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Bismut-Elworthy-Li formulae for Bessel processes

Henri Elad Altman *

Université Pierre et Marie Curie, LPMA, 4 P1. Jussieu, 75005 Paris, France

Abstract

In this article we are interested in the differentiability property of the Markovian semi-
group corresponding to the Bessel processes of nonnegative dimension. More precisely,
for all § > 0 and T > 0, we compute the derivative of the function = + P&F(x), where
(P{S)tzo is the transition semi-group associated to the § - dimensional Bessel process, and
F is any bounded Borel function on R. The obtained expression shows a nice interplay
between the transition semi-groups of the ¢ - and the (§+2)-dimensional Bessel processes.
As a consequence, we deduce that the Bessel processes satisfy the strong Feller property,
with a continuity modulus which is independent of the dimension. Moreover, we provide
a probabilistic interpretation of this expression as a Bismut-Elworthy-Li formula.

1 Introduction

Bessel processes are a one-parameter family of nonnegative diffusion processes with a sin-
gular drift, which present a reflecting behavior when they hit the origin. The smaller
the parameter (called dimension), the more intense the reflection. Hence, studying the
dynamics of these processes is a non-trivial problem, especially when the dimension is
small. Despite these apparent difficulties, Bessel processes have remarkably nice proper-
ties. Therefore they provide an instructive insight in the study of stochastic differential
equations (SDEs) with a singular drift, as well as the study of reflected SDEs.

For all z > 0 and § > 0, the squared Bessel process of dimension § started at 2 is the
unique strong solution of the equation:

t
X, =2+ 2/0 V/ X,dBg + t. (1)

Such a process X is nonnegative, and the law of its square-root p = v/ X is, by definition,
the d-dimensional Bessel process started at x (see [9], section XI, or Chapter 3 of [13] for
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an introduction to Bessel processes). The process p satisfies the following SDE before its
first hitting time T of 0:

§—1 [tds
vVt € [O,TO), P =T+ ——— - +Bt
2 0 Ps

This is an SDE with non-Lipschitz continuous drift term given by the function x —
5771% on (0,+00). Note that when ¢ < 1, this function is nondecreasing on R, and as §
decreases this ”wrong” monotonicity becomes more and more acute. As a consequence,
for § small, the process p is not mean-square differentiable, so that classical criteria for
the Bismut-Elworthy-Li formula to hold (see [4], Section 1.5, and Section 2 below) do not
apply here. Hence, one would not even expect such a formula to hold for 6 < 1. For
instance, even continuity of the flow is not known in this regime, see Remark 10 below.

The aim of the present paper is to study the derivative in space of the family of
transition kernels (P%)Tzo of the d-dimensional Bessel process. In a first part, we show
that this derivative can be expressed in terms of the transition kernels of the § - and
the (0 + 2)-dimensional Bessel processes. More precisely, we prove that, for all function
F : Ry — R bounded and Borel, all T > 0 and all x > 0, we have:

%P%F(x) ==

As a consequence, the Bessel processes satisfy the strong Feller property uniformly in
0. In a second part, we interpret the above result probabilistically as a Bismut-Elworthy-
Li formula. More precisely, given a realization p of the Bessel process through the SDE
(1), we introduce the derivative 7, of p; with respect to the initial condition z, and show
that when § > 0, the stochastic integral f(f 1sdBs is well-defined as an LP martingale, for

<P§+2F(m) - P%F(x)) . (2)

some p > 1 depending on §. Moreover, it turns out that fOT nsdBs is (up to a constant)
the Radon-Nikodym derivative of the (6 4 2)-dimensional Bessel process over the interval
[0,T] w.r.t. the 6-dimensional one. As a consequence, we deduce that the above equation
can be rewritten:

L pire) = 18 [ [ nwas.)] 3

which is an apparition, in an unexpected context, of the well-known Bismut-Elworthy-Li
formula (see [7] for a precise statement and proof of the Bismut-Elworthy-Li formula in
the case of diffusions with smooth coefficients).

One surprising feature is that, while (2) is very easy to prove whatever the value of
d > 0, on the other hand, the process ( fg ns(z)dBs)i>0 has less and less finite moments
as 0 decreases, which makes the proof of (3) more involved for small §. In particular, this
process is not in L2 for § < 2(v/2—1), and when 6 = 0, we do not even know whether the
stochastic integral fg ns(x)dBs is well-defined as a local martingale.

This article was originally motivated by the hope to prove the strong Feller property
for some singular reflected SDEs or SPDEs. Recently, several works have brought about
new techniques to prove the strong Feller property for singular SPDEs. Thus, in [10],
the authors established this property for the P(®)s equation, and in [8], the authors



established it for a large class of singular semilinear SPDEs. The fact, mentioned above,
that blowup of n7 does not affect the strong Feller property of Bessel processes is reminiscent
of the latter article, where the setting used to prove the strong Feller property allows
blowup in finite time of the solution. Also, we hope that the techniques used in the
present article might give inspiration to treat more general cases. Note that, even in
the present context, where many computations can be performed explicitly, we still have

an open problem concerning the Strong Feller bounds for Bessel processes of dimension
§ <2(v/2 —1) (see Remark 14 below).

The plan of our paper is as follows. In Section 2 we recall the classical Bismut-
Elworthy-Li formula for diffusions in R with a dissipative drift, and show how this implies
the strong Feller property. In Section 3 we recall the definition of Bessel processes and
their basic properties. In Section 4 we compute the derivative of the Bessel semi-group. In
section 5 we establish the differentiability of the Bessel flow at any given point in R* | and
we give an expression for (some modification of) the derivative. In Section 6, we show that
this derivative is not bounded in time when ¢ < 1. We prove, however, that it is linked to
an interesting martingale corresponding to the family of Radon-Nikodym derivatives of
the (§ + 2)-dimensional Bessel process w.r.t.the §-dimensional one. In Section 7 we prove
the Bismut-Elworthy-Li formula for the Bessel processes of dimension § > 0 .

2 Classical Bismut-Elworthy-Li formula for one-
dimensional diffusions

In this section we recall very briefly the Bismut-Elworthy-Li fomula in the case of one-
dimensional diffusions, and the way this formula implies the strong Feller property.
Consider an SDE on R of the form :

dX; =b(Xy)dt +dBy, Xo==x (4)
where b : R — R is smooth and satisfies:

[b(z) — ()!SC\x—y\ z,y €R
V() z€R (5)

where C' > 0, L € R are some constants. By the classical theory of SDEs, for all = €
R, there exists a unique continuous, square-integrable process (X:(z)):>o satisfying (4).
Actually, by the Lipschitz assumption on b, there even exists a bi-continuous process
(X¢(x))t>0,zer such that, for all z € R, (X¢(x))i>0 solves (4).

Let z € R. Consider the solution (7:(z))t>0 to the variation equation obtained by
formally differentiating (4) with respect to x:

| /\

dn(x) = V' (Xp)m(x)dt, mo(z) =1
Note that this is a (random) linear ODE with explicit solution given by:
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n(z) = exp ( /0 t b'(XS)ds>

It is easy to prove that, for all t > 0 and = € R, the map y — X;(y) is a.s. differentiable
at x and:

dXt a.s.

_— = 6

Xt ) ©
Remark 1. Note that 7 (z) > 0 for all ¢ > 0 and « € R. This reflects the fact that, for

all x <y, by a comparison theorem for SDEs (see Theorem 3.7 in Chapter IX in [9]), one
has Xt(l') < Xt(y) .

Recall that a Markovian semi-group (F;);>o on a Polish space E is said to satisfy the
strong Feller property if, for all t > 0 and ¢ : F — R bounded and Borel, the function
P,p : E — R defined by:

Pro(ar) = / o) Pu(x.dy), T ER

is continuous.

The strong Feller property is very useful in the study of SDEs and SPDEs, namely for
the proof of ergodicity (see, e.g., the monographs [4], [5] and [13], as well as the recent
articles [8] and [10], for applications of the strong Feller property in the context of SPDEs).

Let (P;)¢>0 be the Markovian semi-group associated to the SDE (9). We are interested
in proving the strong Feller property for (P );>0. Note that, by assumption (5), n:(z) < et
for all t > 0 and = € R. Therefore, by (6) and the dominated convergence theorem, for
all ¢ : R — R differentiable with a bounded derivative, one has:

d d

= (Pip) (1) = B [p(Xo(2))] = B [p(Xol) ()]

As a consequence, for all ¢ > 0, P, preserves the space C,}(R) of bounded, continuously
differentiable functions on R with a bounded derivative. It turns out that, actually, for
all ¢ > 0, P, maps the space Cp(R) of bounded and continuous functions into Cl} (R). This
is a consequence of the following, nowadays well-known, result:

Theorem 1 (Bismut-Elworthy-Li formula). For all T > 0 and ¢ € Cy(R), the function
Pry is differentiable and we have:

d 1 T

“2p — _F |p(X J(2)dB,

i Prolo) = B [oxr@) [ i, ")
Proof. See [7], Theorem 2.1, or [13], Lemma 5.17 for a proof. O

Corollary 1. The semi-group (P;)i>0 satisfies the strong Feller property and, for all
T >0 and ¢ : R — R bounded and Borel, one has:

Vz,y € R, |Pro(z)— Pro(y)| < L ellso

se ﬁlﬂc—y\, (8)

where || - ||oo denotes the supremum norm.



The following remark is crucial.

Remark 2. Inequality (8) involves only the dissipativity constant L, not the Lipschitz
constant C'. This makes the Bismut-Elworthy-Li formula very useful in the study of
SPDEs with a dissipative drift.

Proof of Corollary 1. By approximation, it suffices to prove (8) for ¢ € Cy(R). For such
a o and for all T' > 0, by the Bismut-Elworthy-Li formula, one has:

< el | |

T
Remark that the process (1;()):>0 is locally bounded since it is dominated by (e*?);>0, so

/0 ' ns(x)dBs

d
—P
‘d:c ro(z)

that the stochastic integral < fg ns(m)dBS) . is an L? martingale. Hence using Jensen’s
t

inequality as well as Itd’s isometry formula, we obtain:

]| [ n@as] < JE[ [ nras
1 wan < 5| [
< TeQLS ds
<y

and the last quantity is bounded by Ve2L'T = el/T for all T € (0,1]. Therefore, we
deduce that:

d ||30||oo
Ve eR, |—P < el
T € K, ‘d:ﬂ T@(x) > e \/T
so that:
Vz,y €R, |Pro(x) — Proly)| < ot 11l |z —y|

VT
for all p € Cp(R) and T € (0, 1]. The case T > 1 follows at once by using the semi-group
property of (P;)¢>o:
[Pro(z) = Pro(y)l = [P (Proig) (x) = P (Pr-1¢) (y)]
< Pl
N il

< e”||¢llsolz — vl

-y

The claim follows. O

Remark 3 (A brief history of the Bismut-Elworthy-Li formula). A particular form of
this formula had originally been derived by J.M. Bismut in [2] using Malliavin calculus in
the framework of the study of the logarithmic derivative of the fundamental solution of
the heat equation on a compact manifold. In [7], K.D. Elworthy and X.-M. Li generalized
this formula to a large class of diffusion processes on manifolds with smooth coefficients,
and gave also variants of this formula to higher-order derivatives.



The key property allowing the analysis performed in this section is the dissipativity
property (5). Without this property being true, one would not even expect the Bismut-
Elworthy-Li formula to hold. However, in the sequel, we shall prove that results such as
Theorem 1 and Corollary 1 above can also be obtained for a family of diffusions with a
non-dissipative drift (informally L = 4+00) , namely for the Bessel processes of dimension
smaller than 1.

3 Bessel processes: notations and basic facts

In the sequel, for any subinterval I of Ry, C'(I) will denote the set of continuous functions
I — R. We shall consider this set endowed with the topology of uniform convergence on
compact sets, and will denote by B(C(I)) the corresponding Borel o-algebra.

Consider the canonical measurable space (C(R,.),B(C(I))) endowed with the canon-
ical filtration (F;)i>0. Let (Bt)i>0 be a standard linear (F;);>o-Brownian motion. For
all x > 0 and 6 > 0, there exists a unique continuous, predictable, nonnegative process
(X{ ()0 satisfying:

t
Xy =a®+2 /O v/ X,dB; + dt. (9)

(X/(x))i>0 is a squared Bessel process of dimension § started at x2, and the process
pd(x) := 1/ X)(x) is a §-dimensional Bessel process started at x. In the sequel, we will

also write the latter process as (p¢(x))i>0, or p, when there is no risk of ambiguity.
We recall the following monotonicity property of the family of Bessel processes:

Lemma 1. For all couples (6,9"), (z,2') € Ry such that 6 <6 and x < 2, we have, a.s.:
Ve>0,  pi(x) < pf (2).
Proof. By Theorem (3.7) in [9], Section IX, applied to the equation (9), the following

property holds a.s.:
ve>0,  X(x) < XP(«).

Taking the square root on both sides above, we deduce the result. O
For all a > 0, let T, (x) denote the (F;):>0 stopping time defined by:
To(x) :=1inf{t > 0, ps(x) < a}
(we shall also write Tj,). We recall the following fact, (see e.g. Proposition 3.6 of [13]):
Proposition 1. The following dichotomy holds:
e To(x) =+o0 a.s., if 6 > 2,
o To(x) < +o0 a.s., if 0 <6 < 2.

Applying It&’s lemma to pp = Xf (x), we see that p satisfies the following relation
on the interval [0, 7}):
5—1 (tds
vt € [0,Tp), pp=x+—— | — 4+ Bs. (10)
2 0 Ps



4 Derivative in space of the Bessel semi-group

Let 6 > 0. We denote by P? the law, on (C(Ry), B(C(R,))), of the d-dimensional Bessel
process started at x, and we write Eg for the corresponding expectation operator. We
also denote by (P?);>0 the family of transition kernels associated with the J-dimensional

Bessel process, defined by
PJF(x) := E}(F(pr))

for all ¢ > 0 and all F': Ry — R bounded and Borel. The aim of this section is to prove
the following:

Theorem 2. For all T > 0 and all F : Ry — R bounded and Borel, the function
x — P)F(x) is differentiable on Ry, and for all x > 0:

d x
—PIF() = = <P§+2F(x) - P:‘SFF(:U)) . (11)
In particular, the function x — P{SF(:U) satisfies the Neumann boundary condition at 0:
d 1
—PpF =0.
dx T (:C) =0

Remark 4. By Theorem 2, the derivative of the function z + P{F(z) is a smooth
function of PAT2F(z) and PF(z). Hence, reasoning by induction, we deduce that the
function z +— P2F(x) is actually smooth on R,

Proof. The proof we propose here relies on the explicit formula for the transition semi-
group of the Bessel processes. We first treat the case § > 0.

Given 0 > 0, let v := g — 1, and denote by I, the modified Bessel function of index v.
We have (see, e.g., Chap. XI.1 in [9]) :

PSF(z) = /0 " P y)F(y)dy

where, for all y > 0:

1 v x2 + 2 T )
Pf(:vay) =7 <%> Y exp <— 2Ty 1, (?y) , if x>0,
Z*VT*(VJrl)yQV_H exp _y_2
I'v+1) 2T

where I' denotes the gamma function. By the power series expansion of the function I,
we have, for all z,y > 0:

p2(0,y) =

1 22 +y?\
i) = o (<57 ) o) (12)

with:
y2k+2u+1 2k (1/2T)2k+u

kzo E'T(k+v+1)

7



Note that p3.(x,y) is the sum of a series with infinite radius of convergence in x, hence
we can compute its derivative by differentiating under the sum. We have:

o 5 B 2k y2k+2u+1 (1/2T)2k+u
> Pr(z,y) = o~
Ox Ox — E'T(k+v+1)
_ i 2% x2k71 y2k+2u+1 (1/2T)2k+l/
— k! F(k: +v+1)
T oo x 2k;+2u+1 (1/2T)2k+u 1
TZ; —1'F(l<:+1/+1)

Hence, performing the change of variable j = k — 1, and remarking that v +1 = 5+72 -1,
we obtain:

gﬁ (x y) © > p20+1)-2 y2(j+1)+2u+1 (1/2T)2(j+1)+y_1
Z Tj:o I+ +v+1)
x a2 y22+D+L (1 /97 2+ D)
_sz_:o ATG+w+ 1)+ 1)
L 5
= 7 07 (@),

As a consequence, differentiating equality (12) with respect to x, we obtain:

8 S Xz -5 8 -5 1 1E2 —|—y2
8—pT(~"3 y) = <—f pr(z,y) + a—PT(CU,y)) T XP <—

2T

:% < pr(@,y) + py (a ,y)>-

Hence, we deduce that the function z — P%F(x) is differentiable, with a derivative given
by (11).
Now suppose that § = 0. We have, for all z > 0:

562 [
POF(z) = exp (—ﬁ) FO+ [ prle )y (13)

where, for all y > 0:

1 22+ 9%\
pT(SU,y):feXp — 37 pr(z,y)

with:

00 2k42 T2k+1
- zY L (y/2T)
-z I E .
pr(e.y) =z h < T > = El(k 4+ 1)!



Here again, we can differentiate the sum term by term, so that, for all x,y > 0:

a ~ T S ka;ka;—f—l 1/2T 2k
9 ) =% 3 1/27)
ox T k!
k=0
= 7 Br(e.y).

Therefore, for all z,y > 0, we have:

i)

Lpr(wy) = (- 2pr(ey) + 4opr(ey)) 7
8xpT T,Y) = TPT T,y Oz pr(z,y) eXp

2
(=pr(z,y) + Pr(z,y)) ;eXp< 2T )

Nlg Hl&

(=pr(z,y) + pF(z,y))

Hence, differentiating (13) with respect to z, and using the dominated convergence theo-
rem to differentiate inside the integral, we obtain:

x x? x [
SePHE@) =~ 5 e3P0 + 7 [ (pr(e) + phie.n) Fdy
:% (—POF(x) + P3F(z)),

which yields the claim. O

Remark 5. Formula (11) can also be derived using the Laplace transform of the one-
dimensional marginals of the squared Bessel processes. Indeed, denote by (Qf)tzo the
family of transition kernels of the J-dimensional squared Bessel process. Then for all
§>0,z>0,T >0, and all function f of the form f(z) = exp(—Az) with A > 0, one has:

Q5 f(z) = exp <_ ) (14 2AT)~9/?

x
14+ 2\T

(see [9], Chapter XI, Cor. (1.3)). For such test functions f, we check at once that the
following equality holds:

L Q) = 5 (@)~ QFF (@)

By linearity and by the Stone-Weierstrass theorem, we deduce that this equality holds
for all bounded, continuous functions f . Then an approximation argument enables to
deduce the equality for all functions f : R, — R Borel and bounded. Finally, remarking
that for all bounded Borel function F' on R, we have

P}F(z) = Q7 f(2?)



with f(z) := F(y/x), we deduce that:

d d
T PRF(@) = 25 < (Qhf)(a?)

= 2 (@41 - Qb ?)

T

- (P%“F(x) - P%F(m))
which yields the equality (11).

Corollary 2. The semi-group (Pt‘s)tzo has the strong Feller property. More precisely, for
alT>0,R>0,z,y€[0,R] and F : Ry — R bounded and Borel, we have:

_ 2R||F|

|PRF(x) — PRF(y)| < T -zl (14)
Proof. By Theorem 2, for all z,y € [0, R] such that x <y, we have:
y
BPF@) - FFG)| = | [ 3 (PP - PEPW) du
xT
2||F Y
Al g,
T T
2R||F
O

Remark 6. The bound (14) is in 1/T', which is not very satisfactory for T" small. However,
in the sequel, we will improve this bound by getting a better exponent on 7', at least for
§ > 2(v/2 — 1) (see inequality (28) below).

5 Differentiability of the flow

In the following, we are interested in finding a probabilistic interpretation of Thm 2, in
terms of the Bismut-Elworthy-Li formula. To do so we study, for all § > 0, and all couple
(t,z) € Ry x R%, the differentiability at  of the function:

Pt RJr — RJr
Y~ pf (y).

In this endeavour, we first need to choose an appropriate modification of the process
(pt(x))t>0,2>0- We have the following result:

Proposition 2. Let § > 0 be fived. There exists a modification (53(x))z >0 of the process
(P (2))z4>0 such that, a.s., for all z,2’' € Ry with x <z’ , we have:

V>0, px) < p). (15)

10



Proof. For all q,q¢' € Q4, such that ¢ < ¢/, by Lemma 1, the following property holds a.s.:

v>0,  pi(a) < p(d).
For all 2 € R, we define the process p°(z) by:

Ve >0,  p(z):= inf_ p(q)
q€Q+,q>x

Then (5¢())zs>0 yields a modification of the process (p)(z)). >0 With the requested
property. ]

Remark 7. We may not have, almost-surely, joint continuity of all the functions ¢ —
pt(x), x > 0. Note however that, by definition, for all z > 0,z € Q, we have a.s.:

vt > 07 ﬁt(x) = Pt($)7
so that, a.s., t — py(z) is continuous and satisfies:

5—1 [tds
vt € [0,To(x),  pile) =24+ -—— [ =+ Bt
2 Jo ps
As a consequence, by countability of Q, there exists an almost sure event A € F on which,
for all z € Q, the function ¢ — p;(x) is continuous and satisfies:
_ §—1 [tds
Vi e [O,To(ﬁﬂ)), Pt(l“) =+ — — + B;.
2 Jo ps
In this section, as well as the Appendix, we always work with the modification p.
Similarly, we work with : .
To(x) := inf{t > 0, 3 (z) = 0}

instead of Tp(x), for all 6, > 0. We will write again p and Ty instead of p and Ty. Note
that, a.s., the function = — Ty(x) is non-decreasing on R .

Proposition 3. Let § >0, t > 0 and x > 0. Then, a.s., the function p; is differentiable
at x, and its derivative there is given by:

dpt(y) a.s. 1-6 /t ds
= = ]_ . 1
QY lys () t<To(z) &XP | —5 o Ps(2)2 (16)

The proof of this proposition is quite technical. Since, moreover, the result will not be
necessary in the sequel, we prefer to postpone the proof to the Appendix of the article.

Remark 8. In particular, when 6 = 1, the above formula reduces to:

dpi(y)
dy y=x

= 1t<T0(m) (17)
a formula which was already well-known (see e.g. [1], Lemma A.1).

11



Remark 9. Note that the indicator function 1;.7,(,) in the right-hand side of (16) is
related to the behavior of the Bessel process at the boundary 0. It is reminiscent of
Theorem 1 in [6] , where a similar indicator function appears in the expression of the
spatial derivative of the flow of vector-valued solutions to SDEs with reflection.

Remark 10. Proposition 3 shows that, for all £,z > 0, the function p; is almost-surely
differentiable at z. We may, however, ask if, a.s., the function p; is differentiable on the
whole of R* . The case where § > 1 was treated in detail in [11], where it was shown that,
a.s., for all ¢ > 0 the function x — p;(x) is differentiable on R* ; and that the derivative
dpé—g(f) is continuous in (t,2) € Ry x R%. However, as ¢ gets smaller than 1, the regularity
of the process (pt(x))t>0,0>0 becomes much worse. Note that § = 1 corresponds to the
case of the flow of reflected Brownian motion on the half-line; in that case the flow is no
longer continuously differentiable as suggested by (17). Many works have been carried
out on the study of the flow of reflected Brownian motion on domains in higher dimension
(see e.g. [3] and [12]) or on manifolds with boundary (see e.g. [1]). By contrast, the
regularity of Bessel flows of dimension § < 1 seems to be a very open problem.

In the remainder of the article, however, we shall not need any regularity results on
the Bessel flow. Instead, for all fixed x > 0, we shall study the process (n:(z)):>0 defined
above as a process in itself.

6 Properties of 7

In the sequel, for all z > 0, we shall consider the process (1:(z)):>0 defined as above:

1—6§ [t ds
n(x) == 14Ty (x) €XP ( 5 /0 pg($)2> . (18)

When there is no ambiguity we shall drop the = from our notation and denote this process
by 7.

6.1 Regularity of the sample paths of 7

We are interested in the continuity property of the process n. It turns out that, as ¢
decreases, n becomes more and more singular, as shown by the following result.

Proposition 4. If § > 1, then a.s. n is bounded and continuous on R.
If § =1, then a.s. n is constant on [0,Ty) and [Ty, +00), but has a discontinuity at Tp.
If 6 €10,1), then a.s. n is continuous away from Ty, but it diverges to +oo as t 1 Tp.

Proof. When ¢ > 2, Ty = oo almost-surely, so that, by (18), the following equality of

processes holds:
(1 - /t ds )
Ny = eXp .
2 0 ps(x)Q

Hence, a.s., n takes values in [0, 1] and is continuous on Ry. To treat the case § < 2 we
need a lemma:

12



Lemma 2. Let 6 < 2 and x > 0. Then the integral:
/% ds
o (ps(z))?

We admit this result for the moment. Then, when ¢ € (1,2), n takes values in [0, 1],
is continuous away from Ty and, almost-surely, as t 1 Tp:

B 1—5/t ds 0
TEEPNT2T o pl@)? '

Since, n; = 0 for all t > Ty, n is continuous and the claim follows. When § = 1,

is infinite a.s.

nt(x) = 1t<T0(m)

so the claim follows at once. Finally, if § € [0,1), then 7 is continuous away from Tp, but
by the above lemma, a.s., as t T Tj:

B 1—5/t ds L
TEEPNT2T Sy pola)? OO

so the claim follows. O

We now prove Lemma, 2

Proof of Lemma 2. The proof is in two steps. In a first step we prove the lemma when p
is replaced with a Brownian motion started at some positive point, and in a second step
we invoke a representation theorem of Bessel processes as time-changes of some power of
the Brownian motion to conclude.

First step: Let (;) be a Brownian motion started from some y > 0, and let Tj denote
its hitting time of the origin. Then the integral :

To ds
A (Bs(y))?

is a.s. infinite. Indeed, denote by h : [0,00) — R the function given by:

h(t) == { tllog(1/t)|, ift >0,

o, if + = 0.

Let A > 0. By Levy’s modulus of continuity (see Theorem (2.7), Chapter I, in [9]), there
exists a £ > 0, such that the event

M= {Vs,t €[0,1], B = Bs| <w hl]s —t]) }

13



has probability one. Therefore, by scale invariance of Brownian motion, setting x4 :=
V/Ak, one deduces that the event

My :={Vs,t€[0,4], |[Br—PBs| <rah(ls—1t])}

also has probability one. Moreover, under the event {7y < A} N My, we have, for small
h > 0.

B3 = |Bro—n — Bry|* < £a® hlog(1/h).
Since hlog%l/h) is not integrable as h — 0T, we deduce that, under the event

{Th) < A} N M4, we have fOTO (;SS)Q = +00. Therefore:

IP’[T0<A]:]P’[{T0<A}HMA]gP(/OTO(;l—S)z:—i—oo).

Since Ty < 400 a.s., we have Alim P[Ty < A] = 1. Hence, letting A — oo in the above, we
—00
deduce that:
( To ds
P / = +oo> =1
0 (/83)2
as claimed.

Second step: Now consider the original Bessel process (p¢(x))i>0. Suppose that 6 €

(0,2). Then, by Thm 3.5 in [13], the process (p:(z))i>0 is equal in law to (\57(25)\%)1&20,
where f is a Brownian motion started from y := 22~

the increasing function A : Ry — R given by:

,and v : Ry — Ry is the inverse of

2(6—1)
2-5 (s.

Vu > 0, Alu) = ﬁ/o |85

Therefore, denoting by Tég the hitting time of 0 by the Brownian motion (3, we have:

/TO ds (4 /Mf ) ds

Téa 1 1 2(6—1)
:/ 5 5 2‘5u’ 2=5 du
0 |By|2-s (2-0)

1 7 du
- (2—5)2/0 B2

where we have used the change of variable u = 7(s) to get from the first line to the second
one. By the first step, the last integral is infinite a.s., so the claim follows.
There still remains to treat the case 6 = 0. By Thm 3.5 in [13], in that case, the

1/2
process (pt(x))i>0 is equal in law to <(By(t)/\T(§3) > , where (3 is a Brownian motion
>0

14



started from y := 2, Tég is its hitting time of 0 and v : R4 — Ry is the inverse of the
increasing function A : Ry — R4 given by:

1 u/\TOB
Yu > 0, Au) = —/ ﬂs_lds.
0
Then, the same computations as above yield the equality in law:

/To ds @E/Tégd_u
o (ps(@)?  4Jy B2

so the result follows as well. O

6.2 Study of a martingale related to 7

Let § € [0,2) and = > 0 be fixed. In the previous section, we have shown that, a.s. :

b ds
—— — 400
0 Ps(2)? t=To()
As a consequence, for § € [0,1), a.s., the modification 7, of the derivative at z of the
stochastic flow p; diverges at Tp(x):

() = 1 1—5/t ds N
m\r) = t<Tp(x) exp 9 0 ps(x)Q Q.

t1To(2)

However, since pi(x) — 0 as t — Tp(x), this does not exclude the possibility that the
product py(x)n:(z) converges as t — Tp(z). This motivates to study the process :

D= (@) = Teemmptz)o (157 [ (19)
= pi(x)n () = T)ex )

t Pt Mt t<TO(l‘)pt p 9 0 p8($)2

As a matter of fact, we will show that (D;);>0 is an LP continuous martingale for some
p=> 1

Remark 11. The process (D;):>0 appears as (one half times) the derivative of the stochas-
tic flow associated with the squared Bessel process X;(z) = (p¢(z))?. Indeed, by applying
formally the chain rule, we have, for all ¢ > 0 and = > 0:

W) _ opu(aym(a).

6.3 Continuity of (D;):>¢

In this subsection we show that the process (D;)¢>0 has a.s. continuous sample paths. By
the expression (19), continuity holds as soon as Tp(z) = oo a.s., i.e. as soon as § > 2. On
the other hand, if § € [0,2) it suffices to prove that, a.s., Dy — 0 as t T Tp(x). This is the
content of the following proposition.

15



Proposition 5. For all § € [0,2) and x > 0, with probability one:

() (1 -0 /t ds > 0
T ) ex .
PRSP T2 Jo pa(@)2) to1o()

Proof. 1f 6 € [1,2), then exp (1%5 fg psc(l—;)Q> < 1forallt>0. Since py — 0 as t — Tp(x),
the claim follows at once.
If 6 € [0,1), on the other hand, exp <1%5 f(f

ds 2) — 400 whereas py — 0 s0
rs(@)? ) 470 () t—To(a)

a finer analysis is needed. We have:

Dt 1-06 [ ds 1-6 [tds
log[—exp< / =1lo _+_ =
T 2 Jo ps(x)? 2 Jo p3

Now, recall that a.s., for all ¢ < Tj, we have:

6 — tds
Pt_ﬂU‘i‘T — + By
0 Ps

Hence, defining for all integer n > 1 the (F;)¢>o-stopping time 7, as:
Tp :=1nf{t > 0, py < 1/n} An,

we have:
§—1 [ (s
PtAr, =T + 5 — + Binr, -
0 Ps

Hence, by It6’s lemma, we deduce that:

log Ptrr, _ S—1 tATh @ N /t/\’rn dB B 1 /'t/\Tn ds
r 2 Jo o ps 2
so that: tAT, tAT, tAT,
1ngm7n+1—5 "d_;s:/ " dB, _1/ "ds. (20)
T 2 Jo s Jo ps 2

Consider now the random time change:

A: [07T0) — R+

t
d
tl—)At:/—i
0 Ps

Note that A is differentiable with strictly positive derivative. Moreover, since Ay —T> 400
t—=To

a.s. by Lemma 2, we deduce that A is a.s. onto. Hence, a.s., A is a diffeomorphism
[0,Th) — R, the inverse of which we denote by

C: R+ — [O,TO)
u— C.
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Let B, := OC“ d]-ir,u > 0. Then § is a local martingale started at 0 with quadratic
variation (S, 3), = u, so by Lévy’s theorem it is a Brownian motion. The equality (20)
can now be rewritten:

1 Pine, 1 —0 [T ds 1
og —™

+ 5 = /BAtATn - _At/\Tn'

T 2 Jo p? 2

Letting n — oo, we obtain, for all t < Tj:

pe  1—=06 [tds 1
g2 [ L _p, 24,
ogm+ > ), 2 Ba, 5 At

By the asymptotic properties of Brownian motion (see Corollary (1.12), Chapter II in [9]),

we know that, a.s.:

lim sup & =1
s—400 h(S)

where h(s) := y/2sloglog s. In particular, a.s., there exists 7' > 0 such that, for all t > T,
we have 8y < 2h(t). Since, a.s., A; t—T> 400, we deduce that:
—1o

1 1
lim sup <5At - §At> < limsup <2h(At) — §At>

t—+o00 t——+o00
= —o00.
Hence, a.s. :
1-6 (" d
log [&exp< / 82>} — —00
x 2 Jo ps(x) o ()
i.e.
(1—5/t ds > 0
ex
PEPNT2 o @) i)
as claimed. O

6.4 Martingale property of (D;);>¢

Let 6 > 0 and = > 0 be fixed. We show in this section that (D;);>¢ is an (F¢)¢>0 martingale
which, up to a positive constant, corresponds to a Girsanov-type change of probability
measure.

Recall that, by definition:

§—1 (tds
Dy = 17 (2) pe() exp <—T/ —2> . (21)
0 Ps

Notation 1. For all ¢ > 0 and ¢ > 0, we denote by Pg‘ﬂ 7 the image of the probability
measure P2 under the restriction map:

(C(R4), B(C(Ry)) — (C([0,2]), F1)
w +— w|[0,t]

17



Proposition 6. Let 6 > 0 and © > 0. Then, for allt > 0, the law P‘HQ‘E is absolutely

T

continuous w.r.t. the law P;f \Fe and the corresponding Radon-Nikodym derivative is given

by:
dPS+2 s pe(x) 6 — ds
z LS q re) - )
o |, 0% ven o (151 [12)

Proof. Fix e > 0. Under P? s the canonical process p stopped at T satisfies the following
SDE on [0, t]:

sA\Te ds
PsnT. = T ‘|' —a - ‘|' Bs/\T6

Consider the process M€ defined on [0, t]

SATe dB
M ::/ v
0 Pu

M¢€ is an L? martingale on [0,¢]. The exponential local martingale thereto associated is:

SATe dB 1 SATe d
E(Me)szexp</ u——/ —Z)
0 Pu 2 0 Pu
Since, by It6’s lemma:

log (#2572 = / B (0, / e
Z 0 Pu 2 0 Py’

SATe
E(M®), = exp [log (Ps;Te) B _/ du]

PsAT. [ 6—1 /SATe du]
= Cexp | ——— =1.
T 2 Jo  p2

o o (011019 < oo (1)

< 00

we have:

Note that

so that, by Novikov’s criterion, £(M¢€) is a uniformly integrable martingale on [0,¢]. So
we may consider the probability measure £(M€)P? | 7

Note also that: T
ShEe dy
(M€, B)y :/ —
0 Pu

Hence, by Girsanov’s theorem, under the probability measure £(M E)Pm‘S ‘ o the process :

§+1 [N du
PsAT. =T — —(5— —
2 Jo Pu

18



is a local martingale, with quadratic variation given by s A T.. Therefore, by Theorem
(1.7) in Chapter V of [9], there exists, on some enlarged probability space, a Brownian
motion 3 such that, a.s.:

§+1 [N dy
Vs € [0,t], pspr. = =+ 5 — + BsaT.-
0 Pu
Denote by p the unique strong solution on [0, ¢] of the SDE:

B 0+1 [*du
Ps:ﬂH'T — + Bs.
0 Pu

Then, by strong uniqueness of the solution to this SDE, we deduce that, under £(M E)Pm‘S ! o
a.s.:
Vs e [0,t], s<T. = ps = ps.

Since p has the law of a § + 2-dimensional Bessel process started at x, we deduce that, for
all F': C([0,7],R;+) — R, Borel, we have:

EJ [E(M)F(p)lier] = ESP2[F (p)Li<r.]

5—1 [tds
E) [& exp <—— / —2> F(p)1t<Te:| = EST?F(p)Licr,]-
z 2 0 Ps

Letting ¢ — 0, by the monotone convergence theorem, we obtain:

§—1 [tds
B [% P <_T/o ?) F(p)1t<T0] = EYP[F(p)li<ry).

But, since PT2[Ty < +o00] = 0, this yields:

ES [& exp <—5;—1 /Ot §> F(P)1t<TO} = E;?[F(p)]

2
x P3

as stated. O

Remark 12. Proposition 6 is actually a particular case of a more general result. Indeed,
forall z > 0,t >0, and & > 6 > 0, such that &' > 2, Pflm is absolutely continuous w.r.t.

the law P? e and the corresponding Radon-Nikodym derivative is given by:

5'—6
dp? s pe(x)\ 2 & =8 (8+6 tds
> =1 - —-1 — 1. 22
ar |, cni (7)) e (1) [ 5] @

The proof of this fact is in all respect similar to that of Proposition 6 above.

Corollary 3. (D¢)i>0 ts an (Ft)i>0 continuous martingale

Proof. The process (Dy)¢>0 is continuous. Moreover, for all ¢ > 0, %Dt is the Radon-
Nikodym derivative of Pf*Q‘}-t w.r.t. Pglft' Therefore (%Dt)tzo is an (F;)¢>0 martingale,
50 (D¢)e>0 is a martingale as well, and the claim follows. O
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6.5 Moment estimates for the martingale (D;);>g

In this section, we prove that the martingale (D;);>0 is actually in LP for some p > 1. We
first recall the following fact:

Lemma 3. For alla>0,t >0, and m >0, we have:
E3(pf") < oo.
Proof. Denote by d any integer such that d > a. By Lemma 1, we have:
E3(pf") < B (p}")

Since P? is the law of (|| Bs||)s>0, where (Bs)s>0 is a d-dimensional Brownian motion and
|| - || is the Euclidean norm in R? (see [9], Chapter 11), this inequality can be rewritten

as:
Ex(pi") <E([[B:][™)

Since By is a Gaussian random variable, E (|| B;||™) is finite, and the result follows. O

Proposition 7. (D;)i>0 is an LP martingale for all finite positive number p such that
p < p(6), where p(d) € [1,400] is given by:

(202 .
p(s) = i MO 2
400 if 6 > 1.

Moreover the above statement is sharp: for 6 < 1 and t > 0, the random wvariable Dy is
not in LP for p > p(9).

Remark 13. We emphasize that p is finite in the above result. Indeed D; is never in L™
even if o > 1; for example, when 6 =1, Dy = pi1;7,(,) Which is clearly not bounded a.s.
Proof of Prop 7. 1f § > 1, then, for all ¢ > 0, D; < p;. Hence, for all p € (0,+00):

E (DY) < E3(pi?)

which is finite by Lemma 3.
On the other hand, if § € [0,1), then, for all £ > 0 and p > 0, we have:

§—1 [tds
E (DY) = EJ |Li<r, pi exp —P—/ — /|-
2 0 Ps

By the absolute continuity relation (22) applied with ¢’ := 2, the latter equals:

2 t
9 2-s 1 0-2 d—1 (6-2) ds
B | o e | (0 -5 ) [
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For p = p(9), A(p) = 0, so that:
E |:Df(5)} — E2 [xi—éptp(é)Jr‘s%Q]

= xl_% E% [Ptp(é)Jr%_l} .

Since g + p(d) — 1 > 0, by Lemma 3, the last quantity is finite. Hence D, is indeed in
p©)
Suppose now that p = p(§) + r for some r > 0. We show that D; ¢ LP. We have:

o[ 2es s S—1 (5—22\ (! ds
B0f] = B2 o5 o5 o (20 - ) [

B t
_ 232 |:ptp+%—1 exp <1 57,/ d_32>}
2 0 Ps

We claim that the last quantity is infinite. Indeed, first note that by Jensen’s inequality
and Fubini, for any C' > 0 we have:

(e[ )] 2o [ 2004

and the right-hand side is infinite since, for all s > 0, E2 (p;?) = 400 (indeed, by formula
(12), the transition density p?(z,y) does not integrate y~2 as y — 0). Therefore:

e[ )] -+~

Consider now any ¢ > 0 and a,b > 0 such that %—i—% = 1. By (24) and Hélder’s inequality,

we have:
1-946 tds
+00 = E? [ex < ’I“/ —>]
AR G A
1-5 [tds\1"° 1/b
SEi |:ptaCeXp <—T‘/ —82>:| E% |:pt—bc:|
2 0 Ps
Set c= 221 48 db= 52" . Remark that 2 1> 0si 5)>1
et c = 5 , 6= 5+Dp,an = T emark that 5 +p—1> smcep>p()_ ,

2
so that this choice for ¢, a, and b makes sense. We obtain:
1 o)
t T z2¥p-l
2 s 1 1-— 5 ds o+p 2 -1 3
E:L‘ |:pt2+p exp <TTA E E:L‘ [pt :| Pl J— —+00

By the comparison lemma 1 and the expression (12) for the transition density of the Bessel
process, we have

271 —1 27 —1 ~1 y2
B2 < B o) = [ e (<)



so that E2 [p; 1] < 400. Therefore, we deduce that :

1—-6 (td
2ot e (550 53)] =
S

as claimed. Hence Dy ¢ LP for p > p(9). O

7 A Bismut-Elworthy-Li formula for the Bessel
processes

We are now in position to provide a probabilistic interpretation of the right-hand-side of
equation (11) in Theorem 2.

Let § > 0, and « > 0. As we saw in the previous section, the process (n:(z))t>0 may
blow up at time Tp, so that the stochastic integral fg ns(x)dBs is a priori ill-defined, at
least for 6 € (0,1). However, it turns out that we can define the latter process rigorously
as a local martingale.

Proposition 8. Suppose that 6 > 0. Then the stochastic integral process fot nsdBs 1s

well-defined as a local martingale and is indistinguishable from the continuous martingale
Dt — .

Proof. We first treat the case § > 2, which is much easier to handle. In that case,
ne € [0,1] for all ¢ > 0, so that the stochastic integral fg 1sdBs is clearly well-defined as
an L? martingale. Moreover, since Ty = 400 a.s., by Itd’s lemma we have:

t t
thpmtszr/ s dps+/ ps dns
0 0

t §—1ds tos—1
:£C+/ Ns <—_+st>_/ ps—n_s2d8
0 2 ps 0 2 ps
t
:x+/ 1sdBg
0

so the claim follows.
Now suppose that 6 € (0,2) and fix an € > 0. Recall that T(x) := inf{t > 0, ps(z) < €}
and note that, since T, < Ty, the stopped process n’¢ is continuous on R, so that the

tATe ()

stochastic integral fo ns(x)dBs is well-defined as a local martingale. Using as above

Ito’s lemma, but this time with the stopped processes p’c and n'¢, we have:

tATe
| nan, = Do, . (25)
0
Our aim would be to pass to the limit € — 0 in this equality. By continuity of D, as e — 0,

Dypr. converges to Diag, = Dy almost-surely. So the right-hand side of (25) converges to
D; — x almost-surely.
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The convergence of the left-hand side to a stochastic integral is more involved, since
we first have to prove that the stochastic integral fg nsdBs is indeed well-defined as a local
martingale. For this, it suffices to prove that, almost-surely:

t
vt > 0, /n?ds<oo.
0

We actually prove the following stronger fact. For all ¢t > 0

( /0 t ngds>p/2] < o0 (26)

for all finite positive number p such that p € (1,p(d)]. Indeed, applying successively
the Burkholder-Davis-Gundy (BDG) inequality and Doob’s inequality to the martingale
fTEA' nsdBs , we have:

E

0
tATe p/2 s P
E (/ n?ds) <C, E| sup / NudBy
0 s<tATe | /0

=CpE| sup |Dg—z|P
s<tATe
» \?

<G <ﬁ> E[|Dinr. — z/7]

where C), is a constant depending only on p. Now, since (D; — x);>0 is a continuous
martingale, by the optional stopping theorem and Jensen’s inequality, we have:

E[|Dipr. — 2] <E(|Dy — zf?)

and the right-hand side is finite because D; is in LP . Hence, letting ¢ — 0 in the above,
by the monotone convergence theorem we deduce that :

tATo p/2
</ n?ds) ] < 00
0

But since 1, = 0 for all ¢ > Tp, this implies the bound (26), and hence the stochastic
integral fot nsdBs is well-defined as a local martingale. Moreover, for all ¢ > 0, by the

BDG inequality, we have:
tATo p
=K ( / 775st>
tAT.

t tATe P
(/ 1sd B —/ 775st>
0 0
tATo p/2
§cpIE[</ n?ds) ]
tAT.

E

E

23



where ¢, is some constant depending only on p. Now, by the dominated convergence
theorem, the last quantity above goes to 0 as ¢ — 0 , and hence:

tATe t
/ nsdBs — / Nsd By
0 e—0 0

in LP. Hence, the left-hand side of equality (25) converges in LP to the stochastic integral
fg nsdBg. Letting ¢ — 0 in that equality, we thus obtain :

t
/ nsdBs = Dy — x
0
as claimed. O

Using the above proposition, Theorem 2 can now be interpreted probabilistically as a
Bismut-Elworthy-Li formula.

Theorem 3 (Bismut-Elworthy-Li formula). Let 6 > 0. Then, for all T > 0, and all
F : R, — R bounded and Borel, the function x — PPF(x) is differentiable on R, and
for all x > 0:
d s 1 T
L PiF(@) = = B |F(pu(a) ( [ ni(2)dB, )] . (27)
dﬂ? T 0
Proof. By Theorem 2, the differentiablity property holds, and we have:
d x
—PpF() = = [Pﬁ“F(;:;) - P:‘SFF(:U)] :

Moreover, by Proposition 6, for all > 0:

PI (@) = PRP() = B2 | Plor) (25 - 1))

and, by Proposition 8, we have:

B2 | Plor) (22 ~1)] = 22 [ Plorton ( | ' (@B )|

so equality (27) follows. O

Using the Bismut-Elworthy-Li formula, we are now able to sharpen the Strong Feller
estimate obtained in equation (14) above.

Corollary 4. Let T > 0 and § > 2(\/2 —1). Then, for all R > 0, there exists a constant
C > 0 such that, for all z,y € [0, R] and F : Ry — R bounded and Borel, we have:
ClIF]l

5 5
|PpE(z) — PpF(y)| < Ta®

ly — = (28)
where the exponent o(8) € [1,1) is given by:

(5) N %—i_ ;_:g lfé € [2(\/5_ 1)71]7
R FY if§>1.

24



Proof. Let x > 0. By Theorem 3, we have :

%p%F(x) = % E [F(pt(x)) ( /0 ! ns(x)stﬂ .
so that: '%P%F(x) - ||F’_Z|"|OO . [ /OTnS(x)dBS ] |

We now bound the quantity E HfOT ns(x)dBs } . If § > 1, then the process (ns(x))s>0 takes

values in [0, 1], so that, using the Cauchy-Schwarz inequality and It&’s isometry formula,

we have :
T T
E [/ ns(m)dBS} <\/E (/ ns(m)2d3> <VT.
0 0
Therefore: p IF|
~pd < N7 1l

and the claim follows with C' = 1.
Suppose now that § € [2(v/2—1),1). Letting p := p(§) as in (23), we have, by Jensen’s

inequality:
T T p\ 1/p
E[ / ns(w)st} < (E | n@as. )
0 0

Now, applying successively the BDG inequality, Jensen’s inequality and the absolute
continuity relation (22) between P2 and P2, we have, for some constant ¢p depending

only on p:
T p T p/2
E [/ ns(x)dBs| | <¢p E [(/ ns(x)2d8> ]
0 0
T
<¢, TP*1E (/ ns(x)P ds>
0
T
<o [ B ds
0
T 6=2 _ _ N2 s
e [T (2) e (S50 B0 [ 0
0 T 2 8 0 Pu
T 6—2
=¢p Tp/21/ E? [(&) ? ]ds
0 X
where the last equality follows from the fact that 1%6;0 — @ = 0 for p = p(d). Now,
6—2

since “5= < 0, by the comparison lemma 1, as well as the scaling property of the Bessel
processes (see, e.g., Remark 3.7 in [13]), for all s € [0,7T], we have:

o [ o=2 o [ o2 52 o[ 822
EZ \ps® | < Ejlps® | =517 Ey|p° |-
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=2

Let ¢ := E3 [pl 2 } . Using formula (12), we have:

Hence:

< e xl_% T%
T0+2
Therefore, we obtain:
T P 1 [ r_1q 6+2
E / ns(x)dB <Kz 2T2" T+
0

where K is a constant depending only on §. Hence

E [ /OT ns(x)dBs

Note that, since p = p(d), we have %(1 —

obtain:

S—

] < KV 25073 pat it

N

:g . Therefore, we

5y _ 2(1-=9) §—2 1
3) = %55 and Ip 2
1—6

d 1-6 _1_1-5
‘d—P%ch) < KVP 2?53 ||Fl|o T3 550,
XL

Therefore, given R > 0, one has for all z € [0, R]:

d s |1 F]]oo
‘%PTF(””)‘ <O

with C := KV/P RQﬁ, This yields the claim.
O

Remark 14. In the above proposition, the value 2(\/5 — 1) that appears is the smallest
value of & for which n is in L?. For § < 2(v/2 — 1), n is no longer in L? but only in
LP for p = p(d) < 2, so that we cannot apply Jensen’s inequality to bound the quantity

/2
E <fOT ns(:v)st)p anymore. It seems reasonable to expect that the bound (28) holds
also for § < 2(v/2 — 1), although we do not have a proof of this fact.
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8 Appendix

In this Appendix, we prove Proposition 3. Recall that we still denote by (p¢())¢ >0 the
process (/9 (x))sz>0 constructed in Proposition 2.

Lemma 4. For all rational numbers e,y > 0, let:
UE = [0,T2(7)) x (7, +00)

and set:

U= U Z/{;.

€,v€Q}

Then, a.s., the function (t,z) — pi(z) is continuous on the open set U.

Proof. By patching, it suffices to prove that, a.s., the function (¢, z) — p¢(z) is continuous
on each U, where €,7 € Q7.

Fix €,7 € Q%, and let z,y € (v,400) N Q. We proceed to show that, a.s., for all
t < s < Tc(v) the following inequality holds:

|0 — 1] |0 — 1]

) = el < o = wlesp (o) B e m Bl

Since T, (y) < To(7), a.s., for all t < s < T(v), we have:

5-1 [ d
vrelod,  pra)=a+ / v B
0

2 pu()
as well as 6—1 [T d
_ U
\V/'TGO,S; Ty :y+—/ +BT
[0, 5] pr(y) 2 Jo puly)
and hence :
15— 1| /T pu(@) — pu(y)]
vr € [0,t], r(2) = prY)l < |z —yl+ !
[0,1] lpr(x) — pr(y)| < | | 2 Jo pul@)pu(y)

By the monotonicity property of p, we have, a.s., for all ¢, s as above and u € [0, s]:

pulz) A pu(y) = puly) = € (30)

so that:

d—1 " pu(x) — puly
vr e 0.1, lor(x) — pr(w)] < o — ol + '/O pul) Z Pl g,

which, by Gronwall’s inequality, implies that:

) = i) < be =l exp (252, 31

27



Moreover, we have:

0—1 [° du
p (y)—pt(y)z—/ ——+Bs — B,
’ 2 t pu(y) ’
which, by (30), entails the inequality:

_1|
2¢

paw) — o) < 2 414 1B, By, (32)

Putting inequalities (31) and (32) together yields the claimed inequality (29). Hence, we
have, a.s., for all rationals z,y > v and all t < s < T(7):

|6 — 1] 0—1
) = pu()| < o = slesp (e ) + 5 s el + 18, - B
and, by density of QN (v,+0o0) in (v, +00), this inequality remains true for all z,y > ~.
Since, a.s., t — By is continuous on R, the continuity of p on U is proved. U

Corollary 5. Almost-surely, we have:

§—1 [ du
Ve >0, Vtel0,Tp(x)), pi(r) =2+ —— | —— + Bs. (33)
2 0 Pu (1‘)
Remark 15. We have already remarked in Section 3 that, for all fixed > 0, the process
(pt(x))s>0 satisfies the SDE (10). By contrast, the above Corollary shows the stronger
fact that, considering the modification p of the Bessel flow constructed in Proposition 2
above, a.s., for each x > 0, the path (p:(x));>0 still satisfies relation (10).

Proof. Consider an almost-sure event A € F as in Remark 7. On the event A, for all
r € Q4, we have:

§—1 [t du
Vt e [OaTO(T))7 Pt(r) :T"i_—/ — +Bt
2 0 Pu(r)
Denote by B € F any almost-sure event on which p satisfies the monotonicity property
(15). We show that, on the event A N B, the property (33) is satisfied.
Suppose AN B is fulfilled, and let > 0. Then for all » € Q such that » > x, we have:

VE>0,  pi(x) < pi(r)

so that To(r) > To(z). Hence, for all t € [0,Tp(x)), we have in particular ¢ € [0, Ty(r)), so

that:
(r) . 5—1 [t du
pe(r) =r+ —— —_—
! 2 0 pu(T)

Since, for all u € [0,t], pu(r) | pu(z) as r | x with r € Q, by the monotone convergence

theorem, we deduce that:
/t du _)/t du
0 Pul(r) 0 Pu()
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as r | x with » € Q. Hence, letting r | « with » € Q in the above equation, we obtain:

§—1 [t du
= —— | —— + B
pe(z) =z + 2 Jy pul@) + by

This yields the claim. O
One of the main difficulties for proving Proposition 3 arises from the behavior of p;(z)

at t = To(x). However we will circumvent this problem by working away from the event
t = Tp(x). To do so, we will make use of the following property.

Lemma 5. Let 6 <2 and x > 0. Then the function y — Ty(y) is a.s. continuous at x.

Proof. The function y — Tp(y) is nondecreasing over Ry. Hence, if z > 0, it has left- and
right-sided limits at x, To(z~) and To(z™), satisfying:

To(x™) < Ty(x) < To(x™). (34)

Similarly, if x = 0, there exists a right-sided limit Tp(0") satisfying Tp(0) < To(0™T).
Suppose, e.g., that > 0. Then we have:

E (e*To(l“Jr)) <E (6*To(l‘)) <E (6*To($_)> ) (35)

Now, by the scaling property of the Bessel processes (see, e.g., Remark 3.7 in [13]), for all

y > 0, the following holds:
(d)
Wpe(1)ez0 = (py2e(y))ez0,

(@)

so that Ty(y) = y?To(1). Therefore, using the dominated convergence theorem, we have:

E <6—TO($+)) — 1ylEjl E (e—TO(y)>

— lylﬁcl E (6*y2T0(1)>

) <e—x2TO(1)>
=K <67T°(m)> .

Similarly, we have E <€_TO($_)> =E (e_TO(“”)). Hence the inequalities (35) are actually
equalities; recalling the original inequality (34), we deduce that To(z~) = Ty(z) = To(x™)
a.s.. Similarly, if z = 0, we have T(0) = Tp(0™") a.s. O

Before proving Proposition 3, we need a coalescence lemma, which will help us prove
that the derivative of p; at x is 0 if ¢t > Ty(x):

Lemma 6. Let z,y > 0, and let T be a nonnegative (F)i>o-stopping time. Then, almost-
surely:

pr(x) =p-(y) = Vs=7, ps(x) = ps(y)
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Proof. On the event {p,(z) = p,(y)}, the processes (X7 (z))i>0 := (p¢(2)?)i>0 and (XP (y))e0 1=
(pt(y)?)i>0 both satisfy, on [r, +00), the SDE:

t
X, = pr(x)? —i—2/ VXsdBs +0(t — ).

By pathwise uniqueness of this SDE (see [9], Theorem (3.5), Chapter IX), we deduce that,
a.s. on the event {p-(x) = p,(y)}, X¢(x) = Xi(y), hence pi(x) = p(y) for all t > 7. O

Now we are able to prove Prop. 3.

Proof of Proposition 3. Let t > 0 and x > 0 be fixed. First remark that:
P(Tg(.%’) = t) =0.

Indeed, if 5 > 0, then :
P(To(x) = t) <P(pe(x) = 0)

and the RHS is zero since the law of p;(x) has no atom on R, (it has density p¢(z,-)
w.r.t. Lebesgue measure on R, where p) was defined in equation (12) above). On the
other hand, if 6 = 0, then 0 is an absorbing state for the process p, so that, for all s > 0:

P(To(z) < 5) = P(ps(x) = 0)

and the RHS is continuous in s on R, since it is given by exp(—g—j) (see [9], Chapter XI,
Corrolary 1.4). Hence, also in the case 6 = 0 the law of Tj(x) has no atom on Ry. Hence,
a.s., either t < Tp(z) or t > Tp(x).

First suppose that ¢t < Tp(z). A.s., the function y — Ty(y) is continuous at z, so there
exists a rational number y € [0, z) such that t < Ty(y); since, by Remark (7), ¢ — p;(y) is
continuous, there exists e € Q% such that ¢t < T,(y). By monotonicity of z — p(z), for all
s €[0,t] and z > y, we have:

ps(z) = ps(y) = e

Hence, recalling Corollary 5, for all s € [0,t] and h € R such that |h| < |z —y|:

-1 du
2 pulz+h)

56
ps(x+h):x+h+/ + B,.
0

. Ps (z+h)—ps(x)
’ h

Hence, setting n”(z) ,we have:

hey g 0—=1 [ UHED N
Vs € [0,¢], ni(x) =1 5 /0 pu(az)pu(:c+h)d

i) = e (15 /0 TR

so that :
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Note that, for all s € [0,¢] and h € R such that |h| < |z — y|, we have (s,x + h) €
[0,Tc(y)) % (y,+00) C U. Hence, by Lemma 4, we have, for all s € [0, ]

S h S
ool + 1) — py(2)

with the domination property:

— <
ps(x)ps(x +h) —

valid for all |h| < |x —y|. Hence, by the dominated convergence theorem, we deduce that:

M) — ex 1_5/t ds
TR P T o ps(z)?

which yields the claimed differentiability of p; at x.

We now suppose that ¢ > Tp(x). Since the function y — Tp(y) is a.s. continuous at
x, a.s. there exists y > x, y € Q, such that t > Ty(y). By Remark (7), the function
t +— pi(y) is continuous, so that pp,(,)(y) = 0. By monotonicity of z — p(z), we deduce
that, for all z € [0,y], we have :

pTo(y)(Z) =0.

By Lemma 6, we deduce that, leaving aside some event of proability zero, all the trajec-
tories (p¢(2))i>0 for z € [0,y] N Q coincide from time Tp(y) onwards. In particular, we
have:

vz €[0,y]NQ, pe(2) = pr().

Since, moreover, the function z — py(z) is nondecreasing, we deduce that it is constant
on the whole interval [0, y]:

Vz e [07y]7 Pt(z) = pt(x)
In particular, the function z — p(z) has derivative 0 at z. This concludes the proof. O
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