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We consider stochastic differential equations of the form dY; =
V(Yr)dX: + Vo(Yy)dt driven by a multi-dimensional Gaussian process.
Under the assumption that the vector fields Vy and V = (Vy, ..., V) sat-
isfy Hormander’s bracket condition, we demonstrate that ¥; admits a smooth
density for any ¢ € (0, T'], provided the driving noise satisfies certain nonde-
generacy assumptions. Our analysis relies on 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 differ-
ential equations (SDEs) driven by Gaussian processes has evolved considerably.
As a natural counterpart to this development, there is now much interest in inves-
tigating the probabilistic properties of solutions to these equations. Consider an
SDE of the form

(1.1 dY; =V dX: + Vo(Yr)dt, Y (0) = yp € R®,

driven by an R“-valued continuous Gaussian process X along C 5 vector fields Vo
and V = (V1,..., Vg) 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 Hor-
mander [24] for an analytical approach, and Malliavin [32] for a probabilistic one.

For the case where X is fractional Brownian motion, this question was first ad-
dressed by Nualart and Hu [25], where the authors show the existence and smooth-
ness of the density when the vector fields are elliptic, and the driving Gaussian
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noise is fractional Brownian motion (fBm) for H > 1/2. Further progress was
achieved in [1] 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 in-
gredients have since gradually become available with the development of a broader
theory of (Gaussian) rough paths (see [9, 17, 30]). 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 short of proving the
smoothness of the density, because the proof demands far more quantitative esti-
mates 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 [8] established sharp tail estimates
on the Jacobian of the flow Jt)f_o(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 J,)f_o()’O)- Second, [23] obtained a general, deter-
ministic version of the key Norris lemma (see also [26] for some recent work in
the context of fractional Brownian motion). The lemma of Norris first appeared
in [35] and has been interpreted as a quantitative version of the Doob—Meyer de-
composition. Roughly speaking, it ensures that there cannot be too many cancel-
lations between martingale and bounded variation parts of the decomposition. The
work [23], however, shows that the same phenomenon arises in a purely determin-
istic setting, provided that the one-dimensional projections of the driving process
are sufficiently and uniformly rough. This intuition is made precise through a no-
tion of “modulus of Holder roughness;” see Definition 5.2 below. Together with
an analysis of the higher order Malliavin derivatives of the flow of (1.1), also car-
ried out in [23], these two results yield a Hormander-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 in-
cludes fractional Brownian motion with Hurst parameter H € (}1, %], the Ornstein—
Uhlenbeck process, and the Brownian bridge. Instead of focusing on particular ex-
amples 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 sum-
marise in a few lines; see [20] for a relatively short exposition. However, let us
highlight some basic features of the method in order to see where our main contri-
butions lie:

(i) At the centre of the proof of Hormander’s theorem is a quantitative esti-
mate on the nondegeneracy of the Malliavin covariance matrix Cr(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.
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More specifically, following [7] we study the Malliavin covariance matrix as a 2D
Young integral against the covariance function R(s, ). This provides the conve-
nient representation

C@u=[ e fwe)dRG )
[0,¢]1x[0,7]

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.

(i) An essential step in the proof is achieved when one obtains some lower
bounds on v’ C,v in terms of the supremum norm of f. Toward 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 [3] for a first step in this direction) or studying small-
time asymptotic.

(iii)) Hormander’s theorem also relies on an accurate analysis and control of
the higher order Malliavin derivatives of the flow Jff_o(yo). 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 [23]. The integrability results in [8] 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 Jt)io(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 [23] to a much wider range of regularities and Gaussian structures for
the driving process X. Namely, we extend the result of [23] from p-rough paths
with p < 3 to general p under the same “modulus of Holder roughness” assump-
tion. 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 [17]) 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
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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 J,’f_o(yo) in [8].

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

2_
(1.2) f[o o B ARG D= CUF o o

for some exponents y and a, and all y-Holder continuous functions f. After view-
ing the integral in (1.2) along a sequence of discrete-time approximations to the
integral, relation (1.2) relies on solving a sequence of finite dimensional partially
constrained quadratic programming (QP) problems. These (QP) problems involve
some matrices Q whose entries can be written as Q' = E[X ,11 i1 X ,1],7 fat ], where
X zl, 4, denotes the increment X ,1i+ ,—X t1, of the first component of X. Interest-
ingly enough, some positivity properties of Schur complements computed within
the matrix Q 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 2 and 3 below). This is quite natural
since Schur complements are classically related to conditional variances in ele-
mentary Gaussian analysis. We also believe that our conditions essentially char-
acterise the class of processes for which we can quantify the nondegeneracy of
C7(w) in terms of the conditional variance of the process X.

The outline of the article is as follows. In Section 2, we give a short overview of
the elements of the theory of rough paths required for our analysis. Section 3 then
states our main result. In Section 4, we demonstrate how to verify the nondegener-
acy assumptions required for the driving process in a number of concrete examples.
The remainder of the article is devoted to the proofs. First, in Section 5, we state
and prove our general version of Norris’s lemma and we apply it to the class of
Gaussian processes we have in mind. In Section 6, we then provide the proof of
an interpolation inequality of the type (1.2). In Section 7, 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 8 to
complete the proof of our main theorem.

2. Rough paths and Gaussian processes. In this section, we introduce some
basic notation concerning rough paths, following the exposition in [8]. In particu-
lar, 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 tensor algebra TV (R?) is defined by
TV (R = @N_(RY)®", with the convention (RY)®? = R. The space TV (R9)
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is equipped with a straightforward vector space structure, plus an operation ® de-
fined by

N
Tn(@®h) =Y M k(@) @m(h), g, heTN(RY),
k=0

where 1, denotes the projection on the nth tensor level. Then (TN RY), +, ®) is
an associative algebra with unit element 1 € (R%)®0,

At its most fundamental, we will study continuous R¢-valued paths parame-
terised by time on a compact interval [0, T']; we denote the set of such functions
by C([0, T], R9). We write Xg,t '= X; — X, as a shorthand for the increments of a
path. Using this notation, we define the uniform norm and the p-variation semi-
norm of a path x by

1/p
2.1)  xlloo:= sup |x], ||x||p—var;[0,T] = <sup Z |xs,t|p> ,
IG[O,T] D [S,t]GD

where the supremum in the second term runs over all partitions D of [0, T']. We
will use the notation CP™¥ ([0, T'], R?) for the linear subspace of C([0, T], RY)
consisting of the continuous paths that have finite p-variation. Of interest will also
be the set of y-Holder continuous functions, denoted by C? ([0, T], ]Rd), which
consists of functions satisfying

belyporyi= sup —t
T 0<s<t<T [t — S|V
For s <t and n > 2, consider the simplex A}, = {(u1,...,u,) € [s,t]";u; <
-+- < un}, while the simplices over [0, 1] will simply be denoted by A”. A contin-
uous map X: A2 = TV(RY) is called a multiplicative functional if for s <u <1t
one has X5 ; = X, ® X, ;. An important example arises from considering paths x
with finite variation: for 0 < s < ¢, we set

(22) X?,l‘: Z < dxil ...dxin)eil ®...®ein’
1<it,in<d Y A5t
where {e1, ..., eq} denotes the canonical basis of R4 , and then define the signature
of x as
N
SN@) AT TVNRY), (.0 Sn()sr =14 X1,
n=1

Sy (x) will be our typical example of multiplicative functional. Let us also add the
following two remarks:
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(i) A geometric rough path (see Definition 2.1 below), as well as the signature
of any smooth function, takes values in the strict subset GV R4 c TN (RY) given
by the “group-like elements”

G" (R?) = exp®(L" (R7)).

where LN (R?) is the linear span of all elements that can be written as a commuta-
tor of the type a ® b — b ® a for two elements in TV (R?).

(i1) It is sometimes convenient to think of the indices w = (i1, ..., i,) in (2.2)
as words based on the alphabet {1, ..., d}. We shall then write x" for the iterated
integral fn dx’ .. .dx',

More generally, if N > 1 we can consider the set of such group-valued paths
X; = (l,xll,...,xiv) € GN(]Rd).

Note that the group structure provides a natural notion of increment, namely
Xg i= Xs_l ® x;, and we can describe the set of “norms” on G (R?) which
are homogeneous with respect to the natural scaling operation on the tensor al-
gebra (see [17] for definitions and details). One such example is the Carnot—
Caratheodory (CC) norm (see [17]), which we denote by || - ||cc. The precise
norm used is mostly irrelevant in finite dimensions because they are all equiva-
lent. The subset of these so-called homogeneous norms which are symmetric and
sub-additive (again, see [17]) gives rise to genuine metrics on G (R?), for exam-
ple, dcc in the case of the CC norm. In turn, these metrics give rise to a notion of
homogenous p-variation metrics d-yar on the set of GN (Rd )-valued paths. Using
the CC norm for definiteness, we will use the following homogenous p-variation
and y-Holder variation semi-norms:

1/p
p
||X”p—var;[s,t]:i_{naxL J(SUP Z ||Xs,t||cc> >

wWPIND s e
2.3)
||Xu,v||CC

X . = su
X1y, 5,71 p —u

(u,v)eA?, lv

where the supremum over D is as in (2.1).

We will also use some metrics on path spaces which are not homogenous. The
most important will be the following:

N

2.4) Niyils.i] i= Z sup

k=1 (u,v)eAl,

k
|Xu,v|(]Rd)®k
lv—ulky ’

which will be written simply as N, when the interval [s, 7] is clear from the
context.

DEFINITION 2.1. The space of weakly geometric p-rough paths [denoted
WGQP(Rd)] is the set of paths x: A? — GLPI(R?) such that (2.3) is finite.
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We will also work with the space of geometric p-rough paths, which we denote
by GQ p(Rd ), defined as the d-ya,-closure of

[Sp)(x):x € '™ ([0, T1, RY)).

Analogously, if y > 0 and N = [1/y] we define c%v (10, T1; GN (R?)) to be the
linear subspace of GQy (RY) consisting of paths x: A? — GV (R?) such that

nlgrgoHX - SN(xn)“y;[o,T] =0

for some sequence (x,)5° ; C C*([0, T1; RY).

In the following, we will consider RDEs driven by paths xin W G2, (R9), along
a collection of vector fields V = (Vi,..., V;) on R¢, as well as a deterministic
drift along V. From the point of 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 [17, 31]. 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

and refer to the quantity |V|Lip-) as the Lip-y norm of V.

A theory of such Gaussian rough paths has been developed by a succession of
authors [7, 9, 12, 15] and we will mostly work within their framework. To be more
precise, we will assume that X; = (X ¢ f’) is a continuous, centred (i.e., mean
zero) Gaussian process with i.i.d. components on a complete probability space
(Q,F, P). Let W= C([0, T],R?) and suppose that (W, H, i) is the abstract
Wiener space associated with X. The function R :[0, T'] x [0, T] — R will denote
the covariance function of any component of X, that is,

R(s,t) = E[X!Xx]].
Following [15], 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 [16]; these are defined by

LA 1 (vl 1
R (u U) = E[(Xt - XS)(XU - Xu)]'
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

S
(2.5) V,(R; [0, T] x [0, T])p = sup Z ‘R< S/ />‘ < o0,
D, D [5,1]eD !

[s,']eD’
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If a process has a covariance function with finite p-variation for p € [1,2) in
the sense of Definition 2.2, [15], Theorem 35, asserts that (X;);c[0,7 lifts to a
geometric p-rough path provided p > 2p. Moreover, there is a unique natural lift
which is the limit, in the d)-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]? over which the supremum is taken in (2.5). Recall from [16] that a rectan-
gular partition of the square [0, T1? is a collection {A; :i € I} of rectangles of the
form A; = [s;, t;] x [u;, v;i], whose union equals [0, T1? and which have pairwise
disjoint interiors. The collection of rectangular partitions is denoted Prec ([0, T]2),
and R is said to have controlled p-variation if

£\ |P
o L Sis 1
(2.6) |R|/r>-var;[0,T]2 R sup 2 Z‘R<u v)‘ =0
{A; 1 iel}e€Prec([0,T1°) i, L
Aj=[si ti]x [u;,vi]
We obviously have V,(R; [0, T]?) < IR p-var:[0,772> @nd it is shown in [16] that for
every & > 0 there exists ¢ o such that |R|,_yur.[0,72 = ¢p,e Vp+e(R; [0, T1%). The
main advantage of the quantity (2.6) compared to (2.5) is that the map

)
p-var;[s,t]x[u,v]

[s, 2] X [u,v] — |R|

is a 2D control in the sense of [16].

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 > O such that forall 0 <s <t <T we have

2.7) Vo (R; [s, 11 x [s,1]) < C(t —s)'/*.

REMARK 2.4. This is (essentially) without loss of generality compared to
Definition 2.2. To see this, we note that if R also has controlled p-variation in the
sense of (2.6), 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 func-
tion defined by
T|R Z-var;[O,t]2

IRI

(2.8) o(t) = .
p-var;[0,T1?

It is then easy to see that R, the covariance function of X = X o 7, 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 [17], Theorem 15.33, we can deduce that

(2.9) E[GXP(ﬁHX”%/p;[o,T])] <oo  forsomen >0,
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that is, X[}, ,.(0.7) 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 com-
plementary (Young) regularity of the sample paths of X and the elements of its
Cameron—Martin space. The following assumption captures both of these require-
ments.

CONDITION 1. Let (X{)ie[0,71 = (X,l, cee, X,d)te[o,T] be a Gaussian process
with i.i.d. components. 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 < CI7([0, T], RY).

The following theorem appears in [15] as Proposition 17 (cf. also the recent
note [16]); it shows how the assumption V, (R; [0, T]Z) < 00 allows us to embed
‘H in the space of continuous paths with finite p variation. The result is stated
in [15] for one-dimensional Gaussian processes, but the generalisation to arbitrary
finite dimensions is straightforward.

THEOREM 2.5 ([15]). Let (X )iejo.11 = (X}, ..., XI)ie10.7] be a mean-zero
Gaussian process with 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™* ([0, T1, RY),
in fact,

(2.10) \h|y > || p-var;[0,71 .
~ JVo(R: [0, TI < [0, T])

REMARK 2.6 ([14]). Writing H# for the Cameron—Martin space of fBm for
H in (1/4, 1/2), the variation embedding in [14] gives the stronger result that

HH < ([0, T],RY)  forany g > (H +1/2)7".

Theorem 2.5 and Remark 2.6 provide sufficient conditions for a process to sat-
isfy the fundamental Condition 1, 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 < C*™¥¥ ([0, T], R?) (Theorem 2.5). Complemen-
tary regularity of  in the above condition thus can be obtained by p € [1,3/2),
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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 G2 p(Rd) if
p > 1/H, and Remark 2.6 therefore ensures the complementary regularity 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 Hormander’s theorem for Gaussian RDEs. First,
we give some notation which will feature repeatedly.

NOTATION 1. We define
Fap:=0(Xppy:a<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 nondegeneracy of X, it will feature
prominently in the sequel.

CONDITION 2 (Nondeterminism-type condition). Let (X;):¢[0,1] be a contin-
uous 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

3.1 Var(Xs ;| Fo.s vV Fr.1) > 0.

inf
0<s<t<T (t — §)%
Whenever this condition is satisfied, we will call « the index of nondeterminism if
it is the smallest value of o for which (3.1) is true.

REMARK 3.1. It is worthwhile making a number of comments. First, notice
that the conditional variance
Var(Xs,tIJ:O,s \% ]:t,T)

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

Var(Xs,tu:O,s \/]:t,S) > Var(Xs,t|FO,s V]:t,T)-

It follows that if (3.1) holds on [0, T'], then it will also hold on any interval [0, ST C
[0, T'] provided S > 0.

Note that Condition 2 implies the existence of ¢ > 0 such that

Var(X,¢|Fo,s V Fr,1) > et — ).
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This is reminiscent of (but not equivalent to) other notions of nondeterminism
which have been studied in the literature. For example, it should be compared to
the similar notion introduced in [4], where it was exploited to show the existence
of a smooth local time function (see also the subsequent work of Cuzick et al. [10]
and [11]). In the present context, Condition 2 is also related to the following con-
dition: for any f of finite p-variation over [0, T']

T
(3.2) /fsdhszO VheH = f=0 aeonl0,T]
0

This has been used in [6] to prove the existence of the density for Gaussian RDEs.
In some sense, our Condition 2 is the quantitative version of (3.2). In this paper,
when we speak of a nondegenerate Gaussian process (X;):c[o,7] we will mean the
following.

DEFINITION 3.2. Let (X;):¢[0,7] be a continuous, real-valued Gaussian pro-
cess. For any partition D ={¢#;:i =0, 1,...,n} of [0, T], let (Qil;)lsi,jsn denote
the n x n matrix given by the covariance matrix of the increments of X along D,
that is,

(33) Q}}:R(”‘“’” )

lji—1,1j

We say that X is nondegenerate if QP is positive definite for every partition D of
[0, T1.

REMARK 3.3. An obvious example of a “degenerate” Gaussian process is
a bridge process which returns to zero in [0, T]. This is plainly ruled out by an
assumption of nondegeneracy.

It is shown in [7] that nondegeneracy is implied by (3.2). Thus, nondegeneracy
is a weaker condition than (3.2). 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 nondegenerate.

LEMMA 3.4.  Let (Xt):e(0.1) be a continuous Gaussian process which satisfies
Condition 2 then X is nondegenerate.

PROOF. Fix a partition D of [0, T], and denote the covariance matrix along

this partition by Q with entries as in (3.3). If Q is not positive definite, then for
some nonzero vector A = (Aq, ..., A;) € R"” we have

n 2
(3.4 OZATQ)\:E[(Z)WXU—LU) :|
i=1
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Suppose, without loss of generality, that A ; # 0. Then from (3.4), we can deduce
that

with probability one. This immediately implies that
Var(Xl‘jfl,tj |‘F0,tj,1 \% ‘th,T) = 09
which contradicts (3.1). U

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:

(3.5) [, 1RG0

for some suitable (random) function f € CP™¥* ([0, T, R?). By considering the
Riemann sum approximations to (3.5), 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 nonnegativ-
ity 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 approx-
imations.

CONDITION 3. Let (X;)ie0,7] be a continuous, real-valued Gaussian pro-
cess. We will assume that X has nonnegative conditional covariance in that for
every [u,v] C[s,t] € [0, S] C [0, T] we have

(3.6) COV(XS,ta Xu,v|JT"0,S V th,S) >0.

In Section 6, we will prove a novel interpolation inequality. The significance of
Condition 3 will become clearer when we work through the details of that section.
For the moment, we content ourselves with an outline. First, for a finite parti-
tion D of the interval [0, T'], one can consider the discretisation of the process
X, conditioned on the increments in D N ([0, s] U [¢, T]). Let QP be the corre-
sponding covariance matrix of the increments [see (3.3)]. Then the conditional

covariance Cov(X SDZ, X L? v |]-'(? Y }'[DT) of the discretised process can be charac-

terised in terms of a Schur complement ¥ of the matrix Q. Using this relation,
the condition

Cov(x2, XD |\ Fo v FPr) =0

st
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is precisely what ensures that the row sums for X are nonnegative. Conversely, if
for any finite partition D all Schur complements of the matrix Q” have nonnega-
tive row sums, then Condition 3 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 condi-
tion, recall that an n x n real matrix Q is diagonally dominant if

(3.7) Qii > Y 10ijl  foreveryie{l,2,...,n}.
J#

CONDITION 4.  Let (X;):e(0,7] be a continuous real-valued Gaussian process.
For every [0, S] C [0, T], we assume that X has diagonally dominant increments
on [0, S]1. By this, we mean that for every partition D = {t;:i =0,1,...,n} of
[0, S], the n x n matrix (ij)-)lfi,jfn with entries

ti—1,t

D l vl

Qij :E[Xli_l,tinj_l,lj]:R< ) )
Lj—1,1j

is diagonally dominant.

Diagonal dominance is obviously in general a stronger assumption than requir-
ing that a covariance matrix has positive row sums. Consequently, Condition 4 is
particularly useful for negatively 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[X0sXs: 120  V[s,1]<[0,5]<[0,T].

In fact, it turns out that Condition 4 implies Condition 3. This is not obvious a pri-
ori, and ultimately depends on two nice structural features. The first is the observa-
tion from linear algebra that the property of diagonal dominance is preserved under
taking Schur complements (see [38] 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 6 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{ V1, ..., Vo, [Vi, Vi1, [Vi, [V, Vi), -

(3.3)
i, j.k,...=0,1,....d}ly, = T,)R* =R

We are ready to formulate our main theorem.
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THEOREM 3.5. Let (X;)ter0,71= (th, R X;l),e[o,r] be a continuous Gaus-
sian process, with i.i.d. components associated to the abstract Wiener space
W, H, ). Assume that some (and hence every) component of X satisfies:

(1) Condition 1, for some p € [1,2);
(2) Condition 2, with index of nondeterminacy o <?2/p;
(3) Condition 3, that is, it has nonnegative conditional covariance.

Fix p>2p,and let X €GQ) (R?) denote the canonical lift of X to a Gaussian
rough path. Suppose V.= (V1, ..., Vy) is a collection of C*°-bounded vector fields
on R¢, and let (Y;);c[0,1] be the solution to the RDE

Assume that the collection (Vy, V1, ..., V) satisfy Hormander’s condition, Con-
dition 5, at the starting point yy. Then random variable Y; has a smooth density
with respect to Lebesgue measure on R¢ 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 pro-
cesses. We choose to focus on three particular examples: fractional Brownian mo-
tion (fBm) with Hurst parameter H > 1/4, the Ornstein—Uhlenbeck (OU) process
and the fractional Brownian bridge (fBb) with Hurst parameter 1/3 < H < 1/2.
Together, these encompass a broad range of Gaussian processes that one encoun-
ters 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 core
examples. We first remark that Condition 1 is straightforward to check in all these
cases (see, e.g., [17] and [7]). Proving that the fBb (returning at 7' > 0) with
H > 1/3 satisfies Condition 1 is a simple calculation in a similar style.

We will now commence with a verification of the nondeterminism condition,
that is, Condition 2.

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

n
> aiR(ti,)),  ai€Randz; €[0,T],
i=1

with respect to the inner product

n

<ZaiR(t,-, ), Y _biR(s;, -)> =YY aibjR(;.s;).
i=1 j=1

Hi=1j=I

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

n
52{261[1[0’;[] ta; ER, t; € [0, T]},
i=1
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equipped with the inner product
(110,115 L10.s1)53 = R(s, ).

If 7 denote the completion of £ w.r.t. (-, -) 17, then it is obvious that the linear map
¢ : £ — H defined by
4.1) ¢ (Lo, = R(z, )

extends to an isometry between #L and H. We also recall that 7 is isometric to the
Hilbert space H'(Z) € L?(2, F, P) which is defined to be the | - |12 (q)-closure
of the set

n
Y aiZi:a;€R,1;€[0,T],n €Nt
i=1
In particular, we have that |1[0,1l;; = [Z¢|12(q). We will now prove that Condi-

tion 2 holds whenever it is the case that 7 embeds continuously in L4([0, T']) for
some g > 1. Hence, Condition 2 will simplify in many cases to showing that

il Lago.r1 < Clhly
for some C > 0 and all i € H.

LEMMA 4.1. Suppose (Z;):c(0,1] 1S a continuous real-valued Gaussian pro-

cesses. Assume that for some q > 1 we have H < L9([0, T)). Then Z satisfies
Condition 2 with index of nondeterminacy less than or equal to 2/q, that is,

0§s1I<1;f§T m Var(Z; ;| Fo,s vV Fr,1) > 0.

PROOF. Fix [s, t] € [0, T] and for brevity let G denote the o -algebra Fq s vV
Fi.1. Then, using the fact that Var(Z; /|G) is deterministic and positive, we have

Var(Zs (|G) = | Var(Zs,119) | ;2 = E[E[(Zs, — E[Z,.,161)*16]7]"?
= E[(Zs.s — E1Z5.10))") = || Zs.c — ElZ;.4191[ 72,

= inf | Zgy = Yo
verr@.g.py L@

We can therefore find sequence of random variables (¥,,)>2 | C L*(Q2, G, P) such
that

4.2) 1Zos = Yall2aiy = E[(Zs. — Yn)?] L Var(Zs.119).

Moreover, because E[Z; (]G] belongs to the closed subspace H 1 (Z), we can as-
sume that Y,, has the form

ky

Yo=Y iz

n ai Lo il
i=1
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for some sequence of real numbers {a;':i =1, ..., k,} and a collection of subin-
tervals

{[tin’ tin—i-l] = 1’ 7k}’l}v
which satisfy [#, 7', |1 S [0, s]U [s, T'] for every n € N.
2

L2()
[and hence from (4.2) will apply also to Var(Z; ;|G)]. Let us note that the isometry

between the H'(Z) and A yields
43) 1Zs0 = Yall 72 = hnl%

where

We now exhibit a lower bound for || Z; ; — Y, || which is independent of n

ky
hn() = al lye m 1)+ 150 () € H.
i=1

The embedding H L4 ([0, T']) then shows that
|ﬁn|§:[ = C|fl|%q[0,T] > c(t — 5)*/14.

The result follows immediately from this together with (4.2) and (4.3). O

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

LEMMA 4.2. If (Zt)ie0,1] is fBm with Hurst index H € (0,1/2) and q €
[1,2) then H — L9([0, T1). If (Z:)ie[0,1] 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 L2[0, T]. (The op-
erator K* is of course different for the three examples.) We then prove that the
inverse (K*)~! is a bounded linear operator when viewed as a map from L?[0, T']
into L4[0, T']. For fBm this is shown via the Hardy—Littlewood lemma (see [36]).
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

~ _1 ~ _1 ~
|h|Lao,11 = |(K*) K*h|Lq[O,T] = {(K*) |L2»L4|K*h}L2[O,T]

-1 ~
= |(K*) |L2—>Lq |h|3ft’

which completes the proof. [J
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REMARK 4.3. We can verify the condition in the case of the fBb by more
direct means. One representation of the fBb is of the form
t2H + T2H _ (T _ l’)2H
2T2H '

(44) X[ = Bl‘ — CltBT with ay =

Then

Var(Xy,i|Fo,s V Fr,7) = Var(Xs ;| Fos V Frr. Br) = Var(By (| Fg, v FPr)

= CI"ZH.

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 7') both satisfy Condition 2 with index of nondeterminism no greater
than unity. In the case of fBm (Z,H )tef0,7]- the scaling properties of Z H enable us
to say more about the nondeterminism index than can be obtained by an immediate
application of Lemmas 4.1 and 4.2. To see this, note that for fixed [s, ] C [0, T']
we can introduce a new process

Zlh=w-s"zl _,.
Z defines another fBm, this time on the interval [0, T(t — s)_l] =: [0, T]. Let
u=s(—s)"", v=t(t—s)"! and denote by .7:"6,,1, the o -algebra generated by the
increments of Z in [a, b]. Scaling then allows us to deduce that

4.5) Var(Z, 1| Fo,s V Frr) = (t — )7 Var(Zy o Fou vV F 7).

By construction u —v = 1. And since Z is fBm it follows from Lemmas 4.1 and 4.2
that
(4.6) inf _ Var(Z, | Fou Vv F, 7)>0.
[u,v]<[0,T], '
lu—v|=1
It follows from (4.5) and (4.6) that Z# satisfies Condition 2 with index of nonde-
terminacy no greater than 2H.

4.2. Nonnegativity of the conditional covariance. We finally verify that our
example processes also satisfy Condition 3. We first consider the special case of
process with negatively correlated increments.

4.2.1. Negatively correlated increments. From our earlier discussion, it suf-
fices to check that Condition 4 holds. In other words, that QP is diagonally domi-
nant for every partition D. This amounts to showing that

ElZ; 4Z0r]1=0
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forevery 0 <t;_; < t; <T.Itis useful to have two general conditions on R which

will guarantee that (i) the increments of Z are negatively correlated, and (ii) diag-

onal dominance is satisfied. Here is a simple characterisation of these properties:
Negatively correlated increments: If i < j, write

I

1j
Ql_/ = E[Zti—lati th—]vtj] :/ / 8§bR(a, b) da db,

ti—1 i1

so that a sufficient condition for Q;; < 0 is agbR(a, b) <0 for a < b. This is
trivially verified for fBm with H < 1/2. Note that the distributional derivative
agbR(a, b) might be singular on the diagonal, but the diagonal is avoided here.

Diagonal dominance: If we assume negatively correlated increments, then di-
agonal dominance is equivalent to > °; Q;; > 0. Moreover, if we assume Zj is
deterministic and Z is centred we get

t
Z Qij =ElZy_,Z7] =/ 9.R(a,T)da,
j L1
J

so that a sufficient condition for >°; Q;; > 0is d,R(a, b) > 0 for a < b. This is
again trivially verified for fBm with H < 1/2.

EXAMPLE 4.4. In the case where (Z;):c[0,7] is the Brownian bridge, which
returns to zero at time 7’ > T we have

R(a,b) = %(T/ —b)  fora<b.

It is then immediate that 8§bR(a, by=—1/T' <0and 3,R(a,b)=1—-b/T" > 0.
Similarly, for the centred Ornstein—Uhlenbeck process, we have

R(a,b)=2e¢ Ysinh(a)  fora <b.

From which it follows that 82, R(a,b) = —2¢~?cosh(a) < 0 and 3,R(a,b) =
2¢~" cosh(a) > 0. In the more general case of the fractional Brownian bridge re-
turning to zero at time 7’ > T, the covariance function is given for a < b by

1
R(Cl,b)IERH(a,b)— RH(a,T')RH(b, T/),

where we used the shorthand Ry (a, b) = a?H 4 p2H _ b — a)ZH_ Thus,
0,R(a,b) = H[aZH_1 +(b— a)ZH—l]
_H
()2

This is positive, since Ry (b, T") < (T")*" and (T’ —a)*~! < (b—a)*" ! when-
ever H < 1/2. The fact that 9, R(a, b) <0 is also easily seen.

[a® =" (T = ) Ry (b, T).
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4.2.2. Without negatively correlated increments. In the three examples, we
were able to check Condition 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 3, 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(ZSJ’ Zu,v|]:0,s VJT"t,T) > 0.

For simplicity, let X = Zs;, Y =Z,, and G = Fo 5 V F;. 7. The map Pg:Z —
E[Z]|G] then defines a projection from the Hilbert space Lz(Q, JF, P) onto the
closed subspace LZ(Q, G, P), which gives the orthogonal decomposition

LX(Q,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|
i i
= (Pg X, Pg Y)LZ(Q)’

where Pgl is the projection onto L*(2, G, P)L. In other words, Cov(X, Y|G) > 0
if and only if cos8 > 0, where 6 is the angle between the projections PgJ-X and
Ple of, respectively, X and Y onto the orthogonal complement of L>(2, G, P).

5. A Norris-type lemma. In this section, we generalise a deterministic ver-
sion of the Norris lemma, obtained in [23] 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 [23]. In particular, it still only depends on the roughness
of the basic path and not the rough path lift.

5.1. Norris’ 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 [18] for second-order rough
paths: whenever x € C%7 ([0, 1]; GN (R?)) with y > 1/3, the space Qx(R) of con-
trolled processes is the set of functions y € C¥ ([0, 1]; R) such that the increment
Vst can be decomposed as

i
yst = ysxs’[ + rS,l’

where the remainder term r satisfies |r; ;| < cy|t — s|? 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', ..., y9).

In order to generalise this notion to lower values of y, we shall index our con-
trolled processes by words based on the alphabet {1, ..., d}. To this end, we need
the following additional notation.
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NOTATION 2. Letw = (i{,...,iy) and w = (J1, ..., jm) be two words based
on the alphabet {1, ...,d}. Then |w| = n denotes the length of w, and ww stands
for the concatenation (iy, ..., iy, ji,..., jm) of w and w. For L > 1, Wy denotes

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 y > 0, N = [1/y].
A controlled path based on x is a family (y*)yew,_, indexed by words of length
at most N — 1, such that for any word w € Wy _» we have

o N
G.D Y= > kP +rp where || < cylt — 5|V 7IDY,

wEWNflf\w\

In order to take the drift term of (1.1) into account, we also assume that for w = &
we get a decomposition for the increment y; ; of the form

(5.2 y= Y P A —s) 41y where )| <cylt — sV

weWn_1

The set of controlled processes is denoted by Q% , and the norm on Q is given by

Ivllgy =151, + X "I,

weWn_1
We next recall the definition of 9-Holder-roughness introduced in [23].

DEFINITION 5.2. Let 6 € (0,1). A path x:[0,T] — R is called -Holder
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 7 in [0, T'] such that /2 <
|t —s| < e and

(@, x5.¢)] > ce?.

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

A first rather straightforward consequence of this definition is that if a rough
path x happens to be Holder rough, then the derivative processes y"“ in the de-
composition (5.1) 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*Y ([0, 11; GN (RY)), with y > 0 and N =
[1/y]. We also assume that x is 0-Holder rough for some 0 < 2y. Let y be
a real-valued controlled path defined as in Definition 5.1, and set Y,(y) =
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SUP|y|=n 1Y lloo for n < N — 1. Then there exists a constant M depending only
on d such that the bound

M(”y” V-/\/’x)e/( v) 1 9/(2y)( )
Lg(x)
holds for every controlled rough path Q% and every 1 <n <N — 1.

(5.3) In(y) =

PROOF. For sake of clarity, we shall assume that y© = 0, leaving to the patient
reader the straightforward adaptation to a nonvanishing drift coefficient. Now start
from the decomposition (5.1) and recast it as

2 : wj (]) § : wWW W
ys t y Xy ya Xs t +ra t
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

()
Zyl‘”X’
j=1

54) S DR Pl I8 £ o WP
2<[iD| <N~ 1-Jul

sup
|[t—s|<e

=2yl

0l e TP

Since x is 8-Holder rough by assumption, there exists v, which is independent of
j,withe/2 <|v — s| < ¢ such that
wJ (J)

(5.5) > Lo(x)e?|(y2L, ..., y29)|.

Combining both (5.4) and (5.5) for all words w of length n — 1, we thus obtain
that

Ya(y) < [yn L)~

~ Ly ( )
b (T e

lwi=n=1 2 <|p|<N—1—|w|

I 70 |

Let us further simplify this relation by recalling that we take supremums over
words w such that jw|=n—1< N —2,sothat N — |w| > 2, and we also consider
words w whose length is at least 2. This yields

Yu(y) < e )(yn 1(y)e~ +||Y||Q;Nx,y827’_9).
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One can optimise the right-hand side of the previous inequality over ¢, by choosing
& such that the term yn_l(y)s_e is of the same order as Nx,yszy_g. One then
verifies that our claim (5.3) follows from this elementary computation. [

REMARK 5.4. Definition 5.1 and Proposition 5.3 can be generalised to d-
dimensional controlled processes. In particular, if y is a d-dimensional path, the
decomposition (5.2) becomes

(5.6) Vo= D WU 4 where |r) | < cylt — s/
weWn_1

foralli=1,...,d.

We now show how the integration of controlled processes fits into the gen-
eral rough paths theory. For this, we will use the nonhomogeneous norm Ny, =
Nx.y.[0,1] introduced in (2.4).

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 (5.6). Then (X,y) is a
geometrical rough path in GN(R??). In particular, for (s,t) € A2, the integral
Iy = fS’ yé dxé is well defined and admits the decomposition

d . _ - .
(5.7) I = Z(y;{x!,t + > wxy ) +r)

j=1 weWpN_1

I N+1
where |r] | < Nxllyll, |t — s|N D7,

PROOF. Approximate x and y by smooth functions x™, y"”, while preserving
the controlled process structure (namely y™ € Qx»). Then one can easily check
m —

that (x™, y™) admits a signature, and that 1", = ] y/ dx!"' can be decomposed

as (5.7). Limits can then be taken thanks to [19], which completes the proof. [J

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-Holder rough path with
2y > 0. Let y be a R?-valued controlled path of the form given in Definition 5.1,
b e CY ([0, 1]), and set

d .. . l
@ = Z/ Y dxg +/ bsds = I +/ by ds.
i=170 0 0

Then there exist constants r > 0 and q > 0 such that, setting

(5.8) R=1+Lox)" + Ny + lI¥llgr +lIbllcr,
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one has the bound

Vlloo + 161l = MRY|12II5,

for a constant M depending onlyon T, d and y.

PROOF. We shall divide this proof in several steps. In the following compu-
tations, the symbol x will stand for an exponent for R and M will stand for an
arbitrary multiplicative constant. The exact values of these two constants are irrel-
evant and can change from line to line without warning.

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

(5.9) lzlloo < MRS,

We now resort to relation (5.3) applied to the controlled path z and for n = 1,
which means that ), (z) < || ¥]leo and V,—1(z) < ||z]lco. With the definition of R
in mind, this yields the bound

(5.10) Iylloo < M|zl 5 IRE,

which corresponds to our claim for y.
Along the same lines and thanks to relation (5.3) for n > 1, we iteratively get
the bounds

(5.11) Vu(y) < M|z||L-0/@) R

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 7, it is
convenient to consider x as a rough path with Holder regularity g < y, still satis-
fying the inequality 28 > 6. Notice furthermore that Ny g < N, . Consider now
w € Wy,. According to (5.11), we have

[yl < MIzIS /" RE,
while ||y |l,, < MR by definition. Hence, invoking the inequality
1—
1915 <2015 1y 1™

which follows immediately from the definition of the Holder norm, we obtain the
bound

3" = MG @M PR,

which is valid for all w € W, and all n < N — 1. Summing up, we end up with the
relation

_ N-l¢1_
I¥lls < Mz &-0/@N = a=prmge
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Now according to Proposition 5.5, we get !, < Ny gllyllglt — s|V*D? and the
above estimate yields

[P |y < Mzl L0/ @rN =Bl e,

Plugging this estimate into the decomposition (5.7) of I;; we end up with
(5.12) 171100 < M|z &-6/@ AP R,

Step 3: Bound on b. Combining the bound (5.12) with (5.9) and the fact that the
exponent of ||z||c appearing in (5.12) is less than 1, we have

fu
0

Once again, we use an interpolation inequality to strengthen this bound. Indeed,
we have (see [21], Lemma 6.14, for further details)

1 _
19: flloo < M1l flloc max(?’ Tieas ||3zf||;/(y+“>,

< M”Z||&—9/(2V))N_l(l—/3/)/)72/<‘

o

and applying this inequality to f; = fé by ds, it follows that
(5.13) 1bllos < M|zl L=0/@Y T =BG/ + D) R

Gathering the bounds (5.10) and (5.13), our proof is now complete. [

REMARK 5.7. One might be motivated to consider situations in which the
drift and the noise have different natural parameterisations (see, e.g., the recent
work [13]). More precisely suppose X is a Gaussian rough path in WG, (R9)
(with general p-variation regularity) and let Y be the solution to

dY, =V dX+ VoY) dt, Y (0) = yo.
Then, as we have already observed in Remark 2.4, we can use the parameterisation

7:[0, T]— [0, T'], the inverse of ¢ in (2.8), to force f(t := X¢(;) to have a Holder-
controlled covariance function. This leads us to consider the solution to

(5.14) dY, = V(Y,)dX + Vo(Y,) dt (1), Y (0) = o,

whereupon Y, = (). In particular, for proving smoothness of the density of
Yr(= 177), one needs never to consider any parameterisation in which the noise
is not of Holder-type regularity. This is a useful remark because Condition 2 ex-
plicitly involves the Holder-parameterisation. To deal with the situation presented
by (5.14), one should adapt the previous theorem to accommodate RDEs of the
form

d .+ t
zt=Z/0 y;dx;+f0 by dz(s).
i=1
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5.2. Small-ball estimates for Lg(X). We now take X to be a Gaussian process
satisfying Condition 2. As the reader might have noticed, equation (5.8) above in-
volves the random variable Ly (X) ™!, for which we will need some tail estimates.
The nondeterminism condition naturally gives rise to such estimates as the follow-
ing lemma makes clear.

LEMMA 5.8. Suppose (X;):ico,1] is a zero-mean, R4 -valued, continuous
Gaussian process with i.i.d. components, with each component having a contin-
uous covariance function R. Suppose that one (and hence every) component of X
satisfies Condition 2. Let ag > 0 be the index of nondeterminism for X and sup-
pose o > . Then there exist positive and finite constants C1 and C» such that for
any interval Is < [0, T] of length § and 0 < x < 1 we have

(5.15) P( inf sup [(¢, X )| EX) <C( eXp(—Cng_z/“)_
|¢|:1S,t€]5 '

PROOF. The proof is similar to Theorem 2.1 of Monrad and Rootzen [34]; we
need to adapt it because our nondeterminism condition is different.

We start by introducing two simplifications. First, for any ¢ in R with |¢| = 1,
we have

(5.16) (o, Xt));e[o,T] 2 (th)te[O,T]’

which implies that

(5.17) P( sup (¢, X,.)| <x)=P(sup X} ,[ <x).

s, tels s,tely
We will prove that the this probability is bounded above by
exp(—csx?/%)

for a positive real constant ¢, which will not depend on T, é or x. The inequal-
ity (5.15) will then follow by a well-known compactness argument (see [23]
and [35]). The second simplification is to assume that § = 1. We can justify this by
working with the scaled process

X, =8%%X, s,

which is still a Gaussian process only now defined on the interval [0, f"] = [0, T4].
Furthermore, the scaled process also satisfies Condition 2 since

Var(X; ;| Fo.s Vv F, 7) =8 Var(Xy/5.1/51Fo.s/s V Fijs.1)

r—s

> 05“<T>a =c(t —s)".
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Thus, if we can prove the result for intervals of length 1, we can deduce the bound
on (5.17) we want from the identity

. x
P( sup |X;,| Sx) = P( sup | X, | < W)

s, tels s,tel)
To complete the proof, we begin by defining the natural number n := [x /%] >
1 and the dissection D(I) ={t;:i =0, 1,...,n+ 1} of I = I1, given by
i =infl +ix**,  i=0,1,...,n,
the1=infl +1=supl.
Then it is trivial to see that
(5.18) p(s§?5|x;,,| <x)= P(izlil};%.’n X5l <),
To estimate (5.18), we successively condition on the components of

(x} o ooxE o).

fo,t17 * h—1,tn

More precisely, the distribution of X }}H’tn conditional on (X tlo,tl’ X tlrl72atnfl)
is Gaussian with a variance o2. Condition 2 ensures that o2 is bounded below
by cx%. When Z is a Gaussian random variable with fixed variance, P(|Z| < x)
will be maximised when the mean is zero. We therefore obtain the following upper

bound:

P(splxtl=n) = ([ gz on(-37)ar)
sup =x)= eXp\ —5V y) -
s,tel S —x/o /2T 2

Using x /o < \/c, we can finally deduce that

Cx—Z/Ot)

P(sup X}, < x) <exp(—Cn) < exp(— 5
s,tel

where C :=1log[2®(/c) — 1171 € (0,00). O

REMARK 5.9. As well as [34], these small-ball estimates should be compared
to the estimates obtained by Li and Linde in [29] and Molchan [33] in the case of
fractional Brownian motion.

COROLLARY 5.10. Suppose (X:)icjo,1) is a zero-mean, RY-valued, con-
tinuous Gaussian process with i.i.d. components satisfying the conditions of
Lemma 5.8. Then for every 0 > « /2, the path (X;):c[0,1] is almost surely 0-Holder
rough. Furthermore, for 0 < x < 1, there exist positive finite constants C1 and C3
such that the modulus of 0-Holder roughness, Lo (X), satisfies

P(Ly(X) <x) <C exp(—sz_Z/“).

In particular, under these assumptions we have that Lo (X Yy~ lisin N >0 LP(Q).
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PROOF. The argument of [23] applies in exactly the same way to show that
Ly (X) is bounded below by

g0 Dy(X),

where

) o, Xs.1)
Dg(X):= inf inf inf sup s
Ipl=1n=1k<2"g ;e , (27"T)

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

(¢}, Xs.1)
P(Dg(X) <x) < ZZP(IWII lslekn4(2 Ty <x>,

n=1k=l1

whereupon we can apply Lemma 5.8 to yield

o0
P(Dg(X) <x) <ci Z 2" exp(—c22_"(l_20/“)T_ZQ/“X_Z/O’).

n=1

By exploiting the fact that 0 > «/2, we can then find positive constants ¢3 and c4
such that

exp(—cax /%)

o0
P(Dg(X) <x) <3 Z exp(—cmx—z/‘”) =c3

n=1

1 — exp(—cqx—2/)
<cs exp(—C4x_2/°‘),

which completes the proof. [J

6. Aninterpolation inequality. Under the standing assumptions on the Gaus-
sian process, the Malliavin covariance matrix of the random variable Ut)iO (yo) =
Y; can be represented as a 2D Young integral (see [7])

d
6.1) szzf[m F 00V ® JX (o) Vi(Yy) dR(s, ).
i=1 ’

In practice, showing the smoothness of the density boils down to getting integra-
bility estimates on the inverse of infj, =1 v Crv, the smallest eigenvalue of Cr.
For this reason, we will be interested in

d
Ve =3 [ 0 7 00Vl S G0 Vi) dR(s. )
i=1 ’

We will return to study the properties of Cr more extensively in Section 8. For the
moment, we look to generalise this perspective somewhat. Suppose f:[0, T] — R
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is some (deterministic) real-valued Holder-continuous function, where y is Young-
complementary to p, 2D-variation regularity of R. Our aim in this section is elab-
orate on the nondegeneracy of the 2D Young integral

(6.2) / fsfidR(s,1).
[0,T]

More precisely, what we want is to use Conditions 2 and 3 to give a quantitative
version of the nondegeneracy statement

(6.3) f fifidR(s,H)=0 = f=0.
[0,T]

To give an idea of the type of estimate we might aim for, consider the case where
R = RBM is the covariance function of Brownian motion. The 2D Young inte-
gral (6.2) then collapses to the square of the L?-norm of f:

BM 2
64) | [, i dB™ 60| =1 g
and the interpolation inequality (Lemma A3 of [22]) gives

_ 2y /QRy+1 1/Q2y+1
(6.5) I fllocsto.r1 < 2max(T =21 fl a0 1, | F 15 0 1AL ol )-

Therefore, in the setting of Brownian motion at least, (6.5) and (6.4) quanti-
fies (6.3). The problem is that the proof of (6.5) relies heavily properties of the
L2-norm, in particular, we use the fact that

if f(u)>c>0forallue[s,t]then |f| 2 > 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 in-
equality (6.5) 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

F(D)YT0f (D),

where Q is the matrix (3.3) 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|co:[s.,;] = 1 for some interval [s, ] C [0, T]. Can
we find a positive lower bound f (D)TQ f (D) which holds uniformly over some
sequence of partitions whose mesh tends to zero?
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To take a first step toward securing an answer, let D ={¢#;:i =0, 1,...,n} and
define

Z = (Zl’ ,Zn) = (Xlo,llv “"Xln,],ln) ~ N(Oa Q)

Suppose that Q has the block decomposition

0=(2 ) with u eRMK Qe R, g R AN,

o, 0»
In other words, Q1 is the covariance matrix of (Zy, ..., Z;) and Q»; is the co-
variance matrix of (Zg41, ..., Z,). We are interested in finding the infimum of the

quadratic form x Qx over the subset
{1, cox) eR":xj > b, Vj=k+1,...,n},

where b > 0. To simplify the problem, we recall that the description of the condi-
tion distribution

(Zk-f—l’ ...,Zn)lO—(Zl, ""Zk) NN(llv Q)7

where the mean and covariance are given by
=000, (2 ....z0", 0=0n-0)0,0n

Q is the so-called Schur complement of Q11 in Q. It follows that x; Z 1+ X272y +

X0 Znl(Zk+1, -5 Z )NN(Zl—lle +Zl k+1xlﬂle,J ]leljxj) and
hence

E[(x1Z1 4+ x:Z0)?] = [((1Z1 +x2Z2 + -+ X0 Z0) |0 (Z1, - .., Z1)]]

E[E
i: ljx,-+E[<Zx,u,+ > xZ ,)2].

i=k+1

We may always choose the unconstrained variables xi, ..., x; in order that the
second term is zero, therefore,

. 2

6.6) Xk+1zilﬂr,l--f-,xnzbE[(XIZI + + *nZn) ] Xk+1>llﬂr,l--f-,Xn ”21 . Ql -

At first glance, it may appear that the minimiser in the right-hand side is
(Xk+1,--->Xn) = (b, ..., b), but this is not always true.* The following lemma,

however, gives a simple condition on Q which ensures that it is.

4For example, suppose b = 1 and @ is the 2 x 2 positive definite, symmetric matrix given by
0=(3 77).Then (1, DO HT =2,but (1, .HO(1, 1.HT = 1.8.
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_LEMMA 6.2. Let b >0 and b in R" denote the vector (b, ...,D). Suppose
(Qij)i,je(1,2,...n) is a real n X n positive definite matrix and assume Q has non-
negative row sums, that is,

(6.7) > 0ij>0  foralliefl,...,n}.
j=1

Then the infimum of the quadratic form xT Qx over the subset
C={(x1,....xp) eR":x; >b,Vj=1,...,n}
is attained at x = b, and hence
n
inf x” Qx =b" Qb =b?
infx’ Qx=b" 0 UZZI Qij

PROOF. Without loss of generality, we may assume that b = 1. We can then
reformulate the statement as describing the smallest value for the following con-
strained quadratic programming problem:

minx” Qx subjectto x > 1,

where 1:=(1,...,1)e R and x > 1 means x; >1;, =1,Vi =1, ..., n. The La-
grangian function of this quadratic programming problem (see, e.g., [5], page 215)
is given by

Lix,)=x"Ox+ AT (=x +1).
Solving for
VoL(x,1)=20x—1=0

and using the strict convexity of the function we deduce that x* = %Q‘l)» is the
minimiser of L. Hence, the (Lagrangian) dual function g()X) := inf, L(x, A) is
given by

g =—1AT07 " +2"1
and the dual problem consists of
max g(A) subject to A > 0.

As 07 lis positive definite the function g is strictly concave and the local maxi-
mum A* =2Q1 that is obtained by solving V; g(A) = 0 with

(6.8) Vigh)=—30""a+1

is also the unique global maximum. In order to prove that A* solves the dual prob-
lem, we therefore need only check that it is feasible for the dual problem, that
is, we must show that 1* > 0. But since the components of A* are just twice the
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sum of the respective rows of Q, this feasibility condition follows at once from
assumption 6.7. [

When Q arises as the covariance matrix of the increments of a Gaussian process,
we need to know when the Schur complement of some sub-block of Q will satisfy
condition (6.7). 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. It is this identification which
motivates the positive conditional covariance condition (Condition 3).

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={:i=0,1,....,nyCcD={5;:i=0,1,...,7} € [0, T]

ordered in suchaway that 0 <79 <t <--- <t, < T, and likewise for D. Suppose
s and ¢ be real numbers with s < ¢ and let Z be a continuous Gaussian process.
We need to consider how the variance of the increment Z; ; changes when we
condition on

FPi=0(Zy_4:i=1,....n),

compared to conditioning the larger o -algebra

D._ P ~
F .—G(Z;Fl% i=1,...,n).
To simplify the notation a little, we introduce

G=0(Z;_, 7 H{fi1,i}N D\ D # 2),

so that

FP=FPvg.
Because
(6.9) (Zst» Zigays -+ Zi_,.) € R

is Gaussian, the joint distribution of Z; ; and the vector (6.9) conditional on F b

(or indeed FP) 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, | FP) = E[Var(Z, | FP v G)] + Var(E[ Z,.,|FP v G))
> E[Var(Zs | FP v G)] = Var(Z,.,| FP),

which is the comparison we sought. We condense these observations into the fol-
lowing lemma.



SMOOTHNESS OF GAUSSIAN RDES 219

LEMMA 6.3. Let (Z;)ie[0,1] 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(Z; ;| FP) > Var(Zy,,| FP).

Our aim is to show how the optimisation problem of Lemma 6.2 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, 7] C [0, S] of [0, T'], and a sequence of sets (D,):> ,of the form

D,=Dlu D2

(lesz and (D,%)ff:1 here will be nested sequences of partitions of [0, s] and
[¢, S], respectively, with mesh(D;) —0Qasn—>oofori=1,2.1If

FP =0 (Zy:{u,v} < D),

then we can define a filtration (G,);2 | by G, == F Dy F D; and ask about the
convergence of

COV(Zp,q Zu,v |gn)

as n — oo for subintervals [p, ¢] and [u, v] are subintervals of [0, S§]. The follow-
ing lemma records the relevant continuity statement.

LEMMA 6.4. Forany p,q,u, v such that [p, q] and [u, v] are subintervals of
[0, ST [0, T] we have

COV(Zp,qZu,U|gn) - COV(Z]?,C]ZM,U|~FO,S \% ~Fl,S)

as n — oQ.

PROOF. The martingale convergence theorem gives

(e e]
Cov(Zp,4Zuv|Gn) — Cov(Zp,qZu,v \/ gn), a.s.and in L? forall p > 1.

n=1

The continuity of Z and the fact that mesh(D,,) — 0 easily implies that, modulo
null sets, one has \/;,2 | G, = Fos vV Frr. O

We now introduce another condition on Z, which we will later discard. This
condition is virtually the same as Condition 3, the only difference being that we
insist on the strict positivity of the conditional variance.
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CONDITION 6.  Let (Z;):¢[0,1] be a real-valued continuous Gaussian process.
We will assume that for every [u, v] C [s,t] € [0, S] C [0, T] we have

(6.10) Cov(Zs s, Zy vl Fos vV Fr.s) > 0.

The second technical lemma we need will apply whenever we work with a Gaus-
sian process that satisfies Condition 6. 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., (6.7) in Lemma 6.2].

LEMMA 6.5. Let (Z;)i¢0,7] be a continuous Gaussian process that satisfies
Condition 6. Then for every 0 <s <t < 8§ < T there exists a nested sequence of
partitions

(Dm),%o:l = ({flm 11=0,1, ...,nm})oo

m=1

of [0, §] with the following properties:

(1) The mesh of D,, converges to 0 as m — o0.
(2) One has {s,t} C D, for all m.
(3) If Z{" and Z3' are the jointly Gaussian vectors,
= (Z,l_m,,,m1 1" € Dy N ([0,5) U2, S))),

i+

m . 4m
Zz :(Ztim’linil.ti EDmﬂ[S,l)),
with respective covariance matrices Q') and Q%,, then the Gaussian vector

(Z1', Z%') has a covariance matrix of the form

m m
Qm _ ( 0 11 12 )
- m\T m |’
( 12) Q22
and the Schur complement of Q' in Q™ has nonnegative row sums.

PROOF. See the Appendix. [

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 that R:[0, T1> — R is the covariance function
of some continuous Gaussian process (Z;):e[0,T]- Suppose that R has finite 2D
p-variation for some p in [1,2) and that Z is nondegenerate and has a nonnega-
tive conditional covariance (i.e., satisfies Condition 3). Let y € (0, 1) be such that
1/p+y > 1 and assume f € CY ([0, T1, R). Then for every [s, t] C [0, T] we have
the following lower bound on the 2D-Young integral of f against R:

[ fufodRw = (inf | G0P) VarZo | Fos v Fo).
[0,T1? Uu€ls,t]
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REMARK 6.7. We emphasise again that 7, ; is the o-algebra generated by
the increments of the form Z, ,, for u, v € [a, b].

PROOF OF PROPOSITION 6.6. Fix [s,f] € [0,T], and take b :=
infue[s,t] |f(M)|

Step 1: We first note that there is no loss of generality in assuming the stronger
Condition 6 instead of Condition 3. To see this, let (B;);c[0,7] be a Brownian mo-
tion, which is independent of (Z;);¢[0,7], and for every & > 0 define the perturbed
process

Ztg = Z[ +8Bt.

It is easy to check that Z¢ satisfies the conditions in the statement. Let ]-']‘;’ q be
the o-algebra generated by the increments Zj, , between times p and g [note that
f;,q actually equals ), ;, V o (B, :u <1 <m < q)], and note that we have

Cov(ZE,, ZE | F§s vV Fig) =Cov(Zs1, Zuw|Fos vV Frr) + 62w —v) >0

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

[ Fudod RO 0) = 6 Nar(Z5 | B v Fig)

6.11)
=b*Var(Z, | Fos V Fr.r) + b*e*(t —s).

Because
e _ 2 2
f{w fufodR (”"’)‘/[o,nz FufodRt, ) + €21 f gy 7

the result for Z will then follow from (6.11) by letting ¢ tend to zero.

Step 2: We now prove the result under the additional assumption of Condi-
tion 6. 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 6.5
to obtain a nested sequence of partitions (D,)°2, such that {s,t} C D, for all r,
mesh(D,) — 0 as r — 00, and such that the dual feasibility condition (prop-
erty 3 in the Lemma 6.5) holds. Suppose D = {t;:i =0, 1,...,n} is any par-
tition of [0, 7] in this sequence (i.e., D = D, for some r). Then for some
l<me{0,1,...,n— 1} we have t; = s and t,, = t. Denote by f(D) the column
vector

F(D)Y=(fto), ..., fta—1))" €RY,

and Q = (Q;,j)1<i,j<n the symmetric n X n matrix with entries
ti—1, 1

Qij =R (l" t') =E[Z;_, th—l,tj]'
J=1 )
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From the nondegeneracy of Z, it follows that Q is positive definite. The Riemann
sum approximation to the 2D integral of f against R along the partition D can be
written as

S fo iR ( o ) =X i O

i=1j=1 li-u1/ i3
(6.12)
= f(D)" Qf (D).

If necessary, we can ensure that last m — [ components of f (D) are bounded be-
low by b. To see this, we simply permute its coordinates using any bijective map
t:{1,...,n} = {1,...,n} which has the property that

tl+j)=n—m+I1+]j forj=0,1,...,m—1.

Fix one such map t, and let f; (D) denote the vector resulting from applying 7 to
the coordinates of f (D). Similarly, let O, = (Q;j)lfi,j<n be the n x n matrix

T
Qi; = Q<i)r(j)
and note that Q7 is the covariance matrix of the Gaussian vector

Z= (Ztr(l)—l,tr(l)’ T Ztr(n)—lqtr(n))'

A simple calculation shows that

f(D)Y' Qf (D) = f:(D)" Q- f(D).

We can apply Lemma 6.2 because condition (6.7) is guaranteed to hold by the
properties of the sequence (D, )2 ;. We deduce that

m—I1
(6.13) FDTQf(D)= (D) Q: fr(D) = b* Y Sy,

i,j=1

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

S= COV[(ZI[JH_] R Ztm_l,tm)|ztj_1,tja
(6.14)
je(l,....lju{m+1,....n}].
If we define

FPi=0(Zi_4ijefl,....0U{m+1,....n}),
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to be the o -algebra generated by the increments of Z in D\ [s, ¢], then using (6.14)
we arrive at

m—I[—1

m—I
Z Sij = Z E[(Ztl-H—lJl+i)(Ztl+j—1vtl+j)|‘FD]

i,j=1 i,j=1

m—I[—1
(6'15) - Z E[(Zfl+i—1,fl+i)|‘FD]E[(Ztl+j—1Jl+j)IJ:D]
i,j=1
= E[(Z,)*|FP] - E[Zs,|FP)? = Var(Z,,| FP).

To complete the proof, we note that F D c Fo.s V Fi.1, and exploit the mono-
tonicity of the conditional variance described by Lemma 6.3 to give

(6.16) Var(Z | FP) > Var(Z, (| Fo.s V Fr.1).
Then by combining (6.16), (6.15) and (6.13) in (6.12), we obtain

n n
YN fuii fio Qi = b Var(Z 4| Fos v Frr).
i=1j=1

Because this inequality holds for any D e (D,)?2,, we can apply it for D = D,
and let r — oo, which yields

/['0 T]2 fu fv dR(u’ U) = b2 Var(ZS,lLFO,s Vv J:I‘,T)’
whereupon the proof is complete. [J

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 (Z;)sc[0,1] be a real-valued continuous Gaussian pro-
cess. If Z satisfies Condition 4 then it also satisfies Condition 3.

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

(6.17) COV(Zs,tZu,vlgn) - COV(Zs,tZu,v|f0,s V E,T)

as n — oo. Let Z, be the Gaussian vector whose components consist of the in-
crements of Z over all the consecutive points in the partition D, U {s, u, v, t}. Let
Q denote the covariance matrix of Z,. The left-hand side of (6.17) is the sum
of all the entries in some row of a particular Schur complement of Q. Z is as-
sumed to have diagonally dominant increments. Any such Schur complement of
Q will therefore be diagonally dominant, since diagonal dominance is preserved



224 CASS, HAIRER, LITTERER AND TINDEL

under Schur-complementation (see [38]). As diagonally dominant matrices have
nonnegative row sums, it follows that Cov(Z; ; Z,. ,|G,) is nonnegative, and hence
the limit in (6.17) is also. [

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

THEOREM 6.9 (Interpolation). Let (Z;);c0,11 be a continuous Gaussian
process with covariance function R:[0, T1> — R. Suppose R has finite two-
dimensional p-variation for some p in [1,2). Assume that Z is nondegenerate
in the sense of Definition 3.2, and has positive conditional covariance (i.e., sat-
isfies Condition 3). Suppose f € C([0,T],R) with y + 1/p > 1. Then for every
0 < § < T at least one of the following inequalities is always true:

1/2
618 Ul <2823 ([ RsdRe)
or, for some interval [s, t] C [0, S] of length at least
( Il f lloo: 10,51 )Uy
201 £ 1ly:10,81 '

we have

1
6.19) 1/ Rospo.s) Var(Zs | Fos v Fis) < /[ o ol AR )

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

S @) = flloos10,17-

There are two possibilities which together are exhaustive. In the first case, f never
takes any value less than half its maximum, that is,
: 1
inf u)> 5 . .
ue[O,T]f( ) = 511f loc:10.7)

Hence, we can apply Proposition 6.6 to deduce (6.18). In the second case, there
exists u € [0, T'] such that f(u) = 21 Il f lloo:0.7]- Then, assuming that u < ¢ (the
argument for u > t leads to the same outcome), we can define

s=supl{v <t: f(V) < 3l flloo: 10,71}

By definition f is then bounded below by || f||co:[0,71/2 on [s, ¢]. The Holder
continuity of f gives a lower bound on the length of this interval in an elementary
way

oo = £ 0 = FO] <1 fl0.mle =51,
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which yields

—s|> ( I1f oo 0,71 )Uy
— \2[flly:10,11

Another application of Proposition 6.6 then gives (6.19). U

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,tu:O,s VJTt,T) >c(t — s)*.

Theorem 6.9 then allows us to bound || f||sc:[0,1] above by the maximum of

2E[ZZ]_1/2(/ fofi dR(s t))1/2
r [0.7]2 '

and

%(/[O,T]Z fsfidR(s, 1)

PrROOF. This is immediate from Theorem 6.9. [

L[| @,

v/Qy+a)
) y;10,T]

In particular, if Z is a Brownian motion we have Var(Z; ;|Fo s vV Fr.7) = (t —5),
hence Corollary 6.10 shows that

—1/2 2y/Qy+1D) 1/Qy+1)
1 llocst0. 7y < 2max (7~ |f|L2[O,T]’|f|L];{0,;/] ”f”y/;[o,yﬂ ):

which is exactly (6.5). We have therefore achieved out goal of generalising this
inequality.

REMARK 6.11. Another application where we anticipate estimates of this
kind being useful is when estimating short-time density asymptotics (see, e.g.,
the recent works [2, 27]). Here, frequent use is made of the asymptotic behaviour
of the Malliavin covariance matrix as ¢ | 0.

7. Malliavin differentiability of the flow.

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

where y is the solution to the RDE
(7.1) dy; =V (y)dx; + Vo(y)dt, y(0) = yo.
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It is well known (see [17]) that the flow [i.e., the map yo — U_,(y0)] is differen-
tiable; its derivative (or Jacobian) is the linear map

d
oo () = EU,’LO(yo +e)| € L(R%R?).

If we let ®¥_,(yo), denote the pair
OF_o(30) = (U o(0), I o(30)) € R @ L(R?, R?),
and if W = (Wq, ..., Wy) is the collection vector fields given by
Wi(y, )= (Vi(»), VVi(y) - J), i=1,....d
and

Wo(y, J) = (Vo(y), VVo(y) - J)
then ®F_(yo) is the solution’ to the RDE

d®;_o= W(DF_o) dx; + Wo(PF_)dt, D _oli=0 = (Yo, I).

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

d X X
t<—g(y) t<—v(y+8) 0_ t<—0(y)"]0<—s(y)'
NOTATION 3. In what follows, we will let

For any path A in C47¥¥ ([0, T], R?) with 1/q + 1/p > 1, we can canonically
define the translated rough path 7j,x (see [17]). Hence, we have the directional
derivative

d
DpU (o) = :;ﬂ’g( 0)

It is not difficult to show that

DhU,%o(yw—Z / TX G0)Vi (U_o(v0)) dh

which implies by Young’s 1nequa11ty that
(7.3) ’DhU eo()’O)| = C”M o(yO) ”p -var; [0, t]|h|q -var;[0,t]-
5 A 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 [17] for details.
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In this section, we will be interested in the form of the higher order directional
derivatives

X a" Tsnhanglth
Dy, -+ Dy, Ui g(yo) == mUZHO (o) K
9y n 1= =Ep=

Our aim will be to obtain bounds of the form (7.3); to do this in a systematic way is
a challenging exercise. We rely on the treatment presented in [23]. For the reader’s
convenience when comparing the two accounts, we note that [23] uses the notation

(DsUX_000))seq0.71 = (DIUE_0G0). - ... DIUX_4(00)), 0.1 € R

to identify the derivative. The relationship between D;U[_,(yo) and DyU_(y0)
is simply that

d t ) .
DAU o) = Y- [ DU o(o0) dit.
i=1
Note, in particular, D;U_(yo) =0ift <.

PROPOSITION 7.1.  Assume X is in WGQ,(R?) and let V = (V1, ..., V;) be
a collection of smooth and bounded vector fields. Denote the solution flow to the
RDE (7.1) by
Ur_oo) = (UX oo, - .-, Ur_o(y0)e) € RS

Suppose g > 1 and n € N and let {h1, ..., h,} be any subset of C47V* ([0, T], RY).
Then the directional derivative Dy, --- Dy, UY_,(yo) exists for any t € [0, T].
Moreover, there exists a collection of finite indexing sets

{Kayiy: Gy eeesin) €1, ..., dY" ),
such that for every j € {1, ..., e} we have the identity

D Dh Ut(—O(yO)j
(74) - . Z Z [)<t1< <ty <t fl (tl)

£ (O dhy) - dhy,
for some functions flk which are in CP™V¥ ([0, T], R) for every | and k, that is,

U U {ff:i=1.....n+1}ccP™™([0, T, R).
(il,...,in)e{l ..... [1}” keK(il,“.,i”)

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

(7.5) ’fl ’p -var;[0,T] <C( + ”M O(yO)Hp -var; [0, T])

foreveryl=1,...,n+1,everyk e K, . i)andevery (i1, ...,in) €{l,...,d}".

.....
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PROOF. We observe that Dy, --- Dy, UX_(y0); equals

d
7.6) > DI U o (y0); dh) - dhil.
O<ty<---<ty<t

i,...,ip=1

The representation for the integrand in (7.6) derived in Proposition 4.4 in [23] then
allows us to deduce (7.4) and (7.5). O

7.1.1. Malliavin differentiability. 'We now switch back to the context of a con-
tinuous Gaussian process (X;);e[0,7] = (th, e, X;i),e[oj] with i.i.d. components
associated to the abstract Wiener space (W, H, i). 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

(7.7) H < CI™ ([0, T], RY)

for the Cameron—Martin space, for any 1/p + 1/g > 1, [7], Proposition 2. The
significance of this result it twofold. First, it is proved in [7], Proposition 3, that it
implies the existence of a (measurable) subset V C W with (V) = 1 on which

T X(w) =X(w+h)

for all & € H simultaneously. It follows that the Malliavin derivative DU t<—0 (yo)
H —R¢

18) DU Go)the DU o) = UG (o)

t<0 <0 t<—0

’

e=0

coincides with the directional derivative of the previous section, that is,

d  X(reh) d (T
d(‘) t<—a()) ’ ( )8 0: de t(—lo(y )
The second important consequence results from combining (7.7), (7.9) and (7.3),

namely that

(7.9)

e=0

(7.10) 10 00 lop < CIMED GO pvarcjo-

t<0

If we can show that the right-hand side of (7.10) has finite positive moments of
all order, then these observations lead to the conclusion that

Y, =UX 4(v0) € [ D" (R®),
p>1

where DF? is the Shigekawa—Sobolev space (see Nualart [36]). The purpose of
Proposition 7.1 is to extend this argument to the higher order derivatives. We will
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make this more precise shortly, but first we remark that the outline just given is
what motivates the assumption

H < CTV([0, T], RY)

detailed in Condition 1.

The following theorem follows from the recent paper [8]. It asserts the suffi-
ciency of Condition 1 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;):¢[0,1] be a continuous,
centred Gaussian process in R? with i.i.d. components. Let X satisfy Condition 1,
so that for some p > 1, X admits a natural lift to a geometric p-rough path X.
Assume V = (W, V1, ..., V) is any collection of smooth bounded vector fields on
R¢ and let UIX<_0(-) denote the solution flow to the RDE

dUX ((vo) = V(UX_(00)) dX; + Vo(UX_,(v0)) dt,
U o(o) = yo.

Then the map UtX<_O(-) is differentiable with derivative Jt)f_o (yo) € R¢*¢; ‘]t)f—() (y0)
is invertible as a linear map with inverse denoted by Jg((_t (vo0). Furthermore, if we

define

MX (o) = (UX o (30), JX o (30), I, (30)) € R¢ @ RE¢ @ R,

and assume X satisfies Condition 1, we have that

|MX 0G0 yoarstory € () L)
q>1

PROOF. This follows from by repeating the steps of [8] generalised to incor-
porate a drift term. [J

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

[M° 6001, € () L9 G0)-
g=>1

5The requirement of complementary regularity in the Condition 1 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 2.6. The requirement of complementary then leads to the looser restriction
H>1/4.
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7.2. Proof that U X0 (y0) € D*°(R®). We have already seen that appropriate

t<0
assumptions on the covariance lead to the observation that for all 4 € H,

X d 71,x
DRUXY () = %Ulo(“”(ym

e=0
for all w in a set of w-full measure. We will show that the Wiener functional @ +—
uX@ (yo) belongs to the Sobolev space D*>°(R¢). Recall that

t<0

D™(R%):= ) ﬁ D*P(R®),

p>1k=1

where D%? is the usual Shigekawa—Sobolev space, which is defined as the com-
pletion of the smooth random variables with respect to a Sobolev-type norm (see
Nualart [36]). There is an equivalent characterisation of the spaces %7 (origi-
nally 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 follow-
ing definitions. Suppose E is a given Banach space and F : WW — E is a measurable
function. Recall (see Sugita [37]) that F is called ray absolutely continuous (RAC)
if for every h € H, there exists a measurable map Fj, : W — E satisfying

F()=F(),  pae,
and for every w € W
t+ F(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

1 7
S[FC+i) = FOIS Gty ast—0,

where 5> indicates convergence in j-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 multi-linear map (in n variables) from H to E.

We now define the spaces D7 (R€) for 1 < p < 00 by

D'P(R¢) := [F € LP(R¢): F is RAC and SGD, DF € LP(L(H,R¢))},
and fork=2,3,....
DFP(R®) := [F e D*1'P(R®): DF e D=1 (L(H, RY))).

THEOREM 7.4 (Sugita [37]). For1 < p <oo and k € N, we have }ﬁ)k’p(]Re) =
Dk-P(R?).
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It follows immediately from this result that we have

00 Re) — m ﬁ Hi)k’p(Re).

p>1k=1

With these preliminaries out the way, we can prove the following.

PROPOSITION 7.5. Suppose (X;)ie[o,1] IS an R4 -valued, zero-mean Gaus-
sian process with i.i.d. components associated with the abstract Wiener space
W, H, n). Assume that for some p > 1, X lifts to a geometric p-rough path X.
Let V.= (Vy, Vi, ..., Vy) be a collection of C*°-bounded vector fields on R¢, and
let UX@ )(yo) denote the solution flow of the RDE

t<0

Then, under the assumption that X satisfies Condition 1, we have that the Wiener
functional

X

is in D*°(R®) for everyt € [0, T].

PROOF. We have already remarked that Condition 1 implies that on a set of
u-full measure

(7.11) ThX(w) =X(w+ h)

for all h € H. It easily follows that Ut (_0()’0) is RAC. Furthermore, its stochastic

Géteaux derivative is precisely the map DUI(—O (yo) defined in (7.8). The rela-
tion (7.11) implies that the directional and Malliavin derivatives coincide (on a set

of u-full measure), hence DU X(@) (yo) € L(H, R®) is the map

t<0
DU (v0) :h > DRUTEY (o).
We have shown in (7.10) that
(7.12) |DUY (o) lop < CIMX 0G0 yarego.77
where
(7.13) MX_5(y0) = (U0 (0), J70(0), Joey (30))-

It follows from Theorem 7.2 that

”M-)f—o(y())”p—var;[O,T] € m Lp(,l,L).
p=1

Using this together with (7.12) proves that U, eo()’O) isin (7,5 D!7(R¢) which
equals (), 1 D!7(R¢) by Theorem 7.4.
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We prove that U; (_0(y0) is in (1,54 Dk-P (R¢) for all k € N by induction. If

ZX (i())(yo) eDi-Lp (R®) then, by the uniqueness of the stochastic Gateaux deriva-

the we must haVe

It is then easy to see that DU lX i“é) (y0) is RAC and SGD. Moreover, the stochas-
tic Gateaux derivative is

D* txia()))(yo)i(hl,---,hk) = Dy, --- Dy U t<—0 ) (30)-

It follows from Proposition 7.1 together with Condition 1 that we can bound the
X(w)

operator norm of DU U’

(o) in the following way:

k1 X(w) X(w) (k+1)
HD Ut(—L(U) (yO)Hop = C( + “M o (yO)”p -var; [0, T]) P
for some nonrandom constants C > 0. The conclusion that UtX i())(yo) €
MNp>1 X7 (R€) follows at once from Theorems 7.2 and 7.4. [

7.3. Note added in proof. Shortly before the article went to press, the authors
were made aware of a mistake in the proof of Proposition 7.5: control of the oper-
ator norms of DXU [X ﬁg) (yo) does not imply Malliavin smoothness; instead control
of the stronger Hilbert—Schmidt norms is required. In a more restrictive setting, this
stronger control has been obtained in [23]. At the level of generality considered in
this article, this result has recently been obtained in [28], so that the statement of

Proposition 7.5 does hold and none of our results are affected.

8. Smoothness of the density: The proof of the main theorem. This section
is devoted to the proof of our Hormander-type Theorem 3.5. As mentioned in the
Introduction, apart from rather standard considerations concerning probabilistic
proofs of Hormander’s theorem (see, e.g., [23]), this boils down to the following
steps:

(1) Let W be a smooth and bounded vector field in R¢. Following [23], denote
by (Z,W),e[o,T] the process

(8.1) zY = I3 W(UX ().

Then assuming Conditions 2 and 3 we get a bound on |Z% |, in terms of the
Malliavin matrix Ct defined at (6.1). This will be the content of Proposition 8.4.

(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.
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In order to perform this second step, we first have to verify the assumptions
of Theorem 5.6 for the process M*_(yo) defined by (7.13). Namely, we shall
see that M*_,(yo) is a process controlled by X in the sense of Definition 5.1 and
relation (5.6).

PROPOSITION 8.1. Suppose (X;):ico,r] satisfies the condition of Theo-
rem 7.2. In particular, X has a lift to X, a geometric-p rough path for some p > 1
which is in C%Y ([0, T1; GPL(R?)) for y = 1/p. Then MY_,(yo) is a process
controlled by X in the sense of Definition 5.1 and

[M° 600 | o7 € () L ().
p=1

PROOF. For notational sake, the process M -)5—0 (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

(82) Fi(y,J,K)=(Vi(y),VVi(y)-J, =K - VV;(y)), i=0,....d.

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 € O%.

In order to prove integrability of M as an element of Q;/(, let us write the equa-
tion governing the dynamics of M under the form

d
dM, = Fo(My)dt + > F;(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 [17],
Proposition 10.3. More specifically, M admits a decomposition (5.2) of the form:
M, = M0 — )+ MPUXG 4 MRS 4 R
with
MP°=Fj(My), M} =Fi(My),  M}UR=F,F(M),
REM | < et — s

With the particular form (8.2) of the coefficient F' and our assumptions on the
vector fields V, it is thus readily checked that

IMllgy < ev(L+ 1712+ 177 12 + 11y +1UL),

and the right-hand side of the latter relation admits moments of all order thanks to
Theorem 7.2 and the remark which follows it. [
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Define Lx(yo, 8, T) to be the quantity
Lx(30.6.T) =1+ Lo() ™" + Iyol + | MX_o(0) | o7 + Nay-

COROLLARY 8.2. Under the assumptions of Proposition 8.1, we have

Lx(y0,6,T) € ) LP(Q).
p=>1

PROOF.  We recall that the standing assumptions imply that || X]|l,.;o, 7} has a
Gaussian tail [see (2.9) from Section 2]. It is easily deduce from this that

Nxy €[ L7 ().

p=1

Similarly, we see from Corollary 5.10 and Proposition 8.1 that Lg(x)~! and
IM*_,(yo)l o have moments of all orders and the claim follows. []

DEFINITION 8.3. We define the sets of vector fields Vy for k € N inductively
by

Vi={Viii=1,...,d},
and then

Vo1 ={[Vi, WI:i=0,1,....d, W € V,,}.

PROPOSITION 8.4. Let (Xt)ic[0.7] = (X},...,Xf),e[oj] be a continuous
Gaussian process, with i.i.d. components associated to the abstract Wiener space
W, H, ). Assume that X satisfies the assumptions of Theorem 3.5. Then there
exist real numbers p and 0 satisfying 2/p > 6 > «/2 such that: (i) X is 0-
Holder rough and (i) X has a natural lift to a geometric p rough path X in
CcO%/r ([0, T1; GLPI(RY)). Fort € (0, T1, let

d
=Y [ I O0V) © X G0 Vi(Y) dR (. ).
i=171%
and suppose k € N U {0}. Then there exist constants u = (k) > 0 and C =
C(t, k) > 0 such that for all W € Vi and all v € R¢ with |v| = 1, we have
(8.3) 0, ZY)] o 10.0 < CLx 0, 6, )" (v Crv)".
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 from [17] that X is



SMOOTHNESS OF GAUSSIAN RDES 235

in cOVr ([0, T1; GLPY(R?)). By assumption o < 2/p, therefore we may always
choose p close enough to 2p in order that

2 «
- > —.
p 2
On the other hand, X is 8-Holder rough for any 6 > «/2 by Corollary 5.10. Hence,
there always exist p and 6 with the stated properties.
We have that

d
84)  vCu=Y Al  with Al = f PO () dR(s.5).
i=1 [0.7]

where we have set fi (s) := (v, t(_s(yo)V (ys)) = (v, ;V’) Furthermore, because
the hypotheses of Theorem 6.9 and Corollary 6.10 are satisfied, we can deduce
that

| |1/2
E[X2 1/2° f
fori =1,...,d. On the other hand, Young’s inequality for 2D integrals (see [15])
gives

(8.6) A S OF 0+ £ O Vo(R: 0. 11%).

From (8.6), (8.5) and the relation v’ C;v = Zle A;, it follows that there exists
some C; > 0, depending on ¢ and c, such that we have

|f |oo 0.1 = Cl( TC U)V/(2V+<¥) max [|f (())| + |f |y o t]]a/(ZJ/—i-a)

.....

(8.5) |fi|oo;[0,z] <2max |: | |V/(2V+0‘)|fi |Ol/(2)/+a)i|

v:10,1]

Using the fact that for some v > 0,

|7 O]+ [£7]0.7 < C2Lx(30,6,0)"  fori=1,....d,

it is easy to deduce that (8.3) holds whenever W € V.
The proof of (8.3) for arbitrary k£ € N now follows by induction. The key relation
comes from observing that

d u )
(0. 20 ) =0 oo+ - [0, 20 axi,
in the sense of Proposition 5.5. Hence, assuming the induction hypothesis, we can
use Theorem 5.6 to obtain a bound of the form (8.3) on

(v, Z-M’W])‘oo;[o,z]

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

PROOF OF THEOREM 3.5. This involves assembling together the pieces we
have developed in the paper. First, let 2/p > 6 > «/2 be chosen such that X
is 0-Holder rough and X has a natural lift to a geometric p rough path X in
c%1/r([0,1]; GIPI(R?)). This is always possible by the first part of Proposi-
tion 8.4. Let 0 <t < T and note that we have shown in Proposition 7.5 that

IX io) (yo) is in ID° (R®). The result will therefore follow by showing that for every

q > 0, there exists c; = c1(g) such that

P( infl(v, Civ) < 8) <ce?

lv|=

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

order is sufficient for U“_0 (yo) to have a smooth density (see, e.g., [36]).
Step 1: From Hormander’s condition, there exists N € N with the property that

N
Span{W(yo) wel v,-} =

i=1
Consequently, we can deduce that
(8.7) a:= |3|n_f1 > v, W) > 0.
- WEU,N:1 Vi

For every W ¢ UlNzl Vi, we have

(8.8) (v Z¥) s, = s WD),
and hence using (8.7), (8.8) and Proposition 8.4 we end up with

8.9) a< inf sup |{v,Z")| 0.7 = €1£x (30, 0, t)" 1nf |vTCtv|
Ivl= 1W«sU,NlV,

for some positive constants ¢y, 4 =y and T = my.
Step 2: From (8.9) can deduce that for any € € (0, 1)

P(li‘nf1|vTCtv| < 8) < P(Lx(y0,0, t)“>c28_k)
v|l=

for some constants ¢; > 0 and k > 0 which do not depend on ¢. It follows from
Corollary 8.2 that for every g > 0 we have

<|1|nf v Crv| < 8) < c3eh,

where c3 = ¢3(q) > 0 does not depend on ¢. [J
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APPENDIX

PROOF OF LEMMA 6.5.  We prove the result for S = 7', the modifications for
S < T are straightforward. Consider three nested sequences (A;,),>_;, (Bn)o
and (Cp,);_; consisting of partitions of [0, s], [s, ¢] and [¢, T'], respectively, and
suppose that the mesh of each sequence tends to zero as m tends to infinity. For

each m and m» in N let D12 denote the partition of [0, 7'] defined by
D™V = Ay U By, UGy,
We now construct an increasing function » : N — N such that

D)=y = (D7)

m=1 m=1

together form a nested sequence of partitions of [0, 7] having the needed proper-
ties.

We do this inductively. First, let m = 1, then for every two consecutive points
u < v in the partition B,, Lemma 6.4 implies that

CoV(Zs1 Zy o | FA v FC) — Cov(Zs 1 Zu | Fsu vV Fr1)

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

(A.1) Cov(Zy s Zun| FA O v FE) >0

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

CoV(Zsy Zy | FA® 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. [
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