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A Poincaré cone condition in the Poincaré group

Tardif Camille *

Abstract

In [7], Ben Arous and Gradinaru described the singularity of the Green function of a general
sub-elliptic diffusion. In this article we first adapt their proof to the more general context of
a hypoelliptic diffusion. In a second time, we deduce a Wiener criterion and a Poincaré cone
condition for a relativistic diffusion with values in the Poincaré group (i.e the group of affine
direct isometries of the Minkowski space-time).
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1 Introduction

In [12], Dudley introduced a relativistic Brownian motion whose trajectories are time-like and
which is invariant in law under Lorentz transformations. The space of states of this relativistic
Brownian motion is the unitary tangent bundle of the Minkowski space-time, and the diffusion
consists in a Brownian motion in H? (the hyperboloid model of the hyperbolic space) and its time
integral in the Minkowski space-time R™?. By considering the Eells-Elworthy construction of the
Brownian motion on H?, we obtain Dudley’s diffusion by projecting a diffusion in the Poincaré
group G : SOy(1,d) x R onto H? x R, The group G is identified with the orthonormal frame
bundle of the Minkowski space-time and an element (g, &) of G is made of a matrix g € SOq(1,d)
seen as an orthonormal frame above a point & € RY4. The diffusion {(g¢, &) }i>0 in G that we
consider in this paper has generator

O'2 d 2
LZ?Z;VZ. + Hy,

which satisfies the weak Hormander hypoellipticity condition. This means, in particular, that the
drift Hy is needed to obtain the full rank of Lie(G).
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Intuitively, {(g¢, &) }e>0 describes the time-like trajectory of a small rigid object in the Minkowski
space-time and consists in a stochastic perturbation, at the velocities level, of a geodesic trajec-
tory. This G-valued diffusion, considered as a Lorentzian analogue to the Euclidian Brownian
motion, was studied by Bailleul in [5] where he determined its Poisson boundary by providing a
comprehensive description of the asymptotic behavior which, afterwards, was completed in [26] by
the study of the Lyapunov spectrum. In the present work we are interested in understanding the
infinitesimal small-time behavior and we aim at describing, by means of a (local) Wiener criterion,
the thinness of sets with respect to this diffusion. This kind of result is based on the knowledge
of the geometry of the level sets of the Green function, and more generally on the knowledge of
its behavior near the singularities. Since we dispose (see [5]) of a geometric description of the
Poisson boundary of Dudley’s diffusion, we can expect a Wiener criterion describing the thinness
at the boundary. This question is in the spirit of the works of Ancona who provides, for example
in [1], a answer in the case of a Brownian motion in a Cartan-Hadamard manifold. Unfortunately
the method used in this paper cannot provide such asymptotic result and we look, here, only at
the infinitesimal behavior.

Let us briefly perform a short survey on this subject. In the elliptic case, see for example [6],
the Wiener criterion is classical and the fine topology does not depend on the particular elliptic
operator. For sub-elliptic diffusions one finds analytic proofs in [24] and probabilistic methods
n [10] (for the Heisenberg Laplacian) and in [7] (for a general sub-elliptic diffusion under the
strong Hormander condition). The proofs rely on either explicit expression of Green functions or
estimates given in [23] or [25].

In the parabolic context the situation is more delicate due to the difficulty to understand the
geometry of level sets of Green functions; moreover the results are less generic. For the heat
operator, a probabilistic proof of Wiener criterion can be found in [27] and an analytic one in
[13]. The result is extended to the case of variable coeflicients in [17] and to the case of the heat
operator on the Heisenberg group in [19]. The proofs are based on either explicit expression of
Green functions or strong Gaussian estimates.

Here the diffusion {(g¢,&:)}+>0 is neither sub-elliptic nor (purely) parabolic and the Green
function is not known explicitly. Nevertheless, considering the Dudley’s diffusion (i.e the projection
of {g+}+>0 onto H¢ x RY9), by means of some time-changes, we are able to recover to a parabolic
situation with a generator of type

d
N N N I
,J J 3 —
”21“ ) gz, T Wy T @t g

at (r,y,t) in a local chart U C R? x R? x R of H? x R4, where a7 (definite positive), a’ and b’
are given explicitely.

This generator is a kind of generalization of a Kolmogorov parabolic type operators (for which
bi(x) = x;). In the recents works [20], [11] and [22] one can find some local Gaussian estimates for
the Green functions of those operators. But, even in the simplest case where a’? are constant and
the Green function is explicit, no Wiener criterion is known. However let us mention [18] where
the authors studied level sets of the Green function and prove an Harnack inequality in the case
of Kolmogorov operators with constant coefficients.

Thus, it seems that we are far from reaching a full Wiener criterion for {(g:,&:)}+>0, or even for
Dudley’s diffusion. In this article, we nevertheless provide a weak Wiener criterion for {(g:,&:) }¢>0,
which concerns sets into some homogeneous cones and we deduce a Poincaré cone sufficient con-
dition for thinness. We use the same technics as in [7], extracting the information contained in
the infinitesimal homogeneity, by comparing the diffusion to a scale invariant “tangent process”.
In Section 2, using the estimates of [23] and the stochastic Taylor formula of [9], we adapt the
proof of [7] to the context of a general diffusion satisfying the weak Hormander condition. We
obtain Theorem 1, which provides some information about the singularity of the Green function.
There are not more technical difficulties than in [7], and the drift Xy is hidden in the notation.
Even if this result is far from giving a full description of the behavior of the Green function on the
diagonal for a general hypoelliptic diffusion, it is nevertheless sufficient to obtain, in the Section
3, a weak Wiener criterion and a Poincaré cone condition for {(g,&:)}:>0 in the Poincaré group.
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2 Estimates of the Green function for a general hypoelliptic
diffusion.

This section is written in a general setting and we consider a diffusion in an open set of a smooth
manifold M" of dimension n, solution of the SDE

dry =Y Xi(xy) 0 dB} + Xo(x)dt, (1)

i=1
and generated by
1o~ oo
5 Z X2+ Xo.
i=1

The vector fields (X, X1, -+, X,,) will satisfy the weak Hormander conditions for hypoellip-
ticity:
Va GMH, Lie(Xla---;Xm,XO)lm :TIMH, (H)
This insures the local existence of a smooth Green function, denoted by G(x,y).
We shall show the following result, which is the theorem (1.9) of [7] written for a general
hypoelliptic diffusion (non necessarily sub-Riemanian):

Theorem 1. Let x be fized. We have

1
lim sup |G(x,y)|y S@H — —g(z) 0,0:(y))| = 0.
20 |y|.<e ( o Jz(0) ( ( )

Here Q(x) is some homogeneous dimension and | - |, some homogeneous norm associated to
(X0, X1, -+, Xm) at . The angular variable ,.(y) is the projection of y onto the unit homogenous
sphere centered at x and the non null Jacobian J,(0) appears with a change of variable. The
function ¢*(0,-) is the Green function of some “tangent process” associated to the diffusion.
When the diffusion satisfies the strong Hormander condition, as in [7], this function is strictly
positive but in the general case it can vanish on a part of the unit homogeneous sphere. This is
the case for the diffusion in the Poincaré group.

Let us briefly sketch an idea of the proof. The way how the {X;};—o..., generate T, M" yields
a family of dilatations of T, M", denoted by T for A > 0. Then we consider some rescaled
diffusions in T, M"™ ~ R" defined by Ut(z’g) := Ty e (w.2;). This amounts to zooming z; more and
more as ¢ — 0. Then, using the stochastic Taylor formula of Castell ([9]), a “tangent process”
u,E””) appears in the first term of the Taylor expansion at x; we have indeed vtx’s) = uﬁ” +¢eR(e,t)
where the term R(e,t) is bounded in probability when ¢ — 0. We finish by using the estimates
obtained by Nagel, Stein and Wainger in [23] (Corollary p 114), to show that the Green functions
G®2) of the rescaled diffusions v(**) converge uniformly on compact set, when ¢ — 0, towards

the Green function g% of u{™:

Proposition 1. For all compact set K C R™\ {0} we have:

sup |G®9)(0,u) — ¢ (0,u)| — 0.

ueK e—0

In fine, Theorem 1 is obtained by taking ¢ = |y|, and expressing G(**)(0,u) in terms of
G(z,y).

2.1 Notation and hypothesis.

We fix the notation and provide assumptions on the geometry induced by the {X;};—o...;m-
For every multi-index J € {0, ... ,m}l, we denote by:
o |J]| the length I of J.

e ||J|| the weight of J:
IJ]| := |J| + Number of zeros in J.
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X7 o= (X5, X [ X X)) et XD = X (for [T =1) .
For B, = (B},...,Bl) a R.-Brownian motion, we set BY = t and denote by B; the
Stratonovich iterated integral:

B ;:/ odB}}---0dB}',
Af
where AL = {(t1,...,t); 0 <t; <--- <t; <t}

For o a permutation of {1,---,l}, we set J o0 = (jo1);---,Jo@)) and denote by e(o) =
Card{j € {1,...,1 —1};0(j) > o(j + 1)} the number of errors in ordering o.

We denote by ¢/ the linear combination of Stratonovich iterated integrals:
J . (*1)6(‘7) Joo™!
¢ = Z ) By .
o€y 7] C\J\*l

For some smooth vector field X, we denote by exp(sX)(zg) the solution at time s of the
ordinary differential equation :

du
e X(u(s)
u(0) = xo.

We need to consider:

Ci(z) = vect { X7 (z); || J|| < i}.

Since the {X;};—o...m satisfy the Hérmander condition (H), we denote by r(x) the smaller integer
such that C,(,(z) = T, M™.

Denote by B = (Ji,...,J,) a family of multi-indexes such that (X”);c5 is a trian-
gular basis of T, M". This means that for j < r, {X7/; J € B, ||J|| < j} is a basis of C; and
thus dim C; = Card{k, || Jx|| < j}.

For any multi-index L there exist smooth functions a’(x) such that:

Xt =3 "ahx’.
JeB

We denote by Q(x) the graded dimension at x:

r(x)
Qz) = Zz x (dim Cy(z) — dim C;_1(x))

r(z)
= i x Card{k, || Ji| = i}.
=1

We will make the following assumptions on the family {X,}:

i ) We assume that the geometry of the Lie brackets is constant, this means that the dim C;(x)

are locally constant for ¢ € N*. Thus r et @ are locally constant too.

i)r>2

iii ) dimC; — dim C;_1(= Card{k; ||Jx|| =i}) > 1, Vi=2,--- ,r

iv ) dim Cy (= Card{k; || Ji|| = 1}) > 2.
Hypothesis ii) iii) and iv) are technical and ensure that the dimensions are large enough so that
x+ leaves any bounded domain within an almost surely finite time. This is needed to justify the

finiteness of integrals which appear in the proof of Proposition 1. Moreover, it is easy to check
that this is satisfied for the relativistic diffusion in the Poincaré group.

There exists a neighborhood W of 0 in R™ such that the map:

Oz 1 U exp <Z uiX']") (x)
i=1

4
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is a smooth diffeomorphism from W onto ¢, (W).
Let be U C V N, (W) a neighborhood of z. For y € U we define by

1
wle= 12 D W] |
=1\l il =k
the homogeneous norm at = of y = @, (u). For (u;)i=1.., € R", we set |u|, := |pz(u)|:, and

denote by ||u|| is the euclidian norm.

During the proof we will use homogenous norm at different points near of the reference point
z. For this, we use that ¢, depends continuously on z, and we can take U small enough so that
every go;l U — <p;1(U), where y € U, be a diffeomorphism.

Thus, |z|, is well defined for z,y € U.

This norm is homogenous with respect to the dilatations 7% : u — (EHJi”ui)i:L“n; this means
that:

Iz 0 Te(u)| = €|z ()]s

2.2 Homogeneous norm and estimations of [23]

We briefly recall the results obtained by Nagel, Stein and Wainger in [23] relating to the estimation
of the Green function, in terms of the pseudo-metric p associated to the X; defined by:

ply,z) = nf{6 > 0; 3p € C(9) tq p(0) =y et (1) = 2}, (2)
where C(9) is the set of absolutely continous functions such that almost everywhere:
() =D ailt) X7 (p(t),
i=1
with |a;(t)] < 6I7ill. The Corollary p 114 of [23] provides that, when n > 2, for any K compact

set in U x U, there exists C' > 0 such that :

Vy,z € K, |G(y,z2)| < CVO] (g(;y’p?; 2))) @

and for J = (j1,-- -, jk):

P21l (y, 2)
Vol (B(y, ply, 2)))

Vy,zeK, |X] XJkG(xay)| < (4)

We have the following property:

Proposition 2 (Equivalence between homogenous norm and pseudo-metric). There exists a

neighborhood U C U of x such that for every compact set K C U, we can find Cy,Cy > 0
such that:

Proof. Set:
pa(z,y) = inf{d > 0; Fp € Ca(d) tq p(0) = etp(l) =y}, (6)

where C3(9) is the set of smooth functions ¢ such that:
o) =D aiX T (p(t), (7)
i=1

with constants a; such that |a;| < 617l
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Let z € U; there exists a unique vector (u;)i=1..., such that:

Z = exp (Z U’XJZ> (y)a

i=1

and, if ¢(t) = exp (X1 tu; X 71) (y) we have:
S0 =3 uX (1)

and [us] < |2}y So pa(y,2) <z,

Moreover, for some z,y € U, there is a unique function ¢ such that ¢'(t) = 37" | a; X7 (¢(t))
with (0) = y and (1) = 2: this is ¢ — exp(Y>_ 1, tu; X 77)(y).

Thus, if § < |2y, then §17:ll < |u;| and Cy(8) is empty and we have ps(y,z) = |2|, . To finish
the proof, we use Theorem 2 of [23] which shows that p and py are locally equivalent. O

Using (3) and the previous proposition we obtain:

Proposition 3 (a priori estimates). For any small enough compact set U, we can find C' > 0
such that:

C
Vy#zel, |G(yaz)|§m-
|2y
Moreover for J = (j1,- -+ ,jk) we have:
v U, |X; X, G < ¢
y#zeU, [X; X, (y’Z”_W

Proof. This is immediate, remarking that:

Vol(B(y,|z|y)):/ du=|z|§/ du.
|ula<|z|y |ulqa<1

O

Proposition 4 (Triangular inequality and comparaison with a euclidian norm). For any small
enough compact set U, we can find ¢y > 0 such that for any t,y,z € U:

lyle < co (|2]¢ + |2y) - (8)

Moreover, there exist constant ¢/, ¢ > 0 such that for any y,z € U:

ey )N < Lzly < ey 1M 9)

Proof. This is a consequence of the local equivalence between p and |- |, , and of the proposition
(1.1) p 107 and of (iii’) p 109 in [23]. O

2.3 Rescaled diffusions and tangent process

Zooming on the trajectory x; in a neighborhood U of x we introduce the rescaled diffusions
ol = Ty /e o @3 (xe2y). Tt is a R™-diffusion which lies in a neighborhood U® := T} . 0 3 1(U)
of 0 and is defined up to the time 7. := 7/, 7 being the exit time for z; from U. We denote by
G®) (u,v) the Green function of Ut(z’g) , defined for u # v € U¢. We denote by J, := |Jac(p,)]
the Jacobian of ¢, on U¢. A direct computation shows that:

G (u,0) = 92T (T2 (0))G(pa 0 Te(u), i © T (v)). (10)
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This can be rewriten for y € U as:

G(z,y) = G0, Ty /e 0 03 (). (11)

To(a ! (y))e@ 2

We can take U small enough so that it be a chart of M™ and we consider, via some choice
of coordinates, x; and X; as vectors in R”. We can use Theorem 4.1 of [9] and write the Taylor
expansion:

T
Te2; = €XP Z Z bl X1 | 4™ R(e, t)
k=1 L,||L||=k
T d _
= exp Z Z kel Z ai X7 | + e R(e, t)
k=1L,||L||=k i=1
n ~
= exp Z Z EHL”aictL X7 | 4+ e R(e, t), ! (12)

=L \L,[| Ll LlI<r

where the remainder term R(e, t) is bounded in probability. Then, composing by T} /e © ot we
obtain:

,Ugm,s) _ Tl/s o (P;l(xszt) (13)

_ S el o +eR(e,t) (14)
L=\ il i=1.n

= ugl) + € Z g”Ll‘f”']i”flagin + R(Ea t) ) (15)

Lyr2||LII> |2l i=1-n

()

where u;”’ is a R%-valued process, called tangent process, defined by:
(z) . _ L L
Uy = Z ay.c
LI L=l

1=1--n
Considering the free r-nilpotent Lie algebra with m-generators we can show, as in Proposition
(3.2) of [7], that ugl) is a linear projection of an hypoelliptic diffusion in the associated nilpotent

Lie group. In [7] the authors deduce (corollary (3.6)) that ugl) admits a smooth density with
respect to the Lebesgue measure, but this does not necessarily hold in our context. Nevertheless

we can prove, using the linear projection, that uf”) admits a smooth Green function, denoted by
g™ (0,u). This means that we have, for every ¢ € Cp(R"™):

[ - o) = [ st 0.0

Moreover since ugz has the same law as Te(ugz)) we deduce that (since v = T.(u) = dv = e¥du):

g™ (0, Ty c(u)) = £9726@) (0, u). (16)
For € = 1/|y|; we obtain:
x — 1 x
90,9 (v) = |y|Q_29( (0,02(y)). (17)

Here 0y (y) := T1/jy|.(¢x*(y)) is an angular variable in the unit sphere S, of T, M™ for
the homogenous norm | - |,.

'Recall that (X7)sep is a triangular basis and that we have a’% = 0 when ||L|| < ||J]|.
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2.4 Proof of Theorem 1

Considering (17) and (11) and taking K = S, and € = |y|;, Theorem 1 follows easily from
Proposition 1.

Now we present the proof of Proposition 1. As in [7] we begin by showing a weak convergence
of G®)(0,-) to ¢g*(0,-):

Proposition 5. Let K be a compact set in R™\ {0} and f be a smooth function supported on K.

We have:
/f )G9 (0, u)du /f )9 (0, u)du| =

Proof. By definition of the Green functions we have:

}/f <”>0udu—/f (I)Ouduz} U Fl™) /+Oof(ugm))dtH.

Now fixing T' > 0, we can decompose the term [;° FlNdt — 0+°° Fuldt to:

Ir<s, /OT (f<v§x’€>) - f(ug””))) dt + 17<,. /TTE £ dt — /T+°° £t

Te

lim = 0.
e—0

0 0

Thus we have the inequality:

Te +oo T
\E [/ F(of)di / f(ui”)dt} SE[1T<TE / If(vt(z’g))f(u,?z))ldt]

Te “+oo
+E [hgn/T f (i )Idt} +E [/T |f(u§””))|dt] + 2| £l TR(T > 72).

Now, taking first the limsup,_,, and secondly the lim supy_, ., Proposition 5 follows from the
following facts:

Fact 1. For T > 0 fized,

T
. (z,e) (z)
i E |1re., / F@) = Flul >|dt]
Fact 2.
. e @
TETOOE[/T 7 >|dt]
Fact 3.

liminf limsup E {1T<'rg/ |f(v£m’8))|dt] —0.
T

T—=+40co  ¢0

e The proof of the fact 1 is very similar to the proof of Proposition (2.12) in [7].
We use the Taylor expansion (15) which can be written v\ = u{" + cR(®@) (¢, 1), where:

R@(g,t) := Z E”L”f”']’illfchiCtL + R(e, ).

Lyr2||LlI> (il i=1-n

Theorem 4.1 and Proposition P; and P» in [9] ensure that there exist & > 0 and ¢ > 0 such
that for all R > ¢:

R(X
lim P ( sup |[R@(e,s)| >R, T < TE) < exp (—) .
e—0

0<s<T cT
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Hence for 7 > 0 we can find g > 0 and R > 0 such that for all ¢ < gg

U
2T £

IP’( sup |[R@(g,s)]| >R, T < TE) <

0<s<T

So, decomposing the expectation on the event { sup |[R®(e,s)]| >R, T < TE} we obtain
0<s<T
that:

T
E [1& | 1) - f(ufs””))ldt] <+ eTRIDS e
0
Hence for all n > 0 we have:

limsup E

e—0

T
e [ 170 - f(uﬁf’ﬂdt] <,
0

and Fact 1 is proved.

To prove Fact 2, it suffices to show that:

e (=)
E |:/ 1B(pr)(ut )dt:| < 00, (18)
0

where B(0, p) is the ball of radius p for the homogenous norm |-|,,. The proof of (18) is similar

to the proof of Proposition (3.11) of [7] and it remains to show that fp—l(B(O ”) H%da < 0o
) a2

where N is the dimension of the free r-nilpotent Lie algebra with m-generators G(m,r) , and
pe the linear projection which maps the diffusion in G(m,r) to the tangent process and Q
the homogenous dimension of the diffusion in G(m,r). The hypotheses i), ii) and iii) on the
dimension ensure the finiteness of the integral, using Lemma (A.7) of [7].

The proof of Fact 3 is very similar to the proof of Proposition (4.1) of [7], and we prove two
lemmas to conclude. Denote by ugf <) the measure whose density is 17« with respect to

(z,2)
T

the law of v . By the Markov property we have:

o [tren [ IS0E = [ O | G (u, )] (v) do.
T Ty/c0pz ' (U) Ty/e005 (V)

For u,v € Ty . 0 o3 (U), we set uf := @, 0 T.(u) and v¥ := @, 0 T.(v). 2
By (10) we have:
G (u,v) = €972, (T2 (v) G(uZ, vF),
and using Proposition 3 we can find C' > 0 such that for all € > 0:
- CeQ2
/ . G( 18)(u,v)|f(v)|dv S / Wd?},
Ty,c003  (U) B(0,p) |VZ] e

where p is large enough, so that the support of f be included in B(0, p).
As in [7] we show:

Lemma 1. For all R > 0 there exist eg > 0 and ¢ > 0 such that for all e < g¢g and u € R”
such that |ul] > R we have:

@2
/ ﬁdv S C.
B(0,p) |vg|ugc

Moreover,

@2
lim / de = 0,
lul =0 JB(0,p) |VZ] 4z

uniformly with respect to .

2Be carefull: u? is a vector of R™ and u'™ denotes the tangent process at time e.
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. Q-2
Proof of Lemma 1. For v = 0, this means u* = z, =—5— = L = 1 . Lemma
9 5 ) | Q Q Q
[z e lpa (V)]s [v]n

(A-1) of [7] ensures that [ B(0.p) \Id% is bounded by a constant depending only on p. The
’ v d

family of diffeomorphisms ¢, ! depends smoothly on y € U. So we can find a neighborhood
U, of x, a constant C' > 0 and some g9 > 0 such that for all y € U, and for all £ < &g,
B(0,ep) C ;' (U) Ny ' (U) and for all w € B(0,ep), ¢, " 0 wu(w)]n > Clwly,.

So we have:

@2 Q-2 Q-2
sup/ —55dv= sup/ ———55dv= sup/ T 03 dv
veUs JB(0,p) [VE]y ™ veU. JB0.0) @y (v2)]3 veU= JB(0,p) |0y~ © a0 T(v)]sd
~ Q-2 - d
B(0,p) |T=(v)]5 B(0.p) V]

Now choose €1 > 0 such that for all ¢ < ¢; and for all u € R™ such that |lul| < R we have
uZ € Uy. Using (19), there is a constant ¢ such that for all ¢ < min(eg, €1) and for all u € R™

with |lul| < R:
@2
/ de S C.
B(0.p) |VE]

This is the first point of the lemma. The second point will follow from (8) and (9) of
Proposition 4. For ||u|| large enough such that %|u§|m — |v¥]|z > 0 we have:

(19)

Q-2 Q-2 1
/ 7| |Q72 dv < / 03 dv < / 03 dv
B(0,p) |VE| = B(0, B(0, 1 =1 a=1
(0,p) |V uz (0.p) ( ) (0,p) (CO|<p (W)|e — | (U)|z)

luzle = [vla
1
< / B~ dv.
B0 (£ |ul - p)

This inequality ensures that the convergence is uniform in e. O

Let return to the proof of Fact 3.
By the previous lemma we obtain:

T (@) (@,2) Cef?
Eo |1r<r, / PO dt| < eul)(BO,R) +  sup / .
T B(0,p)

wllul >R vz | &2

—
R—+oco

To end the proof of Fact 3 it remains to prove:

Lemma 2. For all R >0,

lim inf lim sup u(T””’E)(B(O, R)) =0.

T—40co  ¢0

Proof of Lemma 2. By definition of ugfc’g) we have,

H (B0, R)) = Bo [1rer 1pom (0]

Let x be a smooth function which is equals to 1 on B(0, R) and which is supported on
B(0, R+ 1). We have

H (B0, R)) < Bo [1r<p (o)
(,¢)

Using the Taylor expansion of vy, as in the proof of the fact 1, we obtain:

Eq 1T<T5X(,U§-‘I7€)):| =0 Eo {X(“g))} .

10
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Moreover Eg [x( (m))} < Eo [13(07R+1)(u¥))} and t — Eq [13(07R+1)(ugz)) is a positive
bounded function which is integrable according to (18). Thus we obtain
- (x) } _
1Tlgl}rlcl>£ Eq [1B(O,R+1)(UT )| =0.
O

O

As for the proof of (5.4) in [7], we deduce easily from (10) and Proposition 3 the following
estimates:

Proposition 6.

lim sup sup |G (0, u)| < +oc.
e>0 weK

Fori=1---n we have:

0
lim sup sup |=—G@) (0, u)| < +o0;
>0 uek OU;

By the previous proposition and Ascoli’s Theorem, the family {G(*)(0,-)}.s is relatively
compact for the uniform norm on K. Proposition 5 ensures that there is only one limit point,
thus Proposition 1 is proved.

3 A Wiener criterion and a Poincaré cone condition in the
Poincaré group.

3.1 Geometric framework.

We denote by RY¢ the space R¥T! endowed with the Minkowski’s quadratic form ¢:
_ 0\ 2 2
=€) -2 ()
i=1

We denote by SO(1,d) the sub-group of SL(R%t!) made of direct g-isometries, and by SOq(1, d)
the connected component of identity in SO(1,d). The Poincaré group is the affine group G :=
SO0 (1,d) x RY¥ where the law is defined by:

(9:(9",¢") = (99", €+ g¢").-
G is seen as the following matrix sub-group of SL(d + 2):

G{(% f >; g€ S0y(1,d), gemﬂa@}.

The Lie algebra of SO(1, d)

( (us) u” ) s (wi) € R, (uy;) € R (uyy) = _(Uij)}-

Thus, SOy(1,d) = exp(so(1,4)) and G = exp(g) where:
0 (uw) wo
g= (wi) (wij)  (uio) |5 (wi)i=1...qa € RY, (uji) = —(uij), (uo, (Ui0)i=1.-a) € R4
0 0 0

Denote by H? the half-unit sphere of R%¢:
“i={¢eRY| g(¢)=1and & >0}.
Endowing TH? with the metric q|pga, H? is a Riemaniann manifold of constant negative curvature.

This is the hyperboloid model of the hyperbolic space.

11
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3.2 Relativistic diffusion.

We introduce a left invariant diffusion on G which is the lift of the relativistic diffusion on HY x R*-¢
introduced by Dudley in [12]. The asymptotic behavior of G-valued diffusion was studied in [5].
Relativistic diffusion can be seen as a stochastic perturbation of the geodesic flow on a Lorentzian
manifold. For more informations on this subject see [4].

Fori=1---d, we denote by X; the left invariant vector field on G defined by:

0 tei 0
0 0 0
—_———
=F;€g

We denote by Xy the left invariant vector field on G defined by:

XO(gvg) = (9,5)

o OO
o OO
o O =

N— ——
:=FEp€Eg

We denote by {(gs,&s)}s>0 the diffusion on G solution of:

d
d(gsags) = ZXi(gsags) o dB; + XO(gsags)dS-

i=1

Let £ denote the generator associated to (gs)s:
14
_ 1 2
£=3 ; X? + Xo.

Denote by (eq, - ,eq) the canonical basis of R'¥. We have the following proposition (cf [4],
[5], [14])

Proposition 7. The process (gi(eg), &) in He x RV s the relativistic Dudley diffusion and is
generated by

1
QAHd + HQ

where the vector field Hy is the geodesic flow in T'RY = H? x R, In other words g:(eo) is a
Brownian motion in H® and & its time integral: & = fot gs(eo)ds.

A simple computation shows that, for i,j=1---d :

0 0 0
[(Xi, X51(9:€) =(9,6)| 0 ei®ej—e;j®@e; 0
0 0 0
=Eijcg
0 0 O
[leXO](gag) = (gvé.) 0 0 €
0 0 O
N———
=Fio€g

Thus at every point (g, &) of G we have
VeCt{Xo, Xi [Xi,Xj], [Xi, XQ], i,j =1--- d} = T(gyg)G,

and, by Hérmander’s Theorem, £ is hypoelliptic.

12



hal-00661960, version 1 - 21 Jan 2012

Moreover we have
[Xi, [Xi, Xo]] = Xo, (20)

and then,
vect{Xi, [Xi; Xj], [Xi; Xo], [X“ [X“ Xo]] ’L,_j =1--- d} = T(gﬁg)G

By Hormander’s Theorem g, has a smooth density with respect to the Haar measure of G. With
the notation of Section 2 the vectors fields X; induce the following graduation of g:

0 t(ui) 0

Ci(9,9) =409 w) 0 0 |;(w)eRr? (21)
0 0 0
0 t(ui) U

Ca(9,8) =1 (9.9 | () (ugj) 0 |suo€R,(u;) € R uji = —uy; (22)
0 0 0

C5(9,€) = Tig,6)G. (23)

Thus we have r(g,£) = 3. We choose a triangular basis § := (X;, Xo, [Xi, X;], [Xi, Xo])i<j=1---a
for T(4.6)G = (9,€)g. The graded dimension @ is constant on G and is computed explicitly by:

Q(g,8) =d+2(d(d—1)/2+1) +3d=d* +3d + 2.

The family of dilations on g is:

0 t(uz) (7] 0 9 t(’LLz) EQ’LLO
T (usi) (uzj) (wio) = e(u;) 52(“1‘]‘) e (uio) (24)
0 0 0 0 0 0

0 *(u;) wo d d 1/Q
exp (wi) (ui)  (uio) = O_u) P+ g+ D upt+ O )
0 0 0 o i=1 1=i<j=d i=1
(25)
The tangent process, which lies in g, is given by:
0 B} e B¢ t
B! L (fg Blds — fgsodB;)
o : Lot o \\d=1d .
ug=| (5 (fo BiodBi — [ Bio dB;))i:L“d :
B L (fot Blds — [!so ng)
0 0 0 0
(26)

Proposition 8 of [3] establishes that the support of {(g:, & )}e>0 coincides with the future half
cone at (go, &o). Thus the Green function is strictly positive on this domain:

G(e, (g,£)) >0 <= q(¢) >0 and £° > 0.
By scaling, the support of T}, o exp 1(g.2s,&.2,) is the half cone
{(9:9); (76" ~1I%]* > 0,6" > 0}.

When e goes to 0 this half cone becomes eventually the half space {(g,&¢) € G|¢° > 0}. From
Proposition 1 we deduce that the support of the tangent process coincides with this half space.

13
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We call a homogeneous cone with vertex (go, &), a subset Cp,(go, &o) of G which is invariant
under the dilatations T; at (go,&p) such that the “sole”

{(9:€) € Cul90,0); 1(9,)l(g0.60) = 1}
be a compact subset of the half space:
{(9:9 € G; (€—€)°>0}.

By Theorem 1 we can find a neighborhood of (go, &) such that for every set B in a homogeneous
cone Cp(go, &o), there exists a > 0, 8 > 0 such that:

a B
V(g,§) e B, ————— < ,60),(9,6)) £ ——5—5—- 27)
&8 .9122 (g0, o), (g (9,912 2 (

Recall: @ =d(d+ 3) — 2.

Remark 1. The right inequality in (27) remains true even if the sole is not compact.

3.3 A Wiener criterion for thinness.

We say that a point (g,&) is regular with respect to a set B when P, ¢ (T = 0) = 1, where
Tp = inf{s > 0;(gs,&s) € B} is the entrance time in B.

We denote by B" the set of regular points for B. By continuity of trajectories we have
BcC B"CB.

Proposition 8. There exists only one measure up supported by B" such that:

Py [T < +00] = / G ((9.9).(¢'.€)) u(d(g.€)).

Proof. It is shown in [3] that £ admits an adjoint (with respect to the Haar measure of G)
without zero-order term. Dual processes theory developped in [8] can be applied and ensures the
existence and unicity of up. O

We call capacity of B, and denote by C(B), the total mass of up. We also have
C(B) = sup{u(B); p € M(B),Gp < 1} (28)
Here M (B) is the set of finite positive measures supported in B. Let fix A < 1. We denote by

By, = {(gvf) € B; AP < |(97§)|(g0,£0) < /\n}

the homogeneous slices of B. We obtain the following Wiener criterion:

Proposition 9 (Wiener criterion). Let B a subset of G which is included in a homogeneous cone
Ch(90,&0). Then (go,&o) is regular for B if and only if ), A3 (B, = co.

Proof. The sketch of the proof is classical and can be found in [6] for the Brownian motion in R"
and in [16] in the case of a nilpotent group. Let us just recall that the key point is the double
inequality (27), which allows to use a Borel-Cantelli lemma due to J. Lamperti in [21]. O

3.4 Capacities of small compact sets and Poincaré’s cone condition.
Let H be the closure of a domain of g included in

0 t(ui) (')
(ui) (uij) (uio) | €@ uo>0
0 0 0

We denote by H, := exp(T.(H)) a “small” compacts set in the future of e. To study the behavior
of C(H.) when ¢ — 0 we need the following lemma, where u. and v, are two points of H. and
Ou. (ve) := Ty, (exp, ! (ve)) is the solid angle, with respect to the homogeneous norm of v,
(seen from u.).

14
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Lemma 3. The following limits exist:

lir% [Velu. = afu,v) > 0.
E— &

lim 6. (v2) = B(u,v) € g — {0},

Proof. Let u,v € g be such that u. = exp(T:(u)) and v = exp(T:(v)). We want to find w € g

such that v = u. X exp(w), i.e, exp(w) = exp(—T:(u)) exp(T:(v)).
By the Campell-Hausdorff formula we obtain:

w="T.(v) = Tc(u) - §[Tg(u), Te(v)] (29)
+ 1—12([—T8(U)a [=Te(w), Te()]] + [Te(v), [Te (v), =Te(w)]]) +

A simple computation gives:

d
[T (v Zo )X + Z e (uv; — ujv;) + o(?)) [ Xy, Xj]+

i=1 1<i<j<d

S
—
L)

3 (viue — voui) + o(e%)) [Xi, Xo] + o(e?) Xo.

With (29) we get:
w; =e(v; —ui) +o(e), wy= 52(1)0 —up) + 0(52),
1

> (viug — uivy)) + o(e?),

2
wij = € (vij — i — 5

l(uivo —ugv;)) + o(e?).

3
wio0 = € ('UiO — U0 — 9

velus _ wle

By the definition of the homogeneous norm we have and this quantity converges,

when e goes to 0, to the homogeneous norm a(u,v) # 0 of:

0 t(’UZ‘ — Uz) (’UO — ’LLO)
(’Ui — Uz) (Uij — uij — %(’Uﬂ,&j — uivj)) (’Uw — U0 — %(uivo - ’LLO’UZ')) S g.

0 0 0

Moreover, since by definition 0., (v:) = T/}, (w) we have

shg% eug ('Ua) = ﬁ(u, ’U),

where
1 0 t(vil— u;) (vo - uo)
B(u,v) = a(u0) (v; 6 u;) (Vi — ugy — §O(Uiuj —uv5))  (vio — uio — §O(Uivo —wov;)) | €9
O
Set
q(H) := mid)

Ye(B(u,v)) (dv) ’

maxueon [y Sh e rm
Recall: ¢,(-) := ﬁ(o)g@)(o, -) and ¢ is the Green function of the tangent process at z and
we denote by m the image measure of Haar, on g, under exp~*.
Proposition 10 (Capacities of small compact sets).

.. C(H.)
hgn_}%lf 02

> q(H).
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Proof. Denote by v, := 1. Haar the image of the measure v := 1ym under exp o7,.
By (28), to obtain a lower bound of C'(H,) it is sufficient to get an upper bound for Gv,. If 7
denotes the entrance time in H,, we have, for (g,¢) € G:

Grelg.€) = /H G((9.€), (¢, €)) Haar(d(g.€))

+o0
=Eq.o {/ 15, (g¢, Et)dt:|

—+oo
=Eq.o {]E@T,ET) [/O 1q, (gt,Et)dtH )

hence

GVs(g; 5) = IE(g,&) [GVE (g'r; é'r)] . (30)

Thus it is sufficient to find an upper bound for Gv. on 9H.. For some u. € 0H., by definition
of v., we have:

Gyg(us):/HG(ug,vg)m(dv),

where v, := exp(T:(v)).
For any n > 0, Theorem 1 provides some g9 > 0 such that for all € < ¢ :

u eu
Vue,ve € He  G(ue,ve) < W
Ve |ue

Moreover, by Lemma 3, we can find €1 > 0 such that for all € < e5:

Q-2+ Yu (Ou (ve)) 1+ ¥e(B(u,v))

Yue,ve € H,
feote = v | %72 ~ ofu,v)@2

+1
Thus,

Yu. € 0H, EQ_QGug(ug) < /
H

(LB )

N + Ye(B(u,v))

<nX m(H) + 1?61%)5/}1 Wm(dv)

By (30) we have

G| < EQ% (n « m(H) + max /H Mm(dv)) .

u€dH au,v)@—2
By (28), the previous upper bound provides the following lower bound for the capacity:
92y (H.)

C(H:) > — )
n x m(H) 4+ max,con fH %m(dv)

Since v.(H.) = m(H),letting n go to 0 we finally obtain

_ m(H)
> q(H) = (3w :
maXucon [y OO m(dv)

.. . C(H.)
hlen_}élf 02

Proposition 9 and 10 above provide a Poincaré’s cone condition of regularity:

Corollary 1 (Poincaré’s cone condition of regularity). If a subset B contains a homogeneous
cone based at (go,&o) then this point is reqular for B.
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Proof. It suffices to remark that the vertex of an homogeneous cone is regular for it. Indeed,
the slices B,, are such that B, = Tig“’go)(Bo) and the capacities C'(B,,) are, by Proposition 10,
of order \"(2=@). Thus " A@=2"C(B,,) diverges and we conclude by the Wiener criterion of
Proposition 9. O

Remark 2. In [15] Franchi and Le Jan defined relativistic diffusions with value in the unitary
tangent bundle, T* M1, over some generic Lorentz manifold M. Roughly speaking, their
diffusions are obtained by “rolling without slipping” the space H® x RY4 over T* M9+ along some
trajectory of Dudley’s diffusion. The asymptotic behavior of such diffusions in Robertson- Walker
space-times was studied in [2]. These diffusions are projections of diffusions ry in the orthonormal
frame bundle OM*Y which are solution of the SDE

d
th = O'Z ‘/'L(Tt) o dB; + HO(Tt)dta

i=1

where the V; are vertical vector fields on OM*1 corresponding to the infinitesimal action on the
fibre of the infinitesimal boost e; ® eg + eg ® e; € so(1,d). The horizontal vector field Hy denotes
the infinitesimal parallel displacement of the frame along the geodesic started in the direction of
the timelike vector of the frame.

The tangent process associated to ry is the same that the one associated to g; and we obtain a
Wiener criterion and a Poincaré cone condition for ry as well.
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