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1. Introduction and summary

Let w(t),0 < ¢t £ o0, denote a standard Wiener process. The general law
of the iterated logarithm (see [6], p. 21) says that if g is a positive function such
that g(t)/\/t— is ultimately nondecreasing, then

(1.1) P{w(t) = g(t)i.o. t 1 o0}

equals 0 or 1, according as
© gt 2t

(1.2) f gs(—ﬂ)exp{-lg ( )} dt < o0 or = 0.
Lt 2t

(The notation i.o. ¢t co (| 0) means for arbitrarily large (small) ¢.) In particular,
fork = 3 and

k 1/2
(1.3) g(t) = [2t(log2 t+3logst + ) logit + (1 + 6)log., t):l ,

i=4

the probability (1.1) is 0 or 1 according as 6 > 0 or 6 < 0. (We write
log, = log log, e, = €, and so on.)

For applications in statistics it is of interest to compute as accurately as
possible

(1.4) P{w(t) 2 g(¢) for some t > 7}

for functions g for which this probability is < 1; that is, functions for which
(1.2) converges (see [3], [10], [12]). In [11], we gave a method for computing
(1.4) exactly for a certain class of functions g. A sketch of this method follows.
Since exp {fw(t) — $0%t},0 < t < oo, is a martingale for each 6, Fubini’s
theorem shows that [§ exp {fw(t) — 36%t} dF(0),0 < t < 0, is also a mar-
tingale for any o-finite measure F on (0, c©). Let
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© Zt
(1.5) flx, t) = J exp {Ox - %} dF(0),
0
and for each ¢t = 0 and ¢ > 0 let A(, €) be the solution of
(1.6) flx, t) = e.
Then
1.7 P{w(t) = A(t, ¢) for some ¢ = t}

= P{f(w(t), t) 2 ¢ for some ¢t = t},

and we use an elementary martingale equality to evaluate the right side of (1.7).
The relation of w(t) to the sequence of sums of i.i.d. random variables with
mean 0 and variance 1 then permits the asymptotic evaluation of boundary
crossing probabilities for partial sums.

In view of (1.3) a choice of F of particular interest is, for > 0,

1 1 1\1+o7]-1 \
-1 _ - < X

0 . otherwise,

for which it is shown in [11] that for any ¢ > 1/0,

k
(1.9) A(t, &) = [2t(log2 t+ 3logyt + Z log; ¢
i=4

¢ 1/2
+ (1 + d) lo, t + log—— + o(1
( ) logy +4 g2\/; ()):I

ast — o0 and
(1.10) P{w(t) = A(t, ¢) for some ¢t = 0} = 5—18

The purpose of this paper is to obtain analogous results for maxima and
minima of sequences x,;,x,, -+ of ii.d. random variables. We begin in
Section 2 by establishing an analogue of the criterion (1.2) for a law of the
iterated logarithm for sample minima. In Section 3, we give an application of
this result to a conjecture of Darling and Erdos [2]. In Sections 4 and 5, we
introduce a continuous time process v,, 0 < ¢ < oo, related to min (x,, :  *, x,)
in much the same way that w(¢) is related to ; + - -+ + z,, and apply the
methods of [11] to the study of this process. In spite of the dissimilarity in the
behavior of v, and w(t), the measure F defined by (1.8) plays the same role for
v, as for w(t).
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2. The law of the iterated logarithm for minima of uniform variables

THEOREM 1. Let u,, u,, - - be independent and uniform on (0, 1), and let
V, = min (u,, - - -, u,). Let (c,) be any sequence of positive numbers. Then :

(i) if ca/n | for all sufficiently large n, then P{nV, < c,i.0.} = 0 or 1 according
as

@.1)

o

n

i—Ms

converges or diverges;
(ii) if c,/n | and c, 1 for all sufficiently large n, then P{nV, = c,i.0.} =0 or 1
according as
o c, e
converges or diverges.
CoROLLARY 1. Fork = 3,

x
(2.3) P{nV,, 2logyn + 2logsn + ) log;n + (1 + d)log., ni.o.}
b i=4

is equal to 0 or 1 according as & > 0 or 6 < 0.

REMARK 2.1. The proof of (i) is an immediate consequence of the Borel-
Cantelli lemma and the fact that if c,/n is ultimately decreasing, then V, < c,/n
i.o.ifand onlyifu, < ¢,/ni.0. The proof of (ii) is much harder and will be given
below. .

REMARK 2.2. If M, = max (u;, -, 4,), then Theorem 1 holds with V,
replaced by 1 — M,.

REMaRK 2.3. Under different regularity conditions on the sequence (c,),
Ville [13] has shown that if (2.2) converges, then P{nV, = ¢,i.0.} = 0. His
approach is similar to the one we take in Section 4. Pickands [8] has also
obtained some results in the direction of Theorem 1.

REMARK 2.4. The condition in (ii) that c, be ultimately increasing is bother-
some in some applications (see Remark 2.5 below), but it cannot be dropped
completely. For example, if ¢, = 1/n, then both (2.1) and (2.2) converge.
Hence by (i), P{nV, = c, for all sufficiently large n} = 1, which is incompatible
with the conclusion of (ii) applied to the same sequence c,,.

REMARK 2.5. Let x,,x,, -+ be independent random variables with a
common continuous distribution function F. Since u, = F(z,) is uniform on
(0, 1) and

(24) F[min (xly Tt xn)] = min [F(xl)’ Tt F(xn)]
= min (uy, ", u,) =V,
Theorem 1 implies a law of the iterated logarithm for min (x,, -, x,). In

particular, (ii) implies that if (a,) is any sequence of numbers such that a, is
ultimately decreasing and nF(a,) is ultimately increasing, then P {min (z,, - -,
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Z,) 2 a,i.0.} = 0or 1 according as
(2.5) Y F(a,) exp { —nF(a,)} < o or = 0.
1

The condition that nF(a,) be ultimately increasing may be difficult to verify
for a given F, and hence, it is worth observing (as will become apparent in the
proof below) that the condition in (ii) that ¢,(= nF(a,)) be ultimately increasing
may be replaced by the growth condition

(2.6) lim inf —"— > 1
o log,n

Moreover, it follows a fortiori that if ¢, < () ¢, and P{nV, = ¢, i.0.} = 1(0),
then P{nV, = c,i.0.} = 1(0). Hence, (ii) may be applied indirectly to some
sequences (c,) which satisfy neither the monotonicity conditions of (ii) nor the
growth condition (2.6).

REMARK 2.6. Letxz,, x,, - - - be independent N (0, 1) random variables with
distribution function ®(x) = [, ¢(y) dy, where @(y) = (2r) "2 exp {—1y?}.
For k& = 3 and § arbitrary, let

n

(2.7) a,,=——|:2lo— log, n — 2 lo (lo n + 2logsn
82\/; g2 g\ 1082 g3

+

it

1/2
log;n + (1 + J) logy ., n)] .

From the fact that

(2.8) d(x) = Ixil(p(x)[l + 0(%)], asx - — 0,

it can be shown that ¢, = n®(a,) satisfies (2.6), and hence, by (ii) and the
preceding remark, that P{min (x,, ', x,) 2 a,1.0.} = 0 or 1 according as
0 > 0ord < 0. Alternatively, it is possible using (2.8) to replace the criterion
(2.5) by one involving the normal density ¢; the argument of Lemma 8 below
(together with (2.5), (2.8) and Remark 2.2) shows that if (a,) is any ultimately
increasing sequence of positive numbers such that na, ' ¢(a,) is ultimately
increasing, then P{max (x,, -, z,) < a,1.0.} = 0 or 1 according as

(2.9) i (%) exp {— n M}
1

ay ay

converges or diverges.

The truth of (ii) follows from Theorem 2 and from Lemma 8 below which
shows that the conditions of (ii) imply those of Theorem 2.

THEOREM 2. Let o > 0 and n, = exp {ak/logk}, k = 2,3, -+, and assume
that c,/n is ultimately decreasing.
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i) If
(2.10) ; exp { — ¢y}

converges for some a, then P{nV, = c,i.0.} = 0.

(ii) If (2.6) holds and (2.10) dwerges for some a, then P{nV, Z c, i.0.} = 1.

As usual, [x] denotes the largest integer < x. To avoid burdensome detail
in the proof, we have ignored the difference between =, and [n,].

Proor. For (i), suppose that (2.10) converges for some o. By replacing c,
by min (c,, 2 log, #), we may assume, without loss of generality, that

(2.11) ¢, < 2log, n.
By the Borel-Cantelli lemma, it suffices to show that
(2.12) ZP{nV c,forsomen, <n < myy ) < 0,

and hence, by the monotonicity of V, and the ultimate monotonicity of c,/a,
to show that

(2.13) ZP{ > ""“} < oo.

Ny + 1

But

i
(2.14) log P{ v, gc"“*} = log (l —c-'l'%) < - ﬂ—cm‘“
R+ 1, P+ i +1

< —¢ ox ak _ a(k + 1)
= T P og e+ 1) log (k + 1)

—a
= —Cp,,, €XP {m}

1 o
e log (k + 1)

+ 20 + o(1),

1A

= 'lk+1

where the last inequality follows from (2.11). Inequality 2.13 now follows
immediately from the convergence of (2.10).

For (ii), assume that (2.6) holds and that the series (2.10) diverges for some a.
Let ¢, = min (c,, 2 log, #). Then X, exp {—c, } = Z,exp {—c, } = o0, and
since by the first part of the theorem

(2.15) P{nV, =2 2log, ni.0.} =0,

it follows that with no loss of generality we may again assume that (2.11) holds.



56 SIXTH BERKELEY SYMPOSIUM: ROBBINS AND SIEGMUND

Let 4, = {n.V,, Z ¢, }. By Kolmogorov’s 0-1 law, P(NZ_, UZ ,4,) = 0
or 1, and hence, to show that infinitely many of the events 4, occur with
probability 1, it suffices to show that for all k,

(2.16) P( D Ak> > %.

k=ko

Let ky > ko and for kg < k < ky let B, = A,nA;. N Nn4;,. Then

9 k1 ky
(2.17) U 4=>U 4=U B
k=Zko k=ko k=ko
and the events B, , B, ,,, ", B,, are disjoint. Hence, to prove (2.16), it
suffices to show that there exists a k; > kq, k, depending on k,, such that

(2.18) Z PB,) = 1

k=ko
Butforeachky < k < K,

(2.19) B, = Akr\{V:j‘ <% forallk <r < kl},

n,

where we have set V; = min;.,<; «,. Hence, by the independence of the u,,

(2.20) P(Bk) = P(Ak) {Vnk ':r for allk < r é kl}

r

> P(Ak)(l - ;ﬂ P{V"" > 7})

It is easy to see from (2.6) that as k — o0, P(4;) — 0, and from Lemma, 1 below,
P(4,) = oo. Hence, there exists a number K, (to be further specified below)
such that for any &y, = K, and for some k; > k,,
k1

1
(2.21) 1= ka P4 £ — >

It follows from (2.20) and (2.21) that to prove (2.18) it suffices to show that

ki

(2.22) sup Y P{V;’:‘ = &} < L

koSkSks r=k+1 n, 2
It will be shown in Lemma 8 below that if (2.6) holds, then (2.10) converges or
diverges simultaneously for all values of &, and hence, it suffices to prove (2.22)
for one value of a. This will be done in Lemmas 2 through 7 below, completing
the proof of the theorem.

Lemma l. X, P(4,) = oo.
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Proor. Since log (1 — x) 2 —z — z? for all sufficiently small positive x,
we have from (2.11) as k — o0,

Con, e CL
(2.23) log P(4,) = m log(1 — P Z2m|——— )2 —c, + o(l).

k g ny

The lemma now follows from the divergence of (2.10).
In Lemmas 2 through 7 below, @ > 1 and 0 < 4 < 1 will be fixed numbers
satisfying

1/2
(2.24) A > (ﬁ) ,

6
and
(2.25) exp {043} > 17.
LemMA 2. There exists a number K, such that for all k = K, and r > k,
(2.26) ;ﬁ < exp {ji'l%:ﬂ}

Proor. Letv = r — k. Thensincelog (1 + x) < =z,

ny ok alk + v) ak log (1 + v/k) av
2.27) log—* = - - -
n, logk log(k+v) logklog(k + v) log(k + v)

o 1 (r — k)
< - — - < - _
= log(k +v) (l log k) S log r

fork > K,,providedlog K; = (1 — A)~ 1.
LEmMA 3. Foreachklet ry = ri(k)be the largest integer r such thatr — k <
(log )'/?. There exists a number K, such that forallk > Kyandk < r < rq,

(2.28) P{V:r" > c—"'} < exp {—ad3(r — k)}.

r

Proor. From the inequality 1 — x < e™* and Lemma 1, for r > k = K,
we obtain

< exp {—(1 — exp {—Aa (Tlo; f)}) Cn,}

For all sufficiently small positive x, 1 — e™* = Ax. Hence, there exists K3 so
large that forall k =2 Ky and k < r £ ry,

r—k r—k
_ - > al?
(2.30) 1 exp{ Aa( fog r)} = al (log r).
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Finally, by (2.6), there exists K, so large that forr > K,
(2.31) C, = Alogr.

With K, = max (K,, K5, K,), the lemma follows from (2.29), (2.30), and (2.31).
Lemma 4. Foreachk = Kyandr > ry,

(2.32) P{V,':: > c—} < exp {—13(log )"/2}.
nr
Proor. From (2.29) and (2.31), we have

c r—k
. P e > Al < - _ _ v
(2.33) {V,?r = "r} < exp{ (1 exp{ A log 7 }) c,,r}

exp {—(1 — exp {—4 (log r)"/?}) A log r}
exp {—A3(log r)'/?}.

lIA

IIA

LEmMA 5. For each k, let r, = ry(k) be the least integer r > k such that
r 2 k + (log r)>. Then forallk > K, andr = 75, n,/n, < 1/r.
Proor. By (2.27),fork = K, and r = r,,

7y r—k
2.34 log— =< — < - -1
(2.34) Ogn,'_ la(logr)" lxlogr < —logr
LemMa 6. There exists a number K5 such that forallk =2 K5 and r > r,»
Cp 1
(2.35) P{V:: = —'} < 5 P(4,).
n, A

Proor. From (2.23), we have
(2.36) P(4,) 2 dexp {—c,,

forall » > some K4. Hence, by Lemma 5, (2.11), (2.29), and (2.36), we have, for
allk = K = max (K, K¢)and r = r,,

(2.37) P{V;‘f > c—} < exp {—(1 — % )c}
n, n,

1
< 5 Pd,) exp {2—1°—fﬂ} < L P@,).

=7
Note that 7, (k) ~ k as k — oco. Let K, be so large that for all k = K,

(2.38) ry(k) < 2k

and

(2.39) 8(log k)? exp { —A3(log k)'/*} < £5.

LemMMa 7. For Ko = max (K, -, K;)and all ky, = K,, (2.22) holds.
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Proor. Forallk, < k < k,,

ry ra ki
(2.40) Z P{V"k_ "’}§ Y + Y + ¥

r=k+1 nr r=k+1 r=ri+1 r=rz+1

which by Lemmas 3, 4, and 6, equations (2.21), (2.24), (2.25), (2.38), and (2.39),
does not exceed

(2.41) Z exp { —al’(r — k)} + 2(logr,)? exp { — A (log k)'/?} +)¥2 z

r=k+1 r=r;
exp { —ad’}

=1 — exp {—ai®}

< 1 1 6 1

1
+ 2(2 log k)? exp {—A*(log k)'/*} + — (156>

“16 16 16 2

The following lemma shows that the conditions of Theorem 1(ii) imply those
of Theorem 2. Note that the condition that (c,) be ultimately increasing is used
only to show that (c,) may without loss of generality be assumed to satisfy (2.6).
This substantiates Remark (2.5) above.

LemMmA 8. Let (c,) be any sequence of positive numbers such that c,/n is
ultimately decreasing and either (c,) is ultimately increasing or (2.6) holds. Then
(2.2) converges if and only if (2.10) converges for all a > 0.

Proor. First observe that without loss of generality we may assume that
(2.11) holds. In fact, if ¢, is ultimately increasing, so is ¢, = min (c,, 2 log, n),
while if (2.6) holds then it also holds for c,, and it is easy to see that replacing
¢, by ¢, does not alter the convergence or divergence of either (2.2) or (2.10).

We next show that with no loss of generality it may be assumed that (2.6)
holds. Suppose that ¢, < ¢,,, for all n = ny. If lim,_ , ¢, < 00, then (2.2)
and (2.10) both diverge and continue to do so if ¢, is replaced by ¢, =
max (c,, log, n). Suppose on the other hand that ¢, - oo. Since xe™  is
decreasing for large x, we have
(2.42) Z%e'fk > e Y k™! 2 ce " logn — O(1),

no no
which — o0 along any subsequence »’ for which ¢, < log, »’. Hence, if (2.2)
converges, (2.6) holds. If (2.2) diverges, we see from (2.42) that we may replace
¢, by ¢, = max (c,, log, n) and maintain divergence, so in this case as well we
may assume that (2.6) holds.

It remains to prove the lemma under the assumption

(2.43) Llog, n < ¢, £ 2log, n.

Now

M & & By +1
244) (1 — ~1 - — ~ ~ -1 k> oo,
( ) < "k+1> exp{ log k} log k& < ny ) e
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and hence, from (2.43),

(2.45) c,,“l(l M ) cnk<M _ 1)
R+t L

are bounded away from 0 and o0. Since c,/n is decreasing for large =, if (2.2)
diverges, we have

(246) 0 =) ) ﬁexp{:—&n} < Z(ﬁexp{—%nk}> (M1 — M)
n =\ n, n

k nmx<n=nki, n

g+ Ny
Cpl— — 1)expq—cu,, +Cp. {1 —
; k( L > { ‘ - ( ”k+1>}

const. ) exp {—c,, ., }-
K

IIA

IIA

The case in which (2.2) converges is treated similarly.

3. A conjecture of Darling and Erdés

In [2] Darling and Erdos obtained the limiting distribution of

(3.1) Y, = max w(®) ast — oo.

osese (T + 1)l/2
(This question was suggested by an inequality in [9] concerning the statistical
consequences of ‘“‘optional stopping.”) They also conjectured an iterated
logarithm law for the process y,, namely:
(a) there exists a constant ¢, > 0 such that

log; ¢ (cy + d)log, t .
2 Py, = (2log, t)'/? 3 0.1
(3.2) {yl 2 (2logy 1) + 2(2 log, {)12 + 2 log, )72 io. t1

=0orl according as 6 > Oord < 0;
and

(b) there exists a constant ¢, > 0 such that

log; ¢ (co + 0)log, ¢,

3.3)  P{y, < (2log, )2 2 - 0.t

(3.3) {yt = (2log, 8)7° + 2(2 log, 1)1 2 log, )12 1o. ¢t 1o
=0orl according as 0 > Oord < 0.

Since y, is increasing in ¢, it follows that for any ultimately increasing
function ¥(t), y, = Y (t) for arbitrarily large ¢ if and only if w(t) = (¢ + 1)Y/2y(¢)
for arbitrarily large ¢ (see Remark 2.1). Hence, from (1.3) we see that the proba-
bility (3.2) is I for all ¢, and §; that is, conjecture (a) is false. A correct version
of (a) is

1 t 1 d) 1 t
(3.4) P{y, = (2log, )12 + 3 1ogs (1 + o) log i.0. tToo}

2210z, 02 T (2log, )7
=0orl accordingas d > Oord < 0.
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Conjecture (b) is correct, but more difficult to prove. In this section, we shall
use Theorem 1(ii) to verify (b) and identify the constant ¢, as 1. We shall only
sketch the proof, which relies greatly on the method of Motoo [6]. (Motoo’s
method illuminates the entire paper [2] as well as the relation of Theorem 1(i)
to (a) and Theorem 1(ii) to (b).)

Let

(3.5) U(t) = e 'w(e — 1).
It is easy to verify that

' x — ue ! dx
(36) P{U(t + s)e dx'U(s) =u} = ‘P<(1 — e—z:)uz) (1 — e 2y

and hence, that U(t), 0 < ¢t < 0, is a Markov process with stationary transition
probabilities and infinitesimal generator

3.7) Df(x) = f"(x) — xf'(x).
(This U(¢) is the Ornstein-Uhlenbeck process with U(0) = 0.) To prove (b)
with ¢, = 1, it suffices to show that

(3.8) P{max U(t) < (2logt + log, t — (2 + 6) log; t)"/*i.0.t T 0}

0<:s1
=0orl according as é > Oord < 0.
Define T, = 0 and foreachn = 1,2, -- -,
3.9) Tyooy =inf{t:t > Ty, ,, U(t) = 1},
Ty, =inf{t: ¢t > Ty, , U(t) = 0}.

It may be shown that y = ET, < oo, and since 7, — Ty, T, — T,, - - are
independent and identically distributed, it follows from the strong law of large
numbers that

(3.10) P{TZ" - y} =1.
n

Let x, = maxy,, ,<,<r,, U(t)yn =1,2,---. Then x;,x,, - are i.i.d., and
for a > 1, P{x, > a} is the probability that the process U(¢) starting from 1
reaches the level a before it reaches 0. From (3.7) and standard diffusion theory
it follows that P{x, > a} = g(1), where g(x) satisfies g"(x) — xg(x) = 0,
0 < x < a, subject to the boundary conditions g(0) = 0, g(a) = 1. Hence,

[ exp (3y?} dy - )
(311) P{x,, > (l} = m = Na exp {—-2-a }(l + O(a—2>>
0

as @ — o0, where we have put n = [} exp {3¥*} dy. Let 6 > 0 and



62 SIXTH BERKELEY SYMPOSIUM: ROBBINS AND SIEGMUND
(3.12) Y(t) =[2logt + log, t — (2 + &) log, ¢]'/2
Since ¥ is ultimately increasing, we have by (3.10) for any ¢ > 0,

(3.13)  P{max U(t) S ¢ io. tTo}< P{ max U() < y(Tosz)io]

< P{lrgfx x, < Y(n(y + ¢))i.o.}.
It follows from Remarks 2.2 and 2.5 and some straightforward calculation using
(3.11) that
(3.14) » P{max U(t) < y(t)i.0.tTo0},
0<tst
that is, the probability (3.8), is O for 6 > 0. A similar argument shows that
(3.8)is 1 for 6 > 0.

Motoo’s method of proof of the criterion (1.2) for the Wiener process [6] is
essentially a combination of the preceding argument with Theorem 1 (i) instead
of Theorem 1 (ii). It is interesting to note that neither Motoo’s nor our argument
requires knowledge of the exact value of y = ET, or of the constant n appearing
in (3.11). A more careful analysis shows that under certain regularity conditions
on the function y,

(3.15) P{max U(z) £ yY(t)i.o0. tTo0},

= O or 1, according as Lw F @) exp{ \/_f(lll(t))}

is convergent or divergent, where we have set f(x) = x exp { —3x*}. However,
establishing this deeper criterion requires knowledge of the constants y and #
and in particular that y/q = (2n)}/. (It is interesting to observe that if we had
defined the stopping times 7, in our proof in terms of 0 and an arbitrary number
b > 0, then y and 5 would depend on b, but the ratio y/5 would not.) It is also
necessary to sharpen (3.10) to, say,

Tyn — my
: P S0 =1,
(3.16) {nl P og s 0}

which is a consequence of the fact that ET? < o0 and the usual proof of the
strong law of large numbers using Kolmogorov’s inequality and Kronecker’s
lemma (see [7]). We omit the details.

4. A continuous time extremal process

In this section, we introduce a continuous time process v, which bears more
or less the same relation to the process V, as the Wiener process does to the
sequence of partial sums of i.i.d. mean 0, variance 1, random variables, and
give boundary crossing probabilities for this process analogous to those of [11]
for the Wiener process.
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Consider the sequence of processes nV,;, 0 <t < oo. For any 0 =
o<l <ty <:--<tanda; 2a,="-=a, >0, wehaveasn »

(41) P{nV[ntl] g al:“'7nV[nt] = a’}
r [nti] —[nt; - 1] n
I_I (1 - _> b d exp {_ Z ai(ti - ti—l)}'
i= i=1

This suggests defining »,,0 < ¢ < oo, by the following consistent family of

joint distributions: for 0 = ¢, < ¢, < <t and —0 <@a; < ®©, i =
1,2’...’,’-,
, ,
42) P{v, 2ay,,"",v, 2a} =exp {— '21 max (a;, -, @)% (t — ti—l)}"
i=

By Kolmogorov’s consistency theorem, there exists a process, say @,, having
the finite dimensional joint distributions given by (4.2). Defining v, = lim,, 7,
where s runs through rationals greater than ¢, we obtain a process having the
same finite dimensional joint distributions as #, and in addition right continuous,
decreasing sample paths. We shall call any such process a standard extremal
process.

It is easy to see from (4.2) that the process v,, 0 < ¢ < o0, is Markovian with
stationary transition probability

63 Pl 2z asle =y = P72 2 6
For each 1 > 0, let b = h(r) = inf {¢t: ¢ > 1,9, < v.}. Then {h > t} = {v, =
vt}, and hence, by (4.3),
(4.4) P{h > t|v, = a} = exp {—a(t — 1)}.
Also for a, < a,,
(4.5) Plo, S ay,t <h<t+d|v,=a,}
=P{vps S a3t <h <t+d|v,=a,} + 0(d)
= P{v,4,
= (1 — exp {—da,}) exp {— (¢t — T)a;} + 0(d),

=
< a5, 0 2 ay|v, = a;} + 0(6)

SO

(4'6) P{vh_azlv —al}—j P{'vh§a2,h€dt|v,=a1}=z—2.
T 1

It follows that the sample paths of the process v,,0 < ¢t < 0, may be
described as follows: for any T > 0, if the process is in the state a at time 1, it
remains there for a random length of time having a negative exponential distri-
bution with parameter a and then jumps to a point uniformly distributed on
(0, @). By (4.2), P{v,, = + o} = 1, and with probability 1 there are infinitely
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many jumps in each neighborhood of ¢ = 0. Except for the behavior of v, near
t = 0, this description is analogous to that of the discrete time process V,,
which holds in each state @ a random length of time which is geometrically
distributed with parameter a and then moves to a point uniformly distributed

on (0,a). If &, x,, - are i.i.d. with P{x; =2 2} = e™*, and v} = min (z,,
-, x,), then the process v, interpolates the process v} in the sense that the two
sequences v, and v}, n = 1,2, - - -, have the same joint distributions.

Trivial modifications of the proof of Theorem 1(ii) prove:

THEOREM 3. If c(t) 2 0 is ultimately increasing and c(t)/t is ultimately
decreasing. then P{v, = c(t)/t,i.0.tT 00} = 00r 1, according as [T (c(t)/t)e™ " dt
converges or diverges.

Since P{v,, = +00} = 1, it is of interest to obtain a description of the rate
of growth of v, as ¢ | 0. A law of the iterated logarithm for v, as ¢ | 0 follows from
Theorem 3 and the following inversion theorem.

TureoreM 4. For each v > 0, let T(v) = sup {¢: v, = v}. The process T (v),
0 < v < o, is a standard extremal process.

Proor. The fact that the sample paths of 7'(v), 0 < v < o are decreasing,
right continuous step functions follows at once from the corresponding
properties of v,, 0 < t < co. Hence, it suffices to show that 7(v) and v, have
the same finite dimensional joint distributions. For 0 < 4« < vandt > t > 0,
except for a set of probability 0,

(4.7 {(Tw) =1, Tw) 2t} ={v, 2 v, v, 2 u},
and hence, by (4.2),
48)  P{T@) zrt T 2t
=exp{—tv — (t — t)u} = exp {—ut — (v — w)t}.

The general case of an arbitrary finite number of time points u, v, - - -, z follows
by the same argument.

For any strictly decreasing function y defined on (0, ), v, 2 ¥(t)i.0. £ |0
if and only if T(v) > ¢ ~!(v) i.0. v 0. Hence, by Theorem 4,

(4.9) P{v, = Y(t)i.0. t |0} = P{v, > Yy~ '(t)i.0. t1 o0}

For example, by Theorem 3 and (4.9), we have

. tv,
(4.10) P<lim sup =1, =1.
t—0 1
log, n

We now show that the method of [11] yields boundary crossing probabilities
for the process »,, 0 < ¢ < 00, analogous to those obtained there for the Wiener
process.

Let F denote a measure on (0, 00) assigning finite measure to bounded
intervals, and define forx > 0,¢ = 0, ¢ > 0,
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fay= [ etar.

{0<y=x}
4.11
( ) A(t,e) = inf {x: f(x, t) 2 e} (= w0 if f(x, ) < ¢ for all x).

It is easily seen that for all ¢ = 0, x = A(¢, ¢) if and only if f(x, ¢) = &, and
that if 7, = inf {t: A(z, &) < o0}, then A(-, ¢) is continuous and decreasing on
(To, ©) and A(ty, &) = lim,,, A(t, &). Moreover, if F{A(t, &)} = 0, then
flA(t, e), t) = e

Let #, = #(v,, t < t). Since {I[v, = y]e”, #,,0 £ t < o} is a martingale
for each y > 0, as may be verified by direct computation using (4.3), it follows
from Fubini’s theorem that { f(v,, {), %, 0 < ¢t < oo} is also a martingale.

THEOREM 5. For any ¢ > F{(0, c0)}

(4.12) P{v, = A(t, ¢) for some t > 0} = M

For eacht > 0,
(4.13) P{v, = A(t, ¢) for some t = 1} = exp { —1A(1, €)}

+ ¢! [F{(O A(z, &)} — exp {—1A(1, ¢)} e” dF(y)]

(0 <y<A(r,e)}

(= e 'F{(0, A(r. &))} if F{A(1, &)} = 0).

Proor. The parenthetical part of (4.13) follows at once from the preceding
line and the observation that if F{A(z, ¢)} = 0, then

(4.14) quww e dF(y) = f(A(1, &), 7) = &

equation (4.12) follows from the parenthetical part of (4.13), by letting t |75 =
inf {¢: A(t, &) < o0} through any sequence of values such that F{A(t, &)} = 0.
The proof of (4.13) follows from Lemma 1 of [11], Remark (d) at the end of
Section 3 of [11], and Lemma 9 below (see the proof of Theorem 1 of [11]).
LemmA 9. The function f(v,, t) tends to 0 in probability.
Proor. Let ¢ > 0. By the weak convergence of the family F,{-} =
F{(-)n(0, c]/t} to the 0 measure,

(4.15) f e dF(y) = j e’ dF<g> -0
(0<y<c/ {0<ysq ¢

ast — oo. Hence, for any ¢ > 0, for all ¢ sufficiently large,

v

(4.16) Puwwnge}gp{uz§}=eﬂ,

which can be made arbitrarily small by taking c sufficiently large.
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5. Asymptotic expansions for A(¢, &)

If the measure F of the preceding section is taken to be Lebesgue measure on
(0, ), it is easily seen from (4.11) that

56.1) A(t, g) = %log (1 + ¢t) = % [logt + loge + O(%)]

as ¢ - 0. By Theorem 3 there exist functions g(t) ~ log, ¢/t as ¢ - oo such

that P{v, = g(¢) for some ¢ > 0} < 1, and it is natural to ask whether we can

find boundaries with this rate of growth to which Theorem 5 applies.
THEOREM 6. If F is defined by (1.8), then for k = 2

(56.2) A(t, ) = —1— [log, t + (2 + &) logs ¢t + log e + o(1)]
as t — oo, while for k = 3,

1 k
(5.3) A(t,e) = - I:logz t+2logst + Y log;¢

i=4

+ (1 4+ d6)logy, ¢t + loge + o(l):l

asl — 0.

(See equation (10) of [11] which describes the cotresponding result for the
Wiener process. )

To prove (5.2), let F be given by (1.8) with k = 2 and let F'(y) = dF/dy.
(The proof of (5.3) when F is given by (1.8) with & = 3 is similar and will be
omitted.) It follows easily from (4.11) that

(5.4) A =A(t,e) >0
as { — o0. Similarly,
(5.5) tA - .

In fact, if there exists a number C such that t4 < C along a sequence of ¢ values,
then

¢ z
(5.6) e = J e dF (—)
o t

But F(z/t) > 0 as t — oo for all z > 0, and hence, j'g e* dF(z/t) —» 0 as { - o0,
contradicting our supposition. Since F’ is decreasing in a neighborhood of the
origin, we have by (5.4) for all ¢ sufficiently large,

F'(4)(e” — 1)
t

»

A
(5.7) e=fld,1) = j " F'(y) dy 2
0

and hence, by (1.8) and (5.5),
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tA

(5.8) lim sup 1 ° i S e
t4 log — <10g2 A)

Rewriting (5.8) a

[y

1 1
56.9) A4 = y|loget + logd + long (1 + 0) log, 1 + o(l)],

we see by (5.4) and (5.5) that 4 < (log ¢/t)[1 + o(1)], and hence log 4 <
log, t — log ¢t + o(1). Since (5.5) implies a fortiori that for all sufficiently large
t we have 1/4 < ¢, and hence

(5.10) log, 1/4 < log, t.
we have from (5.9),
1
(6.11) AL ;[logs + 2log, t + (1 + 6)logz t + o(1)].
Thus log 4 < —logt + logz ¢t + O(1), which by substituting once more in
(5.9) yields 4 < log, t/t (1 + o(1)) and hence
(5.12) log4A < —logt + log; t + ofl).

Finally, substituting (5.12) and (5.10) in (5.9), yields one half of (5.2), to wit

—_

(56.13)

e-s|>—d

[log, ¢ + (2 + 9)logy ¢ + log e + o(1)].
In particular,

(5.14) lim sup <1
t-o  log, t

To prove (5.13) with the inequality reversed let 0 < b < ¢ < 1. From (4.11),
we have for all ¢ sufficiently large

bA cA A
<J + Jv + j )eV‘F’(y) dy
0 bA cA

ctA tA

F'(bA) + eTF’(cA)

(5.15) ¢

Il

e

IIA

" F(bA) +

ebtA ectA etA

§ 1 4 + 1 1 1+0 + 1 1 1+46
- - - — [ tog —
5(log 2A> btA log 1 (10g 2A> ctA log 1 (og 2A>

Let b = 1/log, t. Then from (5.4), (5.5), (5.14), and (5.15), we obtain for large ¢

tA tA

e
logl/A_ ()+llogt

(5.16) e < o(l) +
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and hence,

log, ¢

(5.17) ;

= 0(4).

From (5.14) and (5.17), it follows that for all # sufficiently small,

5.18 < =1
(5.18) 1S oS
forall sufficiently large ¢. Using (5.18), we see that the second term on the right side
of (5.15) is majorized by exp {c(1 + 1) log, t}/(n/2 log t) for large ¢, which con-
vergestoOas ¢ — oo forysosmallthatc(l + n) < 1. Hence, letting # - cc, then
¢ — 11in (5.15), we have

tA

(5.19) lim inf ¢

= e
t— o 1 | A
tA logz <10g2 Z)

\

The reverse of inequality (5.13) now follows from (5.19) by an argument similar
to that which led from (5.8) to (5.13). This completes the proof of (5.2).

6. Remarks

REMARK 6.1. Extremal processes in continuous time have been studied by
Dwass [4] and Lamperti [5]. Lamperti proved an invariance theorem which is
helpful in the proof of (6.2) below.

REMARK 6.2. Theorem 2(i) of [11] states that if g is a positive continuous
function such that g(¢)/t'/? is ultimately increasing and (1.2) converges, then
for each 7 > 0,

(6.1) P{w(t) = g(t) for some t = 1}

= lim P{S, = m*?g(n/m) for some n = tm},
where S, = x, + ' + x,, and x,, x,, ' - - is any sequence of i.i.d. random
variables having Ex, = 0, Ex} = 1. An analogous limit theorem for minima
of uniform random variables is that if g is continuous and decreasing on some
interval (7o, 0)([70, ©)) and = o0 on [0, 7,]([0. 7)), and if (2.10) converges
with ¢, = ng(n), then for each t > 0,

(6.2) P{v, = g(t) for some ¢ = 7}

1
= lim P{V,l = —g<£> for some n = rm}.
m— o m m

(As in Theorem 2(ii) of [11] a similar result holds if in (6.2) we replace ¢ = t
by ¢t > 0 and n = tm by n 2 1.) The proof is similar in spirit to the proof of
Theorem 2 of [11], but the details are much simpler.
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REMARK 6.3. Using the probability integral transform, one can immediately
obtain analogous results for random variables having arbitrary continuous
distributions. (See Remark 2.5.) For example, if z,, z,, - - are i.i.d. with
P{x; =2 x} = e *(x > 0) and if g = e~ " satisfies the conditions of Remark 6.2
above, then the left side of (6.2) equals
(6.3) lim P{ max x, < logm + h(%) for some n > ‘rm}.

m— oo 1<k=sn

If the x are standard normal random variables, the left side of (6.2) equals

64 lm P{lnslka;cn 2 < 212 [logm ¥ h(%) - %log<logm . h(}n))
1/2
— log 2\/E:| for some n > tm}.

REMARK 6.4. It is possible to give a proof of Theorem 3 which is in the
spirit of Motoo’s proof [6] of the law of the iterated logarithm for the Wiener
process. In fact, it may be shown that {r, = e'v,,0 < ¢t < 0} is a positive
recurrent Markov process, and since the sample paths of this process are
continuous and increasing except for jumps in the negative direction, Motoo’s
method (as sketched in Section 3) applies with minor changes. To complete
the argument it is necessary to compute (at least asymptotically as a — o0)

(6.5) P{x(T) 2 a|z(0) = 1},

where T' = inf {¢: x(¢) ¢ [1, @)}. Since the generator 4 of the process x(¢) is
given by

(66) 4af@) = af' @) + [ (fw) - f@) du

and since p,(x) = P{z(T) 2 a|x(0) =z} satisfies Ap,(x) =0,1 <z < a,
subject to p,(@) = 1 and p,(x) = 0,0 < = < 1, it may be shown that

e+je—du
u
Y1z 1

6.7) Pal®) = —
e + j

IIA
8
IIA
8

—du
LU

and hence p,(1) ~ ae™“asa — 0.

Extensions of this approach are being investigated by Mr. J. Frankel.

REMARK 6.5. Minor changes in the method of proof of Theorem 1 applied to
max,<s<,|w(s)| yield Chung’s law of the iterated logarithm [1]; to wit: if
ultimately ¢(£) T and c(¢)/¢ ], then

t

1/2
(6.8) P{ max |w(s)| < (—) for arbitrarily large t} =0orl,
0<sst c(t)
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according as

@ 2
(6.9) j @exp{ — 7rgc(t)} dt < o0 or = o0.

The required computations are virtually identical with those of Lemmas 2
through 7 in light of the observation that for 0 <t < ¢,0 < y < x,

(6.10) P{max |w(s)| < x| max |w(s)| < y} £ P{ max |w(s)| < x}.
0ss<t 0<s<t—t

0=s=Zt
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