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Abstract We consider a discrete time semi-Markov process where the characteristics defin-
ing the process depend on a small perturbation parameter. It is assumed that the state space
consists of one finite communicating class of states and, in addition, one absorbing state.
Our main object of interest is the asymptotic behavior of the joint probabilities of the posi-
tion of the semi-Markov process and the event of non-absorption as time tends to infinity
and the perturbation parameter tends to zero. The main result gives exponential expansions
of these probabilities together with a recursive algorithm for computing the coefficients in
the expansions. An application to perturbed epidemic SIS models is discussed.

Keywords Semi-Markov process - Perturbation - Asymptotic expansion - Regenerative
process - Renewal equation - Solidarity property - First hitting time
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1 Introduction

The aim of this paper is to present a detailed asymptotic analysis of the long time behavior
of non-linearly perturbed discrete time semi-Markov processes with absorption.

We consider a discrete time semi-Markov process £ ) (n), on a finite state space, depend-
ing on a small perturbation parameter ¢ > 0 in the sense that its transition probabilities are
functions of ¢. It is assumed that these functions are continuous at ¢ = 0 so that the process
E(E) (n) for e > 0 can be interpreted as a perturbation of the process & O (n). Furthermore,
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we assume that for ¢ small enough, the state space can be partitioned into one communi-
cating class of states {1, ..., N} and one absorbing state 0. The absorption time, that is, the
first hitting time of state O for the semi-Markov process £ ®)(n), is denoted by M((f).

Our main object of interest is the asymptotic behavior of the probabilities

P =PiED ) = j, uf > n). i, j #0,

asn — ooand ¢ — 0.

It turns out that the forms of the asymptotic results depend on if one-step absorption prob-
abilities vanish asymptotically or if some of them are non-zero in the limit. In the former
case the absorption time /Léf) — 00 in probability as ¢ — 0 and we get so-called pseudo-
stationary asymptotics for the probabilities Pi(jg) (n). In the latter case, u((f) is stochastically
bounded as ¢ — 0 and we get so-called quasi-stationary asymptotics for the probabilities
Pl.(;) (n). In the present paper we give a unified treatment of both cases.

Our perturbation conditions are formulated in terms of the following mixed power-
exponential moments for transition probabilities,

oo
(0) . .
p§j>(,o<o>,r) => n'e an?}?)(n), r=0,1,..., i j#0, )
n=0

where ngj) (n) are the transition probabilities for the semi-Markov process and p©@ is a
non-negative constant determined by the distribution of first return time to the initial state
for the limiting semi-Markov process. In the pseudo-stationary case p(”’ = 0 and then the
moments in Eq. 1 reduce to usual power moments.

We allow for smooth non-linear perturbations which means that the moments in Eq. 1
may be non-linear functions of ¢ which for r = 0, ..., k can be expanded in asymptotic
power series with respect to €.

As it turns out, the asymptotics of the probabilities Pi(;) (n) depends on the balance

between the rate at which the time n — oo and the perturbation & — 0. If we write n = n(®
as a function of ¢, this balance is characterized by the following relation,

&'n® — A, €0, 00), forsome 1 <r <k. 2)

Under the assumptions mentioned above and some additional Cramér type conditions on
moments of transition times and a non-periodicity condition for the limiting semi-Markov
process, we obtain the following which is our main result: For any n‘® — oo as ¢ — 0in
such a way that relation (2) holds, we have

~(0
PHE (1) = j, uf = n®) 7y
—
exp(_(p(o) +cre+--- +Cr—18r71)n(£)) ehrer

ase > 0, 1,j #0. 3)

Relation (3) is supplemented with (i) an explicit expression for the constant J?i(JQ), (i) an

equation from which p© can be found at least numerically, and (iii) a recursive algorithm
for computing the coefficients cq, ..., ¢, as rational functions of coefficients in expansions
of the moments in Eq. 1.

In the pseudo-stationary case, the asymptotic relation (3) takes a simpler form. In this
case, p(© = 0 and the constants ﬁl.(;)) do not depend on the initial state i and are given by
the stationary probabilities of the limiting semi-Markov process.

In order to prove (3) we use the theory of perturbed discrete time renewal equa-
tions developed in Gyllenberg and Silvestrov (1994), Englund and Silvestrov (1997), and
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Silvestrov and Petersson (2013). However, the results cannot be applied directly. This is
because the conditions for semi-Markov processes are naturally formulated in terms of its
transition probabilities while the application of the renewal theory requires conditions for
some non-local characteristics of the semi-Markov process to hold. To prove that the con-
ditions we formulate for semi-Markov processes are sufficient for the conditions required
for the results from renewal theory we use techniques from Gyllenberg and Silvestrov
(2008). In particular, we need to calculate the coefficients in the expansions of mixed power-
exponential moments for first return times based on the coefficients in the expansions of the
moments in Eq. 1. This analysis makes up a substantial part of the proof of the main result
and may also have applications beyond the scope of this paper.

The asymptotic relation (3) is proved for continuous time semi-Markov processes in
Gyllenberg and Silvestrov (1999, 2008). In Gyllenberg and Silvestrov (2008) the result is
also extended to the case of initial transient states.

Expansions of the type given in Eq. 3 and similar types of exponential expansions have
also been given for ruin probabilities in perturbed risk models, see for example Gyllenberg
and Silvestrov (2000, 2008), Englund (2001), Blanchet and Zwart (2010), Ni (2011, 2014),
and Petersson (2014b).

In the pseudo-stationary case, many of the existing results in the literature are concerned
with an asymptotic analysis of absorption times or other types of first hitting times in various
types of Markov and semi-Markov processes, see for example Keilson (1966), Latouche
and Louchard (1978), Latouche (1991), Avrachenkov and Haviv (2004), Drozdenko (2007),
and Jung (2013).

In the quasi-stationary case, almost all papers in the literature are concerned with mod-
els without perturbations. In particular, a great deal of attention has been given the study of
so-called quasi-stationary distributions, see for example Darroch and Seneta (1965), Seneta
and Vere-Jones (1966), Cheong (1970), Flaspohler and Holmes (1972), Collet et al. (2013),
and van Doorn and Pollett (2013). For models with perturbations, asymptotic expansions
of quasi-stationary distributions are given in Gyllenberg and Silvestrov (2008) for continu-
ous time regenerative processes and semi-Markov processes, and in Petersson (2014a) for
discrete time regenerative processes.

One of the most extensively studied models of perturbed stochastic processes is the
model of linearly or analytically perturbed Markov chains. In particular, asymptotic expan-
sions of stationary distributions have been given for so-called nearly uncoupled Markov
chains. For some results and more references related to this line of research, we refer to
Simon and Ando (1961), Schweitzer (1968), Stewart (1991), Hassin and Haviv (1992), Yin
and Zhang (1998, 2003), Altman et al. (2004), and Avrachenkov et al. (2013).

For more references related to pseudo-stationary and quasi-stationary asymptotics we
refer to the extensive bibliography given in Gyllenberg and Silvestrov (2008).

Let us now briefly outline the structure of the paper. In Section 2, we present in detail
the model of perturbed discrete time semi-Markov processes and formulate our main result.
An application to perturbed epidemic SIS models is discussed in Section 3. In Section 4, we
derive systems of linear equations for moments of first hitting times and give a necessary and
sufficient condition for these moments to be finite. Some solidarity properties for moments
of first hitting times are proved in Section 5 and asymptotic power series expansions for
mixed power-exponential moments of first hitting times are constructed in Section 6. In
Section 7, we prove a solidarity property of periodicity which is needed in order to apply the
renewal theory and, in Section 8, we present exponential expansions for perturbed discrete
time regenerative processes. Finally, using the results from Sections 4-8, the proof of the
main result is given in Section 9.
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2 Exponential Expansions for Perturbed Semi-Markov Processes

In this section, we define perturbed discrete time semi-Markov processes and present the
main result of this paper.

For every ¢ > 0, let 0, k'), n = 0,1, ..., be a discrete time Markov chain on
the state space (X, N), where X = {0, 1, ..., N} and N = {1, 2,...}. We assume that the
Markov chain is homogeneous in time and that the transition probabilities do not depend on
the current value of the second component. Thus, the process (nff), K,,g)) is characterized by
an initial distribution p(s) = P{n(s) =i},i € X, and transition probabilities

07 (k) =Pn) = j. k) =k =i} i.jeX kel “)

Let 1©(0) = 0 and t® (n) = KI(E) 4o 4+ 1 for n > 1. Furthermore, let v® (n) =
max{k > 0 r(s) (k) < n} for n > 0. The semi-Markov process associated with the Markov
chain (77,, , Kn )) is defined by

(&) _ (e _
§7(n) =My =0,1,...

For the semi-Markov process & ) (n), we have that K,(f) are the times between successive
moments of jumps, T (n) are the moments of the jumps, and v® (n) are the number of
jumps in the interval [0, n].

Since the transition probabilities of the Markov chain (n, &) do not depend on the

current value of the second component, it follows that n(g)

chain. Its transition probabilities are given by

is itself a (homogeneous) Markov

iy = Z 0 (k) =Pni), = jIn® =i}, i,jeX,
k=1

and it is called an embedded Markov chain for the corresponding semi-Markov process.
It is sometimes convenient to write the transition probabilities of the Markov chain
k) as
Ql(j)(k) = plfﬁfi(ﬁ(k), i,jeX, keN,
where
f900 =Pl =kin® =i, 0}, = j}
are the conditional distributions of transition times. ©

Let us also define random variables for first hitting times. Let v, © =

=min{n > 1:7n,
j} and let “5'8) = r<€)(vf)). Then, u](?) is the first hitting time of the embedded Markov
chain into state j and u(/.‘g) is the first hitting time of the semi-Markov process into state j.

Note that v;E) and ME'E) are both possibly improper random variables taking values in the set
N U {oo}. Throughout the paper, we will use the notation

g ) =P =n, v’ =) i jeX. n=01,...,

and
gl(j) =P; {V(E) > v(g)} i,jeX.

Here, and in what follows, we write P;(A®)) = P(A® | 17(()8) = i) for any event A®.
Corresponding notation for conditional expectations will also be used.
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In order to consider the semi-Markov process & @ (), fore > 0, as a perturbation of the
semi-Markov process £ ?)(n), the following continuity condition will be used:

A: (a) pi(;) — pl.(jq) ase — 0,foralli #0, j € X.
(b) flﬁ;)(n) N fl.go)(n) ase — 0,foralli #0,j € X,n e N.

Furthermore, we will assume that {1,..., N} is a communicating class of states for
sufficiently small . This is implied by condition A together with the following condition:

B: g >0, foralli, j #0.

Transitions to state 0 may, or may not be possible, both for the limiting process and the
perturbed process.
We define moment generating functions for conditional transition times by

o
v )= e O m), peR, i, jeX.
n=0

An important role for our results is played by the root of the following characteristic
equation,

& (0) = 1, )
where qbi(f)(,o) = Eie”“fg)x(v(()g) > vi(a)), p € R, and i # 0 can be chosen arbitrarily. It will

be shown that this equation has a unique non-negative solution p‘® for sufficiently small &
that does not depend on i. In order to do this, we will need the following condition:

C: There exists 8 > 0 such that:
@ limsupg, ¥} () < oo, foralli #0, j € X.
®) ¢V (B) € (1, 00), for some i # 0and §; < f.

Let us define the following mixed power-exponential moment generating functions for
transition probabilities:

o0
pl-(;)(p,r) = Zn’eﬂ"Q§j>(n), peR, r=01,...,ij€X. (6)
n=0

In order to construct exponential asymptotic expansions in our main result, we will need
the following perturbation condition:

D: P,-(j) P, r) = P,-(]Q)(P(O), Y+ pijlp @, r, et -+ pii[pQ, r, k—rlek =" +o(eh™"),
r=0,....k i, j #0, where |p;j[p©@,r,n]] <o0,r =0,....k,n=1,....k—r,
i,j #0.
The period of the (possibly improper) distribution gi(f) (n) is defined by
di = gedfn e N: g (n) > 0}, i #0.

In particular, d; = 1 means that gl.(f) (n) is non-periodic.

In order to guarantee non-periodicity of gi(? ) (n), we will assume that the following
condition holds:

E: gﬁ) (n) is a non-periodic distribution for some j # 0.
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Let us define
©,, O
<0 _ Zazoe” "k @
= 5
T Egnet M )

0 0 0
where hgj)(”) =Pi{EO @) =], IL(()) M( ) o nl.
We are now ready to present the main result of this paper. The proof is given in Section 9.

i,j #0,

Theorem 1 Assume that conditions A-E hold. Then:

() For ¢ sufficiently small, there exists a unique non-negative root p® of the character-
istic equation (5) which does not depend on the choice of initial state i. Moreover, we
have the asymptotic expansion

P =pO e+ -+ cret +o(eb), )

where the coefficients ay, . .., ax can be calculated from explicit recursive formulas
given in Theorem 2 and in the proof of Theorem 1.

(ii) For any non-negative integer valued function n'®> — oo as ¢ — 0 in such a way that
e'n® — A, €0, o0) for some 1 <r <k, we have

. %O
Pi{é(a)(n(g)) =/ /Jv(()g) > n(g)} l]

—_—
exp(—(p© + cre + -+ o1 Hn®)  ehar

ase —> 0,1, #0.

It is interesting to note that in the pseudo-stationary case, 71 ) does not depend on i.

Indeed, in this case p(® = 0 and MO = oo almost surely, so we get
0) 0
7O _ Zn Oh (n) El Zn_OX(f(O)(n) =/ M,( ) n) i j#0
- 0 ’ ’ .
Y Zn =0"8;; )(”) El/’(/( )
That is, n(j is the quotient of the expected number of visits to state j during an excursion

starting from state i and the expected length of this excursion for the limiting semi-Markov

process. It is known that this quantity does not depend on state i. Moreover, in this case

(0) ~(0) .
T =n. ) = 1,

process.

., N, are the stationary probabilities for the limiting semi-Markov

3 Perturbed Epidemic SIS Models

In this section, we present an example of an epidemic model where the results of the present
paper can be used.

Epidemic SIS (Susceptible-Infectious-Susceptible) models provide natural examples of
processes having a state space with the structure considered in this paper. Such mod-
els describe the evolution of an infectious disease in a population where individuals who
recover from the disease do not develop immunity and can be infected again. This means
that the disease can persist for a long time in the population before the epidemic disap-
pears. Epidemic SIS models have been studied in, for example, Weiss and Dishon (1971),
Cavender (1978), Longini (1980), Kryscio and Lefévre (1989), Nasell (1996), and Allen
and Burgin (2000).

The model under consideration in this section, which is a small modification of the clas-
sical Reed-Frost model, describes the number of infected individuals in a homogeneously
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mixed population of constant size N. Ateachtimen = 0, 1, ..., itis assumed that any indi-
vidual in the population is either susceptible or infected/infectious. Suppose that there are i
infected individuals, and thus N — i susceptible individuals, at time n. Then, each infected
individual, independently of one another, has infectious contact with each of the suscepti-
ble individuals, independently, with probability p. The infected individuals at time n + 1
are those susceptible individuals who got infected at time n. All other individuals, including
those that were infectious at time n, are susceptible.

Let us also assume that the probability of infectious contact p = p©) depends on a small
perturbation parameter ¢ > 0 in such a way that p® — p©@ as e — 0, where p(@ > 0.
An example of a specific choice of p(s) will be given below. For each ¢ > 0, we let 1,55),
n = 0,1, ..., be the number of infected individuals at time n for the model corresponding
to p®. The population size N is assumed to be fixed and not dependent of ¢.

It follows from the description above that 1,55), for each ¢ > 0, is a homogeneous discrete

time Markov chain on the state space X = {0, 1, ..., N}. In order to determine its one-
(e)
ij _
individuals at time n avoids infection with probability (1 — p®)’. Since each of these

step transition probabilities p;:’, notice that if 1,56) = i, then any of the N — i susceptible

individuals are infected independently of one another, it follows that / rfi)l has a binomial
distribution with parameters N — i and 1 — (1 — p®)?. Consequently, we have
N —i . o
P = ( ; )(1 — (1= p®))Y (1 = pO)N=i=D je X, 0<j<N—-i (¥
Note that state N can only be reached if we start with all individuals infected. If this state
is excluded, then, for each ¢ > 0, the Markov chain I,EE) has a state space consisting of one
communicating class of states {1,..., N — 1} and one absorbing state 0. Thus, this is an
example of the quasi-stationary case.
The model described above can be embedded into the model of non-linearly perturbed

semi-Markov processes studied in the present paper. Indeed, let the transition probabilities
(4) be defined by

0 =pxn=1).n=12... ijeX ©)

Then, according to the definitions in Section 2, we have that 1,58) is a discrete time semi-
Markov process with times between successive moments of jumps being identically equal
to one.

Furthermore, it follows from Eqgs. 6 and 9 that moment functionals used in the
perturbation condition D take the form

0 (e)

pi(;)(p(o),r) — o' pii-r=01....ijeX

Thus, condition D holds if we have the following asymptotic expansions for the one-step
transition probabilities,

P = p 4 pijltle + -+ pylkle* +o(eh). i, j #0. (10)

Specifically, let us assume that p® = pg + ¢, where po > 0. In this case, the perturba-
tion parameter € represents an increase of the probability of infectious contact compared to
some reference value pg. It then follows from Eq. 8 that pl@ are non-linear functions of ¢
which can be represented in the form given by Eq. 10. Explicit formulas for the coefficients

plll, ..., plk] can be derived, but these are quite involved and are not given here.

@ Springer



1054 Methodol Comput Appl Probab (2017) 19:1047-1074

The main result of the present paper can be used to get approximations of the
probabilities

P () =Pi{l® = j, pn§’ > n}, n=0,1,.... i, j #0,
where ,ugg) is the first time when there are no infected individuals in the population. Indeed,
let us define, forn =0,1,...,1,j #0,
P ) =7 exp(—(p© +cre+ - +cem), r=1,....k (11)

It then follows from Theorem 1, that if n®) is a non-negative integer valued function such

thatn® — coase — Oinsucha way that e'n® — A, € [0, co0), then the approximations
B : : : (&) p(e) c

Py r(n)or = 1,..., k, have zero asymptotic relative error, i.e., P;; (n(s))/Pl.j’r(n“)) -1,

ase — 0.

The advantage of the approximations (11) is the explicit form of ﬁl(]s)r (n) as a function

of n and . The computationally expensive part, which is to calculate p@ and ftl.(;)), only
needs to be performed for a single value of the perturbation parameter, i.e., for ¢ = 0.
Adding more terms in the expansion, that is, choosing a larger value of r, gives a more
detailed form of the approximations. It is, however, important to remember that the qualities
of the approximations rely on an asymptotic result and for fixed values of n and ¢ it is not
necessarily the case that addition of higher order coefficients improve the approximations.
Moreover, the asymptotic correctness of the approximations depend on the balance between
the rates at which n — oo and ¢ — 0 as described above. In order to study the qualities of
the approximations in this example, some numerical experiments could yield some valuable
insight, but this is beyond the scope of the present paper.

4 Moments of First Hitting Times

In this section, we consider moment generating functions of first hitting times. First, a sys-
tem of linear equations for these functions is derived and then, a necessary and sufficient
condition for them to be finite is given.

Moment generating functions of first hitting times are defined by

(&)
¢i(;)(p) = E e x> v}s)), peR, i jeX.

Alternatively, this can be written as

o0
) ..
$ ()= Mg m), peR, i, jeX.
n=0
We also define moment generating functions for transition probabilities,

o
P )= "0 (), peR, i, jeX.
n=0

(8)

By conditioning on (1, fs) ) we get for any i, j # 0,

&S (&)
800 = 3 3 B 10 = v 10 =1 =00 k)
1= Ok 1

= Zeﬂ"Ql,<k>+ S Y B0l > v Pk (12)
170, k=1

—p,j)<p>+ x i (0] ().
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Throughout the paper, we will use the convention 0 - co = 0. With this convention,
relation (12) holds for all p € R and i, j # 0, even in the case where some of the moment
generating functions involved take infinite values. In this case relation (12) may take the
form oo = oo.

In what follows, it will sometimes be more convenient to work with matrices. For each
J # 0, we define column vectors

@ =[00) 95)0) - s ] (13)
T
P (0) = [ pi ) P 0) - P ] (14)
and N x N matrices ]P(g) () =1; p(s) (p)|l where the elements are given by
) . .
0 pir (p)i=1,...,N, k#], 15
iPic () = {01 i=1,.... N, k=] (13)

Using Egs. 13, 14 and 15, we can write (12) in the following matrix notation,

() = (0) + PO D)@ (p). ] £0. (16)
The vectors and matrices above are allowed to have entries with the value co. By remarks
given above, this means that relation (16) holds for all p € R.

We will now derive an alternative representation for the vector d>(f) (p) of moment
generating functions. ‘

Let us for each j # 0 define an N x N matrix valued function A(S)(p) =|a (8)(p)|| by
A (p) =1+ ;PO (p) + ((PO(p)* +--- . peR. an

Since all elements of the matrices on the right hand side are non-negative, it follows that
jA(e) (p) is well defined and has elements that take values in the set [0, co]. As will be
shown next, the elements of jA(S)(,o) can be given a probabilistic interpretation.

Let j # 0 be fixed. We define random variables by

55‘2)(10) Z p1® ) (8) ( ) > n, 77518) =k), k £ 0. (18)

Notice that 8(? (p)=x (U(S) J)-
Forn=1,2,..., we have

Ejert )(”)X(v(()g) A UE- >n, 0\ =k)

(€)
= )y Ei(er™ 0 0 =i, = i) H P i
io=1; iy, = k;
i1y oo yino1 #0,j (19)
n
= ) [T 27 (). i #0. k#0, .
io=1; iy, = k; m=1
i17'~'7in—] #07,]
From Egs. 17, 18 and 19 it follows that
jag () = Eis\ (p). i.k #0. (20)

Let us now derive an alternative formula for @5.8) (p).
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By definition we have

(&)
6l (0) = Eie™ x (v > Vi), i j #0. @1
The indicator function can be written as
x> i) = x o = j)
. 22
+Zw§ X0 AV = n o =k, ) = ). @2)
n J
Note that for all i, j # 0,
® . © .
Eie”i x(n)” = j) =Ei™ |\ = )p = p () 23)
and
o CIN (a) ©) © _ .
> X E “XW >n,ong =k, 0y =)
n=1 k50, j . (24)
— Z Z E;e pT(n) (\)(8) /\1)( &) > n, 77;18) _k)pl(;)(p)
n=1k#0,j

From Egs. 18 and 21-24 it follows that for all , j # O,

()
¢Z(J$)(I0) Z Z E; ePT (n) (U(S) A l)( €) >n, n;f) — k)]?k])(,O)
n=0k#0 (25)

=3 1 (MES (o).
k#0

Now, using Eq. 20 we can write (25) in the following matrix notation,
(o) = jAC (P} (0), p € R, j #0. (26)

This representation will now be used to prove the following lemma which gives a necessary
and sufficient condition for 435.8) (p) to be finite.

Lemma 1 Assume that for some ¢ > O we have g > 0, foralli, j # 0. Then GD(S) (p) <
oo if and only lfpgfs)(,o) < 00, JP(E) (p) < 00, and the inverse matrix (I—]P(s) (p)~ 1 exists.

Proof Let us first assume that CD;” (p) < oo.
Since gi(;) > Oforalli, j # 0, it follows from Eq. 26 that jA(S) (p) and p;s) (p) are finite.

Moreover, it follows from the definition of jA(S) (p) that jP“) (p) < o0 if jA(a) (p) < o0,
so we have
P\ (o). PO (p), JA®(p) < oo. 27)

The definition of ;A (p) also yields

AP () =1+ ;PO () (T+ ;PO (0) + ;PO (0))* +---)
=1+ ;P (p);A®(p).
It follows from Eq. 27 that we can rewrite (28) as

I=(1- ;P¥p));A®(p).

(28)

This means that (I — P(E) (p)) has an inverse matrix given by jA(g) (p).
Now assume that p( )(,0) < 00, P(S) (p) < oo, and that the inverse matrix (I —
PE ()~ exists.
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First note that then the following relation holds,
A= PO ()~ =T+ ;PO (o)A~ P (p)~". 29

Iterating (29) gives forn = 1,2, ...,
A= PO ()~ =T+ ;P (p) 4 - + (PO ()"

(PO (0 A= PO (o)) . G0
Since (I — jP(E)(,o))’1 < oo it follows from Eq. 30 that we necessarily have
GP® ()" A~ ;PO >p) ™! - 0, asn — oco. (31)
Letting n — oo in Eq. 30 and using (31), it follows that
JAP () = A= PO (p)~" < oo (32)
From Egs. 26 and 32 we conclude that d>;8) (p) < 0. O

We supplement Lemma 1 with a corresponding result for the moment generating
functions

~ (&)
¢§;>(p) = Eie?0 () < uj@), peR, i, j£0.
Similar calculations as above show that we have the representation
7 (p) = ;A (p)py (), p R, j#0,
where ,
350 =[ 370 3570 - 850 |
and ;
Py (p) = [pff)) () P50 ... Py (o) ] :
The following lemma gives a necessary and sufficient condition for 55.8) (p) to be finite.

The proof is analogous to the proof of Lemma 1 and is therefore omitted.

Lemma 2 Assume that for some ¢ > 0 we have gi(;) > 0, foralli, j # 0. Then 55?) (p) <
oo if and only ifpf)a)(,o) < 00, jP(s) (p) < o0, and the inverse matrix (I—jP(S) (,0))’l exists.

5 Solidarity Properties for Moments of First Hitting Times

In this section, a solidarity lemma for moment generating functions of first hitting times is
proved.
Let us introduce the following moment generating functions,

®
k¢§;)(/0) = E;e’ti X(vég) A v,ﬁs) > vj(fs)), peR, i, jkelX.
Before giving the solidarity lemma, we first prove an auxiliary lemma which gives a
connection between ¢[(f) (p) and qb;j) (p).
Lemma 3 Leti # 0 be fixed. Assume that we for some ¢ > 0 and p € R have:
(o) g,(;) >0, forallk, j # 0.
B ¢ =<1
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Then, the following relation holds for all j # i,
(1= ¢ (N =65 () = (1 = ¢ (0 (1 = ;91 (0)). (33)

Proof By using the regenerative property of the semi-Markov process we can for any j #
0, i write the following relations for moment generating functions,

01 (0) = ;0 () + i} (085 (), 34)
65 (0) = 10 (0) + 0% (08 (0), 35)
¢J(‘j')('o) = "(p%’) () + j¢§i) (P)¢,'(;)(p), (36)
8 (0) = 0 (0) + 6. (018, (p). 37)

Recall that we use the convention 0 - co = 0, so relations (34)—(37) hold for all p € R.
It follows from (e) that

35 (0), 5 (), 95 (0). 95(0). i85 (p), ;8 (p) € (0, 0], (38)
From (), Egs. 34 and 38 we can conclude that
i (), 87 (0), 95 (), @ (p) < 0. (39)
Furthermore, it follows from Egs. 35, 38 and 39 that
i) (0), ' (p) < o0, (40)

Thus, all generating functions in Egs. 34 and 35 are finite under conditions (&) and (8).

However, it is not immediate that also ¢,'(j) (o) and ¢j(.j) (p) are finite. In order to prove this,
let us consider random variables for successive return times. We define the the n-th return
to a state j for the embedded Markov chain by v (0) =0and

v;.g)(n) = min{k > vj(.g)(n 1): n(g) =j},n=12,...
Corresponding return times for the semi-Markov process are defined by
Mf)(n) = r(@(uf)(n)), n=0,1,...
Using the variables for return times, we can write

X0 > U(a>) = 0 AU > 0l

41
+ Z X A >0 ), v AT+ 1) > 08). @b
Forn =1,2,...,it follows from the regenerative property of the semi-Markov process
that
®©
E;e’ti X(v(e) A v(a) > vl.(g)(n), vé‘?) A v(g)(n +1) > v(s)) 42)
©
=E; ep“ X(v(g) A v;.E) > vi(g) (n))E;e’ti X(v(()a) A vi(g) > vj(.g)).
Using Eqgs. 41 and 42 we obtain
o0
85 (0) = 0 (0) + Y (s (o))" i (o). 3)

n=1
It follows from Egs. 34, 38, 39 and (8) that ;¢\"’(p) < 1. Using Egs. 39, 43 and
j¢§f) (p) < 1 it follows that qbi(;)(p) < 00. Then, we can use (36), (40) and qbi(;) (p) <ooto

conclude that ¢5§) (p) < 0.
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It has now been shown that all generating functions in Eqgs. 34-37 are finite and these
relations can now be used to prove that (33) holds.
We can rewrite (35) as

¢\ ()1 =19 (0)) = 16 (), (44)
Multiplying (34) by (1 — ;' (p)) and using Eq. 44) we get
i ()1 =105 (0)) = 0 (0)(1 = i) (0)) +i0( (0),0% (0).  (45)
Subtracting (1 — ,'qbg.j) (p)) from both sides in Eq. 45 and then changing signs yield

(1= ()1 — i) (p))

(46)
= (1= ¢ ()1 =i (o) — 16 (0)0% (0).
Similarly, using Eqs. 36 and 37 we obtain
(1= ¢\ ()1 — ;o5 (o) .
= (1= @) ()1 = 617 (0) = 85 (0)ig [}« )
= i?j; 1Y i®ii (o iPji pl¢[j 0).
Relation (33) now follows from Eqgs. 46 and 47. O

The next lemma is essential for the proof of our main result. The form of part (b) of
condition C implies that the results of this lemma can be considered as solidarity properties
for moments of first hitting times.

Lemma 4 Assume that conditions A, B, and C hold. Let i # 0 be the state and0 < 8; < f8
the number in condition C for which we have ¢i(?) (Bi) > 1. Then:

(i) There exists p’ € [0, B;) such that ¢);3) (") = 1forany j #0.

(i) Forany j # 0, there exists B € (p’, Bi] such that 4)5-(;) (Bj) > 1l and ¢,§j® (Bj) < o0
forall k # 0.
(iii)  There exists § € (0, B] such that ¢\ (8) > 1, j # 0 and ¢} (8) < 00, k. j # 0.

(iv) There exists eg > 0 such that for all ¢ < &y we have ¢§j.) 6 > 1,j # 0and
¢,§j)(5) <00, k, j #0.

Proof Tt follows from conditions B and C that q’)i(? ) (p) is continuous and strictly increasing
for p € [0, B;]. Moreover, ¢l.(?)(0) = Pi{v(()o) > vi(o)} < 1and (j)lg?)(ﬁi) > 1. From this it
follows that there exists (a unique) p’ € [0, B;) such that

o0 =1. (48)
Now, for any j # 0,7 we can write
81 (o) = ;5 (o) + 16 ()87 (o). (49)
We also notice that under condition B,
917 (), 85 (o) > . (50)
It follows from Eqs. 48, 49 and 50 that
() < 1. (51)
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Applying Lemma 3 with ¢ = 0 and p = p’, and using Eq. 48 we get
(1 =N = o (") =0. (52)

From Egs. 51 and 52 we conclude that ¢/('?) (p’) = 1 and this proves part (i) of the lemma.

We now prove part (ii).

Let j # 0 be arbitrary. It follows from part (i) that there exists p’ € [0, B;) such that
¢;2)(p/) = 1. For any k # 0, j we have

¢\ (0 =8 (o) + ;R (8] (o). (53)
It follows from Eq. 53, condition B, and qﬁ;(;) (p)) = 1 that
$ (p) < 00, k #0. (54)

Using Eq. 54 we can apply Lemma 1 to conclude that det(I — jP(O) (p")) # 0. Under
condition C, the elements of the matrix jP(O) (p) are continuous functions of p € [0, B].
Since p’ < B; < B, we canfind B; € (o, Bi] such that det(I— ;P (8;)) # 0. Furthermore,

it follows from condition C that p,ig) (Bj) < oo forallk, j # 0, so by Lemma 1 we get

3] (Bj) < 00, k #0.

Also, since p’ < B; and ¢(O) (p)) = 1, we have ¢(0) (Bj) > 1 and this completes the proof
of part (ii).

If we define § = min{B; : j # 0}, part (iii) follows from parts (i) and (ii).

Finally, let us prove part (iv).

By Eq. 16 we have that the vector @58) (8) satisfies the following system of linear
equations,

SHOESORS SHOLIO! (55)
From part (iii) and Lemma 1 it follows that
det(I — ;PO (8)) #0, j #0. (56)
From conditions A and C we get
P 8) = p (8) < 00, ase — 0, k, j #0. (57)
It follows from Eqs. 56 and 57 that we can find ¢; > O such that forall j # Oand ¢ < ¢y,
det(I— PO (8) #0. p(3) <oo, ;P) < oo (58)

From Eq. 58 and Lemma 1 we conclude that for any j # 0 and ¢ < ¢ it holds that

¢§8)(8) < 00 and, moreover, @58) (6) is the unique solution to the system of linear Eqgs. 55,
SO we can write

o\7(8) = A — ;P96)'plY (). j #0. (59)
Furthermore, it follows from Eqs. 57 and 59 that for any j # 0, we have <I>§.€) ) — <I>§.0) ¥)
as ¢ — 0. In particular, for any j # 0 we have d)(s)(é) — ¢(0) (8) as ¢ — 0 and since

¢j((,)) (8) > 1, j # 0, this means that we can find &, > 0 such that d)(s) (8) > 1forall j #£0
and ¢ < g). It follows that with g = min{eq, &}, the claims of part (iv) hold and this
concludes the proof of Lemma 4. O
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6 Power Series Expansions for Moments of First Hitting Times

In this section, it is shown how mixed power-exponential moments of first hitting times can
be expanded in power series with respect to the perturbation parameter. We first derive recur-
sive systems of linear equations for these moments. Then, some properties of asymptotic
matrix expansions are presented. Finally, we construct the desired asymptotic expansions.

Mixed power-exponential moment generating functions of first hitting times are defined
by

©
d)i(;)(p, r) = E,'(/Lg.s))rep“!' X(v(()s) > v;?)), peR, r=0,1,...,i,j € X.

Alternatively, this can be written as

o
(e _ r_pn (&) _ ..
¢ (p,r)—Zn e’ (n), peR r=0,1,...,i,j € X.
n=0
Notice that gbl.(;)(p, 0) = ¢,-(f)(/0).
Let us also recall from Section 2 that we define mixed power-exponential moment
generating functions for transition probabilities by

o0
P o)=Y n e 0 (), peR, r=0.1,.... i j€X.
n=0
Note that p{;’(p,0) = p{(p). Also note that p{5’(p,r) = {5y (p, r) where p{? are
ij ij ’ ij s
the transmon probablhtles for the embedded Markov chain and

v, r) = Zn’epnf,.f)(n), peR, r=0,1,..., 0 j€X.
n=0

It follows from condition C that there exist 8 > 0 and &; > 0 such that
sup max Iﬁl(f)(ﬂ) < 0.
e<e1 § #£0
jeX

From this it follows that foralli #0, j € X,e <¢e1,p < B,andr =0, 1, ..., we have

P (p.r) < (Surm e - ")") P v (B) < oo

n>0
Under conditions A, B, and C, it is seen from Lemma 4 that there exist § € (0, 8] and
&> > 0 such that

sup max ¢( )(8) < 00.
e<ep i,j#0

Using this, we getforalli, j #0,e <&, p <d,andr =0, 1, ...,

n>0

¢,-(;)(,0, r) < (supn’e_(‘S p)”) ¢,~(;)(8) < o0.

Recall from Section 4 that the moment generating functions of first hitting times satisfy
the following relations,

85 (0) = )+ D piy (08} (), i, j #0. (60)
170, j
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From the discussion above it follows that for any i, j # 0, ¢ < min{ey, &2}, and p < §,
the functions p(a) (p) and qb(s)(p) are arbitrarily many times differentiable with respect to
p. Moreover, the derivative of order r for 2 )(,0) and ¢( )(p) are given by p( )(,o r) and
¢i(j ) (p, r), respectively.

Differentiating both sides of relation (60) gives the following for ¢ < min{ey, &>} and
p <3,

¢ (0.1 =25 0.+ Y p e (). 1 A0 r =12, (6])
10, j

where

k; (oor) = Py (oor) + Z ( ) > i (0. (o.r —m). (62)
10,
Let us rewrite relations (60), (61) and (62) in matrix notation. For each j # 0, we define
column vectors

00 p.r) = [ 6001 6% 0.r) - 800 | (63)
0. = [0 1) per) - 10 ] (64)
T
P (0.1 = [ Pl 01 pE) 0 - P00 | (65)
and N x N matrices P(s)(p r)=1|; p(g) (p, r)|| where the elements are given by
@ — pik(p,r)i=l,...,N,k7éj, 66
iPi (o,1) {0 i=1.. . N k=] (66)
With these definitions we have
(0,00 = 7 (p). P} (0.0) = p (0). P (0.0) = PO (p).  (67)
Using Egs. 60-67, we get for r = 0,
o (0) =\ (p) + PO ()0 (p). j #0, (68)
and, forr=1,2, ...,
P (p,r) =27 (0, 1) + ;PO ()P (0, 1), j #0, (69)
where
: r (&)
A =p 0.+ Y (m),-P“)(p, m)® (o, r —m). (70)
m=1

Relations (68), (69) and (70) allows us to calculate mixed power-exponential moments of
first hitting times for a fixed (sufficiently small) value of €. In order to construct asymptotic
expansions for these moments, we will use properties of asymptotic matrix expansions,
which will be presented now.

Let A(e) be an m x n matrix valued function. Suppose that A(e) on the interval 0 < ¢ <
€o can be represented as

Ale)=Ag+Aje+---+ Aksk + o(ek),

where Ag, ..., Ay are m X n matrices with real-valued elements and o(ak) is an m X n matrix
where all elements are of order o(g¥). Then we say that A (¢) has an expansion of order k.
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The following lemma collects some properties for asymptotic matrix expansions that will
be used. These properties are known, but we give a short proof in order to make the paper
more self-contained.

Lemma 5 Let A(e) be an m x n matrix valued function which has an expansion of order
k, and let B(¢) be a p x q matrix valued function which has an expansion of order .

(i) If c is a real-valued constant, then C(e) = cA(g) has an expansion of order k and
the coefficients are given by

Ci=cA;,i=0,1,...,k.
(i) Ifm = pandn = q, then C(e) = A(e) 4+ B(¢) has an expansion of order k N\ | and
the coefficients are given by
Ci =Ai+Bl‘, l=0, 1,,k/\l

(iii) Ifn = p, then C(e) = A(e)B(e) has an expansion of order k A I and the coefficients
are given by

i
Ci=) ABij, i=0.1,... kAl
j=0
(iv) Ifm = nanddetd—Ag) # 0, then the inverse matrix C(e) = (I —A(e)! exists for
sufficiently small ¢ and has an expansion of order k where the coefficients are given
by

Co=(U—-Ap)™" and Ci=CoY A;Cij, i=1,.. .k
j=1

Proof Parts (i), (ii), and (iii) are consequences of elementary algebraic relations.

For the proof of part (iv) we first note that since (I — A(¢)) — (I — Ag) as ¢ — O,
and det(I — Ag) # 0, it follows that det(I — A(e)) # O for sufficiently small . Thus,
the matrix I — A(e) has an inverse for sufficiently small ¢. Furthermore, the elements of
this inverse matrix are rational functions of the elements of A(g). From this it follows that
(I—A()™' = @I = A, so we have the representation

C(e) = Co + My(e), 71

where Co = (I — Ag)~! and My(e) — O as &g — 0.
Now assume that k = 1. Then, using Eq. 71,

I=0-A@E)A—-A@e)™!
=T —-Ag—Are+0()(Co +My(e))
=I+T—-ApMp(e) — (A1e + 0())Co + 0o(e).

Rewriting this relation and dividing by ¢ > 0, we get
My (e o(e o(e
Z( ) = (I—AO)_1 <A1 +7i)>C0+7(8).

Letting ¢ tend to zero it follows that Mo (¢)/e — CoA|Cp as ¢ — 0. From this and relation
(71) we get the representation

C(e) = Co + Cie + M (e),
where Co = (I — Ag)~L, C; = CpA;Cyp and Mi(e)/e — 0ase — O.
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This proves part (iv) for k = 1.
For a general k we can prove the result by induction using the same technique as above.

O

We will now use the results above to show how mixed power-exponential moments of
first hitting times can be expanded in power series with respect to the perturbation parameter
and how the coefficients can be calculated explicitly.

Let us introduce the following perturbation condition which is assumed to hold for some
p < 8, where § is the number from Lemma 4:

(©0)

D": p}f)(p, r) = pi; (0. r) + pijlp.r, e + -+ pijlo, rok — rlef ™" + o(eh7), r =

0,...,k,i,j #0,where |p;jlo,r,n]| <oo,r =0,....k,n=1,....k—r,i,j #0.
For convenience we denote p;;[p, r, 0] = pl.(?) (p,r),forr =0,...,k.

Notice that condition D’ is a more general variant of condition D formulated in Section 2.
Indeed, condition D is obtained by putting p = p© in condition D'

To prepare for the next result, note that it follows from condition D’ that the vectors
p(f) (p, r) and matrices jP(E) (p, r), defined by relations (65) and (66), respectively, have
asymptotic expansions

P (0, 1) = (0, 1) +pjlo. 7 e + -+ pjlp, 1ok =l ok ),
and
PO = PO, r) + jPlo.r e+ + jPlo, .k —rle™ +o(e" ),
where the vector coefficients p[p, r, n] are given by
T
pjlo.r.nl = pijlp.r.nl pajlp.r.nl -+ pnjlp.r,nl]",

and the coefficients jP[p, r, n] = ||;jp;. [p,r, n]|| are N x N matrices where the elements
are given by

_ ) piklo,r,n]i=1,...,N, k # j,
/Pik[pir’”]—{o i=1,...,N, k=j.

The following theorem is an essential tool for the proof of the main result of the present

paper.

Theorem 2 Assume that conditions A, B, C, and D' hold and fix some j # 0. Then:

(i) The inverse matrix jU(a) (p) =d- ]'P(‘S)(,o))_1 exists for sufficiently small ¢ and
has the expansion

jU(p) = jULp. 01+ jULp, e + - + ;ULp, k] £ + 0(e"),
where

= POy~ n=0,
;Ulp, 0] ZZ:] iPlp,0,q1;U[p,n—qln=1,... k.

(i) We have the expansion

@ (p) = j[p. 0,01+ ®;[p. 0, 1le + -+ @;[p. 0. kle + 0(e"),

jUlp,nl= {

where

o (p) n=0,

(72)
> y=0iUlp.qlpjlp,0,n —gqln=1,... k.

®i[p,0,n] = [
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(iii) Forr =1,...,k, we have the expansions
) (p,r) = @jlp. 1. 01+ ®jlp. 1, e+ + Do, r.k = rle™" + o),
where the coefficients can be calculated recursively by the formulas

¢;0)(p,r) n=0,
ZZZO.;U[p,q]Xj[,o,r,n —ql,n=1,...,k—r,

where, fors =0,...,k—r,

®;lp,r,n] = [

Xilp,r,s1=pjlp,7s +Z< )Z,P[p m,ql®;lp,r —m,s —ql.

m=1

Proof First note that under conditions A, B, and C, it follows from part (iii) of Lemma 4
that d>;0) (p) < oo, forall p < 4. Thus, by applying Lemma 1 we see that the inverse matrix

a- jP(O) (p))~ " exists forall p < 8. Using this and condition D/, part (i) now follows from
part (iv) of Lemma 5.

For the proof of part (ii) notice that it follows from Eq. 68 and part (i) that for sufficiently
small ¢ we have

@' (p) = A= ;P9 (p))"p} (p). (73)

It follows from Eq. 73, part (i), condition D/, and part (iii) of Lemma 5 that QDE.S)(,O) has an
expansion of order k with coefficients given by Eq. 72. This proves part (ii).
Now we consider (69) and (70) for r = 1:

(0. 1) =47 (0. ) + PO (0) (0. 1), (74)
where
A9, 1) =pP (0. 1) + P90, DO (p). (75)
It follows from Eq. 74 and part (i) that for sufficiently small ¢,
7 (p, 1) = A= P (p) A (p, 1). (76)

It follows from Eq. 75, part (ii), condition D’, and parts (ii)-(iii) of Lemma 5 that

A0, 1) =10 1,01+ A 00, L 1e + - + AL, Lk — k™! ok, (77)
where

N
Ailp, 1 sl=pjlp, 1,51+ Y jPlp, 1,q1®[p,0,s —ql, s =0,....k—1. (78
q=0

It now follows from Eqs. 76, 77, 78, part (i), and part (iii) of Lemma 5 that ¢§8)(p, 1) has
an expansion of order k — 1 with coefficients given by

jlp,1,n] = ZJU[pq ilp,1,n—gql,n=1,...,k—1.

This proves part (iii) for r = 1.
We prove the general result by induction. Let us assume that part (iii) holds for r =
1,...,u — 1, for some u < k. Equations 69 and 70 give

d’_(,s) (p,u) = XES) (p,u) + jP(‘E)(p)CD.(/.S) (0, u), (79)
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where
u
u
A 0wy =P (0w + ) (m)jP(”(p, m® (p.u—m). (80)
m=1

It follows from Eq. 79 and part (i) that for sufficiently small ¢,
' (p.u) = A~ P 0) A (p. ). (81)

It follows from Eq. 80, part (ii), condition DV, parts (i)-(iii) of Lemma 5, and the induction
hypothesis that

A9 (p.u) = Ajlp.u, 01+ Ao, u e+ + X jlp. u.k — ule™ + ok ™), (82)
where, fors =0, ...,k —u,

Ajilp,u,s]=pjlo,u,s]+ Z (Z) Z_;P[p, m,q]®ilp,u—m,s —ql. (83)

m=0 q=0

It now follows from Egs. 81, 82, 83, part (i), and part (iii) of Lemma 5 that CDEF)(,O, u) has
an expansion of order k — u with coefficients given by

n
®;lp.u.nl=Y_ ;Ulp.qkjlp.u.n—ql. n=1,.. k-u.
q=0

This concludes the proof of Theorem 2. O

7 Solidarity Property of Periodicity

In this section we show that the periodicity of the distribution of first return time satisfies a
solidarity property.

It will be shown that the function g’ (2) have the same period for all states i # 0. In
the proof of this result we will use the convolution operator. For two real-valued functions
f(m),n=0,1,...,and g(n),n =0, 1, ..., the convolution is defined by

frgm)y =) fn—kgh), n=0,1,...
k=0

Furthermore, for a function f(n),n =0, 1, ..., the k-fold convolution f &0 () is defined
recursively by f 0 (n) = x(n = 0) and

My = fx D@y k=1,2, ...

Notice that f*D(n) = f(n).
Let us introduce the following notation,

k85 ) = Pifuj =n, v AvS =0 =01, i j ke X

In the proof of the following lemma we adopt a technique that is used in the proof of a
similar result for continuous time semi-Markov processes given in Cinlar (1974).

Lemma 6 Ifwe for some ¢ > 0 have g;;) > 0foralli, j # 0, thend; = d; foralli, j # 0.
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Proof Choose i, j # 0 arbitrarily. The conclusion is trivial if i = j so let us assume that
i# .

By using the regenerative property of the semi-Markov process we can for all n =

0, 1, ..., write down the following relations,
g ) = gl ) +ig)? 87 (). (84)
g m) = ;g +ig') 8\ ). (85)
g =g\ ) + g g (), (86)
g ) =g () + gl % g (). 87)

Iterating Eq. 85 and using Eq. 84 we get

g () = gl () + Xigigl? * (840 x g (m)

(88)
g g s gDy 0,1,
Similarly, by using Egs. 86 and 87 we get
gl ) = ig%) )+ Xig 8l * el w gl () 9

+,g§£,) * (]ggf))(*(m+1)) * gl‘(j)(n)s m=0,1,...

Since gl(f ) (n) has period d;, it has all its mass concentrated on the set d;N = {d;, 2d;, .. .}.
It follows from Eq. 88 with m = 0 that the functions ]g”)(n), ,gl(j) jg]l)(n) and ,gl(]g)

i gii) i8] l) (n) are all concentrated on the set d;N. Since ; gi j * ;g ji) (n) is not identically

equal to zero, it also follows from Eq. 88 that ig; j) (n) concentrates on ¢;N. It can now be
concluded that all functions on the right hand side of Eq. 89, except for possibly the last
one, are concentrated on d;N. Using this, and that g}j) (n) is the limit of the right hand side
of Eq. 89 as m — oo, we have for any n ¢ dN,

gy () = tim gl x (g H* ) g1 (') = 0.

This means that g;.j.) (n) is concentrated on the set d; N and we can conclude that d; > d;. By
using analogous arguments as above, Egs. 88 and 89 can also be used to show that d; > d;.
In conclusion, d; = d;. O

8 Exponential Expansions for Perturbed Regenerative Processes

This section presents exponential asymptotic expansions for perturbed discrete time regen-
erative processes. The results in this section are obtained by applying a corresponding result
for discrete time renewal equations given in Silvestrov and Petersson (2013).

For every ¢ > 0, let z,ﬁ“, n = 0,1,..., be a regenerative process on a measurable
state space (X, I') with proper regeneration times 0 = rég) < rl(g) - -. Furthermore, let
1'®) be a random variable, defined on the same probability space, that takes values in the
set {0, 1, ..., 0o}. Assume that for each A € I', the probabilities P@n, A) = P{Z(a)
A, u® > n} satisfy the renewal equation

POMm A =g 0, A+ POn—k AfDU), n=0.1,...,
k=0
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where
@, A) =P(Z® e A, n® AT > n)
and
O =P =k, u® > ).
Then, we call 1®) a regenerative stopping time.
Notice that £ (n) are possibly improper distributions with defect

o0
FO=1=310m =P <),

n=0
that is, the defect is given by the stopping probability in one regeneration period.
Moment generating functions for first regeneration times are defined by

9 ()= " ). peR.

n=0
We will assume that the distributions of first regeneration times satisfy the following
conditions:

Ri: @ 90 — fOm)ase — 0, foralln = 0,1,..., where the limiting
distribution f© (n) is non-periodic and not concentrated at zero.
® O - fOcq0,1)ase — 0.
Rj: There exists § > 0 such that:

(@) limsupy,_ ¢ () < oo.
(b) ¢ > 1.

The solution of the following characteristic equation plays a crucial role for the
asymptotic behavior of the probabilities P®) (n, A),

¢ (p) = 1. (90)

Our first lemma gives some basic properties for the solution of Eq. 90. The proof can be
found in Silvestrov and Petersson (2013).

Lemma 7 If conditions Ry and Ry hold, then there exists a unique non-negative solution
p'©) of the characteristic equation (90) for sufficiently small . Moreover, we have p© —
p©® < Sase — 0.

The root p® of the characteristic equation is only given as the solution of a non-linear
equation. In order to give a more detailed description of the asymptotic behavior of p(®
as ¢ — 0 we can construct an asymptotic expansion. This requires some perturbation
conditions on the following mixed power-exponential moment generating functions,

o0
d©(p,r) = Zn’e””f(e)(n), peER, r=0,1,...
n=0

Note that @) (p, 0) = ¢© (p).
It follows from condition R, that there exist § > 0 and gy > 0 such that $©(§) < oo
for all ¢ < gg. Using this, we get forall p < §,r =0, 1, ..., and ¢ < g9 that

o (p,r) < (supn’e—“—m") ¢ (8) < 0.

n>0
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Let us now introduce our perturbation condition:

R:: 0@ (0@, 1) =9Q0O, ) +ar,e+- - +arr e+ o), forr =0,... K,
where |a, | <oo,n=1,...,k—r,r=0,...,k.

For convenience we denote ap , = ¢(0) (p(o), r),forr =0,..., k.
In order to apply the theory of perturbed renewal equations, we also need the following
condition:

Ry4:  There exists y > 0 such that

o0
lim supZe(”(O)ﬂ’)"q(S)(n, X) < o0.

0<e—0 =0
Furthermore, we define
To={AeT:qg®mn A) > q¢Pn, A ase >0, n=0,1,...}

and o
Z?f:o e’ n‘l(o)(n, A)

Yasgner ™ fOn) -

Our next theorem shows how we can construct an asymptotic expansion for the root of the
characteristic equation based on the coefficients given in condition R3 and how this yields
exponential asymptotic expansions for the probabilities P®)(n, A), A € Ty. This result
is proved in Silvestrov and Petersson (2013) for a general renewal equation under slightly
different conditions. In the following proof we show that the conditions in the present paper
are sufficient in order to apply this result to prove Theorem 3.

70A) =

Theorem 3 Assume that conditions Ry, Ry, and R3 hold.
(i) Then, the root p® of the characteristic equation (90) has the asymptotic expansion
0@ =pO e+ 4 crek + a(eh),

where ¢ = —ay,0/ao,1 and forn =2,...,k,
— 1 + Zn_l
Cn = @01 an,0 g=18n—q,1¢q

np
n n q—1 ¢p
+ Zm:Z Zq:m an—q.m an ,,,,, ng—1€Dmq np:l TI">’
with Dy, 4 being the set of all non-negative integer solutions to the system
np+-tng_1=m, ni+2n+---+(@—Dng_1=gq.

(i) If, in addition, condition R4 holds, then for any non-negative integer valued function
n® = ocoase — 0insucha way that &'n® — A € [0, 00) for some 1 <r <k,
we have

PE(RE A) 7O (4)
’ —
exp(_(p(o) +cie+--- +Cr_18r71)7’l(5)) ehrer

ase —> 0, A eTly.

Proof 1t follows directly from a result given in Silvestrov and Petersson (2013) that part
(i) holds. Furthermore, it also follows from this result that part (ii) holds for any A € T’
satisfying the following statements:

(@) limsupy,_qlg® (n, A)| < oo, foralln =0,1,...
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B X ep(g)”q(’?)(n, A)—> Y2, ep(o)”q(o)(n, A),as e — 0.
(») limsupy—, .o Y o P14 ®) (n, A)| < oo, for some y > 0.

Since we always have 0 < q® (n, A) < 1, it follows that statement (a) holds for any A €
I'. Also (y) holds for any A € I'. This follows from condition R4 since 0 < q(s) (n,A) <
q®¥(n, X).

Let us finally show that (8) holds for any A € I'y.

It follows from Lemma 7 that for every B > 0, we have p® < ,0(0) + B for sufficiently
small €. Let us choose 8 such that 0 < 8 < y, where y is the value from condition Ry4.
Then,

o0
lim limsup ) e )”q(g)(n, A)
N—0 0<¢—0 n=N+1

o
< lim limsup Y PPN (n, X) 1)
N—00 0<e—0 n=N+1

o0
< lim e~ =AW+ [fimsup 3 @ +1ng(© X)) =0.

T N—oo 0<e—0 n=0

It now follows from Eq. 91, Lemma 7, and the definition of I'g that for any A € Iy,

o) N o9
. () . . (&) ©0)
lim E e "g®m, A) = lim lim E e Mg®n, A) = E e” gD, A).
8_)0n70 1 ( ) N—>oos—>0n70 9 ( ) =0 1 ( )

9 Proof of the Main Result

In this section, we give the proof of the main result of the present paper. The proof is based
on the results presented in Sections 4-8.

Proof (Theorem 1) Let us define
PO = Ple @) = j. ) > n) =010 j #0.

Assume that the initial distribution of the semi-Markov process £®)(n) is concentrated
at some state i # 0. Then £ (n) is a regenerative process with regeneration times being
successive return times to state . If state 0 is an absorbing state, these regeneration times are
possibly improper random variables. In Section 8 it was assumed that the regeneration times
were proper random variables. However, the probabilities Pi(jg) (n), 1, j # 0, do not depend
on the transition probabilities from state 0. This means that we can modify these transition
probabilities without affecting the probabilities Pi(js)(n), i, j # 0. For example, if we take
Ql(.j.) (n) = x(n = 1)/(N + 1), then return times to any fixed initial state i # O can serve
as proper regeneration times. We can apply the results of Section 8 to this modified process
and then it follows that the results also hold for the process where O is an absorbing state.

By using the regenerative property of the semi-Markov process at return times to the
initial state, we can for any i, j # O write the following renewal equation,

n
POy =hl )+ P — kg k), n=0.1,...
k=0
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where
h () = Pilg D) = j, ng’ Aw > n).

It follows that /LE)E) , the first hitting time of state 0, is a regenerative stopping time for & © (n).

Throughout the proof, we let the initial state i # 0 be fixed. It will be shown that
conditions A-E imply that conditions Rj—R4 hold for the functions

fOm=g"m, n=01,...,
and
g9 A) =Y hPm). n=01., ACX
jeA
Then, Theorem 3 can be applied in order to prove Theorem 1.
Let us first show that the function

) =g m =Pl =n, v > v} n=01,...
satisfies condition R;.

As was shown in Section 4, the vector of moment generating functions d>§€) (p) satisfies
the following system of linear equations,

o (p) = p (p) + P (0) D" (p). 92)

It follows from part (iv) of Lemma 4 that there exist £; > 0 and § > 0 such that CI>I(.£) (p) <
oo for all ¢ < e1 and p < §. Thus, we can use Lemma 1 to conclude that the system (92)
has a unique solution for ¢ < &1 and p < § given by

@ (p) = 1= P (p) ' (p). ©93)

Using Eq. 93 and condition A it follows that <b§8) (p) — <b§0) (p)ase — O for p < § and
in particular
() — ¢ (p)ase — 0, p <. (94)

Relation (94) implies that for alln = 0, 1, ..., we have gi(f) (n) —> gl.(?) (n)ase — 0.
Since ¢l.(f) 0) = gl.(f), relation (94) also implies that gl.(f) — gi(?) as ¢ — 0. Furthermore,
by condition B, the function gi(?) (n) is not concentrated at zero and by applying Lemma 6
under condition E, we see that gl.(?) (n) is non-periodic. Thus, the function gl.(f) (n) satisfies
condition Rj.

It follows from Lemma 4 that the moment generating function

o0
¢ (0) =0 (0) =) gl (), p R,
=0

satisfies condition Ry.

Applying Lemma 7 now shows that there exists a unique non-negative solution pi(s) of
the characteristic equation </>l.(f ) (p) = 1 for sufficiently small ¢, say ¢ < g,. Now for any
Jj # i and ¢ < & we can apply the same arguments as in the proof of part (i) of Lemma
4 to see that we also have 4);?) (pl-(g)) = 1. Thus, it can be concluded that the root of the
characteristic equation (5) does not depend on the initial state i and we can drop the index
and just write p©.

Under conditions A-D it follows from Theorem 2 that we for each i # 0 and r =
0, ..., k have the asymptotic expansion

39 (0@, 1) = bilr, O + bylr, e + -+ bilr, k — rle™ + o(eF™"),
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where b;[r,0] = ¢l.(?)(p(0),r), r =0,...,k, i # 0, and the coefficients b;[r,n], r =
0,....k,n=1,...,k —r,i # 0, can be calculated from the recursive formulas given in
this theorem. Thus, condition Rz holds for the moments

@0, 1) =0, ), r=0,... .k

Applying part (i) of Theorem 3 now shows that the expansion (7) holds and that the
coefficients are given by ¢; = —b;[0, 1]1/b;[1,0] and forn =2, ...k,

n—1
Cn = —HTIo] (bi[O, n]+ Zl bi[l,n —qleq
q:

n n q—1 np
4+ S bimn—ql- Y n)

np.
m=24q=m ny,.esfg—1€Dm g p=1 P

with D, , being the set of all non-negative integer solutions to the system
ny+-t+ng1=m, ni+2np+---+(@—Dng1 =q.
This proves part (i) of Theorem 1.
In order to prove part (ii) we also need to show that the function
¢© (. X) = )bt ) = Pifug” Au® >nf n=01,...,
jeX
satisfies condition R4. Thus, we need to show that there exists y > 0 such that

o0

lim supZe<p(0>+y)" P,‘{/,L(()g) A ul@ > n} < 0. (95)
0<e—0 n=0

In order to do this, first note that for any p # 0 we have

= © . S X © . ©
eMPilug A >0k =30 30 eMPifuy’ Ap =k}

n=0 n=0k=n+1
O ok
=Y GAPiug A =k) (96)
k=1

) (&)
E,-e"(“o Al )71
e —1

By Lemma 4 there exist 8 € (0, 8] and &3 > 0 such that & (8) < oo, for all & < 3.
From this, Lemma 1 implies that for any ¢ < &3, we have iP(g) (8) < oo and the inverse
matrix (I — ;P (8))~! exists. Moreover, since § < B, condition C gives that there exists
g4 > 0 such that p(()a)(rS) < oo for ¢ < g4. By Lemma 2, it can now be concluded that

558)(8) < oo for ¢ < min{es3, 4}. Using this we get
Bt ) = 90 (8) + L) (5) < o0, & < minfes, e4). ©7)
It follows from Lemma 7 that ,0(0) < §, so there exists y > 0 such that
0@ +y <. (98)

Relation (95) now follows from Egs. 96, 97 and 98.
Applying part (ii) of Theorem 3 now shows that part (ii) of Theorem 1 holds for all
J # 0 for which we have

) > ) (n)yase -0, n=0,1,... (99)
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However, under condition A, relation (99) holds for all j # 0 since it is possible to write
hl(f) (n) as a finite sum where each term in the sum is a continuous function of quantities
given in condition A. This concludes the proof of Theorem 1. O
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