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Summary. Random walks Sy=(S,)»z0 With stochastically bounded increments
Xy, Xy, -+ have been introduced in [2], as natural generalizations of those
with i.i.d. increments. In this article we present Blackwell-type renewal
theorems proved by means of Fourier analysis. In the special case of in-
dependent X,, X;, --- these results lead to generalizations of earlier ones in
the literature, notably in where proofs were based on coupling technique
which is a purely probabilistic device. As a further application we prove
Blackwell’s renewal theorem for certain random walks with stationary 1-
dependent increments that appear in Markov renewal theory as subsequences
of Markov random walks.

1. Introduction

Random walks with stochastically lower and/or upper bounded increments,
see below, are a natural generalization of those with i.i.d. in-
crements and have been introduced in [2], [3]. Certain drift bounds describing
the mean growth of these random walks over finite remote time intervals as
well as related characterization results are given in [2], whereas [[3] is devoted
to the proof of Blackwell-type renewal theorems under appropriate additional
assumptions. Of principal importance there is the use of the coupling method,
a probabilistic device which has regained great importance since the seventies.
In this article we will derive Blackwell-type renewal theorems via the more
classical approach based upon Fourier analysis.

We keep the basic notation of and which is briefly summarized
below. Let Xy=(Xa.)sz0 be a sequence of real-valued, integrable random varia-
bles on a probability space (2, ¢, P) with associated random walk Sy, defined
through S,=X,+ :-- +X, for all n&N. Let Fy be an arbitrary filtration to
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which Xy is adapted and ¢ the canonical filtration of Xy, i.e. ¢,=0(X,, ---, X,).
For each measure F, we use the same letter for its “distribution function” and
thus write F(f) for F((—oo, t]). If F is a probability measure, let F(t)=1—F(t)
and p(F) its mean value provided it exists. For n, k€N and 0<j<n, we
further define

Sa.x=Snix—Sn,  Mru=EXnulFn),

Ly=Xo,  Lpu=m+ - +may,  Lps=Lpx—Ly,
Li v=E(Sns|F)=E(Ln:|%Fy),

Qn(dx)=P(Sp€dx), Qui(®, dX)=P(Sy:€dx|F ) @),

where Q.. . is chosen to be a regular conditional distribution. Finally, & always
denotes the Borel-o-field over R and |-l the supremum norm on the vector
space L.(2, &, P).

Definition 1.1. A sequence Xy, adapted to a filtration &,, is called
—stochastically bounded (s.b.) w.r.t. Fy, if for distributions F, G with finite
means

(A.1) GH=ZQn (s, OSF() a.s. for all teR and nEeN.
—stochastically stable w.r.t. Fy, if it is s.b. w.r.t. ¥y and if additionally

(A.2) lim snp|| kL3, »—0l.=0

ko N2

holds for some #=R which is then called the mean of Xy.

—ultimately stochastically bounded w.r.t. Fy, if X..n is s.b. w.r.t. F,,.n for
some & y-time 7, such that Er<oo and E|S.|<co. 7 is then called an entrance
time of Xy.

—ultimately stochastically stable w.r.t. Fy, if it is ultimately s.b. with a sequence
7y of entrance times such that

(A.3) lim lim sup supl| 2™ LH/17, 4 —01|-=0

for some =R which again is called the mean of Xy.
The distributions F and G in (A.l) are called a minorant and a majorant
of Xy and of Qu,:, resp.

Note that the definition of an entrance time r differs in [2] and [3]. We
have chosen the more restrictive one of [3] because its additional requirements
Er<oco and E|S.|<oco are indispensable for renewal theory. We denote by
&(Xy, Fn) the class of entrance times of Xy w.r.t. ¥y, and we simply write
& where this is not ambiguous.

It is not difficult to see that stochastic boundedness w.r.t. %y is slightly
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stronger than uniform integrability of
{P(| Xpnul€-F)w; n=1, 0€s2—N}

for some P-null set N and slightly weaker than uniform L,.s-boundedness of
this family for some 6>0, i.e.

SUPIB(| X | F )l o0

It holds particularly true if, for each n=0, the conditional distribution of Xns1
given S,, -+, S, is chosen from a finite set, a situation which occurs, for in-
stance, in certain stochastic control problems (e.g. treatment allocation). We refer
the reader to an article by Lalley and Lorden for a typical application of
this type. Further examples of random walks with s.b. increments may e.g. be
found in [1], Section 4, and further in Section 4 of this paper. While stochastic
boundedness guarantees a uniform tail decrease of the conditional increment
distributions, it does not make at all for a uniform mean growth of the as-
sociated random walk over finite remote time intervals, formally measured
through %2-'L% , for large n and k—oco. Blackwell’s renewal theorem, however,
just demands for such a uniform growth behavior, and it is for that reason
that condition (A.2) (stochastic stability) is introduced. It already occurs in
earlier works by Smith [13], Williamson and Maejima [11].
The “optimal” choices for F and G in (A.1)—(A.3) are obviously

(L.D) FO)=supllQu.(:, Dllo and G@)=1—supl|Qa. (-, Dl

and called maximal minorant and minimal majorant, resp., of Xy and of Qn.:
(w.r.t. Fy, if this is to be emphasized). [f(t)==g(t) means that f(f) is the right
continuous modification of g(¥)]. For an arbitrary entrance time z let FI and
Gi be the maximal minorant and the minimal majorant of Q,,y  W.r.t. Foon,
respectively. With the help of these distributions, we can define

8*(St+N) EFHN):S,gIl)k'lﬂ(Fi) and 19*(Sr+N, g1+N):i’gflk—lﬂ(Gz)

which are called the lower and upper asymptotic drift of S..y wW.r.t. F,,n. It
is shown in [2], see Lemma 4.1 there, that supremum and infimum in (1.2)
yield as limits, i.e.

1.2) I4(Szsn, 9’1+~)=1kim k7'u(F3) and 9%(S:.w, Eff+zv)=1kim k™1p(GP)
Let us write J«, 9* for 94(Sw, Fu), 9*(Sw, Fn). Next, for ultimately s.b. X N>
Nx=nNx(Sw, gN)=STlelglg*(Sz+N, Fean),

77*—_-0*(51% gN)zifrelg’g*(SzH\h gr+N):

(1.3)
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are, resp., the maximal lower and the minimal upper asymptotic drift of Sy

(w.r.t. $y5). Evidently,
IS NeSP*<I*,

and they are all equal to some @ iff Xy is s.s. w.r.t. ¥y with mean 6, see
Theorem 5.1 in [2]. The latter means that a random walk with s.s. increments
with positive mean @ has almost constant average drift @ over finite remote
time sets {n, ---, n+k} if & is large. Indeed, it also satisfies a uniform weak
law of large numbers as Theorem 5.1 in [2] further states. We already men-
tioned earlier, that these facts give rise to the conjecture that such a random
walk forms a natural candidate for satisfying Blackwell’s renewal theorem.

For any given random walk Sy we denote by U=3X,.,P(S,€") its asso-
ciated renewal measure which is locally finite (finite on bounded subsets of R)
whenever Xy is ultimately s.b. with 24>0, see Lemma 6.4 in [3]. Finally,
the span d(Sy) of Sy is defined through

d(Sy)=sup{d>0; P(S.=dZ)=1 for all n=0}.

The paper is organized as follows. In Section 2 we state and prove a basic
Blackwell-type renewal theorem for random walks with ultimately s.b. incre-
ments and positive drift. Its intrinsic assumption, a technical integrability con-
dition on the Fourier transform of the appearing renewal measure, see [2.2),
is further discussed in Section 3 leading to the definition of two suitable sub-
classes of random walks (in fact, their increments) for which it can be verified.
The resulting renewal theorem is proved in Section 5. Section
4 contains a number of applications, notably to random walks with independent
increments satisfying a local limit theorem and to Markov-modulated random
walks which arise in Markov renewal theory.

2. The basic Blackwell-type renewal theorem

The Fourier-analytic nature of [Theorem 2.1 below first requires further
notation. For n=0, =1, teR and w4, let

Gally=E(e"Sw),
Bas(@, D=E(n 1 0,)@) ={ ¢ Qn 1@, d2),
¢n+1(t)=E(e“Xn+1)=E¢n. 1(' s t)

be the Fourier transforms (F.t.) of S,., of S, . given &,, and of X,,;, resp.
Note that ¢, :(w, t) can be factorized as

¢n.k(wp t)=§$n.k(Xn(w); D), Xn::(Xo, Tty Xa).

The so-called discounted renewal measures U(s, -), 0<s<1 associated with Sy
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are defined through ‘
U(s, )=2s"P(Sp€-)=35"Q,.
nzo nao
U(s, -) has finite total mass 1/(1—s) and F.t.
O(s, )= 3 s"da(t).
Abel’s theorem implies

@.1) lim O, =00 = 3¢

for all teD(O)d;f {yeR: |Znze¢n(y)| <oo}. Since ¢,(0)=1 for all n=0, we
have D(U)cR—{0}. If Sy has span d>0 then all ¢ are (2z/d)-periodic so
that even D(0)CR—@2x%/d)Z holds.

With [/, and /;, d>0 denoting Lebesgue measure and d times counting
measure on dZ, resp., our basic renewal theorem now takes the following form.

Theorem 2.1. Let Sy be a random walk with span d and ultimately s.b.
increments X,, Xi, -+ with 9>0. Suppose that

(2.2) S(_a a)tznzz}olRe(gb,.)(t)ldt<oo for all 0<a<—2?;i
Then for all bounded intervals I
(2.3 n*"ld(I)élirtn inf U(t—l—I)glirp supUQ@+I)=nx'l.I).

If Xy is even ultimately s.s. with positive mean 6, then
2.4 lim U+1)=60"Us).
In all cases t runs through dZ only if d>0.

Remarks. (a) Condition as it stands is obviously difficult to verify
in applications and therefore further discussed in the following section. Note
that the integrand in always has a singularity at =0, but in contrast to
the i.i.d. case it may have further ones in (—27/d, 2r/d), necessarily of in-
tegrable order.

(b) It follows from Proposition 5.1 (a) in that under the assumptions of

above
2.5) sup Ut+B)<oo and lim U@E+4-B)=0

t— =00

for all bounded B€ 8. As a consequence it is enough to prove the assertions
of [Theorem 2.1 with U replaced by its symmetrization

VEU+U(—-).
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Proof of Theorem 2.1. We restrict ourselves to the nonarithmetic case
(d=0) but note that for d>0 the following arguments apply after minor modi-
fications due to the (2z/d)-periodicity of all involved F.t.

So let Xy be nonarithmetic and ultimately s.b. with n4«>0. By Proposition
5.1 in [3], for each p(0, 7«) and vE(n*, o) there is a nonarithmetic distribu-
tion F, such that for all bounded B &

(2.6) v"lo(B)glir}l inf FO*U(t—l-B)glin;l sup FpxU(t+B)=S p~'lo(B) .

As in [3], this is the key result which considerably simplifies the subsequent
arguments because it allows us to prove the theorem’s assertions by examining
U—FxU instead of U itself. As one can easily verify, [2.6) remains true when
replacing F,, U by their symmetrizations

def
F§ = FoxFy(—+)
and V, resp. It is now enough to show for that

def
W(t+)= V(t+-)—FV ¢+ )
tends vaguely to 0, i.e.
2.7) %imSRh(x)W(t—l—dx):O

for all continuous functions 4 : R—C<(C,, the vector space of continuous func-
tions with compact support. To this end we let, for 0<s<1 and a=R,

V(S, a, ')=U(S; a+')+U(S; _a_') and W(s) ')=V(S, a, ')—‘Fs*V(S, a, ')

be the discounted versions of V(a+-) and W(a+-), resp. Their F.t. are easily
computed as, resp.,

Ds, a, )= 2619 Re(D(s, 1) and Wis, a, 1) = 2e-24(1— B30)Re(U(s, 1)),

where £ denotes the F.t. of F§. Note also that W(s, a, -) is a finite signed
measure with total mass 0, and that implies for the total variation |W|
of W

def
(2.8) CB=sug|Wl(a+B)<oo
(1=

for all bounded B #8. Now let C§ be the space of all infinitely differentiable
functions with compact support and 9={f: f=c3} which is a subspace of all
infinitely differentiable and /,-integrable functions. We first prove for
h€e9 and under the assumption that F§ has finite second moment u,(F}), in
which case its (nonnegative) F.t. is twice continuously differentiable with Taylor
expansion

' O=1+r@)*,
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where r(t) is continuous and equals p,(F§)/2 at 0. We will show later how to
remove the second moment assumption. Parseval’s relation (see e.g. [9], p. 619)
gives us the key relation

2.9) SRh(x)W(s, a, dx):SK(ﬁ)ﬁ(t)W(s, a, dt

for a, yeR, 0<s<1, where K denotes the compact support of h. The left-
hand side of converges to

SR hOW(a+dx), as sil,

because 4 is /,-integrable and continuous (thus directly Riemann integrable) and
by (2.8). The right-hand side of equals

S 2h(t)e-ttr)2Re(U s, 1)) dt,
K k)

is bounded in absolute value by
Ilﬁllmr(t)tzngolRe(gb,,)(t)l for all 0<s<1
and hence converges to
SK(ﬁ)Zﬁ(t)e“'”r(t)tzRe(U(t))dt, as s11
by [2.1), [2.2) and dominated convergence. We have thus obtained

2.10) S h(x)W(a-i—dx):S A tetr @) ReO () dt .
R K’

A further appeal to together with the Riemann-Lebesgue lemma shows
that the right-hand side of converges to 0, as a—oo, yielding the desired
result [2.7).

For arbitrary he(, with compact support K(h) and ¢>0, we can choose a
function h,€9 such that |hA—h.[l.<e/Cxkn) (see e.g. [15], p. 114f) and, by

supl A0 [WI(a+dx) < e.

ac

Consequently, follows from
|| rewatan|<|| W a+dn)|+Cramlh—hi

+SR-K(;” lhe(x)| |W|(a+dx)

<o(1)+2¢, as a—oo.

In case where F'{ has infinite second mean the following argument will
show that it can be replaced by a suitable truncated version H without loosing
much in if B is replaced by some arbitrary bounded interval there and F,
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by H. Let ¢, b>0 be arbitrary and M =sup,crU[t, t+b], which is finite by
(2.5). Choose z>0 so large that F§(—z)<e/(2M) and define

H=F§(—z, 2)N-)+Fi(—2z)0-,+0.),

d, being the Dirac measure at z. H is then again symmetric and it clearly has
finite second mean. Moreover,

lirr; sup H*U([¢, t+b])

2.11) <2MFY(—2)+1im supS [ Ut—x, t+b—xDFi(dx)

(-2
§lirrtl sup FixU([¢, t+b])+s§7ub—+e, [d=0]
and similarly ‘
@.12) lim inf HU([1, 1+b])2 % —e.

If we now define W=V —HxV we infer from the previous part of the proof
that W(t+-) still converges vaguely to 0, as t—oo, and together with [2.11),

this implies '
—z- —eélir{l inf H+U([t, t+b])éli§n sup U([¢, t+b])< %+s

proving because ¢, 5>0 and p=(0, 74), vE(n*, ) were arbitrarily chosen.
is now a trivial consequence of because nx=x*=6@ under the holding
assumption there.

3. Discussion of condition (2.2)

This section is devoted to a discussion of the intricate analytic condition
of [Theorem 2.I. The problem with it is obviously that the occ¢uring infinite
series Xaz0| Re(¢,)(#)| cannot easily be estimated about its singularity 0. As a
consequence we must be after more transparent, probabilistic alternatives. Defini-
tion 3.1 below introduces two appropriate subclasses of increment sequences Xy
which contain in particular most non-trivial independent sequences. Special
cases are considered in Section 4. The essential property of these increment
sequences is that infinitely many of its variables contain a distributional com-
ponent which is independent of the “rest of the world”. Such an assumption
is by now standard, for instance in the definition of Harris-recurrent Markov
chains.

We begin with some further notation which is needed to present the results
of this section. B(l, a), a=(0, 1), denotes the Bernoulli distribution on {0, 1}
with a being the probability of {1}. For each random variable Y let Y* be a
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symmetrization, i.e. Y*=Y —Y’ with Y’ being an independent copy of V. We
call Y completely d-arithmetic if Y +2z is d-arithmetic for all zeR. As one
can easily verify, this holds true iff ¥ and Y* are both d-arithmetic.
A sequence Y y of random variables is called
—tight if suppenP(|Y | >1t)—0, as t—o;
—non-reducible if all weakly convergent subsequences have non-degenerate limits
(in particular, all Y, are non-degenerate) ;
—completely d-arithmetic, d=0, if all weakly convergent subsequences have
completely d-arithmetic limits (in particular, all Y, are completely d-arithmetic).
As one can easily verify, each of the three previously defined properties holds
for Yy iff it does so for Y%. Moreover, a completely d-arithmetic sequence
is necessarily non-reducible.
Let us finally stipulate that all hereafter occuring, not explicitly specified
random variables with index 0 are supposed to be 0.

Definition 3.1. A sequence Xy is called to be of
—type AC (Additive Component), if for an increasing (possibly random) sequence
0=60<éi<
ZY+(1—2ZnX, if &x=n

(A.6) an{ . a.s. for all n=0,
n otherwise

where Yy is a non-reducible sequence of independent random variables, Z,,
Z,, - are i.i.d. with common distribution B(l, a) for some a=(0, 1] and Yy,
Zx and (XN, én) are mutually independent.

—type CC (Convolution Component), if for an increasing (possibly random) se-
quence 0=6,<§,<

{ Y+ X, if &i=n
X,=

(A.7) R a.s. for all n=0,

Xz otherwise

where again Y 5 is a non-reducible sequence of independent random variables
which is further independent of (X, &x).
In both cases &y is called a decomposition sequence for Xy.

Remarks. (a) As we are always dealing with distributional properties of
Xy in the following, results where Xy is assumed to be of type AC or type
CC remain of course unchanged if only a copy of Xy (constructed on a suitable
probability space) is of this type.

(b) In sequences of type IAC [ICC] (identical additive [convolution]
component) were introduced which are further specialized versions of the ones
defined above. Namely, in Y1, Z1), Y, Zy), - [Y1, Y, -] must even be
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iid. and &, &, --- stopping times. These are natural requirements for a
coupling approach towards Blackwell-type renewal theorems but can be relaxed
if Fourier analysis is used. On the other hand we will here need assumptions
on the occurrence rate of &y, see and below, which can be dispensed
with in the former approach. A further discussion can be found at the end of
Section 4. :

(c) Clearly, each non-reducible sequence Xy of independent random varia-
bles is of type AC as well as of type CC. More generally, if X,=X,+X! for
each n=0, where X§ and X% are independent and X% is a non-reducible se-
quence of independent random variables, then Xy is of type CC.

As for validity of condition we will separately give sufficient condi-
tions for

def
(C.1) Tops(t) = ZazelPa(®)| to be continuous on R, = R— {0} (d=0), resp.
Rdd;fR——(Zn/d)Z (d>0), where d denotes the span of Xy ;
(C.2) t*¥,5() to be integrable in some neighborhood of 0.

Validity of both, (C.1) and (C.2), then clearly implies that of [2.2). Our result
is stated in the following proposition the proof of which we defer to Section 5.

Theorem 3.2. Let Xy be of type AC or CC with span d.
(@) If there exists a decomposition sequence &y with associated sequence Yy
such that

@.1) Zna1S"E@n—&n-)<eo  for all s€(0, 1),

and Yy is either completely d-arithmetic and tight, or weakly convergent to a
completely d-arithmetic limit, then ¥ and W ., are both continuous on R, i.e.
(C.1) holds true.

(b) If there exists a decomposition sequence &y with associated sequence Y y
such that

(3.2) Enzl n_ale(Sn—En—1)<°°
and Yy is tight, then t*W ., is integrable at 0, i.e. (C.2) holds true.

We can now easily combine with to get the

following renewal theorem for random walks with AC- or CC-type increments.

Corollary 3.3. Let Xy be d-arithmetic and of type AC or CC with decom-
position sequence &y satisfying (3.2) and associated tight sequence Y. Suppose
further that there is a subsequence &y of &x satisfying (3.1) and such that its
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associated subsequence Y4 of Y is additionally either completely d-arithmetic or
weakly convergent to a completely d-arithmetic limit. Then, if Xy is further
—ultimately s.b. with x>0, (2.3) of Theorem 2.1 holds true.

—ultimately s.s. with positive mean 6, (2.4) of Theorem 2.1 holds true, i.e.

{im Ut+1)=0"",1).

In either case t runs through dZ only if d>0.

4. Examples and discussion

In this section we want to look at a number of special cases to which
(Theorem 2.1 or [Corollary 3.3 are applicable. Four examples are picked from
the class of random walks with AC- or CC-type increments, a further one deals
with a certain subclass of Markov-modulated random walks which arise in Markov
renewal theory.

Random walks with increments of type AC or CC

It is evident that AC- and CC-type sequences may be found in abundance
in the class of sequences of independent random variables. As a consequence,
three of the following four examples have been chosen from this class. Note
also that in all these examples Blackwell’s renewal theorem cannot be concluded
from the results in [3], at least not to the same extent. A further discussion
is given at the end of the section.

Example 4.1. [Random walks satisfying a local limit theorem)

It has been shown by Maejima [1I], and under more restrictive conditions
already by Cox and Smith [8], how Blackwell’s renewal theorem can be deduced
from a uniform local limit theorem. The result in looks as follows: Let
S~ be a random walk with s.s. increments with positive mean # and variances
satisfying

@.1) lim

n—soo

Va; Sn =g?=(0, ).

Fix A>0 and suppose further that with a,=FES,, bi=Var S, and with f denot-
ing the standard normal density

4.2)  lim supxm!—l;llP(—g—+an+xbn<Sn§ ﬁ+an+xbn)—f(x)| =0

n-co TER 2

for me {0, 2}. Then
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4.3) limU([x—%, x+%])=—21.

Too

At first sight it is hard to compare this result with ours due to the intrinsic
assumption (4.2). However, Maejima further shows that it holds true if X,,
X,, --- satisfy and the classical Lindeberg condition, have finite third mo-
ments, and if their F.t. ¢,, ¢,, -+ satisfy for some ¢>0

ef
4.4) Brmax(®) = sup|$a(®| <1 for all |t|Zs and nzl.

As for this set of conditions, we can now easily argue that it is much
more restrictive than actually needed for to be valid. Indeed, alone
is already equivalent with Xy to be completely nonarithmetic. Moreover, since
Xy is s.s. it is of type AC and CC with trivial decomposition sequence &,=mn,
n=0 and associated sequence Y y=Xy which is thus clearly tight. Consequently,
applies, i.e. holds true without needing any of [4.1), the

Lindeberg condition and finite third moments.

Example 4.2. [Asymptotically i.i.d. increments]

Suppose that X,, X;, -+ are independent, d-arithmetic, ultimately s.s. with
positive mean § and weakly convergent to a completely d-arithmetic limit. Such
a sequence may be roughly characterized as “asymptotically i.i.d.”. It is an
immediate consequence of the previous corollary that under the given assump-
tions Blackwell’s renewal theorem holds true for the associated random
walk. If X, X,, --- are e.g. response variables in a sequential medical trial
with treatment allocation, where each treatment corresponds to a certain res-
ponse distribution, then this sequence will be asymptotically i.i.d. under each
allocation sequence which in the long-run chooses always the same treatment
(preferably the superior one).

Example 4.3. [Increments with pairwise singular distributions]

Two distributions Q,, Q. on R are called singular if there is a Borel set
B such that Q,(B)=0 and Qs(B°)=0. In other words, Q; and Q, must “live”
on disjoint subsets of R. We call two random variables singular if there dis-
tributions are so. In classical renewal theory, random walks with nonarithmetic
increment distributions which are singular with respect to Lebesgue measure
(e.g. the Cantor distribution) turn out to be bad as to convergence rates in
Blackwell’s and other renewal theorems even if all moments are finite, see [7].
A typical example is the Laplace distribution on {a, 1} with a>0 an irrational
number. Now consider a sequence Xy of independent, pairwise singular random
variables which is further completely nonarithmetic and ultimately s.s. with
positive mean §. With view to the previous remark we might conjecture that
Blackwell’s renewal theorem fails under these assumptions, but Corollary




RANDOM WALKS 13

3.3 immediately sets us right. This is also interesting because it cannot be
concluded from the results of where X,, X;, --- or a subsequence of it must
share a distributional component which is clearly excluded by pairwise singu-
larity. For illustration we finally note a simple, more concrete example: Let
axy be a sequence of pairwise different irrationals (0, 1) with no rational limit
point. Let X, X, --- be independent and each X,—1 Laplacian on {tay,,
+(an+1)} so that EX,=1 for all neN. It is then easily verified that Xy is
completely nonarithmetic, s.s. with mean 1 and with pairwise singular distribu-
tions. Thus [Corollary 3.3 applies.

Example 4.4. [Linear growth processes with i.i.d. perturbances]

Our fourth example shall give an application of [Corollary 3.3 to random
walks Sy with dependent increment sequences Xy. Let §>0 and My be an

ultimately s.b. (thus ultimately s.s.) d-arithmetic martingale. Let éx be a se-
quence of random, but not necessarily stopping times for My which satisfies
3.2). At these “shock” or “perturbance” epochs our random walk is perturbed
by i.i.d. zero-mean and completely d-arithmetic random variables Y,, Y, -
which are further independent of (My, £x). S, is now defined through

S.,=nb0+M,+ EY,l(ejgn)

for each n=0. Then again it is easily verified that applies yield-
ing [2.4).

Mayr kov-modulated random walks

In Markov renewal theory we are given a bivariate Markov chain (My,
Xx) with state space (SXR, S® &) and transition kernel P: SX(SQ28)—[0, 1],
i.e. (M1, Xn,1) depends on the past only through M,. Suppose that S is
Polish with Borel ¢-field S and that My forms a Harris chain with transition

def
kernel P*(x, dy) = P(x, dyXR) and regeneration set ®R. This implies that for
some r=1 and a>0 and some probability measure v on S with y(R)=1 the r-
step transition kernel P* satisfies the minorization condition

4.5) P¥x, Y)=zay for all x=%R.

For any distribution 2 on SXR let P; be such that P,(M,, X,)e-)=1. If 2
def def

denotes a distribution on S only then P; = Pg,. Finally, P, =P,;m, and

P.= P, , for (x, y)ESXR.

By using the regeneration technique of Athreya and Ney one can define
(on a possibly enlarged probability space) a version of (My, Xy) together with
a sequence T y of randomized stopping times for My, T,=0, such that for each




14 G. ALSMEYER

initial distribution 2 and all n>1

(4.6) P;(Mr,.nE-)=P(My<"),

and (M;, Xjosjsr,-, and (Mr,.n, Xr_.n) are independent. Thus Ty forms a
sequence of regeneration epochs for My, and its unique (up to a multiplicative
constant) stationary measure is given by

def T1-1
4.7) &(A) = E( > 1(M,eA)), Aes.

Induced by Ty and under P,, we are now given an i.i.d. sequence MN, M,=
My, together with a random walk S.=Sr » =0 whose increments Xn—ST —
Sr,_,, n=1 form a stationary, 1l-dependent sequence with mean

48) w=\ B My=x)8(dx),

as one can easily verify. Under arbitrary P;, the same holds true for (My.,,
Sn.1—S1). Consequently, if Xy is s.b. under any P;, then it is also s.s. with
mean g due to the stationarity and 1-dependence. In the following, we want
to show that Sy then satisfies Blackwell’s renewal theorem provided ¢>0 and
an additional nonlatticeness assumption on Xy holds true, see below. The
result can be used for the derivation of a general Markov renewal theorem,

see [4].

So suppose p=(0, ) and furthermore for all t+0
4.9) igfllE(e“snlMo, M1 Pe-a.s.

It can be shown that this condition implies P(x, -) be nonlattice as defined
in [12], see also Lemma 3.3 and the subsequent Remark in [4]. Denote by U,
the renewal measure of Sy under P;, i.e.

U;(B)= EBP;(@,EB): 2 Pi(Sr,€B).

We will prove now

Theorem 4.5. Let A be an arbitrary distribution on SXR. If sz s S.S.
under P; with mean pe(0, ) and if (4.9) holds true, then for all bounded
intervals I

(4.10) }im U,t+D=p).
Proof. Let v be as given in (4.5). We define
gD(x’ y; t):E(e"X1|M0=xy Mlzy)r ¢n(xy y) t)zE(e“SnlMO:xy Mn=y>,

and similarly ¢, §, for (My, Xy). It is now verified that condition holds
for Sy, more precisely
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g #3)|E,ettSn|dt<co  for all a>0.
(—a.a)

nz0

def
If r2(M,, My)=inf{t>0: |¢.(M,, M,, t)| =1}, where inf ¢ = oo, then implies
P(r»,(M,, Mp)>0)>0 for some p=1. Hence there are some >0 and AcS?
such that Py((M,, Mp)=A)>0 and

def
Pmax(t) = (zs?,PeA o, ¥, <1 for all 0<|t|<b.

The latter particularly implies that {P(S,=-|M,=x, M,=y): (x, y) A} is
nonreducable, and since S, has a.s. finite conditional mean given M,, M,, we
can choose A even in such a way that the former distribution family is also
tight. It then follows by in the next section that

(4.11) 1—pmax(t)=at* for some a>0 and all t=(—b, b).

Next observe that A is a recurrence set for (My, M,,nx) whence

,8 P,,((Mm, M. A)>0 for some m=0.
We infer

|E, eit§m+p| <E, IE(e“‘§1n+P|M0, m+p)| <E, |E(etz(Sm+p—Sm)|Mm, Mm+p)|
:Ev|¢p(Mm, Mm+p, 3l §ﬁ¢max(t)+(1—ﬁ):

where T,..,,=m+p and the conditional independence of S,, Sn,p—S» and
Stmip—Sm+p given My, My, My, p, Mrmp has been utilized. This yields for
k=1 and 0<|t|<b

)by

L(k)+

|E et | <E, ( H E(e“(‘§f(m+p’_'§(f "‘m+p’|Mj(m+p), M(j D(m+p))

L(k) - -
=E,(II | B 1w =860 ms0) | Mym 9, Mosotrcme)

< :(Ij:(ﬁgomax(t)’Hl—ﬂ))“k),

where l(k)gsup{ J20: jim+p)<k}—1, and then after a simple calculation

C
1—@max(®) ’
for a suitable constant C>0. Together with we obtain integrability of
t*$@) on (—b, b). Moreover, since even

def 8
&(t)=7§°|Eye“ n| < 0< |t <b,

4.12) 3 E et C% for all £=0 on (—b, b),

we also infer continuity of ¢ on (—b, b)— {0} ‘by uniform convergence of the
associated finite partial sums on each compact subset. Finally, we must argue
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that ¢ is also continuous outside (—b, b). But for each |¢|>b we can proceed
as before by choosing some p=1 according to (which may depend on )
such that holds true in some neighborhood of ¢ for all 2=0, of course
with in general different gmax and C. It follows local continuity of é@t) for
each ¢+#0 and thus validity of [2.2). Assertion is now a consequence of
our [Theorem 2.1.

Without strong distributional assumptions like stationarity or Markovian
transitions, Blackwell-type renewal theorems for random walks with non-i.i.d.
increments have been discussed earlier in a number of papers, most notably
(besides [1I]) in and [14]. A discussion of this literature can be found
in our companion paper and we therefore restrict ourselves now to some
brief remarks on how the results in that latter article compare with the present
ones. Due to the totally different approaches it turns out that a number of
applications there cannot be included here and vice versa. In fact, in [3], as
already pointed out, the main condition on the increments X,, X, --- is that a
subsequence X,., shares a common component for an arbitrarily thin sequence
of entrance times €y,,. Loosely speaking, Xey+1 must contain a sequence of
i.i.d. random variables Y y,,. Here we have replaced i.i.d. sequences by more
general sufficiently regular ones of independent random variables and the &,
need not be stopping times. On the other hand, &y cannot be arbitrarily thin
in that conditions [3.I) and 3.2) are imposed. It appears to be an interesting
but probably very difficult problem to combine both said approaches to come
up with a result which applies to all applications presented here and in [3].

5. Proof of Theorem 3.2

It is always assumed in the following that Xy is of type AC or CC with
decomposition sequence &y and associated sequence Yy, as given by
3.1. Let ¢, be the F.t. of Y, for each n>1 and

5.1 gomax(t)=supl ©n(®)].

We further keep the notation of Sections 1-3.
The following lemma forms the basis for the proof of [Theorem 3.2 _ Recall
that ¢, denotes the F.t. of S,.

Lemma 5.1. Let p(n)=sup{k=0: §,<n} for neN.
(@) If Xy is of type AC (with Z,, Z,, --- ~B(l, a)), then

(5.2) | Pa(t)| S E((@@max(t)+(1—a))? ™) for all n=0, t=R.
(b) If Xy is of type CC, then
(5.3) |@a@®)| S E(pmax®)?™)  for all n=0, teR.
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Proof. The proof of (5.3) is very easy and thus given first. Let S,=
X+ - +X, and W,=Y,+ - +V, for n=1. If Xy is of type CC then (A.7)
implies S»=S,+W (). It follows from the independence of Wy and (Sy, p(N)),
see Definition 3.1, that for all n=N and t=R

Pu(t)=E (e etw). E(e"*S1)=FE (ﬁ) %(t))'E(e“s"),

which in turn obviously yieds (5.3).
Now suppose Xy to be of type AC. Let I={l, -+, p(n)}, Ws=0, Z4g=1,
and for ¢+ JC N
W,=2Y,;, and Z;=(Z;)es.

jed
We write Z,=z to mean Z,=z for all j=J. Finally, let §n:Sn—E%‘JBZ,Y,
and observe that S,=S5,+W, on {Z,=1, Z;_;,=0}. By mutual independence
of Yy, Zy and (Xn, p(N)), it follows for all n=N and t=R

k x
b= % = | et rrEngp
k20f=0 JCI,1J1=§)(p(n)=k,Zy=1,Z]_ y=0}
k =
— 2 2 E(eitWJ)_g eitsndP
k20 j=0 JCI,|J|=§ (p(n)=k,Z y=1.Z)_ y=0}
> §
=22..3,.,(ILeaw):| etSndP,
k20j=0 JCI.,|J|=§ \meJ tp(n)=k.Z y=1,Zy_ y=0}

and then further

19aDIS DD 5 omaxtPlo(m)=k, Zy=1, Z;.,=0)

20j=0 JCI.|J|=]

b4

Il

M =M

B(5),erB ., pmaetVali=a?sPom=)
2 (@pmax()+(1—a)*P(p(n)=Fk)
=E(@pmax(t)+(1—a))*™)

which is the desired result.

[]

v

In order for the previous lemma to be useful for our purposes we clearly
have to provide conditions which ensure @max(t)<1 for all t€R,;. The next
lemma does so and is a simple consequence of Levy’s continuity theorem and
the fact that distributional limits of completely d-arithmetic sequences are by
definition again completely d-arithmetic. It is therefore stated without proof.

Lemma 5.2. If Yy, is completely d-arithmetic and tight, then
(5.4) sup Omax(t)<1  for each compact KCR,.
(S

Proof of [Theorem 3.2(a). Let Xy be of type CC with &y satisfying
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and Y y.. being completely d-arithmetic and tight. Combining Lemmata 5.1
and 5.2, we infer for all teR,

lw(t)l éwabs(t)z 1§0 |¢'n(t)| = EOE(SDmax(t)p(m)
(5.5) = 3 Pmax(* 2 P(o(M=k)= T pmax(t)* 3 PEr=n <L)
= EOE(skH—Ek)(Pmax(t)k <o,

i.e. T®) and ¥,,(t) are both finite on R,. A similar estimation shows that on
- compact subsets both functions are uniform limits of their corresponding finite
partial sums which are clearly continuous. Thus ¥ and ¥, must be so, too.

The same arguments apply for AC-type sequences Xy. Just replace ¢max(t)
by a@max(t)+(1—a) there and note that (5.4) also holds for the latter function
since a>0.

If Yy, is weakly convergent with completely d-arithmetic limit, let ¢ be
its F.t. By compact convergence of ¢, to ¢ we infer for each compact KC
R, the existence of NN and some Cx<1 such that

def
(PN,max(t) = Sgll)v lﬁon(t)l <Ck for all teK.

Thus, by using with §n, @max, p(n) replaced by {x.n, @v,max, pn(n)

def

= sup{£=0: &éx.r<n}, the desired conclusions follow almost the same way as
above for the case when Yy,, is completely d-arithmetic and tight. We omit
further details.

For the proof of [Theorem 3.2(b), we must first examine ¢@max in a small
neighborhood of 0. The result is stated in below which in turn is
furnished by an auxiliary one stated next.

Lemma 5.3. Let X be a random variable with F.t. ¢ and

2nx 4 (2n—t|—1)7r)

def
6.6) I'X, x, t>=§op(x+ o <X<x for t#0 and x>0.

Then for all t+0

}_—Iete(_so(_t)_)-:S:”Sin(tX)F(lX" x, t)dx and

6.7
i’f_(?;.(tl :Snm cos(tx)(P(X*>x)—P(X >x))dx
(5.8) 0
—{" costn(r(X*, x+7, 6)=I(X~, x+2, t))dx

Proof. Since
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1—Re(p(t)=1—E(cos(tX))=1—E(cos(t| X))
d
o Im(op(t))=E(sin(tX))=E(sin(tX*))— E(sin(tX™)),

it suffices to prove the assertions for nonnegative X which is therefore assumed
in the following. Suppose further first that X is bounded by some e=R. Then

X
1—Re(go(t))=l—E(cos(tX)):E(So t sin(tx)dx )

=S:°t sin(tx)P(X > x)dng:t sin(tx)P(X>x)dx.

Since, for fixed t+#0, sin(fx) has period 27/t and sin(tx+ 7)=—sin(tx), we obtain
on splitting up the range of integration

S:’t sin(tx)P(X> x)d x

2nrw
t

)dx—S:/:t sin(tx)EoP(X>x+ Znz )dx

_—_Smt sin(tx) >3 P(X>x+
0 nzo t

=S:”t sin(tx) 3 (P(X>x+—27;—n)—P(X> E"—}Li)i)) dx

ZS:“t sintx)"(X, x, )ydx,  i.e. (5.7).

If X is unbounded, then the same formula yields by using it for XA#n and by
then letting n tend to infinity. Since I'(-, x, t) is always bounded by 1, the
desired result follows by dominated convergence with majorant ¢ sin(¢x) on the
right-hand side.

The proof of (5.8) goes very similar. Here we have for ¢+0

Im(e(t))=E(sin(tX))=E (S:t cos(tx)dx):S:t cos(tx)P(X>x)dx .

The remaining calculations are then done analogously, first for bounded X, and
by splitting up the range of integration of the last integral above in an obvious
manner. We do not supply the details again.

Lemma 5.4. If Yy, is non-reducible and tight, then there are a, T >0 such
that

5.9 1—@max(t)=at? for all te(—T,T).

Proof. Let us consider the sequence Y% ,, whose associated F.t. are given
by |¢.l|% n=1. As already mentioned, Y%,, is also non-reducible and tight
whence

ef def
F(t)dzsgl?P(Y‘,’,gt) and  G()=inf P(Y3<0)
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are proper distribution functions (by tightness) and satisfy F(0)<1 (by non-
reducibility and symmetry). Now use formula (5.7) to obtain

- 2 ot Qi
1 |gto;,,(t)l =So/t smgtx) UYLl x, Hdx

gg:/a sinitx) P(x<Y2,§x+—7t£)dx

gS:“ Sint(“‘) (6(x+%)—F) dx  for all nz1.

However, the latter integral does no longer depend on n and converges to
def (oo
po(F) = So x(1—F(x)dx, as t]0,

which is positive, possibly infinite, because F(0)<1. Consequently, by choosing
any a<(0, p*(F)), we finally conclude

_ e (1 lea®)]®

1 —@max(t)=inf(1 Ison(t)l)—;‘g{(——-——-l Floa@|
1, V .

Z 5 inf(1—le.(®)12zat

for all sufficiently small ¢ which proves the desired result.

Proof of Theorem 3.2(b). Let Xy be of type CC and choose a, T>0 so
small that of the previous lemma holds for ¢max given here. The follow-
ing estimation is similar to one given by Smith [13], p. 483. Recall from
that T 4ps(t) S Dn20EEnii—E&n)pmax(®)®. We obtain with suitable constants C,,
C:>0

T T T
S t*zlfa,,,(t)dt:S 2, ()dt< 3 E(e,.“—e,.)g 21 P rmasx(t)" dt
-T 1] n20 0
< g}oE(E,m—en)S:Zt’(I—-at’)"dt
<C1 3 EEna—8n)| w1 —u)du
é Conn-sle(erwl_en):

the latter expression being finite by assumption [(3.2). Note that we have used

for it that
1 1/2 _ n ) — } (3/2)1 (n I l) — —-8/2 o
Sou l—u)"du= T(n+G/2) =o(n"%%), as n— oo,

where the asymptotic behavior may be seen by an appeal to Stirling’s formula.
If Xy is of type AC the same arguments apply with ¢max replaced a@max
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+(1—a) which still satisfies of (with aa instead of a). We do
not give the details again.
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