to do this we need to take a detour via
two technical lemmas. The first is the following continuity result for the conditional covariance,

which we need approximate when passing to a limit from a discrete partition. The situation we will
often have is two subintervals [s,¢] C [0,5] of [0,T], and a sequence of sets (D,,), - of the form

D, = D} u D2
(D})7", and (D2)™ | here will be nested sequences of partitions of [0, s] and [t, ] respectively
with mesh (D%) — 0 as n — oo for i = 1,2. If
FP =6 (Zyy: {u,v} C D),
then we can define a filtration (G, )~ by G, := FPu v FPL and ask about the convergence of

Cov (Zp,qZu,v|gn)
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as n — oo for subintervals [p, q] and [u,v] are subintervals of [0, S]. The following lemma records
the relevant continuity statement.

Lemma 6.4. For any p, q,u,v such that [p,q] and [u,v] are subintervals of [0,S] C [0,T] we have
Cov (Zp,gZuw|Gn) = Cov (Zy, ¢ Zy vl Fo,s V Frs),
asn — oo.

Proof. The martingale convergence theorem gives
Cov (Zp,qZuw|Gn) = Cov (Zy ¢ Zuv| Vet Gn), a.s. and in LP for all p > 1.

The continuity of Z and the fact that mesh (D,,) — 0 easily implies that, modulo null sets, one has
Vol 1Gn = Fos V Fr T
O

We now introduce another condition on Z, which we will later discard. This condition is virtually
the same as Condition [ the only difference being that we insist on the strict positivity of the
conditional variance.

Condition 6. Let (Zt)te[o,T] be a real-valued continuous Gaussian process. We will assume that
for every [u,v] C [s,t] € [0,S5] C [0,T] we have

Cov (Zs,tu Zu,vlj:O,s V .7:1575) > 0. (610)
The second technical lemma we need will apply whenever we work with a Gaussian process that

satisfies Condition It delivers a nested sequence of partitions, with mesh tending to zero, and
such that the discretisation of Z along each partition will satisfy the dual feasibility condition (i.e.

(1) in Lemma [62).

Lemma 6.5. Let (Zt)te[o 7] be a continuous Gaussian process that satisfies Condition[@l Then for
every 0 < s <t < S <T there exists a nested sequence of partitions

(Dm)f::1 ={ti":i=0,1,..., nm})i:l
of [0, S] such that:

) mesh(D,,) — 0 as m — o0;
) {s,t} C D, for all m;
) If Z" and ZI' are the jointly Gaussian vectors

(1
(2
(3
21" = (Zipa, £ € D1 ((0,5) UL S)))
Z;n = (thnvtﬁl : t;n eD,,N [S,t)) R

with respective covariance matrices Q7% and Q5. Then the Gaussian vector (Z7", Z5") has
a covariance matrix of the form

m_ [ @ QT
Q - ( m)T m 9
12 22
and the Schur complement of QT; in Q™ has non-negative row sums.

Proof. See the appendix. O
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The next result shows how we can bound from below the 2D Young integral of a Holder-
continuous f against R. The lower bound thus obtained is expressed in terms of the minimum
of f, and the conditional variance of the Gaussian process.

Proposition 6.6. Suppose R : [0, T]2 — R is the covariance function of some continuous Gaussian
process (Zt)te[O,T]' Suppose R has finite 2D p-variation for some p in [1,2), and that Z is non-
degenerate and has a non-negative conditional covariance (i.e. satisfies Condition[3)). Let~y € (0,1)
be such that 1/p+~v > 1 and assume f € C7 ([0,T],R). Then for every [s,t] C [0,T] we have the
following lower bound on the 2D-Young integral of f against R :

/ fufvdR (u,v) > ( inf ] |f (u)|2> Var (Zs | Fo,s V Fir) -
[0,7]?

u€[s,t

Remark 6.7. We emphasise again that F, is the o-algebra generated by the increments of the
form Zy ., for u,v € [a,b].

Proof. Fix [s,t] C [0,T], and take b := inf (s 4 | f (u)].

Step 1: We first note that there is no loss of generality in assuming the stronger Condition
instead of Condition Bl To see this, let (Bt)te[o 7] be a Brownian motion, which is independent of
(Zy) te[o,1]> and for every e > 0 define the perturbed process

Z; = Zt + EBt.

It is easy to check that Z¢ satisfies the conditions in the statement. Let Fy  be the o-algebra
generated by the increments Z7 , between times p and ¢ (note that J, 4 actually equals Fp, 4 V
o (Bi,m :u <1 <m<gq)), and note that we have

Cov (Z$ 4, 2 | Fs.o N Fip) = Cov (Zst, Zuw|Fos V Fer) + € (u—v) >0

forevery 0 < s < u < v <t <T. It follows that Z¢ satisfies Condition Let R° denote the
covariance function of Z€. If we could prove the result with the additional hypothesis of Condition
[6l then it would follow that

/ JufvdRS (u,v) > b2 Var (Z;t|]-"§7s \Y, ]-";T)
[0,7)?

= b Var (Z 4| Fo.s V Frr) + 0% (t — s). (6.11)
Because

FufodRE (u,v) = FufodR (u,0) + € [ f17 0.1 -
[0,7]2 (0,12

the result for Z will then follow from (G.IT]) by letting € tend to zero.

Step 2: We now prove the result under the additional assumption of Condition [0l By considering
—f if necessary we may assume that f is bounded from below by b on [s,t]. Since we now assume
Condition [6] we can use Lemma to obtain a nested sequence of partitions (D,) -, such that
{s,t} € D, for all r, mesh(D,) — 0 as r — oo, and such that the dual feasibility condition
(property 3 in the Lemma [6.5]) holds. Suppose D = {t; : : =0,1,...,n} is any partition of [0,T]
in this sequence (i.e. D = D, for some r). Then for some [ < m € {0,1,...,n — 1} we have t; = s
and t,, =t . Denote by f (D) the column vector

FD)=(f(to),- o\ f(ta-1)" €R",
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and Q = (Qi ), j<n the symmetric n X n matrix with entries

ti—1,t;
tj—1,t;

Qij - R< ) =F I:Ztifl-,tith—lytj:I .

From the non-degeneracy of Z it follows that @ is positive definite. The Riemann sum approxima-
tion to the 2D integral of f against R along the partition D can be written as

SN fsua k(P ) =S e fy Q= f(D)QFD). (612

i=1 j=1 =1 j=1
If necessary, we can ensure that that last m — [ components of f (D) are bounded below by b. To
see this, we simply permute its coordinates using any bijective map 7 : {1,...,n} — {1,...,n}
which has the property that
T(l+j)=n—m+Il+j forj=0,1,...,m—1.

Fix one such map 7, and let f, (D) denote the vector resulting from applying 7 to the coordinates
of f (D). Similarly, let Q, = ( iTJ)lgi,j<n be the n x n matrix
Qij = @r@)r(i)»
and note that Q)7 is the covariance matrix of the Gaussian vector

Z = (Zt
A simple calculation shows that

F(D)'Qf (D)= f7 (D) Qrf- (D).
We can apply Lemma because condition (G.0)) is guaranteed to hold by the properties of the
sequence (D,)Z . We deduce that

r()=1,bryr Ztr(n)fl-,tﬂ'(n)) :

F(D)YTQF(D) = f+ (D) Q-f- (D) =" > Sy, (6.13)

where S is the (m — 1) x (m — ) matrix obtained by taking the Schur complement of the leading
principal (n —m + 1) x (n — m + ) minor of Q. As already mentioned, the distribution of a Gauss-
ian vector conditional on some of its components remains Gaussian; the conditional covariance is
described by a suitable Schur complement . In this case, this means we have that

S =Cov [(Ztytrsrs- s Ztmsst) | Zt,r ity 5 €L ., 03 U{m+1,... ,n}]. (6.14)
If we define
Fb =0 (Zy,_,4,: je{1,...,0U{m+1,...,n}),
to be the o-algebra generated by the increments of Z in D\ [s, t], then using (G.I4]) we arrive at

m—l1 m—[l—1
Z Sij = Z E [(th+i—1;tz+i) (thﬂ‘—htzﬂ‘) |]:D}
ij=1 ij=1
m—I—1
- Z E [(Ztl+i—1=tz+i) |]:D] E [(Ztlﬂ'—lvtlﬂ') |‘7:D}
ij=1

=E [(Zs.,,s)2 IFD} — B [Z,|FP)? = Var (Z,,|FP). (6.15)
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To finish the proof we note that F” C Fo,sVFt, 1, and exploit the monotonicity of the conditional
variance described by Lemma to give

Var (Zs | FP) > Var (Z 4| Fo,s V Fir) - (6.16)
Then by combining (616), (613) and (613 in ([GI2) we obtain

DD frikiy Qi = VP Var (Z,ul Fos V Fir).

i=1 j=1

Because this inequality holds for any D € (D,) ~,, we can apply it for D = D, and let r — oo to
give:

/[ - fufodR (u,v) > b* Var (Zs 4| Fos V Fir),
0,7

whereupon the proof is complete. O

We now deliver on a promise we made in Section [3] by proving that the diagonal dominance of
the increments implies the positivity of the conditional covariance.

Corollary 6.8. Let (Zt)te[o,T] be a real-valued continuous Gaussian process. If Z satisfies Condi-
tion [ then it also satisfies Condition[3

Proof. Fix s <t in [0,T], let (D,)2; be a sequence of partitions having the properties described
in the statement of Lemma and suppose [u,v] C [s,t]. From the conclusion of Lemma [6.4] we
have that

Cov (ZS7tZu)U|gn) — Cov (Zs,tZu,v|]:0,s V ]:t,T) (617)

as n — oo. Let Z, be the Gaussian vector whose components consist of the increments of Z over
all the consecutive points in the partition D, U {s,u,v,t}. Let @ denote the covariance matrix
of Z,. The left hand side of (GIT) is the sum of all the entries in some row of a particular
Schur complement of Q. Z is assumed to have diagonally dominant increments. Any such Schur
complement of @) will therefore be diagonally dominant, since diagonal dominance is preserved
under Schur-complementation (see [32]). As diagonally dominant matrices have non-negative row
sums it follows that Cov (Zs 2, |Gy ) is non-negative, and hence the limit in ([GI7) is too. O

We are now in a position to generalise the L2-interpolation inequality (6.5]) stated earlier.

Theorem 6.9 (interpolation). Let (Z),¢

function R : [0,T)* — R. Suppose R has finite two-dimensional p-variation for some p in [1,2).
Assume that Z is non-degenerate in the sense of Definition [3.2, and has positive conditional co-
variance (i.e. satisfies Condition[3 ). Suppose f € C([0,T],R) with v+ 1/p > 1. Then for every
0 < S <T atleast one of the following inequalities is always true:

“1/2
1 lloci10,5) < 2E [Z8] (/[0

or, for some interval [s,t] C [0, 5] of length at least

1/
1 lloesponsy \
2l 0s)

0,7 be a continuous Gaussian process with covariance
;

S

1/2
fsfedR (s, t)) , (6.18)
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we have

||f|\ 0.5 Var S,t|f0,svft,s)g/[ L odR (). (6.19)
0,5]?

Proof. We take S =T, the generalisation to 0 < S < T needing only minor changes. f is continuous
and therefore achieves its maximum in [0,7]. Thus, by considering —f if necessary, we can find
t € [0,T] such that

F @) = llsesjor

There are two possibilities which together are exhaustive. In the first case f never takes any value
less than half its maximum, i.e.

1
inf f(u)> 5 ||f||oo;[0,T] ‘

u€l0,T]

Hence we can can apply Propositionto deduce ([G.I8). In the second case, there exists u € [0, T
such that f (u) = 27| f|l...o.71- Then, assuming that v < ¢ (the argument for u > ¢ leads to the

same outcome), we can deﬁne

1
§ = sup {v <t: f(U) <z |f||oo;[0,T]} :

By definition f is then bounded below by || f|| .07y /2 on [s,t]. The Holder continuity of f gives
a lower bound on the length of this interval in an elementary way

1
5 1fllocsjo,ry = 1 (&) = F () < M1Fllsp0,7 1~ s|”,

1/~
oo > 1 loo:j0, 77
B 7;[0,7]

Another application of Proposition then gives (GI19). O

which yields

Corollary 6.10. Assume Condition [2 so that the p-variation of R is Holder-controlled, and for
some ¢ > 0 and some o € (0,1) we have the lower bound on the conditional variance:

Var (Zs,t|]:015 \Y ‘Ft,T) Z C(t —_ S)Q

Theorem [6.9 then allows us to bound || f||.j ) above by the mazimum of

1/2
2F [Z%]*l/z (/[O - fsfth(s,t)>

and 2
2 7/ rte) a/(2v+a
= /[ N FefutR 1)) A
Proof. This is immediate from Theorem [6.9 O

In particular, if Z is a Brownian motion we have Var (Z, (| Fo,s V Fi1r) = (t — s), hence Corollary
6.10] shows that

2v/(2 1) 1/(2 1
170e 0T]<2max( E VPP ds Al [P IR A )),

which is exactly ([6.5). We have therefore achieved out goal of generalising this inequality.
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7. MALLIAVIN DIFFERENTIABILITY OF THE FLOW

7.1. High order directional derivatives. Let x be in WG, (Rd) and suppose that the vector
fields V' = (V4,..., V) and Vp are smooth and bounded. For ¢ € [0,T] we let UX_ (-) denote the
map defined by

Ulo () 290 = ye,
where y is the solution to the RDE
dye =V (ye) dx¢ + Vo () dt,  y(0) = yo. (7.1)

It is well-known (see [12]) that the flow (i.e. the map yo — U (v0)) is differentiable; its derivative
(or Jacobian) is the linear map

X d X e €
Jio (o) (1) = EUM—O (yo +€) € L (R, R).
e=0
If we let @3, (yo) denote the pair
%0 (Y0) = (U0 (90) , Jio (v0)) € R @ L (R, R?),

and if W = (Wy,...,Wy) is the collection vector fields given by

and

Wo (y,J) = (Vo (y), VVo (y) - J)
then ®¥_, (yo) is the solutiorl] to the RDE
Aoy o = W (RFo) dxt + Wy (Do) dt, D glt=0 = (yo. ).

In fact, the Jacobian is invertible as a linear map and the inverse, which we will denote Jg&_, (yo), is
also a solution to an RDE (again jointly with the base flow U%_, (y0)). We also recall the relation

X d X X X
Jtes (y) = _Utes (y + 6') = JteO (y) ’ JOes (y) .

de —o
Notation 3. In what follows we will let
Mo (yo) = (Urio (o) » S0 (40) » Joit (o)) € R @ R G RO7E. (7.2)

For any path h in C77V&* ([O, T ,Rd) with 1/¢+1/p > 1 we can canonically define the translated
rough path Tpx (see [12]). Hence, we have the directional derivative

X d X
DnU o (yo) = &UtT:LO (o)

e=0
It is not difficult to show that

d t
DAUE o (30) = / T (o) Vi (UX_o (30)) b
7=1

which implies by Young’s inequality that
IDLU o (50)] < C I 0)lpvarson) Flvarsfou - (7.3)

LA little care is needed because the vector fields have linear growth (and hence are not Lip-y. But one can exploit
the ‘triangular’ dependence structure in the vector fields to rule out the possibility of explosion. See [12] for details.
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In this section we will be interested in the form of the higher order directional derivatives

o Tep - Teyn, X
Dy, ... Dp, Ui (o) = WUWO}I v )

€1=...=€p =0

Our aim will be to obtain bounds of the form (Z3]). To do this in a systematic way is a challenging
exercise. We rely on the treatment presented in [21]. For the reader’s convenience when comparing
the two accounts, we note that [21] uses the notation

(DSUter (yo))se[o T — (D Uteo (yO) 7DlsiUtxe0 (yO))Se 0.T € Rd
[0,77]

to identify the derivative. The relationship between DU _ (vo) and DU (yo) is simply that

DhUteO yO / D: Uteo yO dh

Note, in particular DU (yo) = 01if t < s.

Proposition 7.1. Assume x is in WGQ, (Rd) and let V.= (V1,...,Vy) be a collection of smooth
and bounded vector fields. Denote the solution flow to the RDE (7)) by

Utxeo (90) = (Utxeo (yO)l LA Utxeo (yo)e) € R®

Suppose ¢ > 1 and n € N and let {hy,...,h,} be any subset of C7=*" ([0,T],R?). Then the direc-
tional derivative Dy, ...Dy, UX o (yo) exists for any t € [0,T]. Moreover, there exists a collection
of finite indexing sets

{Kyiny (i1, vin) € {1, d}"},
such that for every j € {1,..,e} we have the identity

PRI SN s / FE (1) - £ ) Flp (8 B3 dR,

ityenyin=1 k€K (5, iy Y 0SS <tn<t

(7.4)
for some functions fI which are in CP~** ([0,T],R) for every | and k, i.e.

Ulin,...in)e{1,...,d}" UkeK(il i {flk l=1,..,n+ 1} C OpivaT([O,T] ,R) .

Furthermore, there exists a constant C, which depends only on n and T such that

P
’flk’p—var;[O,T] <cC (1 + HM)<(—O (yO)Hp-var;[O,T]) (75)
for everyl =1,....,n+1, every k € K(;, . ;) and every (i1,...,in) € {1,... dy".
Proof. We observe that Dy, ... Dp, U (yo); equals

d
/ Dyt Ui o (o) dhy ... dhyr. (7.6)
0<t1<...<tp <t

i1,eeyin =1

The representation for the integrand in (6] derived in Proposition 4.4 in [21I] then allows us to

deduce ([Z4) and (ZH). O
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7.1.1. Malliavin differentiability. We now switch back to the context of a continuous Gaussian
process (Xt)te[o T = (th, e ,Xg)te[0 ) with i.i.d. components associated to the abstract Wiener
space (W, H, i1). Under the assumption of finite 2d p-variation we have already remarked that, for

any p > 2p, X has a unique natural lift to a geometric p-rough path X. But the assumption of
finite p-variation on the covariance also gives rise to the embedding

H —CT v ([0,7],RY) (7.7)
for the Cameron-Martin space, for any 1/p + 1/¢g > 1 [7, Prop. 2]. The significance of this result
it twofold. First, it is proved in [, Prop. 3] that it implies the existence of a (measurable) subset

Y C W with p (V) =1 on which
ThX (w) =X (w+h),

for all h € ‘H simultaneously. It follows that the Malliavin derivative DUt)i(Bu) (yo) : H —R°

X(w X(w d X(w+eh
DU (w0) : b DU (o) = - UL6™ (o) (7.8)
e=0
coincides with the directional derivative of the previous section, i.e.
d X (w+eh) d Tenx
—U = —U, " 7.9
de 10 (%0) o de te0 (%o) o (7.9)

The second important consequence results from combining (1), (Z9) and (Z3]), namely that

IPUE (o) <€ |25 (o) (7.10)

pvari[0,1]
If we can show that the right hand side of (I0) has finite positive moments of all order, then
these observations lead to the conclusion that
Y, = Ul o(%0) € Nps1D'P (R?),

where DF? is the Shigekawa-Sobolev space (see Nualart). The purpose of Proposition [l is to
extend this argument to the higher order derivatives. We will make this more precisely shortly, but
first we remark that the outline just given is what motivates the assumption

H —C9™ ([0,7],RY)

detailed in Condition [If.

The following theorem follows from the recent paper [5]. It asserts the sufficiency of Condition
[ to show the existence of finite moments for the p-variation of the Jacobian of the flow (and its
inverse).

Theorem 7.2 (Cass-Litterer-Lyons (CLL)). Let (X¢),c0) be a continuous, centred Gaussian

process in R® with i.i.d. components. Let X satisfy Condition[d, so that for some p > 1, X admits
a natural lift to a geometric p-rough path X . Assume V = (Vo,Vi,...,Vy) is any collection of
smooth bounded vector fields on R® and let UX () denote the solution flow to the RDE

AU o (yo) =V (U (o)) dXo + Vo (UK (10)) dt,
Ugf—o (yO) = Yo-

2The requirement of complementary regularity in the Condition [I] then amounts to p € [1,3/2). This covers BM,
the OU process and the Brownian bridge (all with p = 1) and fBm for H > 1/3 (taking p = 1/2H). For the special
case of fBm one can actually improve on this general embedding statement via Remark . The requirement of
complementary then leads to the looser restriction H > 1/4.
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Then the map UX  (+) is differentiable with derivative JX o (yo) € R®*¢; JX (o) is invertible as
a linear map with inverse denoted by J3x_, (yo). Furthermore, if we define

M»)<(—O (yO) = (Ut)f—o (yO) ) Jt)f—o (yO) ) Jgf—t (yo)) ceR°OR @ Rexev
and assume X satisfies Condition ], we have that
HM)iO (yO)Hp—var;[O,T] < ﬂ Lt (’u) '
g1
Proof. This follows from by repeating the steps of [5] generalized to incorporate a drift term. O

Remark 7.3. Under the additional assumption that the covariance R has finite Holder-controlled
p-variation, it is possible to prove a version of this theorem showing that:

||M)<(—O (yO)Hl/p S ﬂ L (,u) .

q>1

7.2. Proof that Ut)i(b) (yo) € D> (R®). We have already seen that appropriate assumptions on the

covariance lead to the observation that for all h € H,

X (w d 7, X(w
DhUt<—(0) (yo) = EUH}—O( ) (o)

e=0

for all w in a set of p-full measure. We will show that the Wiener functional w — Ut)i(g)

to the Sobolev space D> (R¢). Recall that
D> (R®) = Mps1 N2y DM (R),

(yo) belongs

where D*? is the usual Shigekawa-Sobolev space, which is defined as the completion of the smooth
random variables with respect to a Sobolev-type norm (see Nualart [30]). There is an equivalent
characterisation of the spaces D*? (originally due to Kusuoka and Stroock), which is easier to use
in the present context. We briefly recall the main features of this characterisation starting with the
following definitions. Suppose FE is a given Banach space and F' : YW —FE is a measurable function.
Recall (see Sugita [31]) that F is called ray absolutely continuous (RAC) if for every h € H, there
exists a measurable map F, W —E satisfying:

F()=F,(), p—ae.,
and for every w € W
t +— Fj, (w+ th) is absolutely continuous in t € R.
And furthermore, F is called stochastically Gateaux differentiable (SGD) if there exists a measurable
G:W —L(H, E), such that for any h € H
%[F(A—th)—F(-)] £ G(w)(h) ast— 0,

where % indicates convergence in p-measure.

If F is SGD, then its derivative G is unique p-a.s. and we denote it by DF. Higher order
derivatives are defined inductively in the obvious way. Hence D"F (w) (if it exists) is a multilinear
map (in n variables) from H to E.

We now define the spaces DF» (Re) for 1 < p < o0 by

DYP (R®) := {F € L” (R®) : F is RAC and SGD, DF € L” (L (H,R))},
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and for £k =2,3,....
DFP (R®) := {F e DF=17 (R®) : DF € DF17 (L (H,Re))} .

Theorem 7.4 (Sugita [31]). For1 < p < oo and k € N we have D¥? (R¢) = D*? (R¢).
It follows immediately from this result that we have
D (R) = Myt N2, BE? (RE).
With these preliminaries out the way, we can prove the following.

Proposition 7.5. Suppose (Xt)te[o,T] is an R¥*-valued, zero-mean Gaussian process with i.i.d com-
ponents associated with the abstract Wiener space (W, H, ). Assume that for some p > 1, X lifts
to a geometric p-rough path X. Let V- = (Vy, Vi, ..., Vg) be a collection of C°°-bounded vector fields

on R¢, and let Ut)f_(g) (yo) denote the solution flow of the RDE
dY; =V (Yy) dX; (w) + Vo (Y2) dt, Y (0) = yo.
Then, under the assumption that X satisfies Condition [, we have that the Wiener functional
X(- X(w
U (o) = w = UZES (o)
is in D> (R®) for every t € [0,T].

Proof. We have already remarked that Condition [Il implies that on a set of p-full measure

TpX (w) =X (w+ h) (7.11)
forall h € H. It easily follows that Ut)i(b) (yo) is RAC. Furthermore, its stochastic Gateaux derivative

is precisely the map DU, :g) (yo) defined in (Z8). The relation (ZII) implies that the directional

and Malliavin derivatives coincide (on a set of u-full measure) hence DU; (_(0 (yo) € L (H,R®) is the
map

DUXE) (yo) : h = DRURE (yo).
We have shown in (CI0) that

HDUt)i(Sj (yo)Hop < CIMZEo 40| parspor - (7.12)

where

M (yo) = (U0 (o) > T30 (w0) > Joes (w0)) - (7.13)
It follows from Theorem that

||MHO yO)Hp—var;[O,T] € mpzle (,LL)

Using this together with (.I2]) proves that Ut)f_(b) (30) is in Np=1DVP (R€) which equals Ny DVP (RE)
by Theorem [7.4]

We prove that Ute(o) (o) is in Nys1DFP (R®) for all & € N by induction. If UteO (yo) €
Dk~ 1P (R€) then, by the uniqueness of the stochastic Gateaux derivative, we must have

DF1UX) (o) (ha, ... hy1) = Dh, ... D USRS () .

+0

It is then easy to see that Dk_lUt)i(B‘)) (yo) is RAC and SGD. Moreover, the stochastic Gateaux
derivative is
DFUX) (o) : (ha,... i) = Dn, ... Dp URY) (o).
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It follows from Proposition [Z1] together with Condition [ that we can bound the operator norm of
DkUt)i(g) (yo) in the following way:
(k+1)p
p-var;[0,7 )

for some non-random constants C' > 0. The conclusion that Ut)i(b) (yo) € Np=1DFP (R®) follows at
once from Theorems and [7.4 O

P40 ) o < € (142235 (o)

8. SMOOTHNESS OF THE DENSITY: THE PROOF OF THE MAIN THEOREM

This section is devoted to the proof of our Hormander type theorem As mentioned in
the introduction, apart from rather standard considerations concerning probabilistic proofs of
Hormander’s theorem (see e.g. [21]), this boils down to the following steps:

(1) Let W be a smooth and bounded vector field in R¢. Following [21], denote by (Z}")

the process

te[0,T]

ZtW = Jg(etw (Utxeo (ZJO)) : (8.1)
Then assuming Conditions B and B we get a bound on |ZW |, in terms of the Malliavin
matrix Cp defined at (GI). This will be the content of Proposition [B4
(2) We invoke iteratively our Norris lemma (Theorem [5.6) to processes like Z" in order to
generate enough upper bounds on Lie brackets of our driving vector fields at the origin.
In order to perform this second step, we first have to verify the assumptions of Theorem .6 for
the process MX  (yo) defined by (ZI3]). Namely, we shall see that MX  (yo) is a process controlled
by X in the sense of Definition [5.1] and relation (B.6]).

Proposition 8.1. Suppose (Xt)te[o,T] satisfies the condition of Theorem[7.3 In particular, X has
a lift to X, a geometric-p rough path for some p > 1 which is in C%7([0, T]; GIPI(RY)) for v = 1/p.
Then MX_, (yo) is a process controlled by X in the sense of Definition 51 and

172 (o)l oy € () £7 ().

p>1

Proof. For notational sake, the process MX , (yo) will be denoted by M only. It is readily checked
that M is solution to a rough differential equation driven by X, associated to the vector fields given
by
Fz(yv‘]vK) = (V; (y)7 v‘/; (y) ’ Jv _Kv‘/; (y))7 i = 077d (82)
This equation can be solved either by genuine rough paths methods or within the landmark of
algebraic integration. As mentioned in Proposition [5.5] both notions of solution coincide thanks to
approximation procedures. This finishes the proof of our claim M € Q.
In order to prove integrability of M as an element of Q%, let us write the equation governing
the dynamics of M under the form
d
dM, = Fy(My)dt + Y Fy(My) dX;,
i=1
where X is our Gaussian rough path of order at most N = 3. The expansion of M as a controlled
process is simply given by the Euler scheme introduced in [T2, Proposition 10.3]. More specifically,
M admits a decomposition (52)) of the form:

J o A0 Jiir y Lot Jyi1yi2 2501502 J, M
Ms,t - Ms (t - S) + Ms Xs,t + Ms Xs,t =+ Rs,t ’
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with
1,0 _ 1J jin . 1d 1,02 J J, M 3
MP® = Fj (M), M = F (My), M2 = Fi, F}, (M), |R51t | <emlt —s]?7.

With the particular form (§2) of the coefficient F' and our assumptions on the vector fields V, it is
thus readily checked that

1Ml gz < ev (L4 IT1% + 177 1% + 17115+ 1T]5)

and the right hand side of the latter relation admits moments of all order thanks to Theorem
and the remark which follows it. 0

Define Ly (y0,0,T) to be the quantity
Ly (40,0, T) := 14 Lo ()" + [yol + 1Mo (30)ll o + Nocir

Corollary 8.2. Under the assumptions of Proposition [l we have

« (0,60,T) € [ L7 (Q)

p>1

Proof. We recall that the standing assumptions imply that [|X||,., 71 has a Gaussian tail (see ([2.8)
from Section ). It is easily deduce from this that

Nx,y S ﬂ LP (Q)

p>1

Similarly we see from Corollary and Proposition Bl that Ly (z)~' and ||M* (yo)ll o have
moments of all orders and the claim follows. O

Definition 8.3. We define the sets of vector fields Vi for k € N inductively by
Vi={Vi:i=1,...,d},

and then
Vo1 ={[Vi,W]:i=0,1,...,d, W €V, }.

Proposition 8.4. Let (Xt)te[O,T] = (th, e ’Xtd)te[o,T] be a continuous Gaussian process, with
i.i.d. components associated to the abstract Wiener space (W, H, p). Assume that X satisfies the
assumptions of Theorem [38 Then there exist real numbers p and 0 satisfying 2/p > 0 > a2
such that: (i) X is 0-Hélder rough and (ii) X has a natural lift to a geometric p rough path X in

col/r([0,T); GIPH(RY)). Fort € (0,T] let

d
Cr = Z/o 12 Jt)f—s (yO) Vi (YS) ® Jt)f—s’ (yo) Vi (YS’)dR (578/) )
TS0,

and suppose k € NU{0}. Then there exist constants = p (k) >0 and C = C (t,k) > 0 such that
for all W € Vy, and all v € R® with |v] = 1, we have

|(v, 2] < OLx (yo.0,8)" (v Cyo)". (8.3)

00;[0,1]



SMOOTHNESS OF GAUSSIAN RDES 37

Proof. Let us prove the first assertion. To do this, we note that the constraint on p implies that X
lifts to a geometric p-rough path for any p > 2p. Because the p-variation is assumed to be Holder-
controlled, it follows that X is in C%Y/?([0, T]; GPI(R?)). By assumption a < 2/p, therefore we
may always choose p close enough to 2p in order that

2 «

p 2

On the other hand X is 6-Holder rough for any 6 > a/2 by Corollary 5.8l Hence there always exist
p and 6 with the stated properties.
We have that

d
v Cv = Z Al with Al = Fi(s) fA(s")dR (s,8"), (8.4)
=1 [0,t]?

where we have set f*(s) := (v, Jt)is (y0) Vi (ys)) = (v, ZY?). Furthermore, because the hypotheses
of Theorem [6.9 and Corollary [6.10 are satisfied, we can deduce that

} t’1/2
]1/2’\/—’ t’

for i =1,...,d. On the other hand Young’s inequality for 2D integrals (see [14]) gives

7;(0,¢]

@rta) | fl‘a/cma)] 55)

, _ _ 2
NS 1] + 17 O] Ve (B0, 07). (3.6)
From (®8), B35) and the relation v7Cyv = Zle Al it follows that there exists some C; > 0,
depending on t and ¢, such that we have
i T 7/(2'y+a) i i a/(2y+a)
7o < €1 (07 Cr0) w [ O 0]

.....

Using the fact that for some v > 0
1O+ 157 S CoLx (y0,0,0)" for i = 1,...d,

it is easy to deduce that (B3] holds whenever W € V.
The proof of (B3] for arbitrary k € N now follows by induction. The key relation comes from
observing that

d_ ru
(v,Z})) = <’U,W(yo)>+2/ <U,Z£Vi’w]>dXﬁ,
=10

in the sense of Proposition[.0l Hence, assuming the induction hypothesis, we can use Theorem [5.0]
to obtain a bound of the form (83]) on
(o247
00;[0,t]

for all W € V. Since Vi1 = {[V;, W]:i=0,1,...,d,W € V, }, the result is then established. O

We are now in a position to prove our main theorem. Since the structure of the argument is the
classical one, we will minimise the amount of detail where possible.
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Proof of Theorem [33 This involves assembling together the pieces we have developed in the paper.
First let 2/p > 0 > «/2 be chosen such that X is #-Holder rough and X has a natural lift to a
geometric p rough path X in C%'/?([0,1]; GlPJ(R%)). This is always possible by the first part of
Proposition B4l Let 0 < ¢ < T and note that we have shown in Proposition [Z.5] that Ut)f_(g) (yo) is
in D (R¢). The result will therefore follow by showing that for every ¢ > 0, there exists ¢; = ¢; (q)
such that

P (ilnfl (v, Cv) < e) < €9,

for all € € (0,1). It is classical that proving (det C;)~" has finite moments of all order is sufficient

for UX()

Step 1: From Hormander’s condition there exists N € N with the property that
span {W (yo) : W € Uf\ilVi} =R".
Consequently, we can deduce that

a = inf Z [{v, W (y0))] > 0. (8.7)

J[v|=1
Weul v,

(yo) to have a smooth density (see, e.g., [30]).

For every W € UY.,V; we have
(0.2 0 2 10 W (o)) (8:)
and hence using [87), ([88) and Proposition B4 we end up with

a< inf sup [(v,Z"V) < c1Lx (yo,0,t)" ‘i?fl W C|", (8.9)

- 00;(0,1]
|’U‘_1 WEUfVZIVi

for some positive constants c1, 4 = puy and ™ = 7y
Step 2: From (B3] can deduce that for any e € (0, 1)

P (ilnf |vTC'tv| < e) <P (Lx (vo,0,t)" >czefk)
v|=1
for some constants co > 0 and k& > 0 which do not depend on e. It follows from Corollary B2 that
for every ¢ > 0 we have
P (Iilnf |’UTC,5’U‘ < e) < c5eh,
v[=1
where ¢3 = ¢35 (¢) > 0 does not depend on e. O

9. APPENDIX

Proof of Lemmal6.3. We prove the result for S = T, the modifications for S < T are straight

forward. Consider three nested sequences (A,,)5_1, (By,),._; and (Cy,),°_, consisting of partitions

of [0, s], [s,t] and [¢,T] respectively, and suppose that the mesh of each sequence tends to zero as
m tends to infinity. For each m; and ms in N let D™*™2 denote the partition of [0, T] defined by

D2 = A U By, UCH,.
We now construct an increasing function » : N — N such that
o0
D)y = (D700)
m=1

together form a nested sequence of partitions of [0, 7] having the needed properties.
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We do this inductively. First let m = 1, then for every two consecutive points v < v in the
partition B,, Lemma [6.4] implies that

Cov (Zs 4 Zu,w| FA v FO) = Cov (Zs 4 Zu,o| Fer V Fer) -

asn — 00. Z has positive conditional covariance, therefore the right hand side of the last expression
is positive. This means we can choose 7 (1) to ensure that

Cov (Zs 4 Zu o FA @ v FOm) >0, (9.1)

for every two consecutive points u and v in B,, (the total number of such pairs does not depend
on r(1)). We then let D; = D"(1:1 both properties 2 and 3 in the statement are easy to check; the
latter follows from (@), when we interpret the Schur complement as the covariance matrix of Z3
conditional on Z{ (see also the proof of Proposition[6.6]). Having specified r (1) < ... <7 (k — 1) we
need only repeat the treatment outlined above by choosing some natural number r (k) > r (k — 1)
to ensure that

COV (Zg 4 Zuy | F A7 v FE) > 0,

for each pair of consecutive points u < v in By. It is easy to verify that (D,,),~_; constructed in
this way has the properties we need. O
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