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GENERAL SELF-SIMILARITY PROPERTIES FOR MARKOV PROCESSES
AND EXPONENTIAL FUNCTIONALS OF LEVY PROCESSES

GRECOIRE VECHAMBRE

ABSTRACT. In this work, we are interested in Markov processes that satisfy self-similarity
properties of a very general form (we call them general self-similar Markov processes, or gssMp’s
for short) and we prove a generalized Lamperti representation for these processes. More precisely
we show that, in dimension 1, a gssMp can be represented as a function of a time-changed
Lévy process, which shows some kind of universality for the classical Lamperti representation
in dimension 1. In dimension 2, we show that a gssMp can be represented in term of the
exponential functional of a bivariate Lévy process, and we can see that processes which can
be represented as functions of time-changed Lévy processes form a strict subclass of gssMp’s in
dimension 2. In other words, we show that the classical Lamperti representation is not universal
in dimension 2. We also study the case of more general state spaces and show that, under some
conditions, we can exhibit a topological group structure on the state space of a gssMp which
allows to write a Lamperti type representation for the gssMp in term of a Lévy process on this

group.

1. INTRODUCTION

We consider X, a strongly Markovian cad-lag process on a locally compact separable metric
space F, and we will assume that X satisfies some self-similarity properties. For y € F, let us
denote X, for the process X starting from y. We denote by P, the law of the process X,.

We do not assume that X is a Feller process (this restriction would not be natural for the
processes we are considering) so, even if for simplicity we do not authorize instantaneous killing
for X,, X, may have finite life-time if, in finite time, every compact subset of £ containing y
has been left by X,. Let us denote by ((X,) the life-time of X, that can possibly be finite or
infinite. In the case where P(¢(X,) < +00) > 0 we consider the usual compactification U {A}
of E by adding a cemetery point A of which the neighborhoods are K¢ U {A}, where K goes
along compact sets of E, and we put X, () = A for all ¢ > ((X,). Because of the definition
of ¢(X,), we have that A is an absorbing state for X, and can only be reached continuously.
Thanks to this, we systematically consider that our processes are defined on the time interval
[0, 4+00]. Note that any homeomorphism f of E is naturally extended to an homeomorphism of
EU{A} by imposing f(A) = A. When we compose our processes by homeomorphisms on E we
implicitly consider the extension of the homeomorphisms to £'U {A}, if necessary.

Classically, a strongly Markovian cad-lag process X on |0, 4+o00] is called a positive self-similar
Markovian process (pssMp) if there is a € R such that

Yy > 0,1 >0, (Xy,(t), t >0) £ (AX,(A), t>0), (1.1)

that is, the process starting from Ay is equal in law to a scaled version of the process starting
from y. In the above we use the convention A\A = A. These processes appear as the scaling limits
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of Markov processes (see Lamperti [8]) and in many examples of processes built from stable Lévy
processes (stable Lévy processes conditioned to stay positive, stable Lévy processes killed when
entering | — 0o, 0], norm of an isotropic d-dimensional stable Lévy processes,...). A famous result
of Lamperti [9] characterizes and gives a representation, the so-called Lamperti representation,
of a pssMp as the exponential of a time-changed Lévy process.

In the recent decades, some generalizations to pssMp’s have been introduced. Real self-similar
Markovian processes (rssMp’s) are strongly Markovian cad-lag processes on R for which 0 is an
absorbing state and that satisfy (1.1) for all y € R\ {0}, A > 0. It is known that a rssMp can
be represented in term of a time-changed Markov additive process. This representation is called
Lamperti-Kiu representation. It is attributed to Kiu [6], a complete proof is given in [4].

More generally, self-similar Markovian processes on R%, commonly denoted ssMp’s, are strongly
Markovian cad-lag processes on RY that satisfy (1.1) for all y € R?\ {0}, A > 0. The generalized
Lamperti-Kiu representation allows to express a ssMp in term of a time-changed Markov additive
process that is a little more complicated than the one in the case of a rssMp. This representation
is attributed to Kiu [6], a complete proof is given in [1], see also [5]. See Pardo, Rivero [10]
and Kyprianou [7] for recent and complete accounts on pssMp’s and rssMp’s (for [10]), and on
pssMp’s, rssMp’s and ssMp’s (for [7]).

1.1. General self-similar Markov processes. We are interested in self-similarity properties
that are the most general possible and in characterizing and representing the processes that
satisfy such self-similarity properties. (1.1) says that the process starting from the point Ay is
equal in law to the process starting from the point y, linearly time-changed by (¢ —— A™%%)
and space-changed by composition of the linear function (z — Az). It is an open problem
to determine the processes that satisfy self-similarity properties given by more general space-
time-changes. The linearity of the time change can not be relaxed in the context of homogenous
Markov processes. In order to define more general self-similarity relations, we thus allow arbitrary
time-changes as long as they are linear and arbitrary space-changes. We thus define a general
notion of self-similarity in the following way:

Definition 1.1 (gssMp, invariance components). We say that a strongly Markovian cad-lag
process X on a locally compact separable metric space E is a general self-similar Markovian
process (gssMp) if for some point yo € E we have

Wy € B, (X,(t), t > 0) = (f, (Xy(eyt)), t=0), (1.2)

where (fy, y € E) is a family of homeomorphisms of E such that (y,x) — fy(x) and (y,z) —
f;l(x) are continuous from E x E to E, and where (¢y, y € E) is a family of positive constants
such that y — ¢, is continuous from E to RY.. Then, we say that ((fy,c,), y € E) is a family
of tnvariance components for X, relatively to the reference point yyg.

Remark 1.2. Note that, in the above definition, for the case where the processes involved reach
the cemetery point A in finite time, we have assumed that (1.2) holds for the extension of f(.)
to EU{A} defined by f,(A) = A. It is not difficult to see that the extensions to E x E'U{A}
of the functions (y,x) — fy(x) and (y,x) — fy_l(az) are continuous.

Remark 1.3. The continuity of the applications (y, z) — fy(z) and (y, ) — f;(x), assumed
in Definition 1.1, is equivalent to the continuity of the applications y — fy(.) and y — fy_l()
from E to C°(E, E) (respectively E to CO(E U {A}, EU{A}) for the case where it is needed to
consider the extension to E'U{A}), the set of continuous functions from E to E (respectively
from EU{A} to EU{A}) equipped with the natural topology of uniform convergence on every
compact sets of E (respectively uniform convergence on E'U{A}).
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As mentioned above, natural examples of ssMp’s can be built from stable Lévy processes. For
example the norm of an isotropic stable Lévy process in R? is a pssMp, a stable Lévy process
in R? is itself a ssMp, etc... For gssMp’s, natural examples of these processes can be built from
exponential functionals of Lévy processes. For example, let (£1,&2,&3) be a Lévy process in R3,
and for any y = (y1,v2,%3) € R?, let us define

t t
X, (t) = <y1+51<t>, v + e / 167V dgy (s), s+ 2 / 6251(8‘)d£3(8)>-
0 0

Then X is a gssMp in R? and a family of invariance components (( fycy), ¥ € R?), with respect
to the reference point (0,0,0), is given by

V= (v1,22,73) € R, fy(x) = (y1 + 21, y2 + ¥ 22, ys+e*'23) and ¢, = 1.

As we will see, exponential functionals of Lévy processes play a very important role in the context
of gssMp’s and, at least in dimension 2, they even allow to represent all gssMp’s that satisfy
some regularity conditions. More generally, it seems that the methods that we develop in this
paper could be applied to study some complicated processes built from exponential functionals
of Lévy processes.

A natural problem is to characterize the generalized self-similar Markovian processes that
satisfy Definition 1.1. 1) Can they all, similarly to pssMp’s, be represented as a function of a
time-changed Lévy process ? In other words, do they satisfy some kind of Lamperti representation
? If not, 2 ) how can Lamperti representation be generalized ? The object of the present paper is
to characterize gssMp’s that satisfy some reasonable assumptions and to provide a Lamperti type
representation for them. In particular we will see that the answer to 1) is positive in dimension
1 and negative in dimension 2. In dimension 2, there are two cases: the case of processes that
can be represented as a function of a time-changed Lévy process, and another case for which
we provided a generalized Lamperti representation in term of an exponential functional of a
bivariate Lévy process. The two cases are unified in one general representation. We also provide
a Lamperti type representation for gssMp’s when the state space F is a differential manifold. We
mention in Subsection 1.5 what kind of results can be expected in dimension greater or equal to
3.

gsssMp’s can be seen as a generalization of pssMp’s, but in a completely different direction
than ssMp’s. Indeed, there are two important differences between ssMp’s and the gssMp’s that
we have just defined. On one hand the assumption of self-similarity that we make is very strong
and says that the processes, starting from any point, can be obtained from the process starting
at yg. Such a property is not true in general for rssMp’s and ssMp’s, but it is for pssMp’s, and we
will see that it implies some similarities between gssMp’s and pssMp’s like the appearance of Lévy
processes in the representation of these processes, while Markov additive processes appear in the
representation of rssMp’s and ssMp’s, or the fact that the life-time of the process is always the
exponential functional of a Lévy process. On the other hand, the type of self-similarity that we
assume is much more general than a scaling property. In particular, the higher the dimension is,
the more complicated may the "structure" of the self-similarity be. We will see that in dimension
1 this structure is always simple, which leads us to extend Lamperti representation to gssMp’s
of dimension 1 that satisfy some regularity assumptions. In dimension 2, there are two possible
structures, and they can be unified in a generalized Lamperti representation where the Lévy
process is replaced by a process involving the exponential functional of a bivariate Lévy process.
For higher dimensions, there are even more possible structures, as explained in Subsection 1.5.

Let us first mention some simple consequences of Definition 1.1.

Combination with Strong Markov Property: For any starting point z, if Xyo ~ Py, is
independent from X, and S is a stopping time for X,, then, according to the strong Markov
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property at .S and Definition 1.1 we have
L ~
(X(S+10), £20) £ (fruqs) (Kulexas)t)) , £20).

Stability by homeomorphism: Let E and F be locally compact separable metric spaces,
and X be a gssMp on E with invariance components ((fy,cy), y € E), relatively to some reference
point yg. Then, if h : E — F' is an homeomorphism, we have that h(X) is a gssMp on F' with
invariance components ((ho fj,-1(.) oh™1, Ch-1(z)), # € I), relatively to the reference point h(yo).

Change of reference point: For a gssMp, the reference point yy can be chosen arbitrary.
Indeed, let X be a gssMp and let ((fy,c,), y € E) be a family of invariance components for X,
relatively to some reference point y;. Let y» be any other point in F, then it is easy to see that
((fyo ygl, cy/Cys), Yy € E) is a family of invariance components for X, relatively to the reference
point ys.

Non-uniqueness of invariance components: For a given reference point yg there is not,
in general, unicity for the choice of the family of invariance components. Indeed, let X be a
gssMp and let ((fy,c,), y € E) be a family of invariance components for X, relatively to some
reference point yg. If there is an homeomorphism ¥ from E to F and a constant A such that

(Xyo(t), t=0) = (W (X, (M), t > 0), (1.3)

then clearly ((f,o¥,c,A), y € E) is also a family of invariance components for X, relatively to the
reference point yg. Note that it is also possible to let ¥ and A vary smoothly relatively to y in the
set of (W, \) that satisfy (1.3), to produce a family of invariance components ((f,oV,,cy\y), y €
E). In particular, the set of all possible families of invariance components of a gssMp can possibly
be quite complicated. Among all possible choices of families of invariance components it will be
convenient to work with those that satisfy some nice properties. In the logic of Remark 1.2,
note that in (1.3) (and also in (1.5) below, and everywhere where such equalities in law for
processes appear), for the case where the processes involved reach the cemetery point A in
finite time, we actually consider the extension of W (respectively h) to E U {A} that satisfies
U(A) = A (respectively h(A) = A), but the extension of W (respectively h) is still denoted by
U (respectively h) for simplicity.

An important part of this work consists in showing the existence of what we will call good
wmvartance components. For this, some assumptions on F and X are needed. For y € FE, let
Supp(X,) denote the support of X, in E:

Supp(Xy) = | Supp(X, (1)) (1.4)
t>0

={z € E, s.t. Ve > 0,3t > 0 for which P(X,(t) € B(z,¢)) > 0}.

By reducing E if necessary, we can assume that £ = Supp(X,,). Therefore, we define the
following assumption

Assumption 1.
E = Supp(Xy,)-

Because of the use of continuity arguments it is often convenient to assume that F is con-
nected. Moreover, when F is connected, Assumption 1 is implied by a simple assumption of
non-degeneracy:

Assumption 2.

o
—

Jy € E s.t. y € Supp(X,).
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Assumption 2 can be motivated by the need to avoid some degenerate cases, for example
arithmetic processes on £ = R. The fact that Assumption 2 implies Assumption 1 is proved
in Lemma 7.1 of Section 7. We also need to take into account the symmetries of X. For any
y € E let us define Sym(X,) C C°(E, E) to be the group of symmetries of Xy, i.e. the group of
homeomorphisms that leave invariant the law of X,:

Sym(X,) = {h € Hom(E), X, = h(Xy)} . (1.5)

If ((fy,cy), y € E) is a family of invariance components for X, relatively to some reference point
Yo, then it is easy to see that we have Sym(X,) = f, o Sym(X,,) o fy*1. Note that, if y — hy,
is a continuous application from E to Sym(Xy,) C C°(E, E), then ((fyohy,¢,), y € E) is still a
family of invariance components for X, relatively the reference point yg (the required assumptions
of continuity are satisfied because of Remark 1.3). Therefore, the symmetries of X can interfere
with the self-similarity property, in the sens that they can make the set of families of invariance
components very complicated. In order to avoid too much problems, we will often need to prove
or assume that Sym(X,,) is discrete (as a subset of C%(E, E) equipped with the topology of
uniform convergence on every compact sets). Note that, since Sym(X,) = f, o Sym(Xy,)o f;
"Sym(Xy,) is discrete" is always equivalent to "Sym(X,) is discrete for some y € E". It will be
shown in Lemma 7.2 of Section 7 that, under Assumption 1, "Sym(X,,) is discrete" is always
true in dimension 1.

Finally, we need assumptions of regularity in order to obtain the existence of what we will call
good invariance components. When the state space F is equipped with a differential structure of
class C*, we can define C* invariance components in the following way:

Definition 1.4 (C* invariance components, C*-gssMp). For k > 1, let X be a gssMp on a C*-
differentiable manifold M. Let ((fy,cy), y € M) be a family of invariance components for X,
relatively to some reference point yo. We say that ((fy,cy), vy € E) is a family of C* invariance
components if the applications ((y,z) — fy(2)), ((y,x) — f ' (x)), and (y — ¢,) are of
class CF.

If a gssMp X on a C*-differentiable manifold M admits a family of C* invariance components,
then X is said to be a C*-general self-similar Markovian process (C*-gssMp).

Note that the procedure of "change of reference point" described above transforms a family
of C¥ invariance components into a family of C¥ invariance components. In the remainder, when
we consider a CF-gssMp on an open interval I C R (respectively on an open simply connected
domain D C R?), it is implicit that the differential structure on I (respectively on D) is the
natural one, arising from the fact that it is an open subset of R (respectively of R?), and it
induces the usual differentiation on R (respectively on R?).

1.2. General results. We now state Lamperti type representations for gssMp’s in dimension
1 and 2. In dimension 1, it turns out that C*-gssMp’s can be expressed as the image by some
function of a time-changed Lévy process (or equivalently as the image by some function of a
pssMp). This shows some kind of universality for Lamperti representation, since it is shared by
Ck-gssMp’s in dimension 1, no matter what is the shape of their invariance components.

Recall that the starting point of a Lévy process on R (or more generally on a group) is always
0 (respectively the neutral element of the group).

In dimension 1 our result is the following:

Theorem 1.5 (Dimension 1). For k > 1, let X be a C*-gssMp on I, an open interval of R.
Let us fix a point yo € I to be the reference point. We assume that either Assumption 1 or
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Assumption 2 is satisfied for E = I. Then, there is a C*-diffeomorphism ¢ : R — I, a real Lévy
process & and o € R such that if we set

Vt € [0, +00], (t) == /Ot () s, (1.6)

then
((Xyy) = p(+00) = /O+OO 8 s (1.7)

and
V0 <t <p(+o0), Xy(t) =9 (E(07H(1))- (1.8)

Reciprocally, for an open interval I C R, an homeomorphism v : R — I, a real Lévy process
&, and o € R, let us fixy € I and define Vt € [0, +00], @, (t) := f(f 2T WG ds and VO < t <
oy (+00), X, (1) = 9 (y) + Elgy (1). I 9y(+00) < oo then ¥t > gy (+00), Xy () = A,
where A is a cemetery point. Then we have ((X,) = @y(4+00) a.s. and X is a gssMp on I. A
family of invariance components ((fy,cy), y € I), relatively to the reference point 1(0), is given

by f,(.) = VW (y) + () and ¢, = e W),

In dimension 2, it turns out that the class of C*-gssMp’s is larger than (i.e. contains strictly)
the class of processes that can be expressed as the image by some function of a time-changed
two-dimensional Lévy process (i.e. processes that satisfy a classical Lamperti representation).
Ck-gssMp’s are identified with the class of processes that can be expressed as the image by some
function of a time-changed process built from the exponential functional of a bivariate Lévy
process, and this class contains, as a subclass, processes that can be expressed as the image by
some function of a time-changed two-dimensional Lévy process. For i € {1,2}, let m;(z) denote
the linear projection of an element = € R? to its i coordinate. Our result is the following:

Theorem 1.6 (Dimension 2). For k > 2, let X be a Ck-gssMp on D, an open simply connected
domain of R%. Let us fir a point yg € D to be the reference point. We assume that either
Assumption 1 or Assumption 2 is satisfied for E = D and that Sym(Xy,) is discrete. Then,
there is a C*-diffeomorphism ¢ : R? — D, a Lévy process (€,m) on R?, and o, B € R such that
if we set

t
Vt € [0, 4+00], ¢(t) ::/ e¢() s, (1.9)
0
then
+o0
(X) = plroc) = [ s (1.10)
0
and
e (1)
V0 <t<op(+oo), Xy(t) =1 <£ (') / eﬁg(s)dn(8)> : (1.11)
0

Reciprocally, for an open simply connected domain D C R?, an homeomorphism 1 : R? — D,
a R?-valued Lévy process (£,n), and o, B € R, let us fir y € D and define Vt € [0,4+00], @, (t) :=
fg MW W) ds and V 0 < t < i, (+00),

eyt (t)

Xy(t) =1 (m(w‘l(y)) + (0, (1), ma (v (v) +/

emmw1<y>>+f<5—>>dn(s)> :
0
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If @y(400) < 400 then Yt > ¢, (+00), Xy (t) := A, where A is a cemetery point. Then we
have ((Xy) = @y(+00) a.s. and X is a gssMp on D. A family of invariance components
((fyscy), y € D), relatively to the reference point 1(0,0), is given by f,(.) == ¥(m (¥~ (y) +
P70, w7 (g) + PO D)) and ¢ 2= om0,

In the above theorem, a gssMp is expressed as a function of a time-changed process of the
form (£(.), [; P4V dn(s)), where (€,m) is a two-dimensional Lévy process and § € R. The
particular case where 8 = 0 corresponds to the case where X can be expressed as a function of
a time-changed two-dimensional Lévy process.

Remark 1.7. In the above two theorems, « plays a similar role as the self-similarity index in
Lamperti representation, and in the case of a pssMp, our a even coincides with the classical
self-similarity index, as it will be seen in Subsection 1.6. It is possible to have a = 0 which
corresponds to the case where the change of time o~ '(.) is trivial.

For a C*-gssMp in a more general setting, when the state space is equipped with a differential
structure, we can establish a generalized Lamperti representation that involves Lévy processes.
This can seem surprising since there is no natural meaning for a Lévy process on a general state
space. However, we show that the state space can be equipped with a structure of Lie group
such that the C*-gssMp is represented in term of a left Lévy process on this Lie group (in the
remainder, when we work on a non-commutative group, we only deal with left Lévy processes
and we call these simply Lévy processes). Our result is the following.

Theorem 1.8. For k > 1, let X be a C*-gssMp on a connected C*-differentiable manifold M.
Let us fix a point yo € M to be the reference point. We assume that either Assumption 1 or
Assumption 2 is satisfied for E = M and that Sym(Xy,) is discrete. Then, there is an intern
composition law x on M and a C*-function h : M — R such that

o (M,x) is a C*-Lie group with neutral element g ;

e his a Ck-Lie group homomorphism from (M,*) to (R, x) ;

e There is a Lévy process L (startmg from yo) on (M,*) such that, if we define Vt €
[0, +o0], fo 1/h(L(s))ds then ((Xy,) = p(+0o0) and

VO<t< cp(—i—oo) w() =L (p71(t)). (1.12)

Moreover, note that if we let £(.) := log(1/h(L(.))), then & is a real Lévy process and we have
C(Xy) = 0+OO ) ds.

The above theorem says that, under some assumptions, C¥-gssMp’s can be identified as time-
changed Lévy processes on the state space equipped with some group structure. This can be seen
as a generalization of Lamperti representation for general state spaces. Indeed, since exponentials
of Lévy processes on (R,+) coincide with Lévy processes on (R*, x), the classical Lamperti
representation can be reformulated in the following way:

Theorem 1.9 (Reformulated classical Lamperti representation). Let X be a pssMp of index
a € R. Let us define the continuous group homomorphism h from (R% , x) to (R%, x) by h(x) =
= Then, there s a Lévy pmcess L (starting from 1) on (R%,x) such that, if we define
vt € [0, +o0], fo 1/h(L(s))ds then ((X1) = ¢(+00) and

VO0<t<p(+oo), Xi(t)=L (¢ 1(1)). (1.13)

Remark 1.10. Thanks to the above reformulation of Lamperti representation we see that, in
Theorem 1.8, the group homomorphism h generalizes the self-similarity index from Lamperti
representation, and the o from Theorems 1.5 and 1.6. It is possible to have h = 1 (this means



General self-similarity properties for Markovian processes 8

a = 0 in the case of a pssMp) which corresponds to the case where the change of time, p~1(.), is
trivial, in that case Xy, is a Lévy process on M, equipped with the group structure constructed
by the theorem.

The interest of Theorem 1.8 is that, not only the state space is quite general, but, besides
regularity assumption, we do not assume any particular form for the invariance components,
that is, for the type of self-similarity satisfied by the gssMp. It is not difficult to prove that the
reciprocal of Theorem 1.8 is true: time-changed Lévy processes on topological groups give rise
to gssMp’s. We state this in the following proposition.

Proposition 1.11. Let (E,x) be a topological group with neutral element denoted by ey, and
where E is a locally compact separable metric space. Let h be a continuous group homomorphism
from (E,x) to (R, x), and L be a Lévy process on (E,x). For a fized y € E let us define

Vit € [0, +oc], oy (t) = h(ly)/o h(Ll(S))ds, (1.14)

and
V0 <t < py(+00), Xy(t):=yxL (o, (t)). (1.15)

If oy (+00) < 400 then

Vt > oy (+00), Xy(t) ==
where A is a cemetery point. Then we have ((Xy) = ¢y (—i—oo) a.s. and X is a gssMp on E. A
family of invariance components ((fy,cy), y € E) gwen by fy(.) :=yx. and ¢y := h(y), for
the reference point eq. Moreover note that zf we let £(.) :=log(1/h(L(.))), then & is a real Lévy
process and we have ((X f+oo £(s)q

Remark 1.12. In the representations (1.8), (1.11), (1.12), and (1.13) from the above theorems,
if one replaces &, (£(.), [; eP=)dn(s)), L, and L by respectively = (y) + €,
(ﬂl(lb*l(y))—i-f(.),ﬂg(lb*l(y))—l-fo' 65(”1(7’”_1(y))%(s*))dn(s)), yx L, and y x L (where, respectively,
yel,yeD,yeE, andy € R ), then one obtains a version of X,.

Remark 1.13. An interesting consequence of our results is that, for any gssMp X to which one
of our theorems is applicable, the exit time of X from its domain, no matter how complicated this
domain is, is always equal in law to the exponential functional of a real Lévy process, just as in
the case of a pssMp (an heuristic explanation for this similarity is proposed a little after Remark
1.3). This may seem surprising since, according to (generalized) Kiu-Lamperti representation,
the life-time of a rssMp and more generally of a ssMp is in general not the exponential functional
of a Lévy process but of a Markov additive process (see for example the end of Sextion 3.2 in
[10]). Also, a pssMp that has finite life-time always leaves the domain ]0,+oo[ at {0} (when
a>0) or at {+oo} (when a < 0). In the case of a gssMp, the way to leave the domain can be
very different, since the exit from the domain does not have to be made at a particular point of
the boundary. It is thus remarkable that the law of the exit time remains the same as in the case
of a pssMp. The results of the next subsection make explicite, in some cases, the decompositions
from the above theorems so in particular the Lévy process &, of which the exponential functional
18 the the life-time of X, can be constructed explicitly from X and its good invariance components
(see Remarks 1.17 and 1.21 below).

The relation between pssMp’s and exponential functionals of Lévy processes has proved to
be quite fruitful to study the latter (see for example [11] and [12]). We believe that relating
exponential functionals to a larger class of processes, as we have done in the results of this
section, may also be interesting for the study of exponential functionals of Lévy processes.
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1.3. Good components and explicit results.

Definition 1.14 (Good invariance components). Let X be a gssMp on a locally compact separable
metric space E. Let ((fy,cy), y € E) be a family of invariance components for X, relatively to
some reference point yo. We say that ((fy,cy), y € E) are good invariance components if
they have the following properties:

Jyo = idE and ¢y, =1, (1.16)
Vy,2 € B, ¢y, (z) = ¢y X Cz. (1.17)

For example we see that the invariance components defined in Proposition 1.11 and in the
reciprocals of Theorems 1.5-1.6, for the gssMp’s X defined there, are good invariance components.
As we will see, good invariance components are exactly those that can be naturally related to a
group structure on the state space F, as in Proposition 1.11. In the proofs of our results, making
appear a group structure on the state space is a key point to represent a gssMp in term of a Lévy
process, but for this we need to work with good invariance components. Therefore, the existence
of good invariance components has a theoretical interest, for example for the proofs of Theorems
1.5, 1.6 and 1.8, and on the other hand, having good invariance components is also useful to
get explicite relations between the invariance components and the representations of X given
in Theorems 1.5, 1.6 and 1.8. In particular, in the context of good invariance components, the
group structure appearing in Theorem 1.8 is constructed naturally in term of these components,
as we will see in Theorem 1.20.

Note that if X is a gssMp, and ((fy,cy), y € E) is a family of invariance components for X,
relatively to some reference point yo, then ((f, o f,;!,¢,/cy,), y € E) is a family of invariance
components for X, relatively to the reference point yg, and it satisfies (1.16). However, the
existence of a family of invariance components that satisfies (1.17) is much more difficult to
prove, and is established in the following proposition.

Proposition 1.15 (Existence of C* good invariance components). For k > 1, let X be a ck-
gssMp on a connected C*-differentiable manifold M and let yo be an element of M. We assume
that either Assumption 1 or Assumption 2 is satisfied for E = M and that Sym(X,,) is discrete.
Then X admits a family of C* good invariance components relatively to the reference point yq.

Thanks to this proposition, we will often assume that a gssMp is given along with a family of
good invariance components.

For gssMp’s, given along with good invariance components, we have the following results that
can be thought of as explicit versions of Theorems 1.5, 1.6, and 1.8.

Theorem 1.16 (Explicit result in dimension 1). For k > 1, let X be a C*-gssMp on I, an open
interval of R, and let ((fy,cy), y € I) be a family of C* good invariance components for X,
relatively to some reference point yo € I. We assume that either Assumption 1 or Assumption 2
is satisfied for E =1. Let g: I — R and a € R be defined via

v o1

Vyel, gly) = ——dy, «a:=—log(c,~1(1)), 1.18
( ) " f{/(yO) (g (1)) ( )

where le/ denotes the derivative of the function f, : I — I. Then, g and « are well-defined, g
is a C*-diffeomorphism from I to R, and there is a real Lévy process & such that if we set

t
Vt € [0, 4+00], ¢(t) ::/ e*€(8) s, (1.19)
0
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then
+oo
((Xyy) = @(+00) = / () ds (1.20)
0
and

VO0<t<op(+oo), Xy =g 1 (£(p71(1)). (1.21)

Remark 1.17. In the above theorem g is constructed directly from the family of good invariance
components of X and we see that the Lévy process & can be expressed as (t) = g(Xy,(o(1))).
Moreover, as we will justify in the end of the proof of the theorem, @~ 1(t) has an alternative
expression in term of Xy, and of the good invariance components: for all 0 < t < ((X,,),
o t) = fot Cx, (uydu. This, together with the expression §(t) = g(Xy, (¢(t))), allows to express
explicitly & in term of Xy, and of the good invariance components, as mentioned in Remark 1.185.
Similarly, the § in Theorem 1.19 below can also be expressed explicitly in term of Xy, and of the
good invariance components.

Before stating the result in dimension 2, let us introduce the notion of commutative invariance
components.

Definition 1.18 (Commutative invariance components). Let X be a gssMp on a locally compact
separable metric space E. Let ((fy,cy), y € E) be a family of invariance components for X, rel-
atively to some reference point yo. We say that ((fy,cy), y € E) are commutative invariance
components if they have the following property:

Vy,z € B, fy(2) = f:(y). (1.22)

Theorem 1.19 (Explicit result in dimension 2). For k > 2, let X be a C*-gssMp on D, an open
simply connected domain of R?, and let ((fy,cy), y € D) be a family of C* good invariance
components associated with X, relatively to some reference point yo € D. We assume that
either Assumption 1 or Assumption 2 is satisfied for E =D and that Sym(X,,) is discrete.

o If ((fy.cy), y € D) are commutative invariance components, then let Yy be the gradient
. 0 m(Yo) m(Yo)\
at yo of the application (y — cy). If Yo # (O) let M = <—712(Y0) m(Yy)) if

Yy = (8) let M be the identity 2 x 2 matriz. Finally, let g : D — R? and o € R be
defined via

b
Yy €D, g(y) ::/ M. [T fyw0)] A (s)ds,  a = —log(cy-1(1,0)); (1.23)

where Jf, denotes the Jacobian matriz of the function f.(.) : D — D and where 7y :
[a,b] — D is any path, locally C*, with ~v(a) = yo and v(b) = y. Then, g and o are
well-defined, g is a C*-diffeomorphism from D to R2, and there is a Lévy process (£,1)
on R? such that if we set

t
Vt € [0, 400], ¢(t) ::/ () s, (1.24)
0
then
+oo
() = plroc) = [ e (1.25)
0

and

V0 <t < p(+00), Xyo(t) =g (£ (071 (1) 0 (97" (1)) - (1.26)
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e If (fy,cy), y € D) are not commutative invariance components, then let g : D — R?
be defined as in Lemma j./, and o = —10g(Cg—l(1’0)) € R. Then, g and o are well-
defined, g is a C*-diffeomorphism from D to R?, and there is a Lévy process (€,1) on R?
such that if we set

Vt € [0, 4+00], ¢(t) := /t () s, (1.27)
0
then
+o0
(X) = plroc) = [ s (1.28)
0
and
0
V0 <t<p(+00), Xy(t)=g" (5 (¢7'(1)) / 65(5‘)6177(8)) : (1.29)
0

Theorem 1.20. Let X be a gssMp on a connected locally compact separable metric space E, and
let ((fy,cy), y € E) be a family of good invariance components for X, relatively to some
reference point yo. We assume that either Assumption 1 or Assumption 2 is satisfied for E and
that Sym(X,,) is discrete. Let us define an interne composition law x on E by y* x := fy(x).
Then:

e (E,x) is a topological group with neutral element yo ;

o (y — ¢y) is a continuous group homomorphism from (E,x) to (R%, x) ;

e There is a Lévy process L (starting from yg) on (E,*) such that if we define Vt €
[0, 4+00], ¢(t) := f(f 1/cr(syds then ((Xy,) = p(+00) and

V0 <t<p(+oo), Xy(t) =L (p ' (t)). (1.30)
Let &(.) :=log(1/ecr), then & is clearly a real Lévy process and we have ((Xy,) = 0+°° et ds.
If moreover, for k > 1, E is a C*-differentiable manifold and ((fy,cy), y € E) are C* good
invariance components, then (E,%) is even a Ck-Lie group and (y — ¢y) is a Ck-Lie group
homomorphism.
Remark 1.21. Asin Remark 1.17, let us mention that in the above theorem we see that the Lévy
process L can be expressed as L(t) = Xy, (p(t)) and, as we will justify in the end of the proof
of the theorem, ¢~ 1(t) has an alternative expression in term of Xy, and of the good invariance
components: for all 0 < t < ((Xy,), ¢ 1(t) = fg Cx, (uydu. This, together with the expression
() = log(l/cL(_)), allows to express explicitly & in term of Xy, and of the good invariance
components, as mentioned in Remark 1.135.

Recall that the family of invariance components defined in Proposition 1.11 always satisfies
Definition 1.14 so it is actually a family of good invariance components. Therefore, Proposition
1.11 can be seen as the reciprocal of the above theorem.

Remark 1.22. In the representations (1.21), (1.26), (1.29), and (1.30) from the above theorems,
if one replaces &, (€,m), (£(.), [ 65(8_)(117(8)), and L by respectively 1~ (y) + &, v (y) + (£,7),
(m (1) + (), m(W 1 y)) + IN e”l(w_l(y))%(s*)dn(s)), and yx L (where, respectively, y € I,
y€D,yeDandy € E) then on obtains a version of X,.

As we said above, the results of this subsection are not only explicit versions of Theorems 1.5,
1.6 and 1.8, but they are also the main ingredients for their proofs. Indeed, as we will see, the
direct part of Theorem respectively 1.5, 1.6 and 1.8 follows from Proposition 1.15 together with
Theorem respectively 1.16, 1.19 and 1.20.
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1.4. Sketch of proof and organization of the paper.

In the remaining part of this section we discuss the case of dimension greater or equal to 3
and then we present some examples and particular cases of gssMp’s, for which the results above
take a simple or nice form.

In Section 2 we prove some preliminary results that are crucial for the rest of the paper. More
precisely we prove Proposition 2.1 which is a compatibility relation that is satisfied by invariance
components of a gssMp. We then use that relation to prove Proposition 1.15 (the existence of
good invariance components).

In Section 3 we first prove Proposition 1.11. Then, we use the compatibility relation from
Proposition 2.1 to prove Proposition 3.1 which makes appear a group structure on the state
space of a gssMp X that admits good invariance components. Then, we prove Proposition
3.3 which identifies X with a time-changed Lévy process on its state space equipped with the
above-mentioned group structure. We then prove Theorems 1.20 and 1.8.

In Section / we construct some explicit Lie group isomorphisms between the Lie groups con-
structed in the previous section (when the state space is an open interval of R or an open simply
connected domain of R?) and some canonical Lie groups in dimension 1 and 2. Thanks to that, a
gssMp on an open interval of R, or on an open simply connected domain of R?, can be expressed
explicitly as a function of a time-changed Lévy process on one of these canonical groups.

In Section 5 we prove Proposition 5.1 that gives a convenient expression of Lévy processes
on the most complicated of these canonical Lie groups, in term of exponential functionals of
bivariate Lévy processes.

In Section 6 we put the pieces together to prove Theorems 1.16 and 1.19. Then, Theorems
1.5 and 1.6 follow from those theorems together with Proposition 1.15.

In Section 7 we prove some technical lemmas about the assumptions discussed in the end of
Subsection 1.1.

1.5. The case of dimension greater or equal to 3. We now briefly describe how the present
methodology can be generalized in order to obtain results analogous to Theorems 1.16, 1.5, 1.19
and 1.6 in dimension d > 3.

In the case where the domain of a gssMp X is D, a simply connected open subset of R? for
some d > 3, one can still apply the same methodology: under some assumptions, Proposition 1.15
allows to build good invariance components and Theorem 1.20 to identify a Lie group structure
(D, *) of dimension d on D for which X is a time-changed Lévy process. Then, one has to choose
a ’canonical’ representative for each isomorphism class of Lie group structure of dimension d,
to build an explicit isomorphism between (D, «) and its representative (in particular one needs
to be able to identify the isomorphism class of (D,x) from the good invariance components of
X) and to obtain a convenient expression for Lévy processes on each of these representative Lie
groups.

We thus see that in dimension d, there are as many possibilities as the number of Lie group
structures of dimension d, up to isomorphism. For d = 1 this number is 1 (which is why there is
only one case in Theorem 1.16), for d = 2 this number is 2 (which corresponds to the two cases
in Theorem 1.19).

1.6. Some examples and particular cases. A basic example is the one of a pssMp X with
index « € R. In that case, the state space is the interval E =]0, +oo[. By definition of a pssMp of
index «, a family of invariance components ((fy,¢,), y €]0,4+00[), with respect to the reference
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point 1, is given by f,(x) = yx and ¢, = y~“. It is immediate that this family of invariance
components is good (i.e. it satisfies Definition 1.14) and of class C*°. Then, the function g defined
in (1.18) is equal to log(.) and the real number « defined in (1.18) coincides with the similarity
index « of the pssMp X. The application of Theorem 1.16 yields that, provided that Assumption
1 or Assumption 2 is satisfied for E =]0, +o0[, we have

((Xy,) = p(+00) and V0 <t < p(+o0), Xi(t) =exp (€ (¢7'(1)),

where ¢ is a real Lévy process and ¢(t) := fg e®(9)ds. We have thus retrieved Lamperti’s
representation for X.

Another interesting particular case of gssMp’s is the case where the time-changes are trivial, i.e.
there exists a family of invariance components ((fy,¢,), y € E) for X such that Vy € E, ¢, = 1.

In this case the self-similarity relation simply becomes Vy € E, X £ fy(Xy,). Replacing f, by
fyo fy_ol if necessary, it is plain that the family ((fy,,1), y € E) satisfies Definition 1.14, so it is
a family of good invariance components.

e When E = I, an open interval of R. If the family of good invariance components
((fy, 1), yel)is C* for some k > 1, and if Assumption 1 or Assumption 2 is satisfied for
E = I, then Theorem 1.16 applies, and the « defined in (1.18) clearly equals 0 so that
the time-change function is trivial : ¢(t) = t. Therefore, X, is only the image by g !
(where ¢ is defined in (1.18)) of a real Lévy process &.

e When E = D, an open simply connected domain of R?. If the family of good invariance
components ((fy,1), y € D) is C* for some k > 2, if Assumption 1 or Assumption 2 is
satisfied for £ = D, and if Sym(X,,) is discrete, then Theorem 1.19 applies, and the o
defined there equals 0 so that the time-change function is trivial : ¢(t) = ¢. Therefore, if
((fy»1), y € D) are commutative, Xy, is the image by g~! (where g is defined in (1.23))
of (&,m), that is a Lévy process on R2. If ((f,,1), y € I) are not commutative, X, is the
image by g~! (where g is defined in Lemma 4.4) of (£(.), [* €€V dn(s)), where (&, 7) is a
Lévy process on R2.

e In a more general context, if the assumptions of Theorem 1.20 are satisfied (F is con-
nected, Assumption 1 or Assumption 2 is satisfied, and Sym(Xy,) is discrete), then the
theorem applies and we see that the time-change function is trivial : ¢(t) = t. Therefore
Xy, is a Lévy process on E, equipped with the group structure defined in the theorem.

2. COMPATIBILITY RELATION AND CONSTRUCTION OF GOOD COMPONENTS

We now prove a key result that yields a compatibility relation satisfied by invariance compo-
nents of a gssMp. This result is important to establish Proposition 1.15 and then to make appear
the structure of group in Proposition 3.1. In the logic of Remark 1.2, note that in the next two
propositions, their proofs, and where they are applied, for the case where the processes involved
reach the cemetery point A in finite time, we actually work with the extension of homeomor-
phisms to £ U {A} that send the cemetery point A on itself (but, for example, the extension of
fy(.) is still denoted by f,(.) for simplicity).

Proposition 2.1. Let E be a locally compact separable metric space, and let X be a gssMp on
E with invariance components ((fy,cy), y € E) relatively to some reference point yo € E. We
assume that Assumption 1 is satisfied. Then we have

L
vylny €L, ffyl(yz) (Xyo(cfyl(yz) X )) = fyl © fy2 (Xyo(cyl X Cyy X ))

Proof. Assume that X and ((fy,cy), y € E) are as in the statement of the proposition. Let
y1,y2 € E be arbitrary. By self-similarity we have Supp(X,,) = fy, (Supp(X,,)). Because of
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Assumption 1 Supp(X,,) = E so, since f, is an homeomorphism, we get Supp(X,,) = E. Let
us define a := fy, (y2) and fix € > 0. Since a € E = Supp(X,, ), and by definition of Supp(X,,),
there exists sc > 0 such that P(Xy, (s¢) € B(a,€)) > 0. Let us fix such a s > 0. We consider
the process (X, (se +t), t > 0) conditionally on the event {X,, (sc) € B(a,€)} that has positive
probability. Let Xyo and Xyo be independent with law P, and be independent of X,,. On one
hand, by the Markov property at s. and the self-similarity we have

L (X (sc + )| Xy (50) € Bla,e)) = £ ( X,y (59 <Xy0(cxyl(se ) |X,, (sc) € Bla, e)) . (2.31)

On the other hand, by applying the self-similarity at the starting point y;, and then the Markov
property at time ¢, s and the self-similarity at X, (cy, s¢), we have

L (Xy1 Se + ‘Xyl ) € B(a, e))
=L (fy1 < Xyo(cy, x ( . ) {fyl ( yo(Cy 8 )) € B(a, e)>
—£ (S, (Kl x (s + .))) Xy (e5) € £, (Bla,e)

=L (i1 0 5y oo (Kol X €5, 0y 0 %)) [Kunlense) € [ (Bla,e))) . (2.32)

Let € decrease to 0 via a countable sequence (for each of these ¢ we can chose an s, > 0
such that P(X,, (s¢) € B(a,e)) > 0, and the above procedure shows that (2.31) and (2.32)
hold). Tn the right hand side of (2.31), we have the law of a function of the process X,, and of
an independent random variable A, where L(Ac) = L(Xy, (s¢)| Xy, (sc) € B(a,€)). Clearly, Ac
converges in distribution to a when € goes to 0. Using Slutsky’s Lemma and the continuity of
(y,2) — fy(x) and of y — ¢, assumed in Definition 1.1, we deduce that the right hand side
of (2.31) converges (in the sens of finite-dimensional distributions) to £(fu(Xy,(ca * -))).

Similarly, in the right hand side of (2.32), we have the law of a function of the process Xyo and
of an independent random variable B, where £(B,) = L( X, (cy,5¢)| Xyo (¢yy5c) € fH(B(a, €))).
By continuity of fyzl, B. converges in distribution to fyzl(a) when € goes to 0. Using Slutsky’s
Lemma and the continuity of (y,z) — fy(x) and of y — ¢, assumed in Definition 1.1, we
deduce that the right hand side of (2. 32) converges (in the sens of finite-dimensional distributions)

to ﬁ(fy1 o ff (a) ( yo(cyl X C (a) )))

Since the laws in (2.31) and (2.32) are equal, we can identify the limits of the right hand sides
of both expressions. We get

L (fa <Xyo(ca X ))) (fy1 ° ffy (a) ( Xyo(cy; X Crla) * ))) .

Then, recalling that a = f,, (y2) and X,, follows the law P,,, we obtain the asserted result.
U

We can now prove Proposition 1.15 that provides the existence of good invariance components.

Proof. of Proposition 1.15

For k > 1, X is a Ck-gssMp. Then, let ((fy,c,), y € M) be a family of C¥ invariance
components relatively to the reference point yo (a family of C* invariance components exists
by definition of X being a C*-gssMp, and the reference point can be set at yo thanks to the
property of change of reference point mentioned in the Introduction, the change of reference
point indeed preserves the fact that the family of invariance components is C¥). Replacing, if
necessary, ((fy,cy), y € M) by ((fyo foolscy/cyy), y € M), we can assume that the family of
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invariance components satisfy (1.16). Let G be the subgroup of Hom(M) x R that contains
the couples (¥, \) € Hom(M) xR for which (1.3) is satisfied, and let H be the subgroup of R
defined by H := {\ € R* , 3¥ € Hom(M) s.t. (¥, \) € G}. We have assumed that Assumption
1 or Assumption 2 is satisfied for £ = M. Thanks to Lemma 7.1 we have that, in any case,
Assumption 1 is satisfied, so Proposition 2.1 applies and yields that

\v/ylayQ S Ea U(ylayQ) = <ff_yi(y2) o fy1 o ny’Cyl X Cyz/cfyl(yz)) € G

In particular the range of the function Us : (y1,y2) — ¢y, X ¢y /¢y, () Is included in H. Recall
from Definition 1.1 and Remark 1.3 that y — ¢, (y,2) — fy(2), y — f,(.), and y — f,71(.)

are continuous, and since the composition is continuous on C°(M, M), we get in particular that
U is continuous from M x M to C°(M, M) x R*. We now distinguish two cases :

Case 1: U, is constant. In that case, evaluating Us at a point (z,y¢) (where z is arbitrary)
and using (1.16), we obtain that Uy = 1. This yields that (1.17) is satisfied so ((fy,¢y), y € M)
are good invariance components.

Case 2: U is non-constant. In that case, since M x M is connected and Us is continuous,
we have that Us(M x M) C H is a subinterval of R* , non-reduced to a single point. Then, H
is a subgroup of R* that contains an interval non reduced to a single point so H = R . We now
construct a continuous function L : R} — C°(M, M) such that L[1] = ida, (L[A],\) € G for
all A € R%, and (x,\) — L[\](z) is of class CF.

Since ((fy.cy), y € M) are C* invariance components, Uy : M x M — R% is CF. Since
it is non-constant, there exists A\g € R%,e > 0 and a C* function I; :JAge™¢, Aoef[— M x M
such that YA €] oe™, Aoe[, U2(l1[A\]) = A (just apply the Local Inversion Theorem for a local
coordinate of the C* manifold M x M along which Us is nonconstant, the other coordinates
being fixed). Let us define the function Iy :JA\ge~¢, Age[— CO(M, M) by Iy := X — Up(l1][)\]),
where Uy (y1,y2) = ff:,i(w) o fy, © fy,- Then [y is continuous, moreover (z,\) — l2[A](x) is of
class C*, and clearly for any A €]\ge™¢, Agec[ we have U (I1[\]) = (U1 (I1[\]), U2(11[N])) = (I2[\], V),
so in particular (I3[A\],\) € G.

Then let us define I3 :Je™¢, e [— CO(M, M) by I3[A] := la(XoA) o (I2(Ao)) L. Tt is not difficult
to see that I3 is continuous, that (z,\) — I3[\](z) is of class C¥, that I3[1] = idr, and that
(I3[\],A) € G for any X €]e ¢, e°[. Let us now define L. : R* — C(E, E) by

L[N = Is[exp (log(\) — e|21og(N) /€] /2)] o (1s[e/?]) ¥ N/ ip x> 1,

L[N := lg[exp (log(A) + €[ —2log(A) /€] /2)] o (lg[e_e/Q])oL_Qlog(A)/GJ if A<1.
In the above, (I3[e/?])°™ (respectively (I3[e~¢/?])°") means that the function I3[e?/?] € CO(M, M)
(respectively I3[e~¢/?] € C°(M, M)) is composed n times by itself. Then, clearly, L is continuous
from R% to CO(M, M), Lc[1] = idp, and (z,\) — L[N (z) is of class CF on Mx]e™/2, e/?|
(since it coincides with I3 on this set) and on each set of the form M x]e™/2, e(*TD/2[ for some

n € Z. Moreover, since (I3[r],7) € G for any r €]e” ¢, e[ and since G is a group, we see that for
A>1,

(Le[N], exp(log(A) — e[ 2log(N) /€] /2) x (e/%)21sWV/e]) € @,
that is, (Le[A], A) € G. Similarly, for A <1,
(Le[Al, exp(log(A) + e[ —2log(N) /€] /2) x (e7/%)[721sW/el) e @,
that is, (L[], A) € G.
Let us now justify that there is a unique function L : R* — C%(M, M) that satisfies



General self-similarity properties for Markovian processes 16

A) L is continuous from R* to COM, M),
B) 1[1] = i
C) VA€ R, (LA, A) € G.

The function L. satisfies the required A), B) and C) so we only need to prove uniqueness.

First, let us prove that a function L that satisfies A), B) and C) also satisfies L[]A\7!] = L[]}
for all A € R%. Indeed, let L satisfy A), B) and C). Using C) and the fact that G is a group we
get

VAERY, (LN oL[A'],1) € G and (LIA"'] o L[], 1) € G.

Therefore, we have that L[A] o L]A™1] and L[A™!] o L[A] are in Sym(X,,) for any A € R%.
Moreover, (A — L[A] o L]A7!]) and (A — L{A"!]o L[A]) are continuous from R¥ to CY(M, M)
because of A). Since, by assumption, Sym(X,,) is discrete, we deduce that the functions (A —
L[N o LIA7Y) and (A — L[A7!] o L[)]) are constant. Evaluating at A = 1 and using B), we
deduce that (A — L[\] o L]A7!]) = (A — L[A"!] o L[\]) = idrs. This proves the claim that
LA™Y = LA™Y In particular, (A — L[A]71) is continuous from R* to C°(M, M). Note that
the above argument can be adapted to show that (A — L[A]) is a group homomorphism from
(R%, x) to (Hom(M),0).

We now prove uniqueness of the function satisfying A), B) and C). Let L and L be two
functions from R* to C°(M, M) that both satisfy A), B) and C). Using C) and the fact that G

is a group we get YA € R*, (L[\ o L[A]71,1) € G, so L[\ o LI\ 7! € Sym(X,,) for any X € RY.
We have seen that, since L satisfies A), B) and C), (A — L[\]7!) is continuous. Combining with
the fact that L satisfies A) we get that A — L[\ o L[]\]™! is continuous from R* to C®(M, M).
Since, by assumption, Sym(X,,) is discrete, we deduce that (A — L[] o L[A]™!) is constant.
Evaluating at A = 1 and using B), we deduce that (A — L[\ o L[A\]~') = idx. Therefore L = L
so the uniqueness follows.

Now, let L be the unique continuous function from R* to C%(M, M) that satisfies L[1] = id,
and (L[A],\) € G for all A € RY.. We have seen that L = L. so in particular (x, \) — L[] () is
of class CF on MxJe=¢/2,¢/?[ and on each set of the form M x]e™/2, e +De/2[ for some n € Z.
To prove that (z,\) — L[A](x) is of class C* on M x R* | we thus only need to justify that for
each n € Z\ {0}, there is an open interval Z,, > €"/? such that (x, \) — L[\](z) is of class C* on
M X T,. Let us chose € €]0, €] such that € /e is irrational. We can build L. similarly as we built
L. In particular L. is continuous from R* to CO(M, M), La/[1] = idam, YA € RY, (Lo [N, \) € G,
and (z,\) — L[N (z) is of class CF on each set of the form Mx]e™¢/2 e+ /2] for some
m € Z. Since € /e is irrational, we have that for any n € Z \ {0}, there is m,, € Z such that
enc/2 glemne/2 e(mntDE /2= T Clearly (x,\) — L[N (2) is of class C¥ on M x Z,, but by
uniqueness we have L = L, so (z,\) — L[\](z) is of class C¥ on M x Z,,. We conclude that
(z,A\) —> L[N(z) is of class C* on M x R

Then, for all y € M, let us define fy = fyoL[l/cy]. We now justify that the family
((fy, 1), y € M) defines a family of C* invariance components for X. Let us fix y € M, we have

Fo(Xo) = fy (L) (X)) £ Fy(Xyoley ) £ X,
where we have used that (L[1/¢,],1/c,) € G for the first equality in law, and that ((f.,c.), z €
M) is a family of invariance components for X for the second equality in law. Moreover, since
fy(@) = fy(L[1/c,)(x)) where (y — ¢,), ((y,x) — f,(2)) and (z,\) — L[\|(z) are of class
Ck, we see that ((y,z) — f,(x)) is of class C*. Similarly, fy_l(:v) = L[l/cy]_l(fy_l(x)) =
Licy)(f, () where (y — ¢), ((y,2) — f;'(2)) and (x,\) — L[A](z) are of class C*, so

((y,x) — f;l(x)) is also of class C¥. We conclude that ((f,,1), y € M) is a family of C*



General self-similarity properties for Markovian processes 17

invariance components for X. Note that f,, = fy, 0 L[1/cy,] = idp o L[1] = idag 0 idag = idpg
(we have used that ((fy,cy), y € M) satisfies (1.16), as mentioned in the beginning of the
proof). Moreover, the time-dilatation constants in ((fy,1), y € M) are all equal to 1. Therefore

f. 1), € M) satisfies Definition 1.14, so 1 € M) is even a family of C* good
((fy y Yo ) y y g
invariance components for X.

O

Remark 2.2. The above proof actually shows a little more than the statement of Proposition 1.15
and can possibly be used to produce good invariance components in practice. It shows that, for X
a gssMp that satisfies the assumptions of the proposition, if we pick a family ((fy,cy), y € M) of
C* invariance components, then we have the following dichotomy: either this family is a family of
good invariance components, either this family can be canonically modified (via composition by
some functions L{\|(.) that are uniquely determined) to produce a family of C* good invariance
components ((fy, 1), y € M) for which the changes of time are trivial. Recall that, as mentioned
in Subsection 1.0, the case where changes of times are trivial is particularly interesting, because
our results show that in that case Xy, is only a Lévy process on some group (in the context of
Theorem 1.20), or the image by some function of a canonical Lévy process or of a process built
from the exponential functional of a bivariate Lévy process (in the context of Theorems 1.16 and
1.19), with no time-change. In particular, if X satisfies the assumptions of the proposition and
is given along with a family of C* invariance components, then, if the family is not good we can
already conclude that X, is as just described.

3. RELATION WITH GROUPS

First, let us prove Proposition 1.11 which says that it is possible to construct gssMp’s when
the state space is already equipped with a group structure.

Proof. of Proposition 1.11

Let us fix y € E and let ¢, be defined by (1.14). Since (s — L(s)) is cad-lag and h is
continuous and positive, the function ¢, is well-defined, continuous, increasing and defines a
bijection from [0, +o0[ onto [0, ¢, (4+00)[. As a consequence ¢, ! is well-defined on [0, ¢, (+00)]
and continuous (we set goy_l(t) = 400 for t > ¢,(+00)). This implies in particular that X,
defined by (1.15), is well-defined and cad-lag on [0, ¢, (400)].

Let us now justify that ((X,) = ¢ (+00) a.s. Since ¢, lis well-defined and continuous on
[0, 0y (+00)[, we have that for any ¢ € [0, ¢, (+00)[, the interval [0, ¢, (t)] is compact. Since L
is cad-lag, and since (z — y % 2) is an homeomorphism, the set y x L([0, ¢, ! (t)]) is relatively
compact, which show that the trajectory of X, on [0, ] is contained inside a compact set. There-
fore, t < ¢(X,), and since this is true a.s. for any t € [0, ¢, (+00)[ we get ¢, (+00) < ((Xy)
a.s. This proves that we have a.s. ¢, (+00) = ((X,) whenever ¢,(4+00) = +00. Let (Kp)n>1
be an increasing sequence of compact sets K; C Ky C ... such that any compact subset of
E is included in K, for some n > 1. If ¢,(+00) < +oo, then h(y = L(.)) takes arbitrary
large values on [0,4o00[. Therefore, for any n > 1 there is a.s. wu, € [0,4o00[ such that
h(yxL(uy)) > sup,cg, h(z). We thus have 7(y* L(.), K;) < u, < 400 a.s. Since goy_l is increas-
ing we deduce that (X, K) = 7(yxL(, ' (), K5) = @y (t(y*L(.), 7)) < ¢y(un) < gy(+00).
We deduce that ((X,) = lim, 10 7(Xy, K5) < ¢y(+00) a.s. In conclusion ¢, (+00) = ((X,)
a.s. which proves in particular that A can only be reached continuously by X,, so X, is cad-lag
on [0, 4o0].
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We denote by P, the law of the process X,. Let respectively (G, t > 0) and (F;, t > 0) be
the right continuous filtrations generated by the processes L and X,. Note that for any ¢ > 0,
go;l(t) is a (possibly infinite) stopping time for L and that 9%71(15) = F;.

We now justify that X, satisfies the Markov property at every instant ¢ > 0. Let us fix an
instant ¢ > 0 and work on {gpy_l(t) < 4oo} = {X,(t) # A} (since A is an absorbing state, the
case where X (t) = A is trivial). Since cp;l(t) is a stopping time for the Lévy process L on (E, %),
the process L(.) := (L(gp;l(t)))_l * L(goy_l(t) + .) is independent from G,-1(p = Jt and has the

- - Yy
same law as L. Now let 95@0 and X, be constructed from L just as ¢, and X, are constructed
from L: for all s > 0, @ey(s) :== [ h(L du and for all s € [0, Ge, (+00)[, Xeo(8) := L(@' (s))
(and X, (s) := A for s > goeo(—i—oo)). Then, since it is a function of L, X, is independent
from F; and, since L has the same law as L, Xe, has law P,. We need to link ¢, and ¢, .

For any u > 0 we have from the definition of L and the homomorphism property for h that
h(L(u)) = h(L (o, 1 (t) +u))/h(L(¢, ™ ())). Therefore, for any s € [0, B¢, (+00)[ we have

i /soeo '(s) Nl Ju— /‘;’5_01(8) h(L(_ngy_l(t))) du
0 h(L(u)) 0 h(L(py ™ (t) + u))

by« L(gy (1) [P0 1

h(y) /0 h(L(so;l(t) ™
Xy t)) soy +%0e0 1 Ju
Wy S AL (W)

= h(Xy (1)) x [SDy (sDy (t) + @e (5) — 1]
We thus get o, (0, ! (t)+@5, (s)) = t4s/h(X,(t)) from which we deduce that o, ! (t+s/h(X, (1)) =
_1( )+ 356_01( ). As a consequence, for any s € [0, Pe, (+00)/h(Xy(t))][ we have that Oy (t + 3)
is finite and equals go_l(t + h(Xy(t))s/h(Xy(t))) = go;l(t) + Gyt (R(Xy(t)) x s). Then,
Xy(t+s) =y L, (t+5)) = y* L (0, (1) + Gc, (h(Xy (1)) x 5))
=yxL (0, (1) * L (&2, (h(Xy (1)) x 9))
= X, (1) % Xeo(B(X,y (1)) X 9).
We have obtained that, on [0, B, (+00)[, Xy (t +.) = X, (t) * Xeo (A(X, (1)) x .), with X, inde-
pendent of F; and having law P,,. We can also see that 0y (+00) =t + Pey (+00)/h(Xy(t)) so
Xy(t+s) = Aif and only if Xeo(h(Xy(t)) s) = A. Combing all this we deduce the Markov

property for X, at time ¢. The same procedure can be done in the case where ¢ is a stopping
time so X, is strongly Markovian.

We now justify the self-similarity of X. Let ¢, and X, be constructed from L as in (1.14)
and (1.15). Then, X, has law P,,. Let y € E be arbitrary, and define ¢, and X, from L as in
(1.14) and (1.15). Then, X, has law P,. We have

20 00 = 775 [ g = el
so that ¢, 1(.) = ¢z ' (h(y) % .) and @y (4+00) = @e,(400)/h(y). We then have for all 0 < ¢ <
(py(+OO) = (Peo(+oo)/h(y)a
Xy(t) =yx L (o' (t) =y L (pz, (h(y) x 1)) = y* Xe, (hy) x t).

As a consequence we have X,(.) = y* X¢, (h(y) x.) on [0, ¢y (400)[= [0, pe, (+00)/h(y)] and
these two processes reach the state A at the same time ¢, (4+00) = @¢,(+00)/h(y). We deduce
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that
(Xy(t), t = 0) = (y* Xeo(h(y)t), t > 0),

where X, has law P, while X, has law P, (note that we have used the convention y A = A).
Since the above is true for any y € E we deduce that X is a gssMp with invariance components
((fy,cy), y € E) given by fy,(.) := y*. and ¢, := h(y), for the reference point ey. Since eg is
the neutral element of (£, x), and since h is an homomorphism from (£, ) to (R%, x), we see
that (1.16) and (1.17) are satisfied so that the family ((fy,cy), ¥ € E) actually defines good
invariance components.

O

We are now interested in proving a key point for our purpose: for X a gssMp, given along with
a family of good invariance components, we want to make appear a group structure on the sate
space such that X is a time-changed Lévy process on this group. In the following proposition
we make appear the group structure.

Proposition 3.1. Let X be a gssMp on a connected locally compact separable metric space E and
let ((fy,cy), y € E) be a family of good invariance components for X, relatively to some reference
point yo. We assume that either Assumption 1 or Assumption 2 is satisfied and that Sym(Xy,)
is discrete. Let us define an interne composition law x on E by yxx := fy(x). Then (E,x) is

a topological group with neutral element yo and (y — ¢y) is a continuous group homomorphism
from (E,x) to (R, x).

If moreover, for k > 1, E is a C*-differentiable manifold and ((fy,cy), y € E) are C* good
invariance components, then (E,%) is even a CF-Lie group and (y — cy) is a Ck-Lie group
homomorphism.

Proof. Associativity: This is the key point. According to Proposition 2.1, we have that,

L Cy, X C
Yyi,y2 € B, fr, () (Xyo) = fy1 0 fyo (Xyo (u X >> .

ny1 (y2)

Since ((fy,cy) y € E) is a family of good invariance components it satisfies (1.17), so ¢,, X
L
Cya/Cty (yo) = 1. We thus get fr, () (Xyo(-)) = fys © fyo (Xy (1)), s0 that
Yy1,y2 € E, U1(y1,y2) = fﬁi(w) o fy1 © fyz € Sym(Xyo)-

Recall from Definition 1.1 and Remark 1.3 that (y,z) — f,(z), y — fy(.), and y — f,71(.)
are continuous, and since the composition is continuous on C°(E, E), we get in particular that
U : Ex E — C°E,E) is continuous. Moreover, £ x E is connected. By assumption,
Sym(Xy,) is discrete so Uy is constant on E x E. Moreover, since ((fy,cy) y € E) is a family of
good invariance components it satisfies (1.16) from which we deduce Uy (yo,yo) = idg. Therefore
Uy = idg so we get
Vy1,y2 € E, ffyl(yz) = fy1 © fyo-

Evaluating the above functions at a point y3 € E we obtain exactly (y1 *y2) *y3 = y1 * (Y2 *x y3),
and the associativity follows.

Neutral element: Using (1.16) we see that for any y € E, yoxy = fy,(y) = idp(y) = y. Also,
evaluating (1.2) at ¢ = 0 and using that X, (0) and X, (0) are almost surely equal to respectively
yo and y, we see that f,(yo) =y, that is, y xyo = y. This proves that yo is a neutral element for
*.

Inverse: Clearly we only need to justify the existence of a right-inverse for every y € E. Since
[y is bijective, f- L(yo) is well-defined and it clearly satisfies y Iy Yyo) = vo.
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Continuity: Let us denote by y~! the inverse of y. The continuity of ((y,z) — yxx) and of
(y — y~!) follows from the continuity of ((y,2) — fy(x)) and of ((y,z) — f, ' (x)) assumed
in Definition 1.1.

Group homomorphism: The fact that (y — ¢,) is a group homomorphism from (E,*) to
(R%, x) follows from (1.17), which is satisfied since, by assumption, ((fy,c,) y € E) are good
invariance components. The continuity of (y —— ¢,) is satisfied by definition of invariance
components in Definition 1.1.

Smoothness: If E is a C*-differentiable manifold and ((f,,¢c,), y € E) are C* good invariance
components, then it only remains to justify that the applications ((y,z) — y*x), (y — y~1),
and (y — ¢y) are C*, but this follows from Definition 1.4.

O

Definition 3.2. Let X be a gssMp on a locally compact separable metric space E. Let ((fy,cy), y €
E) be a family of good invariance components for X, relatively to some reference point yo. If
the interne composition law *, defined on E by y* x := fy(x), gives rise to a topological group
structure on E, then we say that (E,*) is the bearing group of X associated with the good
invariance components ((fy,cy), y € E).

If (E, ) is a bearing group for X, then the self-similarity relation can be re-expressed as
Wy € B, (X,(1), ¢ 20) £ (y Xy (eyt), £ 20).

In particular, for any starting point z, if Xyo ~ Py, is independent from X, and S is a stopping
time for X, then

(X.(S+1), t>0) £ (XZ(S) * Xy (ex(syt)s £ > 0) . (3.33)

We can now prove that a gssMp can be identified with a time-changed Lévy process on the
group constructed in Proposition 3.1.

Proposition 3.3. Let X be a gssMp on a connected locally compact separable metric space F
and let ((fy,cy), y € E) be a family of good invariance components for X, relatively to some
reference point yg. We assume that either Assumption 1 or Assumption 2 is satisfied for E and
that Sym(Xy,) is discrete. Let (E,*) be the bearing group associated with ((fy,cy), y € E).
Then there is a Lévy process L on (E,*) such that if we set

Wt € [0, 4od], o(t) = /0 t CLl( s (3.34)

then
((Xyo) = p(+00) (3.35)

and
V0 <t<o(+oo), Xyt) =L (e 1t). (3.36)

Moreover, if we let £(.) = log(1/cr(y), then & is a real Lévy process and we have ((Xy,) =
f0+°° e€B)ds.

In the particular case where ¢y = 1,Vy € E, then X, = L, so X, is itself a Lévy process on
(E,*).

Proof. We define for all 0 < t < ((Xy,), 6(t) := [ cx,, wydu and L(t) := Xy, (¢71(t)).
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We first justify that L is well-defined. Since (s — X, (s)) is cad-lag and (y — ¢, ) is continuous
and positive, the function ¢ is well-defined, continuous, increasing and defines a bijection from
[0, ¢(Xy, )] onto its range, [0, ¢(C(Xy,))[, where ¢(((Xy,)) has to be considered as possibly finite
(we will prove later that it is actually a.s. infinite). As a consequence ¢! is well-defined on
[0, 0(¢(Xy))[ and continuous. This implies in particular that L is well-defined on [0, ¢(¢(Xy,))]
and cad-lag. We see from L(t) := X, (¢ 1(t)) that ¢(¢(Xy,)) = C(L). If ¢(¢(Xy,)) < +o0, let
us put ¢~ 1(t) = +o00 and L(t) := A for t > ¢(¢(Xy,)), so that L is well-defined on [0, +-o00[ and
cad-lag (we see that the state A is a.s. reached continuously). Let respectively (G, t > 0) and
(F, t > 0) be the right continuous filtrations generated by the processes L and X,,. Note that
for any t > 0, ¢~ 1(¢) is a stopping time for X, and that for any ¢t > 0,G;, = Fo=1(1)-

We now prove that L is a Lévy process on (E,*), possibly absorbed at A. Let us fix an
instant ¢ > 0 and work on {L(t) 75 A} = {¢7(t) < +oo}. According to (3.33), the process

Xyo() = (X (071() 7% Xy (07 1(t) + /ch0(¢ 1(t))) is independent from Fy-1(; = G; and
has law P, . Now let qS and L be constructed from Xy0 just as ¢ and L are constructed from

X,y for all 0 < s < ¢(Xy,), o(s) : =/ chO(u)du and L(s) := X, (¢(s)). Then, since it is a

function of Xym L is independent from G; and, since Xyo has law P, L has the same law as L.
We need to link ¢ and ¢. For any 0 < u < ((X,,) we have from the definition of X, and the
homomorphism property of (y — ¢,) that CRyo(w) = cho(*i)_l(t)Jr“/cxyo(qu(t)))/cxyo (6-1(1))- For

any 0 < s < ¢(C(X,,)) we have

671 (s) O7HS) Cxyy (6 (OFu/fex, (o-1(0y) O exyy (o-1(0)
s = X0 (u)du = - - du = CX o (=1 (1) +v) dv
0 0 Xyo(o1(1)) 0

Xy (wdU = ¢ <¢_1(t) +07'(s)/ex,, (¢*1(t))) -

/¢l(t)ﬂ;l(s)/cxyow—l(t))
¢~ (t)
We thus get ¢ (¢*1(t) + (571(8)/0Xy0(¢—1(t))> = t + s from which we deduce that ¢—1(¢ + s)

is finite and satisfies nyo((b—l(t))[(bil(t +5) — ¢ Ht)] = ¢ '(s). As a consequence, for any
0< s < ¢(C(Xy,)) we have

L(t+5) = Xy (¢ (t+5)) = Xy, (Wl(t) +ex, oo (E+s) — o O]/ ex,, 610 ))
= Xy (671(0) * Koo (ex,010[671(E+5) = 671 (D)]) = Xy («z» H(1) * Xy (671(5))
= L(t) « L(s).

We have obtained that, on [0,$(C(X,,))[, (L(t))™' % L(t +.) = L(.). We can also see that
d(C(Xyy)) =t + gb((( X,,)) s0 L(t +s) = A if and only if L(s) = A. Therefore we have that,
on [0, +oo[, (L(t))~! % L(t +.) = L(.), with L independent of G, and having the same law as L.
Since we have such a relation for any ¢ > 0, and combining with the fact that L is cad-lag, we
deduce that it is a Lévy process on I, possibly absorbed at A.

Let us assume that absorption at A can occur with a positive probability: P(¢(L) < +o0) > 0,
and recall that, in that case, A is reached continuously a.s. on {((L) < +oc}. Note that since
L(t+.) reaches A at s if and only if L reaches A at s, the absorption at A occurs independently
from the past trajectory (i.e. the fact that the absorption occurs on [t, ¢+ k] is independent from
the trajectory of L on [0,¢]) so in particular, given a compact neighborhood K of 3y, we can see
that L may remain in K on [0,((L)[ with positive probability. This means that, with positive
probability, A may be not reached continuously which is a contradiction. Therefore L is a.s. never
absorbed so it is a regular Lévy process on (E,«) and we have a.s. ¢(¢(X,,)) = ((L) = +oc. In
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particular, ¢~ 1(¢) is defined and finite for all ¢ > 0 (it is a bijection from [0, +oo] to [0, (Xy,)])
so the expression L(t) = X, (¢~ 1(¢)) holds for all ¢ > 0.

We now need to prove that ¢! = ¢, for ¢ defined from L as in (3.34). For any ¢ > 0 we have

¢~1(t) t 1 ¢ 1 t
1) = ldu = ——dv = —dv = dv = o(t 3.37
o) /o " / F 1w /o Xy (61 (v)) ! /0 CL(v) v=el). (337)

where we have used the change of variable v = ¢(u), the definition of ¢, the definition of L in
term of X, and ¢!, and the definition of ¢ in (3.34). Taking the limit on both sides in (3.37)
when ¢ goes to infinity we get ((Xy,) = ¢(4+00), which is (3.35). Combining (3.37) with the
expression L(t) = X, (¢~ 1(t)) we obtain (3.36).

Let us now justify the representation of ((Xy,) in term of an exponential functional of a real
Lévy process. Recall from Proposition 3.1 that (y — ¢,) is a continuous group homomorphism
from (E,x) to (R%, x), so (y + log(1/cy,)) is a continuous group homomorphism from (E,*) to
(R,+). Therefore, £(.) := log(1/cr(,)) is a real valued Lévy process and, re-writting (3.35) in
term of & we get ((X,,) = 0+°° £ ds. O

Remark 3.4. We note from the previous proof that the change of time ¢~ '(t) in (3.36) has an
alternative expression in term of Xy, : for all 0 <t < ((Xy,), ¢ H(t) = ¢(t) = fg €, (u) AU

Putting together Proposition 3.1 and Proposition 3.3 we obtain Theorem 1.20 and, combining
with Proposition 1.15, we deduce Theorem 1.8. Let us write all the details for the sake of clarity.

Proof. of Theorem 1.20

Let E be a connected locally compact separable metric space, and X be a gssMp on E.
((fy,¢y), y € E) is a family of good invariance components associated with X, relatively to some
reference point yg € E. We assume that either Assumption 1 or Assumption 2 is satisfied for £
and that Sym(X,,) is discrete.

Let us define an interne composition law x on E by y + z := f,(x). According to Proposition
3.1, (E,x) is a topological group with neutral element yo, and (y — ¢,) is a continuous group
homomorphism from (E,x) to (R, x). Therefore, (E,*) is the bearing group for X associated
with the good invariance components ((fy,cy), ¥ € E). According to Proposition 3.3, there

is a Lévy process L, on (E, %), such that if we set V¢ € [0,+00], ¢(t) = fg 1/crs)ds, then
((Xy) = ¢(+00) and
V0 <t < p(+oo) = ((Xy) Xyo(t) =L (7' (1))- (3.38)

Finally, if moreover, for k > 1, E is a CF-differentiable manifold and (( fy.¢y), y € E) are ck
good invariance components, then the last statement in Proposition 3.1 guaranties that (E, %) is
even a C*-Lie group and (y — ¢,) is a C*-Lie group homomorphism.

Let us now justify Remark 1.21. Clearly we only need to justify that for all 0 <t < ((Xy,),
o Ht) = fg Xy, (v)du. In the above proof, an application of Proposition 3.3 yielded the existence
of a process L satisfying the relation (3.38), with V¢ € [0, +00], () = fg 1/cr(syds. According
to Remark 3.4, this implies that we have 0 < t < ((X,,), ¢ () = fg €x,, (u)du, Which is the

claim.

O

Proof. of Theorem 1.8
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Under the assumptions of the theorem, Proposition 1.15 applies so we can produce a family
((fy»cy), y € E) of C* good invariance components associated with X, relatively to the reference
point yo. Let us define an interne composition law x on M by y+ z := f,(z) and a Ck-function
h: M — Ry by h(y) := ¢,. Then, Theorem 1.20 guaranties that the three points in the
statement of Theorem 1.8 are true for this x and this h.

O

4. EXPLICIT ISOMORPHISMS BETWEEN SOME LIE GROUPS

In the previous section we have made appear a group structure on the space E where a
gssMp is defined. If £ = I (respectively D), an open interval of R (respectively an open simply
connected domain of R?), this gives rise to a Lie group structure of dimension 1 (respectively 2).
In this section we provide some explicit group isomorphisms between the Lie groups obtained
and canonical examples of Lie groups in dimension 1 and 2, on which Lévy processes are more
classical. This allows to construct the explicit diffeomorphisms appearing in Theorems 1.16 and
1.19.

We consider an open set O C R"™ (typically I C R or D C R?), together with an intern
composition law x such that (O,x) is a group. If the group operations (multiplication and
inversion) are of class C¥ with respect to the usual differentiation on R™, then we say that (O, )
is a C*-Lie group. In other words, the differential manifold structure attached with the Lie group
(O, x) is always the natural one, arising from the fact that O is an open subset of R".

We first need a technical result. For a function f : O x O — O, Ji1f (respectively Jof)
denotes the Jacobian matrix of f when it is differentiated with respect to the first (respectively
the second) entry. In the particular case where O = I, an open interval of R, we shall only write
O1f (respectively Oy f) for the first (respectively second) partial derivative of f. For a function
g: 0O — O, Jg denotes the Jacobian matrix of g.

Lemma 4.1. Let O C R" be open, let f: O x O — O be a function and let * be the interne
composition law on O induced by f. If (O, %) is a Ck-Lie group (let us denote its neutral element
by yo), then Jof (u,v) and [Jof (u,v)]™t are defined and C*~1 in (u,v) € O x O and we have

Vu,v,€ O, [Jof (f(u,0),50)] " Jof (u,0) = [J2f (v,50)] " (4.39)

Proof. Since, by assumption, (O,%) is a CF-Lie group, the application ((u,v) — u *v) =
((u,v) — f(u,v)) is C¥ so its differential with respect to the second entry, Jof(u,v), is well-
defined at any (u,v) € O x O and C*~1. Now let us fix an arbitrary u € O. The application

ly = (v — uxv) = (v — f(u,v)) is bijective with inverse application [,-1 = (v

u~! % v), where u~! denotes the inverse of u for the group law . -1 is C* just as I, so we get

Id = Jof (u™t, f(u,v)).Jof(u,v). This justifies that ((u,v) — [Jof (u,v)]~!) is defined at any
(u,v) € O x O and CF1.

The associativity property for x reads
Yu,v,w € O, f(f(u,v),w) = f(u,f(v,w)).
Differentiating with respect to w we get
Vu,v,w € O, Jof (f(u,v),w) = Jof (u, f(v,w)) .Jof(v,w).
Evaluating the latter relation at w = yp and using that f(.,y0) = ido we obtain
Vu,v,€ O, Jof (f(u,v),y0) = Jof (u,v) .Jof(v,y0).
which yields (4.39).
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O

Let I be an open interval of R and let * be an intern composition law on I such that (I,x) is
a Lie group. Since we will need to differentiate the group operations, it is convenient to consider
the function f : I x I — I associated with the interne composition law x (f(y,z) = y*z). The
following Lemma builds an explicit group isomorphism between (I, %) and the canonical group

(R, +).

Lemma 4.2. Let I C R be an open interval, and let f : I x I — I define a C*-Lie group

structure (I,%) on I, for some k > 1. Define g : I — R via

y 1 p
TR

Yo 82f(y7y0)

where yo € I is the neutral element of (I,%). Then g is well-defined, it is a C*-diffeomorphism
from I to R, and a C*-Lie group isomorphism from (I,%) to (R,+).

Yyel, g(y) = (4.40)

Proof. 1f g is the sought isomorphism, then we should have
Vy.z €1, g(f(y,2)) = 9(y) + 9(2),

so differentiating with respect to z and evaluating at z = yy we get:

9'(y) =9 (v0) /P2 f(y, o).

We see that the derivative ¢’ has to be proportional to the function y — 1/95f(y,yo). This
explains why the expression (4.40) is a natural candidate for g. Moreover, note that for any
y € I, the application (z — f(y,2)) = (2 — y % z) is C¥ and it has an inverse application
(z — y~! % 2) which is also C¥. Therefore, the derivative of (2 — f(y,2)) does not vanish
at yo for all y € I: Yy € I,05f(y,y0) # 0 and, since ((y,2) — f(y,2)) is C*, we have that
y — Do f (y,90) is C*~1. Therefore, the expression of g in (4.40) is well-defined and defines a C*
mapping from I to R. Let us thus consider g defined by (4.40).

We now justify that g is a group homomorphism from (I, ) to (R?,+). Let y,z € I, we have

f(y,x) 1
9(f(y, =) :/yo mdz

Y 1 d /f(y,:v) 1 d
= | —————dz+ S
Yo an(Z’ yO) y (92]0(2, yO)

) /f(y,m) 1 p
= g(y) + —dz
I y an(Z,yO)

’ a2f(ya ’U) )
v O2f (f(y,v),90)
where we have made the change of variable z = f(y,v). Here, the relation (4.39) from Lemma

4.1 reads 82f6(2ff($z’j;?yo) =z f(%),yo)' Therefore, the right hand side of (4.41) equals
1

o(y) + /y S = 9+ 9(o)

where we have used (4.40) to make appear g(z) in the last equality. We have obtained g(f(y,z)) =
9(y) + g(z) so g is indeed a group homomorphism from (I, *) to (R, +).

=9(y) + (4.41)

We now justify that ¢ is a C* diffeomorphism. Clearly, ¢/(.) = 1/92f(.,50) is continuous
and never vanishes so it has constant sign so g is bijective from I to g(I) and g(I) is an open
interval of R containing g(yo) = 0. Since moreover g(I) is a subgroup of (R, +) we conclude that
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g(I) = R. Therefore, g is bijective from I to R. Since g is C¥ and its derivative never vanishes,
it is even a C* diffeomorphism from I to R. Since g is also a group homomorphism from (I,*) to
(R, +), it is even a CF-Lie group isomorphism from (I, ) to (R, +), which concludes the proof.

O

We now consider the two-dimensional case. Let D be an open simply connected domain of R?
and let * be an intern composition law on D such that (D, *) is a Lie group. Since we will need
to differentiate the group operations, it is convenient to introduce f : D x D — D associated
with the interne composition law x (f(y,z) := y * 2).

We now recall some classic facts and notations about Lie groups and their associated Lie
algebras, but we formulate everything in the context of (D, *). First let us assume for convenience
that (D, *) is a C*°-Lie group. Given a C*-vector field (V,,y € D) on D and a C* function
h : D — R we define the C* function V.h : D — R by (V.h)(y) := Dh(y)[V,]. The commutator
of two vector fields U, V' is still a vector field that we denote [U, V]:

Vh € C®(D,R), [U,V].h:= U.(V.h) — V.(U.h). (4.42)

The vector space of C*-vector fields on D equipped with [.,.] is a Lie algebra. A vector field
(Vy,y € D) on D is called left-invariant if Vy,z € D, Vi, = Jof(y,2)[Vz]. For any u € R?,
we can define a left-invariant vector field V' (u) by V(u), := Jof(y,y0)[u]. It can be seen that
(u — V(u)) is a linear isomorphism (we will denote its inverse by V1) so the vector space
of left-invariant vector fields is isomorphic to R%. Moreover, it is a well known property of Lie
groups that the commutator of two left-invariant vector fields is still a left-invariant vector field.
In particular we have

[V(u)7 V(U)]y = JQf(y7y0)[V(u)7 V(U)]ym Vy € D,u,v € R?. (443)

Using the correspondance between R? and left-invariant vector fields we can define a Lie bracket
on R? by

Vu,v € R?, [u,v]r, :== VY[V (u),V(v)]). (4.44)

Then, by construction, the Lie algebra (R?, [.,.]) is isomorphic to the Lie algebra of left-invariant
vector fields, and is usually called the Lie algebra associated with the Lie group D.

Also, using the definition of the vector fields V(u),V(v) and the definition (4.42) of the
commutator, we can give an explicit expression for the vector field [V (u), V (v)] in term of f(.,.):
for any y € D and u,v € R? we have

[V (u), V(0)ly = Jidaf(y,90) [J2f (Y, yo)-u,v] — J1J2 f (y, v0) [J2f (¥, y0)-v, u] - (4.45)

In the context where (D,*) is only a C*-Lie group for some k > 2, the left-invariant vector
fields V(u) can still be defined by V' (u), := Jaof(y,yo)[u] and they are C¥~1. The commutator
[V (u), V (v)] can still be defined via (4.42) (and its action on C*(D,R)) and we still have (4.45)
by direct computation. Finally, it is still possible to see that [V (u),V (v)] is left-invariant so the
relation (4.43) still holds and the Lie algebra (R?,[.,.]) can still be defined by (4.44).

Using the so-called ezponential map it can be seen that the Lie group (D, ) is commutative if
and only if the Lie bracket [.,.];, of its associated Lie algebra (R?,[.,.]1) is trivial (i.e. [u,v], =0
for all u,v € R?).

Let us now investigate the possible forms of the Lie bracket |[.,.]r, to deduce another expression
for [V (u), V(v)]y,. Let {e1,e2} be the canonical basis in R?, so that every u and v in R? can be
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decomposed as u = uje; + uses, v = vie; + voeo. Then we have

[u,v]r, = [u1e1 + ugeq, vie1 + voealr
= uyviler, e1]r + urveler, e2]r + ugvilez, e1]r + ugvales, ea)r,
= (uyv2 — ugvy)ler, e2]r

= det(u,v)[e1, €],

where we have used the bi-linearity of [.,.]; and the fact that it is anti-symmetric. Let us set
Yo = [V (e1),V(e2)]y, which can be computed explicitly using (4.45). Then for any u,v € R?
we have [V(4), V(u)lyy = V([ 0]1) = det(u, o)V (ler, ealn)y = det(u,v)[V(er), Vie)lyy =
det(u,v)Yy. Thus,

Yu,v € R?, [V (u), V(v)]y, = det(u,v)Yp. (4.46)

Note in particular that we have Y = 0 if and only if (D, %) is commutative.

We have now all the tools required to prove the following Lemmas 4.3 and 4.4 that build an
explicit group isomorphism between (D, %) and one of the two canonical Lie group structures on
R2. The first canonical Lie group structure on R? is of course (R?, +), and the second is (R2?, T,

defined as follows:
v 2 ) eR2 yTe=( NTA (4.47)
y2 )\ 22 ’ ’ ya+e¥izg )7 '

It is easy to see that T gives rise to a group structure on R? and that (R?,7") is not commuta-
tive. As a consequence, the two-dimensional Lie groups (D, ) that we are considering will be
isomorphic to (R?, +) or (R?,T) depending on whether they are commutative or not.

Lemma 4.3. Let D C R? be an open simply connected domain, and let f : D x D — D define a
commutative C*-Lie group structure (D, %) on D, for some k > 2. Fiz M € GLy(R) and define
g:D — R? via

b
Ve D, gly) = [ M.LRIG() 0l A (), (4.48)

where yo € D is the neutral element of (D,*), Jof(z,.) denotes the Jacobian matriz of the
function f(z,.) : D — D, and where v : [a,b] — D is any path, locally C*, with v(a) = yo and
v(b) =y. Then g is well-defined, it is a C*-diffeomorphism from D to R?, we have Jg(yo) = M,
and g is a Ck-Lie group isomorphism from (D,*) to (R?,+).

Proof. If g is the sought isomorphism, then, reasoning as in the beginning of the proof of Lemma
4.2, we see that the Jacobian of g has to be y — Q.(Jof(y,v0)) ! where @ is an invertible 2 x 2
matrix. This explains why the expression (4.48) is a natural candidate for g. Moreover, thanks
to Lemma 4.1 applied with (u,v) = (y,90), we can see that Jaf(y,yo) is invertible for any y € D
and that y — (Jof (y,90)) " is of class C*¥~1. To prove that g is well-defined and C*, we thus
only need to prove the existence of a primitive function for y — M.(Jof (y,0))~!. The idea is
to apply Poincaré’s Lemma.

For any y € D, let us denote by L, the linear application that sends z € R2 to M.(Jof (y,y0)) L.z €
R?. We wish to apply Poincaré’s Lemma to the differential forms y — m; oLy and y = ma0 L.
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Let us show that these differential forms are closed. For ¢ € {1,2} and y € D we have

d d d d
s Lyfen)] = gm0 Lyfen] = | - Lyfer) = - L)
=T; <M- [din(sz(y,yo))_l-el - diw(sz(y,yo))_l-ez]>

= —m; (M. [(J2f (y,y0)) " T T2 f (4. 0) [e2, (Jof (y,90)) "1
—(Jof (Y, y0)) " - T1d2f (y, 90) [e1, (Jof (¥, 90)) *ee2]])
=i (M.(Jof (¥, 0)) ™" [1J2f (v, 0) [ex, (Jof (y,10)) 2] — Jiaf (v, w0) [e2. (J2f (. 50)) " -e1]])

=i (M2 90)) ™ [V (o f (9, 90) ™ e0), V(oS (9,50)) " e2)],) = 0.

In the last line we have recognized the expression of the commutator in (4.45) and used that
it is equal to 0 since (D, ) is commutative. Therefore the differential forms y —— m; o L, and
y +— mg o L, are closed. Then, since D is simply connected, Poincaré’s Lemma applies and
shows that there are two functions ¢; : D — R and g2 : D — R such that g¢;(yo) = 0 and for
any y € D, dgi(y), the differential of g; at y, is m; 0 L, = m(M.(Jof (y,v0)) 1)

Now, defining the function g : D — R2 by g := (g1, g2), we have obviously that g(yo) = 0 and
that Yy € D, Jg(y) = M.(J2f(y,y0))~!. Therefore g is C¥, and for any y € D and any locally C*
path 7 : [a,b] — D with v(a) = yo,y(b) = y, the derivative of the function g o~ : [a,b] — R?
at s € [a,b] is clearly M.(Jof(v(s),50)) 1.7/ (s). We thus have

b
9() = 9(y) — g9(yo) = g(v(b)) — g(v(a)) = / M. [Jaf (v(s), o))~ - (s)ds,

so that (4.48) holds for any y € D for the g that we have just defined. Therefore g is well-defined.

Since g is a primitive function of y — M.(Jof (y,y0)) " we have Jg(yo) = M.(Jof (vo,v0)) "},
but f(yo,.) is the identity function on D so Jaf(yo,yo) is the identity matrix so Jg(yo) = M.

We now justify that ¢ is a group homomorphism from (D, x) to (R?,+). Let y,z € D and
choose a locally C! path v : [0,2] — D with v(0) = yo,7(1) = y,7(2) = f(y,z). Using two
times (4.48), we have

2
o(f(y.2)) = /0 M. [T f (/(s), y0)] 1 A/ (s)ds
1
- /0 M. Lt (/(s), w0)| ™ A (5)ds + | M. [Jaf(3(5),90)] " A (s)ds

= g(w) + / M. [Jaf ((s), y0)] 1 A (s)ds. (4.49)

Now, let h, denote the inverse function of f(y,.) (hy := f(y~',.)) and let us consider the
locally C! path 7 : [1,2] — D defined by Vs € [1,2],7(s) := hy(y(s)). In particular we have
Y1) = 90,7(2) = = and

Vs € [1,2], v(s) = f(y,79(5)), 7 (s) = Lo (y,7(5)) -7 (s).

As a consequence, the second term in the right hand side of (4.49) equals

2 2
/1 M. [ (0, 3(5)), w0)] o f (0, 5(5)) 7 (s)ds = / M. [1f G(5),90)) ™" 7 (5)ds = g(a),

where we have used (4.39) with u = y,v = J(s), and then (4.48). Putting into (4.49) we obtain
g(f(y,z)) = g(y) + g(x) so g is indeed a group homomorphism from (D, %) to (R? +).
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We now justify that g is onto R2. Jg(yo) = M is invertible so, by the local inversion theorem,
g(D) contains a neighborhood in R? of g(yg) = (0,0). Since moreover g(D) is a subgroup of
(R%, +) we conclude that g(D) = R2.

Let us now justify that g is injective. Assume the contrary, that is, ker g # {yo}. We have
that Jg(y) = M.(Jaf (y,50))~" is invertible for any y € D so, thanks to the local inversion
theorem, we get that ker g is a discrete group. Let (Q,) be the quotient group of (D,x) by
ker g, equipped with the quotient topology (we still denote the group composition law on @ by
x). Then, let §: Q — R? denote the quotient application of g. Then § is a continuous injective
group homomorphism between (@, ) and (R?,+). § is also onto because g is. As a consequence
§ is bijective. Let us justify that ¢—' is continuous: let (zn)n>1 be a sequence converging to
some x € R?, and let us justify that g~'(z,,) converges to §~!(x). Let y € D be an antecedent of
x by g. Then, the local inversion theorem gives the existence of a neighborhood U of x and of a
neighborhood V of y such that g is a C*-diffeomorphism from V to U. Let us choose ng such that
Ty € U for all n > ng. For such n > ng, let us define y,, € V to be the antecedent in V of x,, by
g. Since g is a C*-diffeomorphism from V to U we get that y, converges to y. Let 7 : D — @
denote the quotient projection. Since 7 is continuous we get that m(y,) converges to m(y).
Finally, noting that 7(y,) = ¢~ !(z,) and 7(y) = ¢~ '(z), we obtain the sought convergence. In
conclusion have that § is a bi-continuous isomorphism of groups between (@, ) and (R?,+). In
particular § is an homeomorphism between @ and R? so the latter two are homeomorphic. Now,
let v : [0,1] — D be a continuous path such that v(0) = yo and (1) € kerg \ {yo}. Clearly,
mo~y:[0,1] — @ is a continuous loop that cannot be continuously reduced to a single point.
Therefore the topological group of @ is not trivial, so @ is not homeomorphic to R? (whose
topological group is trivial). This is a contradiction, therefore g is injective.

Combining what is proved above, we obtain that g is bijective from D to R? and C*. Recall
that Jg(y) = M.(Jof(y,y0)) " is invertible for any y € D. Therefore we can conclude that g is a
CF-diffeomorphism from D to R%. Since ¢ is also a group homomorphism from (D, %) to (R?, +),
it is even a CF-Lie group isomorphism from (D, %) to (R?,4), which concludes the proof.

O

Lemma 4.4. Let D C R? be an open simply connected domain, and let f : D x D — D define
a non-commutative C*-Lie group structure (D,*) on D, for some k > 2.

Let Yy = [V(e1),V(e2)ly, which can be computed explicitly using (4.45), and let M :=

ma(Yo)  —m1(Yo) . :
<7rf(Yg) 7T22Y0()] > Define g1 : D — R via

b
g1(y) = / 1 (M.[Taf (1(s), 50)] 1/ (5)) ds, (4.50)

where yo € D is the neutral element of (D,x), Jof(z,.) denotes the Jacobian matriz of the
function f(z,.) : D — D, and where v : [a,b] — D is any path, locally C', with v(a) = yo and
~v(b) =y. Define go : D — R via

b
g2(y) = / e V), (M.[Jaf (v(s),y0)] 1A/ (s)) ds, (4.51)

where v : [a,b] — D is any path, locally C*, with v(a) = yo and v(b) = y. Then g1 and go are
well-defined, g == (g1, g2) is a C*-diffeomorphism from D to R?, and a C*-Lie group isomorphism
from (D,*) to (R%T).
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Proof. 1f g is the sought isomorphism, then, reasoning as in the beginning of the proof of Lemma
(é eg?(y)> Q-(Jaf (y,y0))~" where
Q@ is an invertible 2 x 2 matrix. This explains why the definition of g in the statement of
the lemma is a natural candidate for the isomorphism. Here a again, thanks to Lemma 4.1
applied with (u,v) = (y,yo), we can see that Jsf(y,yo) is invertible for any y € D and that
y+— (Jof (y,10)) " is of class C*~1. To prove that g is well-defined and C*, we thus only need
to prove the existence of a primitive function, gi, for y — m(M.(J2f(y,v0))"!.), and then
to prove the existence of a primitive function, gs, for y — €9 Wy (M.(Jof (y,40)) ). Tt will
appear that the 2 x 2 matrix M has been chosen in such a way so that it is possible apply
Poincaré’s Lemma to these differential forms.

4.2, we see that the Jacobian matrix of g has to be y ——

For any y € D, let us denote by dzlJ the linear form that sends z € R? to 71 (M.(Jaof (y,y0)) " L.2) €

R2. We wish to apply Poincaré’s Lemma to the differential form 3 — dzlj. Let us check that it
is closed. For y € D we have

T ldten)] = g [dh(en)) = m (M. | G-t e = et () 2]
= — 1 (M. [(J2f(y,50)) " - TiJof (4, 90) [e2, (J2.f (y,90)) *-e1]
—(J2f (ysy0)) - T1d2f (y, 90) [e1, (Jof (¥, 90)) *ee2]])
M.(Jof(y,90)) " [Jidof (W, wo) [exs (Jof (y,y0)) " eea] — Jidaf (y,m0) [e2, (Jof (v, 90)) een]])

M2 f (90)) ™ [V f (5, 00) o), V(2 (9,00) )],
M.(af (5 90)) ™o f (0 90)- V(S (0 90)) ™), V(o f (3 0)) )], )

M. [V (2 f (y,50) " e0), V((Faf (g 30) " e2)],, )
=det((J2f (y,90)) 1) x m (M.Yp) = 0.

In the above we have recognized the expression of the commutator in (4.45), used (4.43), (4.46),
and the fact, that can easily be seen from the definition of M, that 71 (M.Yp) = 0. This proves
that the differential form dzl/ is closed. Then, since D is simply connected, Poincaré’s Lemma
ensures the existence of a function g; : D — R such that g1(yg) = 0 and for any y € D, dg; (y),
the differential of g1 at y, is dé = 11 (M.(Jaf (y,40))~L.). Therefore g; is C*, and for any y € D
and any locally C! path v : [a,b] — D with v(a) = yo,7(b) = y, the derivative of the function
gro7:la,b] — R? at s € [a,b] is clearly w1 (M.(Jof(7(s),y0)) "t~ (s)), so (4.50) follows.

Now that g7 is defined, we can define dz for any y € D as the linear form that sends z € R?

—

:7T1

:7T1

:7]'1

_7T1

/N 7N N

to eI Wy (M.(Jof (y,40)) " '.2) € R% Here again, we wish to apply Poincaré’s Lemma to the
differential form y —— d32/ so we first check that it is closed. For y € D we have

d 2 d 2
o (e = g [

dy1
=y (31, (0 [0, 0) ] 1 = - [0S () ] ))

=Ty < <—egl (o f (W, 90)) " T Jaf (y,m0) [e2s (J2f (v, 90) Heen] + (

d

e (o £y, 50)) o f (o) [en, (Jof (s o))~ 2] — (@m(y)) -egl(y)-(sz(y,yo))1-62))

d;;gl<y>) O (T f (g, y0)) " er
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_en ) <M-(J2f(y,yo))1- (—J1J2f(y,yo) lens (Jaf (9, 90)) 1] + (d%gl(w)

o f (o) [er, (o (9, 90)) 2] — (diylmw 2>)

=0 sy (Mo f (y90) ™ [V S (9590)) ™ e0), V(o f (5, 50) )]

(e Yo (o >( )

Y

=N W) x (M (F2f (. 90) ™ (J2f (w,0)- [V ((T2f (5, 90) ™ 1), V(R f (y,0)) )],

ez))

:em(w x (M[ ((Jof (g, 90) 1), V(2 f (9, 90) " e2)],, )

) <<igl(y)> x my (M.(Jaf(y,90)) " we1) — <dilgl(y)> o (M'(‘]zf(y’y()))_l'ez)>

(4.52)

In the above we have recognized the expression of the commutator in (4.45) ans used (4.43).
Then, using (4.46), and the definition of M:

mo (M. [V((2f (9,90) ™ e0), V((2f (9:90) " e2)],, )
=det ((J2f (y,90))~ ) x mo (M.Y))
=det ((J2f(y,90) ") x (m1(¥0)? + m2(Y0)?). (4.53)

On the other hand, recall that the differential of g1 at y, is w1 (M.(J2f(y,v0))"'.). In partic-
ular we have 7-g1(y) = (M.(J2f(y,90)) 12 and gh-g1(y) = (M.(J2f (y:90)~)1,1. Also, we
have obviously ma(M.(J2f(y,y0))"-e1) = (M.(J2f (y,90)) )21 and mo(M.(J2f (y,40)) " -e2) =
(M.(J2f(y,90))~")2,2. We thus get

d

(%gmy)) < o (M.(Jaf (9,90)) 1) (@gmy)) < 1o (M.(Tof (5. 90)) " 2)

=(M.(J2f (y,0)) 12 X (M.(J2f (y,50)) " 2a — (M.(J2f (y,90)) " )11 X (M.(J2f (y,50)) 2,2
= —det (M.(Jaf (y,10)) ") = —det ((J2f (y,50)) ") x det(M)
= —det ((J2f(y,50)) ") x (m1(Y0)? + m2(Y0)?). (4.54)

Putting (4.53) and (4.54) into (4.52) we obtain % [d2(e1)] — & [d2(eg)] = 0, that is, the
differential form y —— df/ is closed. Then, since D is simply connected Poincaré’s Lemma
ensures the existence of a function go : D — R such that g2(yp) = 0 and for any y € D, dga(y),
the differential of go at y, is dj = eI Wy (M.(Jof (y,y0))~".). Therefore gy is C*, and for any
y € D and any locally C! path v : [a,b] — D with y(a) = yo,7v(b) = y, the derivative of the
function go 0 7y : [a,b] — R? at s € [a,b] is clearly €9V mo(M.(Jof (v(s),v0)) "' (s)), so
(4.51) follows.

We have seen that g; and go are well-defined and C*, so g := (g1, 92) 1s also well-defined and

91,
C*. We now justify that g is a group homomorphism from (D, *) to ( T). Let y,z € D and
choose a locally C* path v : [0,2] — D with v(0) = yo,v(1) = vy, (2 ) = f(y,z). Using two
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times (4.50), we have
2
nfa) = [ 7 (LS (6) 0]/ (0) s
1
:/0 w1 (M.[T2f (v(s),90)) 7' (s)) ds + [ mu (M.[Jof (4(5), 90)) 7" (5)) ds

2
=91(y)+/1 w1 (M.[J2f (4(5), 50)] 7' 7' (5)) ds. (4.55)

,.)) and let us consider the

Now, let h, denote the inverse function of f(y,.) (h, == f(y~!
= hy(v(s)). In particular we have

locally C* path 7 : [1,2] — D defined by Vs € [1,2],3%/(8
(1) = %0,7(2) =  and
Vs € [1,2], v(s) = f(y,7(5)), 7' (s) = Jof (. 7(s))-7 (s). (4.56)

As a consequence, the second term in the right hand side of (4.55) equals

2 2
/1 I (M- o f (f (y,3(5)), 90)] -J2f(y,’7(8))-’~/(8)) ds :/1 m (M- [2f (3(5), 90)] -’7(8)) ds
where we have used (4.39) with u = y,v = (s) and (4.50). Putting into (4.55) we obtain

a(f(y, ) =qy)+ g(v). (4.57)

Then, using two times (4.51), we have

2
e 0Ny (M.[J2f (1(5),90)] 7/ (s)) ds

1
e 0Ny (M.[T2f (+(5),90)] ' (s)) ds

2
e 0Ny (M.[J2f (1(5),90)] 7 A/ (5)) ds

g2(f(y’ x)) =

+

— 5 —

2
= () + / €106y (M. [T f (4(5),40)] " (5)) ds. (4.58)

Recall the definition of the locally C* path 4 above, and that it satisfies (4.56). Note that for
all s € [1,2] we have g1(7(s)) = g1(f(y,%(s))) = g1(y) + g1(7(s)) thanks to (4.57). The second
term in the right hand side of (4.58) can thus be expressed in term of 4. It equals

2
91 W) /1 e (), <M [Jof (f (g, 3(s)), y0)] " -J2f(?/,7(5))-7(5)) ds

2
—en®) [ en GOy (31112 (3(5), )] 7)) s =m0 go(a),
1
where we have used (4.39) with v = y,v = 7(s) and (4.51). Putting into (4.58) we obtain

92(f(y:2)) = g2(y) + W ga(2). (4.59)

The combination of (4.57) and (4.59) yields g(f(y,z)) = g(y)Tg(x) so g is indeed a group
homomorphism from (D, ) to (R2,T).

We now justify that g is onto R2. Since e9®0) = 1, we have Jg(yo) = M.(Jof (yo,y0) ') = M
which is invertible so, by the local inversion theorem, g(D) contains a neighborhood in R? of
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g(yo) = (0,0). Let us justify that any neighborhood V of (0,0) generates the group (R? T). For

B yi/n
i)

Then, we see that for any n > 1, y is equal to the T-product of n times the element z,:
y = z,1...Tz,. Moreover, we can see that z, € V when n is large enough. Therefore )V generates
the group (R2,T). Then, since g(D) is a subgroup of (R?,T) that contains a neighborhood of 0,
we conclude that ¢(D) = R2.

Y= < 9 ) € R? let us define
Y2

To prove that g is injective, we can readily repeat the argument that justified the injectiveness
in the proof of Lemma 4.3.

Combining what is proved above, we obtain that g is bijective from D to R? and C*. Recall
that g has been defined in such a way that for all y € D, Jg(y), the Jacobian of g at y, equals

1
<0 69?(?/)> M.(J2f(y,90)) "' where M is invertible and Jo f(y,yo) is invertible for any y € D,

as mentioned in the beginning of the proof. Therefore, for all y € D the Jacobian of g at y
is invertible so we can conclude that ¢ is a C*-diffeomorphism from D to R2. Since g is also a
group homomorphism from (D, %) to (R?,T), it is even a C*-Lie group isomorphism from (D, *)
to (R%,T), which concludes the proof.

O

We will also need the following simple lemma about the group (R?,T).

Lemma 4.5. Let m : R2 — R be a continuous group homomorphism from (R?,T) to (R,+).
Then there exists 5 € R such that

Vz = (21,22) € R, m(z) = Bz.
A consequence of the above lemma is that, if m is a continuous group homomorphism from
(R%,T) to (R%, x), then there exists 8 € R such that Vz = (21, 22) € R?, m(z) = 1.
Proof. of Lemma 4.5

The proof is very basic. Note that (A — (A,0)) and (A — (0,)) are continuous group
homomorphisms from (R, +) to (R?,T"). Therefore, if we define my,ma : R — R by

mi(A) :=m(X,0) and ma(A) :=m(0, ),

then m; and mgy are continuous group homomorphisms from (R, +) to (R,+), so there exist /3
and A’ such that VA € R,m1(A\) = A, ma()\) = B’\. Then, note that for any z = (z1,22) € R?,

m(z) :m<< 202 )T( 201 )) = m(0, 22) + m(z1,0)

= ma(22) +mi(21) = Bz1 + Bz (4.60)
(4.60) yields m(1,1) = g+ . On the other hand we have

waty = ()7 ( 1)) =mosmito
s ((§)2($)

=m(l,e') =+ e,
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where we have used (4.60) for the last equality. Putting together the above and m(1,1) = g+’
we deduce that 8’ = 0 and, subsituing 0 to 8" in (4.60), we obtain the asserted result. [

5. LEVY PROCESSES ON (R%,T)

The aim of this section is to identify Lévy processes on the group (R?, T'), and in particular
to express these Lévy processes in term of exponential functionals of classical Lévy processes on
(R%, +). Recall that the starting point of a Lévy process on a group is always the neutral element
of the group. Our result is the following.

Proposition 5.1. Let Y be a Lévy process on (R?,T), then there exists a Lévy process (€,m) on
(R2,+) such that

Yt >0, Y(t) = < Ir egfﬁ)) () > . (5.61)

Let us mention that the general form of generators of Lévy processes on the group (R?T)
can be obtained by an application of Hunt’s theorem (see Theorem 5.3.3 in [3]) to the Lie group
(R%,T). It is possible to prove Proposition 5.1 by 1) computing the generator of the right-hand-
side of (5.61) thanks to Ito’s Lemma for Lévy processes, 2) expliciting Hunt’s theorem in the
case of the Lie group (R?,7T), and 3) identifying the expressions of the two generators. However,
we have chosen to proceed in a more intuitive way that does not require an application of Hunt’s
theorem and relies on simple computations on stochastic integrals. If Y is a Lévy process on
(R2,T), the idea is to define

VE>0, £(t) :=m (Y (1), nt) = /O t e G dry (Y (s)),

and then to justify that (£,7) is a Lévy process on (R?, +) and that (5.61) holds. This argument
is very simple modulo the fact that we can write stochastic integrals with respect to the real-
valued process m5(Y'). Since we do not know a priori what this process looks like we first justify
the fact that these integrals are well-defined. We proceed in several steps. We first study the
procedure of removing the big jumps for a Lévy process on the group (R?,T). This procedure is
classical but we provide all the details for the sake of clarity.

For any M > 0 let

Ay = {z € R?, |z]oo > M}, (5.62)
where |(71,72)|0 := |71| V |22]. For Y a Lévy process on (R% T) and ¢t > 0, the jump of Y at
tis AY (t) := (Y (t—))"'TY (t) (note that AY () = (0,0) if Y is continuous at t). Let RM[Y]
be the process obtained by removing the jumps of Y that are in Ap;. Let us describe briefly
the construction of RM[Y]. If Y has no jump in Ay then we put RM[Y]:= Y. If Y does have
jumps in Aps then, since Y is cad-lag, there are almost surely finitely many jumps of Y in A
on finite time intervals. Let 0 < t1 < t5 < ... be the discrete sequence of times associated to the
jumps in Az, we then put RM[Y](t) :== RM[Y](t;—)T(Y (t;))"'TY (t) for t € [t;,t;41], where by
convention g := 0 and RM[Y](0—) := (0,0). It will be convenient to work with RM[Y], which
has only bounded jumps, and to notice that RM[Y] coincides with Y until the instant of the first
jump of Y in Ap;. We have the following lemma about RM[Y]:

Lemma 5.2. Let Y be a Lévy process on (R?,T) and let (F;)i>0 be the right-continuous filtration
associated with Y. For any M > 0, RM [Y] is a Lévy process on (R?,T) adapted with respect to
(Ft)e>0. For any t > 0 we have

sup E [eQWl(RM[Y}(S_))' < 400, (5.63)
s€[0,t]
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and

set[lopﬂE [|7T2(RM[Y](S))|2] < 400. (5.64)

Proof. Let Y be a Lévy process on (R?,T) and let (F;);>0 be the right-continuous filtration
associated with Y. The fact that R™[Y] is adapted with respect to (F;);>0 is plain from the fact
that (RM[Y](s), 0 < s < t) has been constructed as a function of (Y (s), 0 < s < t). We first
justify that RM[Y] is a Lévy process on (R%,T). If Y has a.s. no jumps in Ay then Y = RM[Y]
so the latter is clearly a Lévy process on (R?,T). We thus assume that Y admits jumps in Aj;.

By construction, RM[Y] is a cad-lag process starting from (0,0). We now justify that RM[Y]
has stationary and independent increments. Let us fix t > 0 and define Sy[Y](.) := (Y (¢)) "' TY (t+
.). Then S;[Y] is independent from F; and has the same law as Y. For any s > 0 we have

AY(t+5)=(Y(t+s=)'TY(t+s)= (Y)'TY(t+s=) 'Y () TY (t + 5)
= (Si[Y](s=)) ' TS [Y](s) = AS,[Y](s).

As a consequence, S;[Y] has a jump at s if and only if Y has a jump at t+s. Let 0 < $1 < $9 < ...
be the sequence of the jumps of Si[Y] in Ay (then ¢ 4+ 51 < t + s9 < ... is the sequence of the
jumps of Y in Ay after time ¢). If Y has jumps in Ap; on [0, ¢], then let u be the instant of the
last jump of Y in Aps. If Y has no jump in [0,¢], then let u := 0. Let us prove by induction on
i that

RM[S[Y)(s) = SURM[Y])(5), Vs € [si, sital, (5.65)
where by convention s := 0. For s € [0, s1] we have by the definitions of RM s1, and S;:
RM[S[Y]](s) = Si[Y](s) = (Y (t)) ' TY (t +5)
= (RMY](u=)T (Y (u) "' TY () ' TRY[Y](u—)T(Y (u)) ' TY (t + 5)
= (RM[Y]() ' TRYY](t + 5) = SRY[Y])(s).
Therefore, (5.65) holds for ¢ = 0. Let us assume that it holds for some ¢ > 0 and prove it for
i+ 1. By the induction hypothesis we have that RM[S;[Y]](s;x1—) = Si[RM[Y]](5;41—). Then,

for any s € [s;11,5:42[, using the definition of R, the previous relation and the definition of S;
we have

RM[S,[YT](s) = RM[Se[Y]I(si41—)T(Se[Y](si41)) TS [Y)(5)
= t[RM[YH(Sz+1—)T(St[Y](Sz‘+1)) TS, [Y](s)
= (RMY]() ' TRM[Y)(t + si01=)T (Y () ' TY (¢ + 5i12)) " T(Y ()T TY (¢ + 5)
= (RM[Y](t)) "TRM[Y](t + sip1—)T (Y (t + 5i41)) ' TY (t + 5)
= (RM[Y]()) ' TRM[Y(t + 5) = S{[RM[Y]](s).

Then the induction is completed and we conclude that we have a.s. RM[S,[Y]] = S[RM[Y]].
This means that S;[RM Y]] is expressed as a deterministic function, RM | of the process S;[Y] that
is independent from F; and has the same law as Y. As a consequence S;[R™[Y]] is independent
from F; and has the same law as RM [Y]. This proves the independence and stationarity of the
increments of RM[Y] which is therefore a Lévy process.

We now justify the claim about moments. For this we follow the proof of Theorem 2.4.7
in [2], just working on (R2,T) instead of (R +). Let Ty := 0 and recursively for n > 0,
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Ty := inf{t > Tp,, [(RMY(T)) ' TRM[Y](t)|so > M}. By definition of T}, we have a.s. that
Vs € [T, Tga [, [mi(RM[Y)(T) ' TRM[Y(s))] < M, (5.66)
m(RM[Y)(T,)) ' TRM[Y](5))] < M. (5.67)

Then, |71 (RM[Y(T,)) ' TRM[Y](T,51))| equals a.s.
|

According to (5.66) the first term is a.s. less than M and, since RM[Y] has no jump in Ayy, the
second term is a.s. less than M. We thus get |m ((RM[Y](T,,)) ' TRM[Y](Ti1))| < 2M aus.
and combining with (5.66) we get that a.s.

YUT)) TRY [Y)(Tr ) TARM [Y](Tr1))|
Y(To) ' TRM[Y](Tos1-)) + mi(ARM[Y](Tr1))]
() TRY[Y](Ti1 )] + w1 (ARM [Y)(T1)-

)

71 ((RM
7T1((RM
71 ( M

(R

IN
'»._<'

S | (RM[Y)(T)) " TRM Y (s))| < 2M. (5.68)
Then, |m((RM[Y|(T,)) 'TRM|Y](T}11))| a.s. equals
I (RM Y )(T3)) " TRM Y (T ) TARM [Y)(T41))|
=|ma(RM[Y](T))" ITRM[YMTW—))+em<<RMW T TR YT ) oy (ARM Y] (Tr1))|
<|ma(RM Y (L)) M TRM [Y)(Tyg1-))| + e (W ITD) TR NI T 02D 7y (ARM Y )(T41)))-

According to (5.67) the first term is a.s. less than M, and according to (5.66) the first factor
in the second term is a.s. less than €. Since RM[Y] has no jump in Ay, the second factor in
the second term is a.s. less than M. We thus get that |mo((RM[Y)(T,)) 'TRM[Y](Th11))| <
(14 eMYM < 2MeM as. and, combining with (5.67) we get that a.s.

E{;ug | | (RM[Y](T,)) ' TRM[Y](s))| < 2MeM. (5.69)

Let us prove by induction that a.s.
Vs € [0, Ty, |7 (RM[Y](s))] < 2nM, |mo(RM[Y](s))| < 2nMe*™M (5.70)

(5.70) is clearly true for n = 0. Let us assume that it holds for some n > 0 and prove it for
n + 1. If the supremum of |71 (RM[Y](s))| on the interval [0,T}, 1] is attained in [0, 7},[, then
the induction hypothesis implies that sup,ecp.z, ., |71 (RM[Y](s))] < 2nM < 2(n+ 1)M. If the

supremum of |71 (R™[Y](s))| on the interval [0, T}, 1] is attained in [T},, T),4+1] then we have

sup [ (RYM[Y])(s))|= sup  |m(RM[Y|(T)T(RM[Y](T,) ' TRM[Y](s))]
s€[0,Th+1] S€[Tn,Th+1]
= ]|7T1(RM[Y](T w) + m(RMY](T,)) ' TRM[Y](s))]
< |m(RM[Y](T,))| + iy }|W1((RM[Y](Tn))_lTRM[Y](S))|-

By the induction hypothesis the first term is a.s. less than 2nM and by (5.68) the second term is
a.s. less than 2M. In any case we thus have sup,cjo 7, ] |T1(RM[Y](s))| < 2(n+1)M. Then, if
the supremum of |m2(RM™[Y](s))| on the interval [0, T}, ;1] is attained in [0, T},[, then the induction
hypothesis implies that sup,cio 7, ) |mo(RM[Y](5))| < 2nMe?™™M < 2(n 4 1)Me2+DM | If the
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supremum of |m2(RM[Y](s))| on the interval [0, T}, 1] is attained in [T},, T),4+1] then we have

o RV = s (R YT TR ) TR )
= |ma(RMY)(Ty,)) + ™ B DTy (RM[Y)(T,,)) P TRM [Y](5))]
S€(Tn,Tn+1
< r(RY )+ e ERIED sup (RN I(T) 7 TR YN

By the induction hypothesis the first term is a.s. less than 2nMe*™ < 2pMe2( DM anq the
first factor in the second term is a.s. less than "™ . By (5.69) the second factor of the second
term is a.s. less than 2Me™ < 2Me*M | In any case we thus have SUP4e[0,7;041] |2 (RM]Y](s))| <

2(n + 1)Me2+DM " Tn conclusion, (5.70) holds for n + 1 so the induction is completed.

Then, since RM[Y] is a Lévy process, the sequence (Ty,+1 — T)n>0 is 4d so in particular
E[e ] = B[~ Tn=Tn-1) _e=AT1] = (E[e=*T1])". Then for any t > 0,2 > 0,

P (jm(RM[Y](0)] > =) < P (jm (RMY](2))| > 2M1|=/2M))
z/2M
where we have used (5.70) (which shows that |71 (RM[Y](t))| > 2nM = T, < t) and Chernoff’s

inequality. Let us choose A\jz1 large enough so that (E[e=*m1T1])1/2M < =2 For such a choice
of Ayr,1 we get

+oo

Yt > 0’ E eQ\ﬂl(RNI[Y](t))q =1 +2/ BZZP (|7T1(RM[Y](t))| > Z) dz
0

+
<1+ 26)\M’1t/ - e?* <IE [eiAMJﬂD /2] dz
0

< 14 eMlcy,
where C'1 is some positive constant. We thus get

sup E [emm(RM[YJ(s))q < 400,
s€[0,t]

Taking left-limits and using Fatou’s Lemma we obtain (5.63).

Let 2y be such that e3MUos()/3MI > 90 |log(z)/3M |e2MUoe(x)/3M] for any 2 > zp;. Then
for any t > 0 and z > zy,

P (jma(RM[Y](£)] > 2) < P (Ima(RM[Y](1))] > e Lles2/3M))

IN

P (Ima(RY[¥)())] > 201 Llog(2)/ 301 e L)1)

(Thogey/snr) < 1) < et (B [T ) o

IN
=

where we have used (5.70) (which shows that |mo(RM[Y](t))] > 2nMe?*"M = T, < t) and
Chernoff’s inequality. Let us choose A\pro large enough so that (E[e~*2Ti)1/3M < =3 For
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such a choice of \yr o we have (E[e~?271])log()/3M] < (E[e=Aw2T1])=1,73 We thus get:

+oo
Vi > 0, E [[m(RM[Y)()2] = 2/0 2P (Ima(RMY)(8)] > ) d

- Dt /+oo . <E |:e—>\M,2T1i|) [log(z)/3M | &
0

< 6)\JVI,2tC2’
where C3 is some positive constant. This yields (5.64).
O
We now study a procedure of re-centering for the second coordinate of RM[Y], in order to
obtain a martingale.

Lemma 5.3. Let Y be a Lévy process on (R?,T) and let (F;)i>0 be the right-continuous filtration
associated with Y. For any M > 0, there is a unique apy € R such that the process

Myl — (7o (RM o [ @I g, .
WMy - <2(R Y](¢)) M/o du, t20> (5.71)

is a cad-lag martingale with respect to the filtration (F;)¢>o0, locally bounded in L? (that is, for
any t > 0, sup,ejoy E[(WM[Y](s))?] < +00).

Proof. Let Y be a Lévy process on (R?,T) and let (F;);>0 be the right-continuous filtration
associated with Y. The process (fg em (R [Y] @=))du, t > 0) is well-defined and a.s. continuous,

because RM[Y] is a.s. cad-lag as a Lévy process, according to Lemma 5.2. Note from Lemma

5.2 that the expectations E[mo(RM[Y](1))] and E[fol em (RY Y1(u=)) ] are finite, and notice that
the second is positive. Let us put

ans = E [ R0 /2 | [ 1 (R ] (5.72)

and define WM[Y] with this ayz, as in (5.71). Then, WM[Y] is well-defined and a.s. cad-lag.
We now justify the local boundedness in L2. Let us fix t > 0 and s € [0,¢]. We have

s 2
( / o (RM m(u))du) ]
0

t 2
<2 sup E [[ma(RM[Y](w)[?] + 203,¢°E [G / em(RM[ﬂ(u))du) ]
0

u€(0,t]

E [(WM[Y](s))?] < 2E [(m2(RM[Y](5)))?] + 203,E

t
<2 sup E [Jma(RM[Y](u))[?2] + 202E [ / ezmmM[y](u))du}
u€e(0,t] 0

t
<2 sup E [\WQ(RM[Y](u))P] + QQ?Mt/ E |:e27r1(R1W[Y](U*)):| du
u€e(0,t] 0

<2 sup E [|m(RM[Y](w)]?] +2a3,t* sup E [e2lm(RM[Y1(u—>)\]
u€l0,t] u€[0,t]

< fo0, (5.73)

where we have used Jensen’s inequality, Fubini’s theorem, and Lemma 5.2 for the finiteness of
the two supremums. Since the final upper bound is independent of s € [0,¢], we obtain that
WM[Y] is indeed locally bounded in L.
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We now justify that W [Y] is a martingale. Recall from Lemma 5.2 that RM[Y] is adapted
with respect to (F;)¢>0. From this it is not difficult to see that WM[Y] is adapted with respect
to (Ft)¢>0. Now, for any h > 0 let us put

h
onr(h) == E [ma(RMY](h))] JE [ /0 em(RM[Y}(u))du] ,

and notice that aps defined in (5.72) coincides with aps(1). By definition, aps(h) is the unique
real number that satisfies

h
o (RM o o (R Y)) g0 | .
EMR Y1) — () | d] 0

Then recall that, since RM[Y] is a Lévy process on (R?,T) adapted to (F;)i>0, for any h > 0
and u > 0 we have RM[Y](h +u) = RM[Y](h)TSp[RM[Y]](u) where S,[RM[Y]] is equal in law
to RM[Y] and is independent from Fj,. Then E[mo(RM[Y](2h)) — ans(h) fOZh e”l(RM[Y}(“_))du]
equals

K [Wz (RMY](R)TSh[RM[Y])(h)) — anr(h) / " (B YIo) g
0

h
— aM(h)/ em(RM[Y](h)TSh[RM[Y]](u—))du]
0
h
& [ma RV (1)) — ane () [ 000 ]
0

h

+E [e”“RM[Y“h” (w(Sh[RM YI)(R) — erar (h) / emwh[RM[an»duﬂ
0

h
—0+E |:67r1(RM[Y}(h))E |:7T2(Sh[RM[YH(h)) _ OéM(h)/ eﬂl(sh[RNI[Y]](U_))d’LL{]:h:|:|
0

h
_E [GMRM[YW X E [mRM Y](h)) — anr(R) / em(RM[Y](“))du”
0
_E [JNRM Y1) 0} ~0. (5.74)

In the above we have used two times the definition of ap;(h) and one time the fact that Sj,[RM[Y]]
is equal in law to RM[Y] and is independent from J;,. By unicity we obtain aps(2h) = apr(h) and
the previous reasoning can be used to prove by induction that we have actually apr(nh) = apr(h),
for all n € N. In particular, the function as(.) is constant on the set of positive dyadic numbers.
Then, reasoning as in (5.73), we see that for any ¢ > 0 the families (mo(RM[Y](s)),0 < s < 1)
and (fos e (B YI=) gy, 0 < s < t) are bounded in L? and therefore uniformly integrable. Since
RM[Y] is a Lévy process, these two family are also stochastically continuous with respect to
s € [0,1]. We deduce that these family are continuous in L' with respect to s € [0,#]. This proves
the continuity of the function ays(.). Combining with the constantness on the set of positive
dyadic numbers, we obtain that this function is constant equal to aj;. As a consequence, for
any h > 0 we have

h
E |ma(RY[Y](h)) —OzM/ et (I gy | — o,
0

Using this and reasoning as in (5.74) we can now prove that for any ¢,s > 0

E [WMY](t+ )| F] = WM [Y](8).
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This concludes the proof of the fact that W™[Y] is a martingale with respect to the filtration
(Ft)e=o0-

Conversely, the fact that W [Y] is a martingale implies that E[WM[Y](1)] = EWM[Y](0)] =
E[0] = 0. This can hold only for aips being as in (5.72). This proves unicity for the choice of a s
for which WM [Y] is a martingale.

O
We are now ready to prove Proposition 5.1.

Proof. of Proposition 5.1

Let Y be a Lévy process on (R?, T') and let (F;);>0 be the right-continuous filtration associated
with Y. We want to define

W0, €)= m(Y (), n(t) = /0 D) gy (v (). (5.75)

We first need to justify that the stochastic integral in (5.75) is well-defined. Let us fix M >
0, and let WM[Y] denote the process defined in (5.71). According to Lemma 5.3, WM[Y]
is a cad-lag martingale with respect to the filtration (F:)¢>0, locally bounded in L?. Also,
(f(f em (BY YD)y, ¢ > 0) is continuous, adapted with respect to (Ft)t>0 and has locally
bounded variation. Then, since by definition of WM [Y]in (5.71) we have mo(RM[Y]) = WM[Y]+
am [ em (BYIYI(=) gy, we deduce that the process mo(RM[Y]) (that is cad-lag and adapted with
respect to (F¢)i>0) satisfies the definition of a decomposable process, just before Theorem I1.3.9
in [13]. By this theorem, o (RM[Y]) is a semimartingale, in the meaning of [13], for the filtration
(Ft)t>0. In the remainder, the concept of semimartingale has to be always understood in the
meaning of [13].

Let Ty = inf{t > 0, AY(t) € Apr}, where Ajps is defined in (5.62). Ty is a stopping time
for the filtration (F;);>0 and Tps converges a.s. to +0o when M goes to +oo (otherwise, with
positive probability, a finite time interval could contain infinitely many big jumps of Y, which
would not be compatible with Y being a.s. cad-lag). For Z a real process starting at 0 and
adapted to (F;)¢>0, we define Z stopped at Tyy— by ZTv=(t) := Z(t)Lo<i<ty, + Z(Tor—)LisTy, -
For any M > 0 we have clearly (mo( RM[Y]))T™~ = (m2(Y))T™~. Moreover m5(Y') is cad-lag and
adapted with respect to (F;)i>0. By Theorem I1.3.6 in [13], we can conclude that m(Y') is a
semimartingale for the filtration (F)i>o.

The process (e~™ (Y (=) ¢ > 0) is adapted with respect to (F;)¢>o and left continuous with
right limits. Section II.4 in [13] ensures that the stochastic integral of such a process, with
respect to a semimartingale for (F3)¢>0, is well-defined (as a limit of stochastic integrals of
simple predictable processes with respect to the semimartingale in question), a.s. cad-lag, and
adapted with respect to (F3)i>o-

We deduce that the process (£,7) defined in (5.75) is indeed well-defined, a.s. cad-lag, and
adapted with respect to (F;);>0. We now justify that (£,7) is a Lévy process on (R?,+). We
only need to justify the independence and stationarity of the increments. Let us fix ¢ > 0 and
define Y'(.) := (Y/(t))"'TY (t 4 .). Then Y is independent from F; and has the same law as Y.
Since Y (t +.) = Y(£)TY (.), it is not difficult to see that we have a.s.

. m (Y (t+s)) —m(Y(t))
Vs >0, Y(s) = < e YO [y (Y (t + 5)) — ma(Y(£))] > '
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Let (&,7) be constructed from Y just as (£,7) is constructed from Y in (5.75). Then (£,7) is
independent from F; and has the same law as (£,7). Moreover, we have a.s. that for any s > 0,

( £(s) ) _ 731(}7(5)) _ ( m(Y(t+s)) —m (Y (1))
7(s) ;e—m(Y(u— d7r2( (u)) 5 o—mi(Y (t+u—))+m1 (Y (t) o fwl(Y(t))dﬂ_z( (t+u))

0
< (Y(t+8)) —m(Y(t)) > ( m(Y(t+s)) —m (Y (1)) >
fs —m1 (Y (t+u— )d7T2 (Y( + u)) fttJrs ! (Y(uf))dﬂ.2 (Y(u))

(533)-(58)

This proves that (£,7) has stationary increments. Moreover, recall that ((£(s),n(s)), 0 <s <t)
is measurable with respect to F; and that (£,7) is independent from Fi, so the independence of
of increments for (&,7) follows. (£,7) is thus indeed a Lévy process on (R?, +).

S5

It now only remains to justify that the expression (5.61) is satisfied. Since 7 is defined via
(5.75), Theorem II.5.19 in [13] ensures that 7 is a semimartingale for the filtration (F;)i>o0
(alternatively, this follows from the fact that 7 is a Lévy process, adapted to (F;)i>0, and the
corollary of Theorem I11.3.9 in [13]). The process (e™(Y¢=) ¢ > 0) is adapted with respect
to (F¢)e>0 and left continuous with right limits. Therefore, by Section I1.4 in [13], this process
can be integrated with respect to 1, and the stochastic integral in the sens of [13| coincides
with the classical stochastic integral with respect to the Lévy process 1 (see for example Section
4 in [2] for the definition of stochastic integrals with respect to real Lévy processes). Indeed,
both integrals are limits of stochastic integrals, with respect to n, of simple predictable processes
approaching the integrand. By the associativity property in Theorem I1.5.19 of [13|, we have
I e Y= dn(s) =5 eV (5=)e=m V(=) dry (Y'(5)). Then we get that, a.s. for any t > 0,

( Js egé(t’)dn(s) > < I e”“’g(s(g%zln( ) > - < I e’Tl(Y(s>>217(f<$<1)>>dm<y<s)) >
= (it ) = (mivty ) =7

Therefore, (5.61) holds a.s. for our definition of (§,7).

6. PROOF OF THE MAIN THEOREMS

6.1. Proof of Theorems 1.16 and 1.5. We first prove Theorem 1.16. Let I be an open
interval of R, and X be a Ck-gssMp on I, for some k > 1. ((fy,¢,), y € E) is a family of C* good
invariance components associated with X, relatively to some reference point yg € I. We assume
that either Assumption 1 or Assumption 2 is satisfied for £ = I. Lemma 7.1 then guaranties
that Assumption 1 is satisfied. According to Lemma 7.2, Sym(X,,) is discrete.

We can thus apply Proposition 3.1. Let us define an interne composition law * on I by
yxx = fy(x). According to Proposition 3.1, (1,*) is a CF-Lie group (for the natural differential
structure on I, arising from the fact that it is an open subset of R) with neutral element yg, and
(y — ¢y) is a C*-Lie group homomorphism from (I,%) to (R, x). According to Proposition
3.3, there is a Lévy process L, on (I, *), such that if we set V¢ € [0, +o0], fo 1/crs)
then ((X,,) = ¢(+00) and

V0 <t < p(+oo) = ((Xyg) Xyot) =L (7' (1)) (6.76)
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Let us define g : I — R as in (1.18). Then, according to Lemma 4.2, g is well-defined, is a
C* diffeomorphism from I to R, and even a C*-Lie group isomorphism from (I,%) to (R, +).
Let us define the real valued process £ as £(t) := g(L(t)). Since g is a continuous group homo-
morphism from (I,*) to (R,+) we have clearly that £ is a real Lévy process. Then, we have
Vt € [0, +00], ¢(t) = fg 1/cg-1(¢(s))ds and (6.76) can be re-written as

V0 <t <o(+o0) =((Xy,), Xyo(t) = g (5 (90_1(t))) :

Then, since g~! is a continuous group homomorphism from (R,+) to (I,%), and (y — ¢;)

is a continuous group homomorphism from (7,*) to (R, x), we get that (z — cy-1(,)) is a
continuous group homomorphism from (R, +) to (R%, x). Therefore, there exists o € R such that
Cg-1(z) = € %, Vo € R. Clearly, this « is equal to —log(cs-1(1)) and "p(t) = fg 1/eg-1(e(sy)ds"

can be re-written as p(t) = f(f e®6(3) s, which terminates the proof of the asserted representation
for X.

Let us now justify Remark 1.17. Clearly we only need to justify that for all 0 < ¢ < ((Xy,),
o H(t) = fg Xy, (v)du. In the above proof, an application of Proposition 3.3 yielded the existence

of a process L satisfying the relation (6.76), with V¢ € [0, +o00], (t) = fg 1/cr(syds. According

to Remark 3.4, this implies that we have 0 < t < ((X,,), ¢ () = fg ¢x,, (u)du, which is the
claim.

We now justify Theorem 1.5. Under the assumptions of the theorem, Lemma 7.1 guaranties
that Assumption 1 is satisfied. Then, Lemma 7.2 applies so the conditions are satisfied to
apply Proposition 1.15. We can thus produce a family ((fy,c,), v € I) of C* good invariance
components associated with X, relatively to the reference point yg. Then Theorem 1.16 applies
and yields the direct part of the theorem. The reciprocal is straightforward to verify, following
the procedure from the proof of Proposition 1.11.

6.2. Proof of Theorems 1.19 and 1.6. We first prove Theorem 1.19. Let D be an open simply
connected domain of R?, and X be a C*-gssMp on D, for some k > 2. ((fyrcy), y € E)is a
family of C¥ good invariance components associated with X, relatively to some reference point
yo € D. We assume that either Assumption 1 or Assumption 2 is satisfied for £ = D and that
Sym(Xy,) is discrete.

Let us define an interne composition law x on D by y * z := f,(x). According to Proposition
3.1, (D,*) is a C*-Lie group (for the natural differential structure on D, arising from the fact
that it is an open subset of R?) with neutral element yo, and (y cy) is a Ck-Lie group
homomorphism from (D, *) to (R%, x). According to Proposition 3.3, there is a Lévy process L,

on (D, *), such that if we set Vt € [0, +o0], p(t) := f(f 1/ersyds, then ((Xy,) = p(+00) and

V0 <t < p(+oo) = ((Xy) Xyot) =L (7' (1))- (6.77)

We now distinguish two cases:

1) If ((fy,cy), y € D) are commutative invariance components, then the Lie group (D, ) is
commutative. Let us define g : D — R? as in (1.23). Since the matrix M, defined a little before
(1.23), is always invertible, Lemma 4.3 ensures that g is well-defined, is a C* diffeomorphism
from D to R?, and even a C*-Lie group isomorphism from (D, ) to (R?,+). Let us define the
R? valued process (£,7) as (£(t),n(t)) := g(L(t)), where L is the Lévy process on (D, ) that
appears in (6.77). Since g is a continuous group homomorphism we have that (£,7n) is a Lévy
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process on (R2 +). Also, replacing L by g~!(&,7) we obtain

t 1 t 1
w6ﬂx+mL¢@y:/ ds:/ﬁ——————d& (6.78)
0 CL(s) 0 Cg=1(&(s),m(s))

and (6.77) can be re-written as (1.26) (but with ¢(.) as in (6.78)). It thus only remains to
prove that ¢(t) = fg e*(*)ds where « is as defined in the statement of the theorem, that is,
- log(cg—l(l,o))'

Note that (z — cg-1(,)) is a Ck-Lie group homomorphism from (R?, +) to (R, x). Therefore,
there are £, 32 € R such that Vz = (21, 20) € R, Co-1(z) = efrza1itB2z2 - Differentiating at (0,0)
with respect to respectively z; and 29 we get

B = Yo.Jg 10,0).e; = Yo.(Jg(wo)) e = YoM le; and By = Vo.M ley.
(6.79)

In the above expression we have used that, as defined in the statement of the theorem, Yj is the
gradient at yo of the application (y — ¢,), and the fact that Jg(yo) = M (see Lemma 4.3).

0 0

_ [ m(Yo) m(Yp) -1 (m(Yo) —ma(Yo) gy
M = <—712(Y0) n(Yo) ) % M= = 1y (o) m(Yy) ) where ||.|| denotes the Euclidian
norm of vectors of R2. Combining with (6.79) we get B2 = 0. Therefore, in any case, we have

Vz = (21,22) € R% ¢y = P17 and, evaluating at z = (1,0), B = log(cg-1(1,0)) = —av.

If Yp = (O) then we have clearly from (6.79) that S = 0. If Yy # <0> then recall that

Putting the obtained expression of ¢,-1( into (6.78) we get ¢(t) = fg e®¢(8)ds as required, which
terminates the proof.

2) If ((fy,cy), y € D) are not commutative invariance components, then the Lie group (D, x) is
non-commutative. Let us define g : D — R? as in Lemma 4.4. Then, according to that lemma,
g is well-defined, is a C* diffeomorphism from D to R2, and even a C*-Lie group isomorphism
from (D, *) to (R?,T). Let us define the R? valued process Y as Y (t) := g(L(t)), where L is the
Lévy process on (D, *) that appears in (6.77). Since g is a continuous group homomorphism we
have that Y is a Lévy process on (R2 ) According to Proposition 5.1, there is a Lévy process

(&,m) on (R2 +) such that Y(t fo e$6=)dn(s)),Vt > 0. Therefore, we can replace L(.)
by g~ }( fo ef(s— We obtaln
b1 ¢ 1
W€M+wLﬂﬂ:/ (m:/ ds, (6.80)
0 CL(s) 0 Cgm1((s). 5 € dn(u))

and (6.77) can be re-written as (1.29) (but with ¢(.) as in (6.80)). It thus only remains to
prove that ¢(t) = fg e*(*)ds where « is as defined in the statement of the theorem, that is,
- log(cg—l(l,o))'

(2 cg-1(z)) s a Ck-Lie group homomorphism from (R?, 7)) to (R%, x). Therefore, according
to Lemma 4.5, there is § € R such that Vz = (21, 22) € R2,Cg—l(z) = eP%1 and, evaluating at
z=(1,0), B =log(cy-1(1,0)) = —. Putting the obtained expression of c,-1 into (6.80) we get
o(t) = fg e*()ds as required, which terminates the proof.

Here, we still have the alternative expression ¢~ !(t) = fg Cxyy (uydu for 0 <t < ((Xy,). The
justification is just as in the proof of Theorem 1.16.

We now justify Theorem 1.6. Under the assumptions of the theorem, Proposition 1.15 applies.
We can thus produce a family ((fy,cy), y € I) of C* good invariance components associated
with X, relatively to the reference point yg. Then Theorem 1.19 applies and yields the direct
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part of the theorem. Indeed, if the good invariance components are commutative then Theorem
1.19 shows that (1.9), (1.10) and (1.11) are true for ¢p = g=*, 3 =0 (and g, (£,7n), a are given in
the first point of Theorem 1.19). If the good invariance components are not commutative then
Theorem 1.19 shows that (1.9), (1.10) and (1.11) are true for ¢» = g=%, 3 = 1 (and g, (&,7),
« are given in the second point of Theorem 1.19). The reciprocal is straightforward to verify,
following the procedure from the proof of Proposition 1.11.

7. TECHINAL RESULTS

We now state and prove Lemmas 7.1 and 7.2, about the assumptions that are discussed in the
end of Subsection 1.1 and used all along the paper.

Lemma 7.1. Let E be a connected locally compact separable metric space, and let X be a gssMp
on E with invariance components ((fy,cy), y € E) relatively to some reference point yo € E.
Then, Assumption 2 implies Assumption 1.

o
—

Proof. Let us assume that Assumption 2 holds. Let y be such that y € Supp(X,). Clearly we
have Supp(Xy) = f,(Supp(Xy,)) so, since f, is an homeomorphism that maps yg to y, we have

o

Yo € Sumyo). Similarly, Supp(X.) = f.(Supp(Xy,)) with f, an homeomorphism that maps

Yo t0 2,80 2 € Szmz) for all z € E. In other words, for all z € E, Supp(X,) is a neighborhood
of z.

We now justify that z € Supp(Xy,) = Supp(X.) C Supp(X,,). Let z € Supp(X,,), v €
Supp(X.) and € > 0, we need to prove the existence of r > 0 such that P(X,,(r) € B(v,€)) > 0.
By definition of Supp(X.), there is t > 0 such that P(X,(t) € B(v,¢€)) > 0. By self-similarity,
P(f.(Xy,(c:t)) € B(v,€)) > 0. Since (y,x) — fy(x) and y — ¢, are continuous, and X, is
stochastically continuous, we have that f,,(Xy,(cyt)) converges in distribution to f,(X,,(c.t))
as w goes to z. Therefore, there is a neighborhood U of z such that

Vw e U, P(X,(t) € B(v,€)) = P(fu(Xy,(cwt)) € B(v,€)) > 0. (7.81)
Then, since U is a neighborhood of z € Supp(Xy,), there is s > 0 such that
P(Xy,(s) € U) > 0. (7.82)

The combination of (7.82), (7.81), and the Markov property at time s yields that P(X,,(t+s) €
B(v,€)) > 0, proving the claim.

We have established that for each z € Supp(X,,), Supp(Xy,) contains Supp(X.) which is a
neighborhood of z. Therefore Supp(X,,) is open. Since it also close (see (1.4)) and nonempty (it
contains yo, as previously justified), and since £ is connected, we conclude that Supp(X,,) = E,
that is, Assumption 1.

O
Lemma 7.2. Let I C R be an open interval, yo € I, Xy, be a Markovian process on I that

satisfies Assumption 1 with E = I, and let Sym(Xy,) be defined as in (1.5). Then Sym(X,,) is
discrete.

Proof. Let h be an increasing element of Sym(Xy,), and let us fix x € I. Because of Assumption
1 and of the definition of the support (see (1.4)), we have that for any € > 0, we can find 1,5 > 0
such that P(X,,(t1) €]z, z + €[) > 0 and P(Xy,(t2) €]z — €, 2[) > 0. Therefore we have

P(Xy(t1) > x) > P(Xy(t1) >z +€) and P(Xy,(t2) > z) <P(Xy,(t2) >x —¢€). (7.83)
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h~1 € Sym(X,,) and is also increasing so we have
P(Xyo(t1) > 2) = P(h™H (X (1)) > @) = P(Xy, (1) > h(z))
P(Xy(t2) > @) = P(h™'(Xy(t2)) > 2) = P(Xy, (t2) > h(2))-

Combining with (7.83) we obtain P(Xy,(t1) > h(z)) > P(Xy,(t1) > = + €) and P(X,,(t2) >
h(x)) < P(Xy,(t2) > x — €) which implies h(x) €]z — €,z + €[. Since this is true for any € > 0 we
get h(x) = x, and since z € I is arbitrary we conclude that h = id;.

Since any h € Sym(Xy,) is an homeomorphisms of I, it is either increasing or decreasing. Let
h be a decreasing element of Sym(Xy,), if such an element exists. If h is any other decreasing
element of Sym(X,,), then h=! o h is an increasing element of Sym(X,,) so, by the previous

part, it equals id;, so h = h. In conclusion Sym(X,,) contains at most two elements so it is
discrete.

O
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