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Abstract

This article is concerned with stochastic differential equations driven by a d di-
mensional fractional Brownian motion with Hurst parameter H > 1/4, understood in
the rough paths sense. Whenever the coefficients of the equation satisfy a uniform
hypoellipticity condition, we establish a sharp local estimate on the associated control
distance function and a sharp local lower estimate on the density of the solution. Our
methodology relies heavily on the rough paths structure of the equation.
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1 Introduction.

We will split our introduction into two parts. In Section 1.1, we recall some background on
the stochastic analysis of stochastic differential equations driven by a fractional Brownian
motion. In Section 1.2 we describe our main results. Section 1.3 is then devoted to a brief
explanation about the methodology we have used in order to obtain our main results.

1.1 Background and motivation.

One way to envision Malliavin calculus is to see it as a geometric and analytic framework on
an infinite dimensional space (namely the Wiener space) equipped with a Gaussian measure.
This is already apparent in Malliavin’s seminal contribution [20] giving a probabilistic proof
of Hérmander’s theorem. The same point of view has then been pushed forward in the
celebrated series of papers by Kusuoka and Stroock, which set up the basis for densities and
probabilities expansions for diffusion processes within this framework.

On the other hand, the original perspective of Lyons’ rough path theory (cf. [18, 19])
is quite different. Summarizing very briefly, it asserts that a reasonable differential calculus
with respect to a noisy process X can be achieved as long as one can define enough iterated
integrals of X. One of the first processes to which the theory has been successfully applied
is a fractional Brownian motion, and we shall focus on this process in the present paper.



Namely a R?valued fractional Brownian motion is a continuous centered Gaussian process
B={(B},...,B); t >0} with independent coordinates, such that each B’ satisfies

E[(B] - B)?] =t —s*,  st>0,

for a given H € (0,1). The process B can be seen as a natural generalization of Brownian
motion allowing any kind of Holder regularity (that is a Holder exponent H — ¢ for an
arbitrary small ¢, whenever H is given). We are interested in the following differential
equation driven by B:

{dXt =S Va(X)dBY, 0<t<1, 1)

X(]:.I'ERN

Here the V,’s are Cp° vector fields, and the Hurst parameter is assumed to satisfy the
condition H > 1/4. In this setting, putting together the results contained in [8] and [19],
the stochastic differential equation (1.1) can be understood in the framework of rough path
theory. Although we will give an account on the notion of rough path solution in Section
2.3, the simplest way of looking at equation (1.1) is the following. Let Bg”) be a dyadic
linear interpolation of B,. Let X™ be the solution to equation (1.1) in which the driving
process B is replaced by B™. From standard ODE theory, X\™ is pathwisely well-defined.
The solution to the SDE (1.1) is then proved (cf. [12]| for instance) to be the limit of xm
as n — oo.

With the solution of (1.1) in hand, a natural problem one can think of is the following:
can we extend the aforementioned analytic studies on Wiener’s space to the process B? In
particular can we complete Kusuoka-Stroock’s program in the fractional Brownian motion
setting? This question has received a lot of attention in the recent years, and previous
efforts along this line include Hérmander type theorems for the process X defined by (1.1)
(cf. |2, 6, 7]), some upper Gaussian bounds on the density p(t,z,y) of X; (cf. [3]), as
well as Varadhan type estimates for log(p(t,x,y)) in small time [4]. One should stress at
this point that the road from the Brownian to the fractional Brownian case is far from being
trivial. This is essentially due to the lack of independence of the fBm increments and Markov
property, as well as to the technically demanding characterization of the Cameron-Martin
space whenever B is not a Brownian motion. We shall go back to those obstacles throughout
the article.

Our contribution can be seen as a step in the direction mentioned above. More specifically,
we shall obtain a sharp local estimate on the associated control distance function and a sharp
local estimates for the density of X; under hypoelliptic conditions on the vector fields V.
This will be achieved thanks to a combination of geometric and analytic tools which can also
be understood as a mix of stochastic analysis and rough path theory. We describe our main
results more precisely in the next subsection.

1.2 Statement of main results.

Let us recall that equation (1.1) is our main object of concern. We are typically interested
in the degenerate case where the vector fields V' = {V;, ..., V;} satisfy the so-called uniform
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hypoellipticity assumption to be defined shortly. This is a standard degenerate setting where
one can expect that the solution of the SDE (1.1) admits a smooth density with respect to the
Lebesgue measure. As mentioned in Section 1.1, we wish to obtain quantitative information
for the density in this context.

We first formulate the uniform hypoellipticity condition which will be assumed through-
out the rest of the paper. For [ > 1, define A(l) to be the set of words over letters {1,...,d}
with length at most [ (including the empty word), and A; (1) = A(1)\{0}. Denote A, as the
set of all non-empty words. Given a word a € A;, we define the vector field V|, inductively

by Vig £ V; and Viy = [V;, Vig] for @ = (i, 3) with i being a letter and 8 € A;.

Uniform Hypoellipticity Assumption. The vector fields (Vi,...,Vy) are Cg°, and there
exists an integer lo > 1, such that

inf inf > V@), mi~ ¢ > 0. (1.2)

z€RN nesSN-1
K acA (lo)

The smallest such ly is called the hypoellipticity constant for the vector fields.

Remark 1.1. The uniform hypoellipticity assumption is a quantitative description of the
standard uniform Hormander condition that the family of vectors {Viq(x) : o € Ai(ly)}
span the tangent space T, RY uniformly with respect to x € RV.

Under condition (1.2), it was proved by Cass-Friz [6] and Cass-Hairer-Litterer-Tindel [7]
that the solution to the SDE (1.1) admits a smooth density y — p(t,z,y) with respect to
the Lebesgue measure on RY for all (¢,x) € (0,1] x RY. Our contribution aims at getting
quantitative small time estimates for p(¢, x,y).

In order to describe our bounds on the density p(t, z,y), let us recall that the small time
behavior of p(t,x,y) is closely related to the so-called control distance function associated
with the vector fields. This fact was already revealed in the Varadhan-type asymptotics
result proved by Baudoin-Ouyang-Zhang [4]:

1
2 _ 1 2
lim % log p(t, z,y) = —5d(z,y)". (1.3)
The control distance function d(z,y) in (1.3) is defined in the following way. For any con-
tinuous path h : [0,1] — R? with finite g-variation for some 1 < ¢ < 2, denote ®;(z;h) as
the solution to the ODE

(1.4)
o=,

{dzt =S Va(z)dhe, 0<t<1,

which is well-posed in the sense of Young [25] and Lyons [18]. Let H be the Cameron-Martin
subspace for the fractional Brownian motion with Hurst parameter H, whose definition will
be recalled in Section 2.1. According to a variational embedding theorem due to Friz-Victoir
[12] (cf. Proposition 2.6 in Section 2.1), every Cameron-Martin path A € H has finite ¢-
variation for some 1 < ¢ < 2 so that the ODE (1.4) can be solved for all such h. With those
preliminary considerations in hand, the distance d in (1.3) is given in the next definition.
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Definition 1.2. For x,y € RY and ®;(z;h) defined as in (1.4), set
I, 2 {heH: & (z;h) =y} (1.5)

to be the space of Cameron-Martin paths which join x to y in the sense of differential
equations. The control distance function d(x,y) = dg(z,y) is defined by

d(x,y) £ inf{||h]|g :hell,,}, =z,y€ RV,

According to (1.3), one can clearly expect that the Cameron-Martin structure and the
control distance function will play an important role in understanding the small time behavior
of p(t,z,y). However, unlike the diffusion case and due to the complexity of the Cameron-
Martin structure, the function d(x,y) is far from being a metric and its shape is not clear.
Our first main result is thus concerned with the local behavior of d(x,y). It establishes a
comparison between d and the Euclidian distance.

Theorem 1.3. Under the same assumptions as in Theorem 1.4, let ly be the hypoellipticity
constant in assumption (1.2) and d be the control distance given in Definition 1.2. There
exist constants Cp,Csy,0 > 0, where C,Cy depend only on H,ly and the vector fields, and
where § depends only on ly and the vector fields, such that

Cilz —y| < d(z,y) < Colz —y|', (1.6)
for all x,y € RY with |x — y| < 6.

We are in fact able to establish a stronger result, namely, the local equivalence of d to the
sub-Riemannian distance induced by the vector fields {Vi, ..., V4}. More specifically, let us
write the distance given in Definition 1.2 as dy(x,y), in order to emphasize the dependence
on the Hurst parameter H. Our second main result asserts that all the distances dy are
locally equivalent.

Theorem 1.4. Assume that the vector fields (Vi,...,Vy) satisfy the uniform hypoellipticity
condition (1.2). For H € (1/4,1), consider the distance dy given in Definition 1.2. Then
for any Hy, Hy € (1/4,1), there exist constants C = C(Hy, Hy, V) > 0 and 6 > 0 such that
1
C
for all x,y € RN with |x —y| < 6. In particular, all distances dy are locally equivalent to

dpm = dyj2, where dpm stands for the controlling distance of the system (1.4) driven by a
Brownian motion, i.e. the sub-Riemannian distance induced by the vector fields {Vi, ..., Vy}.

dH1 (x,y) S de(x>y) S Cdfh (iL‘,y), (17>

Remark 1.5. In the special case when (1.1) reads as dX; = X; ® dB;y, that is, when X; is the
truncated signature of B up to order [ > 0, it is proved in [1] that all dg(z,y) are globally
equivalent. The proof crucially depends on the fact that the signature of B is homogeneous
with respect to the dilation operator on G (R?), the free nilpotent Lip group over R? of
order [. In the current general nonlinear case, the local equivalence is much more technically
challenging. In addition, we believe that the global equivalence of the distances dy does not

hold.



Our second main result asserts that the density p(¢, z,y) of X; is strictly positive every-
where whenever ¢t > 0. It generalizes for the first time the result of [3, Theorem 1.4] to a
general hypoelliptic case, by affirming that Hypothesis 1.2 in that theorem is always verified
under our assumption (1.2). Recall that a distribution over a differentiable manifold is a
smooth choice of subspace of the tangent space at every point with constant dimension.

Theorem 1.6. Let {Vi,...,Vy} be a family of C°-vector fields on RY, which span a dis-
tribution over RY and satisfy the uniform hypoellipticity assumption (1.2). Let X be the
solution to the stochastic differential equation (1.1), where By is a d-dimensional fractional
Brownian motion with Hurst parameter H > 1/4. Then for each t € (0,1], the density of X,
1s everywhere strictly positive.

As we will see in Section 5.1, the proof of the above result is based on finite dimensional
geometric arguments such as the classical Sard theorem, as well as a general positivity criteria
for densities on the Wiener space. We believe that the positivity result in Theorem 1.6 is
non-trivial and interesting in its own right.

Let us now turn to a description of our third main result. It establishes a sharp local
lower estimate for the density function p(t,z,y) of the solution to the SDE (1.1) in small
time.

Theorem 1.7. Under the uniform hypoelliptic assumption (1.2), let p(t,z,y) be the density
of the random variable X; defined by equation (1.1). There exist some constants C;7 > 0
depending only on H,ly and the vector fields V,, such that

p(t,ﬂ?,y) 2 LH?
| Ba(x, tH)]

(1.8)
forall (t,z,y) € (0, 1] xRY xRN satisfying the following local condition involving the distance
d wntroduced in Definition 1.2:

d(z,y) <t?, and t<T.

In relation (1.8), By(x,t") = {z € RN : d(z,2) <t} denotes the ball with respect to the
distance d and | - | stands for the Lebesgue measure.

The sharpness of Theorem 1.7 can be seen from the fractional Brownian motion case, i.e.
when N = d and V = Id. As we will see, the technique we use to prove Theorem 1.3 will
be an essential ingredient for establishing Theorem 1.7. Theorem 1.4 and Theorem 1.6 will
also be proved as byproducts along our path of proving Theorem 1.7.

1.3 Strategy and outlook.

Let us say a few words about the methodology we have used in order to obtain our main
results. Although we will describe our overall strategy with more details in Section 5, let us
mention here that it is based on the reduction of the problem to a finite dimensional one,
plus some geometric type arguments.



More specifically, the key point in our proofs is that the solution X; to (1.1) can be
approximated by a simple enough function of the so-called truncated signature of order [ for
the fractional Brownian motion B. This object is formally defined, for a given [ > 1, as the
following &' _,(RY)®*-valued process:

z
Ft:1+2/ dB, ® - ®dB,,,
o J o<ty <<t <t

and it enjoys some convenient algebraic and analytic properties. The truncated signature is
the main building block of the rough path theory (see e.g [19]), and was also used in [17] in
a Malliavin calculus context. Part of our challenge in the current contribution is to combine
the properties of the process I', together with the Cameron-Martin space structure related
to the fractional Brownian motion B, in order to achieve efficient bounds for the density of
X;.

As mentioned above, the truncated signature gives rise to a [-th order local approximation
of X; in a neighborhood of its initial condition z. Namely if we set

! d
BT,z &) ) v(ih_,_,ik)(x)/ dB;' ---dB}*, (1.9)
el i1, ip=1 0<ty < <tp<t
then classical rough paths considerations assert that Fj(I'y, z) is an approximation of order
tHl of X, for small ¢. In the sequel we will heavily rely on some non degeneracy properties
of F; derived from the uniform hypoelliptic assumption (1.2), in order to get the following
information:

(i) One can construct a path h in the Cameron-Martin space of B which joins z and any point
y in a small enough neighborhood of x. This task is carried out thanks to a complex iteration
procedure, whose building block is the non-degeneracy of the function Fj. It is detailed in
Section 4.2. In this context, observe that the computation of the Cameron-Martin norm of
h also requires a substantial effort. This will be the key step in order to prove Theorems 1.4
and 1.3 concerning the distance d given in Definition 1.2.

(7i) The proof of the lower bound given in Theorem 1.7 also hinges heavily on the ap-
proximation F; given by (1.9). Indeed the preliminary results about the density of I'; (see
Remark 1.5 above), combined with the non-degeneracy of Fj, yield good properties for the
density of Fj(I';,z). One is then left with the task of showing that F;(I';, z) approximates
X, properly at the density level.

In conclusion, although the steps performed in the remainder of the article might look
technically and computationally involved, they rely on a natural combination of analytic and
geometric bricks as well as a reduction to a finite dimensional problem. Let us also highlight
the fact that our next challenge is to iterate the local estimates presented here in order to
get Gaussian type lower bounds for the density p(t,x,y) of X;. This causes some further
complications due to the complex (non Markovian) dependence structure for the increments
of the fractional Brownian motion B. We defer this project to a future publication.

Organization of the present paper. In Section 2, we present some basic notions from
the analysis of fractional Brownian motion and rough path theory. In Section 3, we give an



independent discussion in the elliptic case in which the analysis is considerably simpler. In
Section 4 and Section 5, we develop the proofs of Theorem 1.3 and Theorem 1.7 respectively
in the hypoelliptic case. Theorem 1.4 and Theorem 1.6 are proved in the steps towards
proving Theorem 1.7.

Notation. Throughout the rest of this paper, we use "Lettergpseript" to denote constants
whose value depend only on objects specified in the "subscript" and may differ from line to
line. For instance, Cyy;, denotes a constant depending only on the Hurst parameter H, the
vector fields V' and the hypoellipticity constant ly. Unless otherwise stated, a constant will
implicitly depend on H,V, ;. We will always omit the dependence on dimension.

2 Preliminary results.

This section is devoted to some preliminary results on the Cameron-Martin space related
to a fractional Brownian motion. We shall also recall some basic facts about rough paths
solutions to noisy equations.

2.1 The Cameron-Martin subspace of fractional Brownian motion.

Let us start by recalling the definition of fractional Brownian motion.

Definition 2.1. A d-dimensional fractional Brownian motion with Hurst parameter H €
(0,1) is an R%valued continuous centered Gaussian process B; = (B}, ..., BY) whose covari-
ance structure is given by

N | —

This process is defined and analyzed in numerous articles (cf. [10, 23, 24| for instance),
to which we refer for further details. In this section, we mostly focus on a proper definition
of the Cameron-Martin subspace related to B. We also prove two general lemmas about this
space which are needed for our analysis of the density p(t, z,y). Notice that we will frequently
identify a Hilbert space with its dual in the canonical way without further mentioning.

In order to introduce the Hilbert spaces which will feature in the sequel, consider a one
dimensional fractional Brownian motion {B; : 0 < ¢ < 1} with Hurst parameter H € (0, 1).
The discussion here can be easily adapted to the multidimensional setting with arbitrary
time horizon [0, T]. Denote W as the space of continuous paths w : [0, 1] — R with w, = 0.
Let P be the probability measure over W under which the coordinate process B;(w) = w;
becomes a fractional Brownian motion. Let C; be the associated first order Wiener chaos,
ie. C; = Span{B; : 0 <t < 1} in L*(W,P).

Definition 2.2. Let B be a one dimensional fractional Brownian motion as defined in (2.1).
Define H to be the space of elements h € W which can be written as

h=E[BZ], 0<t<l, (2.2)
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where Z € C;. We equip H with an inner product structure given by
(hi,ho)gg 2 E[Z1Z5), hy,ho € H,

whenever h', h? are defined by (2.2) for two random variables Z;, Z» € C;. The Hilbert space
(H, (-,-)5) is called the Cameron-Martin subspace of the fractional Brownian motion.

One of the advantages of working with fractional Brownian motion is that a convenient
analytic description of H in terms of fractional calculus is available (cf. [10]). Namely recall
that given a function f defined on [a, b], the right and left fractional integrals of f of order
a > 0 are respectively defined by

(1%, é /f —5)*'ds, and (I~ f é /f —1)* ds. (2.3)

In the same way the right and left fractional derivatives of f of order o > 0 are respectively
defined by

[o]+1 [o]+1
orn0 2 () N0, w0 (-5) @, @)

where [a] is the integer part of o and {a} = a —[a] is the fractional part of a. The following
formula for D¢, will be useful for us:

(Dg+ f)(t) = F(ll—a) ( o) / ft_s — s>, t € la,b]. (2.5)

The fractional integral and derivative operators are inverse to each other. For this and other
properties of fractional derivatives, the reader is referred to [14].

Let us now go back to the construction of the Cameron-Martin space for B, and proceed
as in [10]. Namely define an isomorphism K between L*([0,1]) and I£+1/2(L2([0 1])) in the
following way:

Cir - 13 (¢ e (s+ 7)) ), H>
Cy-I2¢ (t%_H : IO%;H <3H_%<,0(s)> (t)) , H<

where cy is a universal constant depending only on H. One can easily compute K ! from
the definition of K in terms of fractional derivatives. Moreover, the operator K admits a
kernel representation, i.e. there exits a function K (t,s) such that

Kp= (2.6)

1.
2
1
2

_ / K(t,s)p(s)ds, € L2([0,1]).

The kernel K (t,s) is defined for s < ¢ (taking zero value otherwise). One can write down
K(t, s) explicitly thanks to the definitions (2.3) and (2.4), but this expression is not included
here since it will not be used later in our analysis. A crucial property for K (t,s) is that

R(t, s):/o SK(t,r)K(s,r)dr, (2.7)



where R(t, s) is the fractional Brownian motion covariance function introduced in (2.1). This
essential fact enables the following analytic characterization of the Cameron-Martin space
in [10, Theorem 3.1].

Theorem 2.3. Let H be the space given in Definition 2.2. As a vector space we have
H = IéiH/Z(LQ([O, 1])), and the Cameron-Martin norm is given by

1)l = 1K Rl r2gpo,1))- (2.8)

In order to define Wiener integrals with respect to B, it is also convenient to look at
the Cameron-Martin subspace in terms of the covariance structure. Specifically, we define
another space H as the completion of the space of simple step functions with inner product
induced by

(Ljo.5): Ljo.g) 2 = R(s, 1) (2.9)
The space H is easily related to H. Namely define the following operator
K*:H — L*([0,1]), such that 1y~ K(t,-). (2.10)
We also set B
REKoK":H — H, (2.11)

where the operator K is introduced in (2.6). Then it can be proved that R is an isometric
isomorphism (cf. Lemma 2.7 below for the surjectivity of £*). In addition, under this
identification, IC* is the adjoint of K, i.e. * = K*oR. This can be seen by acting on indicator
functions and then passing limit. As mentioned above, one advantage about the space H is
that the fractional Wiener integral operator I : H — C; induced by 1y + B, is an isometric
isomorphism. According to relation (2.7), B; admits a Wiener integral representation with
respect to an underlying Wiener process W:

B, - / "KL s)dw. (2.12)

Moreover, the process W in (2.12) can be expressed as a Wiener integral with respect to B,
that is W, = I((K*)"'1j4) (cf. [23, relation (5.15)]).

Let us also mention the following useful formula for the natural pairing between H and

H.

Lemma 2.4. Let ‘H be the space defined as the completion of the indicator functions with
respect to the inner product (2.9). Also recall that H is introduced in Definition 2.2. Then
through the isometric isomorphism R defined by (2.11), the natural pairing between H and
H is given by

olf by = /O fodh. (2.13)

Proof. First of all, let h € H and g € H be such that R(g) = h. It is easy to see that g
can be constructed in the following way. According to Definition 2.2, there exists a random
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variable Z in the first chaos C; such that h; = E[B;Z]. The element g € H is then given via

the Wiener integral isomorphism between H and C;, that is, the element g € H such that
Z = I(g). Also note that we have h, = E[B; I(g)].

Now consider f € H. The natural pairing between f and h is thus given by

A direct application of Fubini’s theorem then yields:
Wlf s = BIZ - 1) = E |2 / fdg| - / f.E[ZdB] / fudh,.

]

The space H can also be described in terms of fractional calculus (cf. [24]), since the
operator K* defined by (2.10) can be expressed as

iy Gt (0 () 0 a3
(K f)(t) = OH-t%—H-<D1%, < s )))(t)’ H<l (2.14)

Starting from this expression, it is readily checked that when H > 1/2 the space ‘H coincides
with the following subspace of the Schwartz distributions S’

= { fed; V2 (P12 1 (5)))(t) is an element of L2(]0, 1])} . (2.15)
In the case H < 1/2, we simply have
H =L (L2([0,1))). (2.16)

Remark 2.5. As the Hurst parameter H increases, H gets larger (and contains distribu-
tions when H > 1/2) while H gets smaller. This fact is apparent from Theorem 2.3 and
relations (2.15)-(2.16). When H = 1/2, the process B; coincides with the usual Brown-
ian motion. In this case, we have % = L?([0,1]) and H = W, the space of absolutely
continuous paths starting at the origin with square integrable derivative.

Next we mention a variational embedding theorem for the Cameron-Martin subspace H
which will be used in a crucial way. The case when H > 1/2 is a simple exercise starting
from the definition (2.2) of H and invoking the Cauchy-Schwarz inequality. The case when
H < 1/2 was treated in [12]. From a pathwise point of view, this allows us to integrate
a fractional Brownian path against a Cameron-Martin path or vice versa (cf. [25]), and to
make sense of ordinary differential equations driven by a Cameron-Martin path (cf. [18]).
Proposition 2.6. If H > %, then H C C{([0,1];RY), the space of H-Hélder continuous
paths. If H < 1, then for any q > (H + 1/2)7", we have H C CI™([0,1];RY), the space
of continuous paths with finite g-variation. In addition, the above inclusions are continuous
embeddings.
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Finally, we prove two general lemmas on the Cameron-Martin subspace that are needed
later on. These properties do not seem to be contained in the literature and they require
some care based on fractional calculus. The first one claims the surjectivity of X* on properly
defined spaces.

Lemma 2.7. Let H € (0,1), and consider the operator K* : H — L*([0,1]) defined by (2.10).
Then K* is surjective.

Proof. If H > 1/2, we know that the image of * contains all indicator functions (cf. [23,
Equation (5.14)|). Therefore, K* is surjective.

If H < 1/2, we first claim that the image of * contains functions of the form ¢/~ p(t)
where p(t) is a polynomial. Indeed, given an arbitrary 5 > 0, consider the function

falt) & 71 (1L =,
1 1_
It is readily checked that D2~ f5 € L2([0,1]), and hence f5 € 12" (L2([0,1])) = H. Using
the analytic expression (2.14) for K*, we can compute K* f5 explicitly (cf. [14, Chapter 2,
Equation (2.45)]) as

L(8+5—H)
re+1)

(K" fa)(t) = Cu 21— 1),
Since [ is arbitrary and * is linear, the claim follows.

Now it remains to show that the space of functions of the form tzHp(t) with p(t) be-
ing a polynomial is dense in L?([0,1]). To this end, let ¢ € C>((0,1)). Then ¥(t) £
t=(/2=H) () € C>((0,1)). According to Bernstein’s approximation theorem, for any & > 0,
there exists a polynomial p(¢) such that

[ = plleo <é,
and thus

1
sup [p(t) — 27 p(t)] < e.
0<t<1

Therefore, functions in C2°((0,1)) (and thus in L?([0, 1])) can be approximated by functions
of the desired form. ]

Our second lemma gives some continuous embedding properties for H and #H in the
irregular case H < 1/2.

Lemma 2.8. For H < 1/2, the inclusions H C L*([0,1]) and W;* C H are continuous
embeddings.

Proof. For the first assertion, let f € ‘H. We wish to prove that

1120y < Call flla (2.17)
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Towards this aim, define ¢ £ K*f, where K* is defined by (2.10). Observe that K* :
H — L?([0,1]) and thus f € L*([0,1]). By solving f in terms of ¢ using the analytic
expression (2.14) for K£*, we have

£y = Cat " (12" (5" 5(9)) ) (1) (2.18)

We now bound the right hand side of (2.18). Our first step in this direction is to notice that
according to the definition (2.3) of fractional integral we have

(R tsn) @] = cu | | sty A ()

<y / (5 — )3 5=} |io(s)|ds

1

o f (st % (s - EeH (o)) ds.

E

Hence a direct application of Cauchy-Schwarz inequality gives

(e eton) ] < (/ (o t>‘5‘Hd8); ( / (s t>-%—Hs2H-1|sa<s>|2ds)é

<H>(/tl<s—t> g wo()r?ds)é, (2.19)

where we recall that C'y is a positive constant which can change from line to line. Therefore,
plugging (2.19) into (2.18) we obtain

ol

= Cp(1—1)

1 1
oy < Cn [ 17210 =07 [ (s = ) 20 o),
t

We now bound all the terms of the form s® with 8 > 0 by 1. This gives

1 1 1 \
g0y < Cor [ dt [ (s =05 Mlplo)Pds = Cur [ fots)ds [ (s =04 M
0 t B 0
1
1_
= CH/O 52 H|p(s)|?ds < C’H||go||%2([071}) = Cullfl3,

which is our claim (2.17).

For the second assertion about the embedding of W, 2 in H, let h € W,**. We thus also
have h € H and we can write h = K for some ¢ € L*([0,1]). We first claim that

/f )dh(s //c* (2.20)

for all f € H. This assertion can be reduced in the following way: since H < L?(]0, 1]) con-
tinuously and K* : H — L?([0, 1]) is continuous, one can take limits along indicator functions
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n (2.20). Thus it is sufficient to consider f = 1jp4 in (2.20). In addition, relation (2.20) can
be checked easily for f = 1jp;. Namely we have

AIHUM /Kts %—AVWmM@www

Therefore, our claim (2.20) holds true. Now from Lemma 2.7, if ¢ € L?([0, 1]) there exists
f € H such that ¢ = K*f. For this particular f, invoking relation (2.20) we get

1
/0 £(5)dh(s) = ¢l 0. (2.21)
But we also know that

lellzaqoay = IPlla = Ifllse,  and thus  [[@llZ2o1) = [12ll7llf ]l (2.22)

In addition recall that the W2 norm can be written as

o vs)dn(s)|
Illwse = sup
verr(oa) ¥z o

Owing to (2.21) and (2.22) we thus get

1
f(s)dh(s) ||hlz
1 £1l z2 (o, £l z2 o,

where the last step stems from (2.17). The continuous embedding VVO1 ? C H follows. O

2.2  Free nilpotent groups.

In this section we introduce some geometrical objects which are of fundamental importance
for the definition of equation (1.1) as well as our study on density estimates.

Definition 2.9. For [ € N, the truncated tensor algebra T of order [ is defined by

l
T(l) _ @(Rd)®n

n=0

with the convention (R%)®" = R. The set T® is equipped with a straightforward vector
space structure, plus an operation ® defined by

[g® h]" E:fk e g heT®, (2.23)

where ¢" designates the projection onto the n-th degree component of g for n <.

14



Notice that T® should be denoted TW(RY). We have dropped the dependence on R? for
notational simplicity. Also observe that with Definition 2.9 in hand, (7", +, ®) is an asso-
ciative algebra with unit element 1 € (R?)®°. The polynomial terms in the expansions which
will be considered later on are contained in a subspace of T® that we proceed to define now.

Definition 2.10. The free nilpotent Lie algebra g of order [ is defined to be the graded

sum .
o 2 @D, T
k=1

Here Lj is the space of homogeneous Lie polynomials of degree k defined inductively by
L1 2 R% and L 2 [R? L;,_,], where the Lie bracket is defined to be the commutator of the
tensor product.

We now define some groups related to the algebras given in Definitions 2.9 and 2.10. To
this aim, introduce the subspace T() C T of tensors whose scalar component is zero and
recall that 1 = (1,0,...,0). Foru € Té , one can define the inverse (1+u) ™!, the exponential
exp(u) and the logarlthm log(1 4 u) in T®W by using the standard Taylor expansion formula
with respect to the tensor product. For instance,

=1
exp(a ézk— (2.24)
k=0

where the sum is indeed locally finite and hence well-defined. We can now introduce the
following group.

Definition 2.11. The free nilpotent Lie group G® of order [ is defined by
GO £ exp(g®) € TO.

The exponential function is a diffeomorphism under which g in Definition 2.10 is the Lie
algebra of G,

Remark 2.12. One can also include the case of | = oo in the definitions of 7", g and
G®. But in this case we need to be careful that the direct sums should all be understood as
formal series instead of polynomials. Also all the spaces we have mentioned are defined over
the given underlying vector space (which is R? in our case), and recall that we have omitted
such dependence in the notation for simplicity.

It will be useful in the sequel to have some basis available for the algebras introduced

above. We shall resort to the following families: for each word av = (iy,...,1,) € A;(l), set
e S €, ® e, and €[a] 2 leg,, - [eiy, les e ]l (2.25)
where {ej, ..., eq} denotes the canonical basis of RY. Then it can be shown that {e) : a €

A(1)} is the canonical basis of T, and we also have g¥) = Span{e(, : @ € A;(1)}.
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As a closed subspace, g induces a canonical Hilbert structure from 7" which makes it
into a flat Riemannian manifold. The associated volume measure du (the Lebesgue measure)
on g is left invariant with respect to the product induced from the group structure on G
through the exponential diffeomorphism. In addition, for each A > 0, there is a dilation
operation 8y : T® — T induced by )(a) = Na if a € (RY)®* which satisfies the relation
5y o exp = expod, when restricted on g). Thanks to the fact that &x(a) = Aa for any
a € (RY)®* one can easily show that

l
duody' = \"Vdu, where v £ kdim(Ly). (2.26)
k=1

We always fix the Euclidean norm on R? in the remainder of the paper. As far as the free
nilpotent group G is concerned, there are several useful metric structures. Among them
we will use an extrinsic metric ppg which can be defined easily due to the fact that G is a
subspace of T, Namely for ¢, g, € GV we set:

pus(91, 92) = g2 — g1llus, 91,92 € G(l), (2:27)
where the right hand side is induced from the Hilbert-Schmidt norm on 7®.

2.3 Path signatures and the fractional Brownian rough path.

The stochastic differential equation (1.1) governed by a fractional Brownian motion B is
standardly solved in the rough paths sense. In this section we recall some basic facts about
this notion of solution. We will also give some elements of rough paths expansions, which
are at the heart of our methodology in order to obtain lower bounds for the density.

The link between free nilpotent groups and noisy equations like (1.1) is made through
the notion of signature. Recall that a continuous map x : {(s,t) € [0,1)?: s <t} — T®
is called a multiplicative functional if for s < u <t one has x,; = X5, ® X,4. A particular
occurrence of this kind of map is given when one considers a path w with finite variation
and sets for s < t,

Wy, = / dwy, @ -+ @ dwy,,,. (2.28)
s<up<--<un<t

Then the so-called truncated signature path of order [ associated with w is defined by the
following object:

l
Siw) {(s,) € 0,15 s <t} > TO,  (s,6) = Siw)er = 1+ 3 Wl (2:29)
n=1

It can be shown that the functional S;(w).. is multiplicative and takes values in the free
nilpotent group G). The truncated signature of order [ for w is the tensor element S;(w)o; €
GW. Tt is simply denoted as Sj(w).

A rough path can be seen as a generalization of the truncated signature path (2.29) to the
non-smooth situation. Specifically, the definition of Holder rough paths can be summarized
as follows.
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Definition 2.13. Let v € (0,1). The space of weakly geometric v-Holder rough paths is the
set of multiplicative paths x : {(s,t) € [0,1]% s <t} — GI'/7 such that the following norm
is finite:

%5415

[%[|lms = sup (2.30)

o<s<t<1 |t — sV’

An important subclass of weakly geometric v-Hélder rough paths is the set of geometric
y-Holder rough paths. These are multiplicative paths x with values in G1/7) such that
|||, is finite and such that there exists a sequence {z.; ¢ > 0} with z. € C>(|0, T]; R%)
satisfying

li_r)% [Ix = Spi/y ()|l sms = 0. (2.31)

The notion of signature allows to define a more intrinsic distance (with respect to the
HS-distance given by (2.27)) on the free group G%. This metric is known as the Carnot-
Caratheodory metric and given by

pecl(n, g2) 2 o7 ® gallee, 91,92 € GV,

where the CC-norm || - [|c¢ is defined by
lgllcc = inf {||w|l1—var : w € CT7([0,1]; R?) and Sj(w) = g} . (2.32)

It can be shown that the infimum in (2.32) is attainable.

Remark 2.14. Tt is well-known that for any ¢ € G, one can find a piecewise linear path w
such that S;(w) = g (cf. [13] for instance). Moreover, one can do better, and find a smooth
path w whose derivative is compactly supported such that S;(w) = g. Indeed, this could be
achieved by (i) reparametrizing the piecewise linear path so that the resulting path is smooth
but the trajectory itself is still the same piecewise linear one; and (ii) adding trivial pieces
to the beginning and the end of the path. This will not change the truncated signature as it
is invariant under reparametrization.

The HS and CC metrics are equivalent as seen from the following so-called ball-box
estimate.

Proposition 2.15. Let pus and pcc be the distances on GO respectively defined by (2.27)
and (2.32). For each | > 1, there exists a constant C' = C; > 0, such that

1 1-1
pcc(g1, 92) < C'max {PHS(91792)7PHS(91,92)1 - max {L g1l }} (2.33)

and
pus (91, 92) < Cmax {pcc(g1, 92)', pec(gr, g2) - max {1, |g11GE }}

for all g, g, € GO In particular,

l9llcc £1 = |lg — 1|lus < Cllgllcc

and )
lg—1llus <1 = |lgllcc < Cllg — 1|lfig-
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One of the main application of the abstract rough path theory is the ability to extend
most stochastic calculus tools to a large class of Gaussian processes. The following result,
borrowed from [8, 12], establishes this link for fractional Brownian motion.

Proposition 2.16. Let B be a fractional Brownian motion with Hurst parameter H > 1/4.
Then B admits a lift B as a geometric rough path of order [1/v] for any v < H.

Let us now turn to the definition of rough differential equations. There are several
equivalent ways to introduce this notion, among which we will choose to work with Taylor
type expansions, since they are more consistent with our later developments. To this aim, let
us first consider a bounded variation path w and the following ordinary differential equation
driven by w:

d
dxy = Z Vo) dwy, (2.34)

where the V,’s are C§° vector fields. For any given word a = (iy,...,4,) over the letters
{1,...,d}, we define the vector field Vi, = (V;, -+ (V;,_,(Vi,_,Vi,))), where we have identified

a vector field with a differential operator, so that V;V; means differentiating V; along direction
V;i. Classically, a formal Taylor expansion of the solution z; to (2.34) is then given by

eSS V(o) / du - duf (2.35)
s<uy<--<up<t

k=1 i1,...,ix=1

where we have set z,;, = z; — 5. This expansion can be rephrased in more geometrical
terms. Specifically, we define the following Taylor approximation function on g®.

Definition 2.17. Let {V,; 1 < a < d} be a family of Cf° vector fields on RY, and recall
that the sets of words A(l),.A;(l) are introduced at the beginning of Section 1.2. For each

[ > 1, we define the Taylor approzimation function F; : g x RN — RN of order [ associated
with the ODE (2.34) by

F(u,x) Z Viey(z) - (expu)®, (u,z) € g x RY,
acAi(l)

where the exponential function is defined on T®W by (2.24) and (exp(u))® is the coefficient
of exp(u) with respect to the tensor basis element e, (we recall that the notation e(q)
is introduced in (2.25)). We also say that u € g joins x to y in the sense of Taylor
approximation if y = x + F(u, x).

With Definition 2.17 in hand, we can recast the formal expansion (2.35) (truncated at
an arbitrary degree [) in the following way:

Tt ™~ F} (10g (S(w)s,t) 7$s) ) (236)

where the function log is the inverse of the exponential map for G® which can also be
defined by a truncated Taylor’s formula on G similar to the exponential, and S(w),, is
the truncated signature path of w defined by (2.29). In order to define rough differential
equations, a natural idea is to extend this approximation scheme to rough paths. We get a
definition which is stated below in the fractional Brownian motion case.
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Definition 2.18. Let B be a fractional Brownian motion with Hurst parameter H > 1/4,
and consider its rough path lift B as in Proposition 2.16. Let {V,; 1 < a < d} be a family of

> vector fields on RY. We say that X is a solution to the rough differential equation (1.1)
if for all (s,t) € [0,1]* such that s < ¢ we have

Xot = Fpijy-1 (log (S(B)sy) , Xs) + Ry (2.37)
where R, is an R"-valued remainder such that there exists € > 0 satisfying

o<s<t<1 |t — s|1te

Roughly speaking, Definition 2.18 says that the expansion of the solution X to a rough
differential equation should coincide with (2.35) up to a remainder with Hélder regularity
greater than 1. This approach goes back to Davie [9], and it can be shown to coincide
with more classical notions of solutions. We close this section by recalling an existence and
uniqueness result which is fundamental in rough path theory.

Proposition 2.19. Under the same conditions as in Definition 2.18, there exists a unique
solution to equation (1.1) considered in the sense of (2.37).

2.4 Malliavin calculus for fractional Brownian motion.

In this section we review some basic aspects of Malliavin calculus. The reader is referred
to [23| for further details.

We consider the fractional Brownian motion B = (B!,..., B%) as in Definition (2.1),
defined on a complete probability space (€2, F,P). For sake of simplicity, we assume that F
is generated by {By; t € [0,7]}. An F-measurable real valued random variable F' is said to
be cylindrical if it can be written, with some m > 1, as

F:f(Btl,...7Btm), for O§t1<<tm§1,

where f : R™ — R is a Cy° function. The set of cylindrical random variables is denoted
by S.

The Malliavin derivative is defined as follows: for F' € S, the derivative of F' in the
direction h € H is given by

=0
D,F' = Za_xf (Bt17 .- '7Btm) hti'
i=1 ¢

More generally, we can introduce iterated derivatives. Namely, if F' € S, we set

Dy, F =D ...D,F.

k
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For any p > 1, it can be checked that the operator D is closable from S into LP(£2; H®*).
We denote by D*P(H) the closure of the class of cylindrical random variables with respect
to the norm

: v
1Ep = (EHF\P] +) E [}|DjF||§’{®].]> 7 (2.38)
j=1
and we also set D®°(H) = Np>1 N1 DEP(H).

Estimates of Malliavin derivatives are crucial in order to get information about densities
of random variables, and Malliavin covariance matrices as well as non-degenerate random
variables will feature importantly in the sequel.

Definition 2.20. Let F = (F',...,F") be a random vector whose components are in
D>°(H). Define the Malliavin covariance matriz of F' by

vp = ((DF", DFj)H)lgi,jgn. (2.39)
Then F' is called non-degenerate if vp is invertible a.s. and

(det ’}/F)_l € ml)Zle(Q>'

It is a classical result that the law of a non-degenerate random vector F = (F!, ... F™)
admits a smooth density with respect to the Lebesgue measure on R"™.

3 The elliptic case.

In this section, for a better understanding of our overall strategy, we first prove Theorem 1.3
and Theorem 1.7 in the uniformly elliptic case. The analysis in this case is more explicit
and straightforward, and our methodology might be more apparent. More precisely we still
consider the SDE (1.1), and we assume that the coefficients satisfy the following hypothesis:

Uniform Ellipticity Assumption. The C;° vector fields V' = {V4,..., V;} are such that
AP < EV(@)V (2)"€ < Aol€f?, Y, & € RY, (3.1)
with some constants Ay, Ay > 0, where (-)* denotes matrix transpose.

Notice that the condition (3.1) can be seen as a special case of the uniform hypoellipticity
condition (1.2), where [y = 1.

One of the major simplifications of the elliptic (vs. hypoelliptic) situation concerns the
control distance d. Indeed, recall that for z,y € RV, 11, , is the set of Cameron-Martin paths
that join x to y in the sense of differential equation (cf. (1.5)). Under our assumption (3.1)
it is easy to construct an h € H € 11, , explicitly, which will ease our computations later on.
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Lemma 3.1. Let V. = {V4,...,Vy} be vector fields satisfying the uniform elliptic assump-
tion (3.1). Given z,y € RN, define

e 2 / V*(20) - (V(z)V*(20)) - (y — )ds, (3.2)

where z; 2 (1 —t)x +ty is the line segment from x toy. Then h € 11, ,, where 11, , is defined
by relation (1.5).

Proof. Since H = I£+1/2(L2([0, 1])) contains smooth paths, it is obvious that h € H. As far
as z; is concerned, the definition z; = (1 — ¢)z + ty clearly implies that zyp = z,2; = y and
% =y — z. In addition, since VV*(€) is invertible for all £ € RY under our condition (3.1),
we get '

L=y—x= (VV*(VV*)’l) (zt) - (y —x) =V (z)hy,

where the last identity stems from the definition (3.2) of h. Therefore h € II, , according to
our definition (1.5). O

Remark 3.2. The intuition behind Lemma 3.1 is very simple. Indeed, given any smooth
path z; with x¢g = x, 1 = y, since the vector fields are elliptic, there exist smooth functions
A1), ..., A%(t), such that

d
B =Y A(t)Valz), 0<t<L
a=1

In matrix notation, @; = V(x;) - A(t). A canonical way to construct A(t) is writing it as
A(t) = V*(zy)n(t) so that from ellipticity we can solve for n(t) as

n(t) = (V(z)V* ()" e
It follows that the path h, = fot A(s)ds belongs to II, .

Now we can prove the following result which asserts that the control distance function is
locally comparable with the Euclidean metric, that is Theorem 1.7 under elliptic assumptions.

Theorem 3.3. Let V = {Vi,..., Vy} be vector fields satisfying the uniform elliptic assump-
tion (3.1). Consider the control distance d = dy given in Definition 1.2 for a given H > i.
Then there exist constants Cy,Cy > 0 depending only on H and the vector fields, such that

Cilz —y| < d(z,y) < Colz —y| (3.3)
for all z,y € RY with |z —y| < 1.

Proof. We first consider the case when H < 1/2, which is simpler due to Lemma 2.8. Given
z,y € RY, define h € 11, , as in Lemma 3.1. According to Lemma 2.8 and Definition 1.2 we
have

d(z,y)* < [|B]|% < Cullhl[fm..
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Therefore, according to the definition (3.2) of h, we get

d(z,y)* < CH/O V¥ (2)(V(2)V*(2:)) 7"+ (y — 2)*ds < Cryly — 2,

where the last inequality stems from the uniform ellipticity assumption (3.1) and the fact
that V* is bounded. This proves the upper bound in (3.3).

We now turn to the lower bound in (3.3). To this aim, consider h € II,,. We assume
(without loss of generality) in the sequel that

[hll7 < 2d(z,y) < 2Cs, (3.4)

where the last inequality is due to the second part of inequality (3.3) and the fact that
|z — y| < 1. Then recalling the definition (1.5) of II,, we have

y—x = /01 V(®y(x; h))dhy.

According to Proposition 2.6 (specifically the embedding H C C{**([0,1];R?) for ¢ >
(H 4+ 1/2)7') and the pathwise variational estimate given by [13, Theorem 10.14], we have

ly = 2| < Cry (Illg=var V 12 ll—var) < Cry (IPll v [1B115,) - (3:5)

q—var

Since ¢ > 1 and owing to (3.4), we conclude that
ly — x| < Cuylhlg

for all x,y with |y — x| < 1. Since h € Il,, is arbitrary provided (3.4) holds true, the lower
bound in (3.3) follows again by a direct application of Definition 1.2.

Next we consider the case when H > 1/2. The lower bound in (3.3) can be proved with
the same argument as in the case H < 1/2, the only difference being that in (3.5) we replace
H C CI™([0,1;RY) by H C CH([0,1];RY) and the pathwise variational estimate of [13,
Theorem 10.14| by a Holder estimate borrowed from |11, Proposition 8.1].

For the upper bound in (3.3), we again take h € II,, , as given by Lemma 3.1 and estimate
its Cameron-Martin norm. Note that due to our uniform ellipticity assumption (3.1), one
can define the function

Ve = /0 (V*(VV*) N (ze)ds = /0 g((1 — s)x + sy)ds, (3.6)

where g is a matrix-valued Cy° function. We will now prove that « can be written as v = K¢
for ¢ € L?([0,1]). Indeed, one can solve for ¢ in the analytic expression (2.6) for H > 1/2
and get

1
H—3

o(t) = Cpthz <D0+ (s%_H"ys)> (t).
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We now use the expression (2.4) for Défl/ ? which yield (after an elementary change of

variable)

dt |,

Hence, thanks to the fact that g and Vg are bounded plus the fact that t < 1, we get
()] < Cary (" + |y —a]),
from which ¢ is clearly an element of L*([0, 1]). Since |y — z| < 1, we conclude that
17l = llell 2oy < Crv

Therefore, recalling that h is given by (3.2) and + is defined by (3.6), we end up with

H

dtea) <l = | ( [ 070 zas) -t 2)

= [[vllzly — = < Cuyvly — .

This concludes the proof. O

From Theorem 3.3, we know that |Bg(x,t)| < M when t is small. Therefore, the
elliptic version of Theorem 1.7 becomes the following result, which is consistent with the
intuition that the density p(t,z,y) of the solution to equation (1.1) should behave like the

Gaussian kernel
- Cl 02|y — .1'|2
p(t,x,y) < i P (e )

Theorem 3.4. Let p(t,z,y) be the density of the solution X, to equation (1.1). Under the
uniform ellipticity assumption (3.1), there exist constants Cy,Co, 7 > 0 depending only on
H and the vector fields V', such that

C
p(t,z,y) > tN—;I (3.7)

for all (t,z,y) € (0,1] x RN x RN satisfying |z — y| < Cot™ and t < 7.

The main idea behind the proof of Theorem 3.4 is to translate the small time estimate
in (3.7) into a large deviation estimate. To this aim, we will first recall some preliminary
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notions taken from [4]. By a slight abuse of notation with respect to (1.4), we will call
w +— Py (x;w) the solution map of the SDE (1.1) (or (2.37)). From the scaling invariance of
fractional Brownian motion, it is not hard to see that

®,(z: B) "2 &, (x;2B), (3.8)

where ¢ £ tH. Therefore, since the random variable ®;(z; B) is nondegenerate under our
standing assumption (3.1), the density p(t, z,y) can be written as

p(t,z,y) =E [0, (P1(z;eB))]. (3.9)

Starting from expression (3.9), we now label a proposition which gives a lower bound on
p(t,x,y) in terms of some conveniently chosen shifts on the Wiener space.

Proposition 3.5. In this proposition, ®, stands for the solution map of equation (1.1). The
vector fields {Vi, ..., Va} are supposed to satisfy the uniform elliptic assumption (3.1). Then
the following holds true. )
(i) Let ®; be the solution map of equation (1.1), h € H, and let

s Pi(z;eB+ h) — Oy(x;h)

X¢(h) 2 - . (3.10)

Then X¢(h) converges in D> to X(h), where X (h) is a RY -valued centered Gaussian random
variable whose covariance matrixz will be specified below.

(ii) Let ¢ > 0 and consider x,y € RN such that d(z,y) < &, where d(-,-) is the distance
considered in Theorem 3.3. Choose h € 11, so that

1h]l7 < d(z,y) + e < 2e. (3.11)
Then we have

E[6, (®1(z;¢B))] > Ce™N -E [50 (X5(h)) e—f(%)} . (3.12)

Proof. The first statement is proved in [4]. For the second statement, according to the
Cameron-Martin theorem, we have

lInlI%,

E[5, (®1(v;2B))] =e = E [5y (@, (2:2B + h)) e—f(%)} ,

where we have identified H with H through R and recall that I : H — C; is the Wiener
integral operator introduced in Section 2.1. Therefore, thanks to inequality (3.11), we get

E[5, (0,(x;eB))] > C-E [@j (@1 (z: B + h)) e*f(%)} .

In addition we have chosen h € II, ,, which means that ®;(z;h) = y. Thanks to the scaling
property of the Dirac delta function in RY, we get

p(t,z,y) = E[5, (®1(z;eB))] > Ce™V - K [50 (Cbl(“”; eB+h) = o h>> e—f@] .

€

Our claim (3.12) thus follows from the definition (3.10) of X¢(h). O
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Let us now describe the covariance matrix of X (h) introduced in Proposition 3.5. For
this, we recall again that ® is the application defined on H by (1.4). The Jacobian of
®y(-;h) : RY — RY is denoted by J(-;h). Then it is standard (cf. [4]) that the deterministic
Malliavin differential of ® satisfies

¢
(D®y(z;h), )5z = Je(x; h) - / J @ h) -V (®g(a; h))dl,, foralll € H, (3.13)
0

where D is the Malliavin derivative operator. According to the pairing (2.13), when viewed
as an H-valued functional, we have

(D (x; h))s = (Jolw: h) I (@ V(R (1)) L (s), L<i<N.  (3.14)

Then the N x N covariance matrix of X (h) admits the following representation taken from
the reference [4]:

Cov(X(h)) = To, @) = (DP1(x; h), DP1(z; h))3. (3.15)

With (3.15) in hand, a crucial point for proving Theorem 3.4 is the fact that I'g, (5 is
uniformly non-degenerate with respect to all h. This is the content of the following result
which is another special feature of ellipticity that fails in the hypoelliptic case. Its proof is
an adaptation of the argument in [4] to the deterministic context.

Lemma 3.6. Let M > 0 be a localizing constant. Consider the Malliavin covariance ma-
triz s,z defined by (3.15). Under the uniform ellipticity assumption (3.1), there exist
C1,Cy > 0 depending only on H, M and the vector fields, such that

Cl S det F(In(z;h) S Cg (316)
for all x € RY and h € H with ||h|lg < M.

Proof. We consider the cases of H > 1/2 and H < 1/2 separately. We only study the lower
bound of I'g, (5;n) since the upper bound is standard from pathwise estimates by (3.14) and
(3.15), plus the fact that ||h|y < M.

(i) Proof of the lower bound when H > 1/2. According to relation (3.15) and the expression
for the inner product in H given by [23, equation (5.6)], we have

d
Cosey = Cor Y | I Val@)VE(@)(I ) it — 52

a=1 [071]2

where we have omitted the dependence on =z and h for & and J inside the integral for
notational simplicity. It follows that for any z € RY, we have

Z*Fcbl(a:;h)z - CH/ <€S’ §t>Rd|t - 8|2H_2d8dt7 (317>

[0,1]2
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where ¢ is the function in H defined by
§E2VHR)(JIT) Tz (3.18)

According to an interpolation inequality proved by Baudoin-Hairer (cf. [2, Proof of Lemma
4.4]), given v > H — 1/2, we have

(0@ = o)l fo v
B

for all f € C7(]0,1];RY). Observe that, due to our uniform ellipticity assumption (3.1) and
the non-degeneracy of J;, we have

/[O o Bl = s 2 €, (3.19)

inf |62 > Crvulz|® (3.20)

0<t<1

Furthermore, recall that @, is defined in (1.4) and is driven by h € H. We have also seen
that H — C3# whenever H > 1/2. Thus for H — 1/2 < v < H, we get ||®.]], < Cuv]|hl+;

and the same inequality holds true for the Jacobian J in (3.18). Therefore, going back to
equation (3.18) again, we have

€12 < Cryarllbllg |21? < Cryalzl, (3.21)

where the last inequality stems from our assumption ||h|lz < M. Therefore, taking f; = &
in (3.19), plugging inequalities (3.20) and (3.21) and recalling inequality (3.17), we conclude
that

2T @z = Cuvaulz?

uniformly for ||h|lz < M and the result follows.
(ii) Proof of the lower bound when H < 1/2. Recall again that (3.15) yields
7 Tay@mz = 127D (2: 0|13

Then owing to the continuous embedding H C L?([0, 1]) proved in Lemma 2.8, and expres-
sion (3.14) for D®;, we have for any z € RV,

2 Loy @z = Cullz" D®y (5 )1 220 1))

1
= Cy / IV (@) V(@) (T T 2.
0

We can now invoke the uniform ellipticity assumption (3.1) and the non-degeneracy of J; in
order to obtain

2T, @mz > Crvalz]?

uniformly for |||z < M. Our claim (3.16) now follows as in the case H > 1/2. O
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With the preliminary results of Proposition 3.5 and Lemma 3.6 in hand, we are now able
to complete the proof of Theorem 3.4.

Proof of Theorem 3.4. Recall that X¢(h) is defined by (3.10). According to our preliminary
bound (3.12), it remains to show that

E |8 (X°(h))e ()| > Cyy (3.22)

uniformly in A for ||h|z < 2¢ when ¢ is small enough. The proof of this fact consists of the
following two steps:

(i) Prove that E[0o(X (h))e~!"/®)] > Cyy for all e > 0 and h € H with ||hllg < 1;
(ii) Upper bound the difference

E [ (X*(n) e (8)| — B [o(x (m))e~"(*)]

and show that it is small uniformly in A for ||h]lz < 2¢ when € is small. We now treat the
above two parts separately.

Proof of item (i): Recall that the first chaos C; has been defined in Section 2.1. then observe
that the random variable X (h) = (X'(h),..., X" (h)) introduced in Proposition 3.5 sits in
Cy. We decompose the Wiener integral I(h/c) as

I(h/e) = Gi + G,
where G and G5 satisty
GS € Span{X'(h);1 <i < N}, G5 e Span{X'(h);1<i< N}t

where the orthogonal complement is considered in C;. With this decomposition in hand, we
get

E [(50(X(h))e_f(%)] = E [do(X (h))e %] - E [e %] .
Furthermore, E[e“] > 1 for any centered Gaussian random variable G. Thus
E [50(X(h))e—1(%)] > E [50(X (h))e %] . (3.23)
Next we approximate dy above by a sequence of function {t,;n > 1} compactly supported
in B(0,1/n) C RY. Taking limits in the right hand-side of (3.23) and recalling that G5 €

Span{X‘(h);1 <i < N}, we get

E [60(X ()e™ ()] > B[s(X (1))

27



We now resort to the fact that X (h) is a Gaussian random variable with covariance matrix
La, (2;n) by (3.15), which satisfies relation (3.16). This yields

E 50(X(h))e*f(%)} > ! > Cuy,

o (27’[’)% A/ det Fél(r;h)

uniformly for |||l < 1. This ends the proof of item (i).

Proof of item (ii): By using the integration by parts formula in Malliavin’s calculus, the
expectation E[6(X?(h))e~(*/?)] can be expressed in terms of the Malliavin derivatives of
I(h/e), X?(h) and the inverse Malliavin covariance matrix Mx-(y of X¢(h), and similarly
for E[6o(X (h))e~!("/9)]. In addition, from standard argument (cf. [4, Lemma 3.4]), one can
show that det My« has negative moments of all orders uniformly for all ¢ € (0,1) and
bounded h € H. Together with the convergence D-lim. ,q X¢(h) = X (h) in Proposition 3.5,
we conclude that

-1 Lp -1
det ng(h) — det ]\4@1(27;}1)7 ase — 0

uniformly for |||z < 1 for each p > 1. Therefore, the assertion of item (ii) holds.

Once item (i) and (ii) are proved, it is easy to obtain (3.22) and the details are omitted.
This finishes te proof of Theorem 3.4. O]

4 Hypoelliptic case: local estimate for the control dis-
tance function.

In this section, we prove Theorem 1.3 in the hypoelliptic case. In contrast to the elliptic case,
it should be noticed that one cannot explicitly construct a Cameron-Martin path joining two
points in the sense of Definition 1.2 in any easy way (i.e. no simple analogue of Lemma 3.1
is possible). The analysis of Cameron-Martin norms also becomes more involved. We detail
those steps below, starting with some technical lemmas.

4.1 Preliminary results.

As we mentioned above, it is quite difficult to explicitly construct a Cameron-Martin path
joining x to y in the sense of differential equation in the hypoelliptic case. However, it
is possible to find some u € g joining = to y in the sense of Taylor approximation, i.e.
y = x + Fj(u,z) as introduced in Definition 2.17. This is the content of the following
fundamental lemma proved in [17], which will be crucial for us in the proofs of both Theorem
1.3 and Theorem 1.7. Recall that [y is the hypoellipticity constant in the assumption (1.2).

Lemma 4.1. For each | > ly, there exist constants r; A > 0 depending only on | and the
vector fields, and a Cy°-function

U {ueg?: fulus <r} xRY x {n e RY : ] <r} = ¢?,
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such that for all u,x,n in the domain of V;, we have:
(i) ¥, (u,x,0) = u;

(i) | Wi (u, z,n) — ullus < Alnl;

(iii) F(Vi(u, z,n), ) = Fi(u,x) + 1.

The intuition behind the function W, is the following. Let y = z + Fj(u,r) so that u
joins z to y in the sense of Taylor approximation. Then v £ U;(u, z,7) joins = to y +n, i.e.
v+ F)(v,z) = y+n. In particular, ¥;(0, z, y —z) gives an element in g) which joins z to y in
the sense of Taylor approximation, provided |y — x| < r. The proof of this lemma, for which
we refer again to [17], is based on a non-degeneracy property of Fj stated in Lemma 5.7 due
to hypoellipticity, as well as a parametrized version of the classical inverse function theorem.

We begin with some easy preliminary steps toward the proof of Theorem 1.3, namely the
lower bound on d(-,-) and the upper bound for the case H < 1/2.

Lemma 4.2. Assume that the vector fields in equation (1.1) satisfy the uniform hypoellip-
ticity assumption (1.2) with constant ly. Let d = dy be the control distance introduced in
Definition 1.2. Then the following bounds hold true.

(i) For all H € (1/4,1) and z,y such that |x — y| < 1, we have

d(z,y) = Cilz —y|.

(ii) Whenever H € (1/4,1/2) we have
d(.y) < Calar = .

Proof. Claim (i) follows from the exact same argument as in the proof of Theorem 3.3. Claim
(ii) stems from the fact that when H < 1/2,

d(z,y) < Cydpm(z,y) (4.1)

where dpy stands for the distance for the Brownian motion case. Note that (4.1) can be
easily justified by the fact that, according to Lemma 2.8,

d(z,y) < ||hllz < Cullhllwr2,

for any h € II,,. Then, with (4.1) in hand, our claim (ii) follows from the Brownian
hypoelliptic analysis [17].
[

In the remainder of the section, we focus on the case H > 1/2. It is not surprising that this
is the hardest case since the Cameron-Martin subspace H gets smaller as H increases. First,
we need to make use of the following scaling property of Cameron-Martin norm. Namely
denote H([0,T]) (respectively, dr(x,y)) as the Cameron-Martin subspace (respectively, the
control distance function) associated with fractional Brownian motion over [0,7]. Then the
following property holds true.
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Lemma 4.3. Let 0 < Ty < Ty, and consider H > 1/2. Given h € H([0,T1]), define
hy & hryym, for 0 <t <T,. Then h € H[0, T3], and

T H
7 1
- (7) Wellsgos) (42)

In particular, let dp be the distance introduced in Definition 1.2 associated with a fractional
Brownian motion over [0,T]. Then we have

dy(z,y) = T"dp(z,y), VT >0, z,y € RY. (4.3)
Proof. Recall that, thanks to relation (2.8), we have
2 llzqom = 1K Rl z2go1)- (4.4)

Moreover, invoking relation (2.6) for H > 1/2, we get

(K'h), = Cy - 73D (s%—Hhs) (1) (4.5)
Plugging (4.5) into (4.4) and performing an elementary change of variables, one ends up with
. o TN\ T\
llaozyy = 1K Al 2oy = (Tz) T (Tz) (BRI
and the assertion (4.2) follows. The second claim (4.3) is now easily deduced. O

Remark 4.4. In fact Lemma 4.3 also holds true for H < 1/2. However, it will only be invoked
for the case H > 1/2.

We also need the following lemma about the free nilpotent group G which allows us to
choose a "regular" path v with S;(y) = u for all u € GV,

Lemma 4.5. Let | > 1. For each M > 0, there ewists a constant C' = Cip > 0, such
that for every u € GO with ||ul|lcc < M, one can find a smooth path v : [0,1] — R which
satisfies:

(1) Si(y) = u;

(i1) 7 is supported on [1/3,2/3];

(i) [l oogo < C

Proof. We first prove the claim for a generic element u € exp(Ly), seen as an element of
G®. Let {ai,... ,aq, } be a basis of £, where dj, £ dim £;,. Given u € exp(L},), we can
write u = exp(a) with

a=M\Nay+---+ Adkadk e L, (46)

for some Ai,...,\g, € R. Since we assume that ||ul|cc < M, according to the ball-box
estimate (cf. Proposition 2.15) and the fact that a € L, we have

llallas = [Ju — 1|las < Ciym- (4.7)
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Moreover, L, is a finite dimensional vector space, on which all norms are equivalent. Thus
relation (4.7) yields
max ’)\ ‘ < CZ[M (48)

1<i<dy,
Now recall from Remark 2.14 that for each a; in (4.6) one can choose a smooth path
;1 [0,1] — R? such that Si(;) = exp(a;) and & is supported on [1/3,2/3]. Set
Ry £ max { |01y 1 1 < i < di}

Note that Ry, is a constant depending only on k. We construct a smooth path v : [0, d},] — R?
by

72 (INfFai® ) U U (g Fag™ ). (49)

where a; ' denotes the reverse of o;, and LI denotes path concatenation. Then 4 is obviously
compactly supported, and we also claim that Sg(y) = w. Indeed, it follows from (4.9) that

54(0) = 8 (I [Fa™ ™) @+ @ 8 (I o)

=01 (S (o *“)) ooy, (5 (o))
=9

3 (exp(sgn(M)ar)) @ --- @6 1 (exp(sgn(Aa, )ad,)) (4.10)

A1l 1Ay |

where we have used the properties of the dilation, recalled in Section 2.2, and the relation
between signatures and G) given in (2.28) - (2.29). In addition, since each element exp(\;a;)
above sits in exp(L},), the tensor product in G* is reduced to

Sk(7) = exp(Ma1) @ - - ® exp(Ag, aq,) = exp(a) = u. (4.11)

We have thus found a path v with compactly supported derivative such that Si(y) = u. In
addition, from the definition of Rj and (4.8), we have

1
k
9oy < R ( max | |) < Cyrnr

1<i<dy,

By suitable rescaling and adding trivial pieces on both ends if necessary, we may assume
that 7 is defined on [0, 1] and % is supported on [1/3,2/3]. In this way, we have

17 scsio1] < Cr - Ca s £ Cu o,

where Cj, is the constant coming from the rescaling. Therefore, our assertion (i)—(iii) holds
for u which are elements of exp(Ly).

With the help of the previous special case, we now prove the lemma by induction on [.
The case when [ = 1 is obvious, as we can simply choose 7 to be a straight line segment.
Suppose now that the claim is true on G, We let M > 0 and v € G with |Jullcc < M.
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Define v £ 701 (u) where 7(=Y : G® — GU=Y is the canonical projection. We obviously
have
[vlloe < flulloc < M,

where the CC-norm of v is taken on the group G¢~. According to the induction hypothesis,
there exists a constant Cj_y s, such that we can find a smooth path « : [0, 1] — R¢ which
satisfies (i)—(iii) in the assertion of Lemma 4.5, for v = S;_;(«) and constant C;_ ps. Define

w2 (S(a) ! @u, (4.12)

where the tensor product is defined on G®. Then note that owing to the fact that ||ul/cc <
M, we have

L.
lwlloe < lIS@llee + llullce < llalhi—aron + llullce < Flldllpoa + M.

Therefore, thanks to the induction procedure applied to v = S;_;(a), we get
1 A
lwlce < 501—1,1\/1 +M=Csm.

We claim that w € exp(L;). This can be proved in the following way.

(i) Write u = exp(lp + 15), where Iy € g~ and I;, € £;. Recall v £ 7(=Y(u). We argue that
v = exp(ly) € GV as follows: since l;, € £;, any product of the form I, ® 1§ = 0 whenever
p,q > 0. Taking into account the definition (2.24) of the exponential function, we get that

u=-exp(lp +1;) = v=exp(ly) € GV, (4.13)

(i) Recall that our induction hypothesis asserts that v = .S;_;(«), thus according to (4.1
we have S;_;1(«) = exp(lp). Thanks to the same kind of argument as in (i), we get S;(«)
exp(lo + 1) € GV for some I}, € L;.

(iii) In order to conclude that w € exp(L;), we go back to relation (4.12), which can now be
read as

3)

w = (exp(lo + 1)) @ exp (lo + 1)
According to Campbell-Baker-Hausdorft formula and taking into account the fact that

[0, 1) = [lo, 1n) = [lo, )] = [In, 1)) = 0 € g,

we conclude that w = exp(l, — [},) and thus w € exp(L;).

We are now ready to summarize our information and conclude our induction procedure.
Namely, for u € G, we can recast relation (4.12) as

u=S(a)®w, (4.14)

and we have just proved that w € exp(L;). Hence relation (4.11) asserts that w can be
written as w = Sj(f8), where 3 : [0,1] — R? satisfying relation (i)-(iii) in Lemma 4.5 with
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C = Couar- Now set v £ U B and rescale it so that it is defined on [0, 1] and its derivative
path is supported on [1/3,2/3]. Then, recalling our decomposition (4.14), we have

Si(y) = Si(a) ® Si(B) = Si(a) @ w = u,

and, moreover, the following upper bound holds true

1 locso.ny < 36 max { il s, 1 Bllcsonn } < Cranr

Therefore our induction procedure is established, which finishes the proof.
]

We conclude this subsection by stating a convention on the group G which will ease
notation in our future computations.

Convention 4.6. Since g'¥) is a finite dimensional vector space on which differential calculus
is easier to manage, we will frequently identify G with g through the exponential diffeo-
morphism without further mention. This is not too beneficial when proving Theorem 1.3
but will be very convenient when proving Theorem 1.7. In this way, for instance, S;(w) = u
means S;(w) = exp(u) if u € g). The same convention will apply to other similar relations
when the meaning is clear from context. For norms on g, we denote |u/|cc = || exp(u)||cc.
As for the HS-norm, note that

Crillullas < [lexp(u) = 1lus < Copf|ullus

for all u € g satisfying || exp(u) — 1||zs A ||u||us < 1. Therefore, up to a constant depending
only on [, the notation ||u|/us can either mean the HS-norm of u or exp(u) — 1. This will not
matter because we are only concerned with local estimates. The same convention applies to
the distance functions pcc and pys.

4.2 Proof of Theorem 1.3.

In this section we give the details in order to complete the proof of Theorem 1.3. Notice that

thanks to our preliminary Lemma 4.2, we only focus on the upper bound on the distance d
for H > 1/2.

Recall that W;(u,x,n) is the function given by Lemma 4.1. This function allows us to
construct elements in g joining two points in the sense of Taylor approximation locally. In
the following, we take [ = [y (where [y stands for the hypoellipticity constant) and we will
omit the subscript [ for simplicity (e.g., F = F; and ¥ = ¥;) . We will also identify G
with g in the way mentioned in Convention 4.6. We now divide our proof in several steps.

Step 1: Construction of an approzimating sequence. Let § < r be a constant to be chosen
later on, where r is the constant appearing in the domain of ¥ in Lemma 4.1. Consider
r,y € RN with |z — y| < 4.
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We are going to construct three sequences {z,,} € R, {u,,} C g, {h,,} € C>=([0,1];R?)
inductively. We start with z; £ x and define the rest of them by the following general pro-
cedure in the order

Uy —> hy — X9 —> Uus — hg — 23— -+ .

To this aim, suppose we have already defined z,,. Set
U = V(0, T,y — Tpy), and Ty, = 5|IUmH5éum' (4.15)
By Lemma 4.1, the first condition in (4.15) states that u,, is an element of g such that
T + F (U, ) = v, (4.16)

while the second condition in (4.15) ensures that |%m,[cc = 1. Once u,, is defined, we
construct h,, in the following way: let h,, : [0,1] — R? be the smooth path given by

Lemma 4.5 such that Sj,(hm) = tm, hn is supported on [1/3,2/3], and ||Aplcco.1] < Cly-
Define

B 2 ||t ccPom, (4.17)

so that the truncated signature of h,, is exactly u,, (here recall the Convention 4.6). More
specifically, we have:

Sty (hm) = Slo(HumHCC : }_Lm) = 5\\umllcc (Slo(}_lm)) = 5Humllcc(ﬂm) = Um.

Taking into account the definition (2.32) of the CC-norm, it is immediate that

||um||CC S ||hm||l-var;[0,1} S ||um||CC||}_Lm||1-var;[0,l] S Cl()”um”CCa (418)

where the last inequality stems from the fact that h,, has a bounded second derivative.
Eventually we define

Ty = Oy (s b)), (4.19)

where recall that ®;(x; h) is the solution flow of the ODE (2.34) driven by h over [0, 1].

Step 2: Checking the condition |y — x| < r. Recall that in Lemma 4.1 we have to impose
|lullus < 7 and |n| < r in order to apply W. In the context of (4.15) it means that we should
make sure that

ly — x| <7, for all m. (4.20)

We will now choose ¢; small enough such that if |y — z| < d;, then (4.20) is satisfied. This
will guarantee that u,, is well-defined by Lemma 4.1 and we will also be able to write down
several useful estimates for z,, and u,,. Our first condition on d; is that ¢; < r, so that if
|z — y| < d1, we can define u; by a direct application of Lemma 4.1. We will now prove by
induction that if d; is chosen small enough, then condition (4.20) is satisfied. To this aim,
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assume that |z,, — y| < d;. Then one can apply Lemma 4.1 in order to define u,,, h,, and
Tma1- We also get the following estimate:

s < Al — 3] < Ady, (4.21)

where A is the constant appearing in Lemma 4.1. In addition, let us require 6; < 1/A so
that ||um,|lus < 1. Recalling relations (4.16) and (4.19) we get

[Tmr1 — Yyl = [P1(@m, hon) — T — F (St (hn), ) |-

Thus applying successively the Taylor type estimate of [13, Proposition 10.3] and rela-
tion (4.18) we end up with

l l
st = 9 < Cvo 17,04 < Cvallm 522

The quantity ||um,|/cc above can be bounded thanks to the ball-box estimate of Proposi-
tion 2.15, for which we observe that the dominating term in (2.33) is pus(g1, g2)*/ since our
element wu,, is bounded by one in HS-norm. We get

1++ 1 1
[tmllig® < Crap A6 | — 3.

1+1g
|xm+1 - y‘ < CV,loHumHCC < CVJO
Summarizing our considerations so far, we have obtained the estimate

1
@t — 91 < Crumolunll 520 < Coolem — oI 5. (4.22)

On top of the inequalities 0; < r and §; < 1/A imposed previously, we will also assume that
CQ’VJOé%/ ' < 1/2, which easily yields the relation
1 1
|$m+1 — y| < §|Im — y| < 5(51 < 51. (423)
For our future computations we will thus set
51 é r A A_l A (202’\/7[0>_l0.

According to our bound (4.23), we can guarantee that if |z —y| < d, then |z, —y| <, <r
for all m. In addition, an easy induction procedure performed on inequality (4.23) leads to
the following relation, valid for all m > 1:

[ =yl <270 D]z —y). (4.24)
Together with the second inequality of (4.22), we obtain that

lumllce < Cavae2 bz —y|o, Vm > 1. (4.25)

We will now choose a constant d < d; such that the sequence {||unm|cc;m > 1} is de-
creasing with m when |z —y| < d5. This property will be useful for our future considerations.
Towards this aim, observe that applying successively (2.33), (4.21) and (4.22) we get

1 1+-L
[umsillce < Ciollumiillgs < Cavollumllce’ (4.26)
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Hence involving the second inequality in (4.22) we have

1
[tmi1llce < Csvelz — 418 |[tmllcc- (4.27)

Therefore, let us consider a new constant d, > 0 such that

1
2
057‘/,[05;0 < 1.
If we choose |7 — y| < § with § £ 6; A &, equation (4.27) can be recast as

[um1llce < |lumllce- (4.28)

Note that = §; Ads depends only on [y and the vector fields, but not on the Hurst parameter
H. We have thus shown that the application of Lemma 4.1 is valid in our context.

Step 3: Construction of a path joining x and y in the sense of differential equation. Our
next aim is to obtain a path A joining = and y along the flow of equation (2.34). Our first
step in this direction is to rescale h,, in a suitable way. Namely, set a; = 0, and for m > 1,
define recursively the following sequence:

m 00
Am+1 é Z ||um||007 ]m é [amaam—i-l]a I é U [m
k=1

m=1

It is clear that |I,,| = ||um| cc, and I is a compact interval since the sequence { ||, |lcc; m >
1} is summable according to (4.25). We also define a family of function {h,,,m > 1} by

Fon(t) 2 B (“4) , tel, (4.29)

and the concatenation of the first Bm’s is

B(m) = ill U Uhy,: [O, am+1] — Rd' (43())

We will now bound the derivative of h,,. Specifically, we first use equation (4.29) to get

sup ||h(m)||00;[0,am+1] = Sup HhmHOO;Im = Sup 75— - HhmHOO;[O,l]'
m>1 m>1 m>1 |Im|

Then resort to relation (4.17), which yields

< im |umllcc z
sup ||h( )||OO;[07am+1] _ Suﬁ {— N sosf0,1] ¢ -

m>1 m2 |Im|

Since ||upm|lcc = |Im| we end up with

up (1 |21 = 50 { [l cs00} < i, (431)
m>1 m>1
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where the last inequality stems from the fact that ||?Lm||oo;[071} < Cj,.

We can now proceed to the construction of the announced path joining x and y. Namely,
set

h&1%_ hy,: I — R (4.32)

Then according to (4.31) we have that h is a smooth function from I to R%. We also claim
that ®1(x; h) =y, where ® has to be understood in the sense of equation (1.4). Indeed, set

Zt:(bt(l';h), tel.
From the construction of z,, in (4.19) and the fact that ﬁ|[o,am+1} = h™ asserted in (4.32),
we have

d Am+1 -
T =T+ / Vi (2)dhs. (4.33)
0

a=1

Since =11 — y as m — o0, which can be easily seen from (4.24), one can take limits
in (4.33) and we conclude that

We have thus proved that & is a smooth path joining z and y in the sense of differential
equations.

Step 4: Strategy for the upper bound. Let us recall that the family of distances {dr;T > 0}
has been introduced in Lemma 4.3, and that they satisfy the scaling property (4.3). Therefore
we get

d(a,y) = " dyy (e, y) < 7N 0llgqo,m)

m H
= lim (ZW!) 1R 0,0, | - (4.34)

m—00
k=1

where the last relation stems from the definition (4.32) of h.

In order to estimate the right hand-side of (4.34), we use the definition (2.8) of the
Cameron-Martin norm to get

IR 3 0amsay = I P12 (0 a1ty

We now invoke the formula (2.6) for K, from which a formula for K~! is easily deduced. We
end up with

_ 9 Am+1
[ CH/
0




Taking into account formula (2.5) for the fractional derivative, this yields

- Am+1
1™ 0 gy = Cr - /o

t g LoHT (m) () _ L—HT (m)
_'_(H_l)/t ™ (t) — s 1 h (s)ds
2) Jo (t—s)HT2

We now split the interval [0, @, 41] as [0, apt1] = UL oIk and use the elementary inequality
(a+b+c)? <3(a®+b*+ ¢?) in order to get

1™ 30y < @1+ Q2 + Qs, (4.35)

2

dt.

with

Q1= i/ tH2 (t1_2H];k<t)) ’2 dt = i Q1 (4.36)
k=171 k=1

k—1

u 1 13 H Ry (1) — 53~ Hhy(s)
= =2 / i . ds

=1
m
A
Qs =
k=1 "Ik

We now bound the above three terms separately.

2
it 2> Qo (4.37)
k=1

~

ol /t 3H (1) — 55 Hhy(s) ]
ar (t — s)Ht2

2
s| dt 2 Qs (4.38)
k=1

Step 5: Bound for (). In order to bound each ()4 in the definition (4.36) of @1, we just

resort to (4.29) which allows to write
2 1. t— 2
dt = / 2y (—a’“ )‘ dt.
I 1] Ak4+1 — Ak

Then the elementary change of variable

Q1 Z/ 2 ‘}le(t)
Iy,

v=(t —ap)/(ars1 — ar)
yields
1 ! Lom | 2
Qur = —/ (ap +v|li]) ‘hk(v)’ dv.
k| Jo

We now wish to express @, in terms of h,,. To this aim, recall from (4.17) that we have

. ||uk||%c ! 2d
Ql,k - |_[ | ‘gok<v>| v,
k 0

where we have set

1_

or(v) = (ay, + o[ L) 2 Hhy(v). (4.39)
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We also recall that each hy has bounded second derivative and is supported in [1/3,2/3]. In
addition, we have seen previously that ||ux|cc = |Ix]. Thus we have

2/3
Qv = |14 / o (v) Pdo
1/3

We now bound the terms ay + v|lx| in the definition of ¢ (v) uniformly by Z§:1 |1;]. We
obtain

k

1-2H
Qi < CulIy| (Z |fk|> 1Pl 3esp01) < Crrgo

j=1

| £
m 2H-1’
(3 14])

where in the last step we have used the fact that Ek is bounded. Therefore, summing
relation (4.40) over k and recalling that Q1 = > " | Q14 we get

m m 2(1—H)

™ oI

Q1 < Cuy, it k2|H_1 < Cry, Z |1, PU ) < Oy <Z |fk|) ; (4.41)
(7 1)

where we use the relation 2(1 — H) < 1 for the last step. This concludes our estimate for
the term Q).

(4.40)

Step 6: Bound for Q3. As in the previous step, we first upper bound each term Qs
separately. To this aim, we perform the same elementary change of variable as for ;4
above, which allow to express Q3 in terms of hy, instead of hy,.. We let the patient reader
check that we have

1
Qs = |fk|2(1_H)/
0

where we recall that the function ¢, has been introduced in (4.39).

2
V1 _
(ak+v1uk|)H—%./ () = oulva) | (4.42)
0

('Ul . UQ)H+%

Next we express the derivative of each ¢y in the following way,

dor i (w) X (1 _ H) : ( 1| P(w) (4.43)

du  (ag +u| )2 \2 ag + ulIy|) 1

[V

Hence, since hy is supported on [1/3,2/3] and ”ﬁkHoo;[O,l} < (), it is readily checked
from (4.43) that
CH,I()
1
(5o 1)1
Plugging this information into (4.42) and bounding all the terms a; + v|I;| uniformly by

Z?:l |1;|, we end up with

_ 2H-1
Q3r < OH,Z0|]1€|2(1_H)/ (Z |]j|> '

< Cro | I[P,

‘d% <

du

2

dU2

v
/ k 1 71 duy
o (o 1172 (v —wg)
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As for relation (4.41), we can now sum the previous bounds over k, which yields the following
estimate for @3,

Qs < Chy, Z ’[k\Q(lfH)- (4.44)

k=1

Step 7: Bound for Q3. We now turn to the estimation of (), which is more involved than
(1 and Q3. We adopt the same strategy as in the previous steps, that is, we handle each
Q2 in (4.37) separately and we resort to the elementary change of variables

u=——, and v .
Ap4+1 — Qg A4+1 — qp

We also express the terms hy in (4.37) in terms of Bk Thanks to some easy algebraic
manipulations, we get

L G M
a;+v|l; 1

Qo = / / - l | Ldv| | L] du. (4.45)
0 121 o (a +ully] —a —v|L])"*z

In the expression above, notice that for [ < k — 1 we have

ap + U|Ik| —a — U|Il| = Qk,l(u7v>>

where
Gra(w,0) = (L= )L + L] + -+ 4 [T | + ul i (4.46)
Therefore, invoking the trivial bounds ay + u|l| < 22:1 |1;,| and a; + v|[;| > Zé;l |15, ],

and bounding trivially the differences by sums, we obtain

1 |k—1

H-—1
; Sho il ’
h’“(“)’ * (23;1 Im) u(v)

/1
1
0 |qr g (u, v)| 2

Q2. < CH/

0 |1=1

In order to obtain a sharp estimate in (4.47), we want to take advantage of the fact that izl
is supported on [1/3,2/3] and therefore avoids the singularities in u, v close to 0 and 1. We
thus introduce the intervals

and decompose the expression (4.47) as follows,
3
QZ,k S CH Z Lk,p,q7
p,q=1
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where the quantity Ly, is defined by

A
Lk,nq - /
J,

P |l=1

Ny (v)

k-1 Ly |+ L] )H‘5 ‘* ‘
\L|dv| | 1| du, (4.48)

|Qk,l(u> U) |H+%

for all p,q = 1,2, 3. Notice again that since all the i_zk are supported on [1/3,2/3], the only
non-vanishing Ly, ,’s are those for which p = 2 or ¢ = 2. Let us show how to handle the
terms Ly, , given by (4.48), according to ¢ = 1,2 and g = 3.

Whenever ¢ = 1 or ¢ = 2, regardless of the value of p, it is easily seen from (4.46) that
we can bound g (u,v) from below uniformly by C' Z?;ll |7;]. Thanks again to the fact that

hy, is uniformly bounded for all k, we obtain

. H-1 .
7 Ii|+- |1 2 |7
()| + (EEBL) T o)
Qk,l(u) U)HJF%

< Cig _ ( L]+ -+ || )H%
T (L4 D ND e ]

Summing the above quantity over [ and integrating over [0, 1], we end up with

k—1

1 2
1 ( L] + -+ | L) )H
L <C I - )
kpa < Crol il (Z(|Il|+---+|]k—1|)H+é (L] + -+ [ L]

=1

By lower bounding the quantity |I1|+ - -- + |[;_1| above uniformly by |I;|, we get

Zk |I| 2H-1 1 2
Lipg < Cryo |1y - <%> . (Z |Il|é_H> ) (4.49)
=1

Recall that we have shown in (4.28) that m +— ||un,|cc is a decreasing sequence. Since
[tmllcc = | we can bound uniformly Yy |V by k|1 |[Y2~7 and |L|71 325 || by
k. Plugging this information into (4.49) we obtain,

Lipg < Crrggk®T I 207, (4.50)

which is our bound for Ly ,, when ¢ € {1,2}.
Let us now bound Ly, , for ¢ = 3 and p = 2. In this case, going back to the defini-
tion (4.48) of Ly, 4, we have that hy(v) = 0 for v € J,. Thus we get

2

= ()| o
Lk,2,3=/ Z/ T | I |du
2 |12 s (=)D + L] 4 - A+ [Teoa] 4 ul T )7
k-1 2
|Il|d1}
< Cuy / -y, (4.51)
O ; 5 (V=[] + [T + -+ + | T]) 7+
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where we have used the boundedness of f_zk for the second inequality. We can now evaluate
the above v-integral explicitly, which yields

/ |Il|d?]
g (L= D] + [T + - + L)z
1 1 1 Cu

T S 19
(H=3) \ (el + -+ DD 0y i+ + 1)) 1
3141 I+ k

where the second inequality is obtained by lower bounding trivially |/;.1 + - - - + [Ix] by | x|
Summing this inequality over | and plugging this information into (4.51), we get

2
|]- |H_1 ) < CH7lok2H+1|Ik|2(1_H)- (452)
k 2

Lios < Crol il (

Summarizing our considerations in this step, we have handled the cases ¢ = 1,2 and (¢, p) =
(3,2) in (4.50) and (4.52) respectively. Therefore, we obtain

Q2 < Y KL PO, (4.53)
k=1

Step 8: Conclusion. Let us go back to the decomposition (4.35) and plug our bounds (4.41),
(4.53) and (4.44) on @1, Q2 and Q3. We get

Hil(m)H?Ft([O,amH]) < Cu(Q1 + Qo+ Q3) < Cuy, Z k2H+1|Ik|2(1—H)'
k=1

In addition, we have |Iz| = ||ux||cc and relation (4.25) asserts that k — ||ug||cc decays
exponentially. Thus we get

m 2H o o,
(Z |Ik|> I e amap S Crro (Z |Ik:|> (Z k2H+1|1k|2<1—H>>
k=1 p "
m 2H m
L3 _2(1—H) 2
= Cn (Z“) | (Z BT ) o =yl (4.54)
k=1 k=1

2
< Cuyolz —ylb,

where we have trivially bounded the partial geometric series for the last step. Hence the left
hand-side of (4.54) converges to a quantity which is lower bounded by d?(x,y) as m — oo,
thanks to (4.34). Therefore, letting m — oo in (4.54) we have obtained

2
d(flj',y)2 S C’H,V,lo|x - y|lo’ (455)

which concludes our proof of Theorem 1.3.
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5 Hypoelliptic case: local lower estimate for the density
of solution.

In this section, we develop the proof of Theorem 1.7 under the uniform hypoellipticity
assumption (1.2). As in Section 4, one faces a much more complex situation than in the
elliptic case. More specifically, the deterministic Malliavin covariance matrix of X} will not
be uniformly non-degenerate (i.e. Lemma 3.6 is no longer true). Without this key ingredient,
the whole elliptic argument will break down and one needs new approaches. Our strategy
follows the main philosophy of Kusuoka-Stroock [17] in the diffusion case. However, as we will
see when we develop the analysis, there are several non-trivial challenges in several key steps
for the fractional Brownian setting, which require new ideas and methods. In particular, we
shall see how to marry Kusuoka-Stroock’s approach and the rough paths formalism.

To increase readability, we first summarize the main strategy of the proof. Our analysis
starts from the existence of the truncated signature of order [ for the fractional Brownian
motion, as asserted in Proposition 2.16. Specifically, with our notation (2.29) in mind, we
will write I'; = S;(B)o; € GV as

l
Ft = SZ(B)OJ = 1 —|‘ Z/ dBtl ® t ® dBtz (51)

3 Jo<ti<<ti<t
In the sequel we will also use the truncated g(-valued log-signature of B, defined by
U 2 log Si(B)oy. (5.2)
Notice that Ut(l) features in relation (2.35), and more precisely the process
X(t,z) £z + FUY, z) (5.3)

is the Taylor approximation of order [ for the solution of the rough equation (1.1) in small
time (cf. relation (2.36)).

With those preliminary notation in hand, we decompose the strategy towards the proof
of Theorem 1.7 into three major steps.
Step One. According to the scaling property of fractional Brownian motion, a precise local
lower estimate on the density of Ut(l) can be easily obtained from a general positivity property.
Step Two. When [ > [y, the hypoellipticity of the vector fields allows us to obtain a precise
local lower estimate on the density of the process X;(t, z) defined by (5.3) from the estimate
on Ut(l) derived in step one.
Step Three. When t is small, the density of X;(¢,z) is close to the density of the actual
solution in a reasonable sense, and the latter inherits the lower estimate obtained in step
two.

The above philosophy was first proposed by Kusuoka-Stroock [17] in the diffusion case.
However, in the fractional Brownian setting, there are several difficulties when implementing
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these steps precisely. Conceptually the main challenge arises from the need of respecting the
fractional Brownian scaling and the Cameron-Martin structure in each step in order to obtain
sharp estimates. More specifically, for Step 1 we need a new idea to prove the positivity
for the density of Ut(l) when the Markov property is not available. For Step 2 we rely on
the technique we used for proving Theorem 1.3 in Section 4, which yields sharp estimates
for the density of X;(¢,z). In Step 3, a new ingredient is needed to prove uniformity for an
upper estimate for the density of X;(¢,x) with respect to the degree [ of expansion. In the
following, we develop the above three steps mathematically.

5.1 Step one: local lower estimate for the signature density of frac-
tional Brownian motion.

We fix [ > 1. Recall that the truncated signature I' is defined by (5.1). We will now write I’
as the solution of a simple enough rough differential equation. To this aim, let {ey, ..., e4}
be the standard basis of R By viewing this family as vectors in g = T3GW, we denote
the associated left invariant vector fields on GO by {Wy,..., Wy}, It is standard (cf. [13,
Remark 7.43]) that I'; satisfies the following intrinsic stochastic differential equation on G®:

{dFt = Wa())dBe,

Iy —1. (5.4)

Let U; = logl';, € g be the truncated log-signature path, as defined in (5.2). Since
{Wl, . .,Wd} satisfies Hormander’s condition by the definition of g, we know that U,
admits a smooth density with respect to the Lebesgue measure du on g). Denote this
density by p:(u).

Next we show that the density function p; is everywhere strictly positive. This fact will
be important for us. In the Brownian case, this was proved in [17]| using support theorem
and the semigroup property (or the Markov property). In the fractional Brownian setting,
the argument breaks down although general support theorems for Gaussian rough paths
are still available. It turns out that there is a simple neat proof based on Sard’s theorem
and a general positivity criteria of Baudoin-Nualart-Ouyang-Tindel [3]. We mention that
Baudoin-Feng-Ouyang [1] also has an independent proof of this fact.

We first recall the classical Sard’s theorem, and we refer the reader to [22] for a beautiful
presentation. Let f : M — N be a smooth map between two finite dimensional differentiable
manifolds M and N. A point z € M is said to be a critical point of f if the differential
dfy : TuyM — Ty N is not surjective. A critical value of f in N is the image of a critical
point in M. Also recall that a subset £ C N is a Lebesgue null set if its intersection with
any coordinate chart has zero Lebesgue measure in the corresponding coordinate space.

Theorem 5.1 (Sard’s theorem). Let f : M — N be a smooth map between two finite
dimensional differentiable manifolds. Then the set of critical values of f is a Lebesque null
set in N.

We now prove the positivity result announced above, which will be important for our
future considerations.
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Lemma 5.2. For each t > 0, the density p; of the truncated signature path Uy is everywhere
strictly positive.

Proof. We only consider the case when ¢t = 1. The general case follows from the scaling
property (5.15) below. Our strategy relies on the fact that Iy = exp(U;) solves equation
(5.4). In addition, recall our Convention 4.6 about the identification of g and G. There-
fore we can get the desired positivity by applying |3, Theorem 1.4]. To this aim, recall that
the standing assumptions in [3, Theorem 1.4] are the following:

(i) The Malliavin covariance matrix of U, is invertible with inverse in L?(Q2) for all p > 1;
(ii) The skeleton of equation (5.4), defined similarly to (1.4), generates a submersion. More
specifically, we need to show that for any u € g¥), there exists h € H such that log S;(h) = u
and

(dlog S))n : H — gV is surjective, (5.5)

where Sj(h) = Sj(h)o is the truncated map.

Notice that item (i) is proved in [1]. We will thus focus on condition (ii) in the remain-
der of the proof.

In order to prove relation (5.5) in item (ii) above, let us introduce some additional
notation. First we shall write G £ G® for the sake of simplicity. Then for all n > 1 we
introduce a linear map H,, : (R%)" — H in the following way. Given y = (y1,...,¥yn), the
function H,(y) is defined to be the piecewise linear path obtained by concatenating the
vectors yi, . . ., Y, successively. We also define a set H of piecewise linear paths by

Ho = G H, (RHY") CH.

Note that H, is closed under concatenation, and Sl(’;'-_[o) = G by the Chow-Rashevskii theo-
rem (cf. Remark 2.14). Now we claim that:

(P) For any g € G, there exists h € Hy such that S;(h) = g and the differential (dS))slz, :
Ho — T,G is surjective.

Note that the property (P) is clearly stronger than the original desired claim (5.5). To
prove (P), let P be the set of elements in G which satisfy (P). We first show that P is
either ) or G. The main idea behind our strategy is that if there exists gy € P, such that
(dS))n, is a submersion for some hy € H satisfying S;(hg) = go, then one can obtain every
point ¢ € G by a left translation L,, since dL, is an isomorphism. To be more precise,
suppose that gy € G is an element satisfying (P). By definition, there exists a path hy € Hy
such that S;(ho) = go and (dSi)n, |5, is surjective. Now pick a generic element a € G and
choose a path a € H so that S;(a) = a. Then S;(a U hy) = a ® go. We want to show that
(dS)) auihg - Ho — Tuege,G 1s surjective. For this purpose, let £ € T,54,G and set

o = dLaA(f) S TQOG'
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By the surjectivity of (dS)n,|s,, there exists v € Ho such that (dS)n,(7) = &. It follows
that, for € > 0 we have

Sial(hg+e-7v) =a® Si(ho+e-7).

By differentiation with respect to € at ¢ = 0, we obtain that

(dS)awne (0 U y) = (dLa)s,(he) © (dS1)no (V) = (dLa)g,(&0) = §.

Therefore, (dS;)an, |5, is surjective. Since a is arbitrary, we conclude that if P is non-empty,
then P = G.

To complete the proof, it remains to show that P # (). This will be a simple consequence
of Sard’s theorem. Indeed, for each n > 1, define

fu2 SoH,: (RY" =G, (5.6)

where we recall that H,(y) is the piecewise linear path obtained by concatenating y, ..., Yp.
The map f, is simply given by

Jo(Y1s - Yn) = exp(y1) @ -+ - @ exp(yn),

where we recall that the exponential maps is defined by (2.24). It is readily checked that f,
is a smooth map. According to Sard’s theorem (cf. Theorem 5.1), the set of critical values
of f,, denoted as E,, is a Lebesgue null set in G. It follows that E = U E, is also a
Lebesgue null set in G. We have thus obtained that,

G\E = (U fn<<Rd>”>> \E # 0,

where the first equality is due to the fact that S;(H,) = G by the Chow-Rashevskii theorem.
Pick any element g € G\ E. Then for some n > 1, we have g € f,((R?)")\E,. In particular,
there exists y € (R?)" such that f,(y) = ¢ and (df,,), is surjective. We claim that g € P
with h = H,(y) € H, being the associated path. Indeed, it is apparent that S;(h) = g. In
addition, let £ € T,G and w € (R?)" be such that (df,,),(w) = £. The existence of w follows

from the surjectivity of (df,),. Since H,, is linear, we obtain that

d d
(dS)n(Hp(w)) = 7 Si(Hp(y)+e-Hpy(w)) = —|  Si(Hy(y+¢e-w))
€ e=0 d€ e=0
= —| Jfalyte-w)=(dfn)y(w) =¢.
de | ._,
Therefore, the pair (h, g) satisfies property (P) and thus P is non-empty. ]

Remark 5.3. Some mild technical care is needed in the above proof which we have postponed
until now so not to distract the reader from getting the key idea in the proof. One point
is that, Theorem 1.4 in [3] was stated for SDEs in which the vector fields are of class Cg°.
Nevertheless, that theorem relies on properties of the skeleton of a non-degenerate random
variable F', which are clearly satisfied for the truncated signature path I'; defined by (5.1).
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Remark 5.4. Another point is that, when H > 1/2 it is not clear whether H contains the
space of piecewise linear paths. It is though obvious from H = I(iﬂ/?(Lz([O, 1])) that it
contains all smooth paths. One simple way to fix this issue is to reparametrize the piecewise
linear path y; LI--- Uy, in a way depending only on n, so that the resulting path is smooth
but the trajectory remains unchanged. This will not change the truncated signature as it
is invariant under reparametrization. For instance, one can define H,(y) in a way that on
[(i —1)/n,i/n] it is given by

t
Holy) = o+ g1 + ( / m(S)dS> i
0

— =] with f; ni(t)dt = 1.

n

where 7); is a positive smooth function supported on [% + %,

See also [1] for a direct strategy.

Essentially the same amount of effort allows us to adapt the argument in the proof
of Lemma 5.2 to establish the general positivity result for hypoelliptic SDEs as stated in
Theorem 1.6 which is of independent interest. This complements the result of [3, Theorem
1.4] by affirming that Hypothesis 1.2 in that theorem is always verified under hypoellipticity.

Proof of Theorem 1.6. Without loss of generality we only consider ¢ = 1. Continuing to
denote by ®;(x;h) the skeleton of equation (1.1), defined by (1.4), let F': H — RY be the
end point map defined by F(h) = ®,(x;h). As in the proof of Lemma 5.2, we wish to check
the assumptions of |3, Theorem 1.4]. Recall that this means that we should prove that the
Malliavin covariance matrix of X; admits an inverse in LP(€2), and that (5.5) holds for the
map F. Furthermore, under our standing assumptions, the fact that the Malliavin covariance
matrix of X is in LP(2) is already proved in [7]. We will thus focus on an equivalent of
condition (5.5) in the remainder of the proof. Summarizing our considerations so far, we
wish to prove that for any y € R there exists h € H such that

F(h)=y, and (dF),:H — RY is surjective. (5.7)

Along the same lines as in the proof of Lemma 5.2, we define P to be the set of points
y € RY satisfying (5.7) for some h € H. We first show that P is non-empty which then
implies P = RY again by a translation argument.

To show that P is non-empty, we first define H,, : (R%)" — H and Hy C H in the same
way as in the proof of Lemma 5.2. Also define a map F}, by

F,2FoH,: RH) =RV,
According to Sard’s theorem, the set of critical values of F),, again denoted as FE,, is a

Lebesgue null set in RY, and so is F £ U, E,,.

Next consider a given ¢ € RY. Thanks to the hypoellipticity assumption (1.2), we
can equip a neighborhood Uy of ¢ with a sub-Riemannian metric, by requiring that a certain
subset of {V4, ..., V4} is an orthonormal frame near . Then according to the Chow-Rashevskii
theorem (cf. [21], Theorem 2.1.2), every point in U, is reachable from ¢ by a horizontal path.
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And if one examines the proof of the theorem in Section 2.4 of [21] carefully, this horizontal
path is controlled by a piecewise linear path in R?, i.e. U, C U,®;(q; H,((R%)")). Now for
given y € R¥, choose an arbitrary continuous path v joining = to . By compactness, we
can cover the image of 7 by finitely many open sets of the form U, such that U, NU,,.,, # 0
for all © where ¢; € Im(7). It follows that y can be reached from x by a horizontal path
controlled by a piecewise linear path in R%. In other words, we have y € F,((R%)") for some
n. This establishes the property that RY = U, F,,((R%)").

Now the same argument as in the proof of Lemma 5.2 allows us to conclude that

R\E = | ) B () N\E C P,

n=1

showing that P is non-empty since E is a Lebesgue null set.
Finally, we show that P = RY. To this aim, first note that, for any hg,v,a € H and
e > 0, we have
Oy(x;(ho+e-v)Ua) =D (P1(x;ho+2-7);a),
where paths are always assumed to be parametrized on [0, 1]. Therefore, by differentiating
with respect to € at ¢ = 0, we obtain that

(dF)noua (v 0) = Ji(F(ho); ) © (dF)ny(7),
where recall that Ji(-;-) is the Jacobian of the flow ®;. This shows that
(dF)noua = J1(F(ho); @) o (dF)p,- (5.8)

Now pick any fixed yo € P with an associated hy € H satisfying (5.7). For any n €
RY, choose o € H such that F(a) = 5. Then F(ho U a) = y + 1 and the surjectivity of
(dF)poua follows from (5.8), the surjectivity of (dF'),, and the invertibility of the Jacobian.
In particular, y +n € P. Since 7 is arbitrary, we conclude that P = RY.

]

Remark 5.5. A general support theorem for hypoelliptic SDEs allows one to show that the
support of the density p;(z,y) is dense. In the diffusion case, together with the semigroup

property
plsttony) = [ pls. it )
RN
one immediately sees that p(¢,z,y) is everywhere strictly positive. This argument clearly
breaks down in the fractional Brownian setting.

Finally, we present the main result in this part which gives a precise local lower estimate
for the density p;(u). In order to get this estimate a first idea wold be to use the stochastic
differential equation for Uy, which is obtained by taking logarithm in relation (5.4). Instead
of following this strategy, we will resort to some more elementary scaling properties, which
stems from the left invariance of the vector fields W, in (5.4). This is why dealing with U,
is considerably easier than studying the solution to the general SDE (1.1).
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Proposition 5.6. For each M > 0, define By = inf {p1(u) : |[ullcc < M}. Then B is
strictly positive and for all (u,t) € g® x (0,1) with ||ullcc < Mt?, we have

pi(w) > Bart ™, (5.9)
where the constant v is given by v = 22:1 kdim Ly, and Ly is introduced in Definition 2.10.

Proof. First observe that the strict positivity of 8,; is an easy consequence of Lemma 5.2
plus the fact that the set {u € g¥; |lullcc < M} is compact. Next recall that if W is a left
invariant vector field on G, the push-forward of W by dy (denoted by (8,),W) is defined
by

ox(u @ exp(e - W(1))).

e=0

(6.7 () = &

Using this definition, it is readily checked that
(6 W =X-W. (5.10)

Therefore, applying a change of variable formula to (5.4) with f(I';) = 6,I'; and resorting to
(5.10) we obtain

d d
doT) =Y ((@)*Wa) (5\T)dB =AY Wa(5\T1)dBe. (5.11)
a=1 a=1
On the other hand, for A > 0 set '} £ T'y1/i,. Then we have the following series of identities:

dr) = \YHAD, i, = AV Z W (T))dBS u,-

a=1

Therefore, setting B;” X = BS\/u,, we get

d
dr) = ZW (CMd(BM) = Z ( 1B§“)t. (5.12)

a=1

Now observe that the usual scaling for the fractional Brownian motion yields
{(AT'BNt >0} £ (Bt >0},

We have thus obtained that T* < [, where I'* solves the system

d
d0} = \) W.(T})dBy. (5.13)
=1
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Comparing (5.13) and (5.11), we conclude that 0,T". law ' ;- If we define Q; to be the law
of U; on g, it follows that Q, o 5;1 = Q}\%s for all s > 0. In particular, by setting s = 1
and A\ = t7 we obtain that

Qr=Q106,;. (5.14)

Now suppose that p;(u) is the density of (); with respect to the Lebesgue measure du on
g). Then for any f € C°(g¥), we have

[ St = [ i = [ soamei
= [ 1Guupdu= [ 1 @) )
g g®

where the equality follows from the change of variables v <+ §,-#u and the fact that aluo(St_H1 =
t=Hvduy (cf. relation (2.26)). Therefore, we conclude that

pr(u) =t pi(61u), forall (u,t) € a® % (0,1), (5.15)

from which our result (5.9) follows. O

5.2 Step two: local lower estimate for the density of the Taylor
approximation process.

Recall that according to our definition (2.37), X;(t,x) =z + Fl(Ut(l), x) is the Taylor approx-
imation process of order [ for the actual solution of the SDE (1.1). Due to hypoellipticity, it
is natural to expect that when [ > [y, F; is "non-degenerate" in certain sense. In addition,
X (t, z) should have a density, and a precise local lower estimate for the density should follow
from Proposition 5.6 in Step One, combined with the "non-degeneracy" of F;. Here the main
subtlety and challenge lies in finding a way of respecting the fractional Brownian scaling and
Cameron-Martin structure so that the estimate we obtain on X (¢, x) is sharp. In this part,
we always fix [ > [j.

I. Non-degeneracy of F; and a disintegration formula.

We first review a basic result in [17] on the (local) non-degeneracy of Fj, which then al-
lows us to obtain a formula for the (localized) density of X;(t,z) by disintegration. This
part is purely analytic and does not rely on the structure of the underlying process.

Let JF(u,z) : g® — RY be the Jacobian of F; with respect to u. Since gi¥) has a

canonical Hilbert structure induced from T (R?), we can also consider the adjoint map
JE(u,z)* : RN — g The non-degeneracy of JFj is summarized in the following lemma.

Lemma 5.7. Let F; be the approzimation map given in Definition 2.17 and Let JF(u,x) :
g — RN be its Jacobian. Then there exists a constant ¢ > 0 depending only on ly and the
vector fields, such that

JE(0,2) - JE(0,2)" > ¢ Idgn
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for alll > ly and x € RY.

Sketch of proof. This is Lemma 3.13 of [17]|. Because of its importance, we outline the idea
of the proof so that one may see how the hypoellipticity property comes into play. Recall the
definitions of e(q), €[], V(o) from equation (2.25) and Vj,) from Section 1.2. Define a linear

map = : T4 — C°(RY; RY) by setting Z(e()) = V(o) for each a € A;(1). A crucial property
is that = respects Lie brackets, i.e.

E(e[a}) = VM, Va € .Al(l). (5.16)

Now let {u, : 1 < p < my} be an orthonormal basis of g(l), where m; £ dim g(l), and set
V, = =(u,). Based on (5.16), it is not hard to show that

Span{Vjy(z) : @« € Ay (1)} = Span{V,(z) : 1 < p < my},

for each € RY. Let us now relate these notions to the non-degeneracy of JEj. To this aim,
taking Definition 2.17 into account, it is easily seen that

JE0,2)(u) = > Vi
acAq(l)

In particular we have JF;(0,2)(ew)) = Via)(z). Hence invoking relation (5.16) we end up
with
JE(0, 2)(e1) = Viay ().

By definition of our orthonormal basis {u,;1 < p < my;} we thus get
my
JE(0,2) - JF(0,2)" =) " Vi(x) @ V().
pn=1
Therefore, the non-degeneracy of JF;(0, x) follows from the hypoellipticity assumption (1.2)
of the vector fields V. O

An immediate corollary of Lemma 5.7 is the following.

Corollary 5.8. Given | > |y, there exists r > 0 depending on l cmd the vector fields, such
that det(JFy(u,z) - JF/(u,z)*) is uniformly positive on {u € g® : ||lullus < v} x RN. In
particular, the map

{ueg?:|lufus <r} = RY, u— x+ Fi(u,x),
15 a submersion in the sense of differential geometry.

Remark 5.9. Note that the map F; and the constant r in Corollary 5.8 depend on [. For
technical reasons, we will assume that r is chosen (still depending on [) so that for all
lp <1 <1, the map JFy () (u), 2) has full rank whenever (u, z) € g x RY with |Ju|lus < 7,
where 7() : g — g(") is the canonical projection. This property will be used in the proof
of Lemma 5.21 in Step Three below.
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Now let r be the constant given in Remark 5.9 . It is standard from differential geometry
that for each x € RY and y € {z + Fi(u,z) : |ulus < 7}, the "bridge space"

M, , 2{uc g |lullus < r and x + Fi(u,z) = y} (5.17)

is a submanifold of {u € g : ||u||gs < 7} with dimension dim g’ — N. In addition, since
both of g and RY are oriented Riemannian manifolds, we know from differential topology
that M, , carries a natural orientation and hence a volume form which we denote as m, .
The following result is the standard disintegration formula in Riemannian geometry (cf.
Appendix for a proof).

Proposition 5.10. For any ¢ € C*({u € g : |lu||us < 7}), we have

/gp(u)du:/ dy K (u, z)(u)my ,(du), (5.18)
Q<l) RN Mz y

where the kernel K is given by

NI

K(u,v) = (det(JFy(u,x) - JE(u,z)*))" 2, (5.19)
and we define m,, = 0 if M, = (.

The disintegration formula (5.18) immediately leads to a formula for the (localized) den-
sity of the Taylor approximation process X;(t,z). We summarize this fact in the folloiwng
proposition.

Proposition 5.11. Letn € C®({u € gV : ||ullus < r}) be a bump function so that 0 < n < 1
and n =1 when ||ul|lgs < r/2, where r is the constant featuring in Proposition 5.10. Define
P/ (t,x,-) to be the measure

Pf(t,x,A) £ E [W(Ut)]-{Xl(t,x)eA}] , Ace B(RN),

where Uy = log Ty, Ty is defined by (5.4) and X;(t,z) = x + F)(Uy, x) is the approzimation
given by (2.37). The measure P} (t,x,-) is absolutely continuous with respect to the Lebesgue
measure, and its density is given by

Pt 2,9) 2 / () K (11, 2) py ()11 (). (5.20)

Mg,y

where py is the density of Uy alluded to in Lemma 5.2 and K is given by (5.19).
Proof. Since X;((t,z) = F;(U, x), we have
P/(t,z,A) =E [n(Ut)l{Fl(Ut,m)eA}} ;

and one can recast this expression in terms of the density of U;, namely

Pl(t,xz, A) = /(l) n(u)l{Fl(u@)eA}pt(u)du.
g

Then our conclusion (5.20) stems from a direct application of (5.18). O
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II. Estimating the volume form m,,,.

To obtain a sharp lower estimate on p} (¢, z,y) from formula (5.20) and the lower estimate of
pi(u) given by (5.9), one needs to estimate the volume form m,,, precisely. For this purpose,
we apply a change of variables S,, : M,, — M, , introduced in [17]. In contrast to the
Brownian motion case, our main challenge lies in respecting the Cameron-Martin structure
in order to obtain sharp estimates. In this section, we will use the technique implemented in
the proof of Theorem 1.3 and pathwise estimates for Cameron-Martin paths to achieve this.

The construction of the function S, , alluded to above is based on the simple idea that
in order to transform a loop a from x to = into a path from x to y, we just concatenate a
generic path from z to y to the loop a. However, we are looking at this construction from
the Taylor approximation point of view. More specifically, we define the operation x to be
the multiplication induced from G® through the exponential map, namely

v x u 2 log(exp(v) ® exp(u)), v,u € g?. (5.21)

As mentioned above, we would ideally like the operation x to transform elements v € M, ,
into elements v x v € M, , where u € M, , is fixed. However, due to the fact that F;j is only
an approximation of the flow ®, this property will in general not be fulfilled. Nevertheless, if
|u|lus and ||v||gs are small enough the product v X w is close to an element of M, ,, so that
the function ¥; of Lemma 4.1 can be applied. We summarize those heuristic considerations
in the following lemma (cf. [17, Lemma 3.23|), which gives the precise construction of the
change of variables S, , : My, — M, ,.

Lemma 5.12. For x € RN and h € H, we set y = ®,(x;h) where recall that ® is the flow
defined by (1.4). Let r be the constant arising in Lemma 4.1. For uw € My, and v € M, ,,
recall that v X u is defined by (5.21). Then the following holds true:

(i) There exist e,p1 > 0 and py € (0,7), such that for any given v € RY and h € H with
Al < p1, the map

\ilx,h(v> é \IIZ (U XU T, Y — T — E(U X U,l’) + .FI(U,ZE))

defines a diffeomorphism from an open neighbourhood V,, C g of 0 containing the ball
{veg®:|vl|us < e} onto W 2 {w € g : ||w|lus < p2}, where recall that the function ¥,
1s defined in Lemma 4.1. In addition,

vEVon N M, iff  w2T,,(w) € WNM,,.

(i1) Recall that d(z,y) is the control distance function associated with the SDE (1.1) and
that the set 11, is defined by (1.5). Given x,y € RN with d(z,y) < p1/2, choose h € 11,
satisfying

d(z,y) < [|Plln < 2d(z,y) < p1, (5.22)
and define

Soy 2 W, W N Myy — Vap N My, (5.23)

WM,y
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Then there exist a constant C' > 0, such that

Gl Sy 0 530 < C () (5.24)

x,y -
on Vo N My .

The previous lemma sets the stage for a useful change of variable in (5.20). Our next
step is to provide some useful bounds for the integral in (5.20). We first need the following
crucial lemma.

Lemma 5.13. There exist constants C, x > 0 such that for any u € g with |lul|us < &, we
have

d(z,x + Fi(u,z)) < C||lu||cc. (5.25)

Proof. We only consider the case when H > 1/2, as the other case follows from Lemma 2.8
and the result for the diffusion case proved in [17]. When H > 1/2, the argument is an
adaptation of the proof of Theorem 1.3. We use the same notation as in that proof, except
for the fact that [y is replaced by a general | > [, exclusively.

We set up an inductive procedure as in the proof of Theorem 1.3. Namely, denote u; £ u,
12z, and y = 2 + Fj(u,z). Choose x; > 0 so that

|ullcc < k1 = |y — x| <4, (5.26)

where 0 is again the constant arising in the proof of Theorem 1.3. By constructing succes-
sively elements wu,,, € g) and intervals I,,,, we obtain exactly as in (4.26) that

1 1
[ L] = llumllce < Cvallum—t [T = Cyal Lo 7. (5.27)

In addition, along the same lines as (4.54) and (4.55), we have

m 2H m
d(x,x + Fi(u,z))* < Cyy lim (Z ym) (Z kQH“\Ik\Q(lH)) . (5.28)
k=1 k=1

We will now bound the right hand side of (5.28).
Let us set a = 1 + 1/1. By iterating (5.27), we obtain that

m—1

|Ln] < (Cvil L)Y, Vm>1.

Therefore, we can bound the two terms on the right hand-side of (5.28) as follows:

> Ikl < CvilL] - (Z(Cv,l|fl|)a“_1> (5.29)

k=1 k=1
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and

D KL < (Cy L)) (kaﬂ ,l|11|>2<1—H><a“—1>). (5.30)
k=1

Let us now bound the term |/;| in (5.29) and (5.30). To this aim, recall that we have chosen
u; = u. Therefore one can choose k9 > 0 so that

(5.31)

DN | —

|lullce < ke = Cvull] = Cvyllui]lce <

We will assume that both (5.26) and (5.31) are satisfied in the sequel, under the condition
that ||u||cc < k with K = k1 A k2. In order to bound (5.29) and (5.30) above, also observe
that the series

00 1 am~1-1 0o _— 1 2(1-H)(a™~1-1)
2(5) Cmd Yo (5) (5.32)

m=1
are convergent. Therefore plugging (5.32) and (5.31), and then (5.29) and (5.30) into (5.28),
we get that for ||ul|cc < k we have

d(z,x + F(u,2))* < Cuyu| L - [LPY) = Cyyval )P = CuvallullGe
Therefore, our result (5.25) follows. O

Lemma 5.13 yields the following two-sided estimate on the transformation S, .

Lemma 5.14. Keeping the same notation as in Lemma 5.12, let .y € RY be such that
d(z,y) < p1/2 and let h € 11, , fulfilling condition (5.22). Then the function S, defined by
(5.23) satisfies the following inequality for all v € V., N M, .,

1 _
1 (lWlloe +d(z.y)) < [I15:,(v)lloc < A+ ([vlcc + d(x,9)) (5.33)
for some constant A > 0.

Proof. We prove the two inequalities in our claim separately.
Step 1: proof of the upper bound in (5.33). To this aim, we set w = S;;(v) and u = log Sy(h).

Note that according to the definition of S, , given in Lemma 5.12 we have w = \i/zﬁh(v). We
wish to upper bound ||w||cc in order to get the second part of (5.33).

According to Lemma 5.12, ||w||cc is close to ||[v X u||cc. Specifically, Proposition 2.15
entails )
llwllce = llvx ullcel < poc(w,v x u) < Ciljw — v x ulls.

Let v € C'7*([0, 1];R?) be such that v = log(S;(7)) and [|v]|cc = ||7/l1-var- By the definition
of W, 5, the fact that w = U, ;(v) and Lemma 4.1 (ii), we have

lw—v x ul|lus
< Aly —z — F(v X u,x)|
< A(ly = @u(wyUR)| +[@i(zy UR) — 2 = Fi(v x u,2)]) £ A(Q1 + Q). (5.34)
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We will now bound the terms ); and ), respectively.

In order to estimate the term @ in (5.34), let us recall that y = ®1(x;h). Therefore
using the flow property of ® we get

Q1= |®1(z;h) — O (Py(,7); h)].

We can now use some standard estimate on the flow of differential equations (cf. [13, Theorem
10.26]) plus the fact that ||h||4 is bounded by p; (cf. condition (5.22)) in order to get

Q1 < Co| Py (z;7) — .

In addition, v is assumed to be an element of M, ,. According to (5.17), this means in
particular that Fj(v,z) = 0. Hence we obtain

Q1 < Co|®y(57) — 2 — Fi(v, 2)].

Thanks to the Euler estimate of [13, Corollary 10.15|, and the fact that v = log(S;(7)), we
end up with

Q1 < Ol e = CoCra|l0l s (5.35)

where [ is any given number in (1,1 + 1).

In order to handle the term @ in (5.34), let us observe that whenever H > 1/4, Propo-
sition 2.6 entails that h € C?7 for ¢ € [1,2), for all h € H. Moreover, the following

inequality holds true,
1Pllg—var < Crllhll- (5.36)

Therefore, since v X u = log(S;(y U h)), the rough path estimates in [13, Corollary 10.15]
yield

7 L
Q2 < Cvally U hllgvar < Cva2 ™7 (17 lh—var + [ Allg—var)'

where the last inequality stems from the simple relation

1
|y U h”q—var < 27 (”7”(1—var + Hth—VM)’ and ”7|’q—var < ¥l —var-

Furthermore, since we have chosen v such that v = log(S5;(7)) and ||v||cc = ||7]|1—var, We get

Q2 < Cuya(lvllco + I1k]7)" (5.37)

where we have also invoked (5.36) in order to upper bound |[|A||;—var-

Summarizing our considerations so far, if we plug our estimate (5.35) on (); and our
bound (5.37) on )y into relation (5.34), we obtain the following inequality

-1
llwllce = llv x ullee| < Cs (Wlce + Ihllz) T . (5.38)
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Next, we claim that ||uljcc < Cuyl|hll7. Indeed, recall that v = log(S;(h)) and set

Si(h) = g. This means that g = exp(u). Since h € C?7 " with ¢ € [1,2), Lyons’ extension
theorem (cf. [19, Theorem 2.2.1]) implies that for all ¢ = 1, ...,[ we have

lgillns < Crrallhllg—ar

where g; is the i-th component of g. If we define the homogeneous norm ||| - ||| on G by

l_
€l £ max 1€ s, € € GY,

1<i<l
we get the following estimate:

llglll < Crllhllg—var, and [lufloc < Cu |l glll (5.39)

where the second inequality stems from the equivalence of homogeneous norms in G® (cf.
[13, Theorem 7.44]). Now combining the two inequalities in (5.39) and relation (5.36), we
end up with

[ulloe < CrallPllg—var < Crallbllz- (5.40)

Let us now go back to (5.38), from which we easily deduce
[

lwllee < Il x ullee + Cs (lvllce + I1Allz)
[

< |lvllee + llullee + Cs (lvllce + I1Allz) ™

Plugging (5.40) into this inequality and resorting to the fact that v € V., and h satis-
fies (5.22), we end up with
[
lwlloe < l[vllce + Cagllhllm + Cs ([vllco + [hllz)
< Cy(llvllec + [Ihllx)
< Oy (lvllcc + 2d(z,y)) .

Recalling that we have set w = S,,'(v), this proves the upper bound in (5.33).
Step 2: proof of the lower bound in (5.33). We start from inequality (5.38), which yields
i
lwllce > llv x ullee = Cs (lolloe + 1)
[
> [lolloe — llulloc = Cs ([vllec + 1pllz)

Furthermore, thanks to (5.40) we obtain

[
lwllce > [[vllcc — Crallhllaz — Cs (vllcc + [|Allg) T . (5.41)

We now invoke the fact that ||v|gs < r and ||h||z < p1, thus by possibly shrinking r and py,
we may assume that

N | —

-1
Cs ([[vllec + [|2[l7) T <
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Putting this information into (5.41), we thus obtain

1 1 1
fulee > glllce = (5 + Can ) Il > glbllec = (14 2Caddie ). ()

On the other hand, according to Lemma 5.13 (one may further shrink r so that ||w||cc < &,
where k is the constant featuring in Lemma 5.13), we have

d(z,y) = d(z,x + Fi(w, z)) < Cllwlcc. (5.43)

Putting together inequalities (5.42) and (5.43), we easily get the lower bound in (5.33), which
finishes our proof. ]

Before proceeding to analyze the density p/(t,z,y), with all the preparations above we
take a short detour to prove the local equivalence of controlling distances claimed in Theorem
1.4.

Proof of Theorem 1.4. For each fixed z € RY, define a function on R" by
g(z,y) = inf{||lul|cc : v € g¥ and z + F(u,z) = y}.

Observe that g(z,y) is an intrinsic quantity that does not depend on H. In order to prove
Theorem 1.4, it suffices to show that d(x,y) is equivalent to g(x,y) in a Euclidean neighbor-
hood of z.

To this aim, first note that by Corollary 5.8 the map G() : u — z+Fj(u, ) is a submersion
in a neighborhood of 0 € g¥. Recall that the set W N M, , is introduced in Lemma 5.12.
We can thus choose a small enough ¢ > 0 such that {G™'(y) : |+ —y| <} € W N M,, and
that both Lemma 5.13 and Lemma 5.14 can be applied.

Now we fix such a choice of §. For any y € RY with |z — y| < §, we can first apply
Lemma 5.13 to conclude that

d(z,y) < Cg(z,y).
Next, we use the second inequality in Lemma 5.14 for v = 0 to conclude that

9(z,y) < Ad(z,y).

The proof is thus completed. O

Now we come back to the main goal of this part. Namely starting from Proposition 5.11,
we will apply a change of variables involving S, , and express the density p; in terms of the
measure m, , not depending on y.

Lemma 5.15. Let p](t,z,y) be the density defined by (5.20), and recall that the exponent v

is defined by v = 22:1 kdim Ly. Then there exist constants C, 7 > 0, such that for all x,y,t
with d(z,y) < t¥ and 0 <t < 7, we have

pl(t,z,y) > Ct ™ my, ({v € My, : |Jv]loc < 7)), (5.44)

where my ;. is the volume form on M, , given by (5.17)
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Proof. Lemma 5.12 asserts that there exists p; > 0, such that if d(z,y) < p1/2, then S,
given by (5.23) defines a change of variables (i.e. a diffeomorphism) for (5.20). Specifically
we have

Pt a,y) > /M K () )

_ / N(S250) K (210, 2)pe(S510) may 0 574 (dv).
My, oMV 7 7 7 7

In addition, since V., contains the ball {v € g : ||v||us < €}, owing to relation (5.24) and
thanks to the fact that K defined by (5.19) is bounded below, we obtain

pl(t,z,y) > CH,v,l/ Pt(S;,@l,U) My (dv).

Mz {veg®):|jv]|lns <e}
Now choose 7 < (p1/2)# to be such that
0<t<7 = {veg”:||v|cc <t} C {ve g |lvl|las < e}.

We will thus lower bound pj(t, z,y) as follows

pl(t,x,y) > C’Hy’l/ pt(S;;v)mxvx(dv). (5.45)

My N{veg®:|lv]lcc <t}

Next, according to the second inequality of (5.33), if d(x,y) < t¥ and t < 7 (so that
d(z,y) < p1/2), then
HS;‘;UHCC < 2CtH,

provided that v € M, , with ||v||cc < t#. For such x,y,t,v, by Proposition 5.6 we have
pi(Syyv) = Pact ™.
Plugging this inequality into (5.45), we arrive at

p?(t,x, y) 2 CH,V,lﬁ2Ct_Hymm,m ({U € Ma:,:n : ||U||CC S tH}) ’

which is our claim (5.44).
[

The next result tells us that the right hand side of (5.44) is comparable with the inverse
volume of By(z,t"). This seems to be surprising as the first quantity does not capture the
Gaussian structure at all while the second quantity relies crucially on the Cameron-Martin
structure. The key reason behind this lies in the precise two-sided estimate (5.33) of S, , in
terms of d(x,y), which is also the key point leading to the local equivalence of all the control
distance functions as we just proved.
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Lemma 5.16. Let M, ., be the set defined by (5.17) and recall that m,, is the volume
measure on M, .. There exist constants C, 7 > 0, such that

C

<t "m, ({ve M, :|v]cc <t} < |Ba(z, t1)|

ClBala, 1) (5:46)

forallz € RN and 0 <t < 7.

Proof. The upper and lower bounds in (5.46) follow the same pattern, therefore we focus on
the proof of the lower bound. To this aim, let v € C°((—1,1); R') be such that 0 < ¢ <1
and ¢ (§) = 1 when [£] < 1/2. We further localize the measure P, defined in Proposition
5.11 by considering the following measure

AU,
Pln’w(t7xar> £ E |:77(Ut>w <%) 1{Xz(t,x)€f‘}:| ) I'e B(RN)7

where A is the constant appearing in Lemma 5.14. Along the same lines as for the disinte-
gration formula (5.18), the measure P (¢, z,-) has a density given by

) = [t (M) K apwmy i

z,y

- /MW Ty (A”Z‘JCC) ¥ (t, ) () (),

where the kernel K is given by (5.19) and provided that 7 further satisfies
O<t<7 = {ueg®: Alucc <t"} CW.

As in the proof of Lemma 5.15, we now apply the change of variables S, ,u = v and the fact
that (& = 0) if [{] > 1 in order to get

_ AllSzyvlloc
p ) = [ oiszoe (Sl

e h{vEMa o1 Al|Sz vl co <t }
X K (S, 0, ) pr(Sy,v) May 0 Sy (dv).

x?y

Furthermore, due to the fact that ¢ is supported on (—1,1), K is bounded owing to (5.19)
and according to the upper bound in (5.24), we get

Pt 2, y) < Crvy / Pr( Sy V) Mg o (dv).

Vo nN{vEMe 2:Al|S5 yvllco<tH }
Therefore identity (5.15) yields

p7’¢(t,x,y) < C’H’Wt_H”mx’x ({U e M,,: A||S;;v||cc < tH}) )
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Finally the lower bound on [|S;}(v)|lcc in (5.33) implies that whenever d(z,y) < t* and
0 <t < 7 we have

p?ﬂp(tv :E?y) S CH,V,lt_HVm:c,x ({U € Mx,a} : ||U||CC S tH}) . (547)

We now lower bound the density p}w on the ball By(x,t). To this aim we first write

/ P (t, z, y)dy
Bd(fl‘,tH)

AU ce
=E [H(UtW (Ht;HH) i et P(U )<t}

H

t T

> P (oo + F(U0) < %, [Ullce < 5o Wl <nn ). ()
where the second inequality stems from the fact that in Proposition 5.11 we have assumed
that n = 1 where ||u||lps < r/2 and we also have ¥(r) = 1 if |r| < 1/2. Next we resort to
Lemma 5.13, which can be rephrased as follows: there exist C,k,7 > 0 such that if t < 7
and ||ul|cc < yt? with v £ (max{C,2A})~!, then we have

H H tH
HUHCC < fYt — d(l’,ZC + E(U, .I')) <t ) HUHCC < ﬂ7

Plugging (5.49) into (5.48), we thus get that for ¢ < 7 we have

-
|ullas < KA o (5.49)

[ ey = B (Wilee <67) =P (15 Uillcc <)

Bd((E,tH)

Eventually, owing to the scaling property of U; alluded to in (5.14), we end up with
[ ey | pr(u)du 2 C. (5.50)
Bg(a,tH) {ueg®:|lullcc<n}

Now the lower bound in (5.46) follows from integrating both sides of (5.47) over By(x,t?)
and (5.50). O

Summarizing the content of Lemma 5.15 and Lemma 5.16, we have obtained the following
lower bound on p] (¢, z,y), which finishes the second step of the main strategy.

Corollary 5.17. Let p/(t,x,y) be the density given by (5.20), and recall the notations of
Lemma 5.15. Then there exist constants C, 7 > 0 depending only on H,l and the vector

fields, such that
C
7(t > .51
pl(?'ray)_ ‘Bd(x,tH” (55 )

for all z,y,t satisfying d(z,y) <t¥ and 0 <t < 7.
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5.3 Step three: comparing approximating and actual densities.

The last step towards the proof of Theorem 1.7 will be to show that the approximating
density p;(t,z,y) and the actual density p(t,z,y) of X7 are close to each other when ¢ is
small. For this part, we combine the Fourier transform approach developed in [17] with
general estimates for Gaussian rough differential equations. As we will see, there is a quite
subtle point related to the uniformity in [ (the degree of approximation) when obtaining
upper bound of p}(t,z,y) which is the main challenge for this part. In our modest opinion,
we believe that there is a gap in the argument in [17] for the diffusion case, and we therefore
propose an alternative proof in the fractional Brownian setting which also covers the diffusion
result. As before, we assume that [ > [,.

Recall that the Fourier transform of a function f(y) on RY is defined by

FRO=F©=2 | flye™&vdy, ¢eRY,

RN

where we highlight the fact that F f and f are used indistinctly to designate our Fourier trans-
form. In the sequel we will consider the Fourier transform p(t, x, &) (respectively, p/(t,z,§))
of the density p(t, x,y) (respectively, p/(t, z, y)) with respect to the y-variable. We will invoke
the following trivial bound on p — p; in terms of p and p;":

p(t,z,y) —p/(t,z,y)| < /N p(t, 2, &) — P/ (t, z, )| dE. (5.52)
R

Therefore our aim in this section will be to estimate the right hand side of (5.52) by consid-

ering two regions {|¢{| < R} and {|¢| > R} separately in the integral, where R is some large

number to be chosen later on.

I. Integrating relation (5.52) in a neighborhood of the origin.

We first integrate our Fourier variable £ in (5.52) over the region {|¢{| < R}. In this case, we
make use of a tail estimate for the error of the Taylor approximation of X;* which is provided
below.

Lemma 5.18. Let X7 be the solution to the SDE (1.1) and consider its approzimation
X(t,z) of order | > ly, as given in (5.3). Fizl € (I,1+ 1) and assume that the vector fields
Vo are Cp°. There exist constants Cy,Cy depending only on H,l and the vector fields, such
that for all t € (0,1] and z,y € RY we have

O\ T
t2H

P X7 — Xi(t,x)| > A) < Cyexp (— ) . forall X >0. (5.53)

Proof. According to [13, Corollary 10.15|, we have the following almost sure pathwise esti-
mate

X (t,2) — X,(t,z)| < C-|B|} (5.54)

p—var;[0,1]>
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with C' = Cgy; > 0, and where B is the rough path lifting of B alluded to in Proposition
2.16. In equation (5.54), the parameter p is any number greater that 1/H and the p-variation
norm is defined with respect to the CC-norm. It follows from (5.54) that for any A > 0 and
n > 0, we have

P(IX7 = Xu(t,2)] 2 A) < P (IBI) yarog = MC) -

In addition, the fBm signature satisfies the identity in law

(By)o<s<t = (5tH oB: )

0<s<t’

Owing to the scaling properties of the CC-norm, we thus get that for an arbitrary ¢ > 0 we
have

tH
< exp <_M) .E |:eCHB||120—var;[0,1]] 7 (5.55)

where we have simply involved Markov’s inequality for the last inequality. Now notice that
a Fernique type estimate holds for the fractional Brownian rough path (cf. [13, Theorem
15.33]), namely there exists ( = (g > 0 such that

P(|Xf B Xl(t’x) Z /\) S P (”BHp—var;[QH Z ()\/C)l)

E |:eC||B”Z2,,var;[071]i| < 0.
Plugging this inequality into (5.55), our conclusion (5.53) is easily obtained. O

We are now ready to derive a Fourier transform estimate for small values of .

Lemma 5.19. Keep the same notation and hypothesis as in Lemma 5.18, and also assume
that the uniform hypoellipticity condition (1.2) is fulfilled. Let p(t,z,y) be the density of the
random variable X7 and denote by p] the approzimating density defined by (5.20). Then
the Fourier transforms p = Fp and p; = Fp] satisfy the following inequality over the region
{l¢] < R},

[(t, ,€) =t 2, )| < Crva(1 + €, (5.56)
provided that t < 1 for some constant 7, depending on H,l and the vector fields.
Proof. Notice that according to our definition (5.20) of p/, we have
pt,x, &) =E [2™&XD] | and  p)(t,x,€) = E [p(U)e™ &Kt
Hence it is easily seen that

B(t,2,6) = 5} (t,x, )] < E[|e7?T 6N — o2 EXCN] L B —(U)]

2r|¢] - E[IXF — Xu(t, )] + E[1 — n(Uy)]. (5.57)

IAINA
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Now in order to bound the right hand-side of (5.57), we first invoke Lemma 5.18. This yields

E[IX - Xi(t.2)] = / B (X7 — X,(t,a)] 2 A) dA
< G / exp (—(’;2221> X\ = Cst". (5.58)
0

On the other hand, using a similar argument to the proof of Lemma 5.18, there exists a
strictly positive exponent o such that

C,

r =5
E[1 —n(U)] <P (|Uillus = §) < Ca- e 77, (5.59)

Therefore taking ¢ small enough, we can make the right hand-side of (5.59) smaller than
Cst'. Hence there exists 7, > 0 such that if ¢ < 7, we have

E[l —n(U))] < Cet™. (5.60)

Now combining (5.58) and (5.60), we easily get our conclusion (5.56). O

I1. Integrating relation (5.52) for large Fourier modes.

We now integrate the Fourier variable £ over the region {|¢| > R}. In this case, we make use
of certain upper estimates for p(t,z,y) and p} (¢, z,y). We start with a bound on the density
of X’ which is also of independent interest. The main ingredients of the proof are basically
known in the literature, but to our best knowledge the result (for the hypoelliptic case) has
not been formulated elsewhere.

Proposition 5.20. Let p(t,z,y) be the density of the random variable X7 and as in Lem-
ma 5.19 we assume that the uniform hypoellipticity condition (1.2) is satisfied. Then for
each n > 1, there exist constants C, Cop, vy > 0 depending on n, H and the vector fields
such that

Conly — x|?NH+D
2l = 0 > (5.61)

e e

for all (t,z,y) € (0,1] x RN x RN where 0, denotes the n-th order derwative operator with
respect to the y variable.

Proof. Elaborating on the integration by parts invoked for example in [3, Relation (24)],
there exist exponents «, 3, p,q > 1 such that

0y p(t,2,y)] < CLaP(IXT — 2] = |y — 2)2 - Ivxr o, - IDXTNS, (5.62)

where the Malliavin covariance matrix yxz is defined by (2.39) and the Sobolev norm | - ||,
is introduced in (2.38). Then with (5.62) in hand, we proceed in the following way:
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(i) An exponential tail estimate for X7 yield the exponential term in (5.61). This step
is achieved as in [3, Relation (25)].

(ii) The Malliavin derivatives of X are estimated as in [4, Lemma 3.5 (1)]. This produces
some positive powers of ¢ in (5.61).

(iii) The inverse of the Malliavin covariance matrix is bounded as in [4, Lemma 3.5 (2)]. It
gives some negative powers of ¢ in (5.61).

For the sake of conciseness, we will not detail the steps outlined as above. We refer the
reader to [3, 4] for the details. O

We now state a lemma which parallels Proposition 5.20 for the approximation X;. Its
proof is somehow delicate and is thus postponed to a separate paragraph.

Lemma 5.21. Assume the same hypothesis as in Proposition 5.20. Recall that the approxi-
mating density p] is defined by (5.20). Fizl > ly. Then for eachn > 1 there exists constants
C, = C,(H,1) and v, = v,(H,ly) such that for all (t,z) € (0,1] x RN the following bound
holds true

||a;lp7(t7 Z, ')HCZ?(RN) < Cn T, (563)

Moreover, the function 8;1])7(75, x,-) is compactly supported in RY.

Remark 5.22. Let us highlight the fact that +, in (5.63) depends on [y instead of I. This
subtle technical point is crucial and requires a non-trivial amount of analysis, which is carried
out in the next paragraph.

We now take Lemma 5.21 for granted and we come back to the estimate (5.52) for the
region |¢| > R. We are able to state the following result.

Lemma 5.23. Using the same notation and hypothesis as in Lemma 5.19, the Fourier
transforms p and p; are such that for all || > R we have

|£’N+2 (‘ﬁ(tax7£)‘ + ‘ﬁlln(t’I?g)D < C'ti‘ua (564>
for some strictly positive constants C' = Cn vy and [ = [N v, -

Proof. According to standard compatibility rules between Fourier transform and differenti-
ation, we have (recall that Ff and f are both used to designate the Fourier transform of a
function f):

(N2 (Ip(t, @, €)| + [ (t, 2, €)))
< COn (IF(0)Pp(t, 2, y)| + | F (0 2p] (L, z,y)]) -

Plugging (5.61) and (5.63) into this relation and using the fact that 9 *?p/(t,z,-) is com-
pactly supported, our claim (5.64) is easily proved. O
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III. Comparison of the densities.

Combining the previous preliminary results on Fourier transforms we get the following uni-
form bound on the difference p — p;.

Proposition 5.24. We still keep the same notation and assumptions of Lemma 5.19. Then
there exists T > 0 such that for allt < 7 and x,y € RN we have

‘p(ta xz, y) - pln(ta xz, y)‘ S CYH,V,Z t. (565>

Proof. Thanks to (5.52) we can write

p(t,2.) — Pt )] < ( /K = /|£ |>R) 9(t,2,€) — (1,2, €)| de.

Next we invoke the bounds (5.56) and (5.64), which allows to write
p(t,2,y) — 9t 2.9)] < Gy (RNWHI+ o f |sr-N—2df> ,
l€EI>R

whenever ¢t € (0,1], and where we recall that [ is a fixed number in [I,1 + 1] introduced in
Lemma 5.18. Now an elementary change of variable yields

p(t.z,y) — p/(t. z,y)]
S Cl (RN+1tHl+t—/J,R—1/ |§|_(N+1)d§)
|€1>1

<0 (RN+1tHZ+ t"‘R‘1> . (5.66)

We can easily optimize expression (5.66) with respect to R by choosing R = D) Tt
follows that

p(t, 2, y) — pl(t, @, y)| < Cot~ NFDE+DHIT |y (5.67)

for all ¢ € (0, 1]. In addition, recall that a crucial point in our approach is that the exponent
w1 in (5.67) does not depend on [. Therefore we can choose [ > [y large enough, so that

—(N+1)(u+1)+Hl>1.

For this value of [, the upper bound (5.65) is easily deduced from (5.67).

IV. A new proof of Lemma 5.21.

Before proving Lemma 5.21, we mention that the independence on [ for the exponent 7,
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was already observed in [17| for the diffusion case. However, in our modest opinion we be-
lieve that there is a gap in the argument. We explain the reason as follows. Recall that for a
differentiable random vector Z = (Z',..., Z") in the sense of Malliavin, we use the notation
vz £ ((DZ', DZ7)4)1<i j<n to denote its Malliavin covariance matrix. By the definition (5.3)
of Xi(t,z), it is immediate that

vxl(t,m)=JE(U§”,;C>.7U§l JRUY, 2)*. (5.68)

Next, let m, : g — gl) C g be the canonical orthogonal projection. The matrix form
of m,, as a linear function on g({) is given by

Id 0
Tty = ( ’6([0) 0 ) :

In [17, Page 420], it was asserted that
JEUY, z) RATE JRUY, 2)* > JRUY, ) -y, Y Tty JEUD, )", (5.69)

which we believe was crucial for proving the l-independence in the argument. Now if we

write
,yU(ZO) P
’VUtU) = é R P

then it is readily checked that (5.69) is equivalent to

0 P

However, we do not see a reason why this nonnegative definiteness property should hold even
if we know that the Malliavin covariance matrices are always nonnegative definite. Therefore
the considerations below are devoted to an alternative proof of Lemma 5.21 in the fractional
Brownian setting, which also covers the diffusion case.

In view of the decomposition (5.68), we first need the following lemma from [1], which
gives an estimate of the Malliavin covariance matrix of Ut(l)

Lemma 5.25. Given | > 1, let Ut(l) be the truncated log-signature defined by (5.2). We
consider the Malliavin covariance matriz v o of the random variable Ut(l), and denote by
t

()

W the smallest eigenvalue. Then for any q > 1, we have

tQHl

N0}
i

sup
te(0,1]

< o0. (5.70)

q

Now we are able to give the proof of Lemma 5.21.
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Proof of Lemma 5.21. As mentioned earlier, the uniform upper bound for the derivatives of
p](t,z,y) follows from the same lines as in the proof of Proposition 5.20 (with the same three
main ingredients (i)-(ii)-(iii)), based on the integration by parts formula. In the remainder
of the proof, we show that the exponent v, can be chosen depending only on [y but not on [
(note, however, that it also depends on H,n and the vector fields). We now divide the proof
in several steps.

Step 1: A decomposition based on lowest eigenvalue. As recalled in (5.62) and the strategy
of proof of Proposition 5.20, the exponent =, in (5.63) comes from integrability estimates
for the inverse of the Malliavin covariance matrix of X;(¢,z). To prove the claim, by the
definition of P} (¢, x,-), it is sufficient to establish the following property: for each ¢ > 1, we

have
2HIy |2

N

t

||Ut ”HS < T] < 00, (571)

where the random variable )\y) is defined by

ONV N
A= 7761511fo1 (1, Y0 0.2) MmN

that is, )\El) is the smallest eigenvalue of vx,( ). In order to lower bound )\El), we write
Xi(t,z) = X, (t,z) + R:, where by the definition (5.3) of X;(¢, ) we have

23 Vil )(exp UM, (5.72)

lo<|a‘<l
Then for every n € SV~ we have

(mvxaymey = 1D (0, Xi(t, ))ew) |15
= [P ((n, Xy (t, 2))ex) + D ({n, Re)en) |15 -

By invoking the definition (2.39) of vx, , we get
1
1 Yxay ey 2 5 (1D ((n, X (8, 2))ww )3 = 11D ((n, Re)en) 15

(n, VX, (¢, z)n>RN — (0, YRMRY

er—tl\alb—

(M, vx ey MRy — [[VR: s

where || - || denotes the Frobenius norm of a matrix, and we have used the simple inequality
la + b||% > 1llall% — [|b]|% which is valid in any Hilbert space E. It follows that

1

N 2 oA — | M, . (5.73)

In order to go from (5.73) to our desired estimate (5.71), consider ¢ > 1 and the following
decomposition:

t2
E

t

”Utl)HHS < r] =1+ Jp, (5.74)
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where I; and J; are respectively defined by

¢2Hlo q,l (lo) NGB0

L= ||| A = I 2 0 10 s <.
RN INOHTC

Jt:E F ;5)\t0 _HMRtHF < Z)‘toa ||Ut ||HS <r.

Now we estimate I; and .J; separately.

Step 2: Upper bound for I;. To estimate I;, observe that according to (5.73) we have

4¢2H

A

I, <E

||Ut(l)HHS < r] . (5.75)

Furthermore, since X, (¢,z) = = + FlO(Ut(lo), x), we know that
VX (tx) = JE, (U, ) ylo JF, (U )",
Therefore, for each n € SN,
(n, VX, (t,2) ) RN
=" TR, (U x) Yy S F (U™, )
> ™ (0 JE U 2) - TR(U 2)" ) (5.76)

where recall that ,ut ) denotes the smallest eigenvalue of Vst In addition, we choose the
constant r in (5.75) as in Corollary 5.8 and Remark 5.9. We hence know that the matrix

JFlo (W(ZO) (U), l‘) : JFlo (W(ZO) (U), l‘)

is uniformly positive definite on {(u,x) € g x RY : |lu|lus < 7}. In particular, there exists
a constant cy,; > 0, such that on the event {HUt(l)HHs < r}, we have

77* ' JEO(Ut(IO)a x) : JEO<Ut(ZO)7x)* 2 CV,llUP? V77 € RN)
Therefore, according to (5.76), we conclude that on the event {||Ut(l)||Hs < r} we have

AN = inf (g, My, aoymhey > cva®, (5.77)

'f]ESN71

where we recall that 4\ is the smallest eigenvalue of Y- Putting (5.77) into (5.75) it

follows that
4:t2HlO

(lo)

Cviy

L <E

U0 |us < 7”] :
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Hence a direct application of Lemma 5.25 yields

sup Iy < oo.
te(0,1]

Step 3: Upper bound for J;. To estimate J;, according to Holder’s inequality, we have

12Hlo 29 o 1 1 ) o 1
Jos | E AW® U s <7 f (P §>‘t — | Mg, |lr < ZAt U s <
t
£2Hlo |24 o > 1 ) o 1
= |E N0 U s < |- (IP’ <HMRtHF > TN, U s < r))  58)

On the one hand, according to (5.77) applied to general [ and Lemma 5.25, we have

A om1 |2 "
Cl,q,l = sup E NO) : ||Ut ||HS <r| <oo.
t€(0,1] )\t
It follows that

2q 2q

tQHlo 0 1 tQHl 0
E U <r| = s <
)\gz) H t HHS r +AqH (I-1o) )\gz) ” t HHS r
CLQJ
= gl (o) (5.79)

In order to bound the right hand-side of (5.78), we also write

1

P (Itn e > §

1
N0 s < ) P (r?HIOHMRtHF > N U s < ) -

Now a crucial observation is that R, is defined in terms of signature components of order at
least [y + 1 for the fractional Brownian motion, as easily seen from (5.72). According to the
scaling property of the signature, if we define & = t=2#0o+D|| Mp ||p, then & has moments
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of all orders uniformly in ¢ € (0, 1]. It follows that

1
P (10l > A, 100 s <)

1
- (’% > A U s < )

2q(1-lo)

4t2H
<t U s < 7

< - >
<E t—2Hlo)\§l°)

A€, 42Hlo 2q(1—lo)
e ' /f\i(lo) ; ||Ut(l)HHs <r
4qH (1-lo) 4q(1—1o) 1 $2Hlo 4q(1—lo) 3
< ¢xaHl—io) (R[4 q(t—lo 2 R
< (E[46,|'s")) o

< Oy gt =l (5.80)

Plugging (5.79) and (5.80) into (5.78), we arrive at

Jp < \/Ciq1-Coqi < 00, forallte(0,1].

Step 4: Conclusion. Putting together our estimates on [; and J; and inserting them
into (5.74), our claim (5.71) is readily proved.

]

5.4 Completing the proof of Theorem 1.7.

Finally, we are in a position to complete the proof of Theorem 1.7. Indeed, recall that (5.51)
and (5.65) assert that for x and y such that d(z,y) < t¥ and ¢t < 7 we have

i

pn(tax7y) Z ma and |p(t,(lf,y) —p?(t,x,yﬂ S OH,V,lt‘ (581>

In addition, owing to (1.6), for small ¢ we get

1 S C
| Ba(, t)| — 1N/l

(5.82)

Putting together (5.81) and (5.82), it is thus easily seen that when ¢ is small enough we have

p(t,z,y) > LH
|Ba(z, t7)]

The proof of Lemma 5.21 is thus complete.
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Appendix A A disintegration formula on Riemannian man-
ifolds.

Since we are not aware of a specific reference in the literature, for completeness we include
a proof of a general disintegration formula on Riemannian manifolds, which is used for
Proposition 5.10.

Recall that, if V' is an m-dimensional real inner product space, then for each 0 < p < m,
the p-th exterior power APV of V' carries an inner product structure defined by

(VL A= Avpywp A== A Wp)ary £ det ((vi, wj)1<ij<p) -

In particular, if M is a Riemannian manifold, then for each p, the space of differential p-
forms carries a canonical pointwise inner product structure induced from the Riemannian
structure of M. A norm on differential p-forms is thus defined pointwisely on M.

Let N be an oriented n-dimensional Riemannian manifold. Suppose that F': M £ R™ —
N (m > n) is a non-degenerate C*°-map in the sense that (dF), is surjective everywhere.
Then we know that for each ¢ € F(R™), F~'(q) is a closed submanifold of R™, which carries
a canonical Riemannian structure induced from R™. From differential topology we also know
that F'~1(q) carries a natural orientation induced from the ones on R™ and N. In particular,
the volume form on F~'(g) is well-defined for every g.

Now we have the following disintegration formula.

Theorem A.l. Let voly be the volume form on N. Then for every ¢ € C>°(R™), we have

/ pla)de = /q N voly (dg) / ﬂvolpl(q)(dx), (A.1)

er-1(g) [[Fvoly||
where volp-1(, = 0 if F~'(q) = 0.

Proof. By a partition of unity argument, it suffices to prove the formula locally under coor-
dinate charts on N. Fix p € R™ and ¢ = F(p) € N. Let (V;3%) be a chart around ¢. Then
the Jacobian matrix % has full rank (i.e. rank n) at p. Without loss of generality, we may

assume that )
9 s (W
3x1 8xj 1<i,j<n

is non-degenerate, where we write x; = (x',---  2") and o = (2", .- | 2™). Define a map
F: R™ — N xR™™ by F(zy,25) £ (F(x1,22),22). It follows that locally around p, we

have o 5 5
81’7_(8—;1 8—52 )

9r \ 0 I,

In particular, % is non-denegerate at p. Therefore, F' defines a local diffeomorphism between

peUand W =V’ x (a,b) for some U, V' C V and (a,b) C R™". We use (y, z) € V' x (a,b)
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to denote the new coordinates on U C R™. Note that every slice {(y,z) € W : y = yo}

(yo € V') defines a parametrization of the fiber F~!(yo) N U.

By change of coordinates from x = (x1, z3) to (y, z), we have

1
de = ———dy Ndz =
det <‘g—f)

a
det (8_:31>

dy N dz.

(A.2)

Since for each y € V', z € (a,b) — 7_1(% z) € F~!(y) defines of parametrization of the

fiber F~!(y) NU, we know that

VOIF—1 ()

\/det ((((97:27 3j2>)n+1<i,j<m)

dz =

for each fixed y € V', where the inner product is defined by the induced Riemannian structure
on F~!(y). But we know that {9;z : 1 <i < m} is an orthonormal basis of T,R™ for every

x. Therefore,

It follows that
(9=, ajz>)n+1<z‘,j<m = (%

On the other hand, we know that
Oz Oz Oy 9y
£8) (5 )-m
dy 0z m—n

By comparing components, we get

—1
(021 _ [0y
oy ~ \ 0z )

T
1
%__<ﬂ> .oy

0z 1 Oz
Ozy _
oy 0’
Oza _ |
\ 82? m—n
Therefore,
-1
Oy 9y
T _( 9y .9y
a— — ((’hl) Oxo ,
0z |-



and
9y

det <(<3iz,3j2>)n+1<i,j<m) — ( _ <88_52>* <%)*—1 L ) . < _ (59_;/)_ o )

Im—n

B Ay \ [ oy\"oy\ ' Ay
B N\ "oy oy oy
4—-det (i(zigz> (E%E1> 3ah 8a@ +‘In 9

where in the last equality we have used Sylvester’s determinant identity (i.e. det(l,,+AB) =
det(I, + BA) if A, B are m x n and n X m matrices respectively).

Consequently, according to (A.2), we get

1
dr = dy A VOIF—l(y)

et (2 - Jaet ((02.052)) 1120

1
= dy N V01F71(y)

* *—1 —1 *
¢det (i (22)") e () ()" 2 (22) 1)
1
= dy A volp-1y)

oy (oy ", oy oy \"
e (2 () + 5 (22)))
1
= dy N\ VOlF—l(y).
Ay (dy\*
Jaer (3 (30)
But we also know that

IF*dy|l = /(dy" A~ Ady?, dy' A--- A dy™)

_ \/det ((<dyi, dyf>)1<z-,j<n>
N eTEs)

1
[F*dy|l

Therefore, we arrive at

dz dy N volp-1(y)

= —— voly A volp
||F*V01N||V0 N VOlfp 1(y)

on U, where in the last equality we have used the fact that F™* is a linear map.

Now the proof of the theorem is complete. O
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Remark A.2. Note that the disintegration formula (A.1) is intrinsic, i.e. it does not depend
on coordinates over N. However, the formula is not true when M is not flat. Indeed, the left
hand side of the formula depends on the entire Riemannian structure of M since the volume
form is defined in terms of the Riemannian metric on M. However, the right hand side of
the formula depends only on the Riemannian structure of N and of those fibers. In general,
the volume form on M cannot be recovered intrinsically from the geometry of N and the
geometry of those fibers.

A particularly useful case of the disintegration formula is when N = R". In this case, the
formula reads

/]Rm Pyt = /yeRm W /F—1<y> \/ det Epg_f;) (@ )*) volp-1y)(d).
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