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Non co-adapted couplings of Brownian motions on
free, step 2 Carnot groups

Magalie Bénéfice!

Y Université de Lorraine, CNRS, IECL, F-54000 Nancy, France

Abstract

On the free, step 2 Carnot groups of rank n G,, the subRiemannian Brownian
motion consists in a R™-Brownian motion together with its @ Lévy areas. In
this article we construct an explicit successful non co-adapted coupling of Brownian
motions on G,,. We use this construction to obtain gradient inequalities for the
heat semi-group on all the homogeneous step 2 Carnot groups. Comparing the
first coupling time and the first exit time from a domain, we also obtain gradient
inequalities for harmonic functions on G,. These results generalize the coupling

strategy by Banerjee, Gordina and Mariano on the Heisenberg group.

1 Introduction

1.1 Motivation

Aside from providing a better understanding of the geometry of the state space, the
coupling method for Brownian motions is a great tool for many analysis results involving
the harmonic functions and the heat semi-group such as Harnack, Poincaré, Sobolev
or Wasserstein inequalities (see [24], 33, 15 14] for some examples). This method has
been studied these last decades in the case of Riemannian manifolds (see for example
[19,29]). The case of subRiemannian manifolds is a current topic of interest and have been
investigated on the Heisenberg group in [9 8 22} 21, 20}, 4, 11], 5. 26], on SU(2) [13| 12} 26]
and on SL(2,R) [12, 26]. On the spaces considered in this work, the subRiemannian
Brownian motion can be written under the form (X3, z;); where (X;); is a Brownian
motion on a Riemannian base and z; can be interpreted as an area swept by (X;)s<:. The
usual strategy of coupling consists in defining a coupling (Xt,)z't)t on the Riemannian
base. The coupling approach is quite useful in these cases as it can deal with some of
the above mentioned problems without the intervention of some geometric or analytic
objects that are difficult to define (like the Ricci curvature in subRiemannian manifolds).

The free, step 2 Carnot groups G,, n > 2, are interesting to study as they can be
projected to all homogeneous step 2 Carnot groups. In this work we consider couplings of
the paths of two Brownian motions (B;); and (B;); on G,, starting at g and g respectively.



In other words we study the joint law of (B;, l]~3t)t. We are particularly interested in
successful couplings, i.e., couplings such that the first meeting time 7 := inf {t>0|B, =
B;} is a.s. finite.

Successful couplings have been first used to obtain estimates of the Total Variation
distance between the laws of the processes. Indeed, denoting by P; the associated heat-
semi group and constructing the coupling (B, [~Bt)t such that B; = [~Bt for all ¢ > 7, for any
measurable function f, it is clear that:

[Pif(9) = Puf(@)] < E[lf(Br) = £(Bo)[Lrsi]. (1)

From (Il) we can obtain the Coupling inequality (or Aldous inequality) for Markov pro-
cesses (see [3], chapter VII):

dry ([,([Bt), E([Et)> < P(r > t) for all £ > 0. 2)

If Inequality (2)) can been changed into an equality, the coupling is called maximal (note
that a maximal coupling is not always successful). When the two quantities in (2]) have the
same order in ¢, the coupling is called efficient. In an Euclidean space and more generally
for a Riemannian manifold having a kind of "reflection structure" just like the plane or
the sphere, a maximal and successful coupling is the reflection coupling (see [23| [17]).
Maximal couplings of cadlag processes can always be constructed on Polish spaces [32].
However, most of these constructions are not Markovian and even not co-adapted, i.e.,
we need some knowledge of the future of one of the process to construct the second one.
Their study can then be difficult.

In the case of SubRiemannian Brownian motions, the recent results on the Heisenberg
group H suggest that maximal couplings, or at least efficient couplings, can be obtained
only with non co-adapted couplings. Indeed, in [4], Banerjee, Gordina and Mariano gave
the explicit construction of a non co-adapted successful coupling on H. They proved not
only that this coupling is efficient, but also that co-adapted coupling strategies cannot
produce any efficient couplings. In particular, the successful co-adapted strategies on H
by Ben Arous, Cranston and Kendall [9] and Kendall [20} 22] are not efficient. To enforce
this idea, similar results have been obtained by Banerjee and Kendall for the Kolmogorov
diffusion [6] which, as the Heisenberg Brownian motion, is an hypoelliptic diffusion.

Following these works, successful and efficient couplings have been studied in various
subRiemannian manifolds. In [13], we extended Kendall’s coupling from H to SU(2). In
[12] we constructed a non co-adapted successful coupling, inspired from from the work by
Banerjee, Gordina and Mariano, on SU(2) and on SL(2,R) (on SL(2,R), the strategy is
a.s. successful only if the Brownian motions start from the same vertical fiber). Using a
different strategy, Luo and Neel [26] constructed a successful coupling on H, SU(2) and
SL(2,R) (with the same initial conditions). They also extended this method to the non-
isotropic Heisenberg groups and the universal covering of SL(2,R). In particular, when
the Brownian motions start from the same vertical fiber, their strategy is not merely
efficient but is maximal.

For all these non co-adapted strategies, the coupling rate P(7 > ¢) can be upper-
bounded by a function of ¢ and of the initial distance d..(g,g) (where d.. is the usual



subRiemannian distance, namely the Carnot-Carathéodory distance). Using (), this pro-
vides an estimate of the Total Variation distance between the laws of the subRiemannian
Brownian motions as well as a direct inequality for the associated heat-semi group:

1Pf(9) = B ()] < 2| fllcP(T > 1) (3)

where f is a bounded measurable function. In particular this leads to estimates of hori-
zontal gradient of the semi group.

In [4], Banerjee, Gordina and Mariano also used the non co-adapted coupling to obtain
gradients inequalities of harmonic functions on bounded domains in the Heisenberg group.
This generalizes an idea developped by Cranston in [15] for Brownian motions on R™ and
in [14] for Brownian motions on the complete Riemannian manifolds with Ricci curvature
admitting some lower bound. The main idea is to compare the first coupling time 7 with
the first exit times 7p(B) and 75(B) of a domain D for the processes (B;); and (B;);
respectively. On the Heisenberg group, Banerjee, Gordina and Mariano obtained the
existence of a constant C' > 0 such that, for any domain D, g € D and f € C(D):

A R e ) L (@)

where 0, := (g, D°) and d is a pseudo-distance on H equivalent to the Carnot-Carathéodory
distance. This also lead to the Cheng-Yau inequality on H.

1.2 Main results

The main idea of this paper is the generalisation of the results by Banarjee, Gordina and
Mariano [4] to the free, step 2 Carnot groups G,, of rank n > 3. Denote by so(n) the
set of real skew-symmetric matrices of dimension n x n. We define the symplectic form
rOI:=xz 3" — 72" where a* € M;,(R) denotes the transpose of z.

Definition 1.1. Set n > 2. The free step 2 homogeneous Carnot group of rank n is the
Lie group G, := (R" x so(n),x) where:

1
(x,2) % (T,2) = (x+:2’,z+,%+ 5:6@5:) for all (x,2),(z,2) € R" x s0(n).

On G,, the Brownian motion can be written (B;); = (X, z;); where:

e (X;); a Brownian motion on R™;

e for 1 <i,j < nsuch thati # j, (2/7), is the Levy area between (X?),<, and (X7) <.

For n =2, G, is isomorphic to the usual Heisenberg group H.

Our first result is the construction of an explicit non co-adapted coupling on G,:



Theorem 1.1. Setn > 2. Let g = (,2), g = (Z,2) be two points in G, and ¢ € so(n)
such that g™ x g = (Z — xz,(). There exists a successful coupling of Brownian motions

([Bt, [~Bt> on G,, starting from (g,§). Moreover, denoting T := inf{t > 0| B, = B,}, for all
t
b= Bz — E3:

P(r > 1) < (Cl(n)% + CQ(n)@) (5)

where:
o B = (n—1)2b, with b= 2/7n;
o Ci(n) =4v/Ba(n — 1) + =
o Cy(n) =206,;

o lzl:= | >
1<i<j<n

Remark 1. Denote B, = (Xy, %) and B, = (Xt,%). For all 1 <1i,j <n such that i # j,
(B = (X7, X], 207) (resp. (By?): = (X§, X/, %)) is a Brownian motion on the
Heisenberg group. Using Theorem 3.6 from []), for t large enough, there exists C; > 0
such that:

i\ i (i — 3)* + (25 — &) |Gl
dryv (L(B}), £(E})) > Cy <\/ T Memreay oy L |-

(6)
In particular, Cy does not depend on the starting points g, g. Thus, for t large enough,
there exists a constant Cy (not depending on g, §) such that:

dry (L(B), £(B)) > max dry (LB, L))

1<i<j<n

[ | ¢l )
>0y (I T2g Toemy |- 7
> 2( i Hera)  o=i} (7)

The coupling from Theorem[IL1l is efficient on G,,.

Compared to the strategy used for the Heisenberg group (n = 2) in [4], the main
difficulty for n > 3 is to deal with @ Lévy areas instead of just one. From a quick
look, there is no reason that moving one area zf’j will not impact another one. Asin [4], the
first step of this strategy is to apply a reflection coupling on the horizontal parts (X, Xt)t
until the Brownian motions are in the same fiber. The second step consists in looking at
the decomposition of the Brownian motions (X;); and (X;); using the Karhunen-Loéve
expansion of the Brownian bridge and coupling two by two the Gaussian coefficients
appearing with this expansion. We then act on the skew-symmetric matrices (z;); and
(Z;) to couple the matrices one line after another. In particular we use properties of the
inverse Wishart distribution.

A first corollary of Theorem [[.T]is an estimate of the total variation distance between
the laws of the Brownian motions (Corollary B.6). We also obtain the existence of a
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successful coupling (see Corollary [1.2)) and an estimate of the Total Variation distance
(see Corollary [d.3)) for all homogeneous Carnot groups by using lifts. As for the Heisenberg
group, using (B]), we also obtain results for the horizontal and vertical gradient of the heat
semi group (see Corollary and Corollary [6.2)).

The second main result (see Theorem [(.2) is an estimate of P <7‘ > 7p(B) A TD([~B)),

7p(B) (resp. 7p(B)) denoting the first exit time of a domain D C G, for the process (B;);
(resp. (B:);). Although the strategy is not so different from the one developed in [4],
some parts of the proof need extra care. On G,, we then directly obtain estimates similar
than () for the horizontal gradient of harmonic functions (Corollary and Corollary
[6.4) as well as the Cheng Yau inequality (Corollary [6.5]). We also show how to extend
these results to all homogeneous step 2 Carnot groups.

Note that the Cheng Yau inequality has been proven for all Carnot groups by Baudoin,
Gordina and Mariano in [7] by using analytic methods.

Remark 2. In a work in collaboration with Marc Arnaudon, Michel Bonnefont and
Delphine Féral [2], we propose two other strategies for a non co-adapted coupling of
Brownian motion on G,,.

e The first one define a coupling of Brownian motion but only on a finite (and deter-
ministic) interval of time [0,T]. As for the coupling of Theorem [I1], the strategy
s using an expansion of the Brownian motion. There are however three major dif-
ferences. The first one is that the couplings of the Gaussian coefficients appearing
in the expansion are chosen such that only P(Br # [~BT) has a good order, i.e., it
satisfies

[l — Z[|

Vi

The second one is that the expansion of the Brownian motion in [2] uses Legendre
polynomials. The third one is that the horizontal and vertical parts of the processes
are considered together in a unique step. As dpy(Br,Bp) < P(Bp # BY), this
coupling provides the same inequalities than in Corollaries [3.6, [{-3, (61 and [ 2.
Moreover, in [2], the constants Cy(n) and Co(n) are improved.

It is however important to notice that the coupling from [2] is not successful. As
we cannot compare the first coupling time to the first exit time from a domain, this
coupling from [2] does not provide results comparable to Corollaries[6.3, and[6..
It seems that a simple repetition of the strategy with geometrically growing steps,
using reflection coupling and concatenation of Brownian motions as in Proposition
(314, should also lead to a successful coupling at least when the two processes are
starting from the same fiber. Nevertheless it may be more difficult to compare the
first coupling time with the first exit time from a domain.

e The second strategy developed in [2] is not exactly a coupling of Brownian motions.
The idea is to couple two random variables By and [~BT such that By has the dis-
tribution of a Brownian motion at time T (starting from g) whereas, only under
an absolutely continuous change of probability, does By have the distribution of a
Brownian motion at time T (starting at g). This allows us to construct the two

D



variables such that By is always equal to Br. Girsanov Theorem permits then to
measure the distance between the corresponding semi groups. The applications as
well as the method are then different than the one developed in the present paper.

1.3 Organisation of the paper

In Section 2, we give some preliminaries about the SubRiemannian structure of the free,
step 2 Carnot groups G,, and its associated subRiemannian Brownian motions. In Section
[B] we describe the coupling strategy and give the proof of Theorem [LLIL We also state
the Total Variation distance estimate on G,, (Corollary B.G). The generalisation to all
homogeneous step 2 Carnot groups and the estimates for the Total Variation distance
are dealt with in Section 4.1l In Section B we compare the first coupling time and the
first exit times from a domain (Theorem [B.2]) for this coupling strategy on free, step 2
Carnot groups. Finally, we present the gradient inequalities obtained with this coupling
in Section

2 The free, step 2 Carnot groups

2.1 SubRiemannian structure on the free, step 2 Carnot groups

For all a € G,, define the left-translation trans, := g € 6 — axg € G. A vector field
X on G, is called left-invariant if, for all g, a € G and for every smooth function f,

X (f otrans,) (9) = X (f) (transa(g))-

Consider (X7, ... X,,) the "horizontal left-invariant vector fields" such that X;(0) = 4,,
for all 1 < ¢ < n. The horizontal subbundle H := Span{)_(l, ) ..,)_(n} satisfies the
Hormander condition, i.e., (X;)i<i<, and ([Xi’Xj])1<z‘<j<n generate the tangent bundle
TG, (where [-,-] denotes the usual Lie bracket operation). Using the Chow Theorem, we
can then endow G,, with a structure of connected subRiemannian manifold.

We recall that the subRiemannian metric, also called, Carnot Carathéodory distance
is defined for all g, g € G,, by

9, = int L) with 200) = [ (/650030

where v ranges over the horizontal curves joining ¢ and g, i.e., the smooth curves v : I C
R — G such that ¥(t) € H,(). Here, for all g € G, the inner-product (-, -)4, is defined
such that (Xi(g),...,X,(g)) is an orthonormal basis of H(g).

By construction of the horizontal subbundle, the Carnot Carathéodory distance d.. is
left-invariant.

Remark 3. By decomposing any horizontal curve t — (t) in G, into the form (z(t), 2(t)) €
R™ xso0(n), and by considering explicit representations of the horizontal left-invariant vec-
tor fields, it is not difficult to prove that for any g = (z,2), § = (Z,2) € G,:

|z — 2|2 < dec(g, 9)- (9)
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2.2 Definition of an equivalent pseudo-distance

As it can be difficult to work with the Carnot-Carathéodory distance, we introduce an
equivalent pseudo-distance. (This pseudo-distance satisfies the properties of positivity
and symmetry. The triangular inequality is replaced by a pseudo-triangular inequality.).

For z = (z;;) € so(n), denote:

1

P

o, = ( 5 ||) |
1<i<j<n

In fact, for all z € so(n), ||z||2 is, up to the multiplicative constant v/2, the usual Hilbert-
Schmidt norm of z. Note that, for any z, & € R", we have ||z ® Z||2 < ||z||2]|Z||2-

1<i<j<n

Define the pseudo-norm || - ||g,:
|z, 2)||e, == 1/||x]|3 + ||2]]2 for all (x,z2) € R" x so(n). (10)
Here we make the choice of quadratic norms. This way, || - ||g, is invariant under any

change of basis on R in the sense that for any P € O(n), ||(Pxz, PzP')|ls = ||(z, 2)llg, -
From this pseudo-norm we can define the pseudo-distance

{ 0:6,x0G, — R
(9,99 = lg7'dle,

(11)

In particular, it satisfies the following pseudo-triangular inequality for all (z, z), (Z, 2),
(y,v) € Gy:

4 ((2,2),(2,2)) <

NN GV

(0 ((2,2), (y,v)) + 6 ((y.v),(%,2))) (12)

As || - |lg, and g € G, +— de(0,g) € Rt define two homogeneous norms on G, the
pseudo-distance § and the subRiemannian distance d.. are equivalent (see Proposition
5.1.4 in [10]): there exist my(n) and ms(n) two positive constant such that for all g, g €
G,

m1(n)é(g,9) < dec(g, 9) < ma(n)d(g, 7). (13)

Remark 4. As far as the author knows, estimates for my(n) and ms(n) do not seem
to be commonly computed. However, they will be used several times in the corollaries
of Sections[]] and [, in particular when generalizing our results to homogeneous Carnot
groups. In what follows we try to gather some results that can help to compute these
estimates.

o For some particular values of g and g, the subRiemannian distance can be explicitly
computed. For x € R", it is well known that:

dec(0, (2,0)) = ||z (14)



For z € so(n), denote by \y > ... > A, the absolute values of the non zero eigen-
values of z. Proposition 13.19 from [1] states:

dee(0, (0, 2))* = 4 Zm (15)

From (I8), using the fact that Tr(z'2) = 2||z||3 we get the equivalence relation:

9 47
42| 2[l2 < dee(0, (0, 2))* < ﬁ\/n(n +1)(2n + 1) z[l2. (16)

o Using (I4) and (I6]), we can obtain an estimate for the constant ms(n) intervening

Qec(9,3) < deo(0, (7 — ,0)) + dee(0, (0,€)) < 2127 (”<” i 1);2” a 1)) " 5(0,9)

(17)
where ¢ € so(n) such that g~'g = (Z — x,(). Thus:

ma(n) < 227 (n(n + 1)3(2n + 1)) i | 18

e [t seems to be more difficult to obtain estimates for the constant mi(n). By consid-
ering projections of G, on the Heisenberg group, we can however state that

2

m(2) n(n —1)

< mq(n). (19)

Indeed, let v : t € [0,1] — (x(t),2(t)) € G, be an horizontal curve joining g and g.
zi(t)
Foranyl1 <i<j<n,vy%(t):= | x;(t)
y zii(1)
group H and L(v*7) < L(7y). Thus, de. ((xi, %}, 2 ), (Ti, Tj, Zij)) < dee(g, §). Using
the equivalence relation (I3) on the Heisenberg group (n = 2), we get:

15 an horizontal curve on the Heisenberg

2/ = DIz — 2l + 1l < /" Md(0.5) (20)

2.3 Subelliptic Brownian motion

We now introduce the sub-Laplacian operator:
L—1 zn: X’ (21)
=g 1 i

Because the Hormander condition is satisfied, this operator is hypoelliptic. It is also a
diffusion operator.



Definition 2.1. The subelliptic Brownian motion on G, is defined as the diffusion process
whose infinitesimal generator is L. It satisfies the stochastic differential equation:

dB, =Y X;(B,) o dB, (22)
i=1
where od denotes the Stratonovitch differential, (B}, ..., B!") a Brownian motion on R"

and (X;)1<i<n still denote the horizontal left-invariant vector fields on G,.

In particular, the subelliptic Brownian motion starting from g = (x,z) € G, can be
written (By)y := (X4, 2¢)¢ with (X3)y a Brownian motion starting at x on R" and z :=
z+ % fot X, ©dX,. In fact,

t t
Ap = i i / Xidx? - / XidX:
0 0

is the Lévy area between (X!)s<y and (X7)g<y.

Remark 5. For n = 2, Gy can be identified with the well known Heisenberg group H =
([Rs,*) where (l‘l, X9, Z) * (i‘l, IZ‘Q, 2) = (l‘l + Ii‘l, To + IN‘Q, z4+zZ+ %(l‘lfi‘g — i‘ll‘g)).
On H, the Brownian motion can be written (By); = (X4, z¢)¢ with (Xy); a Brownian

motion on R? and z — zy the signed area swept by (X,)s<; with respect to the origin of
the coordinate system, i.c., the Lévy area [, X}dX? — [3 X2dX].

Denote by (F;); the heat semi-group, i.e., the semi-group associated to L. For all
g € G, consider a Brownian motion (B;); starting at g. Then for all bounded measurable
function f on G,:

Eif(g) = ELf(B)]- (23)

3 The non co-adapted coupling strategy for G,

In this section we prove Theorem [[LII Set n > 2. In the remainder of the article we
use the following notations. Let (B;); = (X, z); and (l]~3t)t = (X’t, Z;)¢ be two Brownian
motions on G, starting at g = (z, z) and § = (%, 2). We have B 'B, = (X; — X}, (;) with
G=5—u—3X0 X, € so(n). In particular, for any 1 < i # j < n, using the Ito
formula, we can write:

i Lo lei o, Loivi  Lojivi 1 id i
a6} = SX{aX? - X1 - (éXthg - 5ngxt) - 5d (thg - XgXt)
o | . ‘ S
— XidX] - X}dX] + 5d ((X; + X;) (Xg - Xg)) . (24)

Note that if XT = XT, CT = ,%T — ZT.



3.1 The Brownian motions start from the same fiber

We first describe the strategy for the case when = = z, i.e., when the Brownian motions
start from the same fiber. The main idea is to work on the skew-symmetric matrix ({;);
line by line. For each line we will apply the following Proposition:

Proposition 3.1. Let g = (v,2), § = (Z,2) be two points in G, such that v = 7. Let

1 <4y < n— 1. For two Brownian motions B, and By, denote vy := (¢

R*! and . A

Tio ;= 1nf{t > 0| X; = X; and zzo = 2“” V1 <i<n}.
There exists a non co-adapted coupling (B, [Et)t such that 7;, is a.s. finite and satisfies
for all t > |jvg’||2:

X by, (25)

with b, = 2/mn. Moreover, forl,i € {1,...n}\ {io}, we have ¢ = &' for all t € [0, 7).

Remark 6. As ((;); is skew-symmetric, at time T, the if* line and the i’ column are
null.

Remark 7. As b, > 1 for all n > 2, Inequality (23) can be replaced by

P (7 >t) < <” ol bn>A1foralltZO.

To prove Proposition 3.1l we recall the well known estimate of the first hitting time
of a standard Brownian motion:

Lemma 3.2. Set a € R. Let (Wy); be a standard Brownian motion on R. Denote by
D, :=inf{t > 0| Wy = a} the first hitting time of a by (Wy);. Then for allt > 0:

[P(Da>t)§< ﬂ‘\%)/\l

Proof of Proposition[3.1]. For the proof we can suppose without lost of generality that

(L2
t
ip = 1. Then v} = - |. Let T"> 0 and v :=

1,n
t

1
l[o 1||

We first choose Xf = Xf for 2 < i < n. In particular d’i stays constant for 2 <[ <
1 < n.

We now define the coupling (X}, X}!);. Let (¢;);51 (resp. (€;);51) be a sequence of
independent variables with the same distribution A (0,1). Using the Karhunen-Loéve
expansion we can define two Brownian bridges (BY)o<;<r and (B )o<i<r on the interval
of time [0, T:

B;”:\FZ@—Sl (J;t) dBf”:\/_Zgj—i (9;7). (26)

7>1 7>1

10



Then, for ¢t € [0, 7]

t ~ - t -
X'i=2 + B+ \/_Tgo and X! := & + B + ﬁfo (27)

define two Brownian motions starting from x; and z; respectively. In particular, we have
for ¢t € [0,T7:

th—th :Z£J;§] X Qﬁsin (%) + (éo—fo) %

i>1 I

Let m > n + 1. We choose &; = éj for 7 = 0 and for 5 > m. With these choices, for
all 2 <i < n, using (24)) we get:

t moco_ ¢
Li gu/ (X! = x!)axi = vy s 2§JK(“M(t)

with: K_1);(t) == 2‘%7 fot sin (£2) dX?. Note that, as we consider the coordinates ¢
for 2 <4 < n, we introduce a shift of the index i to define K;_,); (). This will simplify
the notation in the remainder of the proof. For 5,1 > 0, we have:

([ (o [ (F)s] - [ = (F)m(5)er
(55 (5.

B {o if j # 1
T ifj=L

Thus, we have K;) ,(t) = ?—zG(i)J(t) forall1 <i<n—-1,1<j<mwith (Gy),;(T)),
some independent standard Gaussian variables.

Denote ¥ := Diag (1, i, ey #) the m x m diagonal matrix with (1, i, cee #) on
the diagonal and R(T') = (G ;(T))1<i<n—1. In particular, denoting & := (€)1<jcm ER™
L <j<m ==
and f = <£]>1§]§m € IRm’ we have:
2T 1£-¢
1 1
= —R(t)X2 .
v =y + - (t) 5

Note that R(T) is measurable with respect to the o-field o (Xg 0<t<T,2<5< n)

and thus will be independent of (X}); and (X});.

The distribution of R(T)R(T)" is known: it is a W,,(n — 1,1,,) standard Wishart
distribution with m > n+1 degrees of freedom] (see for example Chapter 3 from [27] for

Let A be a n x n random matrix. Using the notations of [27], we say that A has the Wishart
distribution with m degrees of freedom and with the covariance matrix = if it can be written under the
form A = X X with X a n x m matrix whose lines are i.i.d. with distribution N'(0,Z). This distribution
is written Wy, (n, E).

11



some properties of the Wishart distribution). A first consequence is that R(T)R(T)" has
-1

a density and is thus a.s. invertible. Denote then w := R(T)" (R(T)R(T)") v € R™. In
particular, R(T)w = v. Define f; := . Suppose that 5 = pfi. Then,

IIZ"wII2

g—f . P 1
2 - _1 1 ,UO
|[=72w]|2][vg]]2

NI

R(T)S

and the coupling is successful at time 7T if and only if:

p = —llebllI= ), (28)

Let W; be a m-dimensional Brownian motion starting from 0 and o := inf{t > 0| W}! =
%HvéHQHZ_%wHQ}. We define W; such that W7 = W} for all j > 2 and

i -} ift<o
T W =2 else '

. th_th . 1
In particular, —5—+ = —=W_,,.

We can now define the coupling for the Gaussians vectors (£ ,é) We choose: ¢ =
S"Wif, and é => Wll fi- As (W), is independent of (f;)1<i<m, this provides a well de-
=1 =1

Z_%w
MiEulle
to (28)) and by definition of o, the coupling is successful at time 7" if and only if o < 1.
Note that:

fined coupling for ([Bt, [~Bt) . In particular, 5%5 =-Wl. fi=- According
t

2T W!
Utl = ||Ué||2v - 7m
2

o W
vp = (” voll2 — —m> v. (29)
2

R(t)w

and at time t =T

Wo’/\l

=t by definition of o.

In particular, ||[vh|l2 = ||vd]2 —

We now take a look at the behaviour of the horizontal parts induced by this coupling.

Denote by (eq, ..., e,) the canonical basis in R™. For 0 <t < T"
TN V2T it ST, e

Ko xt =S oV (I, TR
j=1 JT T [E2w]2

12



m

. it . e . . S

where u(t) = Y sin (%) e; is deterministic and nonzero. In particular, a.s., X; = X,
=1

if and only if R(T)! (R(T)R(T)")~" lies in the hyperplane L;'(0) where L, :== A €
¢
M1 — (Av,u(t)). Since <R(T)t (R(T)R(T)t)fl) has a pseudo-inverse matrix-

variate normal distribution, it admits a density (see [34] Section 4 or [28] for more general

results about pseudo-inverse random matrices). Then P(X} = X}) =0for 0 <t <T. In
particular the coupling can only occurs at time 7.

For the rest of the proof, we will need to study an upper bound of ||S~2w]|[2. We have
2wl = Tr(w'w) = Tr (vt (R(T)R(T)") ™" v) .
Then, with similar computations than in Proposition 3.1 from [2], using the fact that the
Wishart is standard, we have:

Tr(vv?)

2l < —

[[T}((ﬁijRcrY)’ﬁ]

As in [2], using the result from Ezample 3.1 by [30] about the first moment of the inverse
of a standard Wishart, we get:

|v]|2 n—1 1
2E||w]f3] < —— = :
n—1lm—-(mn-1)-1 m—-n

(30)

Then:

E [HE’%wHQ] ~E {m] < my/E[Jw||g] < h (31)

We now give the global construction of our successful coupling. As for the Heisenberg
group, we define a partition of the time line with geometrically growing lengths: t5 =0 <

t; < ... <ty < ...such that for all k > 0, T}, := tpy1 — tx = @2’“. We reproduce the
above construction on each interval [tg, tx11] and we use the exponent " (k)" to distinguish

the objects define above. Note that we do not update the vector v at each iteration but
v
l[vgl2

keep it equal to all the time. The obtained matrices R*) (T},) are independent and

the same is true for the Brownian motions <Wt1’(k)) . Then we get 7 > ty if and only if
t

v} # 0 for all t = t;, k < N which is equivalent to ¢ > 1 for all kK < N — 1. We define
the process (M;); at least on [0, ty] such that:

{ My = |vgll2

Mt = Mtk - Wﬁ) X 2Tk+ for tk; S t S tk+1.

e e
In particular, from (29), for all £ < M, we have vy, = M, v.
As (M), is a martingale, it can be written M, = [lvgll2 + Bg(y with B a Brownian
N-1
motion starting from 0 and S(t) = > (%)2 W (% A 1) L{z>¢,}- By construc-
k=0 X 2w
2

tion of (M), we have 71 > ty if and only if D_j,1, > S(tn) with D_j,1, = inf{s >

13



0] B, = —||vi|l2}. Thus, using an estimate of the first hitting time of a Brownian motion

(Lemma [3.2), we get P(7y > ty) < V2olle { L ] For N > 1, using (31]), we have:

VT V/S(tn)
. 1 < T [E[HE_%U)(N) }< T m .
Stw) |~ 2w ) =9y =)
We get:
92 1
P(ry > ty) < Y2mlvolla . m
TN 2(m —n)
Thus, for ¢ € [ty, taa[= |[[Udll2Z52, [Jod [l 2=t [ with N > 1 we have:
2 1
P > 1) = P(r > ty) < Y2Rl0llz__m (32)
t 2(m —n)

=

1
By construction ¢; = ”UgHQ, and (32) is true for all ¢t > ”v3”2. In particular, (82) is optimal
for m = 2n which ensues the expected result. O

Remark 8. In [j]] where the case n = 2 is treated; the choice is made to simply take

m = n — 1. The above strateqy is also successful for all n > 2 with m = n — 1. In

this case, R(T) is invertible and w = R(T) 'v. In particular W is a chi-square with 1
2

degree of freedom (see for example [27], Chapter 3). As in [{l], at least two iterations of
the Brownian bridges coupling are then necessary to have ——— integrable: for N > 2,

VStN)

2Tnv 1 \° 1 1
S(ty) > ( ) ( + )
m(n—1) ™[5 [lw®=D][3

C 1 n 1 B A
[w@]5 [ =D][3 V2

and

|

Then, fort € [ty,tni1[= [HvéHQQN;l, HvéHgQNJ;’l [ with N > 2 we have:
2m(n —1 2m(n — 1
P(r > 1) = P(1y > t) < g a2 < o, 22— D) (33)
tvit /

As ty = ||v}|l2, the inequality is true for all t > ||v}]]2.

We can now give the global construction for the case when the Brownian motions
start from the same fiber, i.e. x = 7:

Theorem 3.3. Setn > 2. Let g = (,2), § = (Z,2) be two points in G, and ¢ € so(n)

such that g™ % § = (& — 1,(). Suppose that x = &. Then there exists a successful non
co-adapted coupling (B, B,) starting from (g, g) such that, for all t > (n — 1)||(||2:

Bn 3

P(r > 1) <|[¢ll2= with B, = bu(n —1)2.

- (34

14



Remark 9. As 8, > 1 for alln > 2, [(34)) is trivially still true if t < (n—1)||(]|2 and can
be replaced by:

P(r>t) < (HCHQ%) A1 for allt > 0.

Proof of Theorem[33. Let g, § € G,. Denote 75 := 0 and, for 1 <i <n — 1:
7; := inf {t >t | Xo=X,and (7 =7 Vie{l,...n—1}\ {z}} :

For all 1 <7 <n — 1, we apply the coupling from Proposition for ig =i on [r;_1, 7).
n—1

As (; is skew-symmetric and by construction of the coupling, we have > 7, = 7. In
i=1

. . n i 2
particular Hv;H”% == (COJ) .
j=i+1
If t > (n— 1)[|Coll2, then —5 > [lvL_ ||; for all 1 <i < n — 1. We obtain:

P(r>t) <

t t
P TZ‘—TZ‘_1>—,7—l_Tl—1S—V:LSZSZ._]‘
n—1 n—1

1
=2
t
+ P (7'1 > ?)

SZ LV T | [ RUS L

0

Remark 10. As ( is skew-symmetric, there exists a matriz P, such that (quCPv)m #0
only if i is odd and j = i+1. In particular, ||PLCP,|la = ||C||2- Then applying the coupling
from Proposition[3.3 to this new matriz, we can reduce the number of lines to be treated.
In particular, we obtain the previous result with | %] %bn instead of By.

Remark 11. The estimation of the coupling rate obtained in (34)) is enough to conclude
that this wvertical coupling is efficient. The obtained constant (3, is however not good
enough to say that it is maximal. Indeed, the coupling rate obtained with the maximal
coupling of Luo and Neel in [26] is equal to @ Even for n > 3, the estimate of the
total variation distance in Theorem 3.2 from [2] is better than the one obtained here. Of
course some estimates such as [B1l) are maybe not good enough. In particular it forces us
to chose m = 2n when it would seem more efficient to release the constraints & = & as
much as possible, i.e., to take m as large as possible.

3.2 General case
We can now deal with the general case, i.e., for x # 7.

Proof of Theorem[L1. To obtain a successful coupling on G,, we are going to use first the
reflection coupling until the time 7y := inf{¢ > 0 | X; = X;} and then the coupling from

15



Theorem B.3] We remind how to define the reflection coupling. There exists P, € O(n)
such that (Pyz); = (Pp); for all 2 < i < n, and (Pyz); — (Phz)1 = ||z — Z|]. We

first define a coupling ( X,, X, ) of Brownian motions on R” starting from (Pyx, P,&): we

choose X! = X i for 2 <i<mnand dX! = —dX 2 We are then able to deduce a coupling
of Brownian motion on G, such that (Xt,f(t) = <P,§Xt, PﬁXt). In particular, we have
70 = inf{t > 0| X, = X,}. Thus 7 has the distribution of the first hitting time D, of
a Brownian motion with a = 1{|z — Z||» and P(ry > t) < <M> A1 (see Lemma [3.2)).

V2t
At time 7y, the Brownian motions are in the same fiber and we can apply the coupling

from Theorem 3.3 on [rg, 7]. For t > 0, we get:

t t t t t
[P(7'>t):[P(T>t,7'0§§>+[P<7‘>t,7‘0>§)§[P<T—7‘0>§,7'0§§)+[P<7'0>§)

t ||z — Zlo
<E|P —T0 > = 7 1 L =
< [ <7_ 70 9 ' Hg 0”2) {r0<5} [t

<] (ool 2z ) an |+ 22l (35)

We now need a good estimate of E[||(||]2]. This can be done by using the following
Lemma which will be proven just after the end of the current proof:

+

Lemma 3.4. For every m > 3|l — Z||3, we have:

. [ncmng M} ¢l +%m_lm_m.

m
If we choose m := ﬁ with ¢ such that ﬁ > ||z—z||3, we can use LemmaB.4ltogether
with (BE) to obtain the expected result. This ends the proof of Theorem [I.11 O

We now proceed with the proof of Lemma [3.4. We use the results from the coupling
on the Heisenberg group. In particular Lemma 3.4 from [4] can be written this way:

Lemma 3.5. Let ((Xt,zt), (Xt, 2t)> be a coupling of two Brownian motion on G, such
t
that:

o X! =X/ forallt and j > 2;
o dX] = —dX} on [0, 5] with S = inf{t > 0|X} = X}'}.
For all m > 1| X} — X}|?, we have:

E[|¢s” — ¢o?| Am] < 2v2m|Xg — X3,

The original proof can be found in [4] for Cé] instead of Cé] — é’j . This slight
modification allows us to release the hypothesis on m and to obtain better estimates for
C1(n) and Cy(n) in Theorem [LT] (better order for n).

We can now give the proof of Lemma [3.4

16



Proof of Lemmal3.4 We use the same notations as in the proof of Theorem [LIl In
particular we use the notation (Bt,Bt) to describe the couplings of Brownian motions
t

induced by (Xt,Xt)t and ¢, such that Bt_lBt = (Xt — Xt,gt). Note that ¢, = PGP,
As (& ' X t) is defined by using the reflection coupling, the conditions of Lemma are
t

satisfied.

Note that | X — Xé|2 = ||z — [|3. Then for m > $|lz — || and for every j > 2, by
applying Lemma [3.5] we obtain:

1y _ rLlg
¢~ ¢!

270 2

E (36)

Li _ L
(S O

TO

Al :%E[ Am] < f;\x—xHQ

m

Moreover, for t € [0, 7], X = X) for 2 < j < n, thus, (¢,)" is constant on [0, 7] for all
2 <i # j < n. Using equivalences of norms and the fact that ||(;, — (oll2 = Hgm = Gyll2;

we get:
|bA1] Il [Mm—ENQAq

m m m

15 1]
nqu+§:Er€ | 4

il , 22

c [l 1] < 10l  [ln =Gl

< (n = D[z — ]2

ﬂ\

O

Using the Coupling Inequality (2]), we directly obtain an estimate for Total Variation
distance between the the Brownian motions:

Corollary 3.6. Letn > 2, g = (x,2), g = (&, 2) two points in G, and { € so(n) such
that g1 x g = (Z — x,¢). Fort > B,|lx — z||3:

1% = [l €1l

drv (Mtga,wf> < Cl(n)T + Ca(n) ;- (37)

with C1(n) and Cy(n) the constants given in Theorem 1.

4 Coupling on homogeneous Carnot groups

4.1 Homogeneous, step 2 Carnot groups

We give here an overview of the Homogeneous Carnot groups. For more details, we refer
the reader to [10].
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Definition 4.1. Setn > 2 and m < @ Let OW ..., C"™ € M, (R) such that the
skew-symmetric parts D*) = % (C(k) — (C(k))t> of C*) are linearly independent for all

1 <k <m. We define G = (R"™™, o)such that for all (x,2) = (T1,...,Tn, 21, 2Zm),
(i‘, 2) = (Zi‘l, c. ,Z%n, 21, .. 2m) € G:

(z,2)0(%,2) = (:1: + Z, (zk + %+ %(C(’“)xkﬁ)) o ) : (38)

Then G is called an homogeneous Carnot group with step 2 and n generators.

Remark 12. Letn > 2. Forall1 <i < j<n, let 63 = (cl(i:j)> with

)

=01 i (L) = (50)
0 else

n(n—1)

As in Definition[{.1], these matrices define an homogeneous Carnot group ([R"*T, o)
which is 1somorphic to the free, step 2 Carnot group G,.

Let G = (R"*™ o) be a homogeneous Carnot group with step 2 and n > 2 generators.
As for G,,, we can consider the horizontal left-invariant vector fields (Xi,..., X,,) such
that X;(0) = 0, for all 1 < i < n. As the skew-symmetric matrices (D®)),<;<,, are
linearly independent, for H := Span{Xj, ..., X, }, the Hormander condition are satisfied.
Still denoting by d.. the Carnot Carathéodory distance, we can then endow G with a

structure of connected subRiemannian manifold.
n —
The associated sub-Laplacian operator is also defined by L = > X? and the associated
i=1
Brownian motion satisfies the stochastic differential equation:

dB, =Y X;(B) o dB, (39)
i=1
with od the Stratonovitch differential and (B}, ..., B!') a Brownian motion on R". In

particular the Brownian motion starting at g = (z, z) € G can be defined as the continuous

process (B;); = ((Xt, (zf)1§k§m>>t where:

o (X)) = (X},..., X); is a R"-Brownian motion starting from z;

Z7j:
Lévy area associated to (X}, X;), we can also write:

o Forall 1 <k <m, dof =3 3 CEE)thde +3> cgi)dt. Still denoting by A% the
1 i=1

Jyt
1<i<j<n ij=1

L, & W g LN () (i i
zf = zg + Z 5(0( - Cz(,j))-AtJ + 1 Z Cl(',j) (XtXt] - XOXé)

18



The following proposition allows us to reduce our study to free, step 2 Carnot groups:

Proposition 4.1. Let G = (R"*"™ o) be a homogeneous Carnot group with step 2 and n
generators. As previously, G, denotes the free, step 2 Carnot group with n generators.
There exists a smooth surjective Lie group morphism ¢ : G, — G such that:

1. ¢ preserves the horizontal coordinate "z ";

2. for all g,g € Cn, dec(g, 9) = dee(¢(9), ¢(9));

3. for all a,a € G, there exist g,g € G, such that ¢(g) = a, ¢(§) = a and d..(g,9) =
dcc(a’ d);

4. if (By)¢ is a Brownian motion on G, then (¢(B:)), is a Brownian motion on .

t

Proof. During this proof we denote by (X1, ..., X,) the horizontal left-invariant vector
fields on G, and by (X,...,X,) the horizontal left-invariant vector fields on G. It is
well known that a surjective Lie group morphism ¢ : G, — G preserving the horizontal

coordinate can be constructed such that X;(y o ¢) = (Xi(v)) o ¢ (see [10, 25]) (G can be
lifted from G,,). In particular, by considering some convenient horizontal path, we obtain
the two first points of Proposition €1l (see Lemma 6.1. in [25] for more details).

The last point is obtained by considering the stochastic equation (22)) satisfied by the
Brownian motions on G,. As, the equation is given with the Stratonovitch integral and
© is smooth, we get:

dip(By) = <d<p~ZXZ-> (¢(B,)) 0 dB! = de ) o dB!.
=1

Then (p(B;)); satisfies Equation (39) for C. O

4.2 Coupling results

From Theorem [T, we can obtain a successful coupling of Brownian motions for any
homogeneous step 2 Carnot group C.

Corollary 4.2. Let G be an homogeneous step 2 Carnot group of rank n. For all g =
(x,2),g = (z,2) € G there exists a successful coupling (B, B;) of Brownian motions
starting from (g, q) such that, for all t > 48, ||x — z||3:

P(r > t) <Oy ()"l gy (40)

<Cl(n)d

Lypesy + 41
= NG {z#&} m1(n)? P (41)

with C1(n) and Cy(n) the explicit constants from Theorem [ and mi(n) the constant

from (I3).
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Proof. Let g = (x,z), g = (&,2) € G. Using Proposition A we can build a surjective
morphism ¢ : G, — G that preserves the horizontal coordinates. Moreover, there exists
a=(x,v),a=(Z,0) € G, such that:

¢(a) = g, #(a) = g and dee(g, §) = dec(a, a). (42)

Using the construction from Theorem [T, we construct a successful coupling (By, Bt)t of

Brownian motions starting from (a,a) on G,. Denoting by S the first coupling time of
(By, By); we have for t > 48, ||z — ||3:

|l — Z[]

Vit

On G,,, using the equivalence of the homogeneous norm (I3) we have: ||(||2 <
Thus:

P(S > t) < Cy(n) %@

Ly + Ca(n)

mdcc(a, 6)2

lz = 2oy . Ca(n) deo(a,d)?
NG {z#2} my(n)? p :

Moreover, from Remark B, we have ||z — Z||s < d..(a,a).

P(S > t) < C1(n) (43)

Then, ((b(Bt), qb(]ét))t defines a coupling of Brownian motions on G starting at (g, §).

Denoting by 7 its first coupling time, we have P(S > t) < P(7 > t). Using (43) together
with (42]), we obtain the expected result. O

As for Corollary 3.6l by applying the Coupling Inequality (2)), we directly obtain
an estimate for the Total Variation distance between the laws of the Brownian motion.
Denote by ,ugw’z) the law at ¢ of the subRiemannian Brownian motion started at (z, 2).

Corollary 4.3. Let G be an homogeneous, step 2 Carnot group of rank n, n > 2. For
any g = (2,2),§ = (z,2) € G and for t > B,||x — z||3:

dcc(gvg) + CZ(n) dcc(gag)z
Vi mmp ot

drv (1, nf) < Ci(n)

5 Comparison between the first coupling time and the
first exit time from a domain

In this section, we consider a domain D on G,. For any process (Y;); on G, we define
p(Y) = inf{t > 0| Y; ¢ D}. Using the pseudo-distance § introduced in Subsection
2.2, for any g € D, we denote 6, = d(g, D°). For the coupling (B, B;); constructed in
Theorem [[L1] we are going to compare the coupling time 7 with 7p(B) A 7p(B) in order
to obtain gradient inequalities as in [15, 14, 4]. As previously we adapt the proof used
for the Heisenberg group to all free, step 2 Carnot groups [4].
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5.1 Main results

Forn > 2 and g = (z,2), § = (Z,%) € G, and ¢ € so(n) such that ¢! x g = (z — z,(),

we define # := % € R" and 2 := 2% € so(n). In particular, 2 — & = 2% and
z—i—-li0x= % For any a > 0 andfy > 0 real, we also define the set Q(a,7) C G,
such that:
. .
Q,7) :={(y,v) € Cu | lly =2l < o v =2 = 52 Oyl <7*}- (44)

Consider (B, B;); the coupling starting at (g, §) described in Theorem LIl We are

first dealing with the problem for D = Q(«, ). We have the following result:
Proposition 5.1. Suppose that ||z — Z||s < ﬁ Then, for any 0 < o < vy, there exist
some constants D1 and Do, that depend neither on o,y nor on the starting points of the

coupling, such that:

P (7 > 7q(am)(B)) < Di(n,7, )|z = &[l2 + Da(n, v, o) max ([[¢]l2, [I<]]5)

with:

74 ol

a3 n”ibQ n9+ibz
Dl(nafyaa)SDl <TL\/7*|> \/_ ? + n+ & ;

DQ(TL)/Y)O[) S D2 <]- + 74 Oé4

b, < 2v2mn.

1 1
n6+ 3 bi n8+ 2 bi
+ ;

The same inequality is true for P (7‘ > TQ(QW)(IE)).

Proposition [B.Ilwill be proven in Subsection 5.2l For now we give a direct consequence
for the exit time of any domain D.
Theorem 5.2. Let g = (v,2),§ = (,2) € G, and g ' xg = (T — x,() such that

d(g9,9) < \/g% and ||z — |2 < - . Denoting by (B;, B,): the coupling starting at (g, )
described in Theorem [I1, we have:

P (7‘ > 7p(B) A TD([~B)> < D; x (n\/_+ n\/_ 54 ) |z — Z[|2

943

e (14 5) o (1€l )

g

with Dy and Do two constant that depend neither on g, g nor on n.

Proof of Theorem[52.2. By construction of (z, Z), we have:

3 ((7,2), (x,2)) <

w | S

1
=z



Using the pseudo triangular inequality (I2), for any (y,v) € G,, we have:

5((.), (r,2)) < 2 (8 ((w.), (2.2)) +6((5,2), (2,2)) ). (45)

Thus, if (y,v) € Q (%,;—k), then & ((y,v), (z,2)) < 3 (\/Q X 3(% + %") = 0,. Thus,

Q:=q (;—\%, %) C D. We have:

P (7> 0(B) Ao (B)) < P (7 > ma(B) A a(B))

(1>79(B))+P (7‘ > TQ(IJNB)) .

As ||z — 7|2 < \/%, we can apply Proposition B. Il We get the expected result. O

5.2 Proof of Proposition [5.1]

Proof of Proposition 5] It is enough to prove the proposition for (B;);. We first notice
that
TQ(ary) (B) = inf{t > 0 | | X; — &[la > a or Uil > 7*}

with U; == 2z, — 2 —

UO — z2—Z

_1
2 4

%i ® X;. In particular, we have dU; = %(Xt — ) ® dX; and
rTOIT = % We use the notations from the the proofs of Section [k

e Asin the proof of Theorem [LLT] we denote: 7o := inf{t > 0| X; = X,}, in particular
on [0, 7o), the processes (X;)icjo,r) and (X)sc[o,-] are coupled by reflection.

e As in the proof of Theorem [3.3] we denote for 1 <i <n — 1:

7, = inf {t > 7| X, =X, and (9 =7 Vi e {1} {z’}} .

We remind that 7 := inf{t > 0 | B, = B} is exactly equal to 7,_;. We also denote
71 := 0. As we have a different description of the coupling on each of the intervals
of time [0, 7o), [70,71], -, [Tn—2, Tu_1], it will be convenient to decompose the process
(By): = (X, 2¢); following this time decomposition. One of the main tool that will be
used is the Burkholder-Davis-Gundy Inequality that we will denote afterward "B-D-G
Inequality". Then it will be convenient to consider martingales starting from 0 on each
of these intervals of time. Keeping these constraints in mind, we define:

e for ¢t € [0,70), Yo(t) :== X; — & and Vy(t) := Uy;

e forl1 <i<mn-—1landté€ [ri,mnl, Yi(t) =X, — X,,_, and Vj(t) := %f:__l(XS —
X,_,) ©@dX, € so(n). In particular, we have:

. 1 t . . t .
v -5 ([ (e-x)axd- [ (xt-x )ax). o

i—
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Proceeding by induction one can then check that, for all 0 <i <mn —1and t € [1,_1, 7],
we have:

(Xi = 2,U4) = (Yo(70), Vo(70)) * .. % (Yicr(7im1), Viea (1ion)) % (Yi(), Vi(1)). (47)

Moreover, using the fact that we iterate ¢ + 1 times the operation *, we have for all
1<i1<n—-1:

(X; — 2,U,) = (ZY ;) + Yi(t
V() + Vi(t) +%in(Tj) © (i Yi(n) +Yz(t)>> - (48)

=0 j=0 I=j+1

We consider two sequences (o(7))o<i<n—1 and (7(4))o<i<n—1 satisfying:

[y

n—

Za < o and Zv Z ali)a(f) < ~2 (49)

1=0 0<i<j§n71
For all 0 <7 <n — 1, we define the events:

Ai=A{w, sup [IYi()]2>a()} and I;:= {w, sup [Vi(t)]2 > (i)}

Ti—1<t<T; Ti—1<t<7;

n—1
Using (48)), we remark that under the event [ (ASNT¢), we have forall 0 <i<n-—1

and for all ¢t € [r;_1, 73]:

1, — #lls < Z ) < a and [T < ny ; S alal) <% (50)

0<j<I<i

n—1
In other words, B; € Q(av, ) forall ¢t € [0,7]. Thus P (7 > Tg(a,)(B)) < P ( U (4 U Fl))

=0
To study these probabilities we will use the three following lemmas.

The first one contains results on the reflection coupling in R” and is due to Cranston.
These results can be found in the proof of Theorem 1 in [I5]. Using the Euclidean norm
| - |2 instead of the maximum norm || - [ the results can be presented as follows:

Lemma 5.3. For any a > 0, denote S(a) := inf{t > 0 | | X; — Z|l2 > a}. With the
previous notations:

7l < ll=—2ll>

P (ro > S(a)) < ”f””” 5

and E[ro A S(a)] <

The second lemma can be seen as the generalisation in higher dimension of Lemma
4.1 from [4]:
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Lemma 5.4. For any 1 <i <n—1 and M > 0 there exists a constant C (depending
neither on the starting points of the processes, nor on the rank n of the group) such that:

E {ﬂ{nan} sup ||Yi(t)||§‘} < C’E [(1; = mim1)? A M?) 5 (51)
Ti—1<t<T;

E []l{n—n_1<M} sup HVZ(t)Hg] < Cn(n-1E [(7’Z — Ti,l)z A M2] ) (52)
Ti—1<t<7;

The third lemma gives an estimate for the coupling time after time 7y:

Lemma 5.5. Using the previous notations, for any M > @—"Hx — 7|3

E[(7—70)* A M?] < =M224/2B,(n — )|z — @||2 + 2MB,IC -

Q| W~

Please note that Lemmas [5.4] and will be proven in Subsection B3l For now, we
pursue the proof of Proposition B.11

From Lemma (5.3, we obtain:

P(Ag) < P(m > S (a(0)) < M%(O_)x”? (53)

Using the Markov Inequality, we also have:

1
P(AGNT,) <P ( sup ||Upll2 > 7(0)2> < 2 [ sup )”UtH;

0<t<moAS((0)) 7(0)4 0<t<ToAS((0)

< L E sup U — Uoll3| + <1
~ y(0)* 0<t<0AS(a(0)) 2 4

We remind that, for 1 < j # [ < n, dU}' = 1 (X, —2)/dX! — (X, — #)'dX]). As
the reflection coupling is a co-adapted coupling, 79 A S(a(0)) is a stopping time for the
common filtration of (X;); and (X;);. Using the B-D-G Inequality, we obtain:

Z [E{ sup ; (Utj’l - Ug’l>2]

\<ien LOstzmas(a
T0AS((0)) ' '
< > gr [/ \Xz—:wm\xg_@qzdt]
0

1<j<i<n
— ToAS(a(0))

< el [ [ Xl
4 0

co(n —1)

4
< co(n —1)
- 8

IN

a(0)*E[0 A S((0))]

a(0)l|lz — 2.
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Finally we have:

cna(0)? <113
P (A5 NTy) < — — . 54
( 0 0) =3 7(())4 ”SL’ 'TH2 + 47<0)4 ( )
n—1
We now look at P < U AU FZ)) We have:
i=1

+Zu>(n—n_1s%, sp (0 > al0)
i=1

Ti—1<t<T;

n—1
I ||v;<t>||2>a<z'>).
i=1

Ti—1<t<T;

-----

We also recall that 3, = (n—1)2b,. Iterating (n— 1)-times Proposition B together Wlth
Remark [, we have:

n—1 n—1

S (n- o> ) < [ (o S ) ] < EllG A (- 1)

i=1 i=1 n

By hypothesis, we have ||z — Z||3 < n — 1. Thus, using Lemma B4}, we get:

n—1
Z;P(ﬂ—ﬂ43>;%1)SHdb+2¢ﬂn—Dau—jm' (55)

Using Markov’s Inequality and Lemma 5.4 we obtain:

n . (j 2 n ?

p(n-no <2 s Hvi<t>uz>fy<>)sL[E[<n—n1>2A(nﬁ" )]

1 7 <t<r ( ) -1
Thus:
n—1
3 g
P (U(Ai U Fi)) < ¢ll2 +2v2(n — 1)2 ||z — &l

i=1

+C T - n‘(n ) . [E|:(7’—7’0)2/\ 5"1]. (56)

(Jain (a(i)? - min (v(2) n—
Still using the fact that ||z — Z||3 < \/% we can also use Lemma [5.5 with M = \/5%1
to get:
2 \/_ 2432
e (-t a 2| < 200 - il - allt Gl (5)
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To construct two sequences ((7))o<i<n—1 and (7(%))o<i<n—1 satlsfylng #9), we can
9

choose a(0) = §, 7(0) = J5 and, for 1 < i <n—1, a(i) = 525 and (i) = 545
Indeed, we have:

n—1 ( ) g o + n—1 o §
a1 — o
2 4(n — 1)
=0 i=1
and
n—1
Y@+ Y alial))
=0 0<i<j<n—1
9 n—1 2 n—1 2
¥ 0 1 [« « «
< —+ —+ == — + —_—
2 — 4(n — 1) 2 (2 = 4(n — 1) 19;”_1 16(n — 1)2>
2 2 2 2
Y Y a 2
<—4+—+—+—=x
SR EET R T

The last inequality follows from the hypothesis o < 7. We thus obtain inequalities (54]),
(56) and (57) which ends the proof of Proposition [B.11 O

5.3 Proofs of the Lemmas

In this subsection we give the announced proofs for Lemma [5.4] and Lemma

We begin with the proof of Lemma

Proof of Lemma[23. From Theorem and Lemma [3.4], for v/t > mg = @—"Hx — |3 we

get:
P (r == vA) < | (Il 2z ) A1
<728, I¢ ]l + t12¢/2B,(n — 1)||z — F -

Then:

E[(r—m)*AM?] = /Om() P((r — 70)% > t)dt + /M P((T — 10)% > t)dt

m2
0
M2
§m3+ F(T—To>ﬂ>dt
m2
]?/[ M?2
< mg+ t75dt x 2¢/2B,(n — 1)||z — F[|2 +/ £2dt X B[l
m% 0

4 ~
—mi 5 (MF = m5) 2v/2B,(n = Dz = 3llo + 2M Bl

3
As m2 — —m02\/26n( — Dz =&l =mg /L )lx— 3|2 (1 — L(n—1)) < 0foralln > 2,
we obtain the expected result. O
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We now deal with the proof of Lemma [5.41

Proof of Lemmal5.4: By construction of the coupling, it is enough to prove these results
for ¢+ = 1. To simplify the notations we also suppose that the Brownian motions start
from the same fiber, i.e., 7o = 0. For all ¢t € [0, 7], we have:

2

VOl < D210 - X and mok<; S ([ o-xpax) .

Thus, the lemma will be proven if we can show that there exists a constant C (not
depending on the starting points of the processes or the rank n), such that, for any
1<j#l<n:

E {H{MM} sup (X7(t) — X7 (0))4] < CE[(n A M)?] (58)

0<t<m

and
2

< CE[(n AM)?]. (59)

0<t<m

E [11{n<M} sup </Ot (X7 - x3) Xm(S))

These two results can be seen as a generalisation of Lemma 4.1 from [4] to higher di-
mensions. Although the method is quite similar, it needs some adjustments due to the
change of the dimension. We give here the details of the proof for the convenience of the
reader and will point out the major elements needing extra care.

As in the case of the Heisenberg group, we want to use the B-D-G Inequality. The
main difficulty is due to the fact that the coupling is not co-adapted. Thus, 7 is not a
stopping time for the usual filtration induced by (X;)s and we need to consider an enlarged
filtration. The second difficulty comes from the fact that the considered processes (or
most of them) have to be martingales for this new filtration.

Using the same notations as in the proof of Proposition 3.1, we define:

) = Zﬂ{tkgt} <Z fy(f)\ﬁ? sin (mw((t _T:k) A T’f)) + (()@M\/%AT/Q)) :

m>n
v 21, mm(t —t
and (¢ Z Lt <t<tpir} Z EMX—Ls % (61)
k>0 K
such that X} = XJ + x1(t) + xo(t) for all ¢ € [0, 7,].
k L)
We remind the reader that, for all & > 0, <§7(n)) = > Wl’( )fl() with
1<m<n—1 =1

W) a R*~'-Brownian motion independent of the basis ( fl(k)> . In particular,
1<i<n—1

<§7(7f)) has the distribution N(0, I,,_;) because of this independence. With the
1<m<n—1

same argument, we can define a Brownian motion (Ct)o<t<r starting from 0 by taking
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Cy:= > VTk E ]1{t>tk}W(t tk)/\Tk fl In particular (C})o<t<r, is independent of all the

k>0
Ctjo—C
bases (fl ) . We also have ( ,S’?) = % For t > 0, we define two
1<l<n-—1 1<m<n-—1 k
filtrations:

Eﬂ:aﬁxgsgtAﬁﬂgjgn}uﬂgogsgﬁ}
U{El k= 0} el m = n k> 0}1)  (62)
and
.Hﬁ:acxgsgtAﬁﬂgjgn}u&gogsgtAﬁ}

U{EW k> 0} U{e® m > nk > 0}). (63)

Note here, that, contrary to the case of the Heisenberg group, our coupling strategy needs
the introduction, for all & > 0, of the basis <fl(k)) which depends on (X7);, <i<t,.,

1<1<n—1
for all 2 < j < n. We then have to take extra care to define the filtration (F}); with
(Ciar )t and not with a direct concatenation of (Ws,(k))ogsgl Then (X}, — X{): is F§-
measurable which will be important in the future to deal with the quantity

2
E {]lhsM} sup (fot (X! - X} dXé) ] with 2 <[ <n (upcoming inequality (69)).
0<t<mi
Since 71 only takes its values in {t;, & > 0}, with the same arguments as in the proof
in [4], 71 is a stopping time for the filtrations (F;}*); and (F});.

For 2 < j < n, (X/,,,): is clearly a (stopped) Brownian motion adapted to the two
filtrations (F;*); and (F});. Thus, using the B-D-G Inequality, we obtain (58]):

E [ sup  (X7(t) — Xj(()))4] < b [(n A M)Q} ) (64)

0<t<mAM

with ¢4 the universal constant for the B-D-G Inequality. With the same arguments, using
the B-D-G Inequality twice, we obtain (B9) for 2 < j # 1 < n:

t ) ) 2 TIANM ) 9
E| sup (/ (x! —Xg)dX;) < o U (X! — X3) ds]
0<t<mAM 0 0

< E {(7‘1 AN M)  sup (Xg —Xg)Q}

0<t<T AM

NI

<ol [ E| s (07— X))

0<t<mAM

< eo/eaE [(m A M)?. (65)

Again, ¢y and ¢4 are the two universal constants intervening in the B-D-G Inequality.
Note that these universal constant can be estimated (see [31]).
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We now look for (B8)) for j = 1. Let ky > 0 such that M € [ty,,, tk,,+1[- Let

thrr < 71 Ay, and t € [ty try1]. We denote by (eq, . .., e, 1) the canonical basis in R"~1.
We get:
— V2 (=t 2 1
. — tg 2
X1 ()] = Z(Ctkﬂ —Ctk,em>%sm (T)‘ < HCtk-H _CtkHQF —
m=1 1

4
2 2
sup  [|Celly < 5 sup |Gl

tkStStk+1 OStS’Tl/\M

As 7 takes its values in {t, k > 0}, there exists 0 < k < kj; such that 7 A ty,, = tx.
Thus we have:

4 2
sup  pa(P <z sup Gl

0<t<Ti Aty T 3 o<t<nAM

Since (Ciar )¢ is a (stopped) Brownian motion adapted to the filtration (F;}*);, we can
use the B-D-G Inequality to obtain:

E

0<t<mi Aty 9 lo<t<raM

up |xl<t>|4]sm[ s [GIY) < SUE (A (o0)

We now deal with E sup  |xe(t)[*

OStSTl/\tk]M
of 7. Conditioning by 7y, we get:

. As in [4], we remark that x» is independent

| dl

< 8E sup x| + ScaE[(Ty A try, )]
25
S 8045[ [(7’1 A M)2] . (67)

[E[ sup |X2(t)|4] < &E sup |X1(t)|4 + 8E

0<t<Ti Aty 0<t<TI Aty

sup | Xy — X'

0<t<Ti Aty

0<t<TI Aty

From (66) and (67)), we obtain (58) for j = 1:

E ]l{"rlSM} X sup |Xt1 - X(%|4:| =L [1{T1§tsz} X OSUp |Xt1 o Xé|4:|

0<t<n <t<n
<[E [ sup  |xa(t) + Xz(t)|4] < 3 x 8¢y [(7‘1 A M)Q] )

0<t<TI Aty

(68)

We can now focus on (B9) for j = 1 and 2 < I < n. For the filtration (F});, (X}, )
is an adapted Brownian motion. Moreover (X}, — X{), is Fj-measurable. Then, using
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the B-D-G inequality and (68)):

t 2
[E[n{ﬂgm ap ([ xpyaxt) ] e
0

0<t<m

t 2
sup (/ (X! - X7) dXé) ]
0<t<miAtr,, \Jo

1

3
< oE[(n A tkM)Q}% E [ sup (X — X&)4]

OStSTl/\tkA/I
< 8eav/Bes [(1i A M7 (69)

Finally, to obtain (B9) with j > 2 and [ = 1, we can use the It6 formula to get

/0 (X! = X3) dX'(s) = (X} — Xp) (X! - X)) —/O (X5 = Xp) dX7(s).

Using the previous results, we then have:

E lﬂ{TﬁM} sup (/0 (X7 — X3) dX1(3)> ] < 16v/3ca(ca + /@)E [(1 A M)?] .

0<t<n

6 Gradient estimates

In this section, we present several gradient estimates. The first ones gives estimates for
the heat semi-group and can be directly deduced from the coupling rate obtained in
Section [3l The second ones are about harmonic functions and come from the comparison
between the first coupling time and the first exit time from a domain dealt with in Section
5]

6.1 Norms of gradients
We first begin with some preliminaries on the horizontal and vertical gradients on the

homogeneous Carnot groups. Using Remark [I2], the following objects and properties will
keep sense on G, for n > 2.

Let G = (R™™, o) be a homogeneous Carnot group with step 2 and rank n. For any
f smooth enough, we define the horizontal gradient by

=1

Denoting by || - ||z the Euclidean norm on #, for any g € G, we have:

IVaf ()]l ==
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To obtain estimates of this norm, we use upper gradients. Let us first recall the definition
of an upper gradient. We say that a function u on G is an upper gradient of f if, for
every horizontal curve 7 : [0,7] — G parameterized with the arc-length, we have:

7600 - 16w < [ u(y(s))ds.

In particular, ||V - || is an upper-gradient.

As G has a left-invariant structure, it is a regular subRiemannian manifold as described
in [I8], and, for all u upper gradient of f:

V3 f (9l < ulg) ace. in E. (70)

See [16, 18] for some proofs and more details. In particular, for f Lipschitz, an upper
gradient will be given by the gradient length associated to the metric space (G,d..)
(see [24] [16]):

IVfl(g) :=1lim sup —|f<gd> — f<g)‘ (71)
0 g#g ce(9.9)
dec(g,9)<r
Thus, using ([70)), we have:
IVaf(@)lln < [V Fl(g) ae. in C. (72)
When G =~ G,,, we can consider the gradient length associated to the pseudo-metric 9:
£ (g) = f(9)

Vfls(g) :=lim sup = for any function f Lipschitz on (G, d..).
VIl =00 S ) (e

3(g,9)<r

By equivalence between the pseudo-metric § and the Carnot-Carathéodory metric d.,

this notation makes sense. In particular, as é(g, §) < %dw(g, g) (see (I3))), we have

— m

VP fls(g) = mi(n)|[VEf]. (73)

We can also define the vertical gradient:

N
'\H

I
NE
§\
=
§\

k=1

Considering the Euclidean metric on each fiber G, := {(z,z) € G| z € R™} ~ R™, as
for the horizontal gradient, we can evaluate |V, f(g)|| = +/ Y. Zr(f)2(g). By using the
k=1

gradient length associated to G, endowed with the Euclidean norm, for g = (x, z) and f
Lipschitz, we have:

|Vof(x,2)| < ligl sup e, 2) = /@, 2)|a.e.. (74)

e Iz = 22
Jz=Zlla<r

Note that, when G ~ G,,, ([74) is still true for z € so(n) by definition of || - |2 (see ([I2)).
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6.2 Estimates of the horizontal and vertical gradient for the heat
semi-group

We first obtain an upper-bound (with an explicit estimate) for the horizontal gradient of
the heat semi-group for any homogeneous step 2 Carnot groups. Let g € G and (B,); be
a Brownian motion starting at g. We recall that, for all measurable bounded function f

on G, P.f(g) = E[f(B)].

Corollary 6.1. Let G be a homogeneous Carnot group of step 2 and of rank n > 2. For
any bounded measurable function f on G, for any g € G and t > 1:

Cl (n)
Vi

IVa Pl < 2] flls a.e. (75)

with C1(n) the explicit constant from Theorem [I1l.

Proof. We consider f a bounded measurable function on G and g,g € G. We define the
following coupling (B, B;);:

e still denoting by 7 the first coupling time, for ¢t € [0, 7], we take (B, [~Bt)0§t§7 the
coupling constructed in Corollary A2}

e fort > 7, we take B; = [~Bt.
We have:

[Pif(9) = P.f(9)] = [E[f(B:) — f(By)]] < E[If(B) — f(By)]]

= E[|f(B:) — f(B)|Lrsy]
< A FllPlr > 1). (76)

Using the estimate of the coupling rate (40), we get, for ¢ not too close to 0:

IPI) = P @] < 20 (o) 225D, 4 20, 0000,

mq(n) t

(77)
In particular, for ¢ not too close to 0 and f bounded measurable, g — P, f(g) is Lipschitz
on (G,d..). We have:

Cl (n)
\/E .

VP, f|(g) =lim sup
0 g
dec(g,g)<r

‘Ptf(g) — P f(9)

- < 2| floo

(78)

As the gradient length |V P, f| is an upper-gradient of P, f, from Inequality (Z0)), we obtain
the expected result. O

We can also obtain estimates on G,, for the vertical gradient as defined in Subsection
6.11
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Corollary 6.2. Let n > 3. For any bounded measurable function f on G, and for any
t>1:

CQ n
VPl < e 2

with Cy(n) the explicit constant from Theorem [11.

a.e. (79)

Proof. Denote g = (x,z) € G,. We set Z € so(n) and § = (x,2) € G,. Applying (6]
together with the coupling rate estimate ([B4]), we get:
12 — |2

C
IPif(9) = Pt (@)] < 20 fllowBum—— with §, = 22<n>,

As previously, we obtain an inequality for the gradient length defined on the fiber {(z, z) €
G, | z € so(n)}. We use Inequality (4] to obtain the expected result. O

6.3 Estimates of the gradient for the harmonic functions on G,

By using the results from Theorem [5.2] we can obtain the same results than in Corollaries
4.4, 4.5 and 4.6 from [4]. As the proofs are exactly the same, we just give here an overview
of the method and refer the reader to [4] for more details.

As in Section B we consider a domain D on G, and D its closure. Let f be a
continuous function on D, smooth and such that f is harmonic on D, i.e., Lf(g) = 0 for
g € D. For any set A C D, we define oscs(f) :=sup f — iI}‘ff. In particular, supposing

A

D compact, by continuity of f on D, oscp(f) is finite. Let g = (z,2),=(7,2) € D, as
f is harmonic, by the It6 formula, for any successful coupling (B;, B;); (defined such that
B; = B, after the first coupling time 7 as previously) we get:

1(9) = F@) = |E [/ (Bro@) = (B,
< oscp(f)P (7’ > 1p(B) A TD(IE)>

In particular, using the results from Theorem [5.2] for g close enough to g, we get:

non nlo+i
£(9) = £(@)] < osen(/) (Dlx (wmgl - )nx—aenz

nd+s )
+Dz x {14 == | max ([Ic]l2, [I€]12) | -

g

Finally, using the gradient length associated to the pseudo-distance §, we get:

nyn  nloti
VP, fls(g) < oscp(f)Dy x (n\/ﬁ+ (;/_+ 5 ) (80)

Using (73), we have: my(n)|VP.f| < |VP,f|s(g). Then we obtain:
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Corollary 6.3. Let n > 2 and D a domain on G, such that its closure D is compact.
For any f € C(D) NC?(D) harmonic on D:

1 10+
IV f(g)|lsn < oscp(f)——D1 <n\/ﬁ+n\/ﬁ+n ) a.e. on D
g

mq(n) ) oy
with Dy the same constant as in Theorem [5.2 which depends neither on n, nor on D.

We now consider the result from Corollary [6.3] when we take D = Bg, (g, r) with r > 0
and Bg, (g, 7) the usual open ball for the Carnot Carathéodory distance d... Using the
homogeneous invariant Harnack Inequality (see for example Theorem 5.7.2 from [10]),
there exists a constant C' that does not depend on ¢ and 7 but only on the metric d,.
such that oscp, (g,r)(f) < Cf(g). This leads to the following result:

Corollary 6.4. Let n > 2. There exists a constant C' depending on G, and d.. such
that, for all g € G,, r > 0 and for any smooth non-negative function f € C(Bg,(g,7))
harmonic on Bg, (g,7) we have:

10+
IVaf (9)lln < C (m/m n(sﬁ + ”54 ) £(g) ace..
9 g

Finally, as % = ||V log f(g)||n, we can obtain the following Cheng-Yau esti-

mate:

Corollary 6.5. Let n > 2 and gy € G,,. We consider a real r > 0 and a smooth non-
negative function f harmonic on Bg, (go,2r). Then:

C
sup ||V log f(g)lln < — a.e.
9€Bg,, (g0,7) r

with C' a constant that does depend only on G,, and d.. (neither on gy nor on r).

6.4 Estimates of the gradient for the harmonic functions on all
homogeneous step 2 Carnot groups

We can also extend the results from the previous section to all homogeneous, step 2
Carnot groups G.

Set n > 2 the rank of G. For r > 0, g € G, we denote Bg(g,r) the open ball for the
Carnot Carathéodory metric. Consider the surjective morphism ¢ from Proposition [4.1]
and a € ¢~ '({g}). We can show that ¢ (Bg,(a,r)) = Bg(g,7). Let § € Bg(g,r). There
exists a € G,, such that d..(a,a) = d..(g,g). In particular, @ € Bg, (a,r). As in Corollary
2 we can construct a coupling (By, B;); of Brownian motion starting at (a,a) and a

coupling (By, By), := (qb(Bt),qﬁ(Bt)) of Brownian motions on G starting at (g,g). We
~ t ~
also choose B; = B, for t > 7 :=inf{s > 0| B, = B,}.
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Set f a smooth function, harmonic on Bg(g,r) and continuous on Bg(g,7). By con-
struction of ¢, we also have f o ¢ smooth and harmonic on Bg(a,r) and continuous on
Bg(a,r). With the same method as for Corollary

1f(9) = F(9)] = [f e ¢(a) = [ o p(a)|

< OSCB@(G,T)QC o¢)P (7' > TBg(a,r) (B) A TB@(am)(B))

10+%
< 08Cpy(gn) (f) (D1 x (m oy ”—) dec(a, @)

5 o1

nots dee(a,@)? dee(a,a)
+Dy X (1+ 53 )max( ml(n)Q , ml(n)4 ) .

In particular using the equivalence relation (I3)):

[¥]]

0,=0 (a, B@n(a,r)c) >

ma(n)
As d.(a,a) = de(g,9):

1
n10+—

IV (9) I < 05Cpe(g) () Dy (M+m2<n>”7ﬁ+mz<n>4 ) (31)

We can then extend Corollaries [6.3] and to all homogeneous step 2 Carnot groups.
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