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ABSTRACT. Let X = (Xt)¢>0 be a self-similar Markov process with values in [0, oo, such that the
state 0 is a trap. We present a necessary and sufficient condition for the existence of a self-similar
recurrent extension of X that leaves O continuously. This condition is expressed in terms of the Lévy
process associated with X by the Lamperti transformation.

1. INTRODUCTION

In his pioneering study [L72] of the structure of self-similar Markov processes with state space
[0, 0o, Lamperti posed the problem of determining those self-similar Markov processes that agree
with a given self-similar Markov process up to the time the latter process first hits 0. Our goal
in this paper is to present a necessary and sufficient condition for the existence of a recurrent
extension that, in addition, leaves 0 continuously. Our work was inspired by that of Vuolle-Apiala
[VA94] and Rivero [RO5].

To state our results precisely, we introduce some notation and recall some of the basic theory
of self-similar Markov processes. A Borel right process X = ((X¢)i>0, (P*)z>0) with values in
[0,00) is self-similar provided there exists H > 0 such that, for each ¢ > 0 and = > 0, the law of
the rescaled process ¢ H X, t > 0, is P?/¢" when X has law P?. The number H is the order
of X, and when there is a need to emphasize H, we shall describe X as being H-self-similar.
By the discussion in section 2 of [L72], we can (and do) assume that X is a Hunt process;
thus in addition to being a right-continuous strong Markov process, the sample paths of X are
quasi-left-continuous.

One of several zero-one laws developed by Lamperti states that if

(1.1) Ty :=inf{t > 0: X, = 0},

then either P*[T) < oo] = 0 for all # > 0 or P*[T) < oo] =1 for all z > 0. Our interest is in the
latter situation, which we assume to be the case throughout the rest of the paper.

For definiteness, we take X to be realized as the coordinate process X;(w) = w(t) on the sample
space {2 of all right-continuous left-limited paths from [0, co| to itself. We assume that 0 is a trap
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for X, so that each of the laws P® governing X is carried by {w € Q : w(t) = 0,Vt > To(w)}. The
natural filtration on Q is (F3), and Fu := Vi>oF. We write P, f(z) = Pi(z, f) := P*[f(X})]
for the transition semigroup of X, and UY := fooo e~ %P, dt, ¢ > 0, for the associated resolvent

operators.
Define, for ¢ > 0, ®.: Q — Q by ®.w(t) := ¢ Hw(ct). The H-self-similarity of X means that

(1.2) 3, P*(B) = P*[0; B =P*/<"[B], VB € Fos,z>0,¢>0.
Observe that
(1.3) Too®. = ¢ 1T,

identically on €.

(1.4) Definition. A Borel right Markov process X = (X, P") with state space [0,00[ is a
recurrent extension of X provided (i) the stopped process ((XtATO)tZO,ﬁz) has the same law as
(X, P?), for each z > 0, and (ii) 0 is not a trap for X.

Typically, X will be realized as the coordinate process on (2, in which case X;(w) = w(t).
What distinguishes X from X is the collection of laws (Fw)xzo. For emphasis or clarity we may
at times write T instead of Ty, etc.

In view of (1.3), if a recurrent extension X is self-similar, then its order must be the same as
that of X.

Let X be a recurrent extension of X, with resolvent Uq, g > 0. Writing T for the hitting
time of 0 by X, we have ¢, (z) := P" [exp(—qTo)] = P*[exp(—qTp)], and by the strong Markov
property of X at time T,

(1.5) U'f(z) = UYf () + % (x)Uf(0),  Vx>0,q>0.

Excursion theory [I72, Ma75, B92, FG06| leads to an expression for U'f(0) in terms of a
certain entrance law for X. Let M denote the closure of the zero set {t > 0 : X; = 0}, and let
G denote the set of strictly positive left endpoints of the maximal intervals in the complement of
M. The excursions of X from 0 are indexed by the elements of G: The excursion e® associated
with s € G is the Q-valued path defined by

o5 — { Xs—i—ta 0§t<T00957
“ o, t > Tyobs,

where 6, is the shift operator on Q. Let L = (Zt)tzo denote X-local time at 0, normalized so

that P fooo e~ 'dL; = 1. Then there is a o-finite measure n on (2, F,) such that, for predictable
Z > 0 and F,.-measurable F' > 0,

(1.6) P’ |Y 2z F(e)| =P [/OOO Z, dft] -n[F).

<tel

Formula (1.6) determines n uniquely, and under n the coordinate process (X¢)i>o is a strong
Markov process with transition semigroup (P;) and one-dimensional distributions

(1.7) ny(B) :=n[X; € B,t < Ty, t>0,B € Bjg,-
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One can show that there exists ¢ > 0 such that fg Lioy (75) ds =0¢-L, forall t > 0, Fo—a.s.; it

follows from this and (1.6) (applied to Z; = e~ % and F = fOTO e~ 9 f(Xy) dt, first with a general
f and then with f = 1) that

774 B £f(0) +ni(f)
(1.8) U f(0) = "l gnifl) J € bpBo o[,

where n? := fooo e~ %ny dt. (Here bpB|g, o[ denotes the class of bounded real-valued Borel functions
on [0,00[). The denominator in (1.8) is equal to

¢l +n

To
/ ge 1 dt] =q¢l+n[l-— equ"],
0

which is finite for all ¢ > 0, as follows from (1.6) with ' = 1 — exp(—¢Tp) and Z, = e~ ?°.
The family (nt)¢>0 is an entrance law: nyPs = ny4, for all ¢, s > 0. The measure n is uniquely
determined by (n:) and (P;).

If the recurrent extension X is self-similar, then (i) £ = 0 [VA94, p. 551] and (ii) either
n[Xo=0] =0 or n[X, > 0] =0 [VA94, Thm. 1.2].

(1.9) Definition. A recurrent extension X is said to leave 0 continuously provided n[X, > 0] =
0.

It follows easily from (1.6) that X leaves 0 continuously if and only if

FO[YS =0foralseG]=1.

In this paper we focus on recurrent extensions that leave 0 continuously, referring the interested
reader to [VA94] and [R05] for discussion of extensions for which n[Xy = 0] = 0.

We shall produce an H-self-similar recurrent extension of X by constructing a suitable ex-
cursion measure n as above. Motivated by the preceding discussion, we make the following
definitions. Recall that (P)¢>0 is the transition semigroup for X.

(1.10) Definitions. (a) A measure n on (2, Foo) is an excursion measure provided (i) the
measure n; defined on Bjg o by formula (1.7) is o-finite for each ¢ > 0, (ii) (X¢)¢>o under n is
Markovian with transition operators (P;) and one-dimensional distributions (n;), and (iii) n puts
no mass on the zero path [0] : ¢ — 0.

(b) We say that an excursion measure n is self-similar if

(1.11) ®.n=c "n, Ve > 0,
for some v > 0. Equivalently,
(1.12) net (¢ B) = ¢ Iny(B), Ve > 0,t>0,B € Bjg o,

(c) An excursion measure n is admissible provided n[1 — exp(—Tp)] < .

As noted above, the excursion measure associated with a recurrent extension of X is necessarily
admissible.

It6 [I72] showed that the excursion measure n determined by a recurrent extension X (as
in (1.6)) satisfies a set of six necessary conditions. These conditions are not quite sufficient for
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the existence of a recurrent extension, but Salisbury [S86a, S86b] discovered that if two of the
conditions are strengthened, then the resulting set of conditions is sufficient (and still necessary).
These results hold for processes with very general state spaces. The special case of [0, co[-valued
Feller processes was treated by Blumenthal in [B83]. Vuolle-Apiala [VA94] verified that the
conditions imposed by Blumenthal are satisfied in the setting of self-similar Markov processes
on [0,00[. Thus, if n is an admissible excursion measure, then X admits recurrent extensions
X' (one for each ¢ > 0) such that (1.8) holds. The process X" has the additional property that
Uq(:v, 1{0}) =0 for all z > 0, a condition that is necessary for self-similar recurrent extensions,
as was noted above. By [VA94, (1.5)] (see also [R05, Lem. 2]), this extension is self-similar if
and only if n is self-similar.

Our hypotheses will be stated in terms of the Lévy process associated with X by the Lamperti
transformation. For this consider the continuous additive functional A defined by

t
(1.13) Ay ::/ X VHds,  t>0,
0

and its right continuous inverse 7 defined by
(1.14) T(u) :=inf{t > 0: A > u}, u >0,

in which we follow the usual convention that inf ) = +oco. According to [L72, Thm. 4.1], the
[—00, co[-valued process

(1.15) Zy =log Xp(y,  u>0,

is a Lévy process (i.e., a process with stationary independent increments). Moreover, by [L72,
Lem. 3.2]. we have either

(1.16) P?[Xp,— > 0,T) < o0] =1, Vo >0,
or
(1.17) P*[Xp,_ =0,Ty<oo]=1, V&>0.

If (1.16) holds then the random variable ¢ := Ag,_ is exponentially distributed (with rate § > 0,
say) and there is a real-valued Lévy process Z independent of ¢ such that Z is Z killed at time

¢:

Zy, 0<u<(;
(1.18) Zu_{ su<¢

—o0, u>(.

If (1.17) holds then ¢ = Agp— = +o00, P*-a.s. for all z > 0, and Z is a real-valued Lévy process
that drifts to —oo. Let Q7 denote the law of Z under the initial condition Zy = z. The process
Z = (Z;, Q%) is referred to as the Lévy process underlying X. We shall write (Q;) for the
transition semigroup of Z.

Because A and 7 are strictly increasing on their respective domains of finiteness, the Lamperti
transformation can be inverted as follows. Let (Z;, Q*) be a [—o00, oo[-valued Lévy process that
drifts to —oo in case ¢ := inf{t : Z; = —o0} = 400, a.s. (The state —co is a trap, and serves as
the cemetery state for Z.) Then

(1.19) T(u) = /0“ exp(Zs/H)ds
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is finite for all u > 0; see [BY05, Thm.1]. Define the inverse of 7:

(1.20) A(t) = Ay := inf{u : 7(u) > t}, t>0.
For each x > 0, the process defined by
(1.21) eXp(ZA(t)), t>0,

has, under Q!°87 the same law as X under P*.
Here is the main result of the paper. Define I := 7(c0) = fooo exp(Z,/H) dv.

(1.22) Theorem. (a) There is an excursion measure n satisfying (1.11) such that n[Xo, > 0] =0
if and only if kK :=~v/H > 0 satisfies Cramér’s condition:

(1.23) Qlexp(kZy)] = 1, for some (or all) t > 0.

(b) The H-self-similar Markov process X admits a self-similar recurrent extension that leaves
0 continuously if and only if (1.23) holds for some k €]0,1/H|[ and

(1.24) QY [I"71] < oo.

There is at most one self-similar recurrent extension that leaves 0 continuously.

(1.25) Remarks. (a) If the excursion measure promised by part (a) of Theorem (1.22) is to
correspond to a self-similar recurrent extension X, then xH must lie in ]0, 1], because the inverse
local time of X at 0 is a stable subordinator of index xH.

(b) Let Cy]0, 00[ denote the class of continuous real-valued functions f on ]0, 00| such that
lim, o f(z) = lim;— 400 f(z) = 0. Vuolle-Apiala [VA94] introduced the following condition
(VA): There exists k > 0 such that the limit

P?[1 — exp(—Tp)]

exists in |0, oo, and the limit
U4
(VA.2) lim fk(x)
z—0+ T

exists for all ¢ > 0 and all f € Cy]0,00[, and is strictly positive for at least one non-negative
f € 4]0, 00[. Vuolle-Apiala showed that (VA) implies the existence (and uniqueness) of a self-
similar recurrent extension of X that leaves 0 continuously.

(¢) The meaning of the parameter k in (VA) was clarified by Rivero [R05], who introduced
the following condition (R), expressed in terms of the underlying Lévy process Z:

(R.1) The law of Z; is not supported by a lattice rZ;
there exists § > 0 such that

(R.2) Q[exp(67;)] = 1, for some (or all) ¢ > 0 and
(R.3) Q°[Z] exp(071)] < oo.

Suppose that (R) holds. Rivero showed that if 6H > 1, then condition (VA) must fail, while
if 0 < 6H < 1 then (VA) holds for k& = 6. Conversely, Rivero showed that if (VA) holds then
0 < kH <1 and (R.2) and (R.3) hold with § = k. Thus, modulo the technical condition (R.1),
(VA) and (R) are equivalent, for k = 6 €]0,1/H[. Moreover, under (VA), k = 6 = k (as in
(1.23)).

(d) The essentially equivalent conditions (VA) and (R) imply our conditions (1.23) (with
0 < kH < 1) and (1.24). It is not clear how broad the gap is between these conditions.
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2. PROOF OF THEOREM (1.22).

(a) Let us first suppose that X admits an excursion measure n such that n[X, > 0] = 0 and
such that the scaling property

(2.1) ®.n=c "n, Ve >0,

holds for some v > 0. The “mean occupation measure” m defined on the Borel subsets of |0, oo]
by

To
(2.2) m(B) := n/o 15(Xs) ds, B € By,

is an X-excessive measure; see [FGO06, (4.5)]. As a consequence of (2.1), m takes the form
(2.3) m(dz) = Cx™FA=D/H gy

for some constant 0 < C' < oo; see [R0O5, Lem. 3]. [Briefly, (2.1) implies that m scales as follows:
m(b” B) = b'~Ym(B); this in turn implies (2.3).] By the theory of time changes for Markov
processes, as found for example in [FG88], the measure v := dx +— z~'=7/H dz is therefore
excessive for the time-changed process t +— X, (4. Define k :=~/H. Then ¢ : dz — e™"* dz (the
image of v under the mapping x — logx) is excessive for the Lévy process Z.

Let (Y, Q) denote the Kuznetsov measure associated with Z and £. In more detail, let W be
the space of paths w : R — [—00, +00[ that are R-valued and right-continuous with left limits on
an open interval Ja(w), B(w)[ and that hold the value —co outside that interval. (Thus —oo serves
as cemetery state for Y.) The coordinate maps Y;(w) := w(t), t € R, generate G := o{Y; : t € R},
and Q is the unique measure on (W, G) not charging the dead path [—oc] : ¢t +— —o0, and such
that

Q[Y:, € dx1,Ys, € dxa, ... ,Y:, € dxy)
=&(dr1)Qpy—t, (x1,dx2) -+~ Qpy—t, 1 (Tp—1, day),

for all real t1 < t9 < -+ < t, and x1,22,...,2,. Thus Y = (¥;) under Q is a stationary
Markov process with random times of birth and death (namely, a and (), with one-dimensional
distributions (while alive) all equal to £, and with transition probabilities those of the Lévy
process Z. For the construction and various properties of such processes the reader is referred to
[Mi79, F87b, G90].

We now use a time-reversal argument to show that £ is in fact invariant for Z. To this end
define a semigroup (@f) by the formula

(2.4)

(2.5) Qs f(x) = Q[f(x — Zy)e ],

and observe that (@f) is the semigroup dual to (@) with respect to £. That is,

/f-thd§=/g-fod£7 £>0,f.9 € pBr;
R R

¢f. the computation in (2.15) below. Thus

Q[Yy, € dx1, Y, €das, ..., Y;, _, €drp_1,Y;, € duy)

(2.6) ~ ~
= f(dIn)anftn,l (Tn, dzn—1) - 'Q?gftl (w2, dxy),
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The moment generating function Q°lexp(AZ;)], A € R, is necessarily of the form

(2.7) Q°[exp(AZy)] = exp(tv(N)),

where ¢ : R —] — 00, +00]. By Holder’s inequality, log v is convex (strictly convex on the interior
of the interval where it is finite). Now either Z drifts to —oo (in which case ¥(0) = 0 and
Q°[Z1] = ¥/(0+) € [—00,0[) or jumps to —oo (in which case ¥ (0) < 0). Clearly 1 > QF1(z) =
exp(yp(k)t), so (k) < 0. If (k) < 0 then QU[ZF = —oo] = 1 — exp(1h(k)t) > 0. If (k) = 0
then QU[ZF] = —QO[Ze"%] = —¢/(k—) € [—00,0[ by convexity. Therefore Z* cither jumps to
—oo at a finite time (if ¥ (k) < 0) or drifts to —oo (if ¢(k) = 0). In either case, the exponential
integral

~

I::/ eXp(ES/H)ds
0

is finite, QZ—a.s., for all z € R. Thus if we define

(2.8) p(u) = /_“ exp(Ys/H) ds, u € R,

then

(2.9) Qo) = .0 << b = [ QiE = o] ¢(dz) =0,
R

by [Mi79, (4.7)]. In particular,
lim p(u) = 0, Q-a.s.

ula

It follows that the inverse process C' defined by
C(t) := inf{u: p(u) > t}, t>0,

is strictly increasing and continuous on [0, p(c0)[. Recalling from section 1 the discussion of the
(inverse) Lamperti transformation, we see that the measure m is proportional to the image under
the mapping z — exp(z) of the Revuz measure of the CAF 7 relative to the Z-excessive measure
&. By a result of Kaspi [K88, (2.3), (2.8)], the formula

(2.10) ne(f) = Q[f(exp(Zc))),0 < C(t) < 1], f €pBjg,oc,t >0,

defines an entrance law for (P;) and

(2.11) m:/ e dt.
0

But by (2.2) and Tonelli’s theorem we also have m = fooo ng dt, so by the uniqueness of such
a representation [G90, (5.25)], n: = n; for all ¢ > 0. Let QT be the space of right-continuous
left-limited paths from |0, co[ to [0, oo, and let nt be the image of n under the mapping Q > w +—
wljo,00] € 7. Let F; be the o-field on 2F generated by the coordinate maps X;", t > 0. Theorem
(2.1) of [K88] now tells us that if IT : W — QT denotes the (inverse Lamperti) transformation
w — (t = exp(Yo(t,w)(w)), t > 0) then

(2.12) nt[At < Ty = QI (A),0 < C(t) < 1], Ae Ff.
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In particular

Q [limsupY, > —00,0 < C(t) < 1] =nt [limsupX;|r >0,t < Ty
ula s|0

zn[Xo >O,t<TQ] =0,

for all ¢ > 0, from which it follows that lim, o Y, = —oo, Q-a.s. By time reversal (as in (2.9)),
this means that the dual process Z% does not jump to —oo (Qz—a.s. for ¢&-a.e. z € R). That is,
¥ (k) = 0; equivalently,

Q°e"?t] =1, t>0,

which is (1.23).
Conversely, suppose that (1.23) holds for some £ > 0. Then {(dz) = e "*dz is an invariant
measure for Z:

£Q(f) =/

R

QP (Z,)) dz = / e QO (= + Z)] d

R

(2.13) =Q° [/R e " f(z + Zt)dz} =Q° [/R e V) f(y) dz]
= [ e Qe sy = [ ). dy =€)

Let (Y, Q) be the Kuznetsov process for Z and £ as before. Because ¢ is invariant, Q[ow > —o0] = 0;
see [G90, (6.7)]. Making use of (2.5) and the discussion following (2.6) we see that

Qg[é\f] = —W/(H—) € [_0070[7

so that Z* drifts to —oo. As before, (2.6) holds; consequently the time-reversal argument used
before to show the finiteness of the integral in (2.8) now permits us to deduce that Q is carried
by {a = —o0,lim; o ¥: = —00}.

Define m(dzr) = z~'~**Y/H dz. The Revuz measure of the continuous additive functional
T(u) = fou exp(Z,/H) dv, relative to €, is the measure pu(dz) := e*/ £(dz) on R. The image
of p under the mapping z — exp(z) is the measure m; another application of Kaspi’s theorem
shows that m is purely excessive for X, so there is a uniquely determined entrance law (1;):>0
such that m = fooo ng dt. As before let Q% be the space of right-continuous left-limited paths
from 0, 0o to [0, 00[. Let n* be the measure on 2+ under which coordinate process (X, )i=o is
Markovian with one-dimensional distributions (7: )¢~ and transition semigroup (F;); see [GG87]
for the construction of such measures. Then by [K88, Thm. 2.1], writing IT : W — Q% for the
map w — (t — exp(Yow)(w)), t > 0), we have

(2.14) n"[B,t < Ty = Q[ '(B),0 < C(t) < 1], Be FL.

In particular, the choice B = By := {w € QF : limyjow(t) = 0} in (2.14) shows that that n™ is
carried by By because Q is carried by {w € W : lim;|_ o w(t) = —o00, a(w) = —oo}. Identifying
Q with By and Fo, with FL N By, we see that n' induces an excursion measure n on (2, Fx)
as in Definition (1.10). Now write ¥, : w — (w(f) + x)1er for the spatial translation operator
on W; a check of finite dimensional distributions shows that

U,.Q = e Q.
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This, in combination with (2.14), implies that n is self-similar, with similarity index v = xH.
This concludes the proof of part (a) of Theorem (1.22).

(b) For any self-similar excursion measure n (with v = kH) we have, from the proof of Lemma
3 in [RO5], that

(2.15) n[l —exp(—To)]=CH -T(1 — kH) - QO[I»;H—lL

where the constant C' is as in (2.3). Thus, a self-similar excursion measure n is admissible if and
only if (1.24) holds.

Finally, turning to the uniqueness assertion, let X' and X~ be self-similar recurrent extensions
of X that leave 0 continuously. In view of (1.5) and (1.8), the resolvent (and so the distribution) of

X is uniquely determined by the associated entrance law (ni), 7 =1,2. Because of a uniqueness
theorem [G90, (5.25)] cited earlier, each entrance law is in turn uniquely determined by its
integral m/ = fooo n] dt. But as noted at the beginning of this section, m’ has the form m7(dz) =

Cia =/ H dy where v = kH. (Both X' and X7 satisfy (1.23), by the part of Theorem

(1.22) already proved.) It follows that n; = Cn? for all t > 0 (C = C1/C3), so X' and X~ have
the same resolvent. [J

(2.16) Remark. If n is a self-similar excursion measure (with similarity index «) then (1.3)
implies that there is a constant C €]0, co] such that

(2.17) n[Ty, >t =Ct™", t>0.

In particular, if n is the excursion measure guaranteed by part (a) of Theorem (1.22), then (2.15)
and (2.17) combine to show that

C=CHQ"[I" ],
and so condition (1.24) holds if and only if n[Ty > 1] < co.

3. AN APPLICATION.

Suppose that our self-similar Markov process X satisfies (1.16). In this section we shall apply
part (a) of Theorem (1.22) to obtain the following improvement of Theorem 6(i) of Chaumont
and Rivero [CRO6].

(3.1) Theorem. Suppose there exists k > 0 such that
(3.2) Q lexp(—rZy)] = 1, for some (or all) t > 0.

Then h : x — x~" is a purely excessive function for X, and the h-transform process X" with
laws

(3.3) Pi[F,t < Tp) =z - P*[FX; "], t>0,Fe€bFi,xz>0,
is “X conditioned to converge to 0”:

(34) Pi[XTo— =0,Tp < OO] =1, Yz > 0.

Proof. Let us start with the Lévy process 7 :=-Z , the dual of Z with respect to Lebesgue
measure on R, and apply the inverse Lamperti transformation to obtain a self-similar Markov
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process X = (()?t)tZO; (f’x)zzo) on [0, oo[ with 0 as a trap. The process X is in weak duality with
X with respect to the measure n(dz) := 2= +Y/H dz; see [VG86]. By hypothesis, X satisfies
the condition (1.23) of part (a) of Theorem (1.22). In particular, P*[Ty < oo] = 1 for all z > 0.
(Otherwise, the Lévy process 7 has infinite lifetime and lim SUD; 4 oo Zg = 400, a.s., hence the
moment generating function Vof Z (defined by analogy with (2.7)) vanishes at 0 as well as at
k. Since ¢ in convex on [0, ], this yields 1'(04) € [—o0,0][, implying that Z drifts to —oc, a
contradiction.) By Theorem (1.22)(a), applied to X, there is an X-excursion measure n under
which the coordinate process on (€2, F) is a strong Markov process with transition semigroup
(P,) (that of X) and entrance law (fi;);>0, say. Moreover,

(3.5) m(B) :—/0 n(B)dt = C'/B g Y g VB € Bjy,o0[,

for some constant 0 < C' < co. By Nagasawa’s theorem, as found for example in the section 4 of
[F87a] (see also [D85] and the appendix of [F99]), the process X defined by

(3 6) X . { X(To—t)—a if 0 <t < Ty,
. t =

0, otherwise,

is Markovian under n, with transition semigroup

(3.7) Pl f(z) := 2" P*[f(X;) X, "t < Ty
i.e., the h-transform of (P;) corresponding to h(z) = z~".
under the mapping w +— X (w) is an X"-excursion measure. Because n[Ty = oco] = 0, we have,
for e > 0,

In other words, the image n of n

0O=tle<Th=od] =1 [PhXe[TO = oa];Th > ¢,
so P{ [Ty = oo] = 0, first for Lebesgue a.e. x > 0, then for all x > 0 because this probability does
not depend on x—apply (1.2) and (1.3) to X". Similarly,
nXo#0=n llim§up X, > 0] =n[Xy,#0] =0,
t1To

so if € > 0,

P;)fe limsup X; > 0

t1To

0=n {T0>6}ﬁ9€_1{limsupXt>0}1 =n ;To > €
t1To

It follows that

Pi,
tTTo

limsup X; > 01 =0,

first for m-a.e. © > 0, and then for all x > 0 by the reasoning used above.
O
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