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Abstract

The running infimum of a Lévy process relative to its point of issue is known to have the same range
that of the negative of a certain subordinator. Conditioning a Lévy process issued from a strictly positive
value to stay positive may therefore be seen as implicitly conditioning its descending ladder height subor-
dinator to remain in a strip. Motivated by this observation, we consider the general problem of conditioning
a subordinator to remain in a strip. Thereafter we consider more general contexts in which subordinators
embedded in the path decompositions of Markov processes are conditioned to remain in a strip.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Let D denote the space of cadlag functions w : [0, 00) — R U {A} such that, defining
 =inf{t > 0 : w, = A}, we have w(t) = A fort > ¢. We call A the cemetery state and
think of w as killed once it enters the cemetery state. The space D is equipped with the Sko-
rokhod topology and for t > 0, we write (F; : ¢ > 0) for the natural filtration. The process
X = (X, : t = 0) denotes the co-ordinate process on D and we let (X, P,) denote the law of a
non-constant Lévy process started at x € R.
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In, what is by now considered, classical work, it was shown in [4,6] that, under mild assump-
tions, there exists a (super)harmonic function 4 > 0 such that, for x > 0,

LI 10.6)
dP, - T h(x) l=wl

t

t >0, (D

characterises the law of a Lévy process conditioned to stay non-negative, where 7,” = inf{r > 0:

X; < 0}. To be more precise, the resulting (sub-)Markov process, (X, IP’,I), x > 0, also emerges
through the limiting procedure,

Pl(A) = }Iiﬂ}IP’x(A,t <eqlty >, t>0,AeF,
where, forg > 0, ¢, = g~ 'e such that e is an independent exponentially distributed random
variable with unit mean. This result would normally be proved in the setting of diffusions using
potential analysis. For the case of Lévy processes the analogous theory was not readily available
and so the work of [4,6] is important in that it shows how excursion theory can be used instead.

In this paper, we are interested in exploring conditionings of subordinators, that is, Lévy
processes with non-decreasing paths. Moreover, we are also interested in similarities that occur
when conditioning subordinators that are embedded in the path decomposition of other Markov
processes. In this respect, it is natural to understand how to condition a subordinator to remain
below a given threshold. To see why, let us return to the setting of conditioning a Lévy process
to remain non-negative and explore the effect of the conditioning on the range of the process
X, =infy<; X5, > 0.

It is well understood that there exists a local time at O for the process (X; — X, : t > 0),
which is Markovian; see for example Chapter VI of [1]. If we write this local time process by
(L; : t > 0) and set L,_1 =inf{s > 0: Ly > t},t > 0, then H; := XLt—l, for L,_1 < o0 and
H; = —oo otherwise, defines a killed stochastic process with cemetery state {—oo}, known as
the descending ladder height process, whose range (—o0, 0] agrees with that of (X, : 7 > 0). In
particular, for x > 0, the law of H under P, is such that S; := x — H;,r > 0 is a (killed)
subordinator issued from x. (In fact, the renewal function associated to this subordinator is
precisely the function /4 in (1).) Since, for each t > 0, L,_1 is in fact a stopping time, one may
consider the conditioning associated to (X, ]P’I), x > 0, when viewed through the stopping times
(L, Ly > 0), to correspond to conditioning the subordinator (S; : ¢ > 0), issued from x, to
remain positive; or equivalently to conditioning —H to remain in the interval [0, x).

With this example of a conditioned subordinator in hand, we extract the problem into its
natural general setting. In the next section, we show how conditioning a general subordinator to
stay in a strip, say [0, a] can be developed rigorously. Additionally we show that this conditioning
can be seen as the combined result of choosing a point in a according to a distribution,
which is built from the potential measure of the subordinator, and then further conditioning
the subordinator to hit that point. Moreover, in the setting of stable subordinators, appealing
additionally to the theory of self-similarity, we can interpret the conditioning as the result of an
Esscher change of measure in the context of the Lamperti transform.

In the spirit of observing the relationship between conditioning a Lévy processes to stay pos-
itive and the conditioning of a key underlying subordinator in its path decomposition, we look at
the case of conditioning a Markov process to avoid the origin beyond a fixed time. A key element
of the associated path decomposition will be role of conditioning inverse local time at the origin
to remain in the interval [0, a), with a > 0 fixed. Finally in Section 3.1 we use the ideas from the
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previous sections to condition a Lévy process, issued from the origin, to reach an overall maxi-
mum in [0, b) in the time interval [0, ). This is tantamount to conditioning its ascending ladder
height and ascending ladder time, which is a bivariate subordinator, to stay in the time-space box
[0, a) x [0, b).

The key mathematical principle that connects all three sections, as well as connecting with the
historical theory of Lévy processes conditioned to stay positive, is that each of the conditionings
we consider pertains to a generalisation of the conditioning of an embedded subordinator to
stay in a strip. Accordingly, features of the resulting conditioned process can be described via
transformations in the spirit of a Doob h-transform that are reminiscent of the Doob A-transform
that uses the subordinator potential, which corresponds to conditioning a subordinator to stay in
a strip.

2. Conditioning a subordinator to stay in an interval

In the previous section, we outlined the standard notation for a Lévy process X. Henceforth
we shall assume that the process X is a subordinator. That is to say, it has non-decreasing paths.
We shall often be concerned with the setting that it is issued from the origin, in which case we
write P in place of Py. The law of X is determined by a characteristic pair (x, v), with k > 0,
and v a measure on (0, co) such that fx <. Oo)(1 A x)v(dx) < oo. These are related to the law of
X via the Laplace exponent

—%10gE(exp{—)»Xt}) =¢(\) =«kr+ /00(1 — e_)‘x)v(dx), A>0,r>0.
0

As usual, we will denote by V(-) the tail Lévy measure of X
v(x) =v(x,00), x>0.

For g > 0 define the g-potential function of X by
o0
U9 (x) ::/ e "P(X; <x)dt xeR.
0

It is not too hard to show that forallg > Oandx € R, U (@) (x) < oo. Note also that by monotone
convergence we have that U@ — U := U© uniformly on compacts as ¢ | 0. The function U
is also known as the renewal function of the subordinator X. The next lemma follows trivially
from the fact that both r — X; and x — U (x) are increasing.

Lemma 2.1. For each a > 0, the process
Ua — Xt)ﬂ{X,<a} t >0, 2)

is a supermartingale.
2.1. Definition of the conditioned process

As a non-negative supermartingale, we may use (2) to develop a Doob A-transform. For the
remainder of the section, we fix a > 0. For x € [0, a], we define a new measure ]P’i on D as
follows:

U(a — X;)

Ya. _
IP’X(A,t<§)_Ex|:U(a_x)

]l{X[<u,A}}s tEO,AE}-t»
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which makes sense in view of Lemma 2.1 and the fact that U (z) > 0, for all z > 0. We will often
abbreviate this as
dPY| U — X))
dP, |7~ U(a —x)

Lix,<a)- 3)

Since (2) is a supermartingale, the process (X, IP’)%) is sub-Markovian. The main result below
states that there is a sense in which we can think of (X, Pi) as the process (X, P,) conditioned to

remain below level a. Hereafter and unless otherwise stated, we will assume that the level a > 0
is fixed.

Theorem 2.2. For g > 0 let ¢; := g~ 'e, where e is an exponential random variable which is
independent of X. Moreover, let T} .= inf{t > 0 : X, > a}. Then for any stopping time T and
any A € Fr,

PYA; T <¢) = 11?01193(14; T <eyle, <t)).
q

Proof. Let T be a stopping time and fix A € F7. Then
Py(A; T < g5 Xeq <a)

IPX(A;T<CBq|®q§r:')=

Py (Xe, < a)
Pr(A; T < eg; Xe, — X7 <a—Xr)
- P, (X, <a)
=E, |:]1{A Xr<a,T<e, }PO(X;ECI_T = Xr [T <o) m]:T)]
e Pr(Xe, =a)
[ Po(X}, <a—Xr) \
= x|: {A, Xr=<a,T<ey} Px(Xeq < a) ] ( )

where X’ is an independent copy of X and 4321 is a copy of e, independent of X’. In the first
equality we have used the fact that X is increasing, in the third equality we use the stationary
independent increments and in the final equality we have used the lack of memory property of
the exponential distribution.

Now we have that, for each y > x

o
Py (Xe, <) :/ ge P*P(X; <y —x)ds = qUD(y — x).
0

Using the above and the fact that U@’ — U uniformly on compacts as ¢ | 0 we get from (4)
that

. U(a - Xr)
B%PX(A; T <eq |eg <1))=E, [mﬂ{fx,xka, T<oo}:| .
It follows that
. U(a— X1)
B%PX(A; T <eyg|ley < T;) =E, [mﬂ{xrgaj«x:}rm} = P)lc(A; T <¢)

as required. [



1238 A.E. Kyprianou et al. / Stochastic Processes and their Applications 127 (2017) 1234—1254

2.2. Path decomposition of the conditioned subordinator

Let us momentarily refer back to the motivation for the conditioning in Theorem 2.2 that
comes from the setting of the descending ladder height process of a Lévy process conditioned to
stay positive.

The so-called Williams path decomposition, see e.g. [4], states that the conditioned Lévy pro-
cess reaches a global minimum, whose law can be characterised by the renewal function of the
descending ladder height subordinator. Moreover, given the space—time point of the global min-
imum, the evolution of the path of the conditioned Lévy process thereafter is equal in law to an
independent copy of the conditioned process issued from the origin, but glued on to the aforesaid
space—time point.

For example, in the special case that IP’)I corresponds to a Brownian motion conditioned to stay
positive, the original setting where D. Williams observed this path decomposition, x — H;, t > 0,
is nothing more than a unit drift. The global minimum is achieved once the Brownian motion,
and hence the process x — H;,t > 0, hits a uniformly chosen point in [0, x]. Thereafter, it
behaves like a Bessel-3 process issued from 0, which happens to correspond to the weak limit on
Skorokhod space limy o IP’)TC, i.e. the law of Brownian motion conditioned to stay non-negative
when issued from the origin.

If we strip away the Brownian motion in the above description and focus only on its de-
scending ladder process, we are left with the conditioning of a very simple subordinator, i.e. a
pure linear drift, conditioned to stay in the interval [0, x]. Moreover, this is done by uniformly
choosing a point in [0, x] and killing the subordinator once it is absorbed it reaches this state.

One sees the same phenomena for the case of conditioning a Poisson process to stay in an
interval. Let N = (N; : t > 0) be a rate 1 Poisson process. Then it is not hard to show that
U(x) = |x] 4+ 1 for every x > 0. Thus using (3), foreacha € {2,3,...},x € {0,...,a} and
nef0,...,a}

a+1—N; n
PN, =n)=E, | ——— LTy | = P(N, = l]l—— ).
x(Ne =n) X[a—l—l—x {N’_n}i| <N n)< a+1—X>
We see that we can describe the law of N under IP’é as follows. Let u € {0, ..., a} be chosen

uniformly at random. Then under ]P’i, N is arate 1 Poisson process killed when it first hits level u.

In greater generality, when X is an arbitrary subordinator, (X, Pﬁ) is an increasing killed
Markov process, and we should expect to see a ‘terminal value’, X, _. In the case of the previous
two examples, the law of this terminal value is uniformly distributed. In greater generality,
again guided by the Williams path decomposition for a general Lévy process in [4], one would
expect the terminal value X, _ to be U-uniformly distributed. We can ask for the law of (X, Pﬁ)
conditionally on the value of this maximum. Given the examples above, one would expect that
under IP’i|{X;_ = y}, for y € [0, a), when X has infinite jump activity, it is conditioned to
approach y continuously.

Our objective in this section is thus to describe the path decomposition of the process (X, IE”,%
in this spirit. We begin by finding the law of its terminal value.

Lemma 2.3. For a > 0, we have the identity

Uy —x) <y<a

Pi(xr:ffy)=m’ *=
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Proof. Fix x € [0,a] and y € [x,a]. Recall that 7 = inf{r > 0 : X, > y}. Then from
Theorem 2.2 we have that

Py(Xe, < y) Uy —x)
Ny — 1 + Y 1 T —1_
Pi(zy <) = }{lilapx(l’y <eqleg<t))=1 }11?(} Py (Xe, <a) = Ula—x)

The lemma now follows since IP’)% (Xg_ < y) = ]P’i (ty+ >¢). O

Now we describe the law of (X, ]P’i) conditionally on X;_. In order to do so we make the
following assumption:

U (dx) has a continuous density u(x)

with respect to the Lebesgue measure on (0, 00). (DA)

Using Proposition 12 in Chapter I in [1] we get that there exists a version & of the potential
density u such that the function x +— u(a — x) is excessive for X. Next we show that the
continuity assumption ensures that x > u(a — x) is also excessive for X.

Lemma 2.4. Assume (DA). The process (u(a — X;)1{x,<q) : t = 0) is a P-supermartingale.

Proof. Suppose that f : R — R is a positive and bounded measurable function. Then we have
the following equalities for any ¢ > O,

/(0 )dyf(y)IE[u(y —X)lix, <yl =E |:/

(0,00)

=E U dyf(y + Xz)u(y)}
(0,00)

(0,00)

dyf(u(y — Xz)]l{x,<y}}

=/ m/ P(X, € dy)E,[f(X,)]
0 (0,00)

oo
= [ @B L)
0
where in the second equality we have used the substitution y’ = y — X;, then in fourth and fifth
we have applied the definition of the potential measure and the Markov property at time ¢, re-

spectively. Furthermore, since f is positive and X is non-decreasing we infer that the right most
term in the above identity is bounded by above as follows

/O dSE[f(Xt+‘Y)]l{XX>0}] < fo dSE[f(Xz+Ar)]1{X[+:>O}]
=/ dsE[f(Xs)1ix,>0]
t

< / dyu() £ ().
(0,00)

Since this holds for any f positive and measurable it follows that for every ¢ > 0

Elu(y — X)1{x,<y;] < u(y) foralmostevery y > 0.
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Let us prove that the above holds for all y > 0. Take y > 0 and let ¢ > 0 be small. Then it
follows that there exists a point y, € [y — ¢, y] such that

Elu(ye — X 1ix, <y}l = u(ye). (&)

Letting ¢ | 0 we see that the right hand side of (5) converges to u(y) by continuity of u. The left
hand side of (5) converges to E[u(y — X;)1(x,<y}] by dominated convergence theorem and the
continuity u. This finishes the proof. [

For each y > 0 and x € [0, y) define a new measure P, by setting

Py u(y = X))
dpP, |7 u(y — x)

]l{thy}' (6)

Again referring to work on conditioned Lévy processes in [4], we can guess that the above change
of measure corresponds to conditioning the subordinator X to be continuously absorbed at the
point y. More precisely, we have the following result in the spirit of Proposition 3 of [4], whose
proof we also mimic.

Theorem 2.5. Assume (DA). Then forall0 <x <b <y <a,

PYY(A <)) zliir(}]P’x(A,t <7l Xp_zy—e), 120,AeF.
&

Proof. Fix 0 < x < b < y and suppose that ¢ < y — x. Applying the Markov property at time
t, we have

)

Px,(X,+_ >y —¢)
[P’x(A,t<r;r|Xr;r_zy—8):IEx 1 2

A,t<th+<oo} Px(err_ >y — 8)
where we note that r;r < oo thanks to our conditioning. Appealing to Proposition III.2 and
Theorem IIL.5 in [1],

Pr(Xpr 2y —e) = P(Xr(tﬂ)i Zy—x—¢)

=ku(y —x) + /s u(y —x —v)v(v)dv. )
0

Using the continuity of u and (8) we get that for any x” € [0, y)
A A T et 9]
el0 Pr(Xoy_zy—e)  uly—x)

where, if « > 0, then the limit is easy to see and, if k = 0, we can appeal to L’Hopital’s rule. Fur-
thermore, because u is assumed to be continuous on (0, co) we have that forany0 < x’ <b < y

Pu(X,+_>y—¢)
lim L
el Kk + [y v(v)dv

< sup u(z) < oo.
zel4(y=b).)]

Hence by bounded convergence we have that

IPXt(XtJr, >y—e) u(y — Xy)
limE, | 1 > —E |1 vy = X0 |
e [ i< <P (Xe_zy—o) | [ Ay <00l (y —x) ]

Taking limits in (7) and comparing to above finishes the proof. [
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The following theorem shows that, under the assumption (DA), conditioning a subordinator
to stay in a strip may be seen as first picking a point U-uniformly in [0, @), after which the
subordinator is conditioned to continuously hit that point.

Theorem 2.6. Assume (DA) and let 0 < x <y < a. Then conditionally on X, _ =y the law of
X under IE”i is that of X under P} .

Proof. Fix 0 < x < y < a. We start by observing that by Lemma 2.3,

u(y —x)
Ua —x)
This fact, together with the Markov property at time ¢ under the measure PV, implies that for

arbitrary 0 < x < a,t >0, A € F;,and f : [0, 00) — [0, 00) positive and measurable, we have
that

Pi(ng edy) = Tix<y<aydy.

E (14, <00/ (Xe2)) = BE (1, <0iB, (£(Xc0)
u(y — Xz))

a
=1/ d EY <ot lix, <
/o yf () x< <ol "y,

¢ uly —x) uly = Xo)
:/O dyf(y)ﬁl{x<y}Ex <]{A,t<{}1{X,<y}T_xt)>

2/0 dyf(y ) (y ))1{x<y}]P;’y(A»t<§);

where in the third equality we used the definition of the measure P¥. Combining this with the
law of X,_ we see that

B [ (X )P4 1 < ¢1Xe )] = B[ f(X )P

which concludes the proof. [

OX{_

(At < ;)]

2.3. Interpreting the self-similar case

To get another perspective on the pathwise behaviour of conditioned subordinators, let us
restrict our attention to a-stable subordinators, where the additional benefits of self-similarity
can be explored. Recall that a subordinator X is called «-stable if forall# > 0 and ¢ > 0

(Xpay 11> 0)L(X, 11> 0), 9)

where it must necessarily hold that « € (0, 1). Henceforth suppose that (X, P) is an «-stable
subordinator. In particular, we restrict ourselves to issuing the process from the origin without
loss of generality in the forthcoming analysis. It is known that

Ele *X1]=e ¢, 1>0,

for some constant C > (. Without loss of generality, we henceforth assume that C = 1. From
(9) it follows that U (x) = x“U (1) for all x > 0 and hence

dpt a—X\*

e Lix,<a), (10)
dpe a— X \*!

aP |7, :( a t) Howza) (11)
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Our goal here is to give a different pathwise interpretation of P¥ and P> by considering the
above changes of measure in the context of the Lamperti transform, see [10].
For eacha > 0 and ¢t > 0 define

y@ _ a—X, iftX; <a,
! 0 otherwise.

It is not hard to check that under each of the measures P, P¥ and P°Y, Y@ is a positive-valued
Markov process issued from a with the following additional property: for every constant ¢ > 0,

9 12 0L¥ 1> 0).

c—ll

Such Markov processes are known in the literature as positive self-similar Markov processes
(pssMp). The classical Lamperti transform, [10], allows us to write

Y@ =acfvan,  t<¢=infls >0:Y® =0}, (12)

where & = (& : ¢t > 0) is the negative of a subordinator which is killed at an independent and
exponentially distributed random time and

t
o(s) = inf{t >0: / %S dy > s} . (13)
0

We describe how the three processes (£, P), (&£, P¥) and (£, P>Y) are related. We first begin
by identifying the Laplace exponent of the process &£. The next result is known, as the process
Y is a special example of a stable process killed on exiting the lower half-line, which has been
discussed e.g. in [3,8], however, we re-establish it here in a different way for convenience.

Lemma 2.7. For A > 0,

I'l+ A

Proof. Let £* be the Lévy process which is equal in law to & but without killing. For A > 0, let
&*(X) := —log E[e*é1'] and write q for the rate at which £ is killed. Note that
th=inf{t >0: X, > a) =inf{r > 0: ¥ =0}
Then it follows that for each A > 0,
* a— X +_ A
— 1 g =R =B | (——==) |. (14)
q+ P*(A) a

The random variable inside the expectation on the right hand side is known as an undershoot and
it is law is given by

a—Xep oy =yt
]P’(Tedy>—mdy, yG(O,a]

see for example [9, Exercise 5.8]. Developing the right hand side of (14) we get

q _ 1 /1 )\,_a(l _ )O{—ld
g+ o0 TA-al@ )y’ e
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_ 1 I'd+xr—a)l(x)
T I -o)l(a) '+
_ _TI'+i-0 =0,

I'd—a)lA+xr" =~
Since @(A) = g + ®*(1), we have that

ra+mynrd—-a
d(A\) = 15
i A ST g .
and hence it suffices to show thatg = 1/I'(1 — «).

To this end, let v be the Levy measure of (X, P), then it is known that [9, Exercise 5.8 (i)] for
any x > 0, v(x, 00) = x~%/I'(1 — «). The Poissonian structure of the jumps of X implies that
for any ¢ > 0, on {X,_ < a}, the rate at which X exceeds a, and hence the rate at which Y@ is
killed, is

Yt(f))—ot
va — X,_, c0)dt = —="_dr.
I'(d—a)

On the other hand, referring to the Lamperti representation (12), noting in particular that
pa™n)
/ eSds =a"%, t<c,
0

the process ¥ ) is killed at rate
qdo(a?1) = ga~%e *Svandr = g(¥“)~dr.
Comparing these two rates, we see that g = 1/I'(1 — «), and the proof is completed. [

Now noting that ¢(a~%t) is a stopping time in the natural filtration of &, if we now revisit
the change of measures (10) and (11), we see that they are equivalent to performing exponential
changes of measure with respect to the law of & with the exponential (super)martingales

e and e@ D& 1>,

respectively. Note that the first of these two is a strict supermartingale on account of the fact that
&(a) > 0. The second is a martingale thanks to the convenience that ¢(o — 1) = 0. Moreover,
under these exponential changes of measure, we find the new Laplace exponents of & become

'+ ir+a) I(a+A)

and P°(\) = ——,

PH(n) = T
(I4+21) ro)

>0,
respectively.

As we might expect, given that (X, P¥) is a killed Markov process, the corresponding pssMp,
Y@ has Lamperti transform which reveals a killed underlying subordinator —¢. That is to say,
#¥(0) > 0. Similarly as we know that (X, P>%) is continuously absorbed at level a, the pssMp
process Y@ is continuously absorbed at the origin and hence, not surprisingly, $°(0) = 0.

3. Last passage by time a for a Markov process

In this section we consider the following problem. Let X = (X; : ¢ > 0) be a Markov
process and a > 0, then what does the process X conditioned to not visit O after time a look
like? The motivation for the problem and connection with the first half of the paper comes from
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the following. Suppose that Y = (¥; : ¢t > 0) is a subordinator which is not a pure drift and for
x > 0 define

D, = Yr;*' —Xx

where 7, = inf{r > 0 : ¥; > x}. Since Y has the strong Markov property, it follows that
D = (D, : x = 0) is a Markov process with the property that the closure of its zero set coincides
with that of the image of Y. Hence it follows that conditioning the process Y to stay in the
interval [0, a], as in the previous sections, is equivalent to conditioning the Markov process D to
not hit O after time a. In this section we would like to extend this notion to more general Markov
processes. Although the results are stated for Markov processes living on R, they can be easily
adapted to more general Polish spaces. Before doing so we first introduce some definitions and
recall some useful facts.

We will assume that X is a nice Markov process on R in the sense of Chapter IV in [1]. Denote
Ty := inf{t > 0 : X; = 0} and suppose that

P (Tp < 00) >0, xeR.

Let L = (L; : t > 0) be the local time of X at 0. In particular, L is the unique process which
increases on the set {s : X; = 0}, and hence there exists a § > 0 such that

!
BL;: =/ 1ix,=0yds, t>=0. (16)
0

For more on the existence and construction of the local time process, see [1, Section IV]. Next,
for g > 0, define

t
v x) =E, U e_q”dLu] . (17)

When ¢ = 0 the super-script in V4 will be omitted for notational convenience.

Next let £* denote the excursion set, that is the set of cadlag paths € : [0, £] — R such that
€(t) # 0ifand only if ¢ € (0, ¢) for some ¢ = ¢(€) > 0. There exists a o-finite measure 5 on
E* which is induced by the process X, known as the excursion measure, it allows to describe the
excursions of X from O as follows, see e.g. Section 4 in Chapter IV, [1] for further background.
Consider the set U = [0, 00) \ {f : X; = 0}. Since this is an open set, it can be written as a
countable union of disjoint intervals {({;, r;)};>1. Next forany i € N,

o )X f0<t =<4
€(t) = {0 ift >ri — 4.

Notice that the Stieltjes measure dL; is well defined because the process L is non-decreasing. A
key result in excursion theory states that

> S

i>1

is a Poisson point process on [0, 0o) x £* with intensity given by E[dL;] ® 7, see for example
[1, IV Theorem 10]. One consequence of this is the compensation formula which states the
following. For ¢ > 0, let D[0, #] be the space of cadlag paths w : [0, ] — R. Consider a function
F = (F, : u > 0) such that F,, : D[0, u] x £* — R for which u — F, (-, €) is adapted with
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respect to the filtration F and is left-continuous, for every € € £*. Then

E[Y Fo((Xi:t<t),e) | =E| | n(Fu((e:t <u),e)dLy | (18)
per i 0

Furthermore, under 5 the process € has the Markov property with the transition semigroup of X
killed at its first hitting time of 0.
For x € R and ¢ > 0 define
Py (To > e4)
gB+ (1 —e~1%)
where e, is an independent exponential with parameter g. In order to state our main theorem we
must first make two assumptions:

hy(x) =

19)

(A) for each x € R, h(x) := limg o hy(x) exists,
(B) either there exists a measurable function H such that |h,(x)] < H(x),x € R and
sup,>o N(H(€),1 < {) < 0o, or that the mapping g > h,(x) is monotone for all x € R.

Now we can state the main theorem of this section.
Theorem 3.1. Let a > 0, and for t > 0, let g = sup{s < t : Xy = 0}. Assume that

(A) and (B) hold. Then for each x € R there exists a measure Py such that for any stopping
time T and A € Fr,

PIYA; T <¢) = 1i?SIF’x(A; T < e4lge, < a).
q

The next theorem describes the path of the process (X, P %).

Theorem 3.2. Assume that (A) and (B) hold. For a > 0 and x € R the measure Py¢ admits
the representation

Ei® [F(Xs5.5 < 800) f(860)G (Xpggoes v < )]
1 a
=——7UF, |:/ dL F (X5, s < D) f(0)n (G(es, s Suh(ey),0 <u < ;):| ,
VO,a (x) 0

forany F, G : D — R bounded, measurable functionals, and f : [0, o0) — [0, 0o) measurable.

The description in Theorem 3.2 immediately allows us to decompose the path of (X, P:%) as
follows.
Corollary 3.3. Under PS¢, goo = sup{t > 0: X; = 0} < oo almost surely, and
Vi,a(x)
VO,a(x)

The process (P<%, X) is obtained as the concatenation of two independent Markov processes
(X: 1t < goo)and (X; 1t = goo). Let f : R — R be a bounded measurable function. Then
under P<? the process (X; : t < goo) Is inhomogeneous and its transition probabilities are
determined by

IP))fa(goo >1) =

E;a[f(Xt)lfs;l < goo] _ EXs [f(Xt‘;s)VO{;(—t)—s(Xt—s)] s<t<a. (20)
t,a—s\Ag
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The latter process, (X; : t > goo), has entrance law

ESLf (X )] = 0(f(e)h(e) 1 t < ¢),

and semi-group given by Doob’s h-transform

%IEX (F(XOh(X,),t < Tp), forall x with h(x) # 0.
X

We shall spend the remainder of this section proving Theorem 3.1, Theorem 3.2 and Corol-
lary 3.3. Our proof is similar to the proof of the conditioning we have seen in the previous part.
We again use a technique similar to [6,11,12].

We will henceforth assume that the assumptions (A) and (B) hold. We begin with the following
lemma.

Lemma 3.4. We have that the function hy, defined in (19), is excessive in the sense that
Ex[hq(Xt); t <Tp] < hq(x) t>0.

The same holds for the function h. Furthermore,

Ey (hg(X0):t < Tp) = ¥ hy(x) — (To > u)e 1"du. @21)

q t
—/p
qB +n(¢ > eq) Jo

The lemma follows essentially from the Markov property, see for example page 22 in [11] for
further details.

Next we decompose the process (P, X) into two processes; one process describes its law
until time 8e, and the other describes its law after time gg " The formula (18) enables us to
decompose the path of (X, : 7 < e4), conditionally on g¢, < a.

Lemma 3.5. Suppose that F, G : D — R are bounded measurable functionals and f : R — R
is bounded and measurable. Then for every r > 0,

Ev[F(Xs:5 < geq)f(geq)G(Xs-i-g@q s <r)r< €g — geq|geq < al

a i F(Xs s <1) N(Geg:s <r)(e @ —e 1) r <)
—F, dL,e™" (22
[/0 O T } (22)

Proof. Fix r > 0. For v > 0, consider the following functional
F (0, €) = 1 yuevertu) Luza) F@ Fws s <u)G(es i s <r).
Then we have that
Ex[F(Xs:s5 < geq)f(geq)G(Xs+geq S S r<eg — 8eys ey < al
o0 o0
= / Ex [Z FO(X 1 <), ei)} ge™ " dv.
0 -

It may be the case that X, ;= 0 (when 8 > 0), in which case ge , = € and the above expectation
is zero. Using (18) we get that

Es[F(Xs:s < g@q)f(g@q)G(Xngq 1S Sr)ir <@g — 8oy e, < dl
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a u+¢
=E, |:/ dL,F(X,:s < u)f(u)/ n(de;r < g“)/ dvge ™ 1"G(es i s < r):|
0 E* u+r
a
=E, |:/ dL,e ™ "F(Xs:s < u)f(u)/ n(de;r < &)e™ "
0 E*
C—r
x/ dvge™"G(es i s < r):|
0
a
=E, |:/ dL,e  "F(X5:s < u)f(u)] N(Ge s <r)e 9 —e ) r <0).
0

Hence we are left to show that P(ge, < a) = VO(Z) (xX)(gB + n(1 — e 9%)).
Taking F =1,G =1, f = 1l and r | 0 in the equation above gives that

a
Py (ge, < a; Xe, # 0) = Ex [/0 dLueq“] N1 —e79) = Vg (0)n(1 — e79%)

where in the second equality we have used (17). Now it remains to show that Py (ge, < a5 Xe, =
0) = Vo(qa) (x)gPB. Notice that X, = 0 occurs if and only if g, = &4, hence we get that

Px(geq <a; Xeq =0) =Pi(ey <a; Xeq =0)

a
- / ge 1P (X, = 0)dr
0

= q,BEx (/(;a e_qt dL[)

= VL ()
where in the second equality we have used (16) and in the final equality we have again used (17).
This concludes the proof. [

Notice that Theorem 3.1 immediately implies that if PS¢ exists, then (X, P;™¢) is a Markov
process.

To prove the convergence in Theorem 3.1 notice that the factor on the left of (22) converges
to the desired limit given in Theorem 3.2 as ¢ | 0. The Markov property of the process
(X 1t < goo) under P is easily deduced from equation (22). Indeed, we infer that for
any s <t < a, and functionals f : R — [0, o0) and G : D[0, s] — R measurable and positive,
we have the identity

[ re GX,:u<t
P (G (Xuvtt < 1), 1 < goo) = Ex f dLvMu,@}}
LJO VO,a(x)

[G(X,:u<t) (¢
(Xuy:u<t) d Lv:|
L Vo,q(x) t
[ Via(X
=Ex |G(Xy 1u < r)M],
V0,a(x)

where in the first equality we applied the expression resulting from taking the limit as ¢ — 0 in
(22), then the second identity follows from the fact that the only term influenced by the integral
with respect to the local time is the indicator function, and finally the third equality follows from
the Markov property at time ¢. From the latter identity we infer that the law of (X, : u < gx)
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under P<¢ is that of the h-transform of X, killed at time a, using the space—time excessive
function (x, ) = V; 4(x) and hence its semigroup is given by (20).

Now it remains to describe the second term in the product in (22).

Lemma 3.6. We have that for allt > 0 and G : D[0, t] — R continuous and bounded,

N(Ges s <) —e )1 <0)
m —

li =n(G(& : s < t)h(e);t <)

ql0 gB +n(l —e4%)

Proof. Recall the definition of h,(x) in (19). Integrating out the exponential results in the
following,

E,[1 — e7470]
qB +n(l —e4%)
where, as before, Ty = inf{s > 0 : X; = 0}. Hence we have that using the Markov property,
N(G& s <D —e 1)1 <7)  n(Gl& s <De B[l —e D)1 < 1)
gB +n(1 —e~1%) B gB + (1 — e—4%)
=n(G(& 15 < Dhg(e)it < ).

Assumptions (A) and (B) together now imply the lemma either through the dominated
convergence theorem or the monotone convergence theorem. [

hg(x) =

Now Theorems 3.1, 3.2 and Corollary 3.3 follow from Lemmas 3.5 and 3.6 together with the
Markov property of € under 7, see e.g. [2].

Remark 3.7. We believe that the Assumptions (A) and (B) are minimal conditions for Theo-
rems 3.1 and 3.2 to hold. These assumptions can be easily verified in the case when X is transient
because in that case h(x) = PX((TOTTS); when X is a Lévy process, see e.g. [6,11], or when X is

a positive self-similar Markov process [12]. See Remark 3.8 for further details.

Remark 3.8. To finish let us observe that verifying (A) and (B) is not necessarily a hard task.
Notice that we have the identity

SN — E (/ dLse_‘”) .
aB + (& > eq) [0,00)

If we denote V(ds) = [E(dLy), we can then express the function /, as
e¢] t
hy(x) = qf dte_qt/ VAP (T, >t—s), q>0,x€ckE.
0 0

From this fact it can be seen that if the function ¢ +— fot V(ds)P (T, > t —s) is differentiable on
(0, 00) then the function h, is non-increasing in g. As with respect to (A), from this identity we
can see that for instance if 0 is positive recurrent, §(¢) < 0o, and E,(Tp) < oo forall x € E,
then the renewal theorem implies that

t
/ V(AP (T, >t —5) ——> LIE,C(TV) =h(x), x€E.
0 =00 (&)

Notice that identity (21) implies that in this case A is strictly excessive when 0 is positive
recurrent. This makes sense since when the origin is positive recurrent, conditioning on avoiding
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the origin is costly and results in the process being killed in finite time. In the null-recurrent
case, §(¢) = oo and the condition (A) holds under the assumption that the tail distribution of
Tp is regularly varying. This time (21) shows that the function # is invariant and so the process
conditioned to avoid zero has an infinite lifetime.

3.1. Lévy processes

Using the previous methods we aim at building a Lévy process (X;, ¢ > 0) conditioned not
to go above level b and its maximum is achieved before time a. We refer to Chapter VII in [9]
for background on fluctuation theory of Lévy processes. In order to avoid some technicalities we
will make the additional assumption that

0 is regular for (0, co) and (—o0, 0).

We will denote by X the - dual Lévy process X = —X, and by P its law, that is the push forward
measure of the mapping X under . As usual, ]P’ denotes the law of the dual process started from
x, that is the law of x + X under P.

Let S; = sup,,{XsVO0},t > 0. The process X reflected in its past supremum (S;—X; : t > 0),
is a strong Markov process with respect to the natural filtration (F; : > 0) generated by X.
Similar to the previous section (S; — X; : t > 0) admit a local time at 0 and we denote this by

- = - . L . —1 _.

L = (L;,t > 0). The process L admits a right-inverse and we denote it by L . Finally we let
n denote the excursion measure at 0 for (S; — X, : 7 > 0). We will denote by n the excursion
measure for the dual process X reflected in its past supremum.

Next let V (ds, dx) denote renewal measure of the upward ladder process (Z_l, Xz—l) given

by
o0
//[o,oo)l V(ds,dx)g(s,x) =E /0 dul{Z;'eds,Xz_ledx}]{Z;<oo} )

Using that L increases only at the times where X reaches its supremum and making a change of
variables, we infer that for any g : [0, c>o)2 — [0, 0o) measurable, we have the identity

/f V(ds, dx)g(s, x) =1E(/oo dLsg(s, XS)). (23)
[0,00)2 0

From Lemma 1 in [5] we obtain also that
V(ds,dx) = n(es € dx, s < ¢)ds. 24)

For 0 < a, b < 0o, we define

V4 (10, a) x [0, b)) = /

a
e 1V (ds, dx) =/ dse ™ ¥n(es < b,s <),
[0,a)x[0,b) 0

and the upward renewal function

S —_—
Vix) =E</ dLSl{X.rfx}) .
0

Following [6], we will denote by f@; the law of the dual process X conditioned to stay positive,
started from x > 0. This measure satisfies that for any ¢ > 0,
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V(X1) > .
_ Sy B, ifx >0,
Bl = | Vi el x>

VXD dily,  ifx=0.

For convenience, we write PT in place of Pg. Here we will denote

g =sup{s <t:S8—-X;,=0}, >0
which is consistent with the notation in the previous section as it is the last visit to zero before
time ¢ for the process reflected at the supremum.

Theorem 3.9. We have the following limit

lim E (F(Xs, 0 <5 < ge,) f(8e,r Se,)G(Xgo, — Xutge, -

O0<u=<T-2ge,)lge, <a,Se, fb)

_E (fo dL F(X,,0 <5 < 1) f(t, S)1s,b})
a V ([0, al x [0, b])
foreveryT > 0,F,G:D — R, f: R — R, bounded measurable functionals. The left factor of
the above equation corresponds to the law of the Lévy process killed at the last time where it hits

its overall supremum, conditioned to have an overall supremum reached by time a and whose
value is below b.

x BN (G(X,.0 <u<T)), (25)

Proof. The following identity is obtained by now standard calculations using the compensation
formula for the process X reflected in its past supremum, see e.g. [4] for similar computations,

E (F(Xs, 5 < ge)f (8ey Se, )G (Xgo, — Xurgo, 0 <u <y — geq)>

o0
=FE <q/ dte " F(X;,0<s < 1)G(0) f(t, S,)I{X,=5,}>
0

dy
+4qE (Z 1{d,>g,}F(XS7 0=<s<g)fle Sg,) (/ dse_qsG(Xg,
8

t>0 t

—Xutg,0<u=s _gt)>)

= «(q,0)E (/ dL,e "' F(X,,0 < s < 1) f(t, S,))
0

¢
><|: A [aG(0)+ﬁ(/ dseqSG(eu,OSuSs))H;
k(g,0) 0

where (0 denotes the path that is equal to zero everywhere, and the coefficient a corresponds to
the drift of the inverse local time at the supremum, which is zero because X is assumed to be
regular downwards. From this formula we deduce that for any f

E(F(X;,0 <5< ge,) (86, Se,)6 (Xgo, = Xurge,

O<u<eg—8e)l8e, =a,Se, = b)



A.E. Kyprianou et al. / Stochastic Processes and their Applications 127 (2017) 1234-1254 1251

_ E(fy dLie 7 F(X;,0 <s < 1) f(t, S) (s, <p})
= V4 ([0, al x [0, b])

¢
X I:K(;]’ O)ﬁ(/o dse ™ ¥*G(e,,0<u < s)>:| ) (26)

We would like to determine the limit as ¢ — 0 of the above expressions. The monotone
convergence theorem implies that the following limit holds

- E(fy dLie 1 F(X,,0 <s < 1) f(t, S)1is,<p})
q—0 V4 ([0, a] x [0, b])
B E(fy dL,F(X5,0 <5 < 1) f(t, S)1s,<p})
V ([0, a] x [0, b])
forany F : D — Rand f : R — R positive and measurable functionals.

Let us verify that as claimed, the measure under squared brackets in (26) converges towards
that of the dual Lévy process X conditioned to stay positive. For T > 0, we define a measure on

.7:]" by Setti]lg
n /{ dse 2SI‘I(G u < T)]l T<s
K( , O) us = { <b} ’

with H : D — R any positive measurable functional. Equivalently, E¥-7¢ is the restriction to
Fr N{T < ¢}, of the measure in the rightmost factor in (26). Also, by taking F = 1 = f in
(26), we see that the latter is equal to the law of (X 8og X Zegts? 0<s<T-— geq) conditionally
on {geq <a, Seq < b}. Recall that under n the canonical process of excursions has the strong

3

EVT9(H Xy, s < T)lir<¢)) =

Markov property with the same semigroup as the dual process X killed at its first passage time
below 0; see for example Chapter V1.48 of [13]. The Markov property at time 7" implies hence
that

¢
qg _ _
dse P H(ey,u <T)lir<
K(q,O)n(/é se (ey,u<T) (T s})

¢

qg _ e

= dse PH(eg,s < T)1ir<
K(q,O)n</T se (65,5 <T)yr s})

B P (t, > ey)

The function

ﬁ —

M’ x > ()’
k(q,0)

is known to be an excessive function for the dual process killed at its first passage time below 0,
and to be equal to

hg(x) =

hg(x) = V4((0,00) x [0, x]) = E (/OO dZSe—Wl{XN}) ,
0

see e.g. [6]. For each x > 0, it converges monotonically increasing to V (x) which is known to be
invariant for the dual process X killed at its first passage time below 0, unless the process drifts
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towards —oo, in which case the function is excessive. It follows that for every H as above we
have the convergence

BT (H(X, s < T <g) = lim BNT9(H (X, 5 < Dlr<g) = P (H(X;,s < T)).
q~>

The above relation defines a family of measures (IE¢*T, T > 0) on F, which is consistent. By the
Kolmogorov consistency theorem the unique measure on F whose restriction to Fz is E¥+-T, for
T > 0, coincides with PT. O

Our next aim is to describe in further detail the pre-supremum path of X, (X;, t < g ), under
a probability measure P%* on F, whose expectations are defined by
E*Y (F(X5.0 <5 < 800) f 850+ Sgxo))
. E(fy dLie " F(X,,0 <s < 1) f(t, S) (s, <p})
q—0 V4 (10, al x [0, b])
_E(fy dLiF(X;,0 <5 < 1) f(t, S)1(s,<p))
V ([0, a] x [0, b]) ’

with F : D — R, f : R — R, positive measurable functionals, as above. The probability
measure P*? is carried by the paths with lifetime bounded by a and whose supremum does not
exceed the level b. Furthermore, as a particular consequence of the definition of P*? and the
identity in (24) we deduce the following corollary.
Corollary 3.10. Under the measure P“? we have

1
peb (goo €ds, Sg, € dy) = m1{0<sga,05y5h}dsﬂ(€s €dy,s <¢).

In the spirit of Theorem 2.6 we now describe the law E%? conditionally on the event {goo = 1},
for0 <t <a.

Theorem 3.11. Fix b > 0,a > 0, and 0 < s < a. The function hy defined by
hs(t,x,y)=n(x <€—_ <b—y,s—t<¢), t<s,y<bx=>0,
is such that
Ehg(t, S — X, X)) 1is,<p)) = hs(0,0,0) =n(0 < e, < b,s <¢), fors>t.
The measure Q" defined on F;_ thorough the relation

hs(T, St — X1, XT)
hS(O7 07 0)

Q" (F(Xy,u <T)) =E <F(Xu, u=<T) 1{5T<b}> . T <s,
27)

for any F : D — R measurable functional, is a regular conditional version of E*? given
{800 = s}

Proof. By the identity (25) and the Markov property for X under P we have



A.E. Kyprianou et al. / Stochastic Processes and their Applications 127 (2017) 1234-1254 1253
b
E“P (F(Xu,u < T)(7<g) f(80))

a
— CE ( / AL, F(Xuu < T)l{r<t,s,<h}f<t>>
0

a
=CE <F(Xu, u < T)lis; <pE (/ stl{T<t,S,<b}f(t)|-7:T>) ,
0

where C = m To determine the conditional expectation we use the following common

identity in fluctuation theory
ST4u — X7 = (ST — X7) Vsup{X74y — X7, v < ul;

this together with the independence and stationarity of the increments and that the local time
grows only at the instants where X reaches a new supremum, allows to simplify this expression
to get

a a—T
E (/ stl{S,<b}f(t)|-7:T> =E (/0 dLylx<s,<b—y) f(v + T)> l(x=S7—X7,y=X7]-
T

Using the equalities (23) and (24), together with Fubini’s Theorem the right most term above can
be written as

a—T
/ dvfw+Tin(x <€ <b—y,v <) lx=Sr—Xr,y=Xr}
0
a
= / dsf(s)hs(T, ST — X1, X7T).

T

Putting the pieces together we infer

E? (F(Xu,u < T) 1<) f(80)) = C/a dsf(s)n(0 < € <b,s <¢)
0

(28)

hs(T, ST — X1, XT)
x E (F(Xu, U < Ty <p T <5} — .

n0<e <b,s <)

Applying this formula for T > 0, F = 1, and using Corollary 3.10 we deduce the identity

/a dsf(s)n(0 <e; <b,s <) = /a dsf(s)E (]l{ST<b}hs(T, St — Xr, XT)).
T T

Since the above holds for any f positive and measurable we deduce that for T > 0 and a.e.
s>T

n0<e <bs<)= E(]]-{S7<b}hs(Ts St — Xr, XT)) .
By the right continuity of s — hy(T, x, y) and the bound
he(T,x,y) <n(s—T <¢)<n(d<¢) <oo, withd>0s.t.s —T > 6,

it is seen using a dominated convergence argument that the latter identity holds for any s > T.
This implies the first claim in the theorem. The second claim now follows from the identity (28)
and the Kolmogorov consistency theorem to ensure that there is a unique measure, Q%”, that
satisfies the relation (27). 0O
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It is possible to push forward the description of the measure E%? by conditioning on the value
of the pair (geo, Sg.,). This needs for instance the further assumption that X is such that its
semigroup is absolutely continuous and with bounded densities, viz

Py(X; €dy) = p:(y —x)dy, yeR,t>0,

with p;(-) bounded. In this setting it has been proved in [7] that the measures n(e; € dy, s < ¢)
are absolutely continuous with respect to Lebesgue’s measure

n(e edy,s <¢)=gq;(y)dy, y>0,5s>0,

and for s > 0, ¢J(-) is a strictly positive and continuous function on (0, oo). Then Corollary 3.10
becomes

1

pb (80 € ds, Sg, € dy) = m1{0<x§u,05y5b}q:(y)d3d)’-

Following the arguments in the proof of Theorem 3.11 it is possible to obtain a version of
the formula (28) but for f(gc, Ss.,), Which will give place to an expression of the regular
conditional version of E%-? given {goo =5, Sg,, = y}, withs <aand y < b.
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