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Abstract. A classical result, due to Lamperti, establishes a one-to-one correspondence be-
tween a class of strictly positive Markov processes that are self-similar, and the class of
one-dimensional Lévy processes. This correspondence is obtained by suitably time-chang-
ing the exponential of the Lévy process. In this paper we generalise Lamperti’s result to
processes in n dimensions. For the representation we obtain, it is essential that the same
time-change be applied to all coordinates of the processes involved. Also for the statement
of the main result we need the proper concept of self-similarity in higher dimensions, referred
to as multi-self-similarity in the paper.

The special case where the Lévy process & is standard Brownian motion in n dimensions
is studied in detail. There are also specific comments on the case where & is an n-dimensional
compound Poisson process with drift.

Finally, we present some results concerning moment sequences, obtained by studying
the multi-self-similar processes that correspond to n-dimensional subordinators.

1. Introduction and main results

Consider (B, + vu),>(,aone-dimensional Brownian motion (BM) with driftv > 0
started at 0. Lamperti’s [15] representation of (exp (B, + vu)),> as

— pWM
exp (Bu -+ vi) = Ry oy (02 0) M

where (R,(V)> is a Bessel process (BES) of index v or ‘dimension’ 2v + 2

>0
started at 1, has proved to be a powerful tool in the study of the exponential func-
tional (fy dv exp2 (B, + vv)),, ., which plays an important role for a number of
questions in mathematical finance (e.g. Dufresne [6], Geman and Yor [7]; see also
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the collection of papers: Yor [21]), in the study of hyperbolic Brownian motion
(e.g. Gruet [8], Ikeda and Matsumoto [10]) and Brownian motion in random media
(e.g. Hu, Shi and Yor [9], Comtet and Monthus [3], Comtet, Monthus and Yor [4]
and Kawazu and Tanaka [13]).

Lamperti’s original representation is not (1) but the squared version

_ p)?
exp2 (B, + vu) = Rf(;t dv exp2(Bytov) (u > 0) 2)

where S = RV isa squared Bessel process (BESQ) of ‘dimension’ 2v + 2, i.e.
S satisfies the SDE

dS; = Qv +2) dt +2/S; dW, A3)

with W a standard BM(1). Here the point of the representation (2) rather than (1) is
that R™” is the diffusion with the self-similarity (or semi-stability) property used
by Lamperti [15] in his main result, Theorem 4.1, part of which may informally be
stated as follows: any 1-self-similar strictly positive and ‘nice’ Markov process is
a time-change of the exponential of a Lévy process; see (5) below.

For the discussion of (1) and (2) we assumed that the Brownian motion B
should have drift v > 0 which ensures that R,(”)and S; are well defined for all
t > 0. Throughout the paper we shall work under conditions so that the random
time-changes we consider map the time axis [0, oo[ onfo itself. Note however that
Lamperti’s Theorem 4.1 in [15] in particular contains a version of (2) also when
v < 0 but with S; defined only up to the finite killing time fooo dv exp2 (B, + vv).
Our main result, Theorem 1, can be generalised similarly, but we do not pursue this
generalisation here.

In a recent paper, studying some concrete examples of multidimensional diffu-
sions, Jacobsen [12] found an n-dimensional analogy to (2) when the one-dimen-
sional Brownian motion with drift is replaced by an n-dimensional Gaussian Lévy
process G = (G') (Brownian motion in # dimensions with some drift vec-

tor and some covariance matrix) and RW’ is replaced by a certain n-dimensional
diffusion § = (87), _, _, . referred to as the multi-self-similar diffusion below (see
(17) for the precise definition of §), and the same time-change is applied to all
coordinates. More precisely, (2) in its n-dimensional form becomes

1<i<n

exp G; = Slf()” dv exp G, (u=0) @)

provided G is such that the one-dimensional scaled Brownian motion G := >, G

has drift > 0, a condition equivalent to the requirement that fooo dv exp G, = 0
a.s., cf. (9) below.

Since Lamperti’s representation (2) holds with Brownian motion with drift

replaced by any one-dimensional Lévy process & such that fooo dv exp§, = o0

a.s. with the resulting counterpart of R™? a 1-self-similar Markov process X, i.e.

CXP%‘M = Xf(;'ia'v exp&ﬁ (5)
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it seemed natural to search for a general version of (4), where G is replaced by an
n-dimensional Lévy process & = (S i) | <i<, and S is replaced by an n-dimension-
al Markov process, self-similar in a suitable sense. Note that the representation is
required to hold coordinatewise with the same time-change used on all coordinates.

Notation. Below, Ry denotes the open interval ]0, oo[ while Ry is the interval
[0, oo[ . If Y is a process starting from a given state y, Yy = y a.s., we write ¥ )
to emphasize the starting value. If £ is a Lévy process in n dimensions it is always
understood that £ = 0 = (0, ..., 0) a.s. and ifa € R”, £€@ := £ + g is the same
Lévy process started from a, but always defined on the same probability space as €.
If X is a Markov process, then X*) denotes X starting from the given state x, with
X ™) defined on some probability space — only in special cases (such as (10) below)
is there a natural construction of all X*) for x arbitrary on the same probability
space. Conversely, if (X (x))x . for a state space E, is a family of processes (on
the same or different probability spaces), with X*) starting at x, and each X
enjoying the Markov property with the same Markov transition semigroup, we shall
say that (X (x))x < 18 @ Markovian family. In particular, if X ) is for fixed x a Lévy
process such that the convolution semigroup is the same for all x, we shall say that
(X9 _gu o gy is a Lévy family. For the coordinate processes of £@ and X,

where a = (a;), x = (x;), we write £-(4) and X&) respectively.

In order to formulate the multidimensional Lamperti representation we need
the appropriate concept of self-similarity for n-dimensional processes. In the liter-
ature (e.g. Kiu [14], Definition 1, Sato [19], Definition 13.4) one often sees just a
verbatim copy of the basic definition in dimension one, i.e. an R"-valued Markov
process X = (X i) is a-self-similar if for every ¢ > 0 and every initial state x it

holds that
(C“Xt("/”a)) @ (ch)) . )
t>0

=0

For our purposes this is however not the correct concept and instead we require
(corresponding to the case « = 1) the following definition that appears to be new:

Definition 1. An n-dimensional Markov family (X (x))x cgn With state space R is
+
multi-self-similar if for all scaling factors c¢; > 0 and all initial states x = (x;) it

holds that
i, (xi/ci C)
(cixp /) 2(x5) - @)

1<i<n,i=0
where ¢ =[] ci.

It (X (x))x e is multi-self-similar we shall also refer to each member of the
family as a multitself—similar process.

The important difference with (6) is of course that while we still require the
same time-change to apply to all the coordinate processes, we permit different sca-
lings of each of the coordinates. Taking all ¢; = ¢y > 0 we see in particular that if
(7) holds, then X is 1/n-self-similar in the traditional sense, cf. (6).
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Definition 1 corresponds to the case of 1-multi-self-similarity. A natural gen-
eralisation is to call a Markov family (X & )) cern -multi-self-similar (where o =
+

(@i)1<i<p With all @; > 0) if

o, xz'/c';xi d
(c?’Xt( >> (x5 - ®)
t>0
1<i<n,t>0

This definition connects with Definition 1 in a simple manner: if (Y (y)) is multi-
self-similar in the sense of Definition 1, then the family (W”) defined by Y01 =

()
(Y T\ is a-multi-self-similar.
Our main result is now the following:

Theorem 1. (The multidimensional Lamperti representation).
(a) Let§ = (E’ ) | <i <, be an n-dimensional Lévy process starting from 0, right-
continuous with left limits and satisfying

S -
/ dv exp&, = o0 a.s. ©)]
0
where & = 1§ i Letx = (x;) € R and define implicitly the n-dimensional
process XX by
X" exp£l@) (1<i<nuz0), (10)

Jo dv expED -
where a; = logx; and a = Y_| a;. Then the family (X(X))xeRi is strongly Marko-
vian and has the multi-self-similarity property (7), with each process X right-

continuous with left limits and initial state x. Furthermore it holds that

e 1
ds — = o0 a.s. (11
/0 A

where Z& =TT} X4 z = [T} x;.
(b) If conversely (X (x))x crn s a strong Markov family with each X &) right-
+
continuous with left limits, that satisfies the multi-self-similarity property (7) and is
such that (11) holds for some, and then automatically for all initial states x € R’}
with z = [[| xi, then the processes g@ = (Si’(“i))l
a, defined implicitly by a; = log x; and

where Séa) = a for all

<izn’

£ g0 =log X (A =i=nrz0)
JO $

form a Lévy family (f (a))

aeR?*

The proof of the theorem is given in Section 2 below, where we also discuss
some further properties of the multi-self-similar processes, that are extensions of
results from Bertoin and Yor [2]. One such result (see Proposition 1 in [2]) is
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Theorem 2. Assume that & is an n-dimensional subordinator with Lévy exponent
®(p), e

Eexp—(p.&u) =exp—u®(p) (p=(pi); €Ryp). 12)

Then for every p € Rjj there exists a probability measure p;, on Ry such that

N > —tx
IEH(X, ) = | oo @z 0
i=l1

where XV is the multi-self-similar process starting from 1 = (1, ..., 1) deter-
mined by (10) using & itself. The probability p, is characterized by its integral
moments,

/o Hppdx)y =@ (p)@(p+1)-- @(p+(k—1), (*k=12,...) (13

where we write j = (j, ..., j) € R".
Notation. In (12), (-, -) denotes the Euclidean scalar product.

Theorem 2 permits the following generalisation that, as will be shown in Section
2, is obtained quite easily from Theorem 2 itself and Theorem 1:

Corollary 3. Let g € R, and let & be an n-dimensional subordinator with Lévy
exponent O (p) . Then the equation

i _ (@i ;
expé, = Xf(;‘dv explg.£0) (I1<i<n,u=0)

defines a process ‘DX with initial state 1, which is a-multi-self-similar in the sense
definedin (8) witha; = %. Furthermore, for every p € R( there exists a probability
Pp,q on Ro such that

n ) 00
N —Pi _
El | ((Q)X;) :[) Pp.q(dx)e Yoo =0).
i=1

The probability p,, 4 is characterized by its integral moments,

o
/o K ppgdx)=0(P)@(p+q)-®(p+k—1g), (k=12,..).
(14)
Finally it also holds for any p, q € R{ that the sequence

k!
Q(p+q)--P(p+kq)

k=1,2,...) (15)

is the sequence of moments for a probability measure on Ro and that this probability
is unique provided ® (p) > 0.
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Corollary 3 in particular exhibits two types of moment sequences for proba-
bilities on Ry. While our arguments are probabilistic, Berg and Duran [1] obtain
similar results by analytic methods.

In Section 3 we focus on £ = G being Gaussian, cf. (4) above and in particular
study in depth the case where £ = B is BM(n), standard Brownian motion in n
dimensions:

Theorem 4. In the standard Brownian case, the multidimensional Lamperti rep-
resentation
i _ qi .
exp B,, _Sfo“dvexpéu 1<i<nu=0)
holds with the n-dimensional diffusion S = (Si) with initial state 1 described as
follows: define (C ;) as the Gaussian process independent of B such that

1<i<n,u>0
, 15 .
B, =.B,+C,.

Then there is a 2-dimensional Bessel process (Ry), > starting from 1 such that S
admits the skew-product representation

2
Sh= (R%)n exp (cg ;,/4‘”11/&3) ) (16)

The initial values 0 for B and 1 for S were omitted from the notation used in
the theorem. Of course we write B = Y B,

For S still the diffusion in Theorem 4, we also in Section 3 derive some explic-
it formulas for the transition semigroup, using known results on BES and BESQ
processes.

In the case of a general Gaussian Lévy process G starting at 0 with drift vector
v = (v;)|<i<, and covariance matrix I' = (I';j), <i.j<n (Possibly singular, but

# 0), the diffusion S = (S i) determined by (4) starts at 1 and satisfies the SDE

' .
vi + 5T St j
=2 %+ | 4B (17

\1,[ \l,t

where Z\; = [];.;; $/ and B" = (B""), _, _, is n-dimensional Brownian motion
with drift 0, covariance I'. This result was shown in Jacobsen [12] and prompted
the investigation that led to the present paper. Note that (9) holds for £ = G if and
only if b = )"} v; > 0, and that (3) corresponds to the 1-dimensional special case
of (17) where G is Brownian motion with drift 2v and variance 4 (=T" forn = 1).

In view of its importance we shall briefly indicate the direct argument that leads
from the diffusion S solving (17), to the Brownian motion G, cf. Theorem 1(b):
trusting that when b > 0 all S¢ are strictly positive (as may be argued by showing
that Z = []/_, S’ is a one-dimensional diffusion and then verifying that Z, > 0
always), take logarithms in (17) and use Itd’s formula to arrive at

1
NZ

i_ Vi r
legSt—fdt—i- dBt,
t
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from which it is clear that a time-change through ( f(; ds1/ Zs) o leads from S to
1>

G.
The multi-self-similarity property of the diffusion S is also argued easily: take
¢i > 0, define S} = ¢;S; for1 <i <n,t > 0 and verify from (17) that
1 —
. V; + =T Sl .
dSi =2 dr + V¢ | ——dB/ ",
VAV, VAV,

where & = [[i_; ¢i and Zy; = [];.; S/

To supplement the treatment of continuous processes in Section 3, we finally
consider in Section 4 the simplest case with jumps, i.e. £ is an n-dimensional com-
pound Poisson process with drift in which case the process X obtained by the
Lamperti representation becomes a piecewise deterministic Markov process in the
sense of M. Davis [5].

2. The multi-self-similarity property; proofs of Theorems 1, 2 and
Corollary 3

Suppose that (X)) is a right-continuous left limit Markov family which has the
multi-self-similarity property (7). Taking ¢; = x; in (7) corresponding to a scaling
of t by z = [} x; we see that for all x; > 0

@ (1 i
X @ (Lyie) , ()
Xi 1<i<n,t>0

a fact we shall use frequently below.
A second useful consequence of (7) is that if P; (x, -) denotes the transition
function for X,

Pi(x,)=PXgqr €-1Xy =x),

then for, say, any bounded and measurable f : Ri — R,

/ P, (v, dy) f() = / Pz (L dy) f ((ivi)y) (19)
R" RY

+

where (x;y;); denotes the vector with coordinates x;y;, 1 < i < n. Thus the transi-
tion function P; (x, -) is completely determined from the transitions P (1, -) from
the state 1. Furthermore, if f(y) depends on y only through the product [ y;,
ie. f(y) =g ([1yi). we may write the integral on the right of (19) as

/Ri Pye (L dy) g (<[] w) =g (7))

_ / P (2. d3) §&) (20)

Ry

where Z(D = ]_['1’ XM a5 usual, and f’, (z, dy) is the well understood transition
function for the one-dimensional 1-semi-stable Markov process Z resulting from
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the one-dimensional Lamperti representation of the Lévy process £ = > &/, cf. the
discussion of the agglomeration property in Corollary 5 below. But then for any
general f asin (19),

L, 7 s =5[E (s (x7)[2)]

_ /R B an E[f (xV)]2 =7]
= [ Acan B[ (i), |2 = 2]

_ /R+ By (L B[ ((uxi))

Thus, in general, the transition function for X may be found from the knowledge
of the transition functions from state 1 in the one-dimensional case and an under-
standing of the conditional law of X S(l) given Zﬁl) for all s.

Note that by Dynkin’s criterion (see e.g. Pitman and Rogers [16]) the discussion
leading to (20) shows that Z = []] X' is in fact a Markov process with respect to
the filtration generated by X.

We proceed now with the proofs of the main results, beginning with

z{)) = 2]. @21

Proof of Theorem 1. (a) [ From & to X]. Note first that because (9) is assumed to
hold, also

o0 o _ o0 _
/ dv exp (éﬁ‘”) = e“/ dv exp (§) = o0 ass.,
0 0

i.e. (10) determines X uniquely from £ through time-substitution with the
strictly increasing and continuous additive functional

u _
A@ = / dv exp (55“))
0

In particular X is therefore cadlag and strong Markov.
Note next that all the processes X ) for x arbitrary are defined on the same
probability space, viz. the space where £ and all the £(“) are defined.

Let (]-',f ) denote the filtration generated by & and introduce the ]-',f -stopping

times determining the inverse of A@,
H' :=inf {u >0: AW > t} = inf {u >0: AW = t}
and finally write Qt(a) = }f](")' Of course
t

X500 — expg;;ﬁ;‘;') (1<i<n,t>0) (22)

and X is G -adapted.
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From the identity .A(a(,,) = ¢ it follows that 7 H; @ — = exp— S( @ =1/ Z,(Z),

i.e.
@ _ (", 1
H, =/ ds BE
ozl

Since a.s. A@ increases from 0 to 0o, so does the inverse H@ and (11) follows.
To prove the multi-self-similar property for X, we shall in fact show the path-
wise identity

GXp D = xp (1 <i<nt 2 0) (23)
between processes for arbitrary choices of x = (x;) € R’_L and ¢; > 0 with

¢ =[] ¢;i. But obviously
- u -
H'“ = inf {u : e”f dv exp&, = t} =H,,a,
0
writing H as short for H ) and therefore by (22), since z = ed, x; = e%,

XE) = xexpéy

Using this expression with x; replaced by x; /c; we also get

yh&ife) X i
CiXppe " =i (c_ XP )/ )

1

Thus (23) follows and the multi-self-similar property is proved.
It remains to show that all the processes X ) share the same transition function.
More specifically, defining the Markov kernels

Pi(x,)=P (X,(” c )
we claim that for all s, ¢+ > 0 and all x,
P(x% €01 X =y) = P (o).
But

Xi’(xl = ex i,(a;) — i,(a;)
t+s p&’ r(i)s €xXp SH(“>+H

where

5 Ht(a)+u o
H, = inf uzo:/ dv expglfa):s
H®

_ u _ _
— inf {u >0 : exp (sl‘;{,)) / dv exp (ng(a) Y sHl@) = s} (24)
t 0
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where under the integral we may obviously write & instead of £ (@ . Using that &
is strong Markov and Lévy we see that the conditional law of X t(i)s given g}”)

3

X ,(x) =y, is the same as the conditional law of

i,(a;j) i i 6,(xi) pri
ex a + a A a = <X U )
( P <€:Hf( ! ( Hf( >+H5 Hf( )>)>1§i§n ! I<izn

and here, referring to (24), using that exp (é;;()a)) = Zt(z) and recalling that £ itself

corresponds to X @ it follows that

().

(@) (x) @ @)
ta’th =y)=X

Thus

P (Xt(j-)s €

i1
x=v) =P (), <)
=P (XE” € )

as desired, using the multi-self-similar property for the last equality.
(b) [From X to &]. With (X ("))XER,, a multi-self-similar and strong Markov
+

family, consider X™) for an arbitrary initial state x. From (18) it follows that
Z® =TT} X" satisfies

@
(Lz) 2z (25)

where Z(D = [T x &M n particular the law of Z®) depends only on z, not on
the individual x;.
Note that (25) also shows that if (11) holds for some z > 0, it holds for all z.
(25) shows that the R -valued process Z is 1-self-similar. Hence by Lamperti’s
original result [15] there exists a one-dimensional Lévy process & such that

£@ _ ]
exp§,” = Zfo" v expE@ (u=>0) (26)

where a = log z, ED =g 1 3. i
Letting A% = Jo dv exp £ and arguing as in the proof of (a), one finds that

the inverse
Ht@ = inf {u >0: A,(f) = t}

satisfies

@_ [, 1
H'™W = / ds BE
0 Zg

Therefore (11) implies that lim,,_, Agf) = o0 a.s.
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Now define the n-dimensional process £ (@) = (E (i )) , where a; = log x;, by

expép @ = XM (1<i <nu=0),

in particular, see (26),

n
F@ = Y ghtan,
i=1

Introducing (G;) to be the filtration generated by X*), we note that for each
A( D isa G,-stopping time and that @ is F,-adapted, Where Fu=6 4@ We
can therefore complete the proof by showing that forallu > 0, 2 > 0 it holds that

E,f‘_?h (“) is independent of F,, with a law that depends on a, u and & through A
only. We shall achieve this by identifying the conditional joint law of
Xisgxi)
@
i,(a;) _ si(ai) _ Au+h
(Cxp <§u+h é:u )) 1<i<n - X"’(ZC") (27)
4@ '
u 1<i<n
L(xi) _ o . . _ (.o
given G, @ XA(“) = x7, 1 <i < n for an arbitrary x° = (x7) € R%.

First note that

s [z,

so by the strong Markov property for X, the conditional law from (27) is that of

(x% i’ (x,o)> (28)
! 1<i<n

with 7 the stopping time for X ") given by

1
T = inf {t >0: / ds/Z5) = h}
0

where of course Z&) = [ X L0920 = [T} 7. (The reader is reminded that
X% is just the name for a process with the relevant distribution, viz. that of the
multi-self-similar process X starting at x°. X is not an object defined on the
probability space where X ™) and £ are defined).

To prepare for the use of the multi-self-similar property of X in our argument,
we now observe that by an elementary calculation

T =27 (29)

t/
ﬂ:inf{t’zO:/ ds’/( Z(Z)>:h},
0 o z°s

where
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Inserting (29) into (28) and using (18) we finally see that the conditional law from
(27) is the marginal law of X SR where 7° is the stopping time for X given by

tO
7° = inf {to >0: / dsO/Zlgl) = h} .
0

Since the result neither depends on JF;, nor a nor u, the proof is complete. O

An easy consequence of Theorem 1 is the following agglomeration property of
the multi-self-similar processes.

Corollary 5. Suppose that (X (x))x cge 18 an n-dimensional Markov family, multi-
+

self-similar in the sense of Definition 1 and defined in terms of one n-dimensional
Lévy process & as in (10). Let

{1,...,n} = Ulk

where the I are non-empty and disjoint and define for yy € Ry, 1 <k < n and
arbitrary x; € Ry such that [, x; = yx for all k,

Yoo — 1_[ X&) (30)
I

Then (Y(}Y))yeR" is a multi-self-similar strong Markov family with values in Ri.
+

Note. Of course Y = (Y&00) . with y = (y;) . That the definition (30) is
unambiguous is clear from (23) and also from the first line of the proof.

Proof. Using (10) we find

k,(y k,(b
o dv expiy

where n(b) = n + b with b = (by) given by by = Zlk a; (so that b = &), and
where n = (nk) is the n’-dimensional Lévy process given by nf = 3 6 i (so that

n = &). Now use Theorem 1(a). 0

The special case of Corollary 5 with £ Gaussian was given in Jacobsen [12].

If wetaken’ =1, I} = {1, . ,n} we see that if _X is n-dimensional mul-
ti-self-similar Markov with all X' > 0, then Z = [[ X' > 0 is one-dimensional
1-self-similar: (CZ,(Z/C)) @ (ng)) forall ¢ > 0.

>0 >0

Remark 1. Corollary 5 states that our multi-self-similar processes have a multipli-
cative agglomeration property, which is deduced easily from the (trivial) additive
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agglomeration property of Lévy processes. More precisely we shall say that a class
L of laws of processes where the members of the class must correspond to processes
in different dimensions, has the additive, resp. multiplicative, agglomeration prop-

. ; (@) . . L e .
ertyifforallU = (U')1<i<p € L of dimensionn > 2 and all disjoint partitionings
/ - - d
(1, n) = Uj, I with the I # ¥, it holds that ' = (0),_,_, € £ where
ot — Yien, U' (additive case)
[lic), U i (multiplicative case).

An instance of a class of non-Lévy processes with the additive agglomeration prop-
erty is provided by the family of multivariate Jacobi diffusions in Jacobsen [12],
Example 5. Taking the exponential of each coordinate of such a diffusion (without
a time-change) yields a class of diffusions with the multiplicative agglomeration
property, that is not multi-self-similar.

Returning to the proofs of the main results, we next give

Proof of Theorem 2. Consider for x € R’ the functional

T
i=1 1

(This random variable is not only finite but has a finite expectation as will be argued
below). By (18) the law of (31) equals the law of

T ) [ e TT (Y 7
nxl_z f ds H(xiXS’/Z )

: 0

i=1 1

1

_ /0 s H (xew) ™ (32)

But for¢ > 0, the Markov property for X1 implies that the conditional distribution

of
i i—1
v = ( X ) p)/ ds ]_[ (xew) ™" (33)
i=1

given (X{V),_,_,. X\ = x is precisely the law of (31). Since by (32) that law

depends neither on x nor ¢, we deduce that V; is independent of (X §1))
a law the same as that of (32). Consequently

E/”dsﬁ(x;m)"’f‘ En( L) " gy,
! 1
~sf1() " [Ca T ()

with

O<s<t

whether the expectations are finite or not.
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Now, with H; = fot ds 1/Z§1) we have Xé’(l) = exp g;‘,r and hence

o0 z : —pi—1 o
IE/ ds [ (X;v“)) = ]E/ dHs exp (—(p. &n,))
0 1 0

_ /0 duEexp (— {p, &)

1
=—, (35
@(p)
in particular the expectation is finite. We have shown that (34) may be written
o0 n . —pi—1 1 n ; —Ppi
IE/ ds ] (x;’“)) o g (x;’“)) ! (36)
t 1 @(p) 1

with both expectations finite: that on the leftis < 1/®(p) by (35).
Differentiating with respect to ¢ in (36) gives

]Eﬁ (Xi’(l))_pi_l . 1 d Eli[ (Xi’(l))_pi
A Copar LRV '

Again by (36) the expression on the left equals

o0 . Con\ P2
—o(p+ l)IE/ ds [] (x;w) :
! 1

and repeated differentiation now yields the formula

3k 1 i,(1) —Di
e [1(?)
1
n

=Dremep+--@(p -}-k)]E/OOdS [ (o)™
! 1
@37

. .. . . n (i, (1) Pi
validfork = 0, 1, ....From this it follows in particular thatt > E ]_[1 X;

is a completely monotone function of ¢, hence by Bernstein’s theorem there is a
probability p, on Rg such that

Eﬁ (Xiy(l))_pi _ /Ooo ,Op(dx) Pl (38)
1

Finally, the formula (13) for the moments of p, follows from (37) (for ¢ = 0) and
35). O
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Remark 2. Writing (F;) for the filtration generated by X' we see from the fact
that V; given by (33) is independent of F; with a law equal to that of (32), and from
(35) that

E [/Ooods ﬁ (Xi’“))_pi_1 lf,}

1

! “ ; o o i -ri 1
:/ as [T ™ +TT(x™) o

0 1 1

defines a uniformly integrable F;-martingale. The same fact follows using a time-
change on the exponential functional Lévy martingale

]E[/Ooodv em—(n&)l%}

u 1
:‘/(; dvexp_(p’éﬁ‘i‘

@ (p)

Remark 3. Note that by (36), (37) may be written
ak 1 i,(1) —Di
a1 (x)
1

= (—1)kq>(p)cp(p+1)...<p(p+k_ I)El—[ (X;',(l))*pifk
1

eXp — (p’éu>~

or, see (38),

/0 ppdx)xke™ =@ (p)@(p+ 1 P (p+k— 1)[0 ppik(dx) e

which implies that p,,x < p, with Radon-Nikodym derivative

dpp_;’_k(x): xk
dpp (P P(p+1) - P(p+k—-1)

Proof of Corollary 3. 1t suffices to apply Theorem 2 to the n-dimensional subor-
dinator & defined by

&l = qit,

which, by the Lamperti representation, has the associated multi-self-similar process
(X) defined implicitly by
1<i<n

exp (thu) = Xf(;‘ dv exp{q,&y)”
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. ~ -\ /i
Defining X! = (X ;) we then have
. —Ppi . —pildi
E []_[ (“x7) } —E []_[ (%)) }
i=1 i=1

and since the Lévy exponent ® of £ is given by ® (p) = @ ((pig;);) formula (14)
follows since p 4 is obviously equal to p(y, /), and, for j € N,

& ((%) +j> =@ ((pi +Jjgi)i)) =P (p+jq).

It remains to establish (15). To this end, let ¢ be a one-dimensional subordinator
with Lévy exponent ¢, . Then, letting a > 0 and defining I, = foe“ du e, where
e, is independent of ¢ and exponential at rate a, it holds that

k!
E (I,)f = . (39)
T atec D) (@t @) (at e k)
To see this, write the expectation as
o8] o0 [ee) ‘ k
E(Ia)k:k!/ du / duy / duy Eexp (_ijl {“j>l_[l(ea>uj)'
0 Ui Uk—1 =1

(40)

But here (writing ug = 0),

k
Eexp (— Z];=1 {Llj) 1_[ l(e,1>uj)
j=1
=Eexp (= 4o (k1= ) (6, = Guy1)) Lo

k
— ok Hexp (— (uj — uj,l)gog k+1-— J))
j=1

and since uy = Z]f (u j—u j,l) it is now easy to perform the integrations in (40)
and arrive at (39).

To proceed, consider an arbitrary n-dimensional subordinator n with Lévy ex-
ponent ®,. Applying the preceding to the one-dimensional subordinator (g, 1)
shows that

k!
(a+ @, (@) (a+ Py2q) - (a+ Py (kq))
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defines a moment sequence. Applying this witha = ®(p) and &, = d(p +-) —
@ (p) (which is the Lévy exponent for the Esscher transform of & determined by
the local change of measure

dIP’]__ug

Fu

for any u > 0) finally shows (15) to be a sequence () of moments. That this
sequence determines a unique probability on Ry if ® (p) > 0 follows from the

ap .~ &P (= {(p, &) +ud(p))

k
simple observation that the power series Y oo /,7(—,: <> (#) converges
forO0 <h < ®(p). O

3. The case with £ standard Brownian motion
3.1. Some facts about Bessel processes

In this subsection we gather the notation and results we need about Bessel processes.
As already mentioned in the introduction, the Bessel process with index v (denoted
BES(v)) occurs in the one-dimensional Lamperti representation of Brownian
motion with drift v > 0 as, see (1)

exp (By + vu) = R;”({) 41
where

u
AP = / dv exp2 (B, + vv).
0

We shall call d = 2 (1 + v) the ‘dimension’ of the Bessel process. Thus R®") is an
R -valued diffusion with infinitesimal generator £V given by

Crwm=1rw+s 2w (re®n).

For any v > 0 we denote by P! the law on C (Rg, Ry) of R(") when starting
from a. We write (R), > for the canonical process on C (Ro, R, ) and we denote
by R; =0 {Ry; 0 <5 <t} for ¢ > 0 the canonical filtration.

From the Cameron-Martin relationship between the laws of (B, + vu), > and
(Bu) >0, we deduce by time-changing and with the help of (41) that

R, \" vt o
IPZW?,, = (;) exXp <—?A ds R_3> .]PJLI\R;’ (42)

a denoting the initial state: Ry = a a.s. under both probabilities.
The following formula, which expresses negative moments of a Bessel process
will also be useful:

EY S PR 1md b=l (1 — 2ty 43
1|:(R,)2b]_r(b)/o re’r (1 —2tr) (43)

for b € C with Re b > 0 (see e.g. Yor [20], Proposition 6.4 or Yor [21], p.67).
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3.2. A proof of Theorem 4, and a characteristic function determining the
semigroup of the multi-self-similar diffusion defined by standard Brownian motion

With B = (Bk)1<k<n a standard BM(n)-process and B = Y| BX, from the one-
dimensional Lamperti representation

exp B, = ZfO“ dv exp B,
with Z a 1-self-similar diffusion, we deduce by e.g. writing It6’s formula for exp B

and time-changing with the inverse of ( fou dv exp B’U) or just using (2) for
v = 0, that Z satisfies

u>0"

(2,2 (%)),

with R a 2-dimensional Bessel process starting from 1. In the sequel, just use the
notation R; = /Z4 for all t.

Note. In this subsection we label the coordinates of a process ¥ rather than !, since
below i will denote the complex unit.

We next consider the orthogonal decomposition of B with respect to B, i.e. we
define the process C = (C*) by

1<k<n

Bf=1B +cl @=01<k<n). (45)
Then C is a mean 0, n-dimensional Gaussian Lévy process, independent of B,
where the covariance matrix for its increments is given by

Bl(ct - cf) (et - )] =r[erer] = [ (22 G20 o)

By (10) in Theorem 1, the multi-self-similar diffusion § = S® = ($¥), _, _
starting from 1, determined by B satisfies o

sk,

k
[ dv exp B, =exp B, 47)

and hence by time-changing and using (44)

2
k n " k
St = (RT') xp (Cﬁ (;”/4dh1/R,2l)

which establishes (16) and completes the proof of Theorem 4.

Using some of the results from Subsection 3.1, we can now give an explicit
formula for the characteristic function of (log S;")1 —k<p - Since So = 1 this gives
the characteristic function for the transition probabilities P; (1, -) from state 1 of
the diffusion § which, by the discussion at the beginning of Section 2, is enough
to determine the transition probabilities from any state, see (19). Furthermore (use
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21) withx = 1), P, (1, -) is determined by the law of Z; (the transition probability
from the state 1 for the product process Z = [[;_, Sk, which is known from (44)

as that of (Rm /4)2 , and the conditional law of S; given Z;. In Proposition 6 below
we describe this conditional law together with the characteristic function for the
transition probabilities of (log Sk ) i

We begin by deriving a first expression for the characteristic function of (log S ,k ) .
Let A = (Ak)1<k<n € R", write A= Thrand T = ’fT’ and use that C is indepen-
dent of R to obtain,

E [ﬁ exp (i log Sf>i| =E [ﬁ (Sf)ixk}

k=1

where

S1 D32 S SV P

k=1 1<k,k'<n k#k'

With the help of the absolute continuity relationship (42) (for a = 1) we can write
the last term in (48) as

R0 [(RT)zi%—un(x)]
with

2
vy (A) = ﬁ\/ on (1).
Now we apply (43) with v = v, (A) and b = %vn A) — i% (whence v — b =
%vn A)+1i %) and obtain,

n ihg
k=1
1 e | —2Tr\ir
1 —_ n
= . / dr — (r (1 = 2Tr))2"® <—>
F(%vn (A)—i%) 0 r r

which is the first expression for the desired characteristic function. An alternative
way of writing this is obtained by observing that since | Cf = 0 (which implies
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@n (M) = @n (A + c1) for any ¢ € R) we may as well write A in the form 6 + c1 for
0 = (6k)1<k<n With & = Y] 6 = 0 and thus arrive at

5 [ﬁ (Sf>i(ek+c>}

k=1
L

- / Tar o (1 = 2T ® (—1 — 2Tr>ic (50)
T (v —ic) Jo r r '

The form (50) of the characteristic function allows the following partial inver-
sion of the Fourier transform: introducing

O T (k)
! =]_[<S,)
k=1

and writing Z; = [[;_, Slk as before, (50) becomes when taking the gamma value
to the left

o
IE[Ht(e) (Zl)ic]/ dx x 3O —1—ic ,—x
0

X L@ o (Z\"
=/ dx x2O~le=x g | ¥ (=
0 X

L

a7 - 1—2Tr\
- f dr S— (r (1 — 2Tr)) 2 ® <_’")
0

r r

which, essentially by Fourier inversion with ¢ varying freely, allows us to identify

the measures
*© Ly, ©-1 —x ) Zi
f = A dx x2' e "E|I7 f ; ,

1
e 12T
fis /” dr S— (r (1 = 2Tr)) 22 ® 5 <—r> .
0 r

r

Changing the order of integration in the first integral and then making the substitu-
tion x = yZ; there, together with the substitution I*rﬂ = % in the second integral
leads to the identity

© 1
fo dy f (;) B[z (yz)2 @~ e ]

—s/QTs+1
= /oode(l>S%vn(€)l—e A/( o .
0 s 2Ts + I)Vn(t9)+1

This being true for, say all bounded Borel functions f, allows us to identify the two
integrands, i.e. we have the formula

o—5/QTs+1)

(@) S0 ,—sZi _ _
EH[ (Zt)z e = (ZTS + l)Vn(9)+1

(s=0) 619}
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valid for all # € R”" with & = 0. But the expression on the right of (51) may
be recognized as the Laplace transform for the transition probability of a squared
Bessel process: if ch denotes the law of a BESQ(§)-process X° of ‘dimension’
6 =2 (v + 1) starting from x > 0, then, see e.g. Revuz and Yor [18], Chapter XI,

Qi (eiﬂxf’)zé xp( L) (,u,zO,t’EO)

e J—
Qut’ + 1)% 2ut’ +1
and thus, if ql’s, (-, -) denotes the transition density
qt‘s, (x,x") dx' = Qi (X5 e dx'),

(51) implies that for all bounded Borel functions g,

. o0
ENY (24 @ ¢ (2,) = /0 dzqy” (1.2 g () (52)

where §, () = 2 (v, (6) 4+ 1) . But either from (44) or (52) for & = 0 (in which
case [1¥ = 1, v, (6) = 0) we know that

P (Z € dz) = q3 (1, z) dz, (53)

hence (52) shows that

5,(6)
ar (D) 1,0

E[n(9)|zt =z] =
' 9% (1,2)

(54)

Finally, letting . = (A;) € R" and using (54) wih 6y = Ay — %)_L, where as usual
A= Z’f Mk, we obtain the conditional characteristic function for (log Stk ) 0

n " 509 (] .
E|[](s) " 120 =2 | = D mdwonsil, (55)
k=1 QT (11 Z)

We summarise our findings in the following result, where (56) is obtained from
(55) inserting the known explicit forms for the q% (see e.g. Revuz and Yor [18],
Chapter XI) and (57) follows taking expectations in (55), using (18), (53) and the
explicit form of q% Recall that T = ”Tt.

Proposition 6. For S the multi-self-similar diffusion starting from 1, determined by
the multidimensional Lamperti representation of n-dimensional standard Brown-
ian motion as in (47), it holds for any t > O that Z, = [];_, S,k has density
q,ft /4 (1, -) and that the characteristic function of (log S;‘) i given Zy = z is given
by the expression

AP hn | (42 17
E|:l_[ (st) k@:ﬁ:(%) (2F)= (56)

k=1
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forall z > 0and all A = (M) 1<k<n € R". Finally, the transition probabilities
P, (x,-) for S are determined by

n n 129 _
i Xk ~ 243 2\ ~j 2
/ Pr(edy) [Too™ =211 <W> / dze w L, ) (%\/ ZZ) '
Ri k=1 k=1 < R+
(57)
forx e R, A € R", writing z = [} X«.
Note that from (56) it follows that if A = 0, then the characteristic function of

(log Stk — %1og Z,)k given Z; = z is R-valued, i.e. for any u = (ui) € R" it
holds that the conditional law of

n
k 1
> <log St — ~log Z;)
k=1

given Z; = z is symmetric (around 0) for any z > 0.
3.3. The two-dimensional case

We note that the contents of Theorem 4 in the case n = 2 are clearly related to
the conformal invariance of planar Brownian motion. Indeed, first starting with
B! +iB? a C-valued standard Brownian motion and noting the fact that

Bu=s (Bi+B2). v=5(Bl-B)
are two independent standard Brownian motions, we get
exp B, = exp (4 (Bl +B}) + 1 (B) — B])) = exp (25 (B + 7)) .
exp Bg = exp (% (Bu1 + B,f) — % (BMl — Bg)) = exp (% By — y,,))
so that
S,1 =/ Z,exp (%V,) , S,2 =+ Z;exp (—%y,)
@

withu = [y dh ZL;, and (VZr),., = (R%)»O as in (44) above a process indepen-

dent of y.
Another equivalent presentation of the process (S LS 2) is that

L; :=log S,1 + i log St2 (t>0)
is a conformal martingale. More precisely it may be written as
Li=8&pipyys1sp €20

with & a standard two-dimensional Brownian motion.
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3.4. A change of variables

In Subsection 3.2, we explained how the law of the process (S,k)1< k<n.1>0 could
be expressed in terms of that of T

(v [ )
R,,/dh—2
0 R >0

where R, = /Za is a two-dimensional Bessel process starting from 1. In the
present Subsection 3.4, we show how to compute the law of (S,k) k. » In terms of
that of (R,, fé ds RS2> o via the definition and study of the process

>

t
Yk = / ZysdSE (1<k<nt20), (58)
0

where as before Z\ s = Zs/Si‘ = ]_[#k S¢.
In the sequel, rather than developing some tedious computations, we shall re-
fer to the following (implicit) description of the multidimensional marginals of

(R,, fot ds R52>1>0 , which, thanks to the Markov property of R, may be reduced

to the description of the one-time ¢-marginals; this may be done via the following
formula, which should be attributed to Lévy (see e.g. Pitman and Yor [17] and Yor
[20] for many further developments): fora = « + i, > 0, 8 € Rand b > 0
one has

r 2 b2 ' 2
E" |exp| —aR; — > ds R;
0

2 -1 2p 1+ 24 coth (bt
= <cosh (bt) + 7“ sinh (bt)) exp <—r—”—()> . (59

2 coth (bt) + 2
Here is now the description of the process (Y*), :

Proposition 7. i) The processes Y* and Z satisfy the equations
n
dYf =%Ydt+z,dBf, dz, =Y _dY} =%dt+\/Z,dB,.  (60)
k=1

ii) The vector-valued process (Yk) satisfies

1<k=<n

t
Ytkz%t+%(Zt—l—%t)+ék(/ dsZs> (1<k<nt>0) (6]
0

where the process (é ,/j) is distributed as (C ’u‘)
1<k=<n,u>0
(45) and (46)), and is independent of Z.

| <k<n u>0 (s€€ formulas
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Proof. (i) As a particular case of (17) we have

and (60) now follows from It6’s formula.
(ii) (61) follows from (60), once we use the decomposition of (Bk ) X in terms of

B and (Ck) « » see (45). Then conditioning on B or Z (these two processes have the

same filtration), we may express the vector-valued process ( fot VZsd Cf)

1<k<n
evaluated at time ¢, as (C’,;) evaluated at u = f(; ds Zs.

With the help of formulas (59) and (61) we are now able to write down the joint
characteristic function for (Y,k) . - We consider for 6 € R", writing A, as short for

fé ds Zj,

S|

0,Y) =16+ 2 (z, - —"{)+<9,6A,>. (62)

The Gaussian variable <0, a,> is centered and has variance
A )2 "
E [(e C.) ] = (26—t D G |u=e@u (63
k=1

k k' kK

cf. (49). Thus from (62) and (63) we obtain
_ t
E[expi (0, Y,)] = exp (i 301) E [exp (ig (Z—1-%) - 1g, (9)/ ds z)}
0

and, since Z, = R2, , we obtain
by

E [expi 6, Y,)]
_ _ nt /4
=exp (i101)E [exp (i% (Ri, —-1- %) - Z%T(e)/ ds R?):|
4 0

which can be computed with the help of formula (59). O

4. The case with & compound Poisson

While in Section 3 we treated the most important case of the multivariate Lamperti
representation when the Lévy process £ is continuous, viz. & standard Brownian
motion, we in this section shall focus on the simplest situation where & has jumps,
i.e. we shall assume that £ is an n-dimensional compound Poisson process with
drift. The one-dimensional case (with no drift) was treated briefly by Lamperti [15],
the example p. 218.



Multi-self-similarity and the Lamperti representation 25

The compound Poisson process with drift (starting at 0) is given by

Ny
E,=PBu+ )y m

=1

where 8 = (B;)<; <, is the drift vector, N = (Ny),>¢ is a homogeneous Poisson
process with intensity k > 0, and (1) ¢>1 1s asequence of iid random variables with
values in R”\0, independent of N. Thus in particular, writing 7 for the distribution
of the ng, the Lévy measure for £ is the bounded measure v = x7 on R"\0.

In order to proceed we need (9) to hold, which will be assumed from now on.
Note however that since & = Y__, & is a one-dimensional compound Poisson
process with drift 8 = Y B i and Lévy measure v the restriction to R\0 of the
measure v o 0!, where o : R”\0 — R is the transformation o (y) = Yo Vi
it follows that if En; is well defined (i.e. E (51 vV 0) < oo or —E (n; A 0) < 00),
then (9) holds if and only if

B + kEn; > 0.

Consider now the multi-self-similar Markov family (X & )) cegn determined by
+
the Lamperti representation,

NED) i, (a;
le(;lxdv exp E@ = eXp %_th (@ )’ (64)

see Theorem 1, where we remind the reader that é,i’(a" ) = L’l +a; with a; = log x;.
It is clear from (64) and the structure of &, that X ™) is a piecewise deterministic
Markov process (PDMP) in the sense of M. Davis [5] — we shall refer to (X ("))

xeR%
as a PDMP-family. In particular X for any x has finitely many jumps on finite
time intervals and all randomness for X is contained in the jump times and the
nature of the jumps.

From M. Davis [5] or Jacobsen [11] it is known that a general class of PDMP-

families is obtained by considering families (f( (")) of piecewise continuous pro-
X
cesses

X =5, (? & ) (65)

of the following form: 0 = Ty < T) < - < oo are the jump times for G
Nt = max [E : T@ < t} is the number of jumps on [0, 7], while f’o = x and
Yo=X 7, (defined only if T; < o) for £ > 1 denotes the state reached by X at
the time of the £’th jump. A structure sufficient for (f( (x)) to be a strong Markov

family is then that the ¢; (y) (apart from being continuotfs in ¢) must satisfy the

semigroup property

Gres V) = (@5 (¥)), o (y) =y (66)
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while for the marked point process (T@, ?Z)e | it should hold that (for £ =

0,1,...),
P(TZJH >tlge) = exp (-/O

on the set (T( < oo) fort > f’g, while

t—f[

wio (@) @

P (f’eﬂ € ‘ge, Te+1) =p (d’fm,f( (175) : ) (68)
on the set (fe+1 < oo); in (67) and (68), G, is the o-algebra generated by

(Tg/, 175/) 1</3’<z; in (67), g (y) is the intensity for a jump to occur from state y, and
in (68), p is a Markov kernel on the state space with p (y, -) the distribution of the
destination for a jump from state y.

In the one result of this section that we shall now present, we show that the
PDMP-family determined by (64) has the structure described by (65), (66), (67)
and (68), and we identify ¢, g and p. In the statement of the proposition 7, denotes
the time of the £’th jump of X (which is a.s. finite for any £) and ¥, = X(T’Z) the
state reached by that jump.

Proposition 8. The PDMP-family (X)) _p. determined by (64) from &, the
+

compound Poisson process with drift, has the form (65) for any x € R with
the ¢; (y) = (qbtl (y))lfl.ﬁn satisfying (66) and given by, writing z = [[}_, yi,

w (142" ipp 2o,

¢ (y) = , ) (69)
won(t) ii=o
and the distribution of (Ty, Y¢) > given by (67) and (68) with Yy = x and
K
q(y)=-, (70)
Z
p (y, ) = the law of (yie”li) . (71)
1<i<n

Proof. From Theorem 1 we know (X (x))x to be a strong Markov family and by
the strong Markov property it therefore suffices to consider, for a given arbitrary
initial state x, the behaviour of X®) on the interval [0, 7] only. But then, if 7 is
the time of the first jump for &, by (64) we have

T1 o
T = / dv exp&(@
0
and since on [0, t[, § is deterministic, &, = Bu, therefore also

T, =F (tr1), (72)
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XP = exp @i+ pu) (1 <Tiu=F"' )
with F' the function

u B al Bu _ ) e
F(u)=/ dvexp(a+pv) =17 (e T1) i #0,

0 ue® if 8 =0.
Consequently ¢ (x) = exp (a; + Bi F~! (1)) proving (69) (since e* = [T} x;) and
(66) may then be verified directly. (70) follows from (72) since P (71 > u) = e~*".
Finally (71) is clear from the identities

AXIT,I(xi) = Aexp&l@) = expgh @ (e”l _ 1) _ lel()ii) (e'h _ 1) ’
where we use the standard notation A to denote jump sizes. O

With (X x ))x the PDMP-family described in Proposition 8, it follows from the
general theory for piecewise deterministic Markov processes, M. Davis [5] or Jac-
obsen [11], that the infinitesimal generator has the form, writing z = I—[Ll Xi,

N = Hj:j;éi Xj
Af =3 :%Bf @)+ /Rn\o” @y [£((e") )~ £ ).
i=1

Note that for 8 < 0, qb,i (x) is strictly positive (as it has to be) only fort < —z/B,
hence for (67) to make sense we must have that the first jump for X @) occurs be-
fore time —z/B with probability 1. That this is indeed the case follows from the

observation that fo_z/ P as q (¢s (x)) = oo with ¢ as in (69) and g given by (70).
From the multiplicative agglomeration property (or from the one-dimensional
Lamperti representation of Z® = [T, X i)y we know that the product pro-
cesses (Z©)_ cg, also form a PDMP-family. The semigroup ; (z) of functions
determining the deterministic behaviour of this family is quite simple, viz.

Vi (@ =[]¢l ) =z+5t
i=1

so that Z(? is always piecewise linear, and if 8 = 0 it is seen that Z() is a Markov
chain (piecewise constant) with state space R .

As a final comment and curiosity we mention that if the Lévy measure v for &
is such that v {y Y Vi # 0} = 0 (which for n > 2 is entirely possible with a

non-degenerate v), then £ = 0 and Z©@ is trivial, ZI(Z) =z+ Bt
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