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Abstract—We continue the study of compound renewal processes (c.r.p.) under Crameér’s moment
condition initiated in [2—10, 12—16]. We examine two types of arithmetic multidimensional
c.r.p. Z(n) and Y (n), for which the random vector £ = (7,¢) controlling these processes (7 > 0
defines the distance between jumps, ¢ defines the value of jumps of the c.r.p.) has an arithmetic
distribution and satisfies Cramér’s moment condition. For these processes, we find the exact
asymptotics in the local limit theorems for the probabilities

P(Z(n) =z), P(Y(n)==)

in the Cramér zone of deviations for & € Z? (in [9, 10, 13—15], the analogous problem was solved
for nonlattice c.r.p., where the vector & = (7, ) has a nonlattice distribution).
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1. INTRODUCTION. STATEMENT OF THE PROBLEM

We will denote the elements of the d-dimensional Euclidean space R¢ by boldface symbols, for ex-
ample, = (z(y),...,%@q)), 0=(0,...,0), and p = (p(1),.-.,pay). The scalar product of elements
x,y € R? will be designated as

TY =Ty T T T@Ya)-
The norm in R will be denoted by || := y/z2. Random vectors with values in R? will also be denoted
by bold symbols, for example, ¢ = (¢q1y, - - -, {(a))- The notation

£= (Ta C) = (Ta C(l)? s 7C(d))

will be used for a random vector in R4+,
Consider a sequence

of independent random vectors in R4+ such that 7o = 0, (o = 0, 71 > 0, 7, > 0 for k > 2. Suppose that
the vectors &, = (7%, k) for k > 2 have the same distribution as & = (7, ¢). Put

T, = zn:Tk, Z, = zn:@, S, =(Th,Z,) := zn:Ek for n >0,
k=0 k=0 k=0
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and soTp = 0,Zo =0, Sp = (0,0). Let »(0) = n(0) := 0. Fort > 0, we put
v(t) :=max{k>0:T, <t}, n(t):=min{k>0:T} >1t}, (1.2)
and son(t) = v(t) + Liort > 0.

The first and second compound renewal processes (c.r.p.) Z(t), Y (t) are defined by the equalities
(see, for example, [2, 11])

Z(t) = Zl/(t)? Y(t) = Zn(t)’ t > 0, (13)
respectively. The standard commonly accepted model of a c.r.p. presumes that the time 7, of the appear-
ance of the first jump and the value {; of this jump have a joint distribution that is in general different from
the joint distribution of (7,¢) (see, for example, [1]). This is so, for instance, for c.r.p. with stationary
increments.

If either (71,¢1) 4 (r,¢) or (71,¢1) < (0,0) then we will refer to the processes Z(t) and Y (¢) as a
homogeneous c.r.p. and otherwise as an inhomogeneous c.r.p.

Thus, the distributions of two random vectors & = (71,¢1) and € = (1, ) completely determine
the distributions of the first c.r.p. Z(¢), ¢ > 0, and the second c.r.p. Y (¢), ¢ > 0. At the event

{Tk <t< Tk+1} for k > 0,
we have the equalities v(t) =k, n(t) =k+1, Z(t) =Zy, Y(t) =Zr1. Consequently, the step
processes v(t), Z(t), n(t), and Y (¢) are leit continuous for ¢ > 0.

[t follows from [16] that limit theorems for the first c.r.p. Z(¢) and the second c.r.p. Y (¢) may
substantially differ.

Asin[9, 11, 12], in the present article we assume that the random vectors &; = (71,¢1) and £ = (7, ()
defining the c.r.p. Z(¢) and Y (¢) satisfy Cramér’s moment condition in the following form:
[Co] Eellél < oo, Eedlél < 0o for some & > 0.

The papers [9, 10, 13—15] in particular contain integro-local theorems for the processes Z(t)
and Y (t) as t — oo in the case where the random vector & = (7,¢) “defining” these processes is
nonlattice. In the present article (and in the one-dimensional case for Z(t) in [12]), the analogous
problem is solved for arithmetic c.r.p. Z(t) and Y(¢) (and their right continuous versions), i.e.,
in the case where the vectors &1, £ lie on the integer lattice Z4+!. More exactly, we will assume that
P (& € Z41) =1, and the vector € satisfies the following stronger arithmeticity condition, which is
formulated in terms of the characteristic function of this vector(see (2, p. 69]):

f(u) := Ee'¢, 4 e R
where u¢ is the scalar product of the vectors w and € in R4,

[Z] (Arithmeticity condition) Every w € Zt! satisfies the equality f(27u) = 1, and for every
u € RN\ Z¥ the inequality | f(2mu)| < 1is valid.

We note here that if the random vector & = (7, ) satisfies condition [Z] then this vector cannot be
degenerate in R4 i.e., it cannot lie with probability 1 on the plane

Ly, := {(u,v) e R™: niu+nyv = c}

defined by a unit normal n = (n;,ny) and a constant c. Indeed, if P (§ € Ln ) = 1 then we can choose
real r such that u = (uy,us) := (rny,™y) ¢ Z41. Then for this u ¢ Z%+! we have the equality

|f(27ru)| = ‘Eemmc‘ =1,

which is impossible in view of condition [Z].

Since the arithmetic c.r.p. Z(¢) and Y (¢) are changed only at the integer time moments ¢t = 1,2, ...
and are left continuous, it follows that, for every noninteger argument ¢t > 0, we have the equalities

Zt)=2Z(t]+1), Yt)=Y({t]+1),
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where, as usual, [t] stands for the integer part of a nonnegative number ¢. Therefore, we will consider
only the integer values of argument t =n € {0,1,2,... }, i.e., we will study the random sequences

{Z(n)}nzo’ {Y(n)}nzo. (1.4)

This somewhat simplifies the notation and does not diminish generality.
One can also consider right continuous versions of the processes Z(t) and Y (¢) by setting

Z.(t):=Z(t+0), Y (t):=Y(t+0), t>0.

In other words, for defining the right continuous versions of the processes Z(t) and Y (t), it suffices

to consider the right continuous functionals
vy(t)=maxik>0: Ty <ty,
+(0) . {k=0: Tt} t>0, (1.5)

ne(t) =min {k > 0: T} > t},

and fort > 0, put
Zi(t) =2y 1y, Y+(t) =2y -
Thus, alongside the sequences in (1.4), one can study the sequences
{Z+(n)}n207 {Y+(n)}n20 (16)

However, studying the sequences (1.6) easily amounts to studying the sequences (1.4) since (see
definitions (1.2) and (1.5))

vi(n)=v(n+1), ni(n)=n(n+1),
Z,(n)=Z(n+1), Yin)=Y(n+1). (1.7)

In the present article, we obtain local theorems for the multidimensional arithmetic c.r.p. Z(n), Y (n),
in which we find the exact asymptotics for the probabilities

P(Z(n)=z), P(Y(n)==z), n— oo,

and hence,

for sequences « = x,, € Z% such that the point o := @ /n lies in some fixed compact set K C R? (see
Theorems 2.1 and 2.2 below) or the point & converges to some fixed ag (see Theorems 2.1 A and 2.2A
below). By (1.7), we also find the exact asymptotics also for the probabilities (see Corollaries 2.1 and 2.2
below)

P(Z+(n) =z), P(Yi(n)==wz), n— oo.

Earlier in [12], the analogous problem was solved for the one-dimensional (d = 1) arithmetic
c.r.p. Z(n). The proof of the local theorems for arithmetic c.r.p. is based on the local limit theorem
for the renewal function

H(t,x) = f:ﬂ»(sn = (t,x)), (t,x) €z, (1.8)
n=0

in which the exact asymptotics of H (¢, ) is investigated for the sequences (¢, &) = (t,, ,) € Z4! such
that the points (6, a) := ! (¢, @) lie in some compact set K C R4 (Theorem 2.3).

Historical reviews of related results can be found in [2, 9]. As regards the methods, the present
article follows [9, 10, 13—15] where, under Cramér’s moment condition [Cy], integro-local theorems
are obtained for the nonlattice c.r.p. Z(¢), Y (¢) and the corresponding renewal measure H (B) in the one-
and multidimensional cases, respectively, and also follows [12] where analogous results are obtained
in the one-dimensional case under conditions [Cy] and [Z]. Therefore, Theorems 2.1—2.3 of the present
article supplement the results of [9, 10, 12—15].

The remaining part of the article consists of Sections 2 and 3. In Section 2, we formulate the main
results of the article. The statements involve a number of “basic” functions whose sense and properties
are desirable to know for understanding the nature of the established laws. Therefore, in Section 2,
we give definitions and some properties of these functions. Their detailed description can be found
in [9] (the one-dimensional case) and in [13] (the multidimensional case). The proof of main assertions
of the article are exposed in Section 3.
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2. STATEMENT OF THE MAIN ASSERTIONS

2.1. The definitions and properties of the necessary functions. In this section, we briefly give
the definitions of the functions that will play a defining in local limit theorems.

For (\, ) € R we put
DA, p) = BTy (A, p) = BN TR
A p) =g\ p),  Ar(A\ p) = Ingi(A, p);
A={(\p) v\ p) <oo}, Ar={\p): (A p) <o}

Clearly, in accordance with condition [Cy], the interiors (A) and (A;) of the sets A and A; contain
the point (A, ) = (0,0) and are the domains of analyticity of the functions (A, ) and 1 (A, p),
respectively.

A key role in the description of the asymptotics of the renewal function (see (1.8)) corresponding
to the random walk {S,}, -, is played by the so called second deviation function of the arguments

6 > 0and o € R

Dl,a):= sup {NM+wpa}= sup {N+ pual, (2.1)
(A, pu)eASO (A, ;) €DASO

where
A0 = {(A\ ) A\, ) < 0},

OA is the boundary of A. The properties of the function D(0, &) are studied rather completely (see,
for example, [2, § 2.9; 16]. It is convex, lower semicontinuous, semiadditive, and linear along any
ray starting from the point (6o, ag) = (0,0).

Note that, by the linearity of the function D(6, ) along any ray starting from any point (0, 0),
for @ > 0 we have the equality

D9, ) = 9D<1, 3) (2.2)

and hence the function of two variables D(6, ) is completely determined by the values of the function
of one variable

D(a) := D1, a). (2.3)

Moreover, the main results of the present article will be formulated in terms of the function D(e).
By (2.1),

D(a)= sup {meat A} =sup {pa— A(w)}, (2.4)
(A1) EDASO 2

where
A(p) == —sup {A: A(\, ) <0}

is the so-called basic function for the c.r.p. It was proved in [16] that the function A(p) is convex and
lower semicontinuous, and hence we have the equality (see [16])

A(p) = sup {pex = D(@)}

Let (A(ax), () be any point at which the supremum

sup {A+pa} =D(l,a) =D(a)
(A n)eA=O

is attained if such a point exists. It was shown in [9] (in the one-dimensional case) and [13] (in the mul-
tidimensional case) that the functions D(a) and D(6, ) are analytic in the sets

A = {a: (Ma), p(a)) € (A)}, D= {(e,a) : ‘;‘ e, 0> 0}
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respectively. Moreover, for a € 2, the point (A(ax), u(ex)) is unique and
AMa) = —A(u(a), pla) =D'(a), D(a) = Ma) + ap(a), A(Ma),p(a)) = 0. (2.5)

2.2. Local theorems for arithmetic compound renewal processes. First, consider the first c.r.p.
The asymptotics of the probability

P(Z(n) = ac) (2.6)
will be studied in the normalized deviation zone
a="¢eq, (2.7)
n

and it is natural to call this zone the Cramér zone by analogy with the domains of analyticity arising
in the classical theorems for random walks. However, in contrast to these classical theorems, it is not
always possible to obtain asymptotics (2.6) in the whole zone (2.7). It has to be restricted in a number
of cases. If AL > D(0), where

Ay = sup {)\ :Ee < oo} )
then no restriction is required.
Consider the case of Ay < D(0). In this case, the forbidden part of the zone 2l is the closed set
By :={ac RY: o) > At}
Thus, in Theorem 2.1, we will study the probability asymptotics (2.6) in the regular deviation zone

= A\ By,
n

and in Theorem 2.1%, in zone (2.7).
Put

Cla) =Cu(l,a), Iz(a):= Z MNP (7 > m)
m=1
where the positive function C'y (6, &) continuous in the cone D is defined by formula (3.6) below. It is
easy to note thatif a € (B ) then
Iz(a) > EeNMT = 0. (2.8)

Let us now formulate the local theorem for the process Z(n).
Theorem 2.1. Suppose that conditions [Co| and [Z] are Julfilled, a compact set

K CA\ B,

is fixed, and the admissible inhomogeneity conditions

Ak C (Ay), where Ay = {()\,u) = (Ma), ) s e e K}

1 (2.9)
P(r >n)= 0<nd/26_”D(0)> asn—oo ifa=0e K
hold. Then, for o := x/n € K, x € 7, there is valid the representation
B(Z(n) = ) = b (e, (@) 5 e P () (14 o(1), (2.10)
in which the remainder o(1) = e, (x) satisfies the relation
lim sup ‘sn(mﬂ = 0. (2.11)

N0 xpezd, x/neK
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Remark 2.1. Suppose that the compact set K in Theorem 2.1 has the form K = [a]. for sufficiently
small ¢ > 0. Then the admissible inhomogeneity conditions (2.9) of Theorem 2.1 are fulfilled automati-
cally.

In the one-dimensional case d = 1, assertion (2.10) in Theorem 2.1 was proved in [12]. Theo-
rem 2.1 agrees with Theorem 1.1 in [9] and Theorem 3.1 in [13] and supplements these theorems
in the arithmetic multidimensional case (as we already said, in [9] and [13], integro-local theorems
were obtained for the nonlattice case in the one- and multidimensional cases, respectively). As
was observed in [9] and [13], the form of the sum Iz(a) to some extent explains the substantiality
of the presence of the forbidden set B : fora € (Bz) (or, which is the same, A(a) > Ay ) the sum Iz(cx)
diverges (see (2.8)) and the asymptotics of the sequence P(Z(n) =) is substantially different.
The substantiality of condition (2.9) explains the presence of the factor 1 (A(ex), pu(ex)) on the right-
hand side of (2.10).

Corollary 2.1. Under the conditions of 2.1, representation (2.10) is preserved if we replace Z(n)
by Z(n) and Iz(a) by Iz, (a):=e MM, (a) therein.

Denote by

Y(n) :==n— Tu(n) and  x(n) = v(n)+1 — 1
the defect up to the level n and overshoot through the level n of the random walk {7} } respectively.

Thus, the summand 7,(,)11 “covering” the level n is representable as the sum 7,,(,)1.1 = v(n) + x(n).

A. A. Borovkov focused the authors’ attention on the following fact: If, in the local theorem
for the c.r.p. Z(n), the defect «(n) is fixed (or appropriately bounded) then the deviation zone can be
substantially extended by replacing the condition K C 2\ B, with the condition K C 2. In other
words, we have

Theorem 2.1%. Suppose that conditions [Cy| and [Z] are fulfilled, a compact set
Kc2

is fixed, and the admissible inhomogeneity conditions (2.9) hold.

Then, for any fixed integers u>1, v >0, every sequence x = x, € Z¢ with a:=x/n € K
admits the representations

B(Z(n) = 2, 7(n) = u) = va (), () 3 e Ly () (14 0,(1), (2.12)

B(2(n) =2, ~(m)=u, x(m)=v) =41 (e, (@) ) e PO Ly, 0) (1ho,(1), (213)
where
Iz(a;u) i= MNP (7 > 0),  Iz(osu,v) = MNP (7 = u+0),
and the remainders o0,(1) = e, (x) and o0,,,(1) = en(x) enjoy (2.11).
Theorems 2.1 and 2.1* will be proved in Subsection 3.3.

Let us now pass to formulating the local theorem for the second c.r.p. Y (n) and its right-continuous
version Y (n). Put

M::{ueRd: Ee“c<oo}.

By condition [Cy], the interior of (M) contains the point g = 0. For the processes Y (n) and Y (n),
the forbidden set is

By = {aecU: pla) ¢ (M)}
Put

Iy(a) := Z e)‘(o‘)mE(e“(o‘)c; T>m).
m=1
As follows from Lemma 3.6 (see below), if a € 2\ By then Iy (a) < oc.
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Conversely, if @ € (By ) then

k
Iy (a Z M) mE(eu(a > m ZE e“ _ k) Z Meym

m=1 m=1

> ZE etleg, i T = k:) Mo = M Rem(@C —

and, like in the case of process Z(n), the probability asymptotics (2.15) in the domain (By) is
substantially different.

Theorem 2.2. Suppose that conditions [Cy| and [Z] are fulfilled and a compact set K such that
Kc \ By

is fixed. Suppose that theinitial random vector & = (71,1) satisfies the admissible inhomogene-
ity condition

(0.4(8)) € (A1) and (NB), u(B)) € (A1) forall B € K. (2.14)
Then the following relation holds for o := x/n € K, x € Z¢ as n — oo:
P(Y(n) = z) = ¢1 (A(e), p(a)) igj’;)e—"f?(a) y(a) (1 +0(1)). (2.15)

Here the remainder o(1) =&, (x) satisfies (2.11).

Remark 2.2. Suppose that the compact set in Theorem 2.2 has the form K = [a]. for sufficiently
small € > 0. Then the admissible inhomogeneity condition (2.14) of Theorem 2.2 is fulfilled automati-
cally.

Corollary 2.2. Under the conditions of Theorem 2.2, representation (2.15) is preserved if we
replace Y (n) by Y, (n) and Iy (a) by Iy (a) := e M Iy () therein.

I we fix the overshoot x(n) in the local theorem for the c.r.p. Y (n) then we can substatially simplify

the deviation zone by replacing the condition K C 4\ By (3.21) by the condition K C . In other
words, we have

Theorem 2.2%. Suppose that conditions [Co| and [Z] are fulfilled, a compact set K is fixed such
that
Kc2
and the admissible inhomogeneity condition (2.14) is fulfilled.
Then, for any fixed integer v > 0, any sequence x = x,, € Z% such that o = » € K admits

the representation

B(Y(n) =, x(n) = v) = n (\@), ule) ) PO L) (1 £ 0u(1), (216)

where

Iy(a;v) = Pk

and the remainder o,(1) = e,(x) satisfies (2.11).

Theorems 2.2 and 2.2* will be proved in Subsection 3.4.

Note in passing that the proofs of Theorems 2.1 and 2.2 differ substantially at the key points:
In the first proof, we must fight against a “thick right tail” of the random variable 7, and in the second
proof, with “thick tails” of the random vector {. Therefore we cannot manage with Theorem 2.1 only
for one version of the compound renewal process obtaining the desired assertion for the second version
as an easy consequence.

Let us now turn to large and normal deviations for c.r.p.

SIBERIAN ADVANCES IN MATHEMATICS Vol.30 No.4 2020



LOCAL THEOREMS 291
For a € R?, ¢ > 0 denote by
). :={BeR?: |B—a|<e}

the closed ball of radius € centered at a.. Put
E¢
Er
Now, consider the local theorems for the processes Z(n) and Y (n) in the domains of moderate large
and normal deviations. Put

a .=

1

B? .= ETBS, 0% :=|B?,

where
Bj :=E({ —ar)(¢ —ar)’
is the covariance matrix of the random vector ¢ — a7 and T is the transposition sign.
Lemma 2.1. Suppose the fulfillment of condition [Cy). Then

C(a)lz(a) =C(a)ly(a) = (2.17)

o(2m)d/2’

D(a) =0, D'(a)=0, D"(a) =B (2.18)

Lemma 2.1 will be proved in Subsection 3.5. With account taken of 2.1 and 2.2, Theorems 2.1 and 2.2
and Lemma 2.1 imply

Corollary 2.3. Let conditions [Cy] and [Z] be fulfilled. Then, for every sequence x = x,, € Z°

such that a == ¥ — a asn — oo, there are valid the relations

P(Z(n)=x) ~P(Y(n)=z) ~ 0(27:,2)d/2 o—nD(e)

In particular, if o —a = o <n11/3> asn — oo then fory := x — na we have

yB~?y"
D = 1
nD(x) o +o(1),
which implies that

B—2 T
P(Z(n)=x) ~P(Y(n)=z) ~ 0(27;)d/2 exp{—y Zny }

Thus, the local theorems for the c.r.p. Z(n) and Y (n) in the domains of large and normal deviations
coincide.

2.3. The local theorem for the renewal function. In the arithmetic case, a substantial role
for proving Theorems 2.1, and 2.2 is played by the local limit Theorem 2.3 for the renewal function

(see (1.8)) in which the asymptotics of H(t,) (as n — oo) for a sequence (¢, x) = (t,, @,) € Z4
in the case where the point (0, o) := Tll(t, x) lies in some fixed compact set K included in the analyticity
domain D of the function D(0, o).

Theorem 2.3. Suppose that conditions [Cy| and [Z] are [ulfilled and, for a fixed compact set
K C D, the admissible inhomogeneity condition

Ak C (A1), where A = {()\,u) - (A(‘g)u(‘;)) (0, ) € K}

is fulfilled. Then for (t,x) € Z, (0, @) := | (t,x) we have the representation
« « Ch (97 Oé) —nD(6,a
H(t,w)zl/q()\(e),u(e)) € 6:) (1 4 0(1)), (2.19)
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in which the remainder o(1) = e, (t, ) satisfies the relation

lim sup  |en(t, @) =0
O (4 a)ezdtl,
(t/n,x/n)EK

and the function Cy (0, ) is defined by (3.6).

In the one-dimensional case d = 1, Theorem 2.3 was proved in [12]; it supplements Theorem 4.1
in [10] and Theorem 4.1 in [13] where integro-local theorems were established for the renewal function
in the nonlattice one- and multidimensional cases, respectively.

3. PROOFS OF THE MAIN ASSERTIONS

3.1. The first deviation function. The local theorem for a one-dimensional random walk.
In the proof of the assertions of the present article (as in[9, 10, 13]), we use the known integro-local
theorems for the sums S,, = (T, Zy,) (see, for example, [2, § 2.9] or Theorem 3.1 below). An important
role here is played by the (first) deviation function

A0, c) := sup {M + pa — A\, p)} (3.1)
(p)
corresponding to the random vector & = (7, ¢). This is the Legendre transform of the convex lower semi-
continuous function A(A, p); therefore the function A(6, ) is also convex and lower semicontinuous.

Agree on the following notations. Given a function F(u,v) of two variables u € R and v € R,
in what follows, the subscripts (1) and (2) will designate the derivatives with respect to the first and
second arguments respectively (the gradient); for example:

0 0?
Fy(u,v) = o Flu, 1) . Fpy(ur,on) = o 5 F(u,01) ]
0? 0 0
1" _ /1 —
F(2) (u1,01) = Ov? Flu,v) v:vl, F(z’l)(ul’vl) - Ou 8’UF(U’U) (u,v)=(u1,v1)

Denote by F' = F'(u,v) and F” = F"(u,v) the vector
F' = F'(u,v) = (F(/l)(u,v),F(’2) (u,'v))
of the first derivatives and the matrix
F" = F"(u,v)

of order d + 1 of the second derivatives respectively. Designate as |F”'| the determinant of the matrix .
Alongside the sets A; and A, we will need the analyticity domain £ of the function A(6, ). This
domain contains the points (6, &) € R%*! for which the system of equations

{Al(l) ()‘7 “) = 97
AI(Q) ()‘7 “) =«

for the coordinates of the point (A, w) (where the supremum in (3.1)) is attained) has a solution

(A0, ), (0, ),

(3.2)

belonging to (A), and so
L={A\p):(\p)e (A}

Since the function A(A, p) is strictly convex in (A), such a solution is always unique. What has been
said means that the conditions

(0,a) € L and (A0, @), u(0,x)) € (A)
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are equivalent. Moreover, the mappings
0,a) = A'(\, ) and (\,pu) =N (0, )

are mutually inverse; they perform a one-to-one correspondence between the domains A and L. Clearly,
(0, ) = (ar,a¢), where a, := E7, a¢ := E¢, always belongs to L; for it,

()\(a7'7 a’{)a H(aﬂ aC)) = (07 0) € (‘A)
It is known (see, for example, [2, 9, 13]) that if (6, &) € L then
N(b,a) = ( ’(1)(9,04), ’(2)(0,a)) = ()\(9,04), ,u(9,a)),

where the pair of functions A(6, &), (6, a) is the only solution to (3.2).

Theorem 2.3.2in[2, p. 72] implies the following version of the local theorem for the sums S,, of random
vectors in the arithmetic case:

Theorem 3.1. Forn > 1, let

Sni=>Y & = (Tn, Zy)
k=1

be the sum of independent identically distributed random vectors. Suppose that conditions [Cy]
and [Z] are fulfilled, a compact set K C L is fixed, and the point (t,x) € Z* is such that
(v,B) :== (t/n,x/n) € K. Then, for

\/\A” (7. 8)]
Ci(v,8) = (27)(@d+1)/2 7

as n — oo, we have

C1(7,8) —nA(y,8)
n(d+1)/2

where the remainder o(1) = e, (t, ) is uniform over (v, 3) € K:

P(T,=t, Z, =x) = (1+o0(1)), (3.3)

lim sup  |en(t,x)| =0.
n—oo (t,m)EZ"Hl,
(t/n,x/n)eK

3.2. Proof of Theorem 2.3. First we expose the form of the local theorem for the renewal function
equivalent to Theorem 2.3 (which is more convenient for proving).

Theorem 2.3A. Suppose that conditions [Cy| and [Z] are fulfilled and, for a fixed point
(007 Oé(]) € D7

the admissible inhomogeneity condition
(8%0] (&%)
<)‘< 90 >7 I‘l'( 00 >) € (‘Al)

(t,x) € 741

holds. Then any sequence

such that

(0,c) == <t’m> — (6o, a0) as n — o0

n’'n
admits representation (2.19) in which the remainder o(1) = ¢, satisfies the relation

lim |e,| = 0.
n—oo
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In [12], a proof is given of the equivalence of Theorems 2.3 and 2.3A in the one-dimensional

case d = 1. This proof remains valid ford > 1.

For (0, ) € D, we put for brevity

- (5)(2) - (46(3)) )

and so the vectors

(6.8) = (

=)
\.%
L
2
JQ::
L
Il
B
/N
>
N N
< Q
N——
=
N NS
> R
N———
N~~~

are functions on one variable a/6.

For proving Theorem 2.3 A, we also need
Lemma 3.1[9, 10]. Suppose that condition [Cy| is fulfilled and (0, ) € D.

The the following hold:

(3.4)

(3.5)

. The minimum of the function L(r) = Lo o(r) := rA(0/7,a/r) is attained at the only point

0 ~
To,a = 5 and also rg o0 = o

The functions Xand n admit the representations

~ 0 N 0
A= )‘< 5 * >7 M= N< ) N >’
oo 76, oo T,

where the functions \(-,-) and p(-,-) are a solution to system (3.2). Moreover,

L'(roa) =0, L'(rga)= ! (6,a)A"(

0,

)

a)T > 0,

~ o~

where the functions 0 = (0, ), @ = (0, ) are defined in (3.4), (3.5),
N = 00, 0)| o5y

II. Given e > 0, there exists e1 > 0 such that
min  L(r) > L(rg.a) + 1.

‘T_T970| 25

For (8, ) € D, we put
64[A" (6, a)| SN m a5 AN (5 AT
Culf,a) := - 0,a) := (6,a)A" (0, &) (9, ,
(6.0 JWQM) Q(0.a) = (0.8)"(2.5) (7.)

and so

~

(0.@)A" (0, &) (0, &) = 02A0, (0. &) +20A), 5 (0,&)&" +aAly (0.a)a".

(3.6)
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Proof of Theorem 2.3A. Basing on Theorem 3.1 and Lemma 3.1, carry out the proof in two steps.

[. Denote by Hy(B) the renewal measure for the case where the vectors & = (71,¢1) and € = (7,¢)
(i.e., all the summands §&; are equal to (7, ¢;) for i > 1) are identically distributed. At Stage I, prove
Theorem 2.3 A for the homogeneous case. It suffices to prove that, for any fixed (6p, ap) € D and any
sequence (t,z) € Z4 such that (0, a) := ! (t,x) — (6o, o) Tor n — oo, we have the relation

Ho({t} x {z}) = n;ﬂ Cr(6, a)e ™0 (14 o(1)), (3.7)

which coincides with (2.19) for 41 = 1. The proof of (3.7) on the basis of Theorem 3.1 and Lemma 3.1
is a repetition of the proof of the integro-local theorem for the renewal function in the homogeneous case

in[13] (see also the proof of the local theorem in the one-dimensional arithmetic case in [12]); therefore
we omit it.

I1. At this stage, represent the renewal measure in the inhomogeneous case as
H(t,ac) = EHo({t — 7'1} X {m — Cl})

and use the following assertion (cf. Lemma 4.2 in [10], which was established in proving Theorem 3.1
in[10]).

Lemma 3.2. Suppose the fulfiliment of the hypotheses of Theorem 2.3A. Then, for some ¢ > 0,
C < 00, ng < ooand foralln > ng, we have

‘H(tv T) — E<H0({t — 7} x{x —¢1}); €] < In? n)‘ < Ce D) —cln®n (3.8)

Since the proof of Lemma 3.2 repeats verbatim the proof of Lemma 4.2 in [10] (see also the proofs
of Lemma 4.1 in[13] and Lemma 3.2 in [12]), we omit it.

By (3.8), for proving assertion (2.19) in the general case, it suffices to find the asymptotics of the mean
E(Ho({t -} x {& = ¢i}); &1 < nn).
Using the result of Stage I and (3.8), we have

1 T C —n —71/n,o—C1/n
H(t,af:):nd/2E<C1<9—nl,a—nl>e Do—m1/n.a=C1/ >(1+o(1));\gl|gln2n>

1 —n (o4
+o<nd/26 e, >>. (3.9)

Since in [£;] < In?n, as n — oo we have

—nD<9 - 77;1’0‘ - Cnl> =-nD(0, a) + AT+ G +o(1),

we conclude that the right-hand side of (3.9) coincides with the right-hand side of (2.19).

3.3. Proofs of Theorems 2.1, 2.1*, and Corollary 2.1. We now give another (equivalent) form
of Theorem 2.1, which is more convenient for the proof (but less convenient for application).

Theorem 2.1A. Suppose that conditions [Cy| and [Z] are fulfilled and, [or a fixed point

ap € A\ By, (3.10)

the admissible inhomogeneity conditions
()‘(aO)7lJ‘(a0)) € (‘Al)a (311)
]P’(len):o< ; e_”D(0)> as n— oo if ag=0 (3.12)

nd/2
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hold. Then, for any sequence & = x,, € Z% such that

. x
lim @ = g, Where a:= |
n—oo n

we have representation (2.10) in which the remainder o(1) = e, (x) satisfies the relation
lim |e,(x)| = 0.
n—oo

We need the following assertion.

Lemma 3.3. Suppose the fulfillment of the hypotheses of Theorem 2.1 A. Then, for some ¢ > 0,
C < 00, ng < oo and, for all n > ng, we have the inequality

n) = n) =, Tym)+1 > 1In"n) < Cne™ _2. .
R P(7Z (n)+ 12 C nD(a)—clnn (3 13)

The proof of (3.13) in the one-dimensional case d = 1 is given in [12] (see the proof of Lemma 3.3

in [12]). Since the proof of inequality (3.13) in the general case d > 1 repeats the proof of Lemma 3.3
in [12] with obvious changes, and we omit it.
Put

Kp(a) == MNP (7 >m), (3.14)

and so,

Iz(e) = > Ep(w).

m>1

Lemma 3.4. Under the conditions of Theorem 2.1 A, there exists oy > 0 such that

> M K (ag) < oo (3.15)

m>1
Proof. The exponential Chebyshev inequality implies that
P(r>m) < e‘AT(m),
where
A-(0) = sgl\p {x6—A(X,0)}

is the deviation function for the random variable 7 satisfying the relation

lim inf ! Ar-(m) > Ap.

m—oo M

Since, under the conditions of Theorem 2.1A, A(eavg) < A4, for some dp > 0 and some C < oo for all
m > 0 we have

P(r>m) < Ce~200m
Proof of Theorem 2.1 A. We have
Pi(n) =P (Z(n) = @, Ty(m)+1 < In’n)

=P(Zo==z,v(n)=0,7 <ln’n) + ZIP (Zr =, v(n) =k, 7,441 < In?n)
k=1

(o]
:]P’(Zozzn, T >n, T §1n2n)+Z]P’(Zk:w, T <n < T+ Tiy1, Thtl <1n2n)
k=1

o
:0+ZIP’(Zk =x, Ty <n <Tp+ Tet1, Tht1 <ln2n)
k=1
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In’n oo

= Z Z]P’(Zk:a:, Tk:n—m)P(m§T§1n2n).
m=1 k=1

Since the inner sum on the right-hand side of the last formula “folds” into the renewal function H (n —
m, x), we obtain the representation

In?n
Pl(n):ZH(n—m,a})]P’(mnglnzn). (3.16)
m=1
Now, applying Theorem 2.3, from (3.16) we obtain the representation
Cu(l,20) _p(la
Pin) = (Mero) u(exs)) T 30) =00 ) (14 (1), (3.17)
where
In’n
Pon) i= 3 Konlt,m),
m=1
Kpn(o,n) :==exp {n(D(1,a) = D(1 —m/n,a))}P (m <7 < In? n).
Obviously, for every m € {1,2,...,In?n}, asn — oo (see (3.14)), we have the convergence

Ky (a,n) — Ky (o),
and the inequalities
Ky (a,n) < e‘sme(ao), m € {1,2, e ,lnzn},

hold for any § > 0 and all sufficiently large n. Therefore, using Lemma 3.4, by the dominated conver-
gence theorem, we obtain the relation

lim Py(n) = > En(ao) = Iz(cw). (3.18)
m=1

The relations (3.16)—(3.18) and Lemma 3.3 imply Theorem 2.1A.
Proof of Theorem 2.1*. Repeating the deduction of (3.15) with obvious changes, we obtain
P(Z(n) =@, v(n) = u) = H(n — u, z)P(1 > u).

Applying further the local theorem 2.3 for the renewal function, we obtain the assertion (2.12) of Theo-
rem 2.1%. Since (2.13) is proved similarly, Theorem 2.1* is proved.

Proof of Corollary 2.1. First, prove that

(n+1)D<n+1> =nD(a) + Aa) + o(1). (3.19)
For
we have
(n+1)D<ni1> - nD<z> +n<D<nj1> —D<z>> +D<nf—1>
=nD(a)+n(D(a+y) — D(a)) + D(a) + o(1). (3.20)
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By (2.5),
D'(a) = p(ax), and so n(D(a+y) — D(a)) = —p(a)a+ o(1).
Therefore, continuing (3.20) and using (2.5), we obtain
(n+1)D <n f_ 1> =nD(a) — pla)a + p(a) + AMa) + o(1) = nD(a) + M) + o(1).
Equality (3.19) s proved. For proving Corollary 2.1, it remains to make use Theorem 2.1, equality (3.19),
and the relation
Z.(n)=Z(n+1).

3.4. Proofs of Theorems 2.2, 2.2*, and Corollary 2.2. We now give an equivalent version
of Theorem 2.2, which is more convenient for proving.

Theorem 2.2A. Suppose that conditions [Cy| and [Z] are fulfilled and a point
ap € A\ By (3.21)
is fixed. Suppose that the admissible inhomogeneity condition

(0, u(e)) € (A1), (M), () € (A1)

is [ulfilled [or the initial random vector & = (11,¢1). Then, for any sequence © = x,, € 7% such
that

. . T
lim @ = g, wWith o :=
n—oo n

representation (2.15) is valid, in which the remainder o(1) = €, satisfies the relation

nh_)ngo |en(z)| = 0.

We will need the following assertion.
Lemma 3.5. Suppose the fulfillment of the hypotheses of Theorem 2.2A. Then there are

constants ¢ > 0, C' < oo, ng < oo such that the equality
P(Y(n) =@, (7yns o) & LT, m(n) > 2) < CenPlteln®n

holds for all n > ngy, where

Lt = {(m,z) e Z4 1 <m <In’n, 1n<1&<xd|zi| < ln2n}. (3.22)

Since the proof of Lemma 3.5 is an almost verbatim repetition of the proof of Lemma 2.3 in [15], we
omit it.
Lemma 3.6. Suppose the fulfillment of the conditions of Theorem 2.2A. Then there exists § > 0
such that
R(ay,9) :== Z e()‘(o‘o)+5)mE(e“(ao)c+5|d; T> m) < 0. (3.23)

m>1
Proof. 1f A(ay) > 0 then
R(ag,8) < 3 eMmE(eMeo)mHhueo)toldl; 7 > ) — $° e5mE<e5\ ¢l 7> m)

m>1 m>1

where the distribution of the random vector (?, E) is defined as follows:

~

P((7, ) € +) := E(eMoo)mml@)l (- ¢y e ).
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Under our conditions, we have (), p(ew)) € (A); therefore condition [Co] is fulfilled for the new
vector (?, a Use the Cauchy inequality: for sufficiently small 6 > 0 and sufficiently large C' < oo, we
have
~ 2N\ 1/2
E(e¢; 7> m) < (Ee14) 2 B(7 2 m)"” < C(B(F = m) Y2
Since the random variable 7 satisfies condition [Cy], there exist constants ¢ > 0 and C} < oo such that
(B(7 > m))"/? < Cre—em

for all m > 0. We have obtained the estimate

R(c,8) < Y CCre”™em,

m=1
in which the right-hand side is finite for 6 € (0, ¢).
Let now A(exg) < 0. Then

R(a07 5) S Z e5mE(eH(aO)C+5|C|; T 2 m)7
m>1
and, for estimating the right-hand side of the last inequality, we can use Holder’s inequality: For any
p,q € (0,1) such that p+ ¢ = 1, we have
R(c,8) < Y e (el /Puleo)et/polCh P (p(7 > m))f. (3.24)
m>1

Since, under our conditions, we have p(ag) € (M), there exist 6 > 0,¢>0,1/p > 1, and C, C; < ©
such that

(Eel/PM(ao)C-i-l/Pé\C\)p <C, (P(T > m))q < Ce ™.
Therefore, from (3.24) we deduce
R(a,0) < Z e5mC(]P’(T >m))? < Z MmO Che ™,
m>1 m>1

Since the right-hand side of the last inequality is finite for § € (0, ¢), inequality (3.23) is proved.
Lemma 3.7. Suppose the fulfillment of the hypotheses of Theorem 2.2A. Then

Ri(n):=P(Y(n) =z, n(n) =1) =P(Z; = x,7 >n) = 0(77;/2 e_"D(o‘)>.

The proof of Lemma 3.7 repeats the proof of Lemma 4.1(b) in [15]; therefore we omit it.
Proof of Theorem 2.2A. Alongside with the set L&+ defined by (3.22), we will use the set
We infer " 1<
P(n) :=P(Y(n) =z, &) € Li™, n(n) > 2)

M= {z WA maécd\zﬂ < lnzn}.

= Z]P’(Zk =@, & € LA, n(n) = k)
k=2

o
— Zp(zk =z, & € LI, Ty <n < T))
k=2

In%n 00

= Z Z ZIP(Zk_lzac—z, Th-1 =n—m)P(r >m, ¢ = z).

m=1 ze Md k=2
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Since the inner sum on the right-hand side of the last expression is “compiled” into the renewal function,
we obtain the representation

In’n

P(n) = Z Z H(n—m,x—2)P(t >m, (= z).

m=1 zeMd

Applying now Theorem 2.3, we obtain

P(n) = 11 (M), plen)) CH;;}SO)G_"D(LQO)R (n, @) (1 + o(1)), (3.29)
where In%n
Pin,a) =Y > Kpzn o),
m=1 zeMd
Ky, 2(n, o) == exp {n (D(l,a) -D (1 - Zl,a - Z))}P(T >m,(=2z2).

[t is easy to see that, as n — oo,
K z(n, ) — K 2(0n), me {1,... ,ln2n}, ze M¢,
and for any § > 0 and all sufficiently large n
Kp 2(n,a) < 65m+5‘z‘Km7z(a0), me{1,... ,lnzn}, z e M.

Now, applying Lemma 3.6, by the dominated convergence theorem, we obtain

Pi(n,a) = 3 > Knalao) = Iy (o). (3.26)

m=1 z¢zd
Using Lemma 3.5, 3.7 and relations (3.25), (3.26), we infer
Cu(l,20) _npia
B(Y () = ) = (Mew), u(exe)) 030 P00 1y ()14 0(1)).
Assertion (2.15) of Theorem 2.2 A and Theorem 2.2 A are proved.
Proof of Theorem 2.2*. 1t is easy to see that, for all integers v >0,

P(Y(n) ==z, x(n) =v) =P(Z(n+v+1) =z, y(n+v+1)=1). (3.27)
Therefore, calculating the right-hand side of (3.27) with the use of Theorem 2.1* and using the relation

—(n+v+ 1)D< > =-—-nD(a) — (v+ 1)Aex) + 0o(1),

n+v+1
which follows from (3.19), we obtain (2.16).
Proof of Corollary 2.2 is completely similar to that of Corollary 2.1.
3.5. Proof of Lemma 2.1. Establish (2.18). Recall that, for points a in some neighborhood
of the point g = a, we have the relation
D(a) = p(a)a — A(p(a)),

where the function A(u) is a solution to the equation

P(—A(p), 1) =1 (3.28)
and the function p(a) is inverse to the function A’(u), i.e., satisfies the equation
A(p(a) = a.
Verify that
A(0) =0, A(0)=a, A"(0)= B> (3.29)

The equalities in (3.29) are obtained from equation (3.28) by differentiating it sufficiently many times:
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(0) for u = 0, by 1/(0,0) = 1 we have A(0) = 0;
(1) differentiating equality (3.28) once for . = 0, we obtain
therefore,
_ V(0.0 _

A'(0) = ¢E1)(0,0) = a;

(2) differentiating equality (3.28) twice for g = 0, we obtain
¥1.1y(0,0)(—A'(0)) (—A’(o))T — 20} 5(0,0) (A’(o))T +(5,2)(0,0) — (1, (0,0) A”(0) = 00";

therefore,

A"(0) =

1 T T 21 _ p2
— 11,0, [E¢¢" — 2aE{T + aa'ET°] = B*.

The equalities (3.29) are proved. Since the functions D'(«) and A’(w) are mutually inverse,
relation (3.29) implies the equalities

D(a) =0, D'(a)=0, D"(a)= B2
The equalities (2.18) are proved.
Prove (2.17). Since
Iz(a) =ET,
it suffices to verify the equality

1
oBr(2m)4/2’

1

- 2 _|p2| _
with ¢° = |B |_|D”(a)|’

C(a) = (3.30)
The law of large numbers for the process Z(n) and Theorem 2.1 imply the existence of a sequence &,, > 0

tending to 0 slowly enough, for which

1= lim P(‘ZS’) —a| < sn> — C(a)Iz(a) lim S, (3.31)
where
1 —nD(a
Sim Y b,
2€7% |a—al|<en
Since it is obvious that, as g,,/n — oo,
" T " T d/2

lim ¥, = lim exp{—UD (@)u }du :/ exp{—UD (@)u }d’u = (2m) ,
n—o00 =00 Jiy|<en/n 2 ucRd 2 \/|D/’(a)‘
(3.31) implies (3.30). O
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