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Abstract: Let us consider a solution of the time-inhomogeneous stochastic differential equation
driven by a Brownian motion with drift coefficient b(t,r) = psgn(x)|z|*/t?. This process can be
viewed as a distorted Brownian motion in a potential, possibly singular, depending on time. After
obtaining results on existence and uniqueness of solution, we study its asymptotic behaviour and made
a precise description, in terms of parameters p, @ and (3, of the recurrence, transience and convergence.
More precisely, asymptotic distributions, iterated logarithm type laws and rates of transience and
explosion are proved for such processes.
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1 Introduction

Let X be a one-dimensional process satisfying the following equation

! sgn(Xs) |Xs |a d

: s, t> 1. (1.1)

Xi=xz0+ B +p /

to
Here B denotes a standard Brownian motion, xg, p, «, 8 are some real constants and tg > 0.
In this paper we shall study the asymptotic behaviour of such process. More precisely, our
main goal is to give conditions which characterise the recurrence, transience and convergence
in terms of parameters p,a and .

The equation ([.1) can be viewed as a continuous counterpart of a discrete time model
considered recently in [If]] and which is related, when o = 8 = 1, to the Friedman’s urn model
[A] but also to the random walk with an asymptotically zero drift studied in [[4]. Indeed, the
discrete time process studied in [[[f] is a random walk on the real half line such that

(07

X
E(Xt+1 - Xt ‘ Xt = .%') t:oo pt_ﬁ

The authors establish when the process is recurrent or transient for certain values of param-
eters p, a, 8 and present open problems. Their approach is based on a precise study of some
submartingales and supermartingales.



In the one-dimensional case, for time-homogeneous stochastic differential equations driven
by a Brownian motion, there exists precise criteria, using the scale function, for recurrence
and transience (see for instance [[J] or [§]) or explosion (see for instance [[[J]). Some of these
criteria are extended to the time-inhomogeneous situation for dimension greater or equal than
two in [[f]. Unfortunately, the results in [B] do not apply to the equation ([[.1]), even it is stated
that the method can be adapted to the one-dimensional case. Recall also that there exist
some general results on recurrence or transience (see for instance [[[(]) and explosion (see
for instance [P{] or [[§]) based on the construction of some convenient Lyapunov functions.
However, for the equation ([L.1]), the construction of such functions seems to be more delicate.

Here are another two natural questions:

i) Does there exist a well chosen normalisation of X to ensure that the normalised process
converges in distribution or almost surely?

ii) Is it possible to obtain the pathwise largest deviations of X, for instance the iterated
logarithm law?

This kind of questions are treated in [fl],[] or [[] for different equations which have some

common features with ([L.]). The authors consider in [f]] or [g] the following equation

dCCt = dBt + F(Cﬂt)dt, with

oo

/ F(z)de =0 (Hy) or F(x) ~ plz|* pe(0,00) and a«ae[-1,1) (Ha).
o T—00

Under additional assumptions (see [[]) the hypothesis (H7) implies that x is recurrent and that

the process x;/+/t converges in distribution to a standard Gaussian random variable. On the

other hand, when « € (—1, 1), hypothesis (Hs) ensures that x is transient and asymptotically

behaves as a solution of the deterministic underlying dynamical system, that is

~ h s. with A} = F(h
wp o~ heoase wi f (ht)
The case a = —1 (see [{f]) is more difficult and its study is related to the Bessel process. In
that case x satisfies the iterated logarithm law and recurrence or transience depends on the
position of p with respect to 1/2. Besides, the authors in [fl] study the following damped
stochastic differential equation

dxy = o(t)dBy + F(xy)dt, with (1.2)
tlim lot)=0, o€L? and F(z) ~ psgn(z)|z|®, p€(—00,0) and «a€ (1,00).
—00 T

It is proved that z; converges almost surely to 0 with polynomial speed. We will see that
equation ([L.1]) is connected to the last one by using a suitable change of time.

In this paper we firstly study existence, uniqueness and explosion of solutions for ([L.1]).
Different situations are distinguished following the values of p and « and existence and unique-
ness are proved. We point out that when a € (—o0, 0) the existence of a solution is not obvious
since the drift has a singularity in 0. For the time-homogeneous case, a solution to this prob-
lem is given in [ by using the scale function. These ideas does not apply to one-dimensional
time-inhomogeneous stochastic differential equations and this is the main difficulty of this
part. Our idea is to use an appropriate change of time, taking full advantage of the scaling



property of the Brownian motion, the Girsanov’s transformation and the classification of iso-
lated singular points in [ff]. These different tools allow us to answer the question of explosion
of the solution when a € (1, 00). We note that when 28 € (a + 1,00) we shall prove that the
solution explodes in finite time with a positive probability, but not almost surely.

Secondly, we describe for all values of parameters p, a, 8, the recurrent and the transient
features of the solution but also its convergence. We present in Figure [| below, the diagram
of phase transition that we obtain in the attractive case p € (—00,0):

B

1t — Recurrence-

—1 p1
Convergenﬁe toward 0

Figure 1: Phase transition in the attractive case p € (—00,0)

Note that a € (—oo, —1] is not allowed since in that case we will show that any solution is only
defined up to the reaching time of 0, which is finite almost surely. The critical line separating
the two phases (Recurrence and Convergence toward 0) is given by = 0 and on this line
the process is recurrent. The line 28 = « + 1 can be called subcritical in the sense that the
recurrent behaviour is different below and above. As for the proof of the existence, we use
a suitable change of time and an associated scaling transformation, we give the asymptotic
distribution of X and its pathwise largest deviations under a convenient normalisation. In
fact, we show that the asymptotic behaviour of the process is strongly connected to the paths
and to the stationary distribution of an ergodic diffusion.
For instance, when 23 € (—o0,«a + 1), we show that

Xo)

Ve'(t)

In that case, we obtain the convergence in distribution of X;/t>+1 to the stationary distri-
bution of H and its pathwise largest deviation. In particular, when § is negative, we get

¢ 2
"behaves as” H,=B; +/ psen(Hg)|Hg|%ds, with ' (t) = @(t)=+1.
0

the polynomial stability of X and if we denote x; := X (¢), with ¢, := tﬁ, we see that x
satisfies the damped stochastic differential equation ([.4) and we prove similar results as in
] under slightly different hypothesis, but we try to be more accurate.

Then we present in Figure f below, the diagram of phase transition that we obtain in
the repulsive case p € (0,00). We will remark that when o € (1,00) and 28 € (—o0,a + 1)
the process explodes in finite time almost surely. Here the nontrivial critical line is given by
23 = a+ 1 and the process is either recurrent or transient and we obtain similar results as in
[[§], but again we try to be more accurate. On this line we must distinguish the two particular
points (—1,0) and (1,1) because these are the only cases where recurrence and transience
depend on the position of p with respect to 1/2. The first corresponds to the well known
Bessel process and the second one is a continuous time counterpart of the Friedman’s urn
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Figure 2: Phase transition in the repulsive case p € (0, 00)

model. In this case, we obtain similar results as in [[] concerning recurrence and transience,
but also regarding the asymptotic distribution and the pathwise largest deviations. For the
other points of the critical line, the process is recurrent. We point out that this is an open
problem in [I§]. In the present paper there is no restriction on the parameters p,« and 3.
The lines @ = —1 and a = 1 can be called subcritical in the sense that the behaviour of
the process is slightly different to the right or left, in particular, the domain of recurrence
depends on «. The proof of recurrence is based on the same ideas as for the attractive case
by associating an ergodic diffusion to an appropriate transformation of X.
For instance, when 2 € (o + 1,00) and « € (—1,1), we show that

X tU
ft ”behaves as” U, = B; — / —ds.
ez 0 2

In that case, we get that X behaves as a standard Brownian motion, that is it satisfies the
iterated logarithm law and X;//t converge in distribution to a standard Gaussian random
variable. We can say that the drift is asymptotically negligible compared to the noise in the
opposite of the transient case. Concerning the proof of this one when a € (—o0, 1), the tools
are similar to those used in [If]. We show that X behaves as a solution of the deterministic
underlying dynamical system, that is

| Xt N \h| a.s. with Rl = psgn(hy)|h|®/tP.

Some of these results could be proved with similar arguments for a general drift b un-
der additional assumptions, for instance when b(t,z) = f(t)g(z) with f(t) ~t00 7 and
9(x) ~z00 plz|®. The case of a general diffusion coefficient o seems more difficult. Other
interesting cases would be when one replaces the Brownian motion by a stable Lévy process
or by a fractional Brownian motion. These generalisations will be studied elsewhere.

The paper is organised as follows: in the next section we also recall the important prop-
erties of three well-known processes which are solutions of ([.1) for particular values of pa-
rameters. In Section 3 we introduce the scaling transformation and we study the existence,
uniqueness and explosions of solutions, while in Section 4 we analyse the asymptotic behaviour
of the process.



2 Three particular processes

We shall study the equation ([L.1]) in its equivalent differential form:

| X¢|*
8

dXt = dBt + psgn(Xt) dt, Xto = Zg. (21)
Here B is a standard Brownian motion defined on a filtered probability space (2, F, (F¢)e>0, P).
By symmetry of the equation and by scaling transformation, we can assume without loss of
generality that g > 0 and tg = 1. We will keep these assumptions all along the paper.

To begin with, let us recall the behaviour of three important processes which are solutions
of (R.1) with some particular parameters.

2.1 The Brownian Motion and the Ornstein-Ulhenbeck Process

Firstly, if p = 0 then X = B is the standard Brownian motion and it is classical that B is
recurrent and it satisfies

. Bt ¢ . By
lim — = N(0,1 and limsup ——
t—00 /t (0,1) t%oop V2tInlnt
Secondly, if p # 0, « =1 and § = 0 then X = U is the Ornstein-Uhlenbeck process. By using
the harmonic function V (¢,x) := e *tx it is not difficult to prove that U is recurrent if and
only if p € (—00,0) and in that case it satisfies

=1 as. (2.2)

. L 1 . Ut 1
lim U; = N (0, —> and limsu =-— as.
oo ! 2|p| t—)oop Vint /P

Moreover, it is transient if and only if p € (0,00) and in that case it satisfies

2p
limﬂ:G a.s. with Gw/\/'<@e )

t—o0 ePt eP’ 2p

Let us note that the probabilities to be transient in +co can be computed.

2.2 The Bessel process

Finally, if p € (0,00), @« = —1 and 8 = 0, then there exists a pathwise unique nonnegative
strong solution X = R to the equation (R.1)), it is the Bessel process of dimension 2p + 1 (see,
for instance, Proposition A.21 in [{], p. 109). The square of any weak solution of the equation
(B-1) is the unique weak solution of the equation

dry = 2+/|r¢| dwy + (2p 4+ 1)dt, ) = x3.

Here w is a standard Brownian motion. This is the square Bessel process of dimension 2p+ 1.
By using Theorems 3.4 and 3.5 in [f], p. 66, and Proposition 3.2 and corollary 3.4 in [[9], pp.
359-360, using local times, we can prove the following properties:

i) if p € (0,1/2) then we can construct different weak solutions to the equation (P.J) and
the set {t > 1: R, = 0} is unbounded a.s.;



ii) if p € [1/2,00) and zp € (0,00) then R is the pathwise unique strong solution to the
equation (R.1]) and it is positive;

iii) if p € [1/2,00) and xo = 0 then, for all t > 0, R, > 0 a.s. and the set of weak solutions
to the equation (R.1)) is the set of distributions which are mixture of the laws of +R.

Furthermore, the asymptotic behaviour can be described as follows:

R
lim sup ! =1 as. and lim

Rt é
t—soo V2tlnlnt t—00 \/t N

Here v denotes the gamma distribution. Moreover,

1
VT, with r~y<p+§,2>. (2.3)

i) if p € (0,1/2) then R is recurrent in [0, 00);
ii) if p = 1/2 then R is recurrent in (0, co);

iii) if p € (1/2,00) then R is transient and it satisfies

lim inf vt _ a.s. (2.4)
t—oo Inlnt 2p—1

To obtain (R.3) it suffices to perform an appropriate change of time as in [J], p. 914 and to
use Ito’s formula in order to be reduced to the study of the time-homogeneous equation:

dZs =20/ ZsdW, + (2p + 1 — Zs)ds, Zy =3, with Zs:= R% /e

Here W is a standard Brownian motion. By using Lemma 2.2 in [J], p. 916 and the ergodic
theorem (see, for instance, Theorem 23.15 in [@], p. 465) both applied to Z, we get
Zy

limsup—— =1 as. and lim Z, £
t—00 2Int t—o00

Then (R.3) is deduced by change of time whereas the recurrent or the transient features are
explained in [[Lg], p. 442. Finally, equation (R.4) is a consequence of Lemma 4.1 in [B], p. 926.

Let us note that when p € (—00,0), @« = —1 and 8 = 0, the reaching time of 0 by X is
finite a.s. (see for instance [[[J], pp. 442-453). Moreover, by using Theorem 3.2 in [f], p. 66,
we can see that every solution can not be continued after it has reached 0.

3 Preliminary study of solutions

In this section we study existence and uniqueness of solutions for (R.1]). To this end, we first
introduce our main tool, the scaling transformation, which will be useful later to study the
asymptotic behaviour.



3.1 Scaling transformation

Let us set © := C([1,00); R), Q* := C([0,¢1); R), with ¢; € (0,00]. For every change of time
(C2-diffeomorphism) ¢ : [0,¢1) — [1,00) we introduce the map @, : Q — Q* given by

P, (w)(s) == , s€[0,t1), we .

Proposition 3.1. The scaling transformation ®, induces a bijection between weak solutions
of equation (B.1) and weak solutions of equation

R 1"
AC sgn(X,)|Xs|%ds — #(s) éds, X = 0

¢'(s) 2 ' (0)

Here {205 : s € [0,t1)} denotes a standard Brownian motion. More precisely,

dXs =dWs + p (3.1)

i) if (X, B) is a solution of equation ([2-1) then (X,20) is a solution of equation ([3.3) where

* dB(p(u))
X=0,(X) and m@:/—————; (3.2)

’ o V¢'(u)
i) if (X,20) is a solution of equation then (X, B) is a solution of equation ([2.1) where

t

X = @;1(3‘:) and By — Bj := /1 V' 0 oL (u)dW (1t (u)). (3.3)
It follows that uniqueness in law, pathwise uniqueness or strong existence holds for equation

(22) if and only if it holds for equation (B.1).

Proof. Let X a solution (possibly explosive) of the equation (P.]) with a standard Brownian
motion B. By using P. Lévy’s characterisation theorem we can see that 20 defined in (B.2) is
a standard Brownian motion. Moreover,

chp(s) =V @I(S)dws + psgn (Xgo(s)) V @I(S)|X¢(s)|a/gp(8)6 ds.
We conclude that equation (B.1]) is satisfied by X := ®,(X) by the integration by parts’
formula. The proof of (B.3) is similar and the final remark is a simple application. O

3.2 Two particular changes of time

In the following results we provide some changes of time which produce time-homogeneous
coefficients for each term of the drift in (B.1)).

Corollary 3.1. Assume that o # —1 and consider the Cauchy problem:

2
£ (s) = (p4())7, @y (0) =1, with sza_fl_

There ezists a unique mazimal solution ¢, € C%([0,t1);[1,00)). Moreover,
1
i) if v > 1 then ¢, (s) = (1 4+ (1 —~)s) =7, with t; = 7—;;
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ii) if v =1 then ¢ (s) = e°, with t; = oo;
1
iii) if v <1 then ¢ (s) = (14 (1 —)s) =7, with t; = oco.
The scaling transformation ®. : Q0 — Q* associated to this change of time is given by
w s
O, (w)(s) = L(l)), s€0,t1), we Q.
Py (s)2
Moreover, the equation ) can be written

dhs = dWs + psgn(bs)|hs|ds — 'y(py(s)y_l%ds, ho = zo, with bh:=&,(X). (3.4)

Corollary 3.2. The scaling transformation ®. : Q — QF associated to the exponential change
of time ¢(t) := €' is given by

D . (w)(s) = S €10,00), w e Q.

Moreover, the equation ) can be written

a+1

dugy = dWy — %ds + pe( 2 —B)s sgn(us)|us|“ds, up =xo, with u:= P (X) (3.5)

3.3 Existence, uniqueness and explosion

The existence and uniqueness for equation (B.I) are not obvious since the drift could be singu-
lar in 0 and/or not time-homogeneous. However, with the help of the scaling transformation
defined in Corollary B.] and the Girsanov’s transformation, we will reduce to study the time-
homogenous part in equation (B.4) and we will use the classification of isolated singular points

in [

We first study the case where a € (—1,00). Here the function x — |z| is locally integrable
in a neighbourhood of 0. As for the time-homogeneous case (see Proposition 2.2 in [H], p. 28)
we show that there exists a unique pathwise strong solution to the equation (B.1]) up to the
explosion time.

Proposition 3.2. Assume that o € (—1,00) and B € R. There exists a pathwise unique
strong solution X to the equation (.1) defined up to the explosion time T.. Moreover, if
p € (—00,0) (the attractive case) or a € (—1,1] (the linear growth case) then T, is infinite
a.S.

Proof. Assume that a € (1,00). We construct a truncated stochastic differential equation
as follows: for every integer n > 1 set by, (t, z) := psgn(z)(|z| An)*/t? and

dX"™ = dBy + by (t, X™)dt, X" = 2.

This equation has locally Lipschitz coefficients with linear growth. Let X(™ be its pathwise
unique strong solution. Let us introduce

Tp = inf{t > 1: \Xt(n)] >n}, n>nyg and 7. :=sup{r,:n>1}.



For all t € [1,7.) we set X; := Xt(n) a.s. where n is chosen such that ¢ € [1,7,]. The process
X is well defined up to the explosion time 7. and it is the desired solution for (R.1).

Moreover, when p € (—00,0), we can prove by using a Lyapunov function that the explo-
sion time of the solution is infinite a.s. Indeed, let us consider the infinitesimal generator of
the space-time diffusion ¢ — (¢, X;) given by

|z

1
L:=0 + psgn(x)t—ﬁax + 583535. (3.6)

The non-negative function defined by V(x) := 22 + 1 satisfies
lim V(z) =00 and LV <V.

|z| =00
By using Theorem 10.2.1 in [R(], p. 254, we deduce that the explosion time is infinite a.s.
Assume that a € [0,1). Then, weak existence and uniqueness in law are consequences
of the Girsanov’s theorem, the Novikov’s criterion being satisfied. To verify this criterion,
let w be a standard Brownian motion starting from xg, set b(s, x) := psgn(z)|z|*/s® and fix
t € (1,00). By the Jensen’s inequality, applied with the convex function exp:

1/t t AJws |22 RPN
E |:€Xp <§/ b2(5,ws)d8>:| < / E let - dt < o0, with ) := sup %
' ! B 1<s<t

The Novikov’s criterion holds. Pathwise uniqueness is a consequence of Proposition 3.2 and
Corollary 3.4 in [[[d], pp. 359-360, using local times.

Assume now that a € (—1,0). By using Proposition B.J and Corollary B.J] it suffices to
study equation (B.4) and prove that there exists a pathwise unique strong solution h = ®.,(X)
which is nonexploding. First, let us introduce the time-homogeneous part in (B.4):

dHs; = dWy + psgn(H,)|Hs|* ds. (3.7)

Since z — |z|* belongs to L (R) there exists a unique weak solution for (B.7) with Hy = x

defined up to the explosion time (see Proposition 2.2 in [H], p. 28). By using Theorem 5.5
in [f], p. 97, concerning power equations, this explosion time is infinite a.s. Second, consider
for every integer n > 1, the truncated equation

2

an(") = VY, + psgn(®) 5 [*ds — 77 ()2~

5 Lin)<ny 9 by" = 0. (3.8)

By applying the Girsanov’s theorem between (B.7) and (B.§), we can deduce existence and
uniqueness in law of (nonexploding) solutions h™ of (B-g) and pathwise uniqueness follows
again from Proposition 3.2 and Corollary 3.4 in [19], pp. 359-360. Hence, given a Brownian
motion {W, : s € [0,1)}, there exists a pathwise unique strong solutions (h™, W), n > 1.
By extension, we get a pathwise unique strong solution (h, W) of (B-4) defined up to the
explosion time. We conclude that there exists a pathwise unique strong solution X = ® L(p)
to equation (R.1]) defined up to the explosion time, which is infinite a.s., by using again
Theorem 10.2.1 in [{], p. 254 and the Lyapunov function V (z) := 2% + 1.

Finally, when o = 1, the result is clear since the coefficients of equation (R.1) are locally
Lipschitz functions with linear growth. This ends the proof of the proposition. O

Let us complete the previous proposition with a result concerning the explosion time of
the solution when p € (0,00) and o € (1, 00).



Proposition 3.3. Assume that p € (0,00), a € (1,00) and 5 € R and let us consider 7. the
explosion time of X. The following properties hold:

i) if 28 € (—oo,a + 1] then 1. is finite a.s.;

ii) if 208 € (a+ 1,00) then 1. satisfies P(1. = 00) € (0,1).
Proof. We use Proposition B.1] and Corollary B.1. Assume that 23 € (—oo, a + 1]. It suffices
to show that h = ®,(X) explodes in finite times a.s. To this end, by Ito’s formula

a+1

dn? = 2v/b2dw, + (2p(02)"2 —7p(s)7 0% + 1) ds, b5 = af.

Here w is a Brownian motion. Let us introduce Z the pathwise unique strong solution of

a+1
dZs = 2v/Zsdws + (2pZs > — || Zs +1)ds, Zo = x2.

Since 0 < ¢7~! < 1 (remark that v < 1) we can show by using the comparison theorem
(Theorem 1.1 in [[L1]], p. 437) that Z < h? a.s. Besides, by using Theorem 5.7 in [H], p. 97,
the explosion time of the time-homogeneous diffusion Z is finite a.s. This implies that the
explosion time of b, and furthermore of X, is also finite a.s.

Assume now that 28 € (a + 1,00) (remark that v > 1). Equation (B.4) can be written

obs . Y
d s)|bs|%ds, = xy, th §i=——.
s+ panblhofods, o=z, wi =

dby = dW, — (3.9)
Denote by 7, its explosion time and note that a.s. 7. € [0,¢;]U{oo} and {n. > t1} = {7 = oc0}.
We show that P (1. > t1) € (0,1). Let us introduce the time-inhomogeneous part in (B.9):

0bs
tl — S

dby = dW, — ds, by = 0. (3.10)

There exists a unique pathwise strong solution b to the equation (B.10) which is a continuous
stochastic process on [0,¢1], with by = 0 a.s. (see for instance [[[J]). By using the Girsanov’s
transformation between (B.9) and (B.10) (their truncation), we can write for every integer
n > 1, s € [0,¢;] and Fs-measurable bounded function F,

E [Fs (0.an,) L sst] = B [Fs (b.ao,) € (s Aon) Lig, > 51

where
N = inf{s € [0,¢1) : |hs| > n}, o, :=inf{s €[0,t1) : |bs| > n}

s s p2|bu|2a
E(s) :=exp </ psgn(by)|by|“dW,, — / 5 du> .
0 0

Letting n — oo, we obtain

and

E [F ()L, q] = B[R B)E(s)). (3.11)

In particular, we have proved that for all s € [0,1], P(n. > s) = E[E(s)] and furthermore it
is clear that P(r, = 00) = P(n. > t1) > E[E(¢1)] > 0.

10



To complete the proof, it remains to show that P(7, = co) < 1. We shall apply Theorem
10.2.1 in (], p. 254. Set

xXr
Y .
Vielz) :=ex ——dy |, with pu,c>0.
() p<u/0 U T e y> p

Note that there exists co > 2/l such that for all g > 0, sup{Vj,¢,(2) : € R} < V(xp)e'.
Moreover, we can see that there exists ng > 0 such that for all > 0, ¢t € [1,2] and |z| > no,

pla|>t px® + co — apla|*™
plz|*t1 + ¢o) 2(plz|*t + co)?

[ Vi) 2 Vi) (312
co

Evﬂ,co(t,x) =W |:7f5(
Here £ is given by (B.6). Then, there exists yo > 0 such that for all ¢ € [1,2] and || < ng,

Ho Co
2(png ™ + co)

LV g eo(t, ) = 2VMO7CO (@) = Vig,eo (@) (3.13)

By using (B.19) and (B.13) we deduce that £V, ¢, > Vig.co o0 [1,2] x R and Theorem 10.2.1
in [, p- 254 applies. Hence, X explodes in finite time with positive probability. O

Let us consider now the case where a € (—o0, —1). Here the function x — |z|* is not
integrable in a neighbourhood of 0. As for the time-homogeneous situation we show that
when p € (0,00), there exists a unique pathwise nonnegative strong solution.

Proposition 3.4. Assume that p € (0,00), a € (—o0,—1) and € R. There ezists a pathwise
unique nonnegative strong solution X to the equation ([2.1) defined for all t > 1. Moreover,

i) if xo € (0,00) then X is the pathwise unique strong solution and it is positive;

i1) if o = 0 then for all t > 1, X; > 0 a.s. and the set of all weak solutions is the set of
all distributions which are mizture of the distributions of X and —X.

Proof. Assume first that zy € (0,00). The proof is based on the same arguments as for the
proof of Proposition B.4, case a € (—1,0), and we present here only the main lines. We prove
that equation (B.4) admits a pathwise unique strong solution b defined up to its explosion time
by using the Girsanov’s transformation between equations (B.4) and (B.7) (their truncation)
and by noting that there exists a pathwise unique strong solution H, with Hy = xp, to the
equation (B.7) (see Theorem 2.16 in [d], p. 37). Then, we show by a using the Lyapunov
function V(x) := 1+ |2|l**1 and Theorem 10.2.1 in [B]], p. 254, that the explosion time 7,
of h satisfies 1. < t; a.s. Note that H is positive and since Girsanov’s transformation gives
a locally equivalent measure, it is the same for h. We deduce that there exists a pathwise
unique solution X = &2 1(p) to the equation (R.1)) which is nonexploding.

Secondly, assume that o = 0. Similarly, we get that equation (B.4) admits a pathwise
unique nonnegative strong solution b with for all s > 0, hs > 0 a.s. and we obtain that the set
of all weak solutions is given by the set of all distributions which are mixture of distributions
of h and —h since it is the same for the time-homogeneous equation (B.7]) by using Theorem
3.6 in [}, p. 66. We conclude again by using the scaling transformation D,. O
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It remains to study the case p # 0, « = —1 and S # 0. Let us introduce the equation
drs = 24/|rs| dws + <2p/35 + 1) ds, r =2 (3.14)

Here w denotes a standard Brownian motion. As for the Bessel process, the square of any
weak solution of the equation (2.I]) is a weak solution of equation (B.14). We show that if
p € (0,00) we have existence and uniqueness of a nonnegative solution for (.1]). This process
can be viewed as a Bessel process whose dimension depends on time.

Proposition 3.5. Assume that p € (0,00), « = —1 and  # 0. There exists a pathwise
unique nonnegative strong solution X to the equation (2.]) defined for all t > 1. Moreover,

i) if p € [1/2,00), B € (—00,0) and xg € (0,00) then X is the pathwise unique strong
solution and it is positive;

ii) if B € (0,00) orif p € (0,1/2) and B € (—o0,0) then we can construct different solutions
to the equation ([2.1) and in the first case, the set {t > 1: X; = 0} is unbounded a.s.;

iii) if p € [1/2,00), B € (—00,0) and x¢g = 0 then the set of all solutions is the set of all
distributions which are mizture of distributions of X and —X.

Proof. The existence of a pathwise unique strong solution 7 of the equation (B.14) can be
obtained by using Theorem 3.5 in [[[J], p. 390. Moreover, since the drift is nonnegative, by
using the comparison theorem (see Theorem 1.1 in L], p. 437) we get that r is nonnegative.

We shall prove that X := 3 s a nonnegative weak solution of equation (R.1)). To this end,
by applying Ito’s formula, we obtain for all ¢t > 1 and & > 0,

1
tlOX2 \® t d bt ed
(X§+g)%:(mg+g)%+/ (XZS ) dws—i—/ pos 1+/ ® . (3.15)
1 s te 1 sP(X2+¢)2 1 2(X2+4¢)2

We need to let € — 0 in the last equation. Firstly, it is clear that

t X2 2
lim 5 dws = wy — w1 in probability.
e—0 Jq <X 32 +e€ ) s t ! P Y
Secondly, by monotone convergence theorem, the third term in the right hand side of (B.17)
converges a.s. We show that the limit is finite a.s. and that the forth term converges toward
0 in probability. To this end, we consider (see section 2 on Bessel processes) the pathwise
unique nonnegative strong solution of

S

Rs =20+ ws — w1 + ;—mdu, with  pp, := inf{p/s® : s € [1,¢]} > 0.

1 U

By using the comparison theorem (see Theorem 1.1 in [11], p. 437) and Ito’s formula, we get
that for all s € [1,¢], X2 > R? and

t R? 2 L oppds ¢ eds
+ . dws + | L [
1 \ 5 +e¢ 1 (R24+¢)2 J1 2(RZ+¢)2

12
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By letting € — 0 in the last equality and the previous comparison, we obtain

' pds " om
/ e < R—ds <oo as. with py=sup{p/s®:se[l,} >0.
1 s 1 s

and

t t

eds eds

lim | ———5 <lim | ————5 =0 in probability.
01 2(X2+¢)2 701 2(R2+ )2
We deduce that X is a nonnegative weak solution of (2.J)), which is unique in law, since
uniqueness in law holds for (B.14) and as previously it is possible to obtain its pathwise
uniqueness by using local times. We proceed with the proof of statements i)-iii) in the
proposition.
Firstly, if p € [1/2,00), 5 € (—00,0) and zp € (0,00) then X is the pathwise unique strong
solution since every solution is positive by comparison with a Bessel process of dimension 2.
Secondly, if B € (0,00) then lim; .o, p/t? = 07 and by using the Markov’s property and
the comparison with a Bessel process of dimension 0 € (1,2) we get that the reaching time of
0 is finite a.s. and that the set {¢ > 1: X; = 0} is unbounded a.s. Besides, if X is a solution
starting from zg = 0 then —X is also a solution. We deduce that different solutions could be
constructed by gluing the paths of X or of —X each time when the process returns in 0.
Thirdly, if p € (0,1/2) and 5 € (—o00,0) then by comparison with a Bessel process of
dimension ¢ € (1,2) the reaching time of 0 belongs to [1, (2p)" #) with a positive probability.
Again, as in the preceding case, different solutions can be constructed.
Finally, if p € [1/2,0), 5 € (—00,0) and zp = 0 then by comparison with a Bessel process
of dimension 2 every solution Z of (R.1]) satisfies Z? # 0 for all # > 1 a.s. Let us introduce

OF={weQ:Vt>1,£2, >0} and P*:=P(-]Q0F).

Note that for all e >0, QF ={w € Q: V1l <t <1+¢, £7; > 0} € Fyye and then QF € Fpy.
Therefore the process {B; — B; }+>1 is again a standard Brownian motion under probabilities
P* and by uniqueness of the nonnegative weak solution and also, by symmetry, of the non-
positive solution of (.J), the distribution of Z under P* equals to the distribution of +X,
where X is the pathwise unique nonnegative strong solution. We deduce that the set of all
weak solutions is exactly the set of all distributions which are mixture of distributions of X
and —X. This completes the proof of the proposition. O

Remark 1. The pathwise strong solution X that we have constructed all along this section
satisfies the strong Markov property. Indeed, when « € (—1,00), uniqueness in law hold for
(B1)) and therefore we can apply Theorem 21.11 in [[9], p. 421. If a € (—o0, —1] the cited
result does not apply directly because it may exist different solutions. Nevertheless, our claim
is true since the result applies to the stochastic differential equation verified by | X |‘O‘|+1. O

Remark 2. Recall that in the attractive case p € (—00,0), when o« = —1 and 5 = 0,
every solution of (R.I]) can not be continued after it has reached 0. The same result is true
when a € (—o0,—1] and 8 arbitrary. First of all, the reaching time of 0 is finite a.s. when
p € (—00,0) since by comparison theorem (see Theorem 1.1 in [[L1], p. 437), every solution
X satisfies X? < w?, with w a standard Brownian motion starting from z at time to.
Assume that a = —1 and let us consider a solution X of (R.1)) starting from 0 at initial
time 1. Then X2 is the pathwise unique solution of (B.14) with X? = 0 a.s. Besides, for every
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t > 1, it is not difficult to see that there exists a Bessel R process of dimension 2pp; + 1 < 1,
with pas := sup{p/s® : 1 < s < t}, such that X2 < R? for all s € [1,¢]. By using Corollary

2.2, p. 199 in [f], we obtain
t1 t
—ds 2/ —ds =00 a.s.
/0 | X | o Rs

We deduce, when p € (—o0,0) and o = —1, that any solution of (RJ]) can not be continued
after the reaching time of 0 by using the strong Markov property.

In the case where p € (—00,0), @ € (—00, —1) and 8 € R, by using Proposition B.] and the
Girsanov’s transformation, we reduce to the study of equation (B.7). Since for this equation
every solution can not be continued after it has reached 0 (see Theorem 3.2 in [A], p. 66), we
deduce that it is the same for h = ®,(X) and furthermore for X. O

4 Asymptotic behaviour of solutions

We present here the systematic study of the recurrence, transience or convergence of the
solution X of (P.1]) defined up to its explosion time 7.. We also give the asymptotic behaviour
of its sample paths. For latter reference and to simplify our statements let us introduce:

Definition 4.1. We shall say that:

1. X has the Gaussian typical behaviour or X satisfies the iterated logarithm law (under
a giwen probability P ) when it respectively satisfies
X £

Jim i = |G| under P, with G~ N(0,1) (4.1)

or
- | X
limsup ——==1 P-a.s. 4.2
t~>oop V2tinlnt (4.2)
2. X is recurrent (under a given probability P) when, for every x € E,, the following
set {t > 1: X, =z} is P-a.s. unbounded. Here we denote E, = R, (0,00) or [0,00)
according to whether a € (—1,00), a0 € (—o0,—1) or a = —1.

3. X s transient (under a given probability P ) when lim;_,._|X;| = oo P-a.s.

Remark 3. When a € (-1, 00), by symmetry of equation (R.T), we can remove the absolute
values in ([L.T) and replace X by —X. Moreover, when there are no confusion, we leave out
the probability P. O

We split our analysis in four cases. The first case is essentially based on the behaviour
of the Brownian motion and the results are simple to prove. For the time-homogeneous case
and for the general case, the proofs are more technical. From this point of view, the general
case contains a number of ideas which are simpler to be explained in the time-homogeneous
situation. The Bessel type case (« = —1) can be handled by the same techniques as for the
general case.
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4.1 Linear case: p # 0, « =1 and g arbitrary

The Ornstein-Ulhenbeck process (5 = 0) has already been treated in Section 2. More gener-
ally, when o = 1, X is again a Gaussian process and it can be expressed as a time changed
Brownian motion. The result is obtained by finding a harmonic function for the space-time
diffusion ¢ — (¢, X). First, we consider a particular case which is the analogue, in continuous
time, of the Friedman’s urn model [[j. Note that we obtain similar results.

Proposition 4.1. Assume that p #0 and o = = 1.
1. X is recurrent if and only if p € (—o0,1/2]. Moreover,

i) if p € (—00,1/2) then it has the Gaussian typical behaviour ([{.1) and it satisfies

. Xy 1
im su = a.s.;
t—>oop V2tlnlnt V1—-2p
ii) if p=1/2 then it satisfies
Xt Xt

é./\/(0,1) and  limsu =1 as

lim p
t—oo \/tInt t—oco V2tIntlnlnlnt

2. X is transient if and only if p € (1/2,00) and it satisfies

lim — =G as with G~N (3:0, ;> )
2p—1

Proof. Let us note that (t,z) — x/t” is a harmonic function for the space-time diffusion
t — (t, X¢). By Ito’s formula and P. Lévy ’s characterisation, we can write

X, ' dB, ~ , B2l Gf p£1)2;
— = = B th t) = 1-2p ’
” l“o+/1 — — o+ Bery  with  6(t) { i if p=1/2.

Here B denotes a standard Brownian motion. By using (R.9) we prove the convergence in
distribution but also the pathwise largest deviations. The recurrent or the transient features
are simple consequences. ]

We proceed with the case where 3 is arbitrary.
Proposition 4.2. Assume that p #0, a =1 and g # 1.
1. X is recurrent if and only if 5 € (1,00) or p € (—00,0) and 8 € [0,1). Moreover,

i) if B € (1,00) then it has the Gaussian typical behaviour ({[1) and it satisfies the
iterated logarithm law ({.3);

ii) if p € (—00,0) and B € [0,1) then it satisfies

1

X 1 X —1\2

lim —Bt £ N<0,—> and  limsup — L= <ﬁ ) a.s. (4.3)
2|l to0 t2(Int)2 p

t—o0 t§
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2. X is transient if and only if p € (0,00) and B € (—o0,1) and it satisfies

X
lim ———— =G as. with G~N(m,o?),
00 <gt1*ﬁ>
P\ T3

where

_ P o [T 2ps'F
m.—xoexp<ﬁ_1> and o .—/1 exp<ﬁ_1 )ds.

3. X converges almost surely toward 0 if and only if p € (—00,0) and 5 € (—00,0) and, in
that case, ([-3) holds.

Proof. The same ideas as for the latter proof are employed. We use the harmonic function
(t,z) — zexp (p =86 - 1)) and L’Hopital’s rule to obtain the precise equivalent for the
change of time given by the Dambis-Dubins-Schwarz theorem (see Theorem 1.7 in [[I9], p.
182). The proof is left to the reader. 0

Remark 4. In the linear case, we can compute the probability to be transient at £oo. [

4.2 Homogeneous case: p # 0, f§ =0 and « arbitrary

The Bessel process («w = —1) has already been treated in the Section 2, whereas the linear case
(a = 1) has been studied previously. In the time-homogeneous situation, X is either positive-
recurrent, null-recurrent or transient, the proof of these features being based on the properties
of scale function. Limits in distribution can be obtained by the ergodic theorem together
with, in the null-recurrent case, an appropriate change of time and the scaling transformation
defined in Corollaries B.1 and B.3. Furthermore, to get the asymptotic properties of the sample
paths, it suffices to apply Motoo’s theorem (see, for instance, [I7]). Let us recall this result
because it will be used several times in the following.

Theorem 4.1 (Motoo). Let X be a positive-recurrent continuous strong Markov process
whose state space is [a,00) (or (a,00)), a € [—00,00) and with scale function s. Then, for
every increasing real function h converging toward oo,

dt
s(h(t))

X o
P <lim sup =t > 1> =0 orl according to whether / < 00 or = 0.

t—o0 h(t)
Proposition 4.3. Assume that p #0, a # +1 and 5 = 0.

1. X is positive-recurrent if and only if p € (—00,0) and o € (—1,00) and it satisfies

1
X 1\ att
lim X; £ and lim sup L= (OH_ > a.s. (4.4)
t—00 t—=oo  (Int)a+T 2|p|

where 11 is the speed measure associated to X, normalised to be a probability.

2. X is null-recurrent if and only if p € (0,00) and o € (—o0, —1). It has the Gaussian
typical behaviour ({{.1) and it satisfies the iterated logarithm law ([.3).
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3. X s transient if and only if p € (0,00) and o € (—1,00) \ {1} and it satisfies

X X
lim | 1t| = (p(1 — a))ﬁ or lim |7t|1 = (p(a — 1))ﬁ a.s. (4.5)

t—o00 tm t—Te (Te _ t)ﬁ
according to whether o € (—1,1) or a € (1,00).

Remark 5. By using the properties of the scale function, it is possible to compute the prob-
ability to be transient at 4oo. O

Proof. When p € (0,00) and « € (—1,1) the first equality ({.§) is a direct consequence of
Theorems 2 and 5 in [[], pp. 126-132, while the second equality is a consequence of (f.2H)
which is proved in Theorem [ below.

Assume now that p € (—o00,0) and a € (—1,00). The scale function and the speed measure
of X (see, for instance [[L3], p. 343) are given by

T 2p|y|oz+1 2p|$|a+1
= _— d d d = EEE— d
s(z) /0 exp < o y and m(dx) := exp ] x

Since s is a bijection of R, we can conclude (see, for instance, Proposition 5.22 in [IJ], p.
345) that X is a recurrent process. Furthermore, m being a finite measure on R, X is
positive-recurrent and we obtain the first equality in (f.4) by using the ergodic theorem (see
for instance, Theorem 23.15 in [IJ], p. 465). It remains to prove the second equality in ([£.4)).
To this end, we shall apply Motoo’s theorem. Firstly, by using L’Hopital’s rule, observe that

exp (=2p 2T /(a + 1))
sFioo Sl

s()

a+ 1)@11
2|p|

and set Ao := <

1
Let us introduce hy(t) := A(Int)o+1, with A > 0. A simple computation gives

< dt
/ ———— < oor =00 according to whether A > A9 or A< Ag.

s(ha(t))

Then, Motoo’s theorem applies, and we deduce that for all € > 0,

. Xy .
P (hg&otolp () >1+ 6> =0 and P (hg&otolp )
That is the second equality in ([.4).

Finally, assume that p € (0,00) and « € (=00, —1). As previously we obtain that X is re-
current in (0, 00) since s is a bijection between (0, 00) and R. Furthermore, it is null-recurrent
since its speed measure is not finite on (0,00). To prove the convergence in distribution we
shall use the following important

>1-— e> =1. (4.6)

Lemma 4.1. Suppose that Z and  are the unique strong Markovian solution of the stochastic
differential equations with continuous coefficients:

dZs = a(s, Zs)dWs + b(s, Zs)ds, d(s = aoo(Cs)dWs 4 boo(Cs)ds.
Assume that the equation satisfied by Z is asymptotically time-homogeneous and ll-ergodic:

lim a(s,z) = ax(2) and lim b(s,z) = boo(2)  uniformly on compact subsets of R
S§—00 5—00
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and
lim ¢ = TI.

5— 00
Then, if for all € > 0 there exists 7 > 0 such that sup{P(|Zs| > ) : s > 0} < ¢, that is Z is
bounded in probability,

lim Z, £ I

S§—00

We postpone the proof of this lemma and finish the proof of Proposition fl.3. Let us consider
u = ®.(X) defined in Proposition (B.2). It is clear that X has the Gaussian typical behaviour
if and only if

lim W2 £ TS |G with G~ AV(0,1). (4.7)

By using Ito’s formula, we can see that ul®*1 satisfies

dul®H = q(uloH N aw, + h(ul*H Y ds 4 0(s)ds,  with

= |a] =1 a
a(z) = (Jo| + 1)z™al,  2h(z) = (Jo| + 1)(|alzlaFt — 2) and  £(s) == p(ja] + 1)el“2)s.
Note that the coefficients a, h and ¢ are continuous and that lim,_,. £(u) = 0 < £ < £(0). We
can see that ul®*1 is asymptotically time-homogeneous and IT-ergodic. Indeed, the first part
of the claim is clear and the time-homogeneous diffusion associated to ul®*1 is the pathwise
unique strong solution of the equation

¢y = a(Co)dWy + h(C)ds, o =ul' T

Moreover, by using Ito’s formula, we can see that ¢ is equal in law to U+ where U is an
Ornstein-Ulhenbeck process, weak solution of

U,
dU, = dW, — Etdt. (4.8)

We deduce that ul®*1 is asymptotically II-ergodic, where II is given in (E3). To apply Lemma
[i.7] it remains to prove that ul@+1 is bounded in probability. Let us introduce the pathwise
unique strong solution of

¢y = a(&)dWs + h(€)ds + £(0)ds, & = ul*.

By applying the comparison theorem (see Theorem 1.1 in [[[J], p. 437) it can be shown that
0 < ¢ < uleHl < ¢ as. Moreover, by using the ergodic theorem (see, for instance, Theorem
23.15 in [[[J], p. 465) the diffusions ¢ and ¢ are positive-recurrent. Since ergodic diffusions are
bounded in probability, we deduce the boundedness in probability of wlol+1 Furthermore, we
obtain (7)) from Lemma .1 and X = ®_!(u) satisfies the Gaussian typical behaviour ([£1]).
Finally, to obtain the iterated logarithm law for X, it suffices to show the equalities in

S\a\1+1 us s\a\1+1
1 = limsup ——= < limsup ——— < limsup =1 as.
§—00 2In s $—00 2Ins s—o0 V2 Ins

We repeat the reasoning developed in the proof of ([l.f), by applying Motoo’s theorem to the

[a|+1

diffusions ¢ and &, with the functions hy(t) := A(In¢) —2 , A > 0. This ends the proof of the
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proposition, excepted for the Lemma ([.1]). O

Proof of Lemma @ Let us denote IP,, ., the distribution of the diffusion Z with Z, = 2
and {T, s : 0 <u < s} the associated time-inhomogeneous semi-group. Similarly, we denote
P, the distribution of the diffusion ( starting from z at initial time and {Ts:s > 0} the
associated semi-group. Clearly, the diffusion coefficient (s,z) — a(u + s,z) and the drift
(s,2) = b(u+ s, 2) of the diffusion s — Z,,, ; satisfy the hypothesis of Theorem 11.1.4 in [R{],
p. 264. We deduce that, for every f € Cy([0,00);R) and s € [0, 00),

lim Ty uysf(2) = Tsf(2) uniformly in z on compact subsets of R. (4.9)
U— 00
Moreover,
ILm Tsf(z) =II(f) uniformly in z on compact subsets of R. (4.10)
S o

Indeed, assume that z belongs to the compact set [a, b]. By using the strong Markov property,
we can prove that for all s € [0,00) and v € R,

Po(Cs > v) <P,((s > v) <Py(¢s > v).

By using the ergodic theorem and these last inequalities we get the uniform convergence on
compact subsets of R in ([.1(]). Besides, by the Markov property, for all s,u € [0, co),

Toutsf(20) = H(f) = Tou [Tuursf — Tsf] (20) + Tou [Tsf —(f)] (20)

and clearly, for arbitrary 7, s, u non-negative real numbers,

Toutsf(z0) =) < sup {[Tuupsf(2) = Tsf(2)[+|Tsf(2) =)} + 4l fllooP (| Zu] = 7).

z€[—r,7]

Thanks to ([.9) and (f.1(), for all & > 0 there exists so,ug € [0, 00) such that for all u > uy,

[ To,utsof(20) = ()] < 2(1 +2[|flloc)e + 4] fllow Sg}gP(!Zs\ > 7).

Since Z is bounded in probability we deduce that lim, o T f(20) = II(f). The proof of
the lemma is done. ]

4.3 General case

Let us introduce the following time-homogeneous diffusion:

dQs = dWs + psgn(Q;)|Qs|ds — %ds. (4.11)

Recall that H and U are the diffusions respectively defined in (B.7) and (f.§) by

dH, = dW, + psgn(H,)|ho|*ds and dU, = dW, — %ds'

We set, when it exists,

A, lim H; £. I, and recall that tlim Us =N(0,1). (4.12)
—00

S§—00 5§—00
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Theorem 4.2. Assume that p € (—00,0), a € (—1,00) and 8 € R.
1. X is recurrent if and only if 5 € [0,00). Moreover,

i) if 28 = o+ 1 then it satisfies
X
lim =L £ A. (4.13)

It satisfies the iterated logarithm law ({[.3) when o € (—1,1) and

. X a+1
lim sup = 30

1

a+1
— = ) a.s. when « € (1,00); (4.14)
t=oo  (tInlnt)a+t

i) if 28 € (a+1,00) then it has the Gaussian typical behaviour (1) and it satisfies
the iterated logarithm law (.3);

iii) if 28 € [0, + 1) then it satisfies

Xt é

lim II  and  limsup —; :
100 4577 t=oo ¢+ (Int)a+t

X, <a+1—25>$1
= a.s.
2|p|
(4.15)

2. X converges almost surely toward 0 if and only if B € (—o0,0) and it satisfies (f.13).

Proof of Theorem [.2. We use again Proposition (B.J]) and Corollaries (BJ]) and (B.g) and
we keep their notation. Assume first that 28 = a + 1 and note that ®(X) = ®.(X) = Q,
where @ satisfies ({.11)). Therefore, by applying the ergodic theorem to @ we get immediately
the convergence in distribution ([.13). Besides, by using Motoo’s theorem as in ({.6) with

ha(t) := A(lnt)aF1, A >0,

we obtain the pathwise largest deviation of @ and by change of time we deduce ([£3) and
(E14). The recurrent feature is a consequence of these equalities.

The proof of the case when 25 € (a+ 1,00) is based on the same arguments as in the
second point of Proposition [l.3. We present only the different points and leave the details to
the reader. This time, X has the Gaussian typical behaviour if and only if

limud £ 6% with G~N(0,1) and u=.(X). (4.16)
We apply Lemma [L.1] to u3, which verifies a stochastic differential equation having continuous
coefficients. By using Ito’s formula and the comparison theorem (see Theorem 1.1 in [[L],
pp. 352-353) it is not difficult to prove that there exits an Ornstein-Ulhenbeck process U,
weak solution of (J.§) with Uy = ug, such that u> < U? a.s. (here we use p € (—00,0)). Then
we deduce that u? is bounded in probability since U is ergodic and furthermore bounded in
probability. Moreover, it is a simple calculation to see that u is asymptotically homogeneous
(here we use 23 € (—oo,a+1)) and that its associated time-homogeneous diffusion is equal in
law to U3. Hence, we deduce ([E16) and then, the Gaussian typical behaviour of X = &_1(u).
Besides, by using the previous comparison and Lemma 2.2 in [J], we obtain

lim sup L < lim sup =1 as. (4.17)

Us
S§—»00 21I18 s—o0 21I18
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We need to prove the opposite inequality to obtain ([.3) for X. In fact, we show that the
time-inhomogeneous part in the equation satisfied by u? can be omitted. This implies that u
behaves as the Ornstein-Ulhenbeck U. First, by Ito’s formula,

2 = 2/ du, + (1-12) ds + 20eF* (2)F ds, wy = .

Here w denotes a standard Brownian motion. Besides, by using ({.17), we get

o at1
lim ¢(s,us) := lim 2pe(%_5)5 () ® =0 as. (4.18)

5—00 S§—00 $

Second, let v > 0 and denote by u?(v) the pathwise unique nonnegative strong solution of

du?(v) = 2/u2(v) dws + (1/2 —u2(v)) ds, ui(v) =ul.

We shall prove that,

1
Vs >wv, 4 (v) <u? as. on §,:= {sup\q(s,us) < 5} (4.19)

s
s>v

To this end, let us introduce 7 := inf {s > v : |¢(s,u,)| > 1/2}. By using Theorem 1.1 in [[LT]],
pp. 352-353 and a classical argument of localisation, we can see that u2,.(v) < u? as.
and this exactly the comparison ({.19). Moreover, by using Lemma 2.2 in [B] and ({.1§), we
obtain respectively

lim sup s > lim sup s (v) =1 as. onf, and P (Uy>Q,) =1. (4.20)

S§—»00 \/2lns §—00 \/QIHS

This implies the opposite inequality in (fE17). We conclude that X = ®_!(u) satisfies the
iterated logarithm law and we get the recurrent feature.

Finally, assume that 23 € (—oo,a + 1). This proof is based on the same ideas as for
the proof of case 23 € (a + 1,00). Here, to prove the convergence in distribution, it suffices
to apply Lemma [.]] to the process h? = <I>§/(X ). The only technical points is to show the
boundedness in probability and to obtain its pathwise largest deviations. We only prove these
two points. First, we can see that

a+1 k g

db3 = 2v/hZ dws + (1+2p (b3) * ) ds + =

ds, with k€ R andc> 0.

Here w denotes a standard Brownian motion. Again, we show that the time-inhomogeneous
part of h? could be omitted. This implies that b behaves as H defined in (B4). Indeed, since
p is negative, it is not difficult to prove by comparison theorem (see Theorem 1.1 in [LT], pp.
352-353) and Ito’s formula that X? is lower than a standard Brownian motion. Then, we get

i g i E/ﬂ (1 ) li t2
imsup ——=— = limsu =(1- im sup ——-——
s—>oop 2slnln s t%oop 2g07,1(t) Inln gof?l(t) 7 t~>oop 2tlnlnt

)Sl—’y a.s.

We deduce that

: q(s, bg) L k hg 1 N . o+ 1

21




Let v > 0 and denote by h?(v) the pathwise unique nonnegative strong solution of

dh2(v) = 2/R2 duw, + (1 + (2(0)) +2p (R2(0)) 7 )ds,  h2(v) = bZ.

As for the proof of inequality (f.19), by using Theorem 1.1 in [[1], pp. 352-353, the compar-
ison h2 < h2(v), s > v, holds a.s. on Q, := {Vs > v, |¢(s,h2)| < (b2)°}. Let £ > 0, then by
(E21) we can choose v > 0 such that P(€2,) < e. Moreover, there exists 7 > 0 such that for
all s > v, P(h%(v) > r) < e since h?(v) is an ergodic diffusion. Putting together the last three
inequalities, we obtain that P(h? > r) < 2¢, for all s > v and therefore we conclude that h?
is bounded in probability.

Second, as for the proof of inequality ([20), Motoo’s theorem (apply to h(v), v > 0) and
the preceding comparison, imply

2
1 a+1
lim sup bs < <a + > a.s. (4.22)

5—00 (]n 5)%—%1 2|p|

The opposite inequality can be obtained in the same way as previously for (f.22) by using the
cited comparison theorem with this time the pathwise unique nonnegative strong solution of

+

dh2(v) = 2¢/B2(0) dw, + (1 — (h2(0))° + 2p (h2(v)) 2 )ds, h2(v) = b2, v > 0.

The proof is left to the reader. This implies the pathwise largest deviations in (f.15) and
we deduce immediately that when 25 € [0, + 1), X is a recurrent process, whereas when
B € (—00,0], X converge almost surely toward 0. This ends the proof. O

We turn now to the repulsive case p € (0,00). The main difficulty is the case where
a € (1,00) and 253 € (o + 1,00) because the process explodes with a positive probability but
not almost surely. The transient case is proved by using some martingale arguments as in

g
Theorem 4.3. Assume that p € (0,00), « € R\ {—1,1} and 8 € R.

1. X is recurrent, under the conditional probability of nonexplosion, if and only if we have
28 € (a+1,00) or 26 =a+1 and o € (—o0,1). Moreover,

i) if 28 € (a + 1,00) then it has the Gaussian typical behaviour (1) and it satisfies
the iterated logarithm law ({.3);

i) if 28 = a4+ 1 and o € (—o0,1) then it satisfies the iterated logarithm law ([£.3)
and

lim L £ A, (4.23)

2. X s transient, under the conditional probability of explosion, if and only if we have
26 € (—oo,a+1) or28=a+1 and o € (1,00). Moreover,
i) if a € (—o0, 1) then it satisfies

1
— 1—a
lim pi,' = (,0(1 O‘)> a.s. (4.24)

t—>oot}: 1—,8
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it) if a € (1,00) then it satisfies
: Xy 3 1
lim ————— = ¢, (7e)2(p(av — 1)) a1 P(- | 7e < 0)-a.s. (4.25)
t—Te (Te _ t)ﬁ

Proof. 1) Recurrence. In this part we will use the results in Propositions B.1 and Corollaries
B.] and B.3. On the one hand, if 28 = a+ 1 and a € (—o0, 1) (the problem for the discrete
time situation considered in [[q]) or 28 € (o + 1,00) and a € (—1,00), the sentences in 1
i) and 1 ii) could be proved in a similar way as Theorem [.q points 1 i) and 1 ii). On the
other hand, if 25 € (a+ 1,00) and a € (—o0, —1), it suffices to follow the reasoning already
performed for the proof of the second point in Proposition [£.3J.

It remains to study the case where a € (1,00). Assume that 25 € (o + 1,00). We will
need the following result whose proof is postponed to the end of this subsection.

Lemma 4.2. Assume that o € (1,00) and 2 € (o + 1,00). Then,

Xy
lim
t—o00

=0 P(- | 7e = 00)—a.s. (4.26)

toa+l

By using Lemma [[.9, we can see that

TN L DL . B
tggo\/i 1[) s S_tggo\/f 1[)

We deduce that X satisfies, on the set of nonexplosion, the iterated logarithm law ([.3) and
as a consequence it is recurrent on this set. We prove the Gaussian typical behaviour under
the conditional probability of nonexplosion. For this end, it suffices to show that

) 1 0 y2
SlggoIP(us >z|0.=00)= E/m exp <—5> dy. (4.27)

Here o, denotes the explosion time of u = ®.(X). Note that Lemma [.] does not apply
directly here since the explosion time of 1t can be finite with a positive probability. We first
show that the time-inhomogeneous part in (B.-5) could be omitted. By using (£:24), we get

«

X

__B_
7| t eflds=0 as. on {7, =oc}.
Sa+l

«

a 18y X
lim |q(s,us) = pe(%*ﬁ)s\usya} = lim pt(é ar1) Bt =0 a.s. on {0, = 00}.
§—»00 t—o0 tat+l
(4.28)
Let £ > 0,v > 0 be and denote U*) the pathwise unique strong solution of the equation
U(iE)
UG = dW, = =5 —ds £eds, UL =l

It is classical that U*) is Feller and ergodic. Furthermore, the strong mixing property holds
(see [[[Z], Theorem 20.20, p. 408) and we obtain

, Y (y F )’
lim P(US) > 2| Q) =: Foo () = —/ exp | ——— | dy,
s v /_27'(' .

5—00 2

with € := {Sup|q(s,us)| < 6}. (4.29)

s>v
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As for the proof of ([E19), we can show that the comparison Ul <ug < Us(Jre) holds a.s. on
Q, for all s > v. We get from ({.29) and the previous comparison,

Fie(z) < liminf P (us >z Qﬁﬁ) < lim sup P (us >z Qﬁﬁ) < F_.(2). (4.30)
§—00 §—00

Due to ([£.2§), the set of non-explosion is {g, = 0o} = U,>0€2. By passing to the limit in

([£.30), first as v — oo, and then as ¢ — 0, we deduce ([L.27) and furthermore X has the

Gaussian typical behaviour under the probability of nonexplosion.

2) Transience. To simplify our computations, let us denote the limit and the exponent of ¢
in (.24) respectively by

{:= <M>la and 1/::1_5.
1-7 11—«

If we set S; := X?/t?”, it suffices to verify that lim; .o, S; = £? a.s. That is, for all € > 0,

limsup S; < ¢*+3¢ and liminf S; > ¢* — 3¢ as. (4.31)
t—o0 t—o0

We shall prove only the first inequality in (£.31]), the second one being obtained in a similar

way. We split the proof in four steps.

Step a). We begin to show that, for all € > 0,
{t>1:8; <*+¢} isunbounded a.s. (4.32)

For this end, set 7, := inf {v >u:S, <2+ 6}, u > 1. Then, it suffices to prove that for all
u > 1 large enough, 7, < co a.s. By using Ito’s formula, we can see that

tANy tANy

St/\nu = Su + / EV(S, Xs)dS + / 833‘/(8, Xs) st = Su + Mt + At, (433)
u u
where V(t,7) := x2/t?* and L is given by (B.6). Moreover, we can see that there exist so > 1
and ¢ > 0 such that for all s > sg and = € R, for which V (s, z) > £ + ¢,
1

LV (s,x) = 2?'0 <V(s,x)anl — 60‘*1> V(s,x)+ ] < -

®» o

<0. (4.34)

This implies that the local martingale part S, + M of the non-negative semimartingale in
(£33), together with S.,p, itself, are nonnegative supermartingales for all u > so. Therefore,
the bounded variation part A will be a convergent process as the difference of two convergent
supermartingales. Thanks to ([£.34), this is possible if and only if 7, < co a.s. and this fact
is the claim of Step a).

Step b). We introduce an increasing sequence of stopping times as follows:
1= inf{t > s9: S = 2+ 2}, o01:= inf{t >711:85: € {62 +e,0% + 35}}
and for every integer n > 2,

Tp = 1nf{t > 0p—1 : Sp = 2+ 2e}, o0y :=inf {t >7,: 8 € {62 +e,0% + 38}}.
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Figure 3: The increasing sequence of stopping times

Set F':= Np>1{7n < oo}. Thanks to ({.33), we obtain that

limsup S; < % +2¢ as. on FC.
t—o0

Hence, to prove the first inequality in (.31)), we need to show that

limsup S; < /2 +3¢ as. on F or equivalently 1 Z Lis, =213y <00 as.
t—00
n>1

By using a conditional version of Borel-Cantelli’s lemma (see, for instance, Proposition 3.2 in
[, p- 240) it is equivalent to prove that

ZIP (So, = 0?4 3¢, 7, < 0 | Fr,) <00 as. (4.35)
n=1

Step ¢). We show that there exist positive constants A\; and Ay such that for all integer n > 1,

iy
P (S,, = *+3¢,7, <0 | Fr,) < AlTT(LQ )exp (=A™ 1) as.on {7, <occ}. (4.36)

n

To this end, let us denote by Py, the distribution of the weak solution of (R.I]) such that
Xs = x. The strong Markov property applies and this yields
P (S,, = 0% 43¢, 7, < 0 | Fr) =Pr. x,, (S0, = 2+ 3¢) as.on {r, <oo}.

™

As in ([33), we can write under the conditional probability P, x. , the canonical decompo-
sition Sing, = Sr, + M{" + A}, sum of a local martingale and a bounded variation process.
Besides, we can show that v, := (M"), satisfies

=:U0.

u2u

On [e§) 2 2 2
. - u? (2v — )" (2v —1)sy”

n n

Then, by the Dambis-Dubins-Schwarz theorem, there exists a standard Brownian motion W
(under the conditional probability P, x, ) such that M"™ = W(?\/I") and since A" is strictly
negative, we can see that

{ sup Wt”<s} C {suth"<6} C{Sgn:€2+e}.

0<t<vn t>7n
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It is classical that the random variable sup{W}* : 0 < ¢t < v, } £, Gn £ N(0,v,) (under the
conditional probability P, x. ) and therefore we obtain

]PT So' :Ez 3 :1—]P7— So’ 262 <2]PT G > c .
X (S0, = 4 32) (S = C ) <2 (G =

By the usual estimate for the standard Gaussian tail, we get (.36).

Step d). To insure the convergence of the series in (f.35) we show that the sequence 7,
increases to infinity sufficiently fast. More precisely, we show that there exists A > 1 such
that 7, > 7 A" a.s. on F. This inequality will be a consequence of a second conditional
Borel-Cantelli’s Lemma (see, for example, Proposition 4.11 in [f], p. 256) once we show that
there exist some constants ¢ > 1 and p > 0 such that for all n > 1,

P(th41 > gm0 | Fr) 2 Pr x, (0n > q1,) >2p ason {1, <oo}. (4.37)
In opposite to (4.34]), we can see that there exists a constant k& > 0 such that for all ¢ > 1
and x € R, for which V(t,2) < 2+ 3¢, LV (t,z) > —k/t. We deduce that for all t € [1,,, ¢73,],

—gﬁkln(%> < AP <0, with q::e% > 1.

By using this inequality, we can write

wﬁzmuD{ wp\Mm<§}a{swrWﬂ<f}-

Tn <t<qTn 0<t<vg 2

Therefore, inequality ({.37) is satisfied with the deterministic positive constant

€ £
p:=P x, ( sup || < 5) = IP( sup |By| < 5) .

0<t<vg 0<t<vg

Here B denotes a standard Brownian motion. The Borel-Cantelli’s Lemma applies and we
obtain that 7, > 7 A" a.s. on F. We deduce ([.3§) and then we conclude that ([.24)) holds.

Finally, we need to prove the statement ([l.25). Assume that o € (1,00), consider h =
¢, (X) and denote by 7. its explosion time. We can see that h, := b, — W satisfies the
(random) ordinary differential equation

771 hS + WS

hs = psgn(hs + Wy)lhs + Wi|* — v, (s) 5

(4.38)

Moreover, it is not difficult to see that

hs 11—« Ne hu
L:/ —du ~ p(ne—s) P(-|ne < o0)-a.s.

a—1

This implies (f.25) by change of time. The proof of the theorem is done, excepted for the
Lemma [£.3. g

Proof of Lemma [{.2. Let us recall that h = ®.,(X) is the pathwise unique strong solution
of (B-9) and that P(7. = o0) = P(n, € {t1,00}), with 7, its explosion time. We show that

lim h; =0 as. on {n. =oo} and P(n, =t1)=0. (4.39)

t—t1
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The first equality in (.39) is a simple consequence of the Girsanov’s transformation which
gives (B.11) and the fact that the 6-Brownian bridge b defined in (B.1() satisfies by, = 0 a.s.
The main difficulty is to prove the second equality in ({.39). Let us introduce

{:= <%>ﬁ and Zs:= (t1 — S)ﬁf)s

and note that Z satisfies the following stochastic differential equation

Zs Zs a—1 __ Ea—l
dZs = (t1 — s)ﬁdws +2 (12, = )ds. (4.40)

(tl - 8)0*1

We begin by showing that
P(ne=t;)=P (ne =t1, lim |Z,] € {0,€,OO}> : (4.41)
s 1
First, let us prove that

P (776 = t1,liminf Z; < lim sup Zs> =0. (4.42)
s—t1

s—t1

Denote by M the local martingale part of Z and by d(s, z) the drift of the equation ({.40).
Since s — M is a.s. uniformly continuous on [0, ¢1],

P <liminf |M, — M,| > 0> = 0. (4.43)

s, u—t1
Moreover, the points {0, +00} are attractive whereas the points {£/¢} are repulsive since
d(s,z)z>0 or d(s,z)z <0 according whether [z|>/¢ or |[z] </, (4.44)

Assume that 7, = ¢; and liminf, , Z, < limsup,_,;, Z,. By using ([f.44), it is not difficult
to construct two sequences (sy,) and (uy,) of real numbers, belonging to [0,¢;) such that

lim s, = lim u, =¢; and liminf|M, — M, |> 0.

We deduce from (f.43) the equality ([49). Then, we obtain equality ([L41]) by noting that
li s, 20 =00 as.on =t lim |2 ¢ (0.0},
Second, to prove P(n. = t1) = 0, it suffices to show that for any A € {0, ¢, o0},
P (776 =t1, lim |Zs| = A) =0. (4.45)
s—t1

Let us recall that h is a solution of equation (f.3§), which can be written

hs"'Ws

hs = psgn(hs + ws)|hs + Wi|* — 6 :
tl — S
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Besides, it is a simple calculation to see that there exist two functions €;, ¢ = 1, 2, such that

. o(hs + Wy . .
hs = —El(ZS) [%} s with il_)l’rb 61(2’) =1 (446)
and .
hs = €2(Zs) [psgn(hs + Wy)|hs + Ws|¥], with  lim ey(z) = 1. (4.47)

Z2—00

Consider hg := hs — W, and we analyse three cases.

Case A = 0. By using (4.44) we can show that there exists u € [0,¢1) such that
sup {hs ﬁs]l{|ys|2c} u<s< tl} <0, with c:=sup{|Ws|:0<s<11}.

It is not difficult to see that h, and furthermore b, are bounded on [0,¢;). Then, we deduce

P <ne =ty, lim |Z,| = O> <P <776 =11, sup |hs| < oo) =0.
s—t1

0<s<t1

Case A = oo. By using ([.47) we obtain

|hs|t7eh P o : - 1
a1/ mdu ol p(t1 —s), which implies slgrtll Zs = (pla—1))1-a.

Therefore,
P (77@ =ty, lim |Z,| = oo> <P <776 =11, lim |Zs| = (p(a — 1))ﬁ = oo) = 0.
s—t1 5=t
Case A\ = £. We show that this event is of probability 0 by using the fact that +¢ are
repulsive points. Remark that the drift of the equation () can be written
+/
d(s,z) =: q(z)zia, with  lim ¢(2) =: geo = p(a — 1)L,
(t] — s)a-1 PR

By Ito’s formula, we can see that z, := (Z, £ £)? is the pathwise strong solution of

Zs

dzs = 2¢/z5 (11 — s)ﬁdws + <2q(Z8)(7a + (t1 — s)ail> ds.

tl — S)E

Here w denotes a standard Brownian motion. Let v € [0,¢;) and ((v) be the pathwise unique
strong solution of

dCs(v) = 24/ (s(v) (t1 — S)ﬁdws + <Qm$ + (t1 — 5)%> ds, G(v) = Zv]l{ne>v}-
1 — a—1

By Ito’s formula, the law of ((v) equals to the law of ¢2(v), with

dés(v) = (t1 — s)ﬁdWs + LU)L ds, & (v) =/ C(v).
(tl — 8) a—1
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Since £(v) is the solution of a linear equation, we can see that lims 4, {5(v) = oo a.s. and
then we deduce that lims_,4, (s(v) = 0o a.s. Besides, by using the same arguments as for the
proof of the comparison ([L.19), we can show that for all s € [v,;),

zs > (s(v) as. on Q= {77@ =11, sup |q(Zs)| > qﬁ}
v<s<t1 2

Hence, we obtain

Sll_gll |Zs| =00 a.s. on {77@ = tl’sh—gll |Zs| = €} C U Q.
0<v<ty

and we deduce ({.47) for A = £. We conclude that P(n. = t1) = 0. O

4.4 Bessel type case

We have already seen that if p € (—00,0) and o = —1 then the solution of (R.1)) is defined up
to the reaching time of 0, which is finite a.s. Hence we need to consider only the repulsive
case p € (0,00). Recall that if 5 € (0,00) the set {¢t > 1: X; = 0} is unbounded a.s. and the
we will see that X is recurrent in [0,00). The proof of the following result is similar to the
proof of Theorem and we leave it to the reader.

Theorem 4.4. Assume that p € (0,00), a« = —1 and 3 # 0.

1. X is recurrent if and only if 5 € (0,00). Moreover X has the Gaussian typical behaviour
(1) and it satisfies the iterated logarithm law (.3).

2. X is transient if and only if B € (—00,0) and it satisfies ([{.24).

Proof. We give only the main arguments. To get the recurrent feature, it suffices to consider
u? = ®2(X) and to apply Lemma [£.] to obtain the convergence in distribution. The pathwise
largest deviation is obtained by comparing u? with a time-homogeneous diffusion and apply-
ing Motoo’s theorem. The proof of the transience is the same as for the general case. O

Acknowledgements
The authors are grateful to the anonymous referees for careful reading of the first version
of the manuscript and for useful comments and remarks.

References

[1] J. A.D. Appleby, D. Mackey, Polynomial asymptotic stability of damped stochastic dif-
ferential equations, Proceedings of the 7th Colloquium on the Qualitative Theory of
Differential Equations, No. 2, 33 pp. Electron. J. Qual. Theory Differ. Equ. Szeged,
2004.

[2] J. A.D. Appleby, H. Wu, Solutions of stochastic differential equations obeying the law of
the iterated logarithm, with applications to financial markets, Electron. J. Probab. 14
(2009), 912-959.

29



[3]

[15]

[16]

[17]

[18]

R.N. Bhattacharya, S. Ramasubramanian, Recurrence and ergodicity of diffusions, J.
Multivariate Anal. 12 (1982), 95-122.

A.S. Cherny, H.-J. Engelbert, Singular Stochastic Differential Equations, LNM 1858,
Springer Verlag, 2004.

A.S. Cherny, Convergence of some integrals associated with Bessel processes, Theory.
Probab. Appl. 45 (2001), 195-209.

R. Durrett, Probability : theory and examples, 2nd edition, Duxbury Press, 1995.
D.A. Freedman, Bernard Friedman’s urn, Ann. Math. Statist. 36 (1965), 956-970.

A. Friedman Stochastic Differential Equations and Applications, Vol. 1, Academic Press,
1975.

I. I. Gihman, A. V. Skorohod, Stochastic differential equations, Springer Verlag, 1991.

R.Z. Has'minskii, Stochastic stability of differential equations, Sitjthoff & Noordhoff,
1980.

N. Ikeda, S. Watanabe, Stochastic Differential Equations and Diffusion Processes, North-
Holland & Kodansha, 1981.

O. Kallenberg, Foundation of Modern Probability, 3nd edition, Springer Verlag, 2001.

1. Karatzas, S.E. Shreve, Brownian motion and stochastic calculus, 2nd edition, Springer
Verlag, 1997.

J. Lamperti, Criteria for the recurrence or transience of stochastic processes, J. Math.
Anal. Appl. 1 (1960), 314-330.

R. Mansuy, On a one-parameter generalisation of the Brownian bridge and associated
quadratic functionals, J. Theoret. Probab. 17 (2004), 1021-1029.

M. Menshikov, S. Volkov, Urn-related random walk with drift px® / %, Elec. J. Probab.
13 (2008), p. 944-960.

M. Motoo, Proof of the law of iterated logarithm through diffusion equation, Ann. Inst.
Statist. Math. 10 (1959), 21-28.

K. Narita, Remarks on non-explosion theorem for stochastic differential equations, Kodai
Math. J. 5 (1982), 395-401.

D. Revuz, M. Yor, Continuous Martingales and Brownian motion, 3rd edition, Springer
Verlag, 2001.

D.W. Stroock, S.R.S. Varadhan, Multidimensional Diffusion Process, Springer Verlag,
1979.

30



