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THE CONVEX MINORANT OF A LEVY PROCESS

JIM PITMAN AND GERONIMO URIBE BRAVO

ABSTRACT. We offer a unified approach to the theory of convex minorants of Lévy processes with
continuous distributions. New results include simple and explicit constructions of the convex
minorant of a Lévy process, on both finite and infinite time intervals, and of a Poisson point
process of excursions above the convex minorant up to an independent exponential time. The
Poisson-Dirichlet distribution of parameter 1 is shown to be the universal law of ranked lengths
of excursions of a Lévy process with continuous distributions above its convex minorant on the
interval [0, 1].

1. INTRODUCTION

We present simple explicit constructions of the convex minorant of a Lévy process with continuous
distributions on both finite and infinite time intervals, and of a Poisson point process of excursions
of the Lévy process above its convex minorant. These constructions bridge a number of gaps in the
literature by relating: combinatorial approaches to fluctuation theory of random walks related to
the cycle structure of random permutations, dating back to the 1950’s (cf. Andersen (1950, 1953a,b,
1954); Spitzer (1956)), some features of which were extended to interval partitions associated with
the convex minorant of Brownian motion and Brownian bridge by Suidan (2001a,b) and Balabdaoui
and Pitman (2009), and results previously obtained for the convex minorants of Brownian motion by
Groeneboom (1983) and Pitman (1983), and for Lévy processes by Nagasawa (2000) and Bertoin
(2000). In particular, we gain access to the excursions above the convex minorant, which were
previously treated only in the Brownian case by Groeneboom (1983) and Pitman (1983).

1.1. Statement of results. Let X be a Lévy process. The following hypothesis is used throughout
the paper:

(CD): For all t > 0, X; has a continuous distribution, meaning that for each x € R,
It is sufficient to assume that X; has a continuous distribution for some ¢ > 0. Equivalently (Sato,
1999, Thm. 27.4, p. 175) X is not a compound Poisson process with drift.

The convex minorant of a function f on an interval [0,¢] or [0,00)is the greatest convex
function c¢ satisfying ¢ < f. We shall only consider functions f which are cadlag, meaning that
limp 04 f(t+ k) = f(t) and that limp_,o— f(t — h) exists; the latter limit will be denoted f(t—).

First properties of the convex minorant of a Lévy process, established in Section 2, are:
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Proposition 1. Let X be a Lévy process which satisfies (CD) and C the convexr minorant of X
on [0,t]. The following conditions hold almost surely:
(1) The open set 0 = {s € (0,t) : Cs < Xy A Xs_} has Lebesgue measure t.
(2) For every component interval (g,d) of €, the jumps that X might have at g and d have the
same sign. When X has unbounded variation on finite intervals, both jumps are zero.
(3) If (91,d1) and (g2,d2) are different component intervals of €, then their slopes differ:

Cdl - Cgl Cd2 — C92
di — ¢ dy—go

Let .# be the set of connected components of &’; we shall also call them excursion intervals.
Associated with each excursion interval (g,d) are the vertices g and d, the length d — g, the
increment Cy — Cy, and the slope (Cy — Cy) / (d — g).

Our main result is a simple description of the lengths and increments of the excursion intervals
of the convex minorant. Indeed, we will consider a random ordering of them which uncovers a
remarkable probabilistic structure.

Theorem 1. Let (U;) be a sequence of uniform random variables on (0,t) independent of the Lévy
process X which satisfies CD. Let (g1,d1), (g2,d2), ... be the sequence of distinct excursion intervals
which are succesively discovered by the sequence (U;). Consider another iid sequence (V;) of uniform
random variables on (0,1) independent of X and construct the associated uniform stick-breaking
process L by:

Li=tVy and fori>1: Liy1=Vig1(t—5;)
where
So=0 andfori>1: S;=Li+---+L;.
Under hypothesis (CD), the following equality in distribution holds:

di — gi,Ca, — Cy,) i > 1) < ((Li, Xs, — Xs,_,),i>1).
g

The Poisson-Dirichlet distribution of parameter one is the law of the decreasing rearrange-
ment of the sequence L when ¢ = 1. Theorem 1 implies that the Poisson-Dirichlet distribution of
parameter 1 is the universal distribution of the ranked lengths of excursions intervals of the convex
minorant of a Lévy process with continuous distributions on [0, 1]. What differs between each Lévy
process is the distribution of the order in which these lengths appear i.e. the law of the composition
of of [0,1] induced by the lengths of excursion intervals when they are taken in order of appearance.
Using Theorem 1 we can form a composition of [0, 1] with that law in the following way. For each
pair (Li,X s, — XSFI) we generate a slope by dividing the second coordinate, the increment, by
the first, the length, and then create a composition of [0, 1] by arranging the sequence L in order
of increasing associated slope.

Note that the second sequence of Theorem 1 can also be constructed as follows: given a uni-
form stick-breaking process L, create a sequence Y; of random variables which are conditionally
independent given L and such that the law of Y; given L is that of X, (X independent of L).
Then

(Li, Vi) 0> 1) 2 ((Li, Xs, — X5, ,),i > 1).

Theorem 1 provides a way to perform explicit computations. For example, the intensity measure
v, ofthe point process = with atoms at {(d — g,Cq — Cy) : (g,d) is an excursion interval} is given
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by:

v (A) = E(Z 1(digi,cdicgi)eA> = E(Z 1(Li,xdixgi)eA> :/0 /1,4(1,33) %]P’(Xl € dz) dl.

(This follows conditioning on L and then using the intensity measure of L obtained by size-biased
sampling, cf. formula (6) in Pitman and Yor (1997).)

We now apply Theorem 1 to fully describe the convex minorant of the Cauchy process as first
done in Bertoin (2000). Let X be a Cauchy process characterized by

F(z) :=P(X; <z)=1/2+ arctan(z) /7.
Let C be the convex minorant of X on [0,1] and D its right-hand derivative:
m Ciin — Ct’
h—0+ h
Consider
I,=inf{t>0:D, >z} forzeR.

Note that P(X; < xt) = F(z) and that therefore, in the setting of Theorem 1, the slopes (Cy, —
Cy,)/(d; — ¢;) are independent of the lengths d; — g;. Also, let T be a Gamma subordinator such

that
1 ¢
—qTy\ _
E(e ) = <1+q) .

(1) The symmetric Cauchy process is characterized by the independence of lengths and slopes
of excursions intervals on [0,1].
(2) (Is,x € R) and (T /T, € R) have the same law.

Corollary 1.

Item (2) is due to Bertoin (2000), who used a technique allowing only the study of the convex
minorant of a Cauchy process on [0, 1].

Integrating Theorem 1, we obtain a description of the convex minorant considered on the random
interval [0, Ty] where Ty is a exponential random variable of parameter 6 independent of X.

Corollary 2. Let Ty be exponential of parameter 6 and independent of the Lévy process X which
satisfies (CD). Let Zq, be the point process with atoms at lengths and increments of excursion
intervals of the convex minorant of X on [0,Ty]. Then Zr, is a Poisson point process with intensity

t
wo(dt, dx) = efetd?IP’(Xt € dx).

By conditioning on Ty (which essentially reduces to inverting Laplace transforms and underlies
the analysis of the relationship between the Gamma subordinator and the Poisson-Dirichlet dis-
tribution), we see that Theorem 1 can be deduced from Corollary 2. The latter can be deduced
from the analysis of the independence of pre- and post-minimum processes of a Lévy process run
until an independent exponential time found in Greenwood and Pitman (1980). These relationships
are discussed in Section 4, where we also explain the results on fluctuation theory for Lévy pro-
cesses which are found in the literature and which can be deduced from our analysis of the convex
minorant.

From Theorem 1 we can also derive the behaviour of the convex minorant of X on [0,00) as
described for a Brownian motion by Groeneboom (1983) and Pitman (1983) and for a Lévy process
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by Nagasawa (2000). Let E., be the point process of lengths of excursion interval and increments
of the convex minorant on [0, 00).

Corollary 3. The quantity | = liminf;_, o X/t belongs to (—oo, 0] and is almost surely constant
if and only if the convex minorant of X on [0,00) is almost surely finite. In this case, under (CD),
Zoo 18 a Poisson point process with intensity

1.,
fioo (dt, dz) = "‘t<“ P(X, € dz) dt.

Recall, e.g. (Kyprianou, 2006, Ex. 7.2), the strong law of large numbers for Lévy processes,
which says that if the expectation of X is defined, then

X
lim =X =E(X;) almost surely.

t—oc0

Hence, if E(Xf) < o0, we can apply the second part of Corollary 3 with I = E(X;). In the
remaining case when E(Xf ) = E(X 1+ ) = 00, let v be the Lévy measure of X and v, its right-tail

given by
vi(y) = v(((y,00))).
Erickson (1973) provides the necessary and sufficient for —oco < I, which implies that, actually,

[ = oo: ol
Yy
v(dy) < oo;
R

see also (Doney, 2007, p. 39) for a proof.

While it seems natural to first study the convex minorant of a Lévy process on [0,00), as was
the approach of previous authors, the description of the convex minorant with infinite horizon is
less complete, as it is necessarily restricted to slopes a < [.

As another application, we can use the stick breaking representation of Theorem 1 to study the
absolute continuity of the location and the value of the minimum of the Lévy process on [0, 1]. Let

X, = m<i£1XS and p; be such that X,, A X,,_ = X,.

(Recall that under (CD), the minimum of a Lévy process on [0, ] is attained at an almost surely
unique place py, as deduced from Theorem 1 since P(X; = 0) =0.)

Theorem 2. Under hypothesis (CD):

(1) The distribution of p1 is equivalent to Lebesgue measure on (0,1], and has an atom at zero
if and only if 0 is irreqular for (—o0,0).

(2) If X; has an absolutely continuous distribution for each t > 0 then the distribution of
(p1,X ;) is equivalent to Lebesgue measure on (0,1] x (0,00) and has an atom at (0,0) if
and only if 0 is irregular for (—oo,0).

(3) If X; has an absolutely continuous distribution for each t > 0, and 0 is regular for both half-
lines (0,00) and (—00,0) then the distribution of (X, X1 — X;) is equivalent to Lebesgue
measure on (—o0,0) x (0,00).

The densities provided by Theorem 2 (more importantly, the fact that they are almost surely
positive) provide one way to construct bridges of the Lévy process X conditioned to stay positive.
With these bridges, we can prove a generalization of Vervaat’s theorem relating the Brownian bridge
and the normalized Brownian excursion (Vervaat, 1979, Thm. 1) to a fairly general class of Lévy
processes. Details are provided in Uribe Bravo (2010).
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F1GURE 1. Visualization of the path transformation X — X* applied to a Brow-
nian motion seen from its convex minorant.

1 2 3 4 3 2 1 4

FIGURE 2. Visualization of the path transformation X +— X" applied to a cadlag
path not satisfying property 2 of Proposition 1.

Our next results will only consider convex minorants on a fixed interval, which we take to be
[0,1].

Theorem 1 gives a construction of the convex minorant by means of sampling the Lévy process
at the random, but independent, times of a uniform stick-breaking process. Our second proof of
it, which does not rely on fluctuation theory and gives insight into the excursions of X above its
convex minorant, depends on the use of the following path transformation. Let v be an element of
the excursion set ¢ and let (g,d) be the excursion interval which contains u. We then define a new
stochastic process X" = (X}"),, by:

Xyt — Xy 0<t<d—u

(1) Xb = Ca—Cy+ Xgpi—(d—n) — Xu d—UStSd_g.
C’d—Og+Xt_(d_g) d—g<t<d
Xy d<t<l1

The idea for such a definition is that the graph of the convex minorant of X* on [d — g, 1] can be
obtained from the graph of C' by removing (g,d) and closing up the gap adjusting for continuity,
while on [0,d — g], X™“ goes from 0 to Cy — C,. (Property (2) of Proposition 1 is essential for the
transformation to work like this - see Figure 2.) A schematic picture of the path transformation is
found in Figure 1 for a typical Brownian motion path.

Theorem 1 then follows from the following invariance result.

Theorem 3. If U is an uniform on (0,1) and independent of X and hypothesis (CD) holds, the
pairs (U, X) and (d — g,XU) have the same law.
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Proof of Theorem 3 will be based on the analogous random walk result proved by Abramson and
Pitman (2010) as well as analysis on Skorohod space. Abraham and Pitman’s result discrete time
result is an exact invariance property for a similar transformation applied to the polygonal approx-
imation X™ of X given by X' = Xi,,y/5 ([nt]/n —t) + X[ne1/n ([nt]/n); that this approximation
does not converge in Skorohod space to X makes the passage to the limit technical, although it
simplifies considerably for Lévy processes with unbounded variation, and particularly so for Lévy
processes with continuous sample paths. The discrete time result is combinatorial in nature and
related to permutations of the increments. Indeed, the discrete time result is based on the fact that
for a random walk S with continuous jump distribution, the probability that S lies strictly above
the line from (0,0) to (n,S,) on {0,...,n} is known to be 1/n, and conditionally on this event, the
law of S can be related to a Vervaat type transform of S. Hence, it is not only possible to verify
by combinatorial reasoning that the faces of the convex minorant have the same law as the cycle
lengths of an uniform random permutation when both are placed in decreasing order, but also to
characterize the path fragments on top of each excursion interval.

Theorem 3 actually gives a much stronger result than Theorem 1 since it grants access to the
behaviour of X between vertex points of the convex minorant. To see this, consider the Vervaat
transformation: for each ¢ > 0 and each cadlag function f, let p; = p;(f) be the location of the last
minimum f(¢) of f on [0,¢] and define

Vif(s) = f(pr+s modt)— f(t), for s € [0,1].

This path transformation was introduced in Vervaat (1979) for the Brownian bridge; its connection

to Lévy processes was further studied for stable Lévy processes by Chaumont (1997), for spectrally

positive Lévy processes in Miermont (2001), and more general Lévy processes by Fourati (2005).
For each excursion interval (g, d) of &, associate an excursion (99 given by

9D (s) = Xy g — Cyrs, for s €[0,d — g];

note that e9®(0) is positive if X, > C,. Finally, recalling the setting of Theorem 1, let K be

Knight’s bridge

Xs, — Xs, 4
L;

(the name is proposed because of remarkable universality theorems proven for K* in Knight (1996)).

K; = X(Si—l"l‘t) - 'XSi—l - S , 8 € [O’Ll}

Theorem 4. The following equality in distribution holds under (CD):
2) ((di —9:,Ca, — Cgﬁe(giadi)) i 1) L ((Li, Xs, — Xs,_, Vi, (K7)) i > 1).

Note that the increment Cy — C, cannot be obtained from the path fragment el99 when X
jumps at g or d. This does not happen if X has unbounded variation, thanks to Proposition 1.

The same remark of Theorem 1 holds, namely, the intensity measure of the right-hand side of
(2), seen as a point process, admits the expression

1
1
E(Z1(Li7XSi_XSi_17VLi(Ki))eA> :/0 //1A(l71’7€)7:‘€l(d$7d6) dl

in terms of the law of X, where the measure k; is the joint law of X; and the Vervaat transform V;
of (X; —tX;/l,t €[0,1]). The measure k; is related to Lévy processes conditioned to stay positive
(introduced in generality in Chaumont and Doney (2005)) in Uribe Bravo (2010).
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This document is organized as follows: we first study the basic properties of the convex minorant
of a Lévy process of Proposition 1 in Section 2. Then, examples of the qualitative behaviors of the
convex minorants are given in Section 3. Next, we turn to the description of the process of lengths
and slopes of excursion intervals up to an independent exponential time in Section 4, where we
also discuss how this implies the description of the convex minorant to a deterministic and finite
time and on an infinite horizon. Section 4 also explains the relationship between this work and the
literature on fluctuation theory for Lévy processes. Section 5 is devoted to the absolute continuity
of the location and time of the minimum of a Lévy process with a proof of Theorem 2. Finally, we
pass to the invariance of the path transformation (1) for Lévy processes stated as Theorem 3, in
Section 6, and to the description of the excursions above the convex minorant implied by Theorem
4 in Section 7.

2. BASIC PROPERTIES OF THE CONVEX MINORANT ON A FINITE INTERVAL

In this section we will prove Proposition 1. Let X = (X;,t € [0,1]) be a Lévy process and
consider its convex minorant C' on [0, 1] as well as the lower semicontinuous regularization X' of X
given by X! = X A X_ (with the convention X_(0) = X, = 0).

2.1. Property 1 of Proposition 1. We will first be concerned with the measure of the set of the
set P = {X L=C } A first observation is that & does not vary under changes in the drift of X.
We now prove that & has Lebesgue measure zero almost surely. Indeed, it suffices to see that for
each t € (0,1), t € & almost surely. If X has unbounded variation, Rogozin (1968) proves that

X
liminf 22 = —oo almost surely (a.s.)
h—0+
(see however the more recent proof at Vigon (2002)) and so by the Markov property at each fixed
time ¢, we get

Xivn — Xy Xipn — Xy

lim inf = =—o00 and limsup ————— = o0 a.s.
h—0+ h h—0+ h
However, at any 7 € &, we have
X — X
liminf 27 2T > D(7) > —o0 a.s.,

h—0+
where D is the right-hand derivative of C. If X has bounded variation, the proof is similar, except
that, according to (Bertoin, 1996, Prop. 4, p.81), we get
Xion — X

lim SR 2t

h—0+ h
almost surely, where d is the drift coefficient. We then see that if t € 22 N (0,1) then D(t) = d;
the inequality D(t) < d follows from the preceding display and by time reversal we also obtain
d < C' (t). Taking away the drift, we see that ¢ then should be a place where the minimum is
achieved. However t is almost surely not a time when the minimum is reached: defining

X {Xt+5Xt lfSSl*t

=d

s Xl_Xt+Xs—(1—t) 1f1—t§8§1
we know that X has the same law as X. Note that the minimum of X is reached at t if and
only if X remains above zero, which happens with positive probability only when 0 is irregular for
(—00,0). Hence, t does not belong to &2 almost surely whenever 0 is regular for (—o0,0). If this is
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not the case, then 0 is regular for (0, 00) since X is non atomic and applying same argument to the
time reversed process (X(l,t), —Xq,t < 1) we see then that ¢t ¢ & almost surely in this remaining
case.

2.2. Property 2 of Proposition 1. We will now show that for an excursion interval (g, d) of X
above C, the jumps of X at g and d, denoted AX, and AXg, satisfy AX,AXy > 0. We first prove
that, thanks to CD, X does not have jumps of both signs on the two endpoints of an excursion.
The proof depends on different arguments for bounded and unbounded variation: with unbounded
variation, actually no jumps occur at the endpoints.

If X has unbounded variation, we again use Rogozin’s result:

. Xh . Xh
liminf — = —oco and limsup — = oo
h—0+ h h—0+ h
and adapt Millar’s proof of his Proposition 2.4 Millar (1977) to see that X is continuous on
{Xl = C}. Indeed, for every ¢ > 0, let Ji,J5,... be the jumps of X with size greater than e
in absolute value. Then the strong Markov property applied at J; implies that
Xyeyn — Xe Xyeyn — Xe

liminf ————*% = —00 and liminf ———"% = o0.
h—0+ h h—0+ h

Hence, at any random time T which is almost surely a jump time of X, we get

. Xy — X
liminf ——— = —o0;
h—0+ h

however, if ¢t € {Xl = C’}, we see that

Xt+h - Xt >

lim inf > D(t) > —o0.

h—0+ h
Suppose now that X has bounded variation but infinite Lévy measure. Since our problem

(jumping to or from the convex minorant) is invariant under addition of drift we can assume that
the drift coefficient of X is zero and so

by (Bertoin, 1996, Proposition 4, p.81). We will now prove that almost surely: for every component
(g,d) of {C’ < Xl}, we have

(3) AX,AXy > 0.

The argument is similar to the unbounded variation case: at any random time T which is almost
surely a jump time of X, we have

X -X
lim 2Tth — AT

h—04 h =0

We deduce that if the slope of C' on the interval (g,d) is strictly positive, then AX, > 0, and
so X,— = C,. By time-reversal, we see that if the slope of C' is strictly negative on (g,d) then
AXd < 0 and so Xd = Cd.
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2.3. Property 3 of Proposition 1. We now see that, almost surely, all excursion intervals of X
above its convex minorant have different slopes. A different argument is given for bounded and
unbounded variation processes.

When X has unbounded variation on compact sets, let C* denote the convex minorant of X on
[0,%] so that C = C'. Note that C* and C agree up to some random time, which we call 7; for every
fixed t € (0,1), 7 cannot equal t as C; < X/ almost surely, as proved in Subsection 2.1. We will
first prove that, almost surely, for every ¢ € (0,1) N Q, whenever the post ¢ process touches a line
that extends C? linearly outwards from one of the excursion intervals of C?, it crosses it downwards.
To see that this is enough, suppose that there were two excursion intervals (g1, d1) and (g2, d2) with
the same associated slope. Then there would exist t € (ga,d2) N Q such that g1 < dy <7 < t. If
the post ¢ process touches the linear extension of the convex minorant over the interval (g1,d1) it
must cross it downwards. This should occur at da, which contradicts Cg, = X éz.

To prove the claim that the post ¢ process crosses the extended lines downwards for each fixed
t € (0,1), let L;(s) = a; + B;s be the lines extending the segments of C* (using any ordering which
makes the o; and 8; random variables). Let

Ti:inf{sZO:Xf_‘_SthSaith+6i(t+s)}.

Hence T; is a stopping time for the filtration #1s = o(X, : r <t +s),s > 0 with respect to which
Xivs — X, 8 > 0 is a Lévy process. If X jumps below L; at time T;, then the excursion interval of
C' containing t cannot have slope §; (and incidentally, 3; is not a slope of C'). Since X has infinite
variation, Rogozin’s result quoted above gives

Xropn— Xy,
liminf S 1th — b
h—0+ h
Hence, if X is continuous at 7; then X goes below L; immediately after T; and (; cannot be a
slope of C. We have seen, however, that in the unbounded variation case, X does not jump at the
vertices of excursion intervals.
When X has bounded variation, the argument is similar except in a few places. Suppose the
drift of X is zero. We first use
T Xivn — Xy
im ————
hlo+ h
to prove that for every ¢ € (0,1), whenever the post ¢ process touches a linear extension L; of C*
on an excursion interval with positive slope, by a jump, it crosses it downwards: this is clear if X is
continuous at 7T; or if it jumps into L; at T;. However, X cannot reach L; from the left and jump
away at T; by quasi-continuity of Lévy processes. By time reversal, we handle the case of negative
slopes and therefore there are no two excursions above the convex minorant with the same slope
almost surely by the same arguments as in the unbounded variation case.

=0

3. EXAMPLES

3.1. Lévy processes of bounded variation. Consider a Lévy process X with paths of bounded
variation on compact sets and zero drift such that 0 is regular for (0, c0) but irregular for (—oo, 0).
Then the cumulative minimum of X is piecewise constant and decreases by jumps, that is, X
reaches a new minimum by jumping downwards. It follows that the convex minorant of X on any
finite interval has a finite number of segments of negative slopes until it reaches the minimum of
X, and all the excursions above the convex minorant end by a jump (and begin continuously).
However, since the minimum is attained at a jump time, say at p, then lim;_,o (X,1+ — X,) /t =0,
and since X ,y. — X, visits (0, co) on any neighborhood of 0, there cannot be a segment of the convex
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minorant with slope zero, nor a first segment with positive slope. Hence 0 is an accumulation point
for positive slopes.

3.2. The convex minorant of a Cauchy process.

Proof of Corollary 1. Let X be a symmetric Cauchy process, such that
F(z):=P(X; <z)=1/2+ arctan(z) /.
Since
E(eiuXt) — e—t|u|’
we see that X is 1-selfsimilar, which means that X; has the same law as tX; for every ¢ > 0.
If =1 is the point process of lengths and increments of excursions intervals for the convex minorant
on [0, 1], its intensity measure v, has the following form:
1
vi(dl,dz) = j]P’(Xl € dz) dl

Therefore, the intensity 71 of the point process of lengths and slopes of excursions intervals for the
convex minorant on [0, 1], say E1, factorizes as

1
71(dl,ds) = 7 B(X) € ds) d.

Let Y7,Y5,... be an iid sequence of Cauchy random variables independent of L; recall that F' is
their distribution function. From the analysis of the point process Z; in the forthcoming proof of
Lemma 1, the above factorization of the intensity measure ; implies that Z; has the law of the
point process with atoms

(4) {(Li,Yi) i > 1}

otherwise said: lengths and slopes are independent for the Cauchy process.

In the converse direction, we see that if lengths and slopes are independent then X is a 1-
selfsimilar Lévy process. Indeed, using Theorem 1, we see that X, /L; and L; are independent.
Let G be the law of Xy, /L. Independence of Ly and Xr,/L; implies that X;/t has law G for
almost all ¢t € (0,1), so that G = F. As the law of X;/t is weakly continuous, we see that X;/t has
law F for all t € (0, 1) and the independence and homogeneity of increments of X implies that X, /¢
has law F' for all ¢. However, it is known that a 1-selfsimilar Lévy process is a symmetric Cauchy
process, although perhaps seen at a different speed. See Theorem 14.15 and Example 14.17 of Sato
(1999).

We finish the proof by identifying the law of (I, € R). Informally, I, is the time in which the
convex minorant of X on [0, 1] stops using slopes smaller than z. We then see that I has the same

law as
f: (ZLilyin,x S R) .

i=1
In contrast, if U;,i > 1 is an iid sequence of uniform random variables on (0, 1) independent of L,
the process (T3/T1,t € [0,1]) has the representation

(i Lily,<s,t €0, 1]) ,

i=1
With the explicit choice U; = F(Y;), we obtain the result. O

As a consequence of Corollary 1, we see that the set € = {t € [0,1] : C; = Xy A X;_} is perfect.
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3.3. The convex minorant of stable processes. Let C' be the convex minorant of the Lévy
process X on [0,1]. We now point out a dichotomy concerning the set of slopes

Cq—C
S = {;_gy : (g,d) is an excursion interval} .

when X is a stable Lévy process of index a € (0, 2] characterized either by the scaling property

X 4 sYX,, s> 0
or the following property of its characteristic function:
]E(e“‘xt” — o—telul®

Corollary 4. When o € (1,2], . has no accumulation points, and . N (a,o0) and . N(—o0, —a)
are almost surely infinite for all a > 0. If « € (0,1], then Z is dense in the support of the law of
X,

Proof. When « € (1, 2], Fourier inversion implies that X; admits a continuous and bounded density
which is strictly positive. We now make an intensity measure computation for a < b:

E(#ym(a,b))zfo / %]P’(Xt/te(a,b)) dt

Using the scaling properties of X, we see that near ¢t = 0, the integrand is asymptotic to ct=/*

where c is the density of X; at zero. Since
E(# . N (a,b)) < oo,

for all a < b, then . does not contain accumulation points in R.
If a > 0, a similar argument implies that

E(#.2N(a,00)) = o0

since P(X; > 0) > 0. Unfortunately, this does not imply that #.7 N (a,00) = co almost surely.
However, from Theorem 1, we see that .# N [a,00) has the same law as

ZlygaL;*”“v

i>1

where, L and Y are independent and Y; has the same law as X;. Since 1 —1/a > 0 and L; — 0,
we see that Y; > aL; ~1/e infinitely often, implying that #. N (a, 00) = oo almost surely.
We have already dealt with the Cauchy case, which corresponds to e = 1, so consider « € (0,1).

Arguing as before, we see that

d
#.7 N (a,b) = Z Lyert-*(ap)

i>1

Since 1 — 1/a < 0, we see that Y; € Lg*l/a(a7 b) infinitely often as long as P(X; € (a,b) > 0). O
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4. SPLITTING AT THE MINIMUM AND THE CONVEX MINORANT UP TO AN INDEPENDENT
EXPONENTIAL TIME

In this section, we analyze the relationship between Theorem 1 and Corollary 2 and how they
link with well known results of the fluctuation theory of Lévy processes. We also give a proof of
Corollary 3.

We will first give a proof of Corollary 2 and show how it leads to a proof of Theorem 1. While
the implication is based on very well known results of fluctuation theory, it is insufficient to prove
the more general Theorem 4. Our proof of Theorem 4 is independent of the results of this section.

Let X denote a Lévy process with continuous distributions, C' its convex minorant on an interval
[0, 7] (which can be random), X! the lower-semicontinuous regularization of X given by X! =
X; ANXy_,and 0 = {s <T:Cs< Xé} is the open set of excursions from the convex minorant on
[0,T]. Thanks to Proposition 1 on the basic properties of the convex minorant, proved in Section
2, we see that the point process of lengths and increments of excursion intervals are equivalently
obtained by the following construction, taken from (Nagasawa, 2000, Ch. XI): define

X=Xy —at and X7 = m<i£1X§
EAS

as well as
p*=sup{s <T: X AX! =X!} and m®= Xéa.
The idea behind such definitions is that if a — p® jumps at a, it is because the convex minorant on
[0, ] begins using the slope a at p®~ and ends using it at p®, while the value of the convex minorant
at the begining of this interval is m®~ and at the end it is m®. For every fixed a, we know that
X reaches its minimum only once almost surely. However, at a random a at which p® jumps, the
minimum is reached twice, since we know that slopes are used only once on each excursion interval.
From this analysis, we see that
1
Cpa = Xpa = ma
and obtain the important relationship:
= is the point process {(,0“ —p*,m* — ma_) 2P0 < p“} )

We characterize the two dimensional process (p, m) with the help of the following results, First of
all, according to Millar’s analysis of the behaviour of a Lévy process at its infimum (cf. Proposition
2.4 Millar (1977)): if 0 is irregular for (—o0,0) then, since 0 is regular for (0, 00), Xf. = X 7. almost
surely for each fixed a (cf. also, the final part of subsection 2.2). With this preliminary, Theorem
5 and Lemma 6 from (Bertoin, 1996, Ch. VI) can be written as follows:

Theorem 5. Let T be exponential with parameter 6 and independent of X. For each fized a € R,
there is independence between the processes

(Xfipoynr —m*t20)  and (X0t 20).

Furthermore,
—6t

(5) Efexp(—ap® — B(m® — ap®))) = exp (— /Ooo /_OOO (1= 49%) ©B(X, — at € da) dt) .

Formula (5) was proved initially by Pecerskil and Rogozin (1969). Later, Greenwood and Pitman
(1980) showed how to deduce it by splitting at the minimum of the trajectory of a Lévy process up
to an independent exponential time, a theme which was retaken by Bertoin (1996) to produce the
independence assertion of the previous theorem.
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Proof of Corollary 2. The proof follows Nagasawa (2000). We first show that (p,m) is a process
with independent increments. Let a < b. Note that p® — p® is the last time that ¢ such that
Xpaty —m® — bt reaches its minimum, so that Theorem 5 implies the independence of patl — po
and o(X.ape); denote the latter o-field as .#. Also, note that m® — m® is the minimum of
X(pagiyar —m® —bt,t > 0. Hence there is also independence between mb —m® and .Z®. Finally,

note that if o’ < a, (pa/, m“/) are .#® measurable since pal is the last time that X., e —a’- reaches

its minimum on [0, p%] and m® is the value of this minimum.

From the above paragraph, we see that the point process of jumps of (p,m), that is Z, is a
Poisson random measure: this would follow from (a bidimensional extension of) Theorem 2 and
Corollary 2 in (Gthman and Skorohod, 1975, IV.1, p.263-266) which affirm that the jump process
of a stochastically continuous process with independent increments on R, is a Poisson random
measure on Ry x Ry. To show that (p,m) is stochastically continuous, we show that it has no
fixed discontinuities; this follows because for every fixed a € R, the minimum of X is reached at
an unique point almost surely, which implies that, for every fixed a, almost surely, neither p nor
m can jump at a. To compute the intensity measure v of Z, note that the pair (p®, m®) can be
obtained from = as

(6) (pa’ ma) = Z (U - U, CU - Cu) .
(u,w)eF
Cy—Cy<a(v—u)

The above equality contains the non-trivial assertion that the additive process (p, m) has no deter-
ministic component or, stated differently, that it is the sum of its jumps. For the process p, this
follows because:

Z (v—u)=Leb(ON{t<T:C; <a})
(u,v)EF
Cy—Cy<a(v—u)

which, since Leb(&) = T and C' is non-decreasing, gives

Z (v—u)=sup{t <T:C; <a}=p"
(u,v)EF
Cy—Cy<a(v—u)

To discuss the absence of drift from m, let m© be the signed measure which assigns each interval
(u,v) the quantity C, —C,,. (Because C' is non-decreasing, it is trivial to prove the existence of such
a signed measure, to give a Hahn decomposition of it, and to see that it is absolutely continuous
with respect to Lebesgue measure.) Then

Z (Co=C)=m (ON{t<T:C/<a})=m ({t <T:C{ <a}) =Cpe = X,o =m”.
(u,w)eF
Cy—Cy<a(v—u)

From (6), we get

E(exp(—ap® + Bm®)) = exp (- /0 h /_ ; (1 — e 45y y(at, dx)) :
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while from the Pecerskii-Rogozin formula (5), we obtain

o0t
E(exp(—ap® 4+ fm®)) = exp( / / e (o aﬂ)t"’m) " P(X; — at € dx) dt)
at —9t
= exp (_/ / (1 _ —at+ﬂ$) ; (Xt S d.f) dt)
0 —00
giving
—ot
v(dt,dz) = P(X; € dx) dt.

O

We now remark on the equivalence between Theorem 1 and Corollary 2 and how either of them
imply Corollary 3.

Let L be an uniform stick-breaking sequence, T' an exponential random variable of parameter 6
and X a Lévy process with continuous distributions which are independent. Let S be the partial
sum sequence associated to L and consider the point process =; with atoms at

{(tL“ XtS'i - thﬁ'fl)} .

Lemma 1. Z7 is a Poisson point process with intensity

—0t
(7) po(dt, dz) = eT dP(X, € dz) .

Proof. We recall the relationship between the Gamma subordinator and the stick-breaking process,
which was found by McCloskey in his unpublished PhD thesis McCloskey (1965) and further ex-
amined and extended by Perman et al. (1992). Recall that a Gamma process is a subordinator
(T},t > 0) characterized by the Laplace exponent

o 9 t 0o . 6701’
E(e ‘“)(M) exp(t/o (1—e9) - dz);

the law of T} is exponential of parameter 6. It is well known that (7}/T1,t < 1) is independent of
Ty. Also, it was proved McCloskey (1965); Perman et al. (1992) that the size-biased permutation
of the jumps of (T;/T1,¢ € [0,1]) has the same law as the stick-breaking process on [0,1]. Hence
if L is a stick breaking process independent of the exponential T' of parameter 6, then the point
process with atoms at {T'Ly,TLs,...} has the same law as the point process with atoms at the
jumps of a Gamma subordinator (of parameter #) on [0, 1] or, equivalently, a Poisson point process
with intensity =% /z dx.

If S is the partial sum sequence associated to L, conditionally on T' = ¢ and L = (I1,ls,...),
(XTSi —Xrs,_,,1 < 1) are independent and the law of Xrg, — Xrg, , is that of Xy;,. We deduce
that the point process with atoms {(TLi, Xrs, — XTSFI) 1> 1} is a Poisson point process with
the intensity pg of (7), as shown for example in (Kallenberg, 2002, Prop. 12.3, p. 228) using the
notion of randomization of point processes. O

i—1

Lemma 1 shows how Theorem 1 implies Corollary 2.
Conversely, if we assume Corollary 2, we know that =p has the same law as the point process
of lengths and increments of excursions intervals on the interval [0, T]. However, if Z; is the point
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process of lengths and increments of excursion intervals on [0, ], then
e’} _ - o) -
/ Ge*GtIE(e*Z*f) = E(e*:Tf) :/ HefetE<6*:ff)
0 0

E(e‘atf) = E(e‘étf)

for continuous and nonnegative f. However, this implies the identity in law between Z; and Z,
giving Theorem 1.

Let us pass to the proof of Corollary 3. Abramson and Pitman show the discrete time analogue
using a Poisson thinning procedure.

which implies that

Proof of Corollary 3. Suppose | = liminf;_, o, X;/t € (—o0, 00]. Then there exists a € R and T > 0
such that X; > at for all t > T. If C7T is the convex minorant of X on [0,7], and p® is the first
instant at which the derivative of C7 is greater than a, then the convex function

5 JcT ift < p®
L Cl. +a(t—=T) ift>p°

lies below the path of X on [0, 00), implying C*°, the convex minorant of X on [0, c0), is finite for
every point of [0, c0).

Conversely, if C* is finite on [0, 00), for any ¢ > 0 we can let a = limp_,o4 (Ciyn — Ct) /h € R
and note that liminfs o Xs/s > a.

From Erickson (1973) we see that, actually, lim; o, X;/t exists and it is finite if and only if
E(|X1|) < oo and E(X;) = I. Note that the right-hand derivative of C' is never strictly greater
than [. This derivative cannot equal [: if [ = oo this is clear while if [ < oo, it follows from the
fact that the zero mean Lévy process X; — It visits (—00,0) (as can be proved, for example, by
embedding a random walk and using for example by Chung and Fuchs (1951); Chung and Ornstein
(1962)). However, the derivative also surpasses any level a < {. This follows from the definitions
of [ and C°: if the derivative of C'°>° were always less than [ — ¢, since X; eventually stays above
every line of slope | — €/2, we would be able to construct a convex function greater than C'*° and
below the path of X.

If a <, let L, be the last time the derivative of C'* is smaller than a. Then for ¢t > L,, we see
that

Cla = C' = C™ on [0, L,).
We will now work with C7¢, where T} is exponential of parameter § and independent o X. Then
on the set {L, < Ty}, which has probability tending to 1 as # — 0, we have C*« = CT¢ = C> on
[0, L,]. Recall, however, that if Zy is a Poisson point process with intensity

—0t
po(dt, dz) = eT P(X, € dz) dt

then Zy has the law of the lengths and increments of excursions of X above C7¢ by Corollary 2.
We deduce that for every a < I the restriction of Z¢ to {(¢,z) : ¢ < at} converges in law as § — 0
to the point process with atoms at the lengths and increments of excursions of X above C'*° with
slope less than a. Hence, the excursions of X above C*° with slopes < a form a Poisson point
process with intensity

1
%ﬂt P(X; € dz) dt.
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It suffices then to increase a to [ to obtain the stated description of =. O

Basic to the analysis of this section has been the independence result for the pre and post
minimum processes up to an independent exponential time as well as the Pecerskii and Rogozin
formula stated in Theorem 5. Theorem 5 is the building block for the fluctuation theory presented
in (Bertoin, 1996, Ch. VI) and is obtained there using the local time for the Lévy process reflected
at its cumulative minimum process. In the following sections, we will reobtain Theorem 1 and
Corollaries 2 and 3 appealing only to the basic results of the convex minorant of Section 2 (and
without the use of local time). In particular, this implies the first part of Theorem 5, from which the
full theorem follows as shown by Bertoin (1996). Indeed, assuming Theorem 4 if 7" is exponential
with parameter 6 and independent of X, if p® is the last time X! — at reaches its minimum on [0, T’]
and m® is the value of this minimum, we see that

(let-s-p“)/\T —mhtz 0)

can be obtained from the Poisson point process of excursions of X above its convex minorant with
slopes > a, while

(X{\part>0)

is obtained from the excursions with slopes < a. Since the process of excursions (up to an indepen-
dent time) is a Poisson point process, we obtain the independence of the pre and post minimum
processes.

Here is another example of how the description of the convex minorant up to an independent
exponential time leads to a basic result in fluctuation theory: according to Rogozin’s criterion for
regularity of half-lines, 0 is irregular for (0, c0) if and only if

(8) /Olp(xt <0) Jtdt < oo

To see how this might be obtained from Corollary 2, we note that the probability that X does
not visit (0,00) on some (0,¢) is positive if and only if the convex minorant up to Ty has positive
probability of not having negative slopes. By Theorem 2 this happens if and only if

/ P(X; <0)e % /tdt < oo,
0
which is of course equivalent to (8).

5. ABSOLUTE CONTINUITY OF THE MINIMUM AND ITS LOCATION

Proof of Theorem 2. Let L be an uniform stick-breaking process independent of X, and define its
partial sum and residual processes S and R by

So =0, Sl‘+1 =5, + Liyy, and R;=1-— S;.

Set
A =X, — Xs,_,.

Then the time of the minimum of the Lévy process X on [0, 1], has the same law as

oo
p=>_ Lila, <o,
=1
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while the minimum of X on [0, 1] (denoted X;) and X; — X, have the same laws as
e} e}
ZAilAi<0 and ZAilAi>0'
i=1 i=1

The basic idea of the proof, is to decompose these sums at a random index.
In the case of p, we can decompose ¥ at the index
I'=min{i >2:A; <0}

into
I

=Y Lila< and S'= > Lila o
i=1 i=I+1
The random index (actually a stopping time for (L, A)) is chosen so that ¥; and X! are both positive

and (Ry,Ys) has a joint density, which is used to provide a density for ¥ using the conditional
independence between ¥; and %! given R;.

(1) Using Theorem 1, we see that regularity of 0 for (—oo,0) is equivalent to
I < oo almost surely;

note that
P(I =00)=P(p=0).

We now let
f(t) =P(Xy <0)

which will allow us to write the density of (X, Ry) on the set {I < oo}; this follows from
the computation

P(I =i,Ly €dly,...,L; €dl;)

=P(Ay>0,...,8,_1>0,A; <0,Ly €dly,...,L; €dly)

=1—-f2) - (1= fliz1)) fLH)P(Ly € dly,...,L; € dl;)
valid for ¢ > 2. Since (Lq,...,L;) admits a joint density, it then admits a density on

{I =i,sgn(A;) = £}, and we then deduce that (R;,%;) admits a density g on {I < co}.
We can then let
g(,r)

)= +—7"—7"—
90 (D) = Tomy ar
be a version of the conditional density of ¥ given Ry = r.
Using the construction of the stick breaking process and the independence of increments

of X we deduce that
= Lrvi .
L= >1
( Ry ' )

is independent of (L;anr, Ajar, % > 1) and has the same law as L. Furthermore, the sequence
(Ar4i,1 > 1) is conditionally independent of (L;ar, Ajnr) given Ry.
We therefore obtain the decomposition

p=3r+Rp!
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where
o0

I _
p =
i=1

Liy !
— 1A, 0= 75 -
R; ST R,

Since p! is a function of L, (Arys,i>1), and Ry, then p! and ¥; are conditionally inde-
pendent given R;. Hence ggr, is also a version of the conditional density of ¥; given R;
and p! and we can then write

P(p € dt) = dt /gT.(t —ry)P(R; € dr, ol e dy)
on {I < oo}. Furthermore, we remark that the density of (R, X;) is positive on

{(r,o):0<r,0<or+o<1}.

Indeed, taking 7, s as in the preceding display, we have the explicit computation

IP(I = 2,A1 < 0,7 €do, Ry € d’l“) = (1 — f(l — 0 — T‘)) f(O') 10S170‘7T§1 dr do.

o+r
Hence, there is a version of the density of p which is positive on (0,1) and so the law of p
is equivalent to Lebesgue measure on (0, 1).
The proof of absolute continuity of the time and value of the minimum of X on [0, 1] is
similar, except that further hypotheses are needed.

First, the value of the minimum of X on [0, 1] has the same distribution as

o0
m = E AilAigo.
i=1

Since the law of X is absolutely continuous with respect to Lebesgue measure for all ¢t > 0,
on the set {I < oo} we have:

(p.m) = (Sr,mr) + (Rrp!,m”)

where

o0
mrp = ZAilAi<0 and mI = ZAI+i1AI+i>O’
i<I i=1
We now prove that
(a) (pr,mr) has a conditional density with respect to R;.
(b) (pr,mr) and (pl, ml) are conditionally independent given Rj.
The second assertion follows from our previous analysis of conditional independence in the
sequences L and A. The first assertion follows from the fact that (L;, Ry, Ar) admit a
density on {I =i}, by a computation similar to the one for (L;, Ry):

P(Izi,Ll edly,...,L; Gdli,Al edxq,- - ,Ai S d.%‘l)
= lwg,..A,zi,1>01zi<OP(Xl1 S dl‘l) . P(XZL S dl‘z) ]P)(Ll S dll, - ,Li S dll)

so that on {I =1}, (L1,...,Liz1,A1,...,A;+1) admit a density with respect to Lebesgue
measure and since the (R;y1, Li11,Ajy1) is basically a projection of the former variables,
the latter admit a joint density on {I =i}. Let f,. be a version of the conditional density
of (L1,Ar) given Ry = r. We then get:

P(p € dt,m € dz) = dt dx /fr(t —rs,x —y)P(p' € ds,m’ € dy,L; € dl, Ry € dr)
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on the set {I < c0}. On {I = oo}, we have (p,m) = (0,0). Regarding the equivalence of
the law of (p,m) and Lebesgue measure on (0,1) x (—o0,0), note that a version of the
density of (Ry, pr,my) is positive on {(r,s,2): 0 <r+s <1,z < 0}. Indeed, we have for
example:

1
P(A; <0,A2 >0,R; €dr, Xy €ds,my €dx) = fo(x)(1— f(1—7r—1)) mlogrﬂgllgﬁgo.

(3) The proof of the absolute continuity of (X;, X; — X ;) follows the same method of proof,
starting with the fact that these random variables have the same joint law as

oo
(A_7 A+) = Z A’L (1Ai<07 1Ai>0) )
i=1
which we can again decompose at the random index

I =min {i¢ > 1 : there exist j,j < i such that A; <0, A; > 0}

into
(A A%) = (A7.A7) + (AT, A7)
where
(A7,A7) =) Ai(1a,<0.1a,50) -
i<l
Since
(a) (RI, A7, A}') have a joint density which can be taken positive on (0,1) x (—o0,0) X
(0,00), and

(b) (AI_, A}*‘) and (A”I, AJ“I) are conditionally independent given Ry,
we see that (A, A1) admit a joint density which can be taken positive on (—oo,0) x (0, 00).

]

6. AN INVARIANT PATH TRANSFORMATION FOR LEVY PROCESSES

The aim of this section is to prove Theorem 3. This will be done (almost) by applying the
continuous mapping theorem to the embedded random walk (Xj/,,k =0,...,n) and a continuous
function on Skorohod space. The argument’s technicalities are better isolated by focusing first on
some special cases in which the main idea stands out. Therefore, we first comment on the case
when X has continuous sample paths, then we handle the case when X has paths of unbounded
variation on compact intervals, to finally settle the general case.

We rely on a discrete version of the Theorem 3, which was discovered by Abramson and Pitman
(2010). Let S™ = (Sp,t € [0,n]) be the process obtained by interpolating between the values
of n steps of a random walks which jumps every 1/n and let C™ be its convex minorant. Let
V', Vit ..., Vi be the endpoints of the segments defining the convex minorant C™. Let U, be
uniform on {1/n,...,1}. Since there exists an unique j such that

Un S (V]na jrj,-l]v
let us define

gn =V and d, =V,
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as the excursion interval of S™ above C™ which straddles U,,. Mimicking the definition of the path
transformation (1), let us define

St vy~ Sp if0<t<d,—U,
Sn7U7L _ Slen - S;Jln + S;anrtf(dnfUn) - Sgn ifd, —U, <t<d,— 9n
t Sg" + S?_(dn_gn) if dn - gn S t S dn

St if d, < t.

Theorem 6 (Abramson and Pitman (2010)). If the distribution function of Sy, is continuous,
then the pairs
(Un,S™)  and (dn — Gn, S’"’U”)

have the same law.

To prove Theorem 3 we will use Theorem 6 with the random walk obtained by sampling our
Lévy process X at points of the form 1/n and take the limit as n — oo. The details are a bit
technical in general but simplify considerably when X is continuous or when it reaches its convex
minorant continuously.

The main tool for the passage to the limit is a lemma regarding approximation of the endpoints
of the interval of the convex minorant that contains a given point. Let f : [0,1] — R be a cadlag
function which starts at zero and is left continuous at 1 and c¢ its convex minorant. Let also
fY = f A f_ be the lower semicontinuous regularization of f, and define with it the excursion set
away from the convex minorant & = {c <f l}. For all u belonging to the open set & we can define
the quantities g < u < d as the left and right endpoints of the excursion interval of & that contains
u. We define the slope of ¢ at u as the quantity

nm:d%_jm:dmy
The notations g, (f), d.(f) and m,(f) will be preferred when the function f or the point u are not
clear from context. We will first be interested in continuity properties of the quantities g,, d,, and
m,, when varying the function f.

Recall that a sequence f,, in the space of cadlag functions on [0, 1] converges to f in the Skorohod
J1 topology if there exist a sequence of increasing homeomorphisms from [0, 1] into itself such that
fn = f o Ay converges uniformly to 0 on [0, 1].

Lemma 2. If

(1) f is continuous at u,
(2) ue 0,
(3) the function

d—t t—g
FHe) - rgfl(g) + Hfl(d) fort €10,1]

is zero only on {g,d}, and
(4) fn — f in the Skorohod Jy topology and u, — u,
then
Gu, (fn) = 9u(f)y du, (fn) = du(f), and  my, (fa) = mu(f).

The proof is presented in Subsection 6.3. We now pass to the analysis of the particular cases
when our Lévy process X has continuous paths, or when it reaches its convex minorant continuously.
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6.1. Brownian motion with drift. In this subsection, we will prove Theorem 3 when X is a
(non-deterministic) Lévy process with continuous paths, that is, a (non-zero multiple of) Brownian
motion with drift.

Let f be a continuous function on [0, 1] and consider the continuous function ¢, f given by

flu+t) — f(u) ifo<d—u
@ = fw)+ flg+t—(d—u)—flg) ifd—u<t<d-g
©) PO =Y fa) — Flo) + 70— (d—g)) fd_g<i<d
f@) ift<d

If f, fn, u, and wu,, satisfy the hypotheses of Lemma 2, where we further assume that f, — f
uniformly, then g(f,) — ¢(f) and d(f,) — d(f). Therefore, it is simple to verify that (u, f) —
(d— g, p.f) is continuous at (u, f) when the space of continuous functions on [0, 1] is equipped
with the uniform norm. When X is a Lévy process with continuous paths and distributions, that
is a Brownian motion with drift, consider its polygonal approximation with step 1/n obtained by
setting

X,?/n = Xy forke{0,1,...,n}

and extending this definition by linear interpolation on [0,1]. Then X™ — X uniformly on [0, 1]; it
is at this point that the continuity of the paths of X is important. Now, if U is uniform on [0, 1] and
independent of X, and we set U,, = n[U/n], then (d, — gn, v, X") — (d — ¢,9uX). However,
Theorem 6 says that (U,, X™) and (d,, — gn, pu, X™) have the same law. We conclude that (U, X)
and (d — g, oy X) have the same law, which is the conclusion of Theorem 3 in this case.

6.2. Absence of jumps at the convex minorant. In this subsection, we will prove Theorem 3
when X is a Lévy process of unbounded variation on compact sets satisfying CD. We now let f
be a cadlag function on [0,1] and let ¢ stand for its convex minorant. We will suppose that f is
continuous on the set {¢ = f'}, which holds whenever f is the typical trajectory of X, thanks to 2
of Proposition 1.

Again, for all u € {c < f} = {c < f A f_} = O we define g and d as the left and right endpoints
of the excursion interval that contains u. Since f has jumps, its polygonal approximation does not
converge to it in Skorohod space, but if we define

fn(t) = f([nt]/n),

then f,, converges in the Skorohod J; topology to f as n — oo, cf. (Billingsley, 1999, Ch. 2, Lemma
3, p. 127). This will called the piecewise constant approximation to f with span 1/n and is the way
we will choose to approximate a Lévy process when it has jumps. The first complication in this case
is that the discrete invariant path transformation was defined for the polygonal approximation and
not for the piecewise constant approximation to our Lévy process. For this reason, we will have to
define a more flexible path transformation than in the continuous case: for u; < us < us € (0, 1),
we define Py, uy uy f by

fluz +1) — f(u2) 0<t<us—us

) fuz) = fluz) + flur +t = (ug —u2)) — flur) us—ug <t <wuzg—u

(10)  Puyupus f(t) = Flus) — Flug) £t — (s — 1)) vo =t = s .
f(

t) ’U,3§t
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The path transformation ¢, of (9) corresponds to Pg.u,d- We are interested in ¢4 r7,4X, which
will be approximated it by i UK where g, and d, are the left and right endpoints of the
excursion of the polygonal approximation to X of span 1/n which contains U,, = [Un]/n and X"
is the piecewise constant approximation to X with span 1/n. We are forced to use both the vertices
of the convex minorant of the polygonal approximation and the piecewise constant approximation,
since X™ — X (in the Skorohod J; topology) but the with (gm Jn) we can define a nice invariant

transformation: Theorem 6 asserts that
(Um ‘PgmUmann) and (Jn — Gn, Xn)

have the same law. Indeed, Theorem 6 is an assertion about the increments of a random walk
and the polygonal and piecewise approximations to X of span 1/n are constructed from the same
increments.

Lemma 2 tells us that (gn, Jn) — (d, g). It is therefore no surprise that

n
P Undn X = PgU.aX,

telling us that (U, X) and (d — ¢, ¢g,0,¢X) have the same law whenever X satisfies CD and has
unbounded variation on finite intervals. Convergence follows from the following continuity assertion:

Lemma 3. If f is continuous at (uy,us,us), fn, — f in the Skorohod Jy topology, and ul — w; for
1=1,2,3, then

Pupug ug frn = Puruz,us f-

Lemma 3 is an immediate consequence of the following convergence criterion found in (Ethier
and Kurtz, 1986, Prop. I11.6.5, p. 125).

Proposition 2. A sequence f, of cadlag functions on [0,1] converges to f in the Skorohod Jy
topology if and only if for every sequence (t,) C [0,1] converging to t:

(1) |fa(tn) = FOI A faltn) = f(E=)] =0,

(2) if |fu(tn) — )] =0, t, < s =t then |fr(sn) — f(t)] = 0, and

(3) if |fultn) — f(t=)] = 0, s, <t and s, = t then |fn(sn) — f(t)] — 0.

In particular, we see that if f is continuous at ¢ then f,(t,) — f(t). The above criterion
is clearly necessary for convergence since if f, — f then there exist a sequence (A,,n € N) of
increasing homeomorphisms of [0, 1] into itself such that f, — f o \,, converges to zero uniformly. If
t, — t, then f,(t,) will be close to either f(t—) or f(t) depending on if A, (t,) < ¢ or A\, (t,) > t.
By using the above criterion, we focus on the real problem for continuity for the transformation
Pus us,ug, Namely, that nothing wrong happens at uz — ug, us — u1 and us.

Proof of Lemma 3. Let us prove that for every ¢ € [0, 1], the conditions of Proposition 2 hold for
qu{",u;,ugfn and @ul,u27u3f~
Let A, be increasing homeomorphisms of [0, 1] into itself such that
fn - f o )\n —0
uniformly. We proceed by cases.

t <wug: Eventually ¢ < uf, so that pur up uz fn(t) = fu(t) and Qu, u, s f(t) = f(t). Since
fn and f satisfy the conditions of Proposition 2 at time ¢, the same holds for their images
under the path transformation.
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t < ug —ug: Eventually ¢ < uf —uf so that
unsiznaf (1) = fluz + 1) = Fuz)  and  pup g g f7(6) = F7(03 +1) — f7(ud).
Since f is continuous at ug, Proposition 2 implies that f™(u%) — f(u), so that
Our upup f"(t) can be made arbitrarily close to either ¢u, uy us f(t) OF Quy iy us [ (=)
depending on if
Up +t, <N N u+t) or w, +t, >N (utt).

t € (ug — uz2,u3) \ {us —u1}: Analogous to the preceding case.
t € {ug — ug,uz — ug,uz}: Set

V1 = Uz — Uz, Vo = Uz — U1, and vz = ug.
Since f is continuous at ug, condition 3 gives
fa(ul) = f(u;) fori=1,2,3,
and so

@ul’u27u3f(’l]?) - @Uhug,ugf(vi) fOf Z = ]-7 23 3
]

6.3. The general case. In this subsection, we prove Theorem 3 for a Lévy process X under the
sole assumption CD.

The challenge to overcome in the remaining case, in which X can jump into and out of the convex
minorant, is to show how one can handle the jumps; although a result in the vein of Lemma 3 will
play a prominent role in our analysis, a more careful inspection of how g, differs from g is needed
in order to sort the following problem: in general, the operation of rearranging pieces of cadlag
paths is not continuous and depends sensitively on the points at which the rearrangement is made.
A simple example helps to clarify this: consider f = 1(;/3 1]+ 1j2/3,1], so that if u; = 1/3,us = 1/2
and uz = 2/3, we have Yu, uy,us f = 1{1/6,1] + 1[2/3,1)- Note that if uf — u; and u} € (0,1/2), then

Pun f= Tnyea) + n/et1/3—upy i ul € (0,1/3]
wlug,u3 1[1/6,1} + 1[1—uf,1] if uf € [1/37 1/2)

We conclude that ©un vy usf — Puyus,us f i and only if uf > 1/3 eventually.

Let f:[0,1] — R be a cadlag function which starts at zero and ¢ its convex minorant on [0, 1].
Let also f' = f A f_ be the lower semicontinuous regularization of f. As before, the component
intervals of the open set & = {c < fl} are called the excursion intervals of f | and that for u € O,
(g,d) is the excursion interval that contains w.

We first give the proof of Lemma 2; the proof depends on another lemma with a visual appeal,
which is to be complemented with Figure 3.

Lemma 4. If for a cadlag function f :[0,1] — R:

(1) there exist closed intervals A and B in [0,1] such that inf B —sup A > 0 and
(2) there exists 6 > 0 and
inf B—sup A

h< 6infB\/ (1 —supA)

such that

Sl
f>0o0n[0,1]\AUB and wg}‘lBBf(z)<h,



24 JIM PITMAN AND GERONIMO URIBE BRAVO

FIGURE 3. Visual content of Lemma 4

then for all u € (sup A, inf B):

gu €A, d,€B and mugm.

Proof. This assertion can be checked by cases. We consider 3 possible positions for g, and three
other for d,: g, < inf A, g, € A and g, € (sup A,u) and similarly d,, € (u,inf B), d,, € B and
d, > sup B. We number each from 1 to 3 and write C; ; for the corresponding case. We trivially
discard the cases

C11,C13,C31,C53

for each one would force ¢(g) to be above the zero slope line through (0, J), hence to pass above g
on A and B. The case Cy; would force ¢ (hence f) to be above ¢ on B while C5 2 would force f
to be above § on A, hence both are discarded. We finally discard the case Cs 3 (and by a similar
argument C3 o) because of our choice of h, since a line from a point of A x [0, h] to [sup B, 1] x [J, c0)
passes above h on B. O

Proof of Lemma 2. Set u € {c < f'}, and write g and d for g,(f) and d,(f) so that g < u < d.
Recall that c is linear on (g (f),dw.(f)). By considering instead
d—t t—9 4 d—t , t—9
tos J0) = G 7)) and b () - T A0+ T
our assumptions allow us to reduce to the case
ffg)=f'(d)=0 and f'>0o0n[0,1]\ {g,d}.

We will now consider the case 0 < g < d < 1, the cases g = 0 or d = 1 being handled similarly.
For every
d—
e<gN(l—=d)A Tg

we can define
0(e) =inf{f(t):t€[0,g—e]Ulg+e,d—c]U[d+¢,1]}
=min {f'(t):t€0,g—¢c]Ulg+e,d—c]U[d+e,1]}.
Then 6(¢) > 0 for € > 0 and 6(¢) — 0 as € — 0. Since g < u < d, we can choose ¢ small enough so

that
ue(g+e,d—e).
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Since f, — f, there exists a sequence of increasing homeomorphisms A, of [0, 1] converging uni-
formly to the identity such that

fn,*fo)\n

converges uniformly to zero. (If f is continuous, A, can be taken equal to the identity function.)
Also, given h,, eventually bounded away from 0,

min {f'(t):t € (9—e,g+e)} <h, and min{f'(t):te(d—c,d+e)} <h,
for large enough n. Hence
min {f,ll(t) it e (A;l(g —&), A\ g+ 5))} < h,, and min{f,ﬁ(t) it e (A;l(df ), /\;1(d+ 6))} < h,
for large enough n. The particular h,, we will consider is
A t(d—e) = A\t g +e)
At(d—e)V (1=t (g+e))

(d—g—2)
(d=e)v(l-g—e))
which is eventually positive. Since f > d(¢) on [0,9 —€]U g+ ¢&,d — ] U [d + &, 1], then

fo>08 on 0,0 (g —e)]UN g +e) A (d =)l U N (d +e) 1]
and Lemma 4 now tells us that
Gu, (fn) € (A, An
du, (fn) € (A1 (d =€), A7 (d +€))

h, =4(¢g)

— d(e) >0

and

My, (gn) < hn/(/\n(d —&) = Anlg+ ‘9))a

so that eventually:

Gu, (fn) €(g—2e,9+2¢), dy, (fn) €(d—2e,d+2) and my, (fn) <26/(d—e)V (1—g—ce).
|

Remark. In the context of the above proof, if we suppose that f(g—) = c¢(g) < f(g) and f(d—) =
¢(d), then for h,, eventually bounded away from zero, we actually have

min {f'(t) : t € [g—e,9)} < hn,

for large enough n, and so we get

Gun (fn) <A77 (9)-

This remark is crucial to the proof of Theorem 3.

Remark. Let ¢, be the convex minorant of f,. Under the hypotheses of Lemma 2, we can actually
deduce that if ¢, — ¢ then ¢, (t,) — ¢(g), while if t,, — d then ¢, (t,) — ¢(d). This is because of
the following result about convergence of convex functions.

Proposition 3. If ¢, and ¢ are convex functions on [0, 1], for some a € (0,1) we have ¢, (a) — c(a)
and if the two sequences (¢, (0)) and (¢, (1)) are bounded, then for every sequence a,, — a we have
en(an) — c(a).
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Proof. If a, < a, we can use the inequalities

an a—any
enlan) < en(@) 2 + e (0) =
and
1—a a—anp
enlan) 2 enfa) T+ enll) To

We get an analogous pair of inequalities when a,, > a, which allows us to conclude that the sequence
(cn(a) — cn(ay)) goes to zero. O

Given u; < ug < uz, we now define a new cadlag function 1y, v, s f as follows:

fluz +1) — f(u2) 0<t< us—
Py flt) = c(ug) — c(ur) + fur +t — (ug — u2)) — f(ua) ug—uz St <ug—uy
1,U2,U3 C(US) - C(U1) + f(t — (u3 — Ul)) us —ug <t < ug
f) "y < ¢

The difference with the path transformations of (9) and (10) is that we now use the convex minorant
c instead of only the function f. This has the effect of choosing where to place the jumps that f
might make as it approaches its convex minorant. Note however that ¥y, v, usf = Putuz,usf if
f =cat u; and ug.

Our next task will be to analyze the continuity of f +— 144 qf on Skorohod space, with special
emphasis on the approximations we will use. For every n, f, and fn will be the piecewise constant
and polygonal approximations to f with span 1/n, we set u,, = [nu]/n, and

In = Gu, (fn) , dnp = dun (fn) s Gn = Gu., (an) , and dNn = dun (fn) .
Lemma 5. Under the hypotheses of Lemma 2, if either

f(a) = elg) and f(d) = e(d) or flg—)=clg) and f(d-) = c(d)
then
Vg S = Vo]
in the Skorohod Jy topology.

Proof. Since we have already analyzed what happens when f is continuous at g and d, the essence
of the argument will be illustrated when

flg) = clg) < f(g—) and f(d) = c(d) < f(d—)

As in the proof of Lemma 3, we verify that for every ¢ € [0, 1], the conditions of Proposition 2 hold
for z/ngumdj” frn and ¥q 44 f at time t.

Let A, be a sequence of increasing homeomorphisms of [0, 1] such that
fn - f © )\n —0
uniformly. The crucial part of the argument is to use the remarks after Lemma 2 from which we

deduce that
Mg <gn and AJY(d) < d,.

n
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Since f,, is the piecewise constant approximation to f then A, ! must eventually take g and d to
[ng]/n and [nd]/n. But comparing the convex minorants of the piecewise constant and polygonal
approximations to f with span 1/n leads to

gn—1/n<g, and d,—1/n< d,
so that .
Mg < gn and AJY(d) < d,.

n

Again using the remarks after the proof of Proposition 10, we see that

cn(Gn) = c(g) and ¢, (cin) — c(d).

The conditions of Proposition 2 can now be verified at times ¢ € [0,1]\ d — u, d as in the proof of
Lemma 10, while for ¢ € {d — u,d}, the proof is similar and hence will be illustrated when t = d—g.
Since f,, — f o A\, — 0 uniformly, the jump of f at g is approximated by the jump of f,, at A\, (g).
We reduce to cases by taking subsequences: when ¢, > Jn — u, for all n then t, + u, > X\, 1(d) so
that

V50 un.dnd (tn) = f(d) = f(g) + f(9) = f(u) = f(d) = f(u).

On the other hand, when t,, < d,, — u,, for all n, we see that
Wy, F(ta) is close to f(d—) — f(u) or f(d) - f(u)
depending on if
tn +un < A H(d) or by, +un > N Hd)
Hence, the conditions of Proposition 2 are satisified at t = d — . ([l
We finally pass to the Proof of Theorem 3.

Proof of Theorem 3. Thanks to Proposition 1, X almost surely satisfies the conditions of Lemma
5 at U. Hence, (dn —9n, %5, U, d, (X”)) converges in law to (d — ¢,%q,u,¢X) thanks to Lemmas
2 and 5, as well as the continuous mapping theorem. Since (U, X™) converges in law to (U, X)
and the laws of (U, X™) and (dn — 95, v, d, (Xn)) are equal by Theorem 6, then (U, X) and
(d -9, XU) have the same law. O

7. EXCURSIONS ABOVE THE CONVEX MINORANT ON A FIXED INTERVAL

In this section we will prove Theorem 4, which states the equality in law between two sequences.
We recall the setting: X is a Lévy process such that X; has a continuous distribution for every
t > 0, C is its convex minorant on [0, 1], X! = X A X_ is the lower semicontinuous regularization of
X, 0= {C < Xl} is the excursion set, .# is the set of excursion intervals of &, for each (g,d) € .7,

and we let €99 be the excursion associated to (g, d) given by

e = X(g1syna — Clgrspna:

We ordered the excursion intervals to state Theorem 1 by sampling them with an independent
sequence of uniform random variables on [0, ¢].
The first sequence of interest is:

((dz - gi7Cdi - C’g”e(!]udi)) 1> 1) .



28 JIM PITMAN AND GERONIMO URIBE BRAVO

The second sequence is obtained with the aid of an independent stick-breaking process and the
Vervaat transformation. Recall that V,f stands for the Vervaat transform of f on [0,¢]. Let
V1, Va, ... be an iid sequence of uniform random variables on (0, 1), and construct

L1:V1, Ln:Vn(17V1)~~~(17Vn_1) and Sz:L1++LZ

This sequences helps us to break up the paths of X into the independent pieces Y?, i = 1,2,...
given by: 4
Y; = XSi—lth - XSi—l? 0<t<L;

from which we can define the sequence of Knight bridges:
, St

Our second sequence is

((Li, Xs, — Xs,_,, Vi, (K")),i > 1).

i—17?

To prove the equality in law, we will use Theorem 3 to obtain a process X which has the same law
as X, as well as a stick breaking sequence L independent of X such that, with analogous notation,
the pointwise equality

((d = 90 Ca, = Gy e @) i 2 1) = ((1: K5, - g, Vi, (K7)) i 2 1)

holds. This proves Theorem 4.

Let us start with the construction of X and L. Apart from our original Lévy process X, consider
an iid sequence of uniform random variables U, Us, ... independent of X. Consider first the the
connected component (g;,d;) of {C' < X A X_} which contains U; and let X! be the result of
applying the path transformation of Theorem 3 to X at the points g1, Uy, and d;. We have then
seen that V; = d; — g1 is uniform on [0, 1] and independent of X!. Set So=0and L; = V;.

Consider now the convex minorant C! of

1 1
2 =Xp X

on [0,1— El]: we assert that it is obtainable from the graph of C' by erasing the interval (g1,d1)
and closing up the gap, arranging for continuity. Formally, we assert the equality

Cl _ Ct ift e [0,91)
' Ct*91+d1 - (Cdl - Cgl) ift e [9171 - Ll] .

Note that C! is continuous on [0,1 — L] by construction and it is convex by a simple analysis.
To see that C' is the convex minorant of Z', we only need to prove that at g; it coincides with
Zy NZg  (cf. Figure 2 to see how it might go wrong). If X4, = Cy, then

g1—
Zgll = Xdl - (Cdl - Cgl) = Cg1 = Cél

while if X4, = C(d1) < X4, then Property 2 of Proposition 1 implies that X, _ = C(g1) and
Z;l* = Xé1* - Xll/l = Cdl - Cgl +X91* - (Cdl - CQI) = Cgl = Cél

Let (g2, ds) be the connected component of {C’l < Zl} c[0,1— il] that contains Uy (1 — il)

and define
da — g2

1-W

I~/2:d2—927 ‘72:
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as well as the process X? which will be the concatenation of X! on [0, ‘71] as well as the path
transformation of Z! on [0,1 — V4]; that is, Z! transformed according to the path transformation

of Theorem 3 with parameters go,Us (1 — El) ,do. From Theorem 3 and the independence of
2 _ y1 1 1
Z = X4+‘~/'1 — XVl and X~/\Vl

we see that

(1) X? has the same law as X!

(2) Vi and V; are independent of X2, and V5 is independent of V; and has an uniform distri-
bution on (0, 1).

(3) The convex minorant C? of Z2 on [0,1 — L — l~/2] is obtained from C' by deleting the
interval (go, d2) and closing up the gap arranging for continuity,

Now it is clear how to continue the recursive procedure to obtain, at step n a sequence Vi, ...,V
and a process X" such that if L,=V, (1 — f/n_l) (1 — Vl) and S, = L1 + ...+ L,, then:

(1) X™ has the same law as X,
(2) X, ‘71, e V,, are independent an the latter n variables are uniform on (0, 1).
(3) Let C™ is the convex minorant of
2= Xy, - XY,
on [0,1 —S,]. Then C" is obtained from C"~! by removing the selected interval (g,, d,,)
and closing up the gap arranging for continuity.
(4) X™ coincides with X"~ on [0, S,,_1].
From property 4 above, it is clear that X™ converges pointwise on [0, 1] almost surely: it clearly
does on [0,1) and X} = X;. Also, we see that X has the same law as X and that it is independent
of V', which is an iid sequence of uniform random variables.
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