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Abstract The precise choice of the local time at 0 for a Bessel process with dimension d €]0, 2|
plays some role in explicit computations or limiting results involving excursion theory for
these processes. Starting from one specific choice, and deriving the main related formulae, it
is shown how the various multiplicative constants correponding to other choices made in the
literature enter into these formulae.
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1 Introduction

1.1 Nowadays, it is no longer necessary to emphasize how powerful excursion theory for, say,
the study of linear Brownian motion, is. This is due, in particular, to the several fundamental
descriptions of Itd’s characteristic measure of (Brownian) excursions, ny /o, which are mainly
due to D. Williams ([17],§11.67).



The following compensation formula holds :

E > H,ey) 15-50) :E[/OoodLs/anlﬂ (de)H(s,e) (1.1)

yeG
where :

o H: Ry X QX Qeze — Ry is P®E measurable, P denoting the predictable o-field
associated to the Brownian motion (B, u > 0), and (Qeze, £) denoting the measurable
space of generic excursions €.

e {e,,7 € G} denotes the family of Brownian excursions, labelled with their starting time
7, and where § denotes the ending time of the same excursion, i.e : e (u) = Byiulu<s—)

e (G is the set of left extremities of maximal intervals |7, d[ which constitute the comple-
ment of the random set Z, = {s : Bs(w) = 0}; ey(u) = Byjulu<s—y) denotes the
excursion on |7, d].

o (Ls,s > 0) is the standard local time at 0 of (Bs,s > 0), i.e. : it satisfies

{|Bs| — Ls,s > 0} is again a Brownian motion. (1.2)

Formula (1.1) is a key formula from which many consequences may be derived. See, e.g, [[15]
: Chap XII].
Note that on the RHS of (1.1), it is the product :

dLsny 5 (de) (1.3)

which appears, but since most authors take (1.2) as a definition of (Ls), then, as (1.3) is
intrinsic, there is no ambiguity about the choice of n; 5.

1.2 This clear cut Brownian situation is no longer so unambiguous when one considers the
excursion theory for other diffusions, and also Lévy processes. The aim of the present note is
to give an easy access to pairs (L,n,,) related to the d-dimensional Bessel process (R;,t > 0),
starting from 0, with dimension d = 2(1 — «) with 0 < d < 2 or equivalently, with index

d
—a =g - 1 (0 < a < 1). To be precise, this process, which we shall denote sometimes as
BES(—a), is an R -valued Feller diffusion whose infinitesimal generator £ is defined by :

1 d&f 1—2a df

Lf(r)= 5@(@ t = (r)

on the domain :
D= {f :R; = R; Lf € Gy(R+), lim r'2f/(r) = o}.

From now on, this dimension d will be fixed, hence so will a.
Inspired by the Brownian case, and formula (1.2), we shall take as a definition of (L, ¢t > 0)
the unique continuous increasing process such that :

R?* _ Ly := N;,t >0, isa martingale. (1.4)



In the Brownian case, we have d = 1, a = 1/2. Then we recover (1.2).

Thus, the corresponding Ito6 characteristic measure n,, is, in fact, determined, and we shall
give some descriptions of it below.

We shall denote by (LEC), t > 0) the choice :

Lgc) =cLy, for some ¢ > 0. (1.5)

Thus, the corresponding [t6 measure Q&C) satisfies :

1
©— (= 1
Ny <C> Ny (1.6)

since, by (1.1), which also holds of course for all the Bessel diffusions, with 0 < d < 2, the
product :

def) n{9 (de)  does not depend on c.

One of our tasks in this Note is to present, in Section 5, the various constants ¢ found in the
literature, which, we hope, may be helpful in order to avoid trivial, but annoying, mistakes...
But, first, in Section 2, we give an elementary stochastic calculus approach to formula (1.4);
then, in Section 3, we examine some consequences of our choice for L.

1.3 Although the present work can hardly be considered as a research paper, but merely
as a user’s friendly note, we think its publication may be justified as the computations of
the constants related to various choices of local times for BES (—«) often play a crucial
role, if one deals simultaneously with several BES processes, e.g : relating one to another
one by time changes, as in Biane-Yor [2], or trying to pass to the limit as, say, a | 0, as in
Donati-Martin-Yor [5].

2 A stochastic calculus approach

We now derive formula (1.4), and a number of properties of (L¢, ¢ > 0) by relying upon the
definition of squares of Bessel processes, via the stochastic differential equation :

t
R? = 2/ RydfBs +6t, t>0, (2.1)
0

where 6 > 0 is given, and (R, s > 0) is assumed to be an R-valued process. It is by now
well known that the equation (2.1), where (s, s > 0) is a driving Brownian motion, admits
a unique solution, which is strong (see, e.g. [15], Chap. IX).

Using stochastic calculus, we show the following

Theorem 2.1 For § = 2(1 —a), 0 < a < 1, the process (R?%, t > 0) is a submartingale,
whose Doob-Meyer decomposition is

R =Ny + L;, t>0, (2.2)

with (L¢, t > 0) a continuous increasing process, carried by the zeros of (R¢, t > 0), and
(Ng, t > 0) a martingale which may be written :

t
Ny = 2a/ R27d3, t>o0. (2.3)
0



Proof. Let € > 0. We apply It6’s formula to the semimartingale : ((5 + R?)a, t> O); thus
we obtain :
ds

t t
€+R2a:€a+2a/ £+ R? alRSdﬂs—i-QOél—Oé&/ P E—
( t) 0 ( ) ( ) 0 (6+R2)27(1

t>0. (2.4)

It is not difficult to show, using dominated convergence that both the martingale part, and
the increasing process part in (2.4) converge, in L?(2), as € — 0. Moreover, concerning the
Riemann integral, it is clear that, for any n > 0 :

€/t]. R —— —0 as ¢ — 0
$> 5 S .

Thus, from (2.4), we deduce that, by letting ¢ — 0 :
t
R% — 2a/ R27 Y3, + Ly, t>0,
0

where (L¢,t > 0) is a continuous increasing process such that : 1yp,.0ydL: = 0. [

Corollary 2.2 Let (Ry) as in Theorem 2.1. There exists a reflecting Brownian motion
(ps, s > 0) such that :

t
R?* = pa,, where Ay =< N >;= 4a2/ R2(2e=1)gg, (2.5)
0

Proof. Define 6, = inf{t > 0; A; > u}. Then, from (2.2), we deduce :

Pu def jo = —Y,+ Lp,, u>0, (2.6)
where, from (2.3) and the Dubins-Schwarz theorem, (,,u > 0) is a one dimensional Brownian
motion. Since the increasing process (Lgu,u > 0) is supported on the set of the zeros of
(pu,u > 0), the identity (2.6) may be considered as a particular case of Skorokhod’s reflection

equation. Hence, Ly, = sup <, and therefore (p,,u > 0) is a reflecting Brownian motion.
0<v<u
|

3 Some useful formulae related to the choice (1.4) of L

Proposition 3.1 There exists a jointly continuous family (Lf;x > 0,t > 0) of local times
such that :

1. Lg:Lt 5

2. the occupation formula :

! 4,}7 > T xag—Qa T
/O h(Ry)ds = /0 h(@)LE 2120 (3.1)

(67

holds for every Borel function h : Ry — R,..



Proof. From the general theory of diffusion local times, we know that (3.1) holds with a

certain constant C, on the RHS, instead of i and our task is to show that C = é

But, taking expectations on both sides of (3.1) (with C on the RHS, instead of 1/a/), we get :
t
/ dsrs(z) = Ca' 2 *E[LY]
0

where rg(x) is the density of R;.
Recall that (see for instance [15] Chap. XI, p446) :

rs(z) = £x1_2a exp{ - xQ} s>0,z €R. (3.2)
'l —a) 25 )’ ’

Hence, from our choice (1.4), we get :

Cx'**E[R}*] ~ /Otdsrs(a:). (3.3)

z—0

d
But, since Rg(:)qud /2, Where v, denotes a standard Gamma variable with parameter k, it
casily follows from (3.3) that : C = 1. |

Denote by 7y = inf {t : L; > £},¢ > 0 the right continuous inverse of (L¢, t > 0).

Proposition 3.2 The process (¢,¢ > 0) is a stable (o) subordinator, such that :

Nl—a),__
E — = A ——L27N\Y | . 3.4
fexp(— )] = exp ( Hrazea ) (3.
M. its Lé dt) 4 l ! dt 1 '
oreover its Lévy measure v(dt) is equal to mtaﬁ {t>0}, t-€
oo 1 dt
_ —Xt
E [exp(—Amp)] = exp{ - E/O (1—e )QO‘F(a) t‘lﬁ} (3.5)
Proof. 1) As in the previous proof, we know a priori that there exists a constant C’ such
that :
E [exp(—A1y)] = exp (—£C'\Y) (3.6)

and we wish to prove :

I F(l_a)

=" 3.7
29T (1 + o) (87)
However, by integration of both sides of (3.6) with respect to (df), we obtain :
E /oodL (=x)| = — (3.8)
exp(— = . .



Again, from (1.4) the LHS is equal to :

E[ / deo‘eXp(—)\t)} = E[R¥] / at®~dtexp(—At)
0 0
= 2a#af(a) !

I(1—a) e’

which yields (3.4).
2) An easy scaling argument shows that the Lévy measure v of (74) is of the form :

dt
v(dt) = CVtaﬁl{DO}’ where C), is a positive constant.

Integrating by parts, we have :

© dt A [ dt ¢
1 — —At = — / _)\tf = 7]_—‘ 1 — .
/0 ( € ) tetl o fy € to a ( @)

Consequently
A Nl—o)_
C,—T'(1 —a) = =27\
o (1-a) I'l+a)
1

20T ()

This implies that C, =

Furthermore, by scaling, there is the relation :

for fixed £, 7 2(/L1)V/°. (3.9)

If we denote by (0y(t),t > 0) the density of 74, then :

% 1V (o
Ou(t) = % yo U 11;( E+1) (tla)k sin(kra) (t>0)
k=

—

Tl=a)yq (see [9], p. 142).

In particular :

0(t) ~ i@t D g £ 2

e Y gt Ma) to+1 (3.10)

because I'(a)['(1 — a) = , (cf [8], p. 3).

sin ma
We now discuss similar properties for the density (p;(¢),¢ > 0) of L;. The scaling property
yields :

(@

Li=teLy . (3.11)



Proposition 3.3 The following relation between 0y(t) and pi(£) holds :

la 14
0ut) = o (t‘l) -

Moreover :

zn(0)==I%fifoo- (3.12)

Proof. The relation between () and p;(¢) follows directly from (3.9).

Taking the limit of
Y taJrl o
_— = t
n (ta> I Z( )a

as t — oo, and using (3.10), we obtain :

oo fa T(a) o1 T(1+a)

) ¢ et g gma 2
Jm pr (t)

This shows (3.12). ]

. d . .
The positive moments of Ll(:) (71)”® have a nice expression.

Proposition 3.4 Let m be a positive real. Then

I'(1+m) (2%“(1 + a))m

Euhwq:ru+am) T(l-a)

(3.13)

Proof. 1) It easily follows from the usual computation of negative moments of a R;-valued
r.v. that :

and it now remains to use (3.4).

2) An alternative proof of (3.13) consists in using the fact that, for S a standard exp(1)
d

distributed variable, independent of (L;,t > 0), one has Lg @ S%L1, and Lg is distributed

as an exp(C’) variable, with C’ given by (3.7).

3) For m an integer, the referee suggested another proof based on Kac’s recursive moment

formula :

EKQWﬂ:mE{Alﬂ@Fle]Mg. (3.14)

Assuming (3.14) for a moment, one recovers (3.13) by recurrence, from the scaling property
of (Lt, t 2 O)
|



We now give a proof of formula (3.14).

This identity may be proved using the two first formulae of [7], p533, with ¢(z) = 1.

It seems interesting to give a direct proof of (3.14) in a more general setting than Bessel
processes. Suppose that (L, t > 0) is the local time process at 0 of a diffusion started at 0,
such that L., = oo a.s. We claim that :

BIG(L) = B[ [ Pla(fi-)ldL). (3.15)

where g : Ry — R is Borel and G(z) = / g(t)dt, = > 0.
0

Obviously, (3.15) is an extension of (3.14) since taking g(x) = maz™"! in (3.15) we recover
(3.14).
To prove (3.15), we introduce the two following positive measures on R :

p(t; A) = E[/Ot 14(Ls)dLs], pa(t; A) = E[/OtP(LtS € A)dL,], t=>0,

where A is a generic Borel set included in R, .
It is clear that p;(t;-) = pa(t;-) if and only if (3.15) holds. Therefore (3.15) is equivalent to :
01(\,a) = 02()\, a), for any A, a > 0, where

Hi()\,a)—/ e Mt e ) dt.
0

Let (7,) be the right-inverse of (L;) (i.e. 7, = inf{s > 0; Ly > u}) and ¥ be the Lévy exponent
of (1) :

E[e_AT“] = Ny x> 0. (3.16)

We first compute 61 (A, a) :

00 t 00
01(N,a) = / dte ME| / e P dL,] = %E[ / e_“Ls_’\SdLS].
0 0 0

Setting u = Ls and using (3.16), we obtain :

—_F —au—ATy, _ = —u(a+p(N)) e —
D) =3B [ e = 5 [ M=)

Similarly, we express 62(\, a) in terms of ¥(\) :

02(\, a) = /0 h dte ME| / tE[e’aLt—S]dLs].

0

Using Fubini’s theorem we get :
(N a) = E| / e dL,] E| / et Augy].
0 0
Since E[/ e MdL,| = E[/ e du], then (3.16) implies that :
0 0
O2(\,a) = 1E[/Oo e*aL”*)‘“du].
) o

8



Using excursions theory, we obtain :

_ 1 7 e—olu—dug,] — b e‘“l—ATl—M
O2(N,a) = w()\)E[bzo/n_ du] = QM}‘)E[DZO ) ]
_ ; Ooe—al 6_>‘Tl
BN (/0 Ele™]dL) ().
Using (3.16) and (3.5), we have :
1 o ) X
e = sy () = 3oy

This proves that 61 (A, a) = 02(\, a). Hence, formula (3.15) has been proved.
Likewise, the moments of 1, the local time of the standard Bessel bridge, with dimension
2(1 — @) may be computed explicitly as the following proposition shows.

Proposition 3.5 For m, any positive real, we have :

I'(14m)l(a) <2ar(1 + a)>m

FIO™ = Faivm) \Ta-a

(3.17)

The main difference with (3.13) is that in the denominator of (3.17), we find T'(a(1 + m)),
whereas in that of (3.13), we have I'((1 + a)m).

Proof of Proposition 3.5
Let g = sup{t < 1, R; = 0}.
We have :
L= Lg = gallv

1
by scaling, using the fact that (\7Rug, 0<u< 1) is a standard Bessel bridge independent
g

of g.

d
Next, we use the fact that g @ B(a, 1 — «). Consequently :

st - - )

Comparing this formula with (3.13), we obtain (3.17).

4 Descriptions of n,,

Traditionally, following D. Williams’ descriptions of 1t6’s measure for Brownian motion, (see
e.g : Williams [17] and Rogers [16]), there are two descriptions for n,, which are obtained
by disintegrating n, with respect to M = sup, <, €(u) or with respect to V(e) = inf{t >
0;e(t) = 0}, where ¢ denotes the generic excursion and V' (¢) its lifetime.

These descriptions are (see [2], and [11]) :



4.1 Disintegration with respect to M

() no(M>a)=a 2 | (4.1)
(ii) Conditionally on M = a,{e(u),u < V(e)} may be obtained by put-
ting two independent BES («) processes back to back, up to their

first hitting times of a,

where BES(a) denotes the Bessel process started at level 0, with positive index «, or dimension
d=21+a)>2.

4.2 Disintegration with respect to V/

dv
i Vedv)= ——— 4.2
() nalV € do) = gty s (42)
(ii) Conditionally on V = v, the process (¢(u),u < v) is distributed as

a standard BES («) bridge, with length v.

In fact, a simple look at either (4.1) (i), or (4.2)(i), as well as the corresponding formulae in
Biane-Yor [2], shows that : n, = fia, where 7, is the notation for It6 measures chosen in [2].
Thus, it suffices to show (4.1) (i) : on one hand, from excursion theory, one has :

P{ I%E%;Ru <a} =exp{—tn,(M >a)}. (4.3)

On the other hand, trivially,

P {m<axRu < a} =P{rn<T,} =P{Ly, >} . (4.4)
USTy
However, L, is exponentially distributed, with mean E[L7,] = a?®, from our choice of L.

Comparing (4.3) and (4.4), we obtain (4.1)(i).

Remark 4.1 We take this opportunity to correct an annoying mistake in (3.h) [2], where

1 : 1 o
the constant 0= should be changed in =R (see also a similar remark before paragraph

(3.3) in [5]).

5 The different choices of ¢ in the literature

As we scanned the literature about excursion theory and/or choice of local times for
BES (—a), we have come across the following papers :

1. Pitman-Yor ([12], [14], [13]) : in these three papers, the results do not depend on the
local time normalization;

2. Gradinaru-Roynette-Vallois-Yor ([7]; p.538);

3. Borodin-Salminen ([3], p.80);

10
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Chaumont-Yor : Exercises in Probability ([4]), Exercise 4.19, p.114;
Barlow-Pitman-Yor ([1], p.299);

Biane-Yor ([2], p.44, (3.f));

Pitman-Yor ([11], p.300);

Donati-Martin-Yor ([5])

© © N o o

Molchanov-Ostrovskii ([10])

In most of these papers from 2. to 9., the authors use a particular density of occupation
formula :

t 00
/ h(Rs)ds —’y/ h(z) L2 2P dx |
0 0
which, when compared with (3.1) yields :

z(c) _ 1 (1-2a-p8) 7=
L = —x L 5.1
t ~ t (5.1)

(in many cases, # = 1 — 2a, so that : Lf(c) = O%Lf)

We now present a table for the formulae (5.1) obtained from the papers 2. to 9.

x(c 1 T x(c 1 —2arxT
7 L = 51 3] L} = ~at e
() Nl —aw)2 @ a(c) MNl—a). o,
2] (pad) | 179 = — 1z | (11] (p300) | L7 = Lar-teps
¢ 20(1 — ) * ¢ a t
5 [ O N T L9 = 27971 + a) L
[ ] t CE(QQF(OC))Q t [ ] t +a)ly

Acknowledgement : We thank the referee for his constructive suggestions which helped to
improve our paper.
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