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Computing the Yaglom limit of Markov chains with a single
exit state using their excursion measure

Elie Cerf*
June 6, 2024

Abstract

We prove in this article the existence of the Yaglom limit for Markov chains on
discrete state spaces in the setting where the absorbing state is accessible from a
single non-absorbing state. We use a representation of the trajectories of this process
by its excursion away from death, that allows us to link the Yaglom limit with the
large deviations behaviour of the inverse of its local time at the exit state, and to
compute its minimal quasi-stationary distribution with its excursion measure.

1 Introduction

We consider a continuous-time Markov chain (X;);>¢ evolving on a discrete state space
E U {0} where 0 is an absorbing state. Without loss of generality we can fix £ = N =
{0,1,2,...}. We assume that the process is irreducible on N and that it is almost surely
eventually absorbed, meaning that if we denote by Ts := inf{t > 0, X; = 0} the time of
absorption, then for any initial distribution g

PM(Tg < o0)=1. (B)

The asymptotic behaviour of (X;);>¢ being trivial, we are interested in its quasi-limiting
behaviour which is linked to the process conditionally on surviving i.e on the law of X,
conditionally on {t < Ts}. More precisely, we want to understand when the following
limits are well defined

tll>r£1oIP’j(Xt:z|t<T5), Vi, j €N, (1.1)

where IP; stands for the distribution of (X;):> starting from state j € N. These objects
are called Yaglom limits of the process (X¢);>0 and have been proven to be closely related
to its quasi-stationary behavior. In fact, when the limit (1.1) exists and does not depend
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on the starting point j € N then it defines a quasi-stationary distribution (QSD) v* of
the process [10], meaning that v* is a probability distribution on N such that

P, (X; = i|t < Tj) = v*(i),  VieN. (1.2)

By this definition, we remark that if a probability measure v is a QSD for the process
(X¢t)t>0, then the time of absorption T} is exponentially distributed under P, [5, Theorem
2.2. p. 19]. So a necessary condition for the existence of a QSD is the existence of an
exponential moment for the time of absorption Tj [9] namely

v :=sup{y > 0,3i € E : E;[e"7*] < 00} > 0. (1.3)

In the case of a finite state space, Darroch and Seneta [(] proved that this condition
of exponential killing is always verified and that the minimal QSD exists and is the
unique QSD of the Markov chain. However, the matter of the existence of QSDs and
Yaglom limits is not trivial for an infinite state space. Therefore, several works have
been focused on finding assumptions on the process (X;)¢>o under which the condition
(1.3) is also sufficient for the existence of QSDs. This is the case for birth-and-death
processes, as it has been shown by Good [9] and van Doorn [15]. Then, for a general
result, Ferrari et al. [3] showed through the study of renewal processes linked to the
absorption time of the Markov process that under the hypothesis (5), if T5 also verifies

lim P;(T5 < t) = 0,
1—00

for all ¢ > 0, then the condition (1.3) is necessary and sufficient. Very recently, Yam-
ato [18] extended this result to downward skip-free Markov chains by looking at the
excursions of the process away from any state ¢ € N. But the renewal approach for the
study Yaglom limits have also proved useful in the case continuous state spaces after
the founding work of Mandl [14] on diffusions, and Yamato [19] even showed how to
recover information on non-minimal QSDs of general diffusions through the dynamical
approach.

Our work is also inscribed in this framework. More precisely, we make the following
assumption on the process (X¢)¢>0

The death-state § is accessible from state 0 only. (A)

This assumption can be written using the jump rate matrix (%‘,j)i,jeNu{é} of the chain
as:
¢is = Aoy, Vi eN,

with A > 0 the jump rate from 0 to §. Note that the choice of 0 as unique ezit-state
is arbitrary, the main hypothesis is that there is a unique entrance to §. Under this
hypothesis we show the existence of the unique minimal QSD.

Theorem 1.1. Suppose that (A) is verified and let A > 0 be the jump rate from 0 to
d. Then, there exists Ac > 0 such that for X < A\. the condition (1.3) is sufficient for



the existence and independence from the initial state of the Yaglom limit of (X¢)i>0. In
particular, its minimal quasi-stationary distribution v* exists and is given by

vi(i) = lim Po(X, =it <Tp), VieN.

Moreover, it verifies v*(0) = 77*, and the (v*(i))i>1 can be computed using the excursion
law away from state 0.

Our method is based on the construction of (X¢);>0 as a killed version of a process
(Xt)t>0 on N with transition given by Q|nxy with A = 0. When (A) is verified we
can represent Ty as inf{t > 0, L; > T™} where T® is an exponential random variable
independent of X with parameter \ and

¢
L::/l—_ ds, Vi>0
¢ g {Xs=0}

is the local time at 0 of (X¢);>0. The process (L;);>o is a continuous and increasing
process such that for any time ¢t > 0, L; represents the time that the chain has spent in
state 0 before t. In other words,

(Xs)o<s<ts = (Xs)o<s<o, )

—
=

where o, := inf{t > 0, L; > s} is the right-continuous inverse of (L¢)¢>o.
It is well-known [1, Theorem 8, p. 114] that the inverse local time (o4)s>0 is a
subordinator. We denote by 1 its Laplace exponent and we set

04+ =sup{f > 0,¢(0) < oo},
and prove in Section 3 that

Ao = 0(0:) = lim ¥(0) € (0,0c]. (14)

We point out that A < A, is always verified when 1 does not jump to co.

The rest of the article is organised as follows. In the next section, we study of large
deviations for subordinators. Then, we formally construct the excursions of the process
(X¢)t>0 and prove Theorem 1.1. We conclude with an example of explicit computation
in a case of a finite state space. Finally we use these estimates to compute the limit
distributions of the overshoot and undershoot of a killed subordinator at the passage of
a given level.

2 Large Deviations for a killed subordinator

The goal of this section is to obtain two estimates on the large deviations of a killed
subordinator. We start by introducing subordinators and some of their properties. Then,
we recall some estimates for random walks before extending them to subordinators and
finally to killed subordinators.



2.1 Subordinators

A subordinator is a Lévy process starting from 0 and with non-decreasing trajectory.
We give in this section a selected set of properties verified by subordinators and refer
the reader to [2] and [13, Chapter 5] for a complete introduction of subordinators and
Lévy processes in general.

We start by recalling a fundamental property on the Laplace transform of subor-
dinators. As Lévy processes, subordinators admits a Lévy-Khintchine decomposition
for their characteristic function [13, Lem. 2.14. p. 57| from which we can derive a
characterization of the Laplace exponent of subordinators.

Theorem 2.1. Let (Y;)i>0 be a subordinator. Its Laplace transform verifies for allt > 0
and § € R
E[e’Yt] = ), (2.1)

where the function ¢ : R — RU {oo} is called the Laplace exponent of (Y)i>0.
Moreover, there exist a unique real number d > 0 and a unique measure II on (0, 0c0)
verifying [3° (1 A x)II(dz) < oo such that v verifies for all § € R

0(0) = do + /Ooo(e‘% —)T(da). (2.2)

We conclude this section by introducing compound Poisson processes with drift as a
simple class of subordinators. A process (Y;):>0 is a compound Poisson process if there
exist (IV¢)t>0 a Poisson process with intensity a and an independent family (&, )nen of
i.i.d random variables with distribution 7 on (0, c0) such that

N
V=) & Vt>0. (2.3)
i=1
It is easy to verify that such a process is a subordinator. Moreover, we can easily compute
its Laplace transform using the ones of the Poisson process (V;);>o and of 7.

Lemma 2.1. The Laplace exponent ¢ of (Yi)i>o0 defined in (2.3) is given by

W(0) = a /O T —p(de)  VOER. (2.4)

In particular, the Lévy measure of (Yi)i>o0 is given by II(dz) = an(dz) and has finite
mass, and the drift is null.

Proof. For any 6 > 0, we have
N
(0) = log E[e” 2151,

but (N¢)e>0 is a Poisson process, so N; follows a Poisson distribution P(a). Therefore,
writing ¥, the Laplace transform of the (£,),en+ we get

E[ef Zith &) — ol e n(de)-1)

)



which gives

W(0) = a/ooo(eex — 1)p(da). 0

As a direct corollary, we get that a subordinator (Y;);>o is a compound Poisson
process if and only if it has zero drift and its Lévy measure has finite mass. We define a
compound Poisson process with drift as a process (Y;);>0 on (0, 00) which can be written

Ny
Y, =dt+) &,
i=1
i.e. a subordinator whose Lévy measure has finite mass.

2.2 Large deviations for random walks

Let (Sp)nen be a random walk on R i.e. a discrete time process with i.i.d non-negative
increments. We denote by v the log-Laplace transform of S; meaning

() = log E[e?'] € R U {400}, for all f € R.

We set
0, :=sup{f > 0: E[""1] < 00} > 0.

Then, since S is a.s positive , the function ¢ is finite on (—oo, 64).
The study of the large deviations of (Sy)nen is strongly linked to the Legendre
transform of the function 1 defined by

¥*(a) == sup(ab — ¥ ().
6>0
In fact, the function ¥* is the rate function for the large deviations, in other words:
1
- log(P(S,, > na)) rd —1*(a), for a > 0,

see [7] or [10] for example. We recall the following classic properties of ¢ and psi*, that
can be found in Borovkov’s book [1, Chapter 9].
Proposition 2.1. Suppose 04 > 0, then the following properties are verified.

1. The Laplace transform 1 is continuous on [0, 0] (even if (64) = +00). Moreover,
it is increasing, convexr and analytic on the interval [0,0).

2. For any a € Ry there exists a unique 0, € [0,0,] such that 1*(a) = aby — 1(0,).
3. Writing a4 := lim ¢/(0), we have
9*}0_{.
0 ifa< E[Sl]

9a = 9+ Zfl’ > aq

W' Ya)  otherwise.

It implies that 0. is analytic and increasing on (E[S1],a4).



4. Let x4 = sup{z € R : P(S; < z) < 1}. The function ¢* is finite, continuous
and strictly conver in [E[S1],z4], and it is analytic in (E[S1],zy). Additionally,

w*'(a) = 0q

Furthermore, Borovkov gives in the same book [/, Theorem 9.3.2, p. 258] the fol-
lowing Integro-Local theorem on large deviations for discrete time random walks, using
notations from Proposition 2.1.

Theorem 2.2. Using assumptions and notation from Proposition 2.1. For any a €
[E[S1], at[, we have

P(S, >an) ~ e L1 (2.5)
n—0o0 9@ 27T'lp” (0a>n
Besides, the equivalence (2.5) is uniform in [E[S1] + \(f ar| for any A(n) — oo such
that \(F) — 0, and a1 € (E[S1],a4).

To apply Theorem 2.2 in continuous-time settings, in particular to subordinators, we
use Croft-Kingman’s lemma [12].

Lemma 2.2. Let f : Ry — R be a right-continuous function. Suppose that for any
t >0 we have lim f(nt) =0, then lim f(t) =
neN—oo t—o0

Using Lemma 2.2 with Theorem 2.2 we obtain the following estimate for subordina-
tor.

Proposition 2.2. Let (Y;)i>0 be a subordinator. Keeping previous notation for Laplace
transforms, assume 04 > 0. Then, for any a € [E[Y1],a4), we have

* 1
P(Y; >ta) ~ e W@ — (2.6)
fe0 Oar/ 210" (0)t
Besides, the equivalence (2.6) is uniform in a € [a1, a2] with E[Y1] < a1 < az < a4.

Proof. Let us prove (2.6) by applying Croft-Kingman’s Lemma to the function

1

gites [PY; > ta)Viet" @ - 2
Oar/ 270" (0,)

for any fixed a € [E[Y1],a4). It is clear that g is continuous on Ry. Fix ¢ > 0, to prove
the convergence of g along its discrete-time skeleton (gnt)nen, let us denote for n € N,
Y, :=Y,;. The process (Y;):>0 being a Lévy process, it follows that the process (Yn)neN

is a discrete-time random walk. Applying Theorem 2.2, as ta € [E[Y1], a4 ) we have
~ o 1
P(Y, > nta) ~ e ™'t~ (2.7)
n—o0 Y Ty
27T’l7ZJ (Gta)



where 1(0) = logE[eG%], for any 0 € R.
Additionally, by Proposition 2.1 we have for § € R:

() = log E[e” ] = log E[e™]' = ty(0),

so we get for a € [E[Y1],a4),

0 (a) = sup(Ba — $(68)) = sup(t65 — t¥(6)) = ¥ ().
0 0

Besides, in (2.7), 0 is such that:
t*(a) = P*(ta) = tabyy — ¥ (0ra) = tabyy — t1h(6sa).
Those computations being done for any ¢t and a, it follows that for ¢ > 0 and a €
[E[Y1], ay): _
Ota = 04;

where 6, is such that,
@b*(a) = ab, — w(ga)'
Finally, equation (2.7) becomes, for ¢ > 0 and a such that ta € [E[Y,ay) :

x 1
P(Y,: > nta) ~ et (a)
n—oo

Ou\/270" (60)

But, we know from Proposition 2.1 (3) that

= lim ¢/(0) = ¢ lim ¢/(6) = tay,

94)0+ 9%94,

since §+ = 04+. Moreover, for ¢t > 0

such that

It proves that for a € [E[Y1],a4)
g(nt) s 0,for all £ > 0.
Therefore, Croft-Kingman’s Lemma ensures the convergence:

g(t) — 0,

t—o00



which gives (2.6).
Now let E[Y7] < a1 < ag < ay. To prove that the convergence is uniform for a € [a1, as]
we show that the function

x 1
gt sup |P(Y; > ta)Vie? (@ —

a€lai,az] ea 27T¢H(0a) 7

also converges to 0 when ¢ tends to +00. Theorem 2.2 already gives us that the conver-
gence (2.7) is uniform for a € [a1, ag], so following previous computations we have the
convergence of g along its skeleton :

g(nt) — 0, for all ¢t > 0.

But we still need to prove that g is continuous. Let € > 0 and t,s > 0, we have

G(t) —G(s)| < sup [PV > ta)Vie" W —P(Y, > as)y/se?" (9],

a€lar,az]

= Sup |h(taa) - h(s,a)|,

a€lai,az]

with h : (r,a) = P(Y; > ra)y/re?" (@7, The function h being continuous on RZ, it
is uniformly continuous on [aj, as], so we can define its modulus of continuity on this
segment wﬁ“ 03] ° [0, 00] — [0, 00]. We get

9(6) —g(s)] < sup Wiy, 4y (dgz (£, a), (s, 0))),

a€lay,az]

= w[}fll,ag](’t - S’)

But w[’zl a5 18 continuous and wﬁu as)] (0) = 0 so the last inequality gives us the continuity
of g on R%. Finally, applying Lemma 2.2 to g completes the proof. O

We now extend these results to the case of killed subordinators.

2.3 Large deviations for a killed subordinator

In our work, we are interested in subordinators that can be absorbed after a random
time, we call them killed subordinators. Let (Y;):>0 be a subordinator and let 7' be an
independent exponentially distributed random variable with parameter A\. We define the
corresponding killed subordinator (Z;)¢>o by

Zt:{yt ift<T Vs > 0.

—00 else

We remark from this definition that the Laplace exponent of a killed subordinator
also admits a Lévy-Khintchine decomposition of the form (2.2): if we denote by ¢ the
Laplace exponent of (Y;):>0 and by ¥ the one of (Zt)¢>0 we have



YpN@) =) — X VOER. (2.8)

We get directly that 95;\) = ¢ and we deduce the following result as a simple corollary
from Proposition 2.2.

Proposition 2.3. Assume 0. > 0. Then, for a € [E[Y1],a1), we have the following
asymptotic behaviour:

P(Z > ta) ~_ o~V (0) = 1 _ , (2.9)
O\ 2 M) (92t
Besides, the limit (2.9) is uniform for a € [a1,as] with E[Y1] < a1 < a2 < ay.
Proof. Let t > 0 and a € [E[Y1],a4), we have
P(Z, > ta) = P(Y; > ta, T > t) = P(Y; > ta)e .
So we apply Proposition 2.2 and get
—t(0* ()4 1
P(Z > ta) ~ e (®*(a) >0a\/m
But, equation (2.8) also implies
¥ (a) = sup(Ba — p ™ (0)) = ¥ (a) + A,
0>0
then, from Proposition 2.1 (2) we also get that o) = 0,. O

Remark 2.1. The derivatives of ¥ and ™ being equal we omit the exponent (N\) in
these derivatives in the rest of the article. The same goes for the derivatives of ¢(>\)*7
agﬁ\) and O fora € (0,a4)

The first step to understand the asymptotic behaviour of (Zs)s>0 conditionally on
surviving is to compute the limiting probability for (Zs)s>0 to die above level ¢, meaning
that Zp_ > t. One can easily see that P(Z7_ > t)goes to 0 as t tends to infinity, but since
{Zr >t} = {Yr_ > t} we can obtain more information on the speed of convergence.
Set

0% := sup{f > 0 : E["“™-] < oo} (2.10)
The following lemma exhibits two different behaviour for 6*.

Lemma 2.3. Assume 0 > 0. If ¢(0,) := limg_, ¥(0) > A, then 0% is the unique
solution of

P(0) = A, 6 (0,04). (2.11)
Else, 0" =0,



Proof. Let 6 > 0. Integrating over the value of T we have
E[eezl] _ E[eQYT] _ )\/OO e_t(k—@z)(e))dt.
0

The function ¢t — e *A~¥() is integrable if and only if 1/(f) < A. Therefore, by
monotony and continuity of 1, 8* is given by the smallest value of 6 such that 1(6) > A.
So there is only two possibilities: either (6 ) := limg_g, 1/(6) > X which is equivalent
to 6* being the unique solution to (2.11), or ¥ jumps to +oco before reaching A and
0 =0,. O

Going further we can use Proposition 2.2 to compute the exact speed of convergence
of the probability to die above level t as t — co. More precisely, we have the following
theorem.

Theorem 2.3. Assume 0, >0 and (01) := limg_,g, () > X. Then, ast — oo, the
probability for (Zs)s>o to die above level t satisfies
P(Zr >t) ~ M 1o (2.12)

—oo O*

where u* is the unique element of (- ﬁ) such that 0* = 0

—_— 1
a+7 F

Proof. Our goal is to compute an asymptotic equivalent for the integral
o0
I(t) = P(Zr. > t) = P(Yp > 1) =1 / Ae PV, > t)du,
0
= t/ e MIP (Y > ut—)du.
0 u

We use Laplace’s method and show that as ¢ — oo the mass of the integral above
concentrates in an interval centred at u* in which we can use the uniform equivalent of
Proposition 2.2.

First, let us introduce the function f: u— —Au — m/)*(%) We prove that f is maximal
at u*. Proposition 2.1 gives the following expression for f on R :

—0y +u(®(6L) —N)  ifuelo, L]

ay
_ : 11
Fw) = {01 +u(b(r) — N ifue (L gh)
—Au if u > ﬁ.
Since (04+) > XA > 0, we know that f(u) is increasing for u € [0, i] and decreasing
for u > E[iﬁ]’ so we focus on its behaviour in (i, ﬁ) Differentiating, we get for
u€ (5wl
at’ E[Y1]

1
U

F) =~ () — 1 ().

10



By Proposition 2.1, we have 1/1*'(%) = 01, therefore

01) =(01) =X

) = 0y o) - L
£(w) = =+ 01— (01) -

But, by Lemma 2.3, we know that 6* is the unique point in (0, 6,) such that ¥(6*) = .
So we get that u* is the only point in (i, ﬁ) such that f’(u*) = 0. The monotony of
f’ is given by Proposition 2.1 so f is maximal at uv* and we compute

fu) = =00+ ($(01) — \) = —6".

u

Moreover, the function f is in Cz((i, ﬁ]) and, for u € (i, m],

£ () =~ (62);

u

where 6 denotes the derivative of the function .. But ¢’ (1) = Land 0. = T/J*/(% -1)
so we have - ’ h
" v ()
£y =g

Now let t > 0. As .
E[Yl] < ? < 0/+,

we can fix 6 > 0 such that :

u*+5and u*— 0

<a+.

We decompose
I(t) = Li(t) + I2(1);
where

u* 49 1
N =t / Ae MIB(Yyy > ut=)du,
u*—4 u

and !
Lt) =t / e MP(Y, > ut=)du.
R\ [u*—d,u*+4] U

The interval [u* —J, u*+0] being strictly included in (
2.2 which gives

i, ﬁ], we can apply Proposition

1 * 1
P(Zy > tu—) ~ et ) = ,
U’ t—oo 01, /27 (Gl)tu

uniformly for u € [u* — 0, u* + J]. Thus, taking ¢t — oo in I; we get

u*40
L(t) ~ vt / 7 et L du.
t=o0 u*—§ 01, /27" (01)u

Sk

11



Given previous computations on f and remarking that u %ﬂ is continuous
01, /uyp”(01)
u

11
ay’ E[Y1]
Laplace’s integration method (cf Theorem A.1 in the Appendix). It follows

on ( ], one can estimate the value of the last integral using a classical result of

*

. u
L(t) A0 — TEnTE
o 01 O ()
As ' (0,) = a we have for a € (E[Y1],ay) ¢ (0,) = ei’ = m As a result
AU o

Let us now show that Iy is dominated by I; asymptotically. For a,t > 0, Markov
inequality gives for any A > 0

P(Y; > at) < e HA—v),
Therefore, using the definition of ¢¥* we have for a,t > 0
P(Y; > at) < e (@),

It gives the following upper bound for I(t):

L) < t/

Aet[_’\“_“w(%”du = t/ etf W dy.
Ry \[u*—d,u*+4]

Ry \[u*—d,u*+4]

We have already shown that f is strictly increasing on [0, ©*] and decreasing on [u*, 4+00],
so there is > 0 such that f(u) < f(u*) —n when u ¢ [u* — §,u* + §]. Therefore, for
t>1

() < Aet-DUFw)=n) / T 0 gy < AtV -n) / T gy,
0 0

Then by comparison

()
A8 ey = O
Finally, (2.13) gives I2(t) € o(I1(t)), hence I(t) N I, (t), completing the proof. O
—00
2.4 Overshoot
In [3], Bertoin, van Harn and Steutel computed the limit distributions of the overshoot

and undershoot of a (non-killed) subordinator passing a given level. From these, we get
the ones of a killed subordinator, conditioned on surviving.

For all t > 0, we write 7y the first passage time above level ¢ by the killed subordinator
(Zs)s>0, and V; and W; the associated overshoot and undershoot, i.e

7, = inf{s > 0, Z; > t};

12



—00 otherwise;

- {t—ZTt if 7 < T,
t:

—00 otherwise.

Wt:{ Z, —t ifr <T

We first recall the result of Bertoin et al. [3] for the non-killed case.

Theorem 2.4. Let (Ys)s>0 be a (non-killed) subordinator with drift d, Lévy measure I1
and suppose that 0 < p := E[Y1] < oo. For a given level t > 0, denote by T the first
passage time above level t of (Ys)s>0, and by ‘th and Wt the associated undershoot and
overshoot.
Then, as t — oo, the distribution of (17t, Wt) converges to the one of (XN/OO, f/[v/oo) where :
~ . 1 o
P(Veo > v, Woo > w) = — II((t, 00))dt. (2.14)
M Jo+w
To study the asymptotic behaviour as t grows of the overshoots and undershoots of
the killed subordinator conditioned on the survival {T" > 7} = {Z7_ > t}, we introduce
the Esscher transform under which such a rare event becomes a typical event. Namely
we introduce the probability measure Q such that

E[f((Ys)s<u)] = Egle™" P £((Y)s<u), (2.15)

for any positive and measurable function f and u > 0. Theorem 3.9 in [13, p.82] gives
the following effect of the measure change on (Y;)s>0:

Lemma 2.4. Under the probability measure Q, the process (Ys)s>o is a subordinator
with drift d and Lévy measure

I9(dt) = e '11(de).

Moreover, it verifies

1

We now prove the following result of convergence for the undershoot and overshoot
of a killed subordinator.

Theorem 2.5. Conditionally on the survival {Zp- > t}, ast — oo, the distribution of
(Vi, W) converges to the one of (Voo, W) given by

*

0% 4,
Py o) (dv, dw) = Xe" Lusoll(dw + v)dv + P(Vae = Wao = 0)3(9,)(dv, dw). (2.16)

Proof. Let us fix v,w > 0 and let ¢ > 0. The goal of the proof is to compute the limit
as t — oo of the probability

P(V; > v, Wy > w)

PV > v, Wy > w|Zp- > t) = FZy > 1)
I
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The asymptotic behaviour of P(Zp- > t) is given by (2.12) so we only have to compute
the one of B N

PV, >0, Wy >w) =PV, >0, Wy >w, T > 1),
where (V;, W) denotes the undershoot and overshoot at ¢ of the (non-killed) subordinator

(Y5)s>0. By the measure change (2.15), we have

P(V; > v,W; > w,T > 7) = Ele Mlvm, Wt>w]

J— _6 Y‘r ~ ~
- EQ[ ! 1Vt>v Wt>w]

Recalling that W, = —t, we get

]P)(‘/t > v, Wt > ’U}) = e_e*tEQ[ _G*Wzl/\VJt>v Wt>w]

By Theorem 2.4, under Q, (‘Z, f/Iv/t) converges in law to (‘700, W) as t — oo. Therefore

—t* —0"Weo
P(‘/t > vat > w) t:oo € ! E@[e 1X700>1; Woo>w]

So by Theorem 2.3, we obtain

*
U\

which can be written in term of measure densities:

lim P(V; > v, W} > w|Zp- > t) = E@[e_e*W“l
t—o00

Voo >, Woo>’w] ]P)(Voo > v, Wy > w)7

*
u\
Going further, by (2.14) and Lemma 2.4 we have

P(VomWoo)(dU? dw) = _e*wQ(\A}oo,ﬁ/oo) (d’U, d'UJ) (217)

o

Q(Voo>v,f4v/oo>w):u*/

9 ((¢, 00))dt = u* / s11(ds)d
+w v+w

Taking the derivative in v we get

d -~ o ©© * oo *
@Q(Vm >0, We > w) = u” /+ e *T1(ds) = u*/ "1, oTI(dh + v).

So we can identify the law of (‘700’ WOO) under Q in term of the Lévy measure II:
Qi iy (v, dw) = uwe” CH1, g (dw + v)dv + Q(Vae = Woo = 0)8(0,9)(dv, dw).

Finally, from this last equality and formula (2.17) we deduce our result (2.16) directly.
O

As a corollary, we can compute the asymptotic law of the size of the jump of (Zs)s>0
above level ¢ conditionally on survival. For all ¢ > 0, we define the size of the jump of
(Zs)s>0 at level t by

—00 otherwise.

{W+Wt ifr, <T
Jp =
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Proposition 2.4. Conditionally on {Zp- > t}, as t — oo, Jp converges in law to Jx

where ) 50
P;_(df) = X(e‘)*Z — 1)1ps0I0(d0) + 3 So(de). (2.18)

Remark that this also gives the value of P(Vo = Wo, = 0) which corresponds to
the limit probability for (Z,)s>0 conditioned on surviving to creep through a given level

t>0ast— oo:
do*

-
Proof. For all t > 0 we have J; =V, + W, so by Theorem 2.5 we get the convergence of
Ji 10 Joo = Vo + W, and we have for all £ > 0

T P(Z;, = |21 > t) = P(Joo = 0) = (2.19)

o oo gt .
P(Joo > €) = P(Vio + Woo > £) = / / e Lol (duw + v)do
0 l—v

We can rewrite the last integral with the change of variable * = w + v and then use
Tonelli’s theorem to obtain

1, g«
P(Jo > ) / / O o duri(de) (e = DI(da).
l
To complete the proof, we still need to compute

]P’(Joo:O):l—IP(JOO>O—1——/ TT(da).

But recall that ¥ (6*) = X so using (2.2) the Lévy-Khintchine decomposition of 1, we
get

/ ("% — DTI(dz) = A — db".

0

It follows

A—do*  do*
AN

As a side note, we can compare our result with the non-killed case. In [3], the authors

also compute the asymptotic law of the jumps of (Ys)s>0 namely Joo = Vo +Weo proving
that

O]

P(Joo =0)=1—

Py (df) = (T1(de).

E[Y1]
This imply that asymptotically, the jumps of (Ys)s>o are linearly size-biased and by
a symmetry argument that, the undershoot and overshoot (‘700, WOO) are distributed
as (UJs, (1 — U)Js). We proved that the behavior differs for the killed subordinator
conditioned on survival. Indeed (2.18) shows that conditionally on survival, the jumps
of (Zs)s>0 are also size-biased but by an exponential factor. Moreover, we can compute
the laws Vo and W, conditionally on J.

15



Corollary 2.1. Conditionally on J, the laws of Voo and Weo = Joo — Voo are given by

9*69*1)
Pyl (dv) = mlmJoodM (2.20)
e 0w
P (dw) = m1w<Joodw. (2.21)

Proof. By the same arguments as in the proof of Proposition 2.4 we compute the joint
law of (Vao, Joo). For all v,1 > 0 we have

P(Voo > v, Jo0 > ) =P(Vo > v, Voo + Woo > ¥),
o0 9* *
/ / — e I (dw + u)1ysodu.
v L—u A
Now by the change of variable £ = w + u and switching the integrals we get

o oo gr .
P(Vae > 0, Jog > ) = / / S sy dull(de),
y4 v

_/OO/OOH*Wl du (e"* — 1)I(da)
=/ ] or _ Le>u u)\e x).

So we recognize the law of Jo, (2.18) and can identify the law of V, conditionally on
Joo, which gives (2.20).

We can deduce the law of W, conditionally on J., by taking w = ¢ — u in the last
computations. (]

In particular, in comparison to the non-killed case, (2.21) implies that conditionally
on the size of the jump J the asymptotic overshoot W, is not uniformly distributed
in (0, Jx), but it is distributed as an truncated exponential conditioned to be smaller
than J.

3 Application to quasi-stationary distributions

Let (X¢)i>0 be an irreducible continuous time Markov chain on £ = NU {¢} with § the
unique absorbing state. Let us denote by @ = (Qi,j)i,jeNu{é} its rate matrix and by Tj
its absorption time. We suppose that (X;):>o verifies the hypothesis (A) and (B), in
particular this mean that

gis = M=o,
with A > 0 the death rate from 0 to §. We first state the following Lemma ensuring that
under these conditions, the Yaglom limit (1.1) does not depend on the starting position

Of (Xt)t20~

Lemma 3.1. For A\ < A, the Yaglom limit (1.1) does not depend on the starting point
j € N, meaning that for any j € N

Um P (X, = ift < Tp) = lim Po(X, = ift < Ty).

16



This result justify the decomposition of the trajectory of (X¢):>o under Py given
below, but its proof relies on technical computation which is of little interest for the
understanding of our method so we give it at the end of the present section. We refer to
future computations and more precisely (3.8) for the exact value of the critical value ..

3.1 Excursions

The path of (X¢);>0 under law Py can be decomposed as follows: when in state 0, the
process either jumps to some other state ¢ € N or jumps to ¢ and dies; if it survives
it then makes a random excursion among the states N* from which it cannot die until
it reaches the state 0 again; after a geometric number of independent excursions, it
will eventually jump to é. In order to use known results on excursions, we work with
(Xt)t>0 the non-killed version of (Xt);>0 which is an irreducible Markov chain on N with
transition given by @ defined by

G0 = qoo +Aand q; ; =¢q;; forall i #j € N.
Let g1 = inf{t > 0, X: # 0}, for any n € N* define
dyp, = inf{t > Gn, Xt = 0}, and gp41 := inf{t > dn, Xt # 0}.

With those definitions, (d,,)n>0 corresponds to the consecutive times of arrival at 0 and
(gn)n>0 to the times of departure from 0, i.e. when the process (Xt);>0 starts a new

excursion above 0. Thus, we define (e, (r)),>0 the n-th excursion of (X¢)i>o0:

en(r) = Xg,4r Lcren)

where L(e,) = d,, — gn is the length of the n-th excursion. By the strong Markov
property, (en)n>1 is an ii.d. sequence of random variables with values in the set of
trajectories i.e. the set of right continuous functions with left limits from R, to N
[11]. We call their common law the excursion law of (X)i>o and we define a process
(e(r))r>0 following this law called a canonical excursion. In addition, we denote by el
the canonical excursion conditioned on having a length L(e) = L. Finally we define n
the law of L(e). In particular, the law of e is characterised by its law when conditioned
on having a certain length i.e. we have

E[F(e) = [ ELF(In(a),

for any measurable and positive function F'.
Let us define the notion of excursion straddling time t. Fix a time ¢ > 0, we define

g = sup{s < t,X; =0}, and d¥) := inf{s > ¢, X; = 0}.

If {X; > 0}, we have {g") < d®} and we define () (r)),>0 the excursion straddling
t with the identity:

e(t) (’f’) = Yg(t)_;'_r 17~<L(8(t))’

17



Figure 1: Sample trajectory for (X;);>0 with its excursion decomposition.

where L(e®) = d® — ¢® is the length of the excursion. Else, we have {g() = d() =t}
and {X; = 0}.

We prove the following proposition stating that the law of e® the excursion straddling
t, is the same as a canonical excursion of length L(e®)).

Proposition 3.1. Lett > 0. Then, for any measurable and positive function f we have
E[f(e,1 — g, d® —1)]g") < dV) = E[f(¢"" 70" 1 = g0, d® —1)]g® <dV)]. (3.0)

Proof. The excursion e corresponds to only one of the excursions (en)nen+, SO summing
over all its possible number we have

oo
E[f(e®,t — g d® — D10 <qmn] = Z Elf(en,t — gn,dn — t)1ig, <t<dn}]-
n=1
Moreover, for all n € N* using the Markov property at time g,:

E[f(en,t — gn,dn 7t)1{gn<t<dn}] :/0 /0 E[f(en,t — g,d —1)|L(es) = d — g]
x P(gy, € dg,d,, € dd),

but by the definition of the canonical excursion, the last expectation becomes
E[f(€n7t -9 d— t)|L(€n) =d- g} = E[f(edigat -9 d— t)}

Finally, we can integrate back to d® and ¢® to get the wanted equality:
ELf (et =g, d" = o cgoy) = 3 [ [ B0t = g.d = ]P(g, € dg.dy € dd),
n=1"0 0

(t) _g(0)
= E[f (e’ T g, — t)l{g(t><d<t)}]-
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3.2 Inverse of the local time at 0

We give an alternative construction of (Zs)s>o the inverse local time of (X;)i>0 at 0
using its excursions. To simplify future computations, the given process will not be the
formal inverse of the local time but it will have the same law.

Let (Ys)s>0 be compound Poisson process with drift 1, whose jumps (&,)nen+ are
distributed according to n the law of the length L(e) and occur at times described by
a Poisson process (Ns)s>o of intensity —qyo = —(goo + A). Denote by (0s)s>0 the
inverse local time at 0 of (X¢);>0. The decomposition of the trajectories of (X¢);>0 into
excursions gives

(@)

(}/S)SZO = (05)520- (3.2)
Moreover, remark that Lemma 2.1 gives us the Lévy measure II of (Y5)s>0:
II(dxz) = =g on(dx). (3.3)

Now, let us introduce T™ an exponential random variable of parameter \ independent
of (Xt)i>0 and (Ys)s>0. We define (Z)s>0 as the subordinator (Yj)s>o killed at time
TN je.

ZSZ{ STt s <TI0 as>o0. (3-4)

—00 else

Lemma 3.2. Under assumption A, (Zs)s>o0 has the same law as the inverse local time
at O Of (Xt)tZO-
In particular, if we denote 7 := inf{s > 0, Zs; > t}, then

Po(X; = 0|T5 > 1) =P(Z,- = HTW > 7). (3.5)
Proof. Since A is verified, Markov property and the memorylessness property of 7)

give for all t > 0
Po(Ts < t) = Po(Ly > TM),

where (L¢)>0 is the local time at 0 of X. So by (3.2) and (3.4) we have
Po(T5 <t) =P(Ypoy <t) =P(Z,n_ <t),

T
SO
Zo. Ly,
Furthermore, (X)o<t<T; @ (Ys)ogsgaT(A), it automatically implies that (0s)y<s<r

has the same law as the inverse local time at 0 of (X¢)o<t<7; before death and therefore
so does (Zs)o<s<rv - O

Since (Zs)s>0 is a killed subordinator, the equality Zp3— @ Ts implies directly that
the exponential rate of survival v* of the process (X¢);>0 defined in (1.3) is the point of
explosion 6 of the Laplace transform of Z(»_ whose behaviour is described in Lemma
2.3. In particular, we explicit the following characterization 6* through the Laplace

transform W, of the distribution n and 05;7) its point of explosion.
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e

Figure 2: Example of trajectory for (Z5)s>0. The jumps of (Zs)s>o corresponds to the
excursions of (X¢)¢>o.

Corollary 3.1. Assume \ < 0517) - QO’O(\I/,,(G@) — 1), then 6* is the unique solution of

0" —qo0(Vy(07) — 1) = A (3.6)

Proof. We compute ¢ the Laplace exponent of (Y)s>0 to apply 2.3. We have for all
>0 N

E[e™] = Pl 2i=0%].
So the point of explosion of v is 9537) and applying (2.4) to the compound Poisson process

(X050 &5)sx0 we get
Y(0) =0 —qoo(Vy(0) — 1), (3.7)

such that (2.11) directly gives the result. O

Note that (3.7) implies that 64 := sup{f > 0,¢(0) < o0} = 937) which then gives

Ae = (0+) = 0 — oo (W, (017) - 1). (3.8)

We state our main theorem on the computation of the minimal QSD of (X;);>¢ through
its excursions.
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Theorem 3.1. Assume v* > 0. Then for all A < . the process (X¢)i>0 admits a
minimal quasi-stationary distribution v* given by:

9*
*(0) = —; 3.9
v(0) = % (39)
and for any i € N*
f* [>° [>® .
V*u)::—amo;f%; %; (e (v) = i)e®” *n(dw + v)dv. (3.10)

Proof. Recall that the minimal QSD v* is the asymptotic law of (X;);>¢ conditionally
on survival and Lemma 3.1 ensures that we only have to compute the limit of

V(1) = tli}m Po(X: =i|T5 > t), for any i € N.
oo
Let us start with the case ¢ = 0. By Lemma 3.2, for any ¢ > 0,
Po(X; = 0) =P(Z_— = t|T™ > 7).
t

Thus, a direct application of (2.19) gives

v*(0) = limP(Z - = t|TW™ > 1) = s

t—00 Ty A

Let i > 0. Fix a time ¢t > 0. For X; to be at state i, the process (X;)s>0 must be
at time ¢ in an excursion out of state 0, therefore, recalling we defined e® the excursion
straddling ¢,

Po(X, = ilt < Ty) = Po(e(t — gV)) = i|t < Ty).

By Proposition 3.1, we have
Po(X; = ilt < Tj) = P(e™ 9" (¢t — g = i|t < Ty).

Finally, let us link the times ¢ and d® to the inverse of the local time at 0 of (Zs)s>0-

By definition, we have
a® —g® Qv 1w,

and
t— g(t) @ ‘/27

where V; and W; are the undershoot and overshoot of (Z;)s>0 at level t. This gives us,
with an application of Theorem 2.5,

v*(i) = tli)rgoIP’O(Xt =1i|T5 > t),

= lim PV W (V) = i| Zp- > t) = P(e¥V> W= (V) = ).
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We can integrate over the values of (Vuo, W) according to their law given by (2.16) to
get

V(@) = [Pl (w) = )Py e (do, du),
0
_r / / P(e+ (v) = i)e? TI(dw + v)do,
AJo Jo
so by (3.3) the last expression is equal to (3.10), which concludes the proof. O

3.3 Proof of Lemma 3.1

In this section we consider an initial state j # 0 and fix A < A.. Let us show that
}HEOPJ'(X'* =it <Ts) = }E};PO(Xt =it < Ty). (3.11)

Remark that the existence of the Yaglom limit under Py is ensured by the computations
done in the proof of Theorem 3.1. The proof is organized in two steps. We first compare
the tails of the absorption time Ty and of 7y := inf{t > 0, X; = 0}. Then we use Markov
Property and a dominated convergence argument to prove (3.11).

Lemma 3.3. Let j # 0 and denote ap(j) := sup{f > 0,E;[e™0] < oo]}. It verifies
ao(j) > 0" (3.12)

]P’j(7'0>t) —0
P;(Ts>t) — -

In particular, we have limy_, o

Proof. By Markov property and the definition of the excursion length of (X¢);>0 above
0, we have
Pj(r0 > t) < n((t, +00)).

Therefore, since A < A. we get ag(j) > 60 > 6*. O
We can now prove (3.11).
Proof of Lemma 3.1. Denote 1y := inf{t > 0, X; = 0}, we have for any i € N
Pi(X; =it < T5) = Pj(Xy =it > molt <Tp) + Pj(X; = i,t < molt < Tp).  (3.13)
On the one hand, for ¢ > 0 and 7 € N we have

]P"(Xt =1,t < 7'0) < ]P)j(t < 7'0)

P:(X; =it <7olt <Tj) =2 , 3.14
j( L= TO‘ 6> ]P’j(t < Ts) - ]P’j(t < Ts) ( )
which goes to 0 by Lemma 3.3.
On the other hand, using the Markov property, we have
Pj(Xt = i,t > 710,t < T5) = Bj [Ej [y 1(x, =ity } [ Frol]»

=E; [1{t27—0}P0(Xt—s =i|Ts >t — 8)‘TO:SP0(T5 >t — S)|TO:S].
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It follows that

) . Po(Ts >t —s)
Pi(X; =it >70Ts > 1) =E;[1 Po(X; o = i|T5 >t — AN B2 .
§(Xe =it > 10|Ts > 1) = Ej[1157)Po(Xi—s = i|T5 $)| s P, (Ty > 1) |ros)

But recall that Ty @ (v so by Theorem 2.3 we know that
, "
P;(T5 > t) Loee

so there exists ¢; > 0 such that P;(75 > t) > cre "t for t large enough. Moreover,
by Chernov inequality we know that there is ca > 0 such that for any 0 < s < ¢,
Po(Ts >t —s) < coe " (t=35)  Therefore, we get that there exists ¢* > 0 such that for all
t > s large enough
Py (T5 >t — S)
]P)j (T(S > t)

*
_c*ees

Finally, by Lemma 3.3 we have E; [e?"™0] < 00, s0 we compute by dominated convergence
and using the already established convergence under Py:

. ‘ s
tlggoIP’J(Xt it > 19|15 > t)

Po(T5 >t —s) ‘ ]
To=S ]P)j(T(S > t) T0=84"
= B;[lim Po(X—s = i[Ty > t— 5)|, _] = v"(0),

= ;[ lim 15y Po(Xis = i|T5 > t — 5))|

(3.15)

which concludes the proof. O

3.4 Example of a finite cycle

We demonstrate the use of our method with a simple example, namely a process on a
finite set where the discretized trajectories are deterministic but the times of jumps are
random. More precisely, we consider the process (X¢)i>0 on {0,1,...,n} U{d} defined
as follows: the transition rate from ¢ to ¢ + 1 for any integer 0 < ¢ < n — 1 and the one
from n to 0 are 1, and when in state 0, the process can also jumps to the death-state
0 at rate A > 0. This example is simple in the sense that it contains no new results
on the existence of QSD, since the existence of a unique QSD is given by the finiteness
of the state space, and that the formula we get in the end can be obtained with other
methods. Still it is convenient to illustrate our method since all computations on the
excursions and Laplace transforms can be done explicitly, in a way that we believe easier
than direct computations using the generating function.
Let us state the explicit formula for the QSD of this process.

Proposition 3.2. The chain (X¢)i>0 admits a unique quasi-stationary distribution v*
given by

” 0* .

14 (Z):m, fOTZZO,]_,...,n, (316)
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where the exponential rate of survival 0* is the unique solution in (0,00) of

1
0+ ——— = A+ 1. 1
gy M (3.17)

The proof is a direct application of Theorem 3.1 but it requires some computations
and constructions on the excursions of the process that we give in the following lemma.

Lemma 3.4. Let e be the canonical excursion process of (Xt)t>0. Then, we have the
followings:

1. The length L(e) of an excursion follows a I'(n, 1) distribution.

2. Let L > 0, then conditionally on {L(e) = L} the law of the excursion e is given by

P(e"(t) = i) = <n B 1) <z>i_1 (1 - z)n_i; Vte (0,L),i€{1,...,n}. (3.18)

1—1

Proof. The main observation we make is that, in terms of states visited, the trajectories
of the excursions are deterministic: starting from state 0 the process has to visit all the

other states 1,...,n in increasing order to come back to 0. Moreover, we know that it
stays at state ¢ € {1,...,n} for an exponential time of parameter 1. The results follow
from there.

Firstly, the length of an excursion is the sum of the time that, starting from 0, (X;)¢>0
spent in each state before coming back to 0. Therefore, we can write

Lie) 2 e,
=1

where €1, ...,&, are i.i.d. random variables distributed as £(1), which proves statement
(1).

Let us now suppose that {L(e) = L}. The jumping times of (X;);>¢ form an homoge-
neous Poisson process, meaning that if we know that a jump occurs in an interval (a, b),
its time of occurrence is uniformly distributed in this interval. Thus, we deduce that the
n jumping times in (0, L] are distributed as an ordered vector (Us,...,Up—1,U, = L) of
n — 1 uniform random variables on (0, L). Now to get the position of the process at time
t € (0, L), we only have to remark that, for any ¢ € {1,...,n} we have {X; = ¢} if and
only if the process has made exactly ¢ — 1 jumps since the start of its excursion. So we
can write

P(e"(t) = i) = PUj 1) <t <Up),
that we rewrite ;
P(e"(t) = i) = PU;_1) < 7 < U

where (U), - . - ,Z/N{(n,l),lj{(n) = 1) is a vector of ordered uniform variables on (0, 1). Since
the last probability is the same as the probability to get exactly ¢ — 1 success in n — 1
independent Bernoulli trials of parameter %, this gives exactly (3.18). O
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We now have everything we need to compute the minimal quasi-distribution of the
chain (Xt)tzo.

Proof of Proposition 3.2. Let us start with computing the exponential of survival §*. By
Corollary 3.1 it verifies

0% — (00 + M) (¥ (07) = 1) = A,

where go,0 = —(A+1) is the transition rate of the process in state 0 and V¥, is the Laplace
transform of the length L(e) of the excursions that we can compute using the first point

of Lemma 3.4: .

U, () = E[e?M)] = ——
Therefore, 6* is solution of

1

0" — (‘U(m -

1) = A,

which is exactly (3.17). We compute v*(i) for ¢ € {0,...,n} with (3.9) and (3.10), it
gives

and for ¢ > 0 O
v*(i) = 7/ / P(e" ™ (v) = i)e? Un(dw + v)dv,
o Jo

where 7 is the law of L(e). We proved that L(e) is distributed as a I'(n, 1), therefore n
admits the density function f, given for any = € (0, 00)

xn—le—zr

folz) = W
In particular, we can write for any v € (0, 00)

n(dw +v) = fy(w +v)dw

Therefore, we can compute v*(7) using (3.18):

, n—1)\0* ,ow (v +w)levtw
* — 'l n—i d d
V() (i—1> / / v+w (U—I—w) (n—1)! wew

— —v(l —0* ) i— ld / —w n—id
(i—l).(n—z')\/ T Y
0*

= ST

where we computed the two integrals by recursive integration by parts. O
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A Laplace’s method of integration

Laplace’s methods to compute integrals are widely known and used. In this section we
recall the classic result of approximation in Theorem A.1. Then we prove an extension
of this method of approximation in a bit more general setting that corresponds to the
one used in our work. To get more details and generalizations of the Laplace’s method,
the reader can refer to R.Wong’s book [17] on approximations of integrals (see Sections
I1.1, VIIL.10 and IX.5).

Theorem A.1. Let a < b € [—00,+00|, and f and h be real functions defined on [a,b].
Assume that f is in C*([a,b]), and that it has a unique maximum on the segment [a, b],
denote x* the point where f is maximal. Moreover, we assume that h is continuous at

x*. Then, we have the following integral approzimation:

b / *
/ H@p(z)yde  ~ 27Tetf(‘”*) hz) . (A.1)
‘ e vt £ (@)

Proposition A.1. Let f and h be functions on R — R. Let A be a real function on Ry
which converges to 0 at +oc but such that A(t)\/t e C €]0,+o0]. Then, with same
—400

assumptions on f and h as in Theorem A.1, one has the following approximations:
¥+ A * C 77
/ O op@yar ~ M e / VT g (A2)
z*—A(t) t—+o00 \/E _C

Proof. The proof relies on approaching f using Taylor’s formula. Let § > 0, then for ¢
large enough we have for x € [z* — A(t),z* + A(t)],
« 1 7" « % " 1 " « *
fat) + 51" @) = )@ - ) < fla) < F@) + 5 (4@ + )@ - "),
Moreover, let € > 0, the function h being continuous at the point z*, for ¢ large enough
and x € [2* — A(t), z* + A(t)] we also have
h(z*) —e < h(z) < h(z™) +e.

Therefore, we get the following lower and upper bounds of the studied integral:

z*+A "
(h(*) — )l / O @@ gy <
z*—A(t)
¥4+ At o*+A(t "
/ ()etf(w)h(x)dx < (h(z") + 6)etf(x*)/ W s @ gy
x*—A(t) x*—A(t)
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Substituting y = vt(x — z*) in the right and left terms, we get

o3V =1" (I*)+6)2dy <

(h(z*) —e)et/ @ )/ (t)Vx

Vit A(VEx
¥+ A(t * t * A
/ *+ x)dx S (h(Z‘ ) + E)e f(= ) / (t)\/z e*%(y *fl/(ﬂﬂ*)*5)2dy.
S AW Vit —A()VE

Then, dividing by E[) etl (") f+c =3V @ )2 gy

h( *) . At()\){[ /— //‘ (z*)+6 )2dy f$ +1f((tt)) tf(z )h(ib‘)dl‘
S "
h(z*) JFE e 31T gy h(f} Jetf@*) [+C o= 3(V/=1" @02 gy

1 /_ 1" .Z‘* 2
h(l“*)Jref_A(t)x/ie sV gy
h(z) 4O 3 (V=@ Rgy

Now, by the definition of A, we have £A(t)v/t 2 +C, such that we can take t — oo
—00

and dominated convergence theorem gives

77 z*4+A
hat) — e [78 e 3V =TT+, JEEE e @h(a)da

< lim =
h(z*) (48 =3 (V=7 gy t*mﬁ\/;)etf(x* JHC 3T gy

h(a?) + £ J36 BV TE)- >dy
h(z*) 40 =3 (V=f"@w)

Finally, when € and ¢ go to 0, one finds :

< T —A(t) <
1 tl—m V2R tf(ae) M) L
Vi 17 (@]
which gives the wanted approximation. ]

Remark A.1. For C' = +o0, Proposition A.1 gives (A.1).
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