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Introduction

Our purpose is to compute the laws of certain integrals of the local
time at level O for one-dimensional stochastic processes such as Brownian
motion, Brownian bridge, Ornstein-Uhlenbeck process, Bessel process or
Bessel bridge of dimension d, 0 < d < 2. These functionals are of the type
¥ o(s)dLs, where ¢ is a positive locally bounded Borel function.

Functionals of the type [} ¢(s)dLs, with the Brownian local time at level



0, appear naturally, for example:

i) if ¢ > 0 (and regular), [; ¢(s)dLs is the local time at level 0 of (¢(t)By)
or of (p(g:)Bt), where g, = sup{s <t : By = 0};

ii) in an asymptotical manner,

n/ot o(s)f(nBs)ds — /]R f(x)dx /Ot o(s)dLs , as n T oo

(see for instance [Re-Y], Chap. XIII §2). Here, we assume that the (regular)
function ¢ satisfies [1 | (s)|ds/y/s < co. Clearly, the convergence take place
almost surely, for p(s) =1/s%, with a < 1/2.

Consider now ¢(s) = 1/s* with 1/2 < a. We may ask what is the asymptotic
behaviour of

1) = [ fnBa) ds,

as n T co. By scaling, Irga)(f) has the same law as n?*1 0"2t f(Bs)ds/s>.

Therefore

%Z(_J?@)/O” 2rw) = [aas ([T s nt e,

SOé

for some function f such that [*°_|f(a)|da/|a]**~! < co. Here, we denote
by L{(B) the Brownian local time at level a. A natural question is to
describe the law of the process

{aH/()OOdLgL(B):aGIR}.

SOt
We compute the Laplace transform of [;°dL%(B)/s®, for fixed a and o >
1/2. In particular, if o« = 1, a [;° dL%(B)/s“ follows the exponential distri-
bution with parameter 1 (see Remark 1.25 iv));
iii) the study [;* e *dLs(B) is connected to certain discounted arcsine
laws of Baxter and Williams (see [Ba-Wil, [Y3] and [S-Y] ).
We prove three types of results:

1. Laplace transforms expressed through series

We give the Laplace transform of the following functionals
1 1
(0.1) / (s+ (1 — s)t)?Y2dL,(B) and / (54 (1 — s)t)P~Y2dL(b),
0 0
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where 3> 0, s > 0 and L;(B) and L;(b) denote respectively the local times
at 0 of the Brownian motion and of the Brownian bridge (see Corollary 1.12
and 1.15). The Laplace transform is expressed as a series expansion.

Note that taking s = 0 and § = 0 leads to fol dLi(B) /vt = o0 a.s.; we recall
(see [Ra-Y] and [J]) that

(0.2) /01 (1) dLi(B) < 00 < /01 “”\([?dt < o0,

The Laplace transform is expressed as a series expansion.

Similarly, let R (respectively r) denote a Bessel process of dimension 0 <
d :=2n+ 2 < 2 (respectively a Bessel bridge of the same dimension). Then
we obtain the Laplace transform of

1 st(R) 1 st(T)
(0.3) /O(H(l_s)t)'n and /0 CERTETE

where L;(R) and L;(r) denote respectively the local times at 0 of the Bessel
process and of the Bessel bridge (see Theorems 2.17 and 2.18). In particular,
if d =1 (that is n = —1/2), (0.3) is precisely (0.1) with g = 0.

We also obtain a similar formula for the one-dimensional Ornstein-Uhlenbeck
process (see Theorem 2.7).

2. Explicit laws with randomization

When the parameter s is replaced by some particular random variable
independent of the local time process we obtain well known laws.
We shall denote by Z, ; a beta random variable with parameters a,b > 0:

uafl (1 _ u)bfl

(0.4) P(Zap € du) = 5

du (0<u<1)
and we shall assume that Z,; is independent from the process for which
the local time is considered. Here B(a,b) denotes the Euler function of the
first kind. Also, if we write & ~ £(1) if the random variable £ follows the
exponential distribution with parameter 1 and £ ~ ( if the random variables
& and ¢ have the same law.

For the Bessel process R we show that, for every a > 0, the random
variables



Z1,a st(R)
0.5 R d
(0.5) 71, AN /0 = Ziat OF

are independent. Moreover,

(0.6)

2’I'(a—n)l'(n+1) /Zlva dL(R) £(1)
0 ( ’

T(o)T(Jnf + 1) 1= Zia+ )~

where I'(a) denotes the Euler function of the second kind. The case of
Brownian motion is obtained for n = —1/2 (see Theorem 1.8 and 2.15).

An analogous result is obtained for the Ornstein-Uhlenbeck process (see
Theorem 2.6).

Moreover, we also show that for any A > 0, there exist some random
variables uy, respectively vy, independent of B, respectively b, such that:

(0.7) A jﬁ% ~ (1),
and
(0.8) Qijk£L~eu%

where ¢y = v/27/B(1/2, ). Note that, if u, satisfies (0.7), then vy = uy/g
satisfies (0.8), where the variables uy and g = sup{s < 1 : By = 0} are
assumed to be independent.

We have the following examples: p{ = Z)1/1 — Z) 1, then 1§ = 1% /g, and
also I/)l\ = Zl/2,>\/]~ — Z1/2’)\, or V% = Z)\71/2/]. — Z)\,l/2'

In particular, taking A\ = 1, respectively A = 1/2 we get

0.9 f/\/ﬁi \f/ T ey,

where we denote by U = Z;; a uniform random variable on [0,1] inde-
pendent of B and by V' = Z;/5 1/ an arcsine random variable independent
of b.

We can obtain similar formulas for the Bessel process or Bessel bridge.

3. Limit theorems

On the other hand, using the formulas for the Laplace transform of ran-
dom variables of type (0.1) we prove some limit theorems (see Theorems
1.26, 1.28 and 1.30). Thus we obtain the convergence in law to N(0, 1), the



standard normal distribution, of

[T ta-1/2 1
L dLy(B [log1/e
(0.11) \ 210g2 (\/logl/a/o \/5+ 27 ) »as el 0,

or

T 1 L dLs (B) log1/£2
0.11) / =y , 0,
( ) 210g2 ( /10g1/€2 0 \/Z_ o as El

with L (B) the Brownian local time at level ¢, and also

i 1 t dL,(B) log (t/s)
(0.12) 1/210g2 (\/W . o — 4/ 5 ), as s/t —0.

We can prove that (0.10) and (0.11) are also true for the local time of
the Brownian bridge (see Remark 1.27).

Our general approach in this paper is based on a probabilistic represen-
tation for the solution of a partial differential equation. On one hand we
use the backward Kolmogorov representation for a parabolic partial differ-
ential equation to get an explicit form of the solution. On the other hand
in the Fokker-Planck representation we use the local time of the associated
diffusion. From these two expressions we deduce some useful information on
certain functionals of local time.

The plan of the paper is as follows. The first part is devoted to the
study of the Brownian motion case and general functionals of Brownian lo-
cal time. In §1.1 we present the general ideas of the method and in §1.2 we
make some explicit computations when we take some particular functionals.
Thus we obtain results on integrals of local time for the Brownian motion
and Brownian bridge with some deterministic or random parameters. §1.3
is devoted to extensions. Formulas for Laplace transforms allow us to obtain
some limit theorems in §1.4. The case of more general diffusion processes
is studied in the second part. We apply the general results of §2.1 to the
Ornstein-Uhlenbeck process (§2.2). Finally, the case of Bessel processes is
considered in §2.3. In the Appendix we give different proofs of our results
and some comments.



1. Integrals of Brownian local time
1.1. General result for Brownian motion

Let us consider the equation:

(1.1) E;(;(t,a:):;gic;(t,x),t>0,x>0,
with

(1.2) w0(0,2) = wolx), > 0

and

(1.3) W(t,0) = F(t), > 0

as initial and boundary conditions, respectively. Our hypotheses on wy and
f are those needed to ensure the existence and the uniqueness of the solution
for the problem (1.1)-(1.3) (see [K-S], p. 254 for a closely related problem).
For instance, we assure that wg is a continuous function with growth less
than exponential at infinity, f is a continuous function which is C' on IR*

and wp(0) = f(0).
Denote by L;(B) the local time at 0 for the linear Brownian motion B
starting from 0. The main result of this section is the following

Theorem 1.1. Assume that f(t) = w(t,0) > 0, for all t > 0. Then for
every positive Borel function h,

t Qw/0x
f

1 [ Eft—8) _2/06

Here, we denote Ty := inf{t > 0: B, = 0} and

(1.4) E., [h(|Bt!)exp <_ /0 (s,O)dLS(B)) ]1{,2%}} _

(1.5) Eoy(A) = /0 " wo(2)Ea(A) da |

To prove the equality (1.4) we need some preliminary results concerning



the probabilistic interpretation of the problem (1.1)-(1.3).
First, we write the explicit form of the solution w(¢,z). This is a con-
sequence of the backward Kolmogorov representation for the problem (1.1)-

(1.3).

Proposition 1.2. The solution w(t,x) of (1.1)-(1.3) is given by

(1.6) wlt, ) = /0 " woW)lp(t,y — ) — p(ty + 2)] dy
1 t g ea/28
+\/%/0 e flt—s)ds,
1 —332/21?'

where we denote p(t,x) = erTis

Proof. Consider, for z > 0 and ¢ > 0 the space -time process

AL = (z + Bs,t —5),0< s <t,
associated to the differential operator £ = %6‘9—; — %. To obtain the solution
of the problem (1.1)-(1.3) it suffices to solve the Dirichlet problem for the
(operator L) process A on [0, c0[x[0,t].
We obtain

w(t, ) = By |wo(Be)Lgenyy | + Ba | £(t = To)Igsmy | -

We get the second term in (1.6) from the preceding equality, once we recall
that

T 6722/23
Px(T() € dS) = W ][}O,OO[(S) ds.
To obtain the first term we use the symmetry principle. O

Before proving Theorem 1.1 let us note the following useful fact. The
unique solution w(t,z) of (1.1)-(1.3) satisfies the Fokker-Planck representa-
tion:

Proposition 1.3. The solution w(t,x) of (1.1)-(1.3) satisfies

t Qw/0x
f

(7)< hw(t,) >=Fu, {h(\BtDeXp (—/0 (s,O)dLS(B))] ,

for every positive Borel function h. Here, we denote



(1.8) < hyw(t,-) >:= /OOO h(z)w(t,x) dz .

Proof. Let us define:

and

M, = exp (— /Otp(s)dLs(B)> .

We introduce, for ¢ > 0, x > 0, the function @(¢,z) defined by
< h,&(t,-) >:= Ey, [h(|Bt]) M| .

Consider a smooth function g and apply Ito’s formula to get

to
() ot |Bil) My = 900, Bol) + [ 52(s,B.]) M. ds
t ~
— [ 05, 1Bl ) ML (B) + [ 525, 1B.]) MidLs(B) +dB,)
t82g
+§ 0 @(SJBSDMSdS,

where dBg = sgn(Bys) dBs.
We choose the function g such that, for every ¢t > 0,

o1, 00p(t) = $2(1,0).

Then, by taking E,,, in the above equality (i) we get, firstly

. 0w 1 9% ~
(11) <g(t)')va(t7 ) >= 5 < w(tv '),W(t, ) >,
and, secondly

0g . B 0w

(i) 224,00 3(1,0) = 9(1,0) - 52 (¢,0).

Assuming ¢ has compact support disjoint from {0} x [0, co[, we can deduce
from the first equality (ii) that

0 _10%
ot 20x2°



Moreover, @ satisfies
w(0,z) = wo(x), Yz >0,
and ~
ow
Ox
as we can see combining the second consequence (iii) of Ito’s formula and
the condition on the function g.

But w(t,x) verifies the same conditions because it is the solution of (1.1)-
(1.3). Hence @ = w (cf [F], p. 147). 0

(£,0) = p(t) - &(t,0), ¥t > 0,

Proof of Theorem 1.1. Combining (1.6) and (1.8), we write the left hand
side of (1.7) as

/ / h(z) wo(y)[p(t,y —x) — p(t,y + x)] dx dy

—z2/25

Using (1.5) we write the r1ght hand side of (1.7) as follows:

< howlt,) >= /Ooowo(y)Ey {h(thy)exp <_ /Ot 8“’;8“7(3,0)@8(3))] dy
= [ @B (1B Ty dy
+ [T ent)e, |n |Bt|>exp( /0 t awj/tam(s,0>dLs<B>)1{t2To}} dy.

Indeed, before Ty, the Brownian motion does not visit 0. It is well known
(see [K-S], p. 265) that

By 0B Lpsny) = [ (o) oty = 2) = plt.y + o) do.

The result of the theorem follows from the previous equalities. a

Using the scaling property of the local time L;(B) and the Markov prop-
erty we get

Corollary 1.4. For every positive Borel function h and every fixed t > 0,



00 —y Lwo(y /t(1 —u)) u
(1.9) /0 Y 2 dy ; Vi d

« Ey [h(]Bu\) exp (—\/i/u Q0T (1 _ ot v))dLv(B))]

. 0 f 1 —U 7z2/2u
7/0 zh / A7 du.

Proof. Using the Markov property and the expression of the density of Tg
we can write the left hand side of (1.4) as follows

[T o [nsi e (~ [ 200 (5 0L(8)) Tz | o

() 0 T 2/2s
= xwol(x dw/ — 1My ds
/0 (@) 0 V2msd {r2s)

x Eq [h(\Bt_s\) exp (— / - (%)J{f)x(s +w, o)de(B))}

ey/2
—/ ywoxfydy/

« By {h(\Bt_sD exp (— /Ots au’/(%U(s +w, o)de(B)ﬂ

f
[eS) 1 1 —
:\/%/ ye—yZ/Qdy/ wo(y V(1 —u)) d
0 0 v1i—u
tu
x Ey [h(|Btu]) exp (-/ awj/cax (t(1 — u) + w)de(B)ﬂ .
0
Here we made the two successive changes of variables x = yy/s and s =

t(1—u).
It is well known that the Brownian motion and its local time have the fol-
lowing scaling property:

(1.10) (Bm Lu)uZO ~ (ﬁBu/ta \/%Lu/t)UZU .

Then the expectation in the above formula can be written as

Fo [h(|Bw|) exp (— /0 " aw;ax (t(1 —u) + s)dLS(B)ﬂ

10



Ow/ 0z
f

= & [(valBuexp (—vi [P0 - ut o)L ()]

by the change of variable v = s/t in the integral with respect to the local
time. Hence, from the left hand side of (1.4) we obtain the left hand side
of (1.9), up to multiplication by v/27t. To get (1.9), we make the change
of variables s = tu and y = z+/t on the right hand side of (1.4), and we
simplify the factor v/27t. a

= Ey [h(\/i |Bu|) exp (—\/f/otu (t(1—u)+ S)dLs/t(B)>:|

From (1.6) we calculate the derivative (Ow/0z)(t,0):

Corollary 1.5. For every t > 0,

(1.11) %(t’o) _ 2/000 ng(y) p(t.y) dy — \2/1%

1 tft—s) = f()
+\/%/0 372 ds.

Proof. A direct calculation shows that the first term in (1.11) is the value
at (¢,0) of the derivative with respect to z of the first term in (1.6).

We need to compute the derivative of the second term in (1.6). ¢ being fixed,
we denote, for z > 0,

e—x2/25

1 Lty
w(g;);:m/o (= s)ds.

Then
Y(z) = Eolf(t — T) Iyp,<p],

where, as usual T, := inf{t > 0 : By = x}. Since lim, o7, = 0, P¢-a.s., we
get
lim (2) = £(t) = $(0)

z|0
We compute lim,|o(¢(x) — f(t))/x. Let us denote

Y1(x) == Eo[(f(t — T) — f(t) Lyr, <]/

and

wo(x) = f(t)Po(Ty > t)/x.

11



Then
(W(z) = f(t)/z = ¥1(z) — Pa().

Since

f t—S f(t) e—x2/2sd8’
\/ﬂ 53/ 2
using the dominated convergence theorem and the fact that f € C'(IR*),
we get

P (x) =

Lft—s) = f(B)
li
210 Vi) = m 53/2 as,
which is the third term in (1.11).
We show that the second term in (1.11) is the limit of 13, as = | 0. Indeed,
it follows from [K-S], p. 96, that

T, ~ x*/n*, with n ~ N(0,1).

Therefore
Po(T, > t) = P(Vt|n| < z),

) 26—12/213
lm () = (0 ()0 O

which yields

Vart

1.2. Explicit calculations in some particular cases

In the particular case where the initial and boundary conditions in the
problem (1.1)-(1.3) are powers, we can perform explicit calculations. More-
over if we replace some deterministic parameters by beta random variables
we get some classical distributions.

First, we explain the idea. To find the law of an integral [J ¢(s)dLs(B),
we look for some functions f and wy such that p(t) = awj/f% (t,0) and then
use Theorem 1.1. Moreover, taking into account the third term in (1.11) we
see that a suitable type of functions are the power functions.

Let us introduce, for a > 0,

B B ot _ -1 —-u)”
(1.12) ca.—2o¢B(1/2,a)—B(1/2’a+1/2>—2+/0 Tdu.

We consider

12



(1.13) F(t) = ° and wo(z) = Caeﬁxza’

where 1 > 0 and

(1.14) 0o = 2T (a +1) = 2/ g0t —a/2 g
0

These functions satisfy the hypothesis which ensures the existence of the
solution w(t,z) of (1.1)-(1.3) (see the commentary after (1.3)). The main
results of this section give some relations involving the Laplace transforms
of some particular integrals of local time.

To justify the particular form of the functionals in the statement of our
results, let us establish the following

Lemma 1.6. Consider the functions f and wg given by (1.13). Then

Ow/0x W
(1.15) 7 (t,O)—\/ﬁ.

Proof. The result is a consequence of Corollary 1.5. We calculate (1.15)
directly from (1.11). Indeed, using (1.13) and (1.14), we obtain:

Ow 2 Ca+,u1 20+1,—a2 /2t 2 a1)2
Lt e x dr — — =@ /
L g A
1 1
ds = Co + po—1/2 _ —coéta_l/2 .
\/ 2 / V 271'( 2 ous
by (1.12), and (1.15) follows at once. 0

Our first result is a direct consequence of Corollary 1.4.

Theorem 1.7. For every positive Borel function h, and for every a > —1/2,
p =0,

(1.16) /01(1—u)a1/2E0 [h(]Bu\) exp< \/%/o m)} du

2 o0 (1—u) 2
- h(y) d S ey 2u gy,
ca+u/o yh(y) y/o T u

Remark. For a > —1/2, ¢, is well defined by the second equality in (1.12).

13



As a consequence we can prove one of the main results of this section.
To state the result we introduce some notations.

Recall that, here and everywhere else, Z,; denotes a beta random vari-
able with parameters a,b > 0 (see (0.4)), independent from the Brownian
motion.

The next result is a translation of Theorem 1.7 in terms of independence
of Brownian functionals.

Theorem 1.8. For a > —1/2, the random variables

Z1,041/2 dL,(B
(1.17) BZl,a+1/2 and / + v( ) ’
0 \/1 —Ziat1/2 TV

are independent. Moreover,

Co  [Zra+i/z dL,(B)

v2r Jo \/1 — ZLat1/2+ 0

the exponential distribution with parameter 1.

(1.18) ~ E(1),

Proof of Theorem 1.7. It suffices to prove (1.16) for « > 0. Then, by
analyticity, it can be extended for a > —1/2.
We write the equality (1.9) with ¢ = 1 and the functions f and wqg given by

(1.13): e

Ca+M/°° —y2/2 / y“* (1 —u)”

0, 0 ye dy 0 (1 — u)1/2 du
“ %
Eo |h(| By —/ dL,(B
- 0[(‘ |)exp< 0 V21 (1 —u+v) ( )>]
> ! (1 _u)a —22/2u

—/0 zh(z) dz/o —ap © du .

(1.16) is then obtained by (1.14). O

Proof of Theorem 1.8. The first part is clear from the result of Theorem
1.7, noting that the positive Borel function A is arbitrary and that

1 = /OO e~ (Catm)sgg.
Co + 4 0

To prove the second part we take h =1 in (1.16) and we get
a 1/2

B 1 a—|—1/2)E0 [eXp( \/%/o m)] du

14



2B(1/2,a+1) /00 s —cas /°° _ _
= — e d — ns Casd .
B(l,a+1/2) Jo € e 5 0 € Cac iy

We deduce (1.18) from the last equality. O
Remark. In the Appendix we give another proof for the first part of The-
orem 1.8. We prove that the result is connected with a simple property of
independence for beta-gamma random variables.

In the proof of Theorem 1.8 we used the Laplace transform with respect
to the parameter y. In the second main result we shall use the “Laplace
transform” with respect to the parameter ae. We shall use Theorem 1.7 and
Corollary 1.5. To state the result we introduce some notations.

Let V' = Zy/3,1/2 be a random variable which is arcsine distributed. Con-
sider V1,...,V, independent copies of V. We shall denote

(1.19) P.=11V
j=1
Theorem 1.9. Forevery p > 0,0<u <1,y >0,
(1.20) Eo exp< ——=V1l-u / LotB) > | 1Bl —yl
V2r \/7
—u\" I y? (1 —u)P,
— s (20" g [ Lpew (A -uwP
e %(2) L/Pn—ueXp 2 Po-u )|’
or, equivalently, denoting w = u/(1 — u),
L dLy(

1.20° Ep |ex / ) B = ]
(1.20) oo (= [ 181 =y

_ n 1 2 P
_ 2 u) B {(w41)Py>w} v n '
‘ Z<2 [ Wt P, —w P\ 2w+ 0P, —w

n>0

For the proof of Theorem 1.9 we shall use the following two lemmas.
The first one is a consequence of Theorem 1.7.

Lemma 1.10 For every a > —1/2, u >0,y > 0,

1 ua71/2 5
(1.21) / \/76_3/ /20=u) gy,
0

15



< o (- T [ i) =

o yuae—y 2/2(1—u)
Ccatpto (1 —w)3/?

du .

Proof. First we transform (1.16). On the left hand side we apply again the
scaling property (1.10). Therefore, for every positive Borel function h,

/{)1(1_15)&_1/2]3 { (Vu|Bi]) exp (‘r 0 %)} du

2 o 1(1_u>a —22/2u
:ca—i-,u/o zh(z)dz/o T 12y

also by the change of variable v = ww in the integral with respect to the

local time, or
1
/ uoc—l/Qdu
0

x Eq lh(ﬂlBll)exp< fm/ m)}

2 o0 1 u® 2
_ —z2/2(1—u)
Ca+u/0 zh(z)dz/o 7(17111)3/26 du .

By conditioning with respect to |B;j| = z in the left hand side of the above

equality we obtain
00 9 1
/ e /2dz/ w12 du
0 0

x Eg lh(\/l — uz)exp (—\/1 -

/ ¢i> HBIr—Z]
VI [y [

Ca+ 1t Jo (1 —u)3/2
or, putting ¥y = v/1 — u z on the left hand side,

du ,

00 1 ,a-1/2
0 0

1—u

o o, ) 1]

16



oo 1 a,—y%/2(1—u)
T gy [
Ca t+ 1 Jo 0 (1_U>3/2

It is not difficult to deduce from this result the Laplace transforms with
respect to a by a simple change of variable.

Lemma 1.11. Forevery p > 0,0 <u <1,y >0,

(1.22)  Eo |exp —”m/ldL” 1By| =
' 0 V2r 0 vu+ (1—u)v U=y

_ \/2277”(1 — u) ey2/2nz>:o <—2ﬂ)"

Y/ P y2(1 —u) Pyt
o (RN AV R SN N Sll) A5 w1 .
g [(Pn+1 —u)3/? P < 2(Prg1 — u) Lz

Proof. Put

F(u,y. ) = Bo |exp (—J‘;?m

<[ ) 1= ]
0 Vu+ (I —u)v L vl

Performing in (1.21) the change of variable u = ™", we get

[ e Pl )
Vor [0 ye waemy?/2(1—e)

- ca+,u/0 (1 —ew)3/2
Let us remark that 2/c, is a Laplace transform with respect to a. Indeed,
using (1.12) and the same change of variable u = e™"

e Ydw.

, we get
9 1 1 q0—1/2 1 foo —w/2
7:f/ u du:—/ e—waie dw .
Co, T™Jo V1—u 7 Jo V1i—ew

This is the Laplace transform of the random variable log 1/V (recall that
V' = Z13,1/2 is an arcsine random variable), with density

e—w/2

x(w) = ﬁ ]I[o,oo[(’w) .

17



Then we can write,

e Vdw

N < efwaefy2/2(1fe_w)
Ca+ I /o (1—ew)3/2

g

Ca

ST (@) Q) e

where g(w) :=ye e ¥ /20-¢7") /(1 — e*w)3/2]l]07oo[(w).
Therefore we obtain the following equality where we denote the convolution
product by x:

e—w/2 B e B
\/ﬁe VLRI E (g, e )
2 P\ x(n
S (FE ) )

n>0
V2T —u

because (g * X*(”“)) (w) = E[g(w+1log (Vi ...Vy11))]. We denote e™™ = u
and we get

e VRO p () = YT 1 —u) 3 <—N)n

yvPot1 Y2 Py

using also the expression of the function g. The result of the lemma is ob-
tained replacing y by yv/1 — u. a

Proof of Theorem 1.9. We only need to transform

VP, 2(1—u)P,
E [y*l exp ( y<)+1> ]I{Pnﬂzu}]

(Pat1 — u)3/?  2(Po1 —u)

18



Yy Vi1 v (1 — ) Via1
—p| L - 1
an (Vas1 —u/Py)3/2 P < 2 Vot1 —u/ Py (B Vnpr2u}

VA= |7

as follows from Lemma A.2. Hence we get

VP, 2(1—u)P,
E [(y“ exp (_y()"‘l> H{Pn+1>u}]

2(1—u
1 eXp( 2(y1—(u/P2L))
7 (1—u/P)

]I{Pn>u}] ;

Poy1 — u)32 2(Pps1 — u)

1—u)P,
\f\/ul—u l\/P —uep< 2(P : )1{1’”2“}1'

Replacing this equality in (1.22) we obtain the result of the theorem. The
proof is complete except for the proof of Lemma A.2 in the Appendix. O

As simple consequences of Theorem 1.9 we get results without condi-
tioning and for the Brownian bridge.
First, we state the result without conditioning:

Corollary 1.12. For every > 0,0 <u <1,

B)
(1.23) Eo [exp < r\/ / m)]

-y (N>” B {P@u}}
—\ 2 VP,

n
or, denoting w = u/(1 — u),

olonl o[ 2]

Remark 1.13. We cannot take v = 0 in (1.23) because

(1.23)

(1.24) /01 (1) dLy(B )<oo<:>/ 20 4t < oo

(see [Ra-Y], p. 655 and [J], p. 44).

19



Before proving Corollary 1.12, let us state an important consequence of
this result.

Proposition 1.14. For A > 0,

)\1/2/ fp + 2
Clanl e %i1

In particular, for A = 1, Zy; = U is a uniform random variable on [0, 1]
independent from the Brownian motion and

\f/ﬁ(

Remark. The second statement of Theorem 1.8 can be obtained using (1.25).
Indeed, by the scaling property, for every ¢ > 0,

(1.25)

(1.26)

/1 dL,(B) / dL¢,(B)
0 i1 Al\[\/Z)\l‘F’U 1—Z)\1)
Ut 70

[ e < _dLy(B)
— L)1 ~ s el
\/Z/\1+ (1—2Zy1) /0 Varitw

with ¢ =1 — Z) ;. It suffices to take A = o+ 1/2 and to observe that

1 =21~ 2y .

Proof of Corollary 1.12. By conditioning,

Fo [eXp< r\ﬁ/ ww%)}

XEO[QXP< }ﬁ/ ¢1—3_>>||Bl|=y].

20



Using (1.20) and the obvious equality [5° e~y a/2 dy = /7/2a, we get the
result of the corollary. a

Proof of Proposition 1.14. First, let us note that

Lip, >z, _ oy [B(A,1/2)1"
E[ {P\/ﬁi,}]:E(Rﬁ 2) = [ (v212)] :{ (ﬂ/)}

Therefore the right hand side of (1.23) can be written as

—p\" B(\, 1/2)" 1
2 (2) a1+ upB(\1/2)/21°

n>0

Remark. The random variable Z 1 /(1 — Zy 1) has the density Au*~1/(1+
u>1+/\]1}0,oo[(u)‘

Taking y = 0 in Theorem 1.9 we get the result for the Brownian bridge:

Corollary 1.15. For every > 0,0 < u <1,

(1.27) Eolexp< f\ﬁ/ \/u—i-lib—)u>]
-y () e[

or, denoting w = u/(1 — u),

(1.27") Eo {exp< \/g/o m)]

-y ( ) L wr1)Puzw)
"0 (w+1)P, —w
Remark 1.16. We can obtain (1.23) from (1.27) and vice-versa. Indeed, it

is classical (and it goes back to Lévy, [L]) that the local time of the Brownian
bridge can be represented as:

(1.28) (Le(0))eero) ~ (Lgt(B)/v9)iefo,) -

Here, we denote ¢ = sup{s < 1 : By = 0} which is independent from

21



the process (Lgt(B)/\/9)tefo,1]- From (1.28) we obtain

1

(129 Vi [ ploe) du®) ~ [ o)),

for any positive Borel function ¢. Therefore

(1.30)

We prove that (1.277) 1mphes (1.23 ). By (1.277), with w replaced by w/g,

E!exp( ol m)

-5 (st

Conditionally on P,, taking the expectation with respect to ¢ in the n-th
term on the right hand side of the previous equality, we can write

lE /1 dx I
T w(llgnpn) \/1 — x\/(w + fI:)Pn —w {(w+1)P7LZw}

I
- lE [ {(w+1) Py >w}

/Pn w(l Pn) m /:Z;‘ 1 Pn :|

T
- =[] [ s - )

by the change of variable y = (rt—w(1—PF,)/P,)/(1—w(1—P,)/P,). (1.23")
follows immediately. O

Similarly to Proposition 1.14, we can prove

Proposition 1.17. For A > 0,

(1.31)

B(\, 1/2 ZA Zraye
—Zx1/2
In particular, for X = 1/2, Zys21/2 = V is an arcsine random variable

22



independent from the Brownian motion and

(1.32) \f/ \/r \f/ £(1).

Proof. The reasoning is similar to that made in the proof of Proposition
1.14. First, we calculate

m Lp.>2,12)
\/ —Z>\1/2

- () - [P

) (P’\ 1/2)

™

Then we use the right hand side of (1.27) to obtain (1.31). The particular
case A = 1/2 gives the first identity in (1.32). For the second one we simply
change v in 1 — v and we use the identity in law

(b1—u)o<u<1 ~ (bu)o<u<i -
O

Remark 1.18. By the identity in law for the Brownian bridge used in
the proof of (1.32) and taking ¢(v) = 1/4/1 — v in (1.29), we see that

[

Recall that g is arcsine distributed and independent from b. Therefore,
by (1.32) we obtain

(1.34) \/2/01 % ~E(1).

This known result is a particular case of Azéma’s result (see [A] and [J])
asserting that, if (A2, ¢ > 0) is the dual predictable projection of A, the end
of a predictable set such that P(A = T') = 0 for every stopping time 7', then
AL~ £(1); here A = g = sup{t < 1: By = 0}.

(1.33) 4L (

Finally, our method allows to obtain other distributions than the expo-
nential:
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Proposition 1.19. Consider Z a random variable of density

1
1 log1l/u . where k = l log1/u

fr (=) ol u(l — u)

and Z is independent from the Brownian motion. Then

Y s i

the gamma distribution of parameter 2, having the density x e~ "Tjg o((7).

————du

(1.35)

Proof. As previously, we calculate the right hand side of (1.27). First,

/P" 1—u logl/u du
n—u yJu(l —u)

1 og1 log1/P, log P,
=—E o8 /U+Og/ndv :E<1—Og n)zl-i—n7
km 0 Vou(l —v) k

as we can see by the change of variable u = v P,, and direct integration. Then
the right hand side of (1.27) is 1/(1 + p/2)?, which is the Laplace transform
of the gamma distribution of parameter 2. O

{P">Z}
Eivli-Z
{ VP, —Z

Remark. Using Proposition 1.17 we can prove a more general result. Indeed,
by (1.31) we can write, for an arbitrary positive Borel function h,

du——Eh \f/
/ —u ( AUt 10, )
o /B(A1/2) _ o0 Ty )

=B(\, 1/2 =02 Ty = —— 7 Nay.

(A, /)/0 h( - x)e dx 7r/0 h(y)exp( BOL12) dy
By derivation with respect to A, we get

>\ 1
/ Ju loguEh \/7/
V1i-u AU T

2B)>\\11//22/ yhly exp( (I?/Q))dy'

This a generalisation of (1.35). Indeed, (1.35) can be obtained taking A =
1/2 (recall that B(1/2,1/2) = ).
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Moreover, by successive derivations with respect to A, we can obtain that,
for every integer p > 1, the density of

JE [ )
TJo v—l—%

is a linear combination of densities of gamma distributions of parameters
2,3,...,p+ 1. Here, the random variable Z, is independent of B and its
density is

(log u)?

1
—_— u), k, the normalisation constant .
kpm Ju(l — u) 0. () b

1.3. Extensions of the particular cases

We show that a simple superposition of power functions as initial condi-
tions allows the same type of calculations.
Let us consider, for « >0 5 > 0,

(1.36) f(t) ==t and wo(z) := Copay M 20428
0. Bors

where ¢ > 0 and the constants ¢, and 6, are given by (1.12) and (1.14).
Then the main result of this section is contained in the following

Theorem 1.20. For every u>0,3>0,0<u <1,

(1.37) Eo [exp (—\/%M/Ol(u +(1— u)v)ﬂ_l/QdLv(B)ﬂ

-y ('u>nunﬂE (P Po1)? Lip>uy
2 pri VP,

n>0

and

(138)  Eo [exp (—\/%m /0 Nt (- u)v)ﬂ_l/QdLv(b)ﬂ

_ n Pl Pn_l)ﬁ ][{P >u}
Z\2 pns VP, —u

Proof. i) By Corollary 1.5, we note that, for ¢t > 0,
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Ow/0x K .5-1/2
t,0) = —=t .
B0 =0

ii) By the general formula (1.9) we can write, for t =1,

/01 (=)™ =12

Co

(1.39)

x Eg [h(|Bu!) exp <_\/ZTT Ou(l —u+ v)'gl/zdLU(B)ﬂ

2 ° ! (1_u)a —22/2u
= ), zh(z)dz/o TP du .

Using the scaling property (1.10), and making the change of variable v = uw
in the integral with respect to the local time, we get, for every positive Borel

function h,
1
/ {(1 T ﬂ(l - u)o”rﬂl/ﬂ du
0 Ca

<Eo (v | B esp (~E=va [ - ww) L, () )|

2 > ! (1_u)a —22/2u
=, zh(z)dz/o T du,

Ca

or, replacing v by 1 — u,

1
(1.40) / {u“m + “u“*ﬂl/ﬂ du
0 Ca
1
% Eo | h(VT =1 |Bi|) exp <—\/‘;7T\/1 - u/o (u+ (1 — u)w)’g_l/zde(B)ﬂ
9 foo Ly e—y2/2(1~u)
= h(y)dy/o (1= u)P du .

iii) Proof of (1.38). By conditioning in (1.40) with respect to |Bi| we get
00 1 o1/2 4 getB-1/2
h d / Ca eV /2(1—u)du

/0 (w) dy 0 V1—u
x Eq {exp (-“\/1 - u/l(u +(1- u)w)ﬂl/Zde(B)> ||By| = —2

V2 Vi—u

,/2 e—y?/2(1—u)
d / h(y) dy / yu” du.

1—u3/2
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Hence,

a—1/2 | B at+B—1/2
/1 - e e V20w gy
0 V1i—u
1
1 B8-1/2 > _ Y
E ——V1- 1-— dL (B Bi| = —=
By [exp (—Z=vT=u [ (u+ (1 =) B) 1181 =

\/27r/ yu®e —y*/2(1-u)

1= )P du .

iv) We proceed now as in the proof of Lemma 1.11. Let us denote

F(p,y,u) =

b [e"p< wAGREI A / + (1 -ww W/"‘de(B)) 1B = ==

and we put u = e~ %

o0 —y?/2(1—e"")
/0 e W/ e—F(u, y,e” ) dw

in the preceding equality. Then

V1—ew
5 —y2/2(1—e )
_‘_H 7/ e—wae—wﬁ—wﬂe—F(M’ n e—w) dw
2 1—ew

pye e
\/;ca/ (1 —ew)3/2 v

We recall that a — 2/c, is the Laplace transform of the random variable
log 1/V with density

—w/2

(V' is as usual an arcsine random variable). Therefore, for every w > 0,

(w)



or, by calculating the convolutions, for every u =e~" € [0, 1],
—y?/2(1-u)

vV1ii—u

(1, )+ Vﬁﬁ (s v, u/V) Liysoy

y\/>e y2V/2(V —u)
[IE[ i Lvsouw |

where we simplified by ©!/2. But the right hand side of the last equal-
ity is 6*92/2(1*“)/\/1 —u by the result of Lemma A.2. Hence, denoting

y=2v1—u we get

(1.41) e 2 12F(p, /1 — u,u)+
B =22V (1—u)/2(V—u)
e w e — _ =222
;VI—uE [Vﬁ N2 F(p,zv1 u,u/V)ll{v>u}1 =e .
with
F(p,zv1 —u,u) =

Eo [exp (_\/%m/ol(u +(1- u)w)ﬁl/zde(B)> ||B1]| = z} :

To obtain the result for the Brownian bridge we take z = 0 in (1.41):

F(M:QU) N v ul [u WH{V>U}1 =1.

Thus, we need to solve the functional equation

u+ng_
where
Bi(u) := V1 —uu’E [%M\bu}
Hence n
P00 =3 (1) @D,
with

n _ — npB (Pl---Pnfl)ﬁ ]I{Pn>u}
(B"1)(u) =vV1—uu E[ o Pl
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as we can see by induction. (1.38) is proven.

v) Proof of (1.37). Unfortunately, we cannot use (1.41) to get, by in-
tegration with respect to z, the result for the Brownian motion without
conditioning as was done in Corollary 1.12.

To obtain (1.37) we use again (1.40), taking h = 1:

! 1
/ [ua1/2_’_ua+ﬁ1/2:| du
0

Ca

x Eq {exp <—\/%\/E/Ol(u +(1- u)w)ﬁl/Zde(B)ﬂ

2 [ 2 1 u®
—— —y*/2(1-u) g / d
Ca Jo ve Y Jo (1 —u)3/2 “

or, by integrating with respect to y on the right hand side,

1 2 1 «
/ [uo‘_l/2 + Muo‘+ﬁ_l/2] G(p,u)du=— Y du,
0

Ca ca Jo 1—u

where

Glovu) = o [exp (Vi | (=) B)) |

We make the change of variable u = e™":

o 2 o0
/ e e 2G (e ) dw + r —/ e eIV 2G (1, e V) dw =
0 0

2 ¢,

or, for every w > 0,

Vi—ee

X being, as usual, the density of log1/V. By calculating the convolutions,
for every u =e~" € [0, 1],

efw/QG(lu? efw) + g (efoﬂfO/QG(u, 67.) * X) (w) — (6_. * X> (w)7

G(p,u) + HusE [G(M’u/v)

2 VB+1/2 Liv>uy

_ Ly suy
_ﬁEl V(V—u)} '
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By (A.8) in Lemma A.3 the right hand side of the last equality is 1. Hence,
we need to solve the functional equation

(1+546 =1,
where S(u/V)
u

() =B [HT) 1[{V>u}] .
Hence "

Glun) =3 (5) (A,

n>0

with

P VP,

as we can see again by induction. (1.37) is proven.
The proof of Theorem 1.21 is complete except for the proofs of Lemmas
A.2 and A.3 which are presented in the Appendix. O

(A™1)(u) = u"E [(Pl“-Pn—l)ﬁ ][{PnZu}] ’

Remark. Clearly, formulas (1.23) and (1.27) are simple consequences of
Theorem 1.21 for 8 = 0.

As in §1.2 in Theorem 1.20 we can replace u by some particular random
variables in (1.37) and (1.38).

Corollary 1.21. For A > 0 and, for every un >0, 3 > 0,

(1.42) Eo [exp (—\//;?1 /1 - Zx, /01 (Zyg1+(1— Z/\J)U)B—I/Z dLU(B)ﬂ

g(%)nnﬁiAHB]ﬁJM 1/2),

and

)2
(143) EO {exp <—\/§1 / 1-— Z)\71/2 X

1 B-1/2
/0 (Z)\,I/Q +(1— ZA,I/Q)U)

_Z<2ﬂ> HB]5+A 1/2).

n>0 =

a,0))]
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Proof. To obtain (1.42) we need to calculate, from (1.37)

61
E [(.Anl)(Z)\’l)] =k [Z;,ﬁl (Pl t Pnfl) {PnZZA,l}‘|

P VP,

. (Plpn_l)ﬁ 1 P nB, A—1
—El ffﬁ \/ﬁn/O Au"Put " du

A g (P Pa)? P2

nB—+ A

It suffices to note that E(VP) = B(p+1/2,1/2)/m and (1.42) follows.
Similarly, using (1.38)

n n P...P,_ B I[{PnEZ }
E[(B"1)(Zy1/2)| = B [mzfm( ! ) A2

e \/Pr = Zx1)2

E (P1 A Pnfl)ﬁ /Pn unﬁ-‘r}\—l p
i Ry U
o B(

P A 1/2) VP, —u
_ B(ng+X1/2) (P...P,1)" prBA-1/2
B(A,1/2) e " '
We get (1.43) as previously. O

Remark 1.22. Again, (1.25) and (1.31) can be obtained taking § = 0
in (1.42) and (1.43), respectively.

Remark 1.23. Taking ¢(v) = (1 —v)?~%/2 in (1.29) and using the time
reversal property of the Brownian bridge, we get

1 1 _ B—1/2
(1.44) /O (1 — )2~ Y2dL,(B) ~ gﬁ/o (199 + v) dLy(b)

where ¢ is as usual the last zero before time 1; g has arcsine distribution.
Let us note that the Laplace transform of the left hand side of (1.44) can
be obtained by the same method as in Corollary 1.21, taking the random
variable 1—g instead of w in (1.38). Therefore we get, for every u > 0, 5 > 0,
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(1.45) Eo {exp (_\/ZTT 01(1 - v)ﬁlﬂdLv(B))]

B Y s (P Pa)f gy
—Z<2> E[\/ﬁ(l 9) PP YP,—1+g

ZO( )H (B+1/2,1/2),

with similar calculations as in Remark 1.16.
Finally, let us note that for 8 > 0 it is possible to let w | 0 in the for-
mulas of Theorem 1.20. This is a different situation than in the case 8 =0

(see also Remark 1.13).

Corollary 1.24. For every p >0, 8 > 0,

(1.46) Eo {exp <—\//;7_ 01 Uﬁ—l/QdLU(B)ﬂ
> (52) nlﬁjli[jB(jﬁ, 1/2)
and

1
(1.47) Eo [exp — [ B 2gL, (b )}

V2r Jo
27T>nH 3B, 1/2).

'gM /\
A~
K

n

Proof. To obtain (1.46) and (1.47) we need to calculate the limits

lim(A™1)(u) and lim(B"1)(u),

where 61
n _..np (Pl"'Pn—l) {Pn2>u}
(A1) (u) = u""E [ 7 B |
and

n _ — nf (Pl---Pn—l)ﬁ ][{Pn>u}
(B"1)(u) =vV1—uu E[ P Nk
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It suffices to prove that

. 1 e
lim(A™ ) (W) = jHl B(jB,1/2)
and n
lim(B" in H (78, 1/2).

Let us prove the last equality, the previous one being similar. For n = 1 we
can write

L%
Bl)(u) = UBME _ AVi>u
. Lff\/m
uPvT—u /1 dv
u VBTV —uy/T —w

_Vl-u /1/“ dw

B w2 /w — 11 —wu
By the Lebesgue dominated theorem the last integral tends to B(3,1/2),
when u | 0. If n = 2, we obtain

(B21)(u) =

2ﬁm// dv dw

{ow>u) V20208412 /T — /T — wyvw —u

dy
x5+1/QM/1 yP+2 Jr =y Sy — 1
as we can see by making the changes of variables w = yu/v and v = uz.

Again by the Lebesgue dominated theorem, the last double integral tends
to

Ve

L dy _ B(26,1/2)B(5,1/2)
772/1 ZB+1/2 J yﬁ+1/2m\/ﬁ_ 2 )
The same reasoning applies for arbitrary n. O

Remark 1.25. i) Taking § = 1/2 in (1.46) we recover the well known
Laplace transform of Ly (B) ~ |Bi].

ii) Let us denote MP (B), respectively M (B) the moments of order n
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of the random variables fol vP=1/2dL,(B), respectively fol vP=1/2dL,(b). Us-
ing (1.46) and (1.47) we can obtain, by straightforward calculation,

B (g = 2D nﬁl if 5 IN*
n = , 1 S s
(27T)”/25” Cgfﬁ
p—
—1)! nl 1
ME) (5) = iB—i),if B— - €N,
(B) on/23 I'((n— ]1—[1 Zl_[1 J 5
Qﬁn(n-H) n
M®) if IN*
and
1
M® n! o - ten
(/8) 2n/21—‘nﬁ+ E[l;[]ﬁ_lal 6_56 .

Note also, looking at the expressions of the moments featured in (1.46) and
(1.47), that this agrees with the identity in law

1 1
/ fU/B—l/2dLU(B) ~ gﬁ/ 'U/B_l/2dLv(b),
0

0

where on the right hand side, g and b are independent.

iii) Here is another method to obtain (1.47), or the moments of order n,
MY (B) of the random variable X3_; /9 := fol vP=1/2dL,(b).

Let us apply the balayage formula to the martingale ¥ (g;) |B;|, with g, =
sup{s < t: By = 0} and 9 a given function (for the balayage formula, see,
for instance, [A-Y]). Then, for some function ¢,

o[ t w(o)dL(B) ) oo Bl — @ ( [ t¢<v>dLv(B))

is a martingale. Here, we denote ®(z) = [ ¢(y) dy. The expectation of the
previous expression is identically zero. By projection of |B;| on F,, we get

E (4(g) | Bil | Fo) = g0 \/7/2vF g .

Hence, we can write

Blo ([ v ) voyrzvT=g] =B e ([ swa.m)]
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where g = g;. Taking ¢ (v) = v®, with a = 8 — 1/2, we obtain

oo ([ i) =i - [ )]

To get the moments of order n, we consider ¢(z) = 2™. Then, by scaling,

we get
B|y/m/2vT= 95" (Vos")"| E(Xa)")

1
= E
n—+1

(ga+1/2)n+1

Therefore,
™
\/QE { 1 _ ggoa-&-n(oz—i-l/Q)} Méb)(a + 1/2)

1
- (n+1)(a+1/2) (b)
_n+1E[g | M&(a+1/2),

or, using the fact that g is arcsine distributed,

n+1 T(n+1)p)
V2 T((n+1)B+1/2)

This equality agrees with that obtained by (1.47).

MO (0 +1/2) = MO (a+1/2).

iv) Using Corollary 1.24 we can study the law of [;* dL%(B)/s®, with fixed
a. Here 1/2 < a and L{(B) denotes the local time at level a. Indeed, we
can write (see also (A.16) in the Appendix),

o~ JLe(B 1 © JL.o(B 1 1 -
(*) / s( ) ~ — / v( ) ~ / ’Ua_ldL?}(b),
o s Pl (ko) e o

where B and b are independent Brownian motion and Brownian bridge.
Let us note 8 = o — 1/2 > 0. Taking p = A\v/27/T? in (1.47) we obtain

A ! a—170/7
E() [exp <_11(?1/2/0 v dLv(b)>]
At =
_ o B8-1/2 370
=E [exp ( Taﬁ/o v dLv(b)>]

-y () (&)jﬁwm/z).

n>0
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A simple calculation gives

B (le) _ \/;zmr(w 1/2).

A 1 -
E - / a=Lar9(b
0 [exp< Tg_l/Z A v M ))]

! —20-1)\" T(a—1/2)...0(n(a—1/2))
_\/7?7; a2l ) T((a—1/2)+1/2)...T((n—1)(a —1/2) +1/2) "

Therefore

If a = 1 the right hand side of the preceding equality is equal to a/a + A,
which gives by (*)

% dL%(B) LI(b)
a/o .~ \}fz ~E(1).

The second identity in law can be also obtained as follows: if n ~ AN(0,1) is
independent from b, then In|/a ~ 1/+/T,; moreover, taking = Av/27 || in
(1.47), we prove that .

[l LI(b) ~ £(1)

by calculation of the Laplace transform. Let us note that from the last
identity in law we deduce that

LY(b) ~/2£(1),

using also the classical and simple fact that n? ~ 2 g&(1) (see also the proof
of (A.5’) in the Appendix). Here, g and n are independent random variables.

1.4. Limit theorems

In this section we show that the Laplace transform formulas we already
obtained can be used to get some limit theorems.

For the moment, we illustrate the method with a simple case (obtaining
a simple formula). The other cases will be treated in the same manner.

Before stating the first result let us note some simple facts. Let us replace

pin (1.47) by pg:

Eg [exp (_\1;2% /01 vﬂ‘l/QdLv(b)H =

36

> (52) 1sus.i/2).
L

n>0



It is known that B(3,1/2) = 1/, as 8 | 0. Therefore, the right hand side of
the preceeding equality tends to exp(—pu/27), when 5 | 0. Thus we obtained
that, for 3 | 0,

(1.48) Var 5/01 vﬂ_lﬂdLv(b)(Lﬂz) 1.

In fact we prove the following stronger result:

Theorem 1.26. For | 0,

(1.49) \/g( /ﬁl/QdL m>(lal)N(o,1).

(Recall that A(0,1) denotes the standard normal distribution).

Remark 1.27. A similar result can be obtained for the Brownian local
time using (1.46). In fact, the contribution of the time ¢, came from an
interval of type [0,a] (a < 1), and it suffices to use the equivalence in law of
the Brownian motion and the Brownian bridge on o({Bs;t < a}).

Proof of Theorem 1.26. Using (1.47) we can write

e[ (V2 [0~ 25|

[z () s [z; (£) 70|

n>0

The general term of the product series, ¢, () can be written as

)= (32 WHBmm) o (2)

k=0

k

(277) iz = Z PIEE HJﬂB iB,1/2).

We now compute limgjg ¢, (). Let us note two important facts. First,

._ _ _ @ ranz)
Y(x) =xB(x,1/2) =14+ dx +o(x), where §:= T T2 log4
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(see [Leb], p. 5). Second, for every integer n,

& (_1)k n n
(150) ]gm k" = (—1 N whereas Z — ]{; ']{}' k) = 0,

when P is a polynomial of degree < n — 1. We shall denote P = Q (n), if
P — Q is of degree less or equal to n — 1.

With this remarks in hand, it is not difficult to see that the coefficient of
4" in H§:1 Y(jB) is =0 (n), if r <n/2—1. Indeed, the coefficient of great-
est degree is that of ]_[?:1(1 + 6 jB). Moreover, the coefficient of 5™ with
n = 2m is = 8™ k*™ /(2™ m!) (n). Clearly, when we take the limit as 3 | 0,
the terms in 5" with r > m = n/2 have no contribution.

Therefore ;
%?&Qm(ﬂ) - (277) 2mml’
and thus
1
hmE [exp—( / p- 1/2dL b) — )}
-3 (2)" g o (a3
=0 2 2m m| )2 2

O

Remark. In the Appendix we give another approach of (1.49) based on
Ito’s formula.

With this method in hand we can prove other limit theorems.

Theorem 1.28. For u | 0,

l—u log1/u \ (law)
(1.51) 210g2 (\/@/ m 27r(1—u)> — N(0,1),

or, equivalently, for € | 0,

T 1 L dL,(B) log1l/e \ (law)
152\ 3l0g0 (\/logl/a b, Veiro Vo ) — N1,

Proof. i) To get (1.51) we use the result of Corollary 1.12 with p replaced
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by pv21/(vV1 —ulogl/u):

oo (i o)
L logl/u Jo u+ (1—u)v
_ —p T\

=2 (x/l—ulogl/u \/;> an(u),

n>0
where ay,(u) = E[1/v/ P, Igp,>,3]. We prove that, for all integers n > 0,
. (log1/u)"
an(u):(ﬁné!), asu | 0.
Indeed,

) 1 / / 1 duq ...du,
u)=— [ ...
" utetin > UL U /T —up /T =y

logl/u / / dzy...dz,
14tz <1 \/1 e—z1(logl/u) \/1 e—zn(logl/u) ’

by the change of variables z; = (log1/u;)/(logl/u), j = 1,...,n. By
Lebesgue dominated theorem we get the equivalent for ay,(u), as u | 0.
Therefore, we get

. po [t dLy(B) e [
lﬁrolEO [exp <_log1/u 0 «/u—i—(l—u)v)] —exp( \/ﬂ) ’
" VIT (1 dL(B) (aw),
logl/u Jo u+ (1—u)v 7

as u | 0. We proceed now as in the proof of Theorem 1.26:

E, lexp_ w (\/l—u L dL,(B) B \/logl/u>]
Viegl/u Jo u+ (1 —u)v V2

_ . \" 1 u\" i
= LXZ%J (W) an(u)] : [%%n, (27T> (log 1/u) /2] :

Let us denote p :=log1/u. The general term of the product series is

o) = (L) o2 S0 (2) et manto).

k=0 P
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where

a()_(p)"/ / dry...dz,
Pl = U z1+...4+zn<1 \/1_e—m1p_“\/1_€—mnp'

Hence we need to compute the limit as p T oo of

(o) = (a2 ) 02 S 1R ).

=
n! \ 2w P

where

I()'—/ / dzry...dzy
BT et VA e ) (L)

ii) Let us note that

o0 1 (2n)! /2 ey — 1
2lo 2:/ (—1)d:v: 7:E/ dy,
& 0 l1—e® Z n22n(nl)? 0 y 4

n>1

where n ~ N(0,1). The first equality is obtained by direct integration and
the others by series expansion. Moreover,

p 1
— — 1] dr =2log2+ O(e™?),
/0 (\/1—6_95 > v 0g2+0(c)

because (1 — e ®)"1/2 —1 < 2¢7*, for large x. We shall use the following
important similar fact: there exists two positive constants a, b such that

1 1
1.53 // (—1)...(—1)
( ) T4 Hzp<p \V1—e %1 V1—e %k
xzil .. .l’;kdail drg < aet.
This can be done using the upper bound H§:1 18 ((1 —e )2 1) x;] dz;

and the lower bound [Tf_y /" (1 = e7#)7V/2 — 1) 27 da;.
The classical equality

(1.54) [[ai—1=
=1

[Hea-D+> [[e-D+...+ > ] (ai—l)—f—...—i—i(ai—l),

i=1 joi#j J1seeerdp ©£J150-0Tp

40



and the relations (1.50) will be also used.
iii) We illustrate the idea computing lim,js c2(p). Using (1.50) and (1.54)
we can write

kfo ortar<t /(1 — e @) (1 — e—rP)

1 u>2 S / /
= _ | = -D*Cy k! | ... dxy...d
2! <27r p];)( i T4tz <1 o T

1

(wl—em...a—ewfl)
“a () o[ (E= ) e
e (G ) e
“(5) s H/f (=)
v | L e ) (= 1) e
o =) () a]

The last equality is obtained making the change of variables x;p = y;. Using
(1.53) we get

ca(p) =

X

1/ \?
li =—(-—) 4log2.
lim c2(p) = 5 (2w> ©8

iv) In the general case we perform a similar calculation:

con(p) =

— | = " -D*C5 k! [ ... dxy...dz
(277,)' (27‘( 1Y kgo( ) 2n o1ty <1 1 k

1
. <\/(1 —e TP) .. (1 — e %kP) B 1)
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_ M)Qn
= —— (=) » ek kSTl
2n)! (27r Z 2 ; k

n
X / / < 1) ( - 1) d d
z1+... <1 e~ r1p — e Tp 1 k

2
:1<M>2” Y
2n)! \ 27

k
(—D*Ch, kDG
k=0 =1

S e ) - (=)
(1 -z —...—ax)k!
(k—1)!

:(2711)(“)” z:: Canlz;Cp

dry...dx;

A S B S

1 (7 yz>k_l
X——— (1l —-=—... —= dry...dx;.

(k—1)! < ! :
We shall make p T co. Replacing in the previous expression the integrals on
{z1+...2; < p} by integrals on IRlJr we make an exponentially small error.
We look in the preceeding sum for the coefficient of the term in 1/pP, with
p < n. The contribution of the constant terms of the development of (1 —

yi/p—...—y/p)Ftis

1 7 2n n2n . pl )
Gt (22) 7" LD ChRCL L lox2)

1
k=p (k 7p)‘

! " E(k—1)...(k— 1))2
( n)! (;) " pz CQn 2log 2)P ( ( ) p(! p+1))

Using (1.50) we see that this contribution is zero if 2p < 2n, because
(k(k—1)...(k—p+1))%is a polynomial of degree less than 2n. If p = n

the coeflicient is ) (20)]
1 " n(2n)!
(2n)! (277) (2log2) n!
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The coefficient of 1/pP*! is given by the contribution of the terms with
degree 1 in y; of the development of (1 —y1/p — ... —y/p)Fh

L <“)2n ”2Zn(—1)k0k lepL(Q]O g)pcM
@n) \2r) * = 2 U pr 14708 (k—p)’

where ¢ = [z ((1 —e®)"1/2 - 1) dx. But

plk—p
k‘!C’,f(i') = (k(k—1)...(k—p+1))*p(k —p)
(k —p)!
is a polynomial of degree 2p + 1 in k. We consider only p + 1 < n, that is
2p+1 <2n—1, and by (1.50) the sum of these coeflicients is zero.

In a similar way, the coefficients of 1/pP** are given by the terms of degree

i of the development of (1 —1/p — ... —4/p)*~! and are polynomials of
degree less than 2n — 7, so they are zero.
Finally,
2n n
) o (2log2)
1 == —_—
mento) = (3) 5

and, clearly,
lim cop41(p) = 0.
ploo

Therefore
E B Vi—u (1 dL,(B) . Wlogl/u
0P V2r \Vogl/uJo Ju+ (1 —uwv +2r(1—u)
p " (2log2)™ LN
HHZ>0<27T> T—exp 2log 2 (27T> ,as u ] 0.

d

Corollary 1.29 We denote, for § > 0, LY(B) the local time at level 6.
Then, for § | 0,

T 1 1 4L (B) log1/62 ) (law)
(155) /300 (\/W e ) LN, 1).

Proof. We can write
LdLy(B)  [tdLY(B) [T dLY(B)

0o Vv s VU 0 Vo+ Ty’
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where Ts = inf{t > 0: B, =40} and B, = Bry+y — Bry. Hence

/1 dLy(B) /1—52T1 dLY(B)
0 0

VU NCOET I
By the independence we can take ¢ = §27} and we apply (1.52) to obtain
(1.55). O

We finish this section with the following:

Theorem 1.30. For s/t — 0,

(1.56)

ﬂw/mwmqgh_

log (t/5) J« /o

Moreover, for s/t — 0,

™ 1 t dL,(B) log (t/s) \ (law)
(1.57) 1/210g2 (\/W T ) N0, 1).

Proof. The proof of this result is similar to the proofs of Theorems 1.26
and 1.28. We only point out the main ideas.
We can write

po [tdLy,(B)] exn t=5 dL,(B)
Folow - | Vo | =5 . [oo - [ 5]
= EO [g(Bs)] .
Here

g(z) = E, {exp —\/% Ots %} = g1(v) + g2(x),

with
g1(z) =Py (To >t — )
and
t=s ’1“ —z2/2u { H fsmu dLU(B)
z) = ———e Eqg |exp ——— —C | du.
plr)= | L = Jstotu

We can easily see that

Eo [91(By)] — 1(0)., as s/t — 0.
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On the other hand, by straightforward calculation we get

2 —1\" o | Lpuzs/t) P — s/t
Eo [92(Bs)] = = (> E [" arctan /| ——— | .
r; 2 \% Pn S/t

Therefore, the n-th moment of 1/v/27 [! dL,(B)/+/v behaves, for s/t — 0,
as E [][{Pnzs/t}/\/Pn}. But this is exactly ay,(s/t) in the proof of the Theo-

rem 1.28 (this explain the same constant 2log2 in (1.57)). The rest of the
proof is similar to the proof of (1.51) and we leave it to the reader. O

2. Integrals of local time for other diffusion processes
2.1 General results for diffusion processes
The purpose of this section is to develop the same method for other dif-

fusion processes. We follow the strategy developed in the previous sections.
Let us consider the problem

(2.1) %;(t,x):;(gi‘;(t,x)—b(x)?;(t,x)> t>0,2>0),
with

(2.2) w(0,7) = wo(z), x> 0

and

(2.3) w(t,0) = f(t),t>0.

Here b(—z) = —b(x). Under reasonable hypothesis on b, wg and f we have
the existence and the uniqueness of the solution for the problem (2.1)-(2.3).
Let X; be the diffusion starting from 0 and generated by the differential

operator L := %(% —b(z)-L). We shall denote L;(X) its local time at level
0,

(2.4 Blast) = TPt > Ty),

the density of Ty := inf{t > 0 : X; = 0} and by v the following den-
sity of probability
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Ed
(2.5) v(z) = %exp (—/0 b(y) dy) , for £ #0 and v(0) #0

(we assume that b is locally integrable and k is the normalisation constant).
We can state the following general result

Theorem 2.1. For every positive Borel function h,

t w/0x
f

= [y [ - 5)600,5)ds.
0 0

(2.6) Euov [h(|Xt|)exp (—/0 (S,U)dLs(X)) ][{tzTo}}

o0

(2.7) Eog(A) i= /0 wo(x) v(z) Bu(A) dz

The proof is similar to that of Theorem 1.1. Precisely, we use the back-
ward Kolmogorov representation for the problem (2.1)-(2.3) to obtain the
explicit form of the solution w(¢, ). Then, from the Fokker-Planck represen-
tation we get an equality containing this solution and the local time L;(X).

Proposition 2.2. The solution w(t,x) of (2.1)-(2.3) is given by

(2.8) w(t,z) = Bp(wo(Xe) Teryy) + /Ot d(x,8)f(t—s)ds.

Proposition 2.3. For every positive Borel function h, the solution w(t,x)
satisfies

t w/0x

(2.9) < hyw(t,”) >v=Fup [h(xty)exp <—/0 (S,O)dLS(X)ﬂ |

Here, we denote

(2.10) < hyw(t,) >yi= / h@)w(t, 2)v(z) dz .
0
The proofs of Theorem 2.1 and of Propositions 2.2 and 2.3 are entirely
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similar to the proofs of Theorem 1.1, of Propositions 1.2 and 1.3. Let us
note that the symmetry of the operator £ with respect to v plays a central
role. The proofs are omitted.

2.2. Integrals of local time for Ornstein-Uhlenbeck process

Clearly, the results in §2.1 are more explicit for particular processes. We
illustrate this for the case of the Ornstein-Uhlenbeck process Oy.

Let us note that b(x) = = and that the density v is given by v(x) =
2/ 2w e_w2/2]I[0,oo[(a:). Moreover, using both, the symmetry principle for O
and the explicit form of the density of the Ornstein-Uhlenbeck semi-group,
we obtain

1 xe t/2 xlet 0
- > (.
V2r (1= etz P\ Toq —ety ) T =

(for an introduction to the Ornstein-Uhlenbeck process see [Bo-Sal).
Therefore, using the result of Proposition 2.2, we obtain,

(2.11) d(x,t) =

ow o~ 2f(t)
(2.12) 3y (10) = Qe (0) - Vo —1

1 t 6—5/2
N IAUEEE SO gt

where ; denotes the Ornstein-Uhlenbeck semi-group and

B L W (.CC), if x 2 0
(2.13) wo(w) = { _(;O(_x), if 2<0,

As for the Brownian motion we take some particular initial and bound-
ary conditions. Let us consider, for a > 0,

(2.14) FO) = (1= e and wo(x) = ‘*"eﬁxw,
where z > 0 and

(2.15) Ca :=2aB(1/2,a), 0, :=2°TT'(a + 1)

(see (1.12) and (1.14)).

To state the results we need the following;:
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Lemma 2.4. Consider the functions f and wy given by (2.14). Then

Ow/0x L 1
f NezvE

Proof. We use (2.12). By the Mehler-Heine formula we can write

(2.16)

(t,0) =

Qoo (x \/%/ @o(xe 241 — e“ty)e¥ /Qdy
Hence
@t m/ (T ey

da cq+ —t/2 \/— 20—1_—y2/2
- e 1—e—ty)?ole v 2qy.
Cramr ( y) y

From this we get

Qip(0) 4o co+p e—t/2 /oo
O Vor 0. Vi—etlo

_Ca"i',u 1
Vor Vet —1

The third term in (2.12) gives

. 675/2 —Co +2
mm/o(f(t—s)—f(t))w_s)g/gdszm'

Thus (2.16) follows at once.

A direct consequence of Theorem 2.1 is the following

Theorem 2.5. For every positive Borel function h and every p > 0, a > 0,

t
(2.17) / 6_5/2(1 - 6_5)0‘_1/2615
0

x o [h(|0t—s|)eXp( m/t S ¢e+70)1ﬂ

2) 00 5 t (1 _ ef(tfs))aefs/2 y2€7s
— h —y*/2 / __Jd=
Ca + 4 /0 yh(y)e dy 0 (1 —e—5)3/2 °Xp 2(1 —e9)
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Proof. Using (2.6), (2.14) and (2.16) we get

/OO e~ %2/2 wxhdx
0 904

< E, [h(\Ot\)eXp( \/%/o ﬁ) (P
= /{)Ooxh(x)e_x2/2dx

t —5/2 2,—s
ey € _aet
X /0 (I1—e ) TPy exp 20— ) ds,
or, by (2.11),

Ca + /’L/ p2atl —a:2/2 / _8/2 a’e”?
00 Jo de 1—683/2ep e )

x Eo [h(|0ts|)exp( \/ﬂ/t S \/%ﬂ

0o t —s/2 2,—s
— —2?/2 R O A __re
/3 xh(x)e dx/o (1—e ) 1) exp < 301 = 6_5)> ds.

We deduce (2.17) from (2.15), after making the change of variable y =
xe~%2 on the left hand side. O

To state the main result of this section we introduce some notation. For
t,a > 0 we denote by Y; , a random variable with density

k,t’aeu/Q(l - eu_t)a_l/Q][[O,t] (u)

(ka,t is a normalisation constant) independent from the Ornstein-Uhlenbeck
process.

Theorem 2.6. For t,«a > 0, the random variables

Yoo dL,(0)
(218) OYt,a and/o \/ﬁ

are independent. Moreover,

49



Co [Yro o dL,(O)
V2m Jo Vet—Yeatv 1

Proof. We perform the change of variable t — s = u in (2.17):

(2.19) ~E(1).

t
/ (1 — e~ (twya-1/2 g,
0

x Eo [h(|Ou!)exp( Nor \/etuT)ﬂ

o
= / e Me Cad(s
0

oo t (1 — efu)aeu/Q 20— (t—u)
/2 ( oyt
><2/0 yh(y)e dy/o (1= )2 exp 21 — =) du.
We obtain the first part of the theorem noting that the positive Borel func-

tion h is arbitrary. To prove the second part it suffices to take A = 1 in the
previous equality. O

As for the Brownian motion we shall use the “Laplace transform” with
respect to a. Recall that the random variable P, was defined as the product
of n independent copies of an arcsine random variable (see (1.19)).

Theorem 2.7. For every p > 0, w > 0,

0)

(2.20) Eo [exp ( \/%/ \/7)
(7
Proof. Let us take h =1 in (2.17)

t o t=s  dL,(O)
s/2 1 — e~ 5 1/2E [ (_ K v >:| d
oo oo (| )|

9 t (1 _ 67t+s))aefs/2d
= S.
Co+ 1 /0 V1—e 8

1—ew
P ew{Pnew}

Letting t T oo we get

/Ooo e=2(1 — =)o 12 [exp (—\/%T /000 \;%70_)1” *
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9 0 73/2

_Ca-i-,u 0 V1—es
S

or, performing the integration on the right hand side and denoting 1 —e™% =
e~ on the left hand side,

[ o (e 712

2
Cat it

Recall that 2/c, is the Laplace transform with respect to a of the random
variable log1/V; V is an arcsine random variable (see also the proof of
Lemma 1.11). Moreover, the right hand side of the previous equality can be

=23 (@)

Therefore,

emw/2 po [ dL,(O)
o ["’Xp( m/o 1)

1ew
=7 X*
n>0

where again y(w) = e %/2/7\/1 —e “Tjg oof(w). But, the right hand side
of the last equality is

s Z (;‘L)nE[X(w +log P,)]

—w/2
e
=7 o—w
ey =
and (2.20) follows at once. O
The first consequence of Theorem 2.7 is contained in the following result.

The idea is simple: we replace the deterministic parameter e~ by a random
variable. Recall that Z,; denote a beta random variable independent from
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the Ornstein-Uhlenbeck process (see (0.4)).

Proposition 2.8. For every A > 0,

1 2 / ev
)\ / VI1-Zx1i2

Proof. We need to calculate, by (2.20),

(2.21)

1—2Zy\1)2
E — =1
[ P, — Z>\71/2 {Pn>Z5 172}

u ~1/2 B(A\, 1/2)\"
“mmt | ] el = ()

O
Another consequence is the relation with the results on Brownian bridge.

Proposition 2.9. For every 0 < u <1,

/ L dLy(b)
NG 1—u 0o Vut+ (1 —u)v’

Moreover, it V.= Zj 519 is an arcsine random variable independent from
the Brownian motion, then

(2.23) \/z Ooo % ~E(1).

Proof. To get (2.22) it suffices to replace e™" by u in (2.20) and to compare
the relation obtained with (1.27). Then we use (1.32) to deduce (2.23).

(2.22)

Remark 2.10. Another proof of the equality (2.22) is given in the Ap-
pendix, where we use some relations between the local times for Ornstein-
Uhlenbeck process, Brownian motion and Brownian bridge. We can deduce
then, as consequences, the following equalities. For every 0 < u < 1,

(2.24) Eo [exp( rm/ \/%ﬂ
-3 () F A )

n>0
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and, for every A > 0,
(2.25) NI / L.(B) ~£(1).
)\1/2 \/1+U ’U+Z)\1/2)

This is a different type of formula than those of §1.2, since here the function

v—1/4/(1+v)(v+ u) appears instead of v — 1//v + u.

2.3. Integrals of local time for Bessel processes

The purpose of this section is to apply our previous results to Bessel pro-
cesses. Let us consider R; a Bessel process of dimension d, 0 < d < 2 (for
an introduction to Bessel processes, see [Re-Y], Chap. XI). Let n:=d/2—1
be the index of R, so that —1 < n < 0. The assumption 0 < d < 2 implies
that R may be chosen to be recurrent at 0, hence the existence of a local
time for R at 0, denoted L;(R). The invariant measure associated to R is

(2.26) v(dr) = xd_l][[o’oo[(dx)
Recall that the local times for the Bessel process may be chosen to satisfy,
for any positive Borel function h,

(2.27) /h ds—2/ h(z)z® 'L (R) da

Note that we use a different normalisation than the formula in [Re-Y], p
308, ex. (4.16), 4°. This choice of local times agrees with the fact that
R?>7% — (2 — d)LY(R) is a martingale.

As previously, we denote Ty := inf{t > 0: R, = 0}.

Lemma 2.11. Let ¢(z,t) be the density of Ty (see (2.4)). Then

2ntn_1x72n —x2/2t
I'([nf)
Proof. Consider X; a Bessel process of index |n| and note S, = sup{t :

X; = x}. Then the law of the process {Xg, —¢,t < S;} under P‘on| is the
same as the law of {R;, t < Ty} under P2 (see [Re-Y], p. 309, ex. (4.18),
with @, the Bessel semi-group of index n). We deduce that

(2.28) d(x,t) =

PX(T, € dt) = PP(S, € dt).
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Using a result in [Re-Y], p. 308, ex. (4.16), 5°, we can write:

ml q®l(t,0,2)
2] 2+l )

PR(s, € dt) =

where by ¢/ (t,y,z) we denote the density with respect to Lebesgue measure
of the Bessel semi-group of index |n|. It is known that for a Bessel semi-group
of index n

9—n x2n+1 e—x2/2t
Mn+1) ¢»+l ’

q"(t,0,z) =

(see [Re-Y], p. 426). Replacing this in the previous equality we obtain
(2.28). O

Remark. The Laplace transform of Tj is

E, [ef)‘To} = /Ooo e Moz, s)ds

(see [Leb], p. 119 (5.10.25) and [Ken], p. 762; see also [P-Y1] for a general
discussion of first and last passage times distributions for Bessel processes).
Here K|, is the modified Bessel function of parameter ln|; Kn = K_,, Vn.

(2))Inl/2

= gy AV,

Let u and v be two real smooth functions defined on [0, 00 and let us
consider g(t,z) := u(t)z?~% 4+ v(t). Then Ito’s formula yields

t g
o(t, Ry) = g(0, Ro) + / (s, R,) dB,
0 X

L(2—aq) /Otu(s) dL(R) + /Ot %(S,Rs) ds.

Here and elsewhere we denote by L;(R) = LY(R) the local time at level 0.

We cannot apply directly Theorem 2.1 to Bessel processes: the drift and
the invariant measure admit a singularity at 0. We need to modify the proof
of Theorem 2.1, and in particular, we need to change the boundary condi-
tions. The new proof is based on the above Ito’s formula. Let us note that
the local time process is normalised (by (2.27)).

Let us denote by w(t, x) the solution of (2.1)-(2.3) with b(z) = (1—4d)/z
(the drift term is equal to —b(z)/2 = (d — 1)/2z).

Theorem 2.12. For every bounded positive Borel function h,
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(2.29) Ewov [h(Rt) exp <— /Ot ©(s) dLS<R)> L1

= /OOO h(z) 24 tda /Ot o(x,s)f(t—s)ds,

where

1
(2.30) o(t) == 0] 2?8 247 ow/0x (t, ).
Here, E,,, is given by (2.7).
We leave the proof to the reader. a

Again we shall take some particular functions f and wy. Let us intro-
duce, for a > 0,

(2.31) Con = ﬁ B(n+1,a).
We consider
(2.32) f(t) :==t* and wo(z) := Cagjw%‘,
an
where p > 0 and
_2°T(a+1)

(2.33) Oan :

»

= canBo |RY] .

n]
Before stating the first important result for the particular functions we

establish the following

Lemma 2.13. Consider the functions given by (2.32). Then

(2.34) o(t) = Fﬁfj) o

Proof. i) As in Proposition 2.8, the solution of (2.1)-(2.3) can be written as

t
w(t,x) =E, [wo(Rt)]I{KTO}} + /0 d(x,s)(t — s)%ds := wi(t, x) + walt, z) .
Let us denote ]
©1(t) = — lim 2% 2wy (¢, 2),

te 2]0
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and

= —1i
a(t) = oo lim . ,
(because wi(t,0) = 0). Then
Can + 1
pt) = = p1(t) + p2(t),

so, to get (2.34) we need to compute 1 and .
ii) Let us calculate @y. Since [;° ¢(z,t)dt = 1 and wo(t,0) = t*, we can

write
237 wo(t, ) — wo(t,0) 2972

pg(t,ﬂj‘) = o - = o (wg(t,l’) - ta)

= 2972 /01 oz, tu) (1 —u)® — 1) du — 2972 /too o(z,s)ds

Using the explicit form of ¢(z,t) (2.28) we obtain, as = | 0,

) 2%Con tt
t)=1 t = — :
a(t) = lim pa(t, ) ()
with con given by (2.31).
iii) Now we calculate ¢;. We can write
24-2 a2

wi(t,z) = E, [Rfall{KTo}}

it ) == NTE

= $:;2E$ {R?a] — x:an: {R?Q]I{tZTo}}

d—2

= (. [R] — B0 [R])
—I—x:a? <Eo [R?a} — :)::;Q Eo [R%a} /Ot o(x,s) (t — s)ads>
- (o [R] — ma [2])
xd*Q

+ i Eo [R%Oé] </Ot(t0‘ —(t —s)M)¢(x, s)ds + t* /too o(x,s) ds) ,

as we can see by the scaling property of the Bessel process. We can verify
that the first term in the last expression tends to 0, as © | 0. Then, as for
2 we get

2t)»

15 _ ( 20|
(Pl(t) - 2%pl(t’ x) - F(|n‘)ca,nE0 |:R1 :| - 60(,n7
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by (2.33).
We replace 1 and g in the expression of ¢ and the lemma is proven. O

Now we can state the first consequence of Theorem 2.12.

Theorem 2.14. For every bounded positive Borel function h and for every
p =0,

n

(2.35) /0 "1 = u)r, [h(Ru) exp (-F”) /0 “U—uet v)"dLU(R)H du

(|m|
T oo s
~ 2n)n (ca’n+u)/0 h(z)d /0(1 ) d(x,5)ds.

As a consequence we can prove one of the main results of this section.
Recall that Z, j, denotes a beta random variable independent from the Bessel
process (see (0.4)).

Theorem 2.15. For every a > 0, the random variables

Zl,a
(2.36) Ry, and / (1= Zia +0)*dLo(R),
0

are independent. Moreover,

2°I'(a+ n))I'(n+1)
[(a)I(|n] +1)
Proof of Theorem 2.14. The left hand side of (2.29) can be written as

o [h(Rt) exp (-FQ(E) /0 e dLU(R))]

_ Cam b [ RSt Co e
904,11 0

x /Ot Eo [h(Rt_S)eXp (—PQ(TS)/;_S(S 4 ) dLU(R)H ds .

To calculate the integral in x we use the expression of the density (2.28) and
we get

(2.37)

/OZI’C'Q — Zy o + 0)PdLy(R) ~ E(1).

908D (¢ + 1)

2n|n| Sa+n
I'(lnl)

A

(2.38) / 2oty (r s) do = s =040
0
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by (2.33). We replace this in the transformed expression of the left hand
side of (2.29) and we get the following equality

2n]n| (Ca,n + M) /t Sa+nds
I([nf) 0

<Bo (bR Jexp (ot Tsrordnm)]

= /OOO 24 h(z)dx /Ot(t —8)%p(z,8)ds.

We make the change of variable s = t — u on the left hand side, we take
t =1 and we get (2.35). 0

Proof of Theorem 2.15. We use the same idea as for Theorem 1.8, namely

we write
1 00
= / e SCanTSl s,
Can T H 0

The end of the proof is similar to that of Theorem 1.8. O

Remark. In the Appendix we prove that the first part of the Theorem
2.15 is connected with the property of independence for beta-gamma ran-
dom variables.

Remark. We obtain the results of §1.2 taking n = —1/2, that is d = 1.

Remark 2.16. It follows from the scaling property of R and from the
density of occupation formula (2.27) that,

(2.39) (Let(B)iz0 ~ (¢™Le(R))iz0

(see [B-P-Y], p. 299). Then, it is not difficult to verify that

u Ly (
(2.40) / d |n|/
0 (1—u+v|n| 1—u—i—uv (1 —u+uv)kl”

We carry on with the use of the “Laplace transform” with respect to a.
We introduce
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m
(2.41) Pn:=1]V;,
j=1
where V1,..., V), are independent copies of a beta random variable Z; p |y

Theorem 2.17. For every p > 0,0 < u <1,

ox _2117:“ _u |n‘ 1 dLv(R)
(2.42) Eo |: p ( I(|n[) (1 ) /0 (u+ (1 —u)v)kl >}
= 3 (e [1e20
m>0 m

Proof. The ideas are essentially the same as for the proof of Corollary 1.12
(see also Lemma 1.11).
i) Let us note that the random variable log1/Z;,, 5 has the density

6—w(n+l) (1 _ 6—w)|n\—1

p— ]I
X(w) B(\n], n -+ 1) [0,00[(w) ’
and its Laplace transform with respect to « is equal to
o0 1
/ e 'y (w) dw = :
0 |Il| Ca,n

ii) Taking o = 0 in (2.38) we get

oo 21'1
d—1 _ n
/0 2 o(x,u) dr = T(a]) u™.

iii) We put this in (2.35) after we made h = 1 and we replaced 1 — u by u:

/01 uCHRE, {exp <_[‘2(I’1:‘) /01U(u n v)ndLv(R)ﬂ du

-~ (o)™ O — )i
- (Z (n] ca,n)mH)/o (1= w)du,

m>0

or, by the scaling property (2.39),

/01 u* R, [exp (—IE(TSD(I — u)ln\ /01 - +d(I;v_(11))v)|n )] du

B (o)™ o — )t
a (Z (|n| Ca,n)m+1)/0 (L= u)du.

m>0

99



Let us denote

)= oo (i - [ T )]

and we put u = e~%. Therefore,

m>0

eV @D Py, e7) = (e"(l —e ) x Z (km)™x *(m+1)) (w),

or,
e—w(n-i—l)F('u’ e—w)

= 3 ()" B [ (o8 Prt) (1 — = (oo P yng ]
m>0

We denote e = u and we get

S gy | ey, T
m>0 m+1

iv) To obtain (2.42) we need to calculate the expectation on the right hand
side of the last equality.

(Pm—H )n
E [ Pl-l—n ]I{Pm+1>“}
m+1

1 ( m+1 U/Pm)n
Y T owps Lip oy
[Pm Vlili {Vint1>u/Pm} H{ Pm>u}

1 (PP
o () ]

as follows by Lemma A.3. The proof of the theorem is complete except for
the proof of Lemma A.3 found in the Appendix. O

We finish with a similar result for the local time at 0 of the Bessel bridge
r of dimension 0 < d < 2, which goes from 0 to 0, and is indexed by [0, 1].

Theorem 2.18. For every p > 0,0 <u <1,
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(2.43) Eo {exp ( wl* / (u+( 1 —u)v )|n| ﬂ

_ (1 - u)1+n Z(Un>mE [(Pm —U,)‘ n[-1 ]I{szu}:| .

m>0

Proof. The proof is similar to the proof of Theorem 2.17. We only point
out the essential formulas.
By (2.35), by conditioning and scaling we get, for every y > 0,

/01 Oﬂﬂ/ﬂ) q(1,0,y/v1 —u) du

‘n|/ (u+( 1—u )n|> Ry =y/Vi-u

(‘nD )yd 1/0( o )O‘¢(y,s)ds

o[ (Cam + 1

where by ¢(t, z,y) we denoted the density with respect to Lebesgue measure
of the Bessel semi-group. It is known that

X Eq {exp <

!nl

2-n 2
1 — 2n+1 _,—y%/2
q(1,0,y) rarn’  ©

(see the calculation preceding (2.28)). Replacing this in the previous equality
and taking y = 0, we obtain

1
/ ua+n(1 o u)fn*ldu
0

xEo{exp< ‘n|/ (u+ ( 1—u )nl) ’Rl:o}
- (|n|‘n Sranp <yr(f2>,n>m |
We denote
F(p,u) := Eqo [exp( I(] In‘/ (u+ ( 1—u )"‘)] ’

we make the change of variable u = e~ and finally we get, after inverting
the Laplace transform with respect to a,

N
(=) Fu) = 3 (um)"E [PLH (1- ) ﬂ{pm}] .

m>0
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Here we denoted again e™" = u. g

Remark. It is clear that from Theorems 2.17 and 2.18 we can obtain similar
results as Propositions 1.14 and 1.17.

Appendix
A.1. Another proof for (1.17) and (2.36).

We give here a different proof of the first statements of Theorems 1.8 and
2.15. That is, for a > 0, if Z; 41/ denotes a beta random variable which
is independent from the Brownian motion, respectively Z; , is independent
from the Bessel process, then the random variables

Zl,aJrl/2 dL,(B
BZLa+1/2 and / o(B) )
0 \/1 —Ziat12 tv

respectively

Zl,a
Rz, and / (1= Zio + 0)"dLy(R),
0

are independent.

We now give the details for Brownian motion. For the Bessel process the
proof is similar once we note that sup{s < 1: Ry = 0} ~ Z,1_n (see [Dy]
and [B-P-Y]).

For ¢ €]0, 1], let us consider

1 B
mi(u) = —— | By, 11— u) =~ welo,1],

V=g Dol and ) =

where g; = sup{s <t : Bs = 0}. m; (respectively b;) is a Brownian meander
(respectively a Brownian bridge). m; and b; are two independent processes,
also independent of g;. Moreover, their laws do not depend on t. We can
write

1By = my(1)VE — gt

Vt—g; and / /
g \/71 “tto m
Using Brownian scaling, it is easy to check that, for any ¢ > 0,

(gct)t>0 ~ (C gt)t>0 .
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We replace ¢ by Z 41/2. To obtain (1.17) it suffices to prove that the ran-
dom variables

1-Z
and — —Let/2 o0 independent.

ng,a+1/2

(Al) Zl,a+1/2

ng,a+1/2

To prove (A.1) it is sufficient to prove that the random variables

1 1
(A.2) Zya41/2(1 —g1) and — (

——— — 1| are independent.
91 \ Z1,a+41/2

Let us note that g1 = g = Z; /512 is an arcsine distributed random variable.
In fact, we can prove the following general result

Lemma A.1. Let p €]0,1[. If Z,1—, and Z11—p+a are independent beta
random variables then the random variables

1 1
(A.3) Z11-pra(l = Zp1-p)and — <Z - 1)
p,1—p 1,1-pta

are independent.
Remark. To obtain (A.2) it suffices to take p = 1/2.

Proof. i) Let us denote by Z, a gamma random variable with parame-
ter a, having the density 2*~'e™*/I'(a) Tjg oof().

Recall a classical result (see also [Du] for more recent related developments):
if the random variables Z, and Z; are independent, then the random vari-
ables

Za

(8.4) 7t 7

~ Za,b and Z, + Zy ~ a+b
are independent.
ii) Let Z,,, Z1—, and Z1_p4 be three independent gamma random variables.
Then
gm0
Zp +Z 1-p

XZ:Zp—l-Zl_pNZl,

(= ———
X + Zl—p+a

~ Zpi-p,

~ Zl,lprra .

Moreover, by (A.4), the random variables £ and ¢ are independent.
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We can write

|

and
X Zlfp . Zlfp

Zl + Zlprroz X B Zlfp + Zp + Zlprroz '
But, again by (A.4), the random variable

(1-¢) =

Z—pta _ Zi—pra+Zp 1
Zp Zp

is independent from Z, + Z1_p 44, hence, from

Zi_,
Zl—p + Zp + Zl—p+a .

A.2 Some computations of integrals.

Here we carry out some integral computations which we used in the
proofs of Theorems 1.9, 1.20 and 2.17 (see also [P] and [Y2]).

Lemma A.2. IfV is an arcsine random variable then, for every 0 < u < 1,
y =0,

yVvVVv Y2V 2 e v'/20-)
(A.5) E [W—W exp <2(V—u)> ]I{V>“}‘| - %m

Proof. The result is a consequence of the following equality:

1 v 20(1—u
(4.6) %/u (v—\Z)?’/QeXp( ’ v(—u)>m \/71—u

replacing y by y/v/1 — u.
It suffices to calculate the above integral. Put v = u(w + 1)/(w + u)

y2o(l —u) dv
= / 3/2 p<— 2(U—u)>m

1 00 Pw+1)\ dw V2 e V)2 1
= wva o eXp(‘ ) *(3)-




From this we get (A.6). O

Remark. Here is another proof of this result. Let us consider the primi-
tives with respect to y on both sides of (A.5), which tend to zero at infinity:

22V (1 — u) Tivsu) \/7 0 5, dx
A E - Y =4/ —z?/2 07
A2 [eXp< v ) o) V) R
where we denote z = y/v/1 — u (see also [Sh-W], p. 400).

It is known that, for n ~ N(0, 1),

n’~2VE(L),

\/z/:o /2 gy — | {e—%/w} ‘

Hence, to prove (A.5’), we need to show that, for every z > 0,

2V(1—u)\ Vulpysy | 2
E[exp(— 3 ) ) V(V—U)l —E[e /2V} '

and we deduce

By the injectivity of the Laplace transform, it suffices to prove that, for
every function ¢ : [0, 1] — [0, 00|,

« V—u \ Vuliysyy |
®) . [w (V(l—u)) V(Vu)] =B

We can verify (*) using the fact that V is arcsine distributed and mak-
ing a simple change of variable.

Lemma A.3. If Z = Z |y Is a beta random variable, with n €] — 1,0,
then, for every 0 < u < 1,

(Z —u)® 1
In particular, for n = —1/2, (A.7) yields: if V' = Z/51/9 is an arcsine
random variable then, for every 0 < u <1
Ly sy 1
A8 El———|=—.
(A4-8) l V(V —u) Vu

Proof. (A.7) is a consequence of the following equality:
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1 Lo —up(l—o)kl=t 1
(A.9) T(1 +n) T(]a|) /u v v ="l

To obtain (A.9) it suffices to make the change of variables
v (v—u)/(v—uv).

d

Remark. (A.8) can be obtained taking ¢ = 1 in the equality (*) (see the
Remark preceding Lemma A.3).

A.3. Remarks on the proofs of some limit theorems.

The celebrated Stroock-Varadhan-Papanicolaou approach to second or-
der limit theorems concerning the occupation measure of Brownian motion
make essential use of Ito’s formula to replace fluctuating (signed)additive
functionals with bounded variation by stochastic integrals (see, for instance,
[Re-Y], Chap. XIII). Here, we show that, for integrals of local times, this
approach is too crude, and we use in fact Ito’s integral representation of L?
variables as stochastic integrals. This method has already been applied to
yield a proof of Varadhan’s normalization for planar Brownian motion (see
[Y1)).

“Proof” of Theorem 1.26. i) We can write, by Ito’s formula,
1
(A.10) VB / V1241, (B)
0
1 - 1
— VB|B| - ﬁ/ W124B, — /B - 1/2)/ W=32|B, | dv .
0 0

Let us note that
\/B]B1]—>O, as 010 in Ll,

1 .
VB / V1248,
0

is a centered Gaussian random variable having the variance 1/2,

1
B\/B/ v573/2|Bvldv—>O, as f10 in L',
0

66



and

VB 13—3/2 VB Vo, 1
o [2/0 v |Bvdv]_2Eo[|B1]/O vy =

We subtract in (A.10) 1/4/275 and we would obtain a central limit theorem
if we can prove that
1 2
(A1) a(@):=E[5 [ o (B - EB[)dv| 0. as 510,
0

We shall compute a(/3).
ii) If X and Y are centered Gaussian random variables such that E[X?] =
E[Y?] =1 and E[XY] = p, it is not difficult to see that

2
E[|XY]] = — ((1 — )2 + p arctan

)

Then,

(A.12) E[| ByBy|] = % (W* w arctan \/Z) |

So, we can write

1 r1
()= [ [ dudvu? 200 02B]B,B, | - BB E[ B, )

1 v 2 u
=28 [ dv [ duu’3/? Hﬂ(,/ - t 1/—\/)
ﬁ/o v/o uu v - u(v — u) + u arctan p— uw
1
:45/ dv P32 p(v),
™ Jo

where

b(v) := /Ov duu’1 (\/m+ Vu arctan \/z - ﬁ) = oft1/2 c(8),

and
c(fB) = /1 dww’t (\/1 —w + /w arctan % - 1) .
0 V1=
We obtain a(8) = ¢(f)/2r. But,

c(ﬂ)ﬂ/olcij)ﬂ (\/ﬂ—i—\/@arctan,/ll_ulv—l) :=1¢(0) as 510,
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with

c(O):/OOO(du (1+\/ﬂarctan\f—\/1+7u> ,

u(1 + u)3/?
and ¢(0) > 0, since the function u — (1 + y/u arctan/u — /1 + u) is in-

creasing. We obtain that

a(B) — ¢(0)/2m > 0.
This is in contradiction with (A.11) O

In a similar way we can show that proofs of Theorems 1.28 and 1.30
based on direct application of Ito’s formula do not lead to the result. In fact
we need to be more careful in applying this idea. We illustrate the approach
in the following:

Proof of Theorem 1.30. We only point out the essential steps. Take, for
simplicity, s = 1 and ¢ T co. We can write, by Ito’s formula,

1 tdLy(B) logt\ 1 (|B
419 e (L Va) = v (1)
sgn(B dB todv

=/ + o [ 5 1B~ E(BD)

The first term on the r1ght hand side of (A.13) converges in law towards
zero, as t T oo. We need to study the convergence in law of the couple

sgn(By) dB,

(o [0 L [ Ul — BB

We shall use the following important result:

Lemma A.4. i) Consider a process {®,(B);v > 0} adapted to the Brown-
ian filtration, such that E(|®1(B)|) < oo and, for each a > 0,

(A.14) ®,2,(B) = (I)v(B(a)) 0>0,
where Bt(a) = By2;/a. Then
1 [tdv
t%glogt/ v v(B) (®1(B)), a.s

ii) Assume that the processes {®,(B);v > 0} and {¥,(B);v > 0} are
adapted to the Brownian filtration, and satisfy E(|®1(B)|?), E(|¥1(B)[?) <
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00, as well as (A.14). Then

1 t dB, 1 t dB,
(vt @ g [ )

converges in law, ast T oo, towards a centered Gaussian couple with covari-
ance matrix given by

B {(@1(3))2} E[(®1(B)¥(B))]
E[(®1(B)¥1(B))] E[(¥1(B))’] |

We sketch the proof: to prove i) we use Birkhoff theorem (see for instance
[Be-We], pp. 150-151; see also [Bi] and [C-F]). The second part of the lemma
is a consequence of the first part and of the Dubins-Schwarz representation
of continuous martingales as time-changed Brownian motion.

We shall apply Lemma A.4 to our case. Clearly,
®,(B) :=sgn(B,)

satisfies the hypothesis of the lemma. We shall now find out ¥, (B).
We can write, from the Markov property and Ito’s formula, for s < ¢,

BB | £) = Qust(B) = BB + [ 5-Quead(B) 4B

5 dB
0o t—
as we can see by a simple calculation. Here (); denotes the heat semi-group,

B is an independent Brownian motion and ¢(v) = |v|.
Therefore,

= B(|B]) - LB (Bi-u|Bu — Brul) |

t dB,
0o t—

|Bi| —E(Be]) = ~ B (Biu|Bu— Bi-ul) ,

or

E(|By))

\/log /v3/2 (1B - \/log /113/2 (1B1] - E(1B1]))

1 t dv -
- U—u Bu - Bv—u .
\/logt/1 U3/2/ v—u | ’)
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The first term on the right hand side of the preceeding equality converges
in law towards zero, as t T oo, whereas the second term can be written as

1 ¢ t dv L ~
dB, | —+——E(By_v|Buy — By_ul|) -
\/logt/l /u v3/2(v — u) ( | ’)

Since we shall let t T oo, it suffices to consider only

1 t ee dv ~ -
—— [ dB, ———— E(By_y|By — Bo_u
\/@/1 /u v3/2(v — ) ( | |)
1 tdB, [ dv - -
N x/@/l u/? /1 v3/2(v — 1)E <Bu(“*1> |Bu — Bu(v,l)\)
1 tdB,

:\/@ 1 W\I/u(B)

Therefore,

1 [o° dv -/~ -
Yy (B) = 5/1 mE (Bu(v—l) | By — Bu(v—l)’) :

and it is not difficult to see that it satisfies the hypothesis of Lemma A .4.
Finally, to obtain (1.57) we need to compute the variance of the sum of
the components of the Gaussian limit vector. This can be done using ii) of
Lemma A.4 and (A.12), which is left to the reader. 0

A.4 Another proof for (2.22).

We give here another proof for the first statement of Proposition 2.9.
We leave as an exercice for the reader the proof of the following:

Lemma A.5. Consider two smooth functions u,v : [0,00[— [0,00[. We
suppose that u strictly increasing, u(0) = 0 , and v(t) # 0 for any t > 0.

Denote X; := v(t) By and, as usual, by Ly(B) and L;(X) the local times
at level 0 of the linear Brownian motion B and of X, respectively. Then

u(t)
(A.15) Ly(X) = /0 w(u " (s)) dLy(B) .

Moreover, if b denotes the Brownian bridge, and if L(b) denotes its lo-
cal time at level 0, then
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(A.16) ( /Ot dlLii)>t20 ~ (L),

Consequently, )
| o) ~ [ s
where ¢(s) = ¢(s/1 —s)/1 — s.
Proof of (2.22). We can write
Oy =e'?By_ -,
where B is a standard Brownian motion starting at 0. So, by (A.15),

dL;(0) = e /2 dL._(B).

We denote
00 dL.(O)
AT 5(w) = / .
(A.17) ) = | e
Therefore
0o ,—t/2 B o0 5
5(w) = e dL.:_1(B) B dLs(B)

Vw+De—1 Jo Vitsy/lw+)({1+s) -1

making the change of variable s = ¢! — 1. On the other hand, by (A.16),

dLy(B) ~ (1 +t)dL_._(b),

1+t

S0,

VA
i L. (b).
\/w+1 Y1+s)—1 T+
We make the change of variable v = s/(1 + s) and we get

/lﬁ\/ﬁ /ldL—i—v

which is (2.22) with the usual notation w = u/(1 — u).
Finally, let us note that (2.24) is a consequence of Lemma A.5.

(w) ~
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