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Abstract: We obtain integro-local limit theorems in the phase space for compound renewal processes
under Cramér’s moment condition. These theorems apply in a domain analogous to Cramér’s zone of
deviations for random walks. It includes the zone of normal and moderately large deviations. Under
the same conditions we establish some integro-local theorems for finite-dimensional distributions of
compound renewal processes.
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1. Introduction

Consider an initial random vector ¢ = (71,(1) and a sequence ¢ = (7,(), & = (72,(2), & =
(73,(3), ..., independent of &1, of independent and identically distributed random nondegenerate vectors,
where 7 > 0 and 7 > 0. Let

n n
To=Z20=0, Toni=)» 7, Zn:i=Y» ¢ forn>1
j=1 j=1

Put
n(t) :==min{k > 0: T} > t}, v(t):=max{k>0:T; <t}

for t > 0. It is clear that
v(t) = n(t) — 1.
For ¢ > 0 we have the undershoot y(t) and overshoot x(t) at level t of the walk {T}},
() =t =Ty, x(t) :=Tyu) —t,
so that
Tty = Y(t) + x(1)-
The compound renewal process Z(t) is defined as
Z(t) = Zu(t) for ¢ 2 0 and Z(O) = ClI{‘Ij:O}‘
Along with Z(t) we study the process
Y(t) = Zn(t) = Z(t) + (n(t) for t > 0,

which we also call the compound renewal process. The trajectories of Z(t) and Y (¢) are right-continuous.
This article establishes integro-local limit theorems for Z(t) and Y (¢). In the domain of large deviations
they differ slightly.
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The standard generally accepted model of compound renewal processes assumes that the time 7;
and the size (7 of the first jump have a joint distribution different in general from the joint distribution
of (7,(); see [1, 2]. For example, this happens for compound renewal processes with stationary increments.
If (11,(1) =4 (7,¢) then the process Z(t) is called homogeneous, and otherwise inhomogeneous, so that
for 71 = 0 the process Z(t) is a homogeneous compound renewal process with the initial value Z(0) = (3.

If 74 =7 =1 then Z(t) for t = 0,1,2,... becomes the random walk generated by the sequence of
sums of independent random variables {(;}. The integro-local theorems for sums of random vectors can
be found in [3-6].

If (4 = ¢ =1 then Z(t) = v(t) becomes a simple renewal process. For these the distribution of Z(t)
coincides up to 1 with the distribution of the time 7(t) of the first crossing of level ¢ by the walk {7} }.
Since 7; > 0, it follows that

P(Z(t) >n) =P (t) >n)=P(n(t) >n)=P(T, <t), (1.1)
reducing the study of the distribution of Z(¢) and Y (¢) again to the distribution of sums of independent
and identically distributed random variables. This object is well understood in the domains of both
normal and large deviations, together with integro-local theorems; see [5, Chapter 9; 7, Chapter VIII| for
instance.

The integro-local theorems for Z(T') and Y (T') as T' — oo in the domain of normal deviations in the
case of independent nonlattice 7 and ¢ with finite second moments are established in [5], and in general
under certain additional conditions in [8].

Some rough analogs of integro-local theorems, the local large deviation principles for finite-dimensional
distributions, are established in [6,9)].

Assume henceforth, unless stated otherwise, that Cramér’s condition holds in the following form:

[Co] Ee?lé1l < 0o and Ee¥lél < oo for some v > 0.

Moreover, assume that the random vector ¢ = (7, () is nonlattice. To avoid repetition, we omit these
two conditions in our main statements.
Therefore, the principal object of our study is the sharp asymptotics for the integro-local probability

P(Z(T) € Alz)), P(Y(T) € Alz)), (1.2)

where A[x) is the half-open interval [z, z + A), while A = Ap — 0 sufficiently slowly as 7' — oo and
a = 7 lies in some compact set (closed interval) K to be specified below.

It is not difficult to see, as we illustrate in Corollary 3.1 and remarks on it, that the knowledge of
the asymptotics for (1.2) enables us to obtain integral limit theorems for compound renewal processes
without much effort.

The asymptotics for (1.2) is a very complicated object. Its study requires integro-local theorems for
the renewal measure corresponding to the sequence (7, ;). This enables us to obtain rather complete
results, while the approach based on the asymptotics for the renewal measure is apparently the only one
possible. No other approach to limit theorems is clear now, including integral theorems, for compound
renewal processes in the domain of large deviations.

The statements of our main results involve a series of functions whose meanings and properties we
should know to understand the nature of the laws established. Section 2 introduces the basic notation,
defines the required functions, and studies their properties. Section 3 presents the statements of the
main results and some comments. A considerable part of the proof of the main integro-local theorem for
the process Z(t) consists in proving an integro-local theorem for the renewal measure corresponding to
the random walk {(7},, Z,)} done in Section 4. Section 5 contains a proof of the main theorem and its
generalizations to the case that the distribution of the initial vector &; depends on T'. This generalization
is used in Section 6, which establishes an integro-local theorem for the process Y (¢) and integro-local
theorems for finite-dimensional distributions of compound renewal processes.
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2. Preliminaries

Below A, D, A, and p stand for functions of both one and two variables. In order to distinguish
between them easier, we highlight some functions of two variables using a semibold font. Put

(A, p) =B (N, p) o= BT,

AO\:M) = IHTP()H M)? Ay ()‘MU’) =1In '9/)1()‘7“)7 ()‘7 M) S RQ;
o ={(A\p) A p) <oo}, o ={(A\p):Ai(\p) < oo}

Clearly, in accordance with condition [Cyl, the interiors (/) and (@) of & and ./ contain the point
(A, ;) = (0,0) and are the domains of analyticity of A (A, u) and A;(A, p) respectively.

All vectors and matrices, when they are denoted by one symbol, are also highlighted by using a semi-
bold font.

Given a function F'(u,v) of two variables u and v, indicate with lower indices (1) and (2) the deriva-
tives with respect to the first and second arguments; for instance

P o
, . i —
Fipy(ug,v1) = %F(“ﬂh) S Fyy(u1,v1) = WF(U’M) .
52 o 0
" . 1! —
F(Q) (Ulavl) = @F(Ulyv) v:mv F(2,1)(u1’vl) o %%F(U,U) (u,v)=(u1,v1)

Denote by F/ = F/(u,v) and F” = F”(u, v) respectively the vector

F' =F'(u,v) = (F(})(u,v), Fy(u,v))
and the matrix

F" =F"(u,v) = || F ;) (w, ) [lij=1,2-
Denote by |F”| the determinant of F”.

2.1. The deviation function for ¢ = (7, () and some of its properties. We use the available
integro-local theorems for the sums

Spi=> & = (Tn, Zn);
j=1

for instance, see [6, §2.9] or Theorem 4.2 below. The deviation function

AB,a) = (s/\up){)ﬁ + poa— A\ p)} (2.1)
"

corresponding to the random vector ¢ = (7, () plays an important role. As the Legendre transform of
the lower-continuous convex function A (A, u), it is also convex and lower-continuous.

Along with the sets 27; and &7 we need the domain . of analyticity of A(6,«). This domain consists
of the points (0, ) for which the system of equations

{ Al(l)()‘nu') = 9,

ALy (i) — o (2.2)

for the coordinates of (A, 1) at which the upper bound in (2.1) is attained has a solution (A(0, ), u(0, &))
belonging to (&), so that £ = {A’(A\,u) : (A, u) € («7)}. Since the function A(\, p) is strictly convex
in (), this solution is always unique; see [10, Chapter 1] for instance. This means that the conditions

(0,a) € & and (A(0,),u(d,a)) € ()
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are equivalent. It is clear that the point (6,a) = (ar,a¢), with a; := E7 and a¢ := E(, lies in . and

(Mar, ac), u(ar, ac)) = (0,0) € ().
Suppose that (0, ) € Z. Then

A, a) = X(0,0)0 + p(0,a)a — A(X(O, @), u(8, @), (2.3)
Al(l)(ﬂ, a) =0, a) + A/(l)(ﬁ, a)f + ;/(1)(«9, a)a
—A'(l)()\(e, a), u(0, a)))\'(l)(e, a) — A’(Q) (A0, ), (0, a))ul(l)(ﬂ, a).
By (2.2), this yields

Ay (8, a) = A0, ). (2.4)
Similarly,
A,(2) (0,a) = pu(0, a), (2.5)
so that
N (8,0) 1= (A{y) (8, 0), Ay (6,.0)) = (A6, ), (6, ). (26)

If 7 and ¢ are independent then
A p) = AT + A9 (),

where

AT\ :i=lnEeN, A9 (4) = InEe".

Therefore, A’(l)()\, ) is independent of p and A’(Q)()\, ) is independent of A, so the domains (/) and £
are rectangular.

2.2. The deviation function for the renewal measure (second deviation function). Along
with the deviation function A(6, «), we need the second deviation function Dy (6, «) defined as

r>0 T T

D) (0, ) := inf rA (9, a) .

It arises naturally when we study the asymptotics for the renewal measure corresponding to the random
walk {7}, Z,} and is crucial in its description; see Theorem 4.1 below. The properties of the function
Dx(0, «) are thoroughly understood; see [6, §2.9; 11] for instance. It is convex, semiadditive, and linear
along each ray from 0. In order for D (6, ) to better fit the term the “rate function for the renewal
measure,” we slightly modify it by extending as lower semicontinuity to the boundary of the effective
domain

9= :={(0,a) : Dp(fa) < oo} (2.7)

of Dy; the deviation function in LDP is necessarily lower semicontinuous, while the function Dj in
general is not; see [6, §2.9] for instance. Denote this amended version by D(0, o).

The following is established in [6, §2.9]; see also [11,9]:

The function D(6, o) admits representation

D(#,a) = sup {M+pa}t= sup {N0+ pal, (2.8)
(Ap)€ar =0 (A,p) €027 =0

where /<0 := {(\,n) : A(\,p) < 0} and OB is the boundary of B.
Representation (2.8) enables us to find another very important characterization of D(6, ). Observe
beforehand that, due to the positive homogeneity of D,

D(6,a) = 6D (1, %) (2.9)
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for § > 0, and therefore the function D(6, ) of two variables is completely determined by the values of
the function
D(a) :=D(1,a) (2.10)

of one variable. The function D(«) turns out the deviation function for a compound renewal process.
It is in terms of D(«) that we state the main results of this article. By (2.8),

D(a) = sup {pa+ A} (2.11)
(Ap) €07 =0

Observe first of all that since Er > 0, A(0,0) = 0, and A’(l)(O, 0) > 0, the set <7< was always nonempty
interior. To describe the boundary 0.27<°, consider the level i section a7, of o,
oy = {1 A\, p) < oo},
and put
pti=sup{u: o, £ 2}, o o=inf{u: o, # o}
Denote by .# the set of values of p with A (A, 1) < oo for some A:

(75 p") C = {p: min A(\, p) < 00} C 7, "],

If 4 € A then the function A (), ) increases strictly with A from —oo to oo and therefore the values
A(p) :=inf{A: A(=\, p) <0} = —sup{A: A\, p) <0} > —o0, 519
A% (p) :==inf{\: A(=\,p) < oo} = —sup{\: A(\,p) < 00} > —c0 (2.12)

are defined. Obviously,
(_A(M)a :u) € 8‘Q{§07 (_AOO(:U’)MM) € 652%,

so the curve A = —A(u) in R? is a parametrization of 0.&7=<° while A\ = —A°(u) is a parametrization
of the boundary of & for p € 4. If for p € R there is no A with A(\, u) < oo then put A(u) = oo
and A*®(u) = oo. This way we extend the function A(u) to the whole axis; furthermore, A(u) = oo
for u ¢ .# (note that u* are discontinuity points, and the values A(u™) can be finite), while we can
express (2.11) as

D(a) = sup{pa — A(u)}- (2.13)
n
This means that D(«) is the Legendre transform of A(u).

2.3. The basic function A(p) and its properties. Connection with the deviation func-
tion D(a) for GRP. The function A(u) defined in (2.12) will play a key role below. We call it the
basic function for the compound renewal processes. Let us present its main properties.

Lemma 2.1. The function A(u) is lower-continuous and convex (inside the effective domain), pre-
senting the Legendre transform of the deviation function D(«):

Ap) = sup{pa = D(a)}. (2.14)

PRrROOF. Observe beforehand that we always have
A(—A(p), ) <0 provided that A(u) < co. (2.15)

Indeed, the definition in (2.12) implies that in the case A(u) < oo there exists a sequence A\, < —A(u)
with A, — —A(u) as n — oo and A\, 1) < 0; ie., (Mg, 1) € (=0). But A(\, p) is lower-continuous
inside the effective domain. Therefore,

0= A(An, 1) = A(=A(p),n) asn — oo,
justifying (2.15).
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Let us establish the convexity of A(u), meaning that

A(ppa + que) < pA(pa) + qA(p2) (2.16)

for all p1,pu2 € R as well as p > 0 and ¢ > 0 with p+ ¢ = 1. If A(u1) = oo or A(p2) = oo then (2.16) is
satisfied. If A(u1) < oo and A(uz) < oo then (2.15) yields

A(=AQu), i) 0, A(=Aps), u2) < 0.

Since A (A, p) is a convex function, we have

A(—pA(p1) — qA(p2), pp1 + qu2) < pA(=A(p1), 1) + gA(=A(p2), p2) < 0. (2.17)

Since the left-hand side of (2.17) is nonpositive, by (2.12) the value of the first argument of A(-,-) on the
left-hand side of (2.17) is at most the value of —A(-) of the second argument of A(-,-); i.e.,

—pA(pm) — qA(p2) < —A(pp1 + qua).

This justifies (2.16).
Let us establish now that the function A(u) is lower-continuous. For the convex function A(u) it
suffices to verify lower continuity only at the discontinuity points pu*. Put

Ay “lgll}r A(p).

If A, = oo then the convexity of A(u) yields A(u™) = co = A;. Assume now that A, < co. Since the
function A (), i) defining 7=° is convex and lower-continuous, it follows that &7<? is convex and closed.
Consequently, the horizontal ray L, := {(A, ut) : A < —A,} lies in &=, By (2.12), L, is a part of the
boundary 0.¢7<0 of 7<%, This implies that A(u*) = A, meaning the lower continuity of A(u) at the
right discontinuity point u*. The lower continuity of A(u) at the left discontinuity point = is verified
similarly.

Since A(u) and D(«) are lower-continuous convex functions, from (2.13) we infer (2.14); for instance,
see [12, §12]. The proof of Lemma 2.1 is complete. [

The function A(u) possesses many other properties of the logarithm of the Laplace transform of some
distribution: A(0) = 0 and A(u) — oo as |u| — oo if the random variable ¢ has distinct values (so that
D(0) = sup{—A(p)} < 00), and for a homogeneous compound renewal process Z(t) we have

Z(T)

—A=% < E 2.18
0= 4(0) = % ~ 820, (2.18)
1 Z(T

o?:= A"(0) = —E(¢ —ar)? ~ DEI’) as T — oo. (2.19)
ar
Moreover,
1
A(p) ~ T InEe*?™)  as T — oo (2.20)

under weak assumptions. The listed properties (2.18)-(2.20) of A(x) remain valid in the inhomogeneous
case under the conditions of “admissible inhomogeneity.” These properties are obtained in [13] from the
representations (2.12) and (2.13) together with the limit relations established, for instance, in [5].

Thus, as regards the compound renewal process Z(t) the basic function A(u) plays the same role
as the logarithm of the Laplace transform of the distribution of a random variable does with respect
to the corresponding random walk; for random walks (2.18)—(2.20) hold as exact equalities rather than
asymptotically.

It is obvious that we always have A*°(u) < A(u). Since (0,0) € (&) with A(0,0) = 0 and A(0) = 0,
it follows that A>(u) < A(p) in a neighborhood of the point © = 0. Take the maximal interval (u_, py)
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containing the point u = 0 such that A®°(u) < A(p) for all u € (u—, pu4). In the domain p € (pu—, py)
we have that (—A(p), n) € (&) and A = A(p) is a unique solution to the equation

A(=\, p) =0. (2.21)

Therefore, by the Implicit Function Theorem the solution A = A(u) is an analytic function of u. Refer
to (u—, py) as the main domain of analyticity of the function A(u).

The principal difference between the basic function A(u) and the logarithm of the Laplace transform
is that the values p4 and p® need not coincide and in the domain (u4, ™) the function A(u) can be
finite but not analytic. If on the boundary 0.7 the value of A(\, ) for p € (u+,u™) oscillates near 0,
then A(p) and A% (p) may coincide on some closed intervals in (y, u*) and differ on some open intervals.
On the interval with A(p) > A% (u) the function A(u) is once again analytic, but outside these intervals
it is not in general.

Furthermore, take a point p(«) at which the supremum in (2.13) is attained. If A(u) is differentiable
at p(a) then the value of u(a) is a solution to the equation

Al(p) = a. (2.22)
Since A’(u) is monotone increasing, this equation has a unique solution
u(a) = (A) D (a), (2.23)

which is the inverse function of A’(ux). Put ay := A’(usx F0). Then p(a) is obviously analytic in the
domain (a_,ay). Moreover, [13] established the relation p(a) = D'(«), hence
(63
D(a) = ap(a) - Alu(a)) = [ ulv)dos (2.24)
a

this implies that D(«) is also analytic in (a—, a4 ).
By the argument above, we infer from (2.9) and (2.10) that D(6, «) is finite, see (2.7), in the cone

P> = {(9,04) : D (%) < OO}
and analytic in the cone
9 = {(o,a) : % € (a_,a+)}. (2.25)
Putting
Aa) = —A(u(a)), (2:26)
we deduce from (2.21) and (2.24) that
D(a) = Ma) +ap(a), A(@),w(@) =0,  (Aa), u(@)) € () (2.27)

for a € (a_,ay); i.e., as a € (a_, o) grows, the point (A(a), () moves toward the boundary 9.7 <9
passing through the point (0,0) when o = a. The pair (A(a),u(a)), like (—A(n), ), determines
a parametrization of the boundary of .&7<0.

By (2.9) and (2.24), for (0, ) € Z we have

Diy0:) =D () = 50 (5) =5 (5) ~4 (e () - 5+ (5)
=-4(n(z)) =2 (5): (2:29)
(2(0,0) =D (%) = p (%) : (2.29)

The resulting relations are analogs of (2.4) and (2.5).
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Since we study the asymptotics for the probability (1.2) in the domain of normalized deviations

a=2 e (a—, ay), (2.30)
T
it is natural to call the latter Cramér’s domain by analogy with the domains of analyticity arising in
the classical limit theorems for random walks. However, in contrast to those classical theorems, it is not
always possible to obtain asymptotics for (1.2) in the whole domain (2.30). In some cases the domain
must be restricted. If

Ay = sup{) : AT ()) < 00} > D(0)

then the restrictions are not necessary. Consider the case Ay < D(0). In order to describe the required
restriction, we need the properties of A(«) (see the definition in (2.26)) which by (2.27) and (2.28) satisfies

Ma) = D(a) — ap(a) = D'(l)(H, @) (2.31)

o=1"
Lemma 2.2. (i) The function A\(«) reaches its maximal value at o = 0, with A\(0) = D(0). It in-
creases, not always strictly, for o < 0 and decreases for a > 0, with A(a) = 0.
(ii) Take A+ < D(0) and the maximal closed interval [3_, (3;] on which A(a)) > A, so that

Ma) <Ay fora & [B-,B4], 0 € [B-,B4].

If a > 0 then B4 € [0,a). A similar claim holds in the case a < 0.

PROOF. The first claim follows from Lemma 2.1 of [13]. The second claim follows because A(«) is
decreasing on (0, 00) and

A0) = D(0) > Ay, A(a) = —A(0) =0 < Ay

The cases a < 0 are similar. O

For Ay > D(0) the set [B_, (4] is empty. For Ay < D(0) the closed interval [3_, 3] is forbidden
in the study of the normalized deviations « of the process Z(¢). In this domain the influence of the
large horizontal jump 7, is too large, violating the regularity of the behavior of distributions under
study. It is not difficult to see that if [3_, 54] C [a—, a4] then (6_, B4+) is the maximal interval on which
A(a) > Ay and D(@) < D(w), and that in the case A = D(0) the closed interval [3_, ;] degenerates to
the point _ = 4 = 0.

As [6, §4.10; 9] show, in general, meaning without the condition A\, > D(0), the function

D(a) := Ogtl;{D(t, a)+ A (1-1t)}
is the deviation function for the compound renewal process Z(t). Lemma 2.2 and (2.31) imply that
D(a) < D(a) for a € (B, B4) and D(a) = D(a) for a & (B_,3.). Therefore, the interval (8_, 34 )
coincides with the domain on which D(a) < D(a).

Recall that the condition Ay > D(0) is rather weak. It is met whenever at least one of the following
holds:

(1) 7 and ¢ are independent;

(2) E¢ = 0;

(3) 7 or ( satisfies condition [Cy) for all v > 0.

We can expand condition 1 on the independence of 7 and ¢ to the condition that the domain .7 <°
is embedded into the half-plane {\ < A} }:

A0 CIN< ALY (2.32)
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for 7 and ¢ independent we have
A=V C o C{A< AN} x{p- <p<pryC{A< AL,
and (2.32) is satisfied. Indeed, (2.11) and (2.32) yield

D(0)= sup A
(A p)€er =0
By (2.32) this means that D(0) < A;.
It is not difficult to see that (2.32) is satisfied whenever ¢ = w+¢(7,w), where 7 and w are independent

and |g(t,y)| = o(t +[yl) as t + [y| — oco.
We can note also that D(0) = Ay for independent 7 and ¢ in the case

P(>0)=1 or P((<0)=1. (2.33)
Indeed, in this case
D(0) = sup{A : AD(N) + A€ () < 0}. (2.34)
In other words, for p arbitrary we have
AT(D(0) 4 0) + A (1) > 0 (2.35)

and for € > 0 arbitrary there is p such that A (D(0) — &) + A (1) < 0. Since inf A©) () = —o0 in the
case (2.33), it follows that D(0) = A4 is the unique value of D(0) satisfying (2.34) and (2.35).

The condition A+ < D(0) is related to the strong dependence between 7 and ¢ in the domain of large
deviations; see [9].

2.4. Examples.

ExaMPLE 2.1. Suppose that ( = ¢7 + w, where 7 and w are independent. Then with natural
notational conventions we have

A\ p) = nEeN T = In BN — AD (X 4 cp) + AW (p). (2.36)
Therefore, the interior of the effective domain &7 of A(\, u) is of the form
() = {0 m) : A ep < A, p < < Y,
where (,u(_w), uf)) is the effective domain of the (analytic) function A“)(p).
Since A(™)()) is monotone increasing, we have the inverse (generalized) function
(AT)D () = sup{r: AT (A) < w}.

It is clear that
(AHED @) =Xy for v > AD(AL). (2.37)

According to (2.12) and (2.36),
A(p) = —sup{d: A(\, 1) <0} = —sup{X : AT\ 4 cp) < —A@) ()}
—(—cp+ (AD) D (=A@ () = e — (AD) D (=A@ (1)), (2.38)
If P(r >t) =e ! then
AT\ = —In(1—2), (ADNED@)=1—¢e7?,
A(p) = cp+ A0 -1,
D(0) = sup{~A(u)} = 1+ supl—cys — ("0 — 1))
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This means that D(0) is the Legendre transform at —c of the convex function A ) 1. 1f Pw>0)>0
and P(w < 0) > 0 then A®)(u) — 0o as |u| — oo, and consequently D(0) — oo as |¢| — oo. Therefore,
by choosing ¢ we can always satisfy the inequality Ay < D(0), so the forbidden set [5_, 3] is nonempty
for sufficiently large |c|.

Returning to (2.38), take p € (,tL(_w),,quu)) and v = —A@W () < AD()\;). For this p the func-
tion (A(M)(=D(v) becomes the ordinary inverse function to A7 (X), i.e., AT (AT (v)) = v, while
(AYED(— AW (1)) is an analytic function of .

But if —A®@ (1) > A (\L), which is possible for Ew # 0 and |,ugf)| > 0 because min, A“)(u) < 0
in this case, then for ;1 we have A(u) = cu — Ay = A>®(p); see (2.37) and (2.38). For instance, if Ew < 0
then min,~q A“)(u) < 0 and

u—zu*:u(_w), u+<u+=u3‘_"), pt > 0.

If c=0and 7 =1 then A ()\) =\, A; = o0, and A(p) = A@ (u) = A ().
In the important particular case that 7 and ¢ are independent (¢ = 0) we have the following statement,
see Theorem 2.1 of [13]; we practically proved it while considering Example 2.1.

Lemma 2.3. If 7 and ¢ are independent then
(i)
pm = p =it A () < oo}, pt = pl = sup{u: AO () < oo},

A% (u) = =y forpe (=, pu’);

Ay > D(0);

—inf A (1) < AD(Ay),
o

which is always so for E¢ = 0, then A > D(0), the interval (u~, u") = (u—, p) is the main domain of
analyticity of A(u), and A(u) = —(A™)ED(—AQ ().
If
~inf AQ () > AD()
I

then the solutions p'_ < p/, are defined to the equation A©)(u) = —A)(\,). For E¢ > 0 we have

py <0, po =gy, pr=pt, A(p) =A%) forpe [ul,ul].
For E¢ < 0 we have

pe >0, po=p, pp=pl, Ap)=A%(u) forpe [pl,p ]

There are few examples in which we can find D(6, o) and A(u) explicitly. Let us present one of them.

EXAMPLE 2.2. Suppose that 7 and ¢ are independent and I'-distributed with parameters (Ay,7)
and (u4,7y) respectively. Let us indicate the dependence of the characteristics in question on 7 with the
upper left index +, so that in our case

AN, p) = —y1n (1 - i) —4In <1 - /Z) (2.39)
" Al p):="A0\p) = —In (1 - Q) <1 - /Z) :
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and put
A0, a) :='A(0,a), Du(6,a):="'Dx(b,0).

Then
TA(N 1) = YA\, 1),

A0, ) = sup{A0 + poe — YA (A, )} = A <97 a) :
(An) L

"Dp(0, ) = inf ryA (6, a
>0 ry’ ry

) =D, (4, ), (2.40)

i.e., YDy (6, ) is independent of ~.

REMARK 2.1. This circumstance corresponds to the property that the second deviation function
D(0, o) is invariant under enlargement of jumps. By the latter we understand the consideration of the
jumps % =, S, for fixed k instead of ¢&. Then it is natural to expect that the number of hits of the
enlarged random walk {kSn}, forn =0,1,..., in the receding set T'B is about k times less than for the
original walk {S,}. This means that the corresponding renewal measure *H satisfies

*H(TB) ~ %H(TB).

This in turn means that the asymptotics for In*H(TB) and In H(T B) are the same. This elucidates the
invariance of D(6, «) with respect to enlargement.

However, if we mean by enlargement the change of ¢ into (P¢ := b¢, which is a change of scale, then
with obvious notational conventions we have

OAN, 1) = AN, bp), OA@0,a) = (SAup){AG +pa— A(bA, bp)} = A (i Z) :
M

0 « 1 0 o
ODy(0,0) = infrA | —, — ) = “Da(f,) =Dy ( -, — | .
allhe) = Ibrh 05,05 ) = pPall: ) =Da( 3.5
Let us return to Example 2.2. The relation (2.40) means that, in order to find "D (6, a) = D(0, a), it

suffices to consider the case that v = 1, i.e., 7 and ( are exponentially distributed, while Z(t) is a Poisson
renewal process. In this case

AB,a) = AD0) + AD(Q) = A0+ pra — 2 — Inbady g,
Da(d, ) = A0+ pra+ ir;%r[Q Inr —2—Infar;py].
Differentiating with respect to r the function under the infimum, we obtain the equation
2lnr —2 —Infar puyr +2=0
for the point
r(0,0) = /0oy
at which the infimum is attained. This implies that
D(6,a) =Dp(f,0) = A1 0+ pra — 2¢/0ad py (2.41)

for 6 and « positive. But if we consider the boundary of the positive quadrant then, for instance, for
6 = 0 we have A(0,a) = co and D (0, ) = co. Similarly, DA (#,0) = co. The function D(6, o) removes
this discontinuity and D(6, a) equals the right-hand side of (2.41) for all § > 0 and « > 0. In particular,

D(a) =D(1,a) = pra = 2/ adipy + Ay, (2.42)

D(O)= Ay, plo) = D'(0) = puy — 1/ L (2.43)
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Furthermore, the basic function YA (u) is a solution to the equation YA (=, u) = 0 or, which is the same,
see (2.39), to
A
(2)62)
At M-
and is also independent of 7,

A = A = 2 \(@) = ~Alue) = A = vk (2.44)

We can show that (2.42)—(2.44) imply the equality D(a) = A(a) + p(a)a, and the fact that A(u) is the
Legendre transform of D(«).

3. The Main Statements

3.1. Integro-local theorem for the process Z(t). Along with the moment and structure
conditions of the beginning of Section 1, we assume that the normalized deviation o = % belongs to some
compact set

K C(a—,ay)\ [, B+], (3.1)

which is a closed interval including a neighborhood of the point a = a. Consider the compact set
i = {(A(@),u(a)) : &’ € K},

which is an analytic segment of the curve 0.7=° in R? including the intersection of a neighborhood
of (0,0) with d.7=C. Put ((t) := () and

w = [w1’w2)7 B(U,U,W) = {’Y(T) > U, X(T) >, C(T) € W},

hoping that the use of @k next to @ = {(\, 1) : A1 (A, p) < oo} is not confusing because, in contrast
to 1, the symbol K stands for a set.

In the subsequent propositions we emphasize the two most important particular cases: The pro-
cesses Z and Y either are homogeneous or have stationary increment. Denote the latter by Z(%) and Y ().
It is known, see [9, § 3] for instance, that if (71, ;) has the Laplace transform

'L/}()" :u) — ¢(Oa “)

arA ’

then Z(t) is a compound renewal process with stationary increment; for it the distribution (x(¢),¢(t)) is
independent of ¢, as well as the distribution of the increment Z(t + u) — Z(t),

) = {(\ ) p) <ol = N o, 7O = {p:pO(p) < oo}

P1(\, p) = PEI (N p) = (3.2)

Theorem 3.1. Suppose that a € K and the admissible inhomogeneity condition
i C () (3.3)

is satisfied. Then the following hold:
(i) For some € > 0

P(Z(T) € A[l’), B(U,U,W)) = I{xE(—A,O}}P(Tl > T+ v, C € W)
—i—\/AT%C(a)eTD(”)IZ(a, u,v,w)(l+o0(1)) + O(e*T(D(O‘)“)) (3.4)
as T — oo, where 91 = ¢¥1(AN«), u(a)) and

Iz(a,u,v,w) : /A(a)yPT>y+v Cew)dy, C(a):=C(1,a),
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while C(0,«) is a positive continuous function on the cone 7 defined in (4.5), A = Ar tends to 0
sufficiently slowly as T — oo, the remainders o(1) and O(-) are uniform in o € K, u < ug, and all v > 0
and w; here ug < oo is an arbitrary constant.

(ii) If Z(t) is a homogeneous compound renewal process then the first term on the right-hand side
of (3.4) may be omitted (treated as remainder).

(iil) Suppose that Z(t) = Z*Y)(t) is a process with stationary increment and the condition

M = {p(e) o' € K} € (1, u) (3.5)

is met. Then 7, = o/ *!) satisfies the admissible inhomogeneity condition (3.3) and the first term on the
right-hand side of (3.4) may be omitted.
Condition (3.5) is met whenever the domain (<) is rectangular:

(@) = (A <Aq) x (p— < p < pig), (3.6)
as in the case of 7 and ( independent.
REMARK 3.1. It is clear that if

P(rn>T+wv, (LeEwW)=0 (\%eTD(OUZ(o, 0,v,w)> as T — oo (3.7)

for arbitrary v and w then we may omit the first term on the right-hand side of (3.4).

If

1
P(n>T)=o0 (\/Te_TD(O)> as T — oo (3.8)

then (3.7) is satisfied with v = 0 and w = R. For the fulfillment of (3.8), it is sufficient to require that
2™ > D(0). (3.9)
Then the first term on the right-hand side of (3.4) is absorbed into the remainder O(e~7(P(@)+e)),
REMARK 3.2. Integrating Iz(«,0,0,R) by parts yields

PO\ (a) ~ 1

o) ., where (D () := B, (3.10)

IZ(OZ, Oa 05 R) =

From (3.10) and (3.2) we infer that
I7(a,0,0,R) = a, Y (A(a),0). (3.11)

If Z(t) is a compound renewal process with stationary increment, ¥1(\, ) = ¥ (X, 1), and the
domain (.¢7) is rectangular (see (2.32)) then for the set /(*Y) we have

(7 ) = (A< A} x (u < p <y} = ().
Since o7 C () = (&/*Y)), the admissible inhomogeneity condition (3.3) in this case is always satisfied.

REMARK 3.3. The form of the integral I7(«,0,0,R) to some extent elucidates the necessity of the
presence of the forbidden set [6_, 3] in (3.1): for a € (8-, 84+) or, which is the same, for A\(a) > A4
the integral Iz(«,0,0,R) diverges and the asymptotics for P(Z(T') € A[z)) is different; cf. Theorem 1.1
of [9]. The presence of the factor 11 (A(a), () on the right-hand side of (3.4) elucidates the necessity
of the admissible inhomogeneity condition (3.3).

Finally, in the example of integro-local theorems for random walks (see [5, Chapter 9] for instance)
it is clear that outside Cramér’s domain (a—_, a4 ) the asymptotics for P(Z(T') € A[z)) is different. The
above means that the hypotheses of Theorem 3.1 are nearly minimal.

REMARK 3.4. Henceforth we bear in mind that the choice of the compact set K C R to be as large
as possible to satisfy the admissible inhomogeneity condition (3.3), and if («7) C (&) then (3.3) ceases to
be restrictive. Since o7 always includes a neighborhood of zero, while a € (a_, a4 ) and a & [B—, B+], we
always assume that the compact set K includes a neighborhood of the point a, while the compact set @7k
includes the intersection of the curve {(A(a), u(a)) : @ € R} with a neighborhood of the point (0,0).
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Corollary 3.1. Under the hypotheses of Theorem 3.1, if A is fixed then for some £ > 0 we have

P(Z(T) € Alx); B(u,v,w))

— (@A
= 1(6)\/:7%0(04)«3”(“)12(04, u,v,w)(1+ o(1)) + O(e T P(@)F)), (3.12)
wla

where the remainder is uniform in a € K, u < ug, v, and w.
Furthermore, if « — a and A > Ay > 0 so that |« —a|A — 0 as T — oo then we can replace the

factor =M ih AL

()
PrOOF OF COROLLARY 3.1. Fix A > 0. Let N — oo sufficiently slowly as T' — oo and put
A
Ay = N, rp=x+ kAN, k=0,1,...,N —1; AN[ack):[:L'k,xk—i—AN)

Then for oy := a + ]“ATN we have

TD(og) =TD(a) + EAnp(e) + O ((kATN)2>

as T — oo. Since

N-—1
A[m) = U AN[.Tk) as AN —0
k=0
and
N-1 i | e hle)a
Aye-TP@r) — ~TD(@) / (O dy(1 + o(1)) = ¢~ TP() o)

Theorem 3.1 implies that for the left-hand side of (3.12), equal to

N-1
P(Z(T) € An[zk), B(u,v,w)),
k=0

we have (3.12).

The second claim of the corollary is obvious because p(a)A and (o — a)A are of the same order
as a — a. The proof of Corollary 3.1 is complete. [

Similarly, Theorem 3.1 and the large deviation principle for Z(7T') imply integro-local limit theorems
for arbitrary A, including integral theorems. For instance, for a@ > ag > a we have u(a) > po > 0, and
the claim in (3.12) remains valid for A arbitrary; in particular, we can put A = oo.

3.2. Integro-local theorem for Y (t). The analog of Theorem 3.1 for Y (¢) has a somewhat
different form. Put
B(u,v) := {y(T) 2 u, x(T) = v} = B(u,v,R),

o0
Iy (o, u,v) :== /eA(“)yE(e“(a)C; T>y+v)dy,
M(_C) ‘= inf{y : BetS < oo}, ,uEE) .= sup{p : Ee** < oo}.

Below in Theorem 3.2, as in Theorem 3.1, we consider the normalized deviation o = € K,

x
T
where K C (a—,a4) \ [B—, B+] is an arbitrary fixed compact set containing the point a; see (3.1).
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Theorem 3.2. Suppose that o € K and condition (3.5) is met. Then the following hold:
(i) If M) # 0 then
1 —¢©(u(a))

Iy (a,0,0) = o

< 00, (3.13)
where ¥(© (1) := (0, p); cf. (3.10).
If N(o) = 0 then
Iy(a,0,0) = wzl)(O,u(a)) <oo (=E7ifa=a). (3.14)

(ii) Suppose that the admissible inhomogeneity condition (3.3) is met. Then for arbitrary fixed A > 0
we have

P(Y(T) € Alz); B(u,v)) = Pi(v,Alz))

+&¢1C(a)e—ma> [Iy (a,u,v) +o(1)] as T — oo, (3.15)
p(e)VT

where

Pi(v,Alz)) :=P(nn > T +v, (1 € Alzx)),

while the remainder o(1) is uniform in o € K, v > 0, and u < ug.

(iii) If the process Y (t) is homogeneous then (3.15) holds, and we may omit the term P;(v, A[z)) on
the right-hand side of (3.15).

(iv) If Y(t) = Y09(t) is a process with stationary increment then the admissible inhomogeneity
condition (<7x) C (o/*Y)) and (3.15) are satisfied, where we may omit the term Py (v, A[z)).

er(@)A_q

It is clear that if A = A — 0 sufficiently slowly as T' — oo then we can replace the factor ()

in (3.15) with A. Remarks 3.3 and 3.4 to Theorem 3.1 fully apply here.
As we already noted in Theorem 3.1, condition (3.5) is satisfied for rectangular domains 7; see (3.6).

REMARK 3.5. It is clear from (3.15) that in order to neglect the term P; (v, Alz)) in (3.15) in general,
we should impose the relation

e—TD(a)
vT

Thus, in order for the initial jump (71, 1) to have no effect on the asymptotics in integro-local theo-
rems for compound renewal processes Z(t) and Y (¢), in addition to the main admissible inhomogeneity
condition (3.3), we must also impose conditions (3.7) and (3.16) in Theorems 3.1 and 3.2 respectively.

For (3.16) to hold, it suffices that

P(ri>T, G €Alz))=o0 < > as T — oo. (3.16)

AM(T,aT) > A(T,aT) +o(T) asT — oo, (3.17)

where A1 (T, aT) is the deviation function corresponding to (71, (1); in the homogeneous case this condition
is always satisfied.

Indeed, suppose for simplicity that the rectangle [T, 00) x A[z) is tangent to the level surface of the
deviation function A; at (7', z). Then

P(r > T, ¢ € Alz)) < e~ MTaT), (3.18)
Lemma 4.1 justified below implies that for some £ > 0 and all sufficiently large 7" we have
1
TA(T’ aT) > D(1,a) + e = D(a) +¢;
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hence, (3.17) implies that
Ay(T,aT) > AT, aT) +o(T) > TD(a) + €T + o(T) > TD(a) + %T

as T'— oo. Combined with (3.18), this yields (3.16).
Another condition,
(0, () € (¢4) forall o € K,
sufficient for the fulfillment of (3.16), is presented in Lemma 6.1.
REMARK 3.6. Observe that
P(Ma), u(e)) = (0, u(e))
Ae)

Iy (,0,0) = = a9 (M), p(a))

by analogy with (3.11).
For compound renewal processes with stationary increment and for rectangular domains (&) the
admissible inhomogeneity condition (3.3) is always satisfied.

3.3. Integro-local theorem for finite-dimensional distributions of Z(t). If the conditions
Ay > D(0), pr=p*, A(uxTF0)= oo (3.19)

are met then the forbidden set [31,[4] is empty, ayr = +00, and so we can take as K the compact set
[-N, N] with N > 0 arbitrary. Assume that N at least ensures that a € K and (0,0) € o/x. As we
already noted, A\(a) < A\; for aw € K. Therefore, for each K there exists dx > 0 with

Ma) < Ay —dg fora€e K.

We need the following condition:
[Px| There exist a distribution P in R? and a constant ¢ < co such that

e tP(r > t+u, Cew|T>t) <cP((v,00), W) (3.20)

for allv > 0, w, and all sufficiently large t. Furthermore,

~

Y\ p) <oo  for (A p) € x, (3.21)

where 1//; s the Laplace transform of P.

If 7 and ¢ are independent then it is not difficult to verify that condition [f’ K| is met whenever 7
satisfies the large deviation principle:

InP(r >t) > —A(t) + o(t) (3.22)

or
InP(7>1t) ~ =Xyt as t — oo,

which is the same for Ay < oo.
Indeed, the fulfillment of (3.22) yields

e KIP(r >t +0)/P(r > t) < exp{—0xt — AT (t +v) + AT (t) + o(¢)}. (3.23)

Since

A4+ 0) = AD @) > AP @), AND(@) := (ADY (@) - A4 ast — oo,

it follows that for A\, < oo, arbitrary ¢ > 0, and all sufficiently large ¢ the left-hand side of (3.23) is at
most exp{—(Ay —e)v}. Therefore, if we put

P((v,00), w) = e"MP(C € w)
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then for sufficiently small € > 0 the compact set @k is embedded into the domain of convergence
of ¥(A, u), and (3.21) is satisfied. For A\, = oo the argument is even simpler.

Along with Theorem 3.1, we have the following integro-local theorem for the finite-dimensional
distributions of the process Z(t). Given some tuples

O=w<un<---<uy=1, ai,...,apy, ay=0
of numbers, put
o0
a; — Q-1 .
Y= Q: J= ]-7"'7M7 IZ(V) = IZ("V’OaOaR) = /eA(’Y)yP(T > y) dya
Uj—Uj_l ;

where the function Iz(-,-,-,-) is taken from Theorem 3.1. Suppose further that P,((v,00),w) is the

measure
o}

P, ((v,00),w) := /EA(’Y)yP(T >y+wv, (€w)dy
0

and () (\, 1) is the Laplace transform of P,:

PO\ p) =

o)

/ ATEEP (dv, dz).
—0o0

The value of vy is undefined, and it is convenient to put

YOO (A, ) : // VTHEP (1) € du, () € d2).
0 —o0

With this notation, the following theorem holds.

Theorem 3.3. Assume condition (3.19), condition [f’K], the admissible inhomogeneity condition
i C (), and condition (3.7) if ay = 0. Then for x, = aT we have

M
P( ){2u) € i)
k=1
AM
- TM/2

o~ TI(f H 1/}(7] ! ( (v ) H(’YJ))C(’Yj)IZ(’Yj)(l+0(1))a (3.24)
i Uj — Uj—1

where f = f(t), for 0 <t <1, is a continuous broken line with nodes at the points (u;, a;) for 0 < j < M,

while .
- / D(f!(t)) dt
0

and A = Ap — 0 sufficiently slowly as T — oco. The remainder o(1) in (3.24) is uniform in (vy1,...,vm) €
KM = Hﬁﬂh’j‘ < N} for N > 0 arbitrary.

Along with condition [f’ K] we can point out another condition, possibly simpler and more lucid,
which also guarantees the fulfillment of an integro-local theorem for finite-dimensional distributions of
the process Z(t).
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[h] There exists a function h(v) = o(v) as v — oo such that for alle > 0 and A < Ay — € we have
/eAtP(T >t, Cew)dt < eMTMIP(r >0, Cew).

v

For the fulfillment of this condition it suffices that there exist ¢y and ¢ < 1, depending on )\, such
that the measure

p(dt,w) := e()‘+_5)tP(T >t, (ew)dt
has the property
for all w and all sufficiently large t. Then obviously

o

t
/e’\tP(T >t (ew)dt < 1706)‘1]13(7' >0, €W).
—4q

v
If 7 and ¢ are independent then condition [h] is satisfied as soon as it is for w = R.

Theorem 3.4. Assume the hypotheses of Theorem 3.3 with condition [P k| replaced by condition [h].
Then (3.24) is preserved.

From (3.24) we see that even on assuming (3.19), [13 k|, and [h] the increments of the process Z(t) on
large intervals are not asymptotically independent in the domain of large deviations in the sense of the
integro-local theorem. (For random walks this independence holds.) This is clear because of the presence
of the factors w(“ﬁ—l)()\('yj), (7)) depending on two adjacent normalized increments ;_; and «;. In the
domain of normal and moderately large deviations this dependence disappears.

3.4. Normal and moderately large deviations. If

T
Oé:T—>CL as T — oo

then (A(a), u(a)) — (0,0) as T' — oo,
P1(l(), pla)) = 1, (3.25)

oo
Iz(avuo,w) = [Pz y+o, cew)dy,
u

Iy (o, u,v) — /P(T >y+v)dy =ETP(x > u+v), (3.26)

where y is the magnitude of the overshoot of the walk {7},} across the infinitely distant barrier.
Furthermore, since the function D(«) is analytic on the interval («_, oy ) containing the point o = a,
we have

_(acha)2
e~ TD(@) _ ~ Gz (o) o 0,

where o2 is defined in (2.19). Finally, in this case the admissible inhomogeneity conditions in Theorems 3.1
and 3.2 are satisfied. All that enables us to state the integro-local theorem in the domain of normal and
moderately large deviations in the following form:
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Corollary 3.2. Suppose that « = 7 — a as T — oo. Then

C(a) ~ C(a) as T — oo, (3.27)

1
- EroV2r
and for every fixed A > 0 and some € > 0 the following hold.

@

P(Z(T) € Alz); B(u,v,R)) = e TP@P(x > u+v)(1+0(1)) + 0(e™T9), (3.28)

VorTo

where the remainders o(1) and O(e~1¢) are uniform in v < ug and v > 0.

TD(x)

Ify:=o—al = O(T%) as T' — oo then we can replace the factor e~ on the right-hand side
2

Yy

of (3.28) with ¢ o2 .

(I1)
A

2nTo
where the remainder o(1) is uniform in v < ug and v > 0.

PROOF OF COROLLARY 3.2. (I). In view of Corollary 3.1, as well as (3.25) and (3.26), Theorem 3.1
implies that

P(Y(T) € Alz); B(u,v)) = e TPE(P(x > u+v) 4 o(1)), (3.29)

P(Z(T) € Alz); B(u,v,R)) = Lze—aopP(m > T +v)
A
+——e TPEOC(@)ErP(x > u+v)(1 + 0(1)) + O(eT*) (3.30)
VT
for every fixed A > 0, where the remainder is uniform in v < ug and v > 0. Since P(1; > T+v) = o(e~T¢)
as T — oo for sufficiently small € > 0, we can omit the first term on the right-hand side of (3.30). In order
to establish (3.28), it remains to justify (3.27).
From (3.30) we infer that the “predensities” w for A tending to 0 sufficiently slowly

as T — oo get closer to the function
2

C(o)ET _ 2,
76 (3.31)

in the sense of relative convergence.
On the other hand, the distribution Z1)-a7
oVT

see [5, Theorem 10.6.2] for instance. Comparing the values of P(Z(T) — aT € [-bV/T, bV/T]) for b > 0
obtained using (3.31) and the normal approximation, we find that necessarily
1

C(a)ET = o

converges as 1" — oo to the standard normal distribution;

This justifies (3.27).

(IT) Claim (3.29) is proved similarly on using Theorem 3.2. [

As we already noted, the Integral Theorem for Z(T') in the domain of normal deviations is well-
known; see [5, Theorem 10.6.2] for instance, where instead of Cramér’s condition [Cy] we need only the
finiteness of the second moment E|£|? < co. In the particular case that the coordinates 7 and ¢ of the
vector ¢ are independent, [5] also obtained an integro-local theorem in the domain of normal deviations
for the homogeneous processes Z(T') and Y (7') with finite second moment (Theorem 10.6.3 of [5]) and

uniform remainder (ﬁ) In the general case an integro-local theorem in the domain of normal deviations

is established in [8], but under the additional assumption E[¢]**® < oo for § > /2 — 1 and Cramér’s
condition on the characteristic function.
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