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PRV PROPERTY AND THE ASYMPTOTIC BEHAVIOUR OF
SOLUTIONS OF STOCHASTIC DIFFERENTIAL EQUATIONS

We consider the a.s. asymptotic behaviour of a solution of the stochastic differential
equation (SDE) dX(t) = g(X(¢))dt + o(X (t))dW (¢t), with X(0) = b > 0, where g(-)
and o(+) are positive continuous functions and W (+) is the standard Wiener process.
By applying the theory of PRV and PMPYV functions, we find the conditions on g(+)
and o(+), under which X (-) resp. (X (+)) may be approximated a.s. on {X(t) — oo}
by p(+) resp. @(u(-)), where p(-) is a solution of the deterministic differential equation
du(t) = g(p(t))dt with p(0) = b, and ¢(+) is a strictly increasing function. Moreover,
we consider the asymptotic behaviour of generalized renewal processes connected
with this SDE.

1. INTRODUCTION

Gikhman and Skorohod [8], §17, and later Keller et al. [11] considered the asymptotic
behaviour, as ¢ — oo, of a solution X(-) = (X (¢),t > 0) of the stochastic differential
equation (SDE)

(1.1) dX () = g(X (t))dt + (X (£))dW (), t >0, X(0)=b > 0.

Here, W(-) is the standard Wiener process and X (-) denotes the It6-solution of the
SDE (1.1). One of the basic assumptions in the above works was that both o(-) =
(o(x),—00 < & < o0) and g(+) = (g(x), —00 < & < o0) are positive functions, and the
authors were only interested in situations, in which the event {lim;_.., X () = co} occurs
with positive probability and such that infinity will not be reached in finite time.

Gikhman and Skorohod [8], §17, and Keller et al. [11] gave the conditions, under
which the asymptotics of X (-) is determined by a nonrandom function. In this paper,
we reconsider this problem under the same basic conditions.

Denote, by u(-) = (u(t),t > 0), a solution of the deterministic differential equation
corresponding to (1.1) for o(-) =0, i.e.

(1.2) du(t) = g(u(t))dt, t >0, p(0) ="b.

We assume that the function g(-) is such that the solution pu(+) exists, is unique, tends to
00, as t — oo, and that infinity will not be reached in finite time. An interesting question
then is under which conditions it holds that

. X(t) ) B
(1.3) tliglo ) 1 as. on {tglgo X(t) = oo}
or, more generally, that
(1.4) im X 1 s on {hm X(t) = oo},
t=o0 p(u(t)) 100
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for a given function (¢(z), —0o < & < 00). Here, “a.s.” stands for “almost surely”.
The methods used in Gikhman and Skorohod [8], §17, Theorem 4, and in Keller et
al. [11] are similar and consist of two main steps. First, they study the process

(1.5) Y(t) = G(X(t), t =0,
where

tods
(1.6) G(t) = /1 @, t>0,

and prove that, under some conditions (see Section 2 below),

(1.7) lim ZXE)

=1 as. on {tlim X(t) :oo}.

Note that G(-) = (G(t),t > 1) is the inverse function of pu(+) (G(+) = p=1(+)) if g(-) is
positive and continuous. In the second step, relation (1.7) is used to prove (1.3).

For the second step, Gikhman and Skorohod [8], §17, Theorem 4, assume that, for
some C' > 0,
1(2)

__1’_0.

1.8 lim sup sup
(18) pu(w)

205012 -1)<e

We will explain in Section 5, Corollary 5.1, that, under condition (1.8), the function
u(+) preserves the equivalence of functions (see Definition 5.4), so that (1.7) implies in
this case that

lim X(t) = lim HGX () =1 as. on {lim X(t)= oo},

e O () e
that is, relation (1.3) holds. Note that Gikhman and Skorohod [8] use another reasoning;
the general idea above, however, simplifies the proof considerably.

Condition (1.8) is formulated in terms of the function p(-), i.e. in terms of the solution
of Eq. (1.2). It is more natural, however, to give conditions in terms of the functions g(-)
and G(+).

Keller et al. [11], Theorem 5, use another set of conditions and prove the implica-
tion (1.7) = (1.4) for p(x) = logz, x > 0. Their conditions are expressed in terms of
both p(+) and g(+). Again the disadvantage therein is the part involving the function
p(-)-

Our goal in this paper is to consider the conditions for implications (1.7) = (1.3)
and (1.7) = (1.4) expressed in terms of the functions g(-) and G(-). For doing so,
we must find the conditions, under which the functions p(+) and @(u(-)) preserve the
equivalence of functions. To achieve this goal, we follow the general approach developed
in Buldygin et al. [3]-[5]. This approach allows for solving the following general problem:
Find the conditions on a given function, under which its inverse or quasi-inverse function
preserves the equivalence of functions. Note that the approach in [3]-[5] works not only
for continuous and increasing functions (like the ones considered in this paper), but
also for discontinuous and/or non-monotone functions, where the so-called asymptotic
quasi-inverse functions substitute the inverse functions.

Further in this paper, we study the asymptotic behaviour of generalized renewal pro-
cesses related to the solution of SDE (1.1).

PRV and PMPYV functions play an important role in this paper. For example, one of
the key results is that PRV functions, and only they, preserve the equivalence of functions
and sequences (see Buldygin et al. [3]). For the further studies of PRV functions and their
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applications, confer, e.g., Korenblyum [13], Stadtmiiller and Trautner [16], Yakymiv [17],
Klesov et al. [12], and Buldygin et al. [3]-[5].

Korenblyum [13] as well as Stadtmiiller and Trautner [16] considered nondecreasing
PRV functions and studied their properties in order to obtain analogs of the Tauberian
theorems for Laplace transforms. In particular, Stadtmiiller and Trautner [16] proved
that the Tauberian theorem for the Laplace transform of a nondecreasing positive func-
tion f is valid if and only if f is a PRV function. A substantial progress has been achieved
by Yakymiv [17], who investigated the multivariate PRV-property, but his results are of
particular interest in the one-dimensional case, too. Note that PRV functions are called
weakly oscillating in Yakymiv [17].

In Klesov et al. [12], the relationship between the strong law of large numbers for
sequences of random variables and its counterpart for renewal processes constructed
from these sequences has been studied. Some results of Klesov et al. [12] have been
extended in Buldygin et al. [3]-[5], where the PRV property was studied in more details.

PMPYV functions were introduced and studied in Buldygin et al. [3]-[5]. One of the
key results is that inverse or quasi-inverse functions of PMPV functions preserve the
equivalence of functions.

This paper makes use of results from Buldygin et al. [6]-[7] and is organized as follows.
In Sections 2—4, we formulate and discuss the main results of the paper. In Section 5, we
introduce the necessary definitions and give some auxiliary results on PRV and PMPV
functions . The main problems of this paper are closely connected with the problem of
finding out when differentiable functions satisfy PRV or PMPV conditions. In Section 6,
we discuss these questions in some details. The proofs of some of our main results are
sketched in Section 7.

2.  ASyMPTOTIC BEHAVIOUR OF THE SOLUTION
OF A STOCHASTIC DIFFERENTIAL EQUATION

General statements. Consider functions g(+) and o(-) satisfying the following condi-
tions:

(C1) g¢(+) is continuous and positive on (0, 00) and o(+) is continuous and positive on
(—00,00) and such that (1.1) has a.s. a unique and continuous solution X (-) with
arbitrary initial condition, as well as (1.2) has a unique and continuous solution
with arbitrary positive initial condition.

Remark 2.1. Problem (1.1) has a.s. a unique and continuous solution X (-) with
arbitrary initial condition, as well as problem (1.2) has a unique and continuous solution
with arbitrary positive initial condition, if, for example, the functions g(-) and o(-) satisfy
the following conditions:

a) for some K and for all x € (—o0, 00),
l9(@)| + |o(z)] < K(L+ |z));
b) for each C' > 0, there exists L¢ such that, for |z] < C and |y| < C,
l9(x) = g(y)| + lo(x) = o(y)| < Lefz -y

(see Gikhman and Skorohod [8], §15).

Now our goal is to find the conditions on g(-), G(+), and o(-), under which relation (1.3)
holds. To do so, we first consider the following general statement which describes the
extra conditions for relation (1.7) to imply or being equivalent to (1.3).
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Theorem 2.1.  Assume condition (C1) and
> du
2.1 lim G(¢ :/ — =00
21 A CO= ) 5
Let g(+) and G(-) (see (1.6)) be such that
(2.2) lim inf ; _du >0 forallc>1
' t=oo Ji o g(u)G(u) '
Then,
1) 4f (1.7) holds, then also (1.3) holds true;
2) if
ct du
2.3 lim lim su —— =0,
22 i | e

then (1.7) and (1.3) are equivalent.

Recall that G(-) = (G(t),t > 1) is the inverse function of u(-) (G(-) = u=*(-)).
By condition (2.1), u(t) — oo as t — oo. Moreover, (2.1) excludes the possibility of
explosions (that is, the solution does not reach infinity in finite time). Note that the
function g(u) = u,u > 0, satisfies (2.1), but does not satisfy condition (2.2).

Remark 2.2.  In view of Definition 5.2 below, condition (2.2) means that the function
G(-) is a PMPV function. Observe that, by Theorem 5.2, the function p(-) preserves,
under condition (2.1), the equivalence of functions (see Definition 5.4) if and only if (2.2)
holds.

Condition (2.3) means that the function G(-) is a PRV function (see Definition 5.1)
and, by Theorem 5.1, this condition is equivalent to the condition that G(-) preserves
the equivalence of functions. The set of conditions (2.1), (2.2) and (2.3) means that both
G(-) and () preserve the equivalence of functions.

Next, we consider some sufficient conditions for (2.2) (Proposition 2.1) and (2.3)
(Proposition 2.2), which can be expressed in terms of the function g(:), and thus are
more suitable for practical use. For more details see Section 6.

Proposition 2.1.  Let g(-) be a positive and continuous function such that (2.1) holds.
Assume that at least one of the following conditions holds:

(i) limsup,_ 9(t)G(t)/t < o0;
(i) g(-) is eventually nonincreasing;
(iii) there emists @ < 1 such that 0 < inf>1 g(s)s™*,sup,>; g(s)s
(iv) g*(c) < ¢ for all ¢ > 1, with g*(c) = limsup,_, ., g(ct)/g(t);
(v) g(+) is an RV function with index o < 1 (see Section 5).
Then, g(+) satisfies condition (2.2).

¢ < ooy

g
g

Remark 2.3.  Under (2.1), condition (i) of Proposition 2.1 is equivalent to (2.2), if the
function g(+) is eventually nondecreasing.

Remark 2.4.  Substituting ¢t — G(t), we get from (1.3):

tlim w =1 as. on {tlim X(t) = oo}.
This means that, under the conditions of Theorem 2.1, if (1.7) holds, then
X(t X(G(t
tlim GE®) = tlim X(GW) =1 as. on {thm X(t)= oo},
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that is, G(-) is an asymptotic inverse function for the process X(-) a.s. on the set
{lim¢—, 00 X (t) = o0}.

Remark 2.5.  Condition (i) of Proposition 2.1 does not hold for any regularly varying
function ¢(-) of index 1, that is, for functions g(t) = t£(t), where £(-) is slowly varying.
This is due to a result of Parameswaran [14] which proves that

. b ods
e 00 [ S5

Proposition 2.2.  Let g(+) be a positive and continuous function such that (2.1) holds.
Assume that at least one of the following conditions holds:

(i) liminf; o g(¢t)G(t)/t > 0;

(ii) g(-) is eventually nondecreasing;

(iti) fy, de/g"(c) > 0, with g*(c) = limsup; o g(ct)/g(1);

(iv) the set {c € (0,1]: g*(c) < oo} has positive Lebesque measure;

(v) at least one of conditions (iii), (iv), or (v) of Proposition 2.1 holds.
Then g(-) satisfies condition (2.3).

Remark 2.6.  Under (2.1), condition (i) of Proposition 2.2 is equivalent to (2.3), if the
function g(+) is eventually nonincreasing.

Asymptotic Behaviour of the Solution of a Stochastic Differential Equation
under the Gikhman—Skorohod conditions. Our next result (Theorem 2.2) contains
the sufficient conditions for relation (1.3) to hold. The following one is a condition from
Gikhman and Skorohod [8], §17.

(GS) Let g(-) and o(+) be positive and continuous functions such that (1.1) has a.s.
a unique and continuous solution X (-) with arbitrary initial condition and with
lim; oo X (t) = 00 a.s., as well as (1.2) has a unique and continuous solution with
arbitrary positive initial condition. Let o(+)/g(:) be bounded and let ¢’(z) exist
for all z > 0 with ¢'(z) — 0 as z — .

Remark 2.7.  Under (GS), relation (1.7) holds true a.s., that is,
GX(1)
t

lim =1 a.s.
t—o00

(see Gikhman and Skorohod [8], §17, Theorem 4 and Remark 1).

Remark 2.8. Problem (1.1) has a.s. a unique and continuous solution X (-) with
arbitrary initial condition and with lim; .., X (t) = oo a.s., as well as problem (1.2) has a
unique and continuous solution with arbitrary positive initial condition, if, for example,
conditions a), b) of Remark 2.1 hold and the functions g(-) and o(-) satisfy the following
condition:

¢) for all z € (—o0, 0),

ool [ [l [ Bfocn

(see Gikhman and Skorohod [8], §16, Theorem 1).
Together with condition (GS), we will consider

(C2) condition (2.1) holds and condition (2.2) or at least one of conditions (i)—(v) of
Proposition 2.1 holds.




ASYMPTOTIC BEHAVIOUR OF SOLUTIONS OF SDE’S 47

Theorem 2.2.  Assume conditions (C2) and (GS). Then relation (1.3) follows a.s.,
that is,
X(t
im ﬁ =1 a.s.
t=oo pu(t)
Observe that Theorem 2.2 complements Theorem 4 in Gikhman and Skorohod [8],
§17.

Example 2.1. (see Gikhman and Skorohod [8], §17, Corollary 1). Assume (GS) with
g(x) = CaP for x > 0, where 0 < 3 < 1 and C' > 0. Then (2.1) and (v) of Proposition 2.1
hold. Thus, by Theorem 2.2, we have

X(t
lim ( )1/(1—6) =1 as.
T (e - p))
for all b > 0, since u(t) ~ (C(1 — ﬁ)t)l/(l_ﬁ) as t — oo, with any b > 0.
Observe that, by Remark 2.4, we cannot use Theorem 2.2 with ¢(z) = z and g(x) ~
Czx as ¢ — 0.

Asymptotic Behaviour of the Solution of a Stochastic Differential Equation
under the Keller—Kersting—Ro6sler conditions. Here, we discuss the conditions of
Keller et al. [11]. For ¢ > 0, put

"(t)o? to2(u

First, consider the following general condition:

(A0) g¢(-) is continuous and positive on (0,00), o(-) is continuous and positive on
(—00,00), and g(+) and o(+) are such that (1.1) has a.s. a unique and continuous
solution with arbitrary initial condition and lim;—,. X (t) = oo with positive
probability, as well as (1.2) has a unique and continuously differentiable solution
with arbitrary positive initial condition.

The following five conditions have been used in Keller et al. [11]:

(A1) g:(0,00) — (0,00) is strictly positive and twice continuously differentiable such
that [ (g(u))'du = oo.

(A2) h(t) — 0ast— oo.

(A3) o :(0,00) — (0,00) is strictly positive and continuously differentiable such that
S5 (tg (1))~ 202 (u(t) )t < oo.

(A4) The functions g(-), ¢'(+), o2(u(+))/g*(u(+)) and h(u(-)) are eventually concave or
convex. If 1)(c0) = oo, we require the same behaviour for the function h(¢=1(+)).

(A5) There is a constant C' > 0 such that log (2t) < C'log u(t) for large ¢. Further-
more, the function e~ ()g(e()) together with its derivative is eventually concave
or convex.

Remark 2.9. Under the above conditions, the following two statements follow (see
Theorem 1 and Theorem 5 in Keller et al. [11]).

I) Under (A0)—(A4), relation (1.7) holds true.
IT) Under (A0)—(A5), relation (1.4) holds true with ¢(t) = logt,t > 0.

Theorem 2.3.  Assume conditions (C2) and (A0)—(A4). Then relation (1.3) follows.
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3. ©-ASYMPTOTIC BEHAVIOUR OF THE SOLUTION
OF A STOCHASTIC DIFFERENTIAL EQUATION

General statements. Consider a function ¢(+) satisfying the following condition:

(C3) ¢(+) = (¢(x),z > 0) is an eventually positive and continuously differentiable
function, strictly increasing to infinity as  — oco.
Put
GO =Gl (), ¥ =g (D@ (e (),

where G(-) is as in (1.6), the function ¢~1(-) is inverse to ¢(-), and ¢'(-) is the first
derivative of ¢(-).

Observe that (G®)(t),t > t;) is the inverse function of ¢(yu(+)), where u(-) is the
solution of problem (1.2), with ¢, = ¢(b).

For example, if (+) = log(+), then G1°®) () = G(e()) and g1°®) () = e~ g(e()).

If o(x) = 2, then G¥)(-) = G() and g(¥)(-) = g(-).

Now our main goal is to find the conditions, under which relation (1.4) holds. To do
so, we first consider the following general statement which describes the extra conditions
for relation (1.7) to imply or being equivalent to (1.4).

Theorem 3.1.  Assume (C1), (C3), and (2.1). Let g(-) and ¢(+) be such that

ct du o7 (et) du

3.1 lim inf —————————— = liminf — >0 Il 1.
G IR, e ~ R L, swew 0 Frter
Then

1) 4f (1.7) holds, (1.4) holds also true;

2) if

ct du 71(013) du

3.2 lim1 ———————— =liml ——— =0
(32) el lﬁigp/t 9@ ()G (u) et lﬁs;}p/l(t) g(w)G(u)

then (1.7) and (1.4) are equivalent.

Remark 3.1.  In view of Definition 5.2 below, condition (3.2) means that the function
G®)(.) is a PMPV function. Observe that, by Theorem 5.2, the function ¢(u(+)) pre-
serves, under condition (2.1), the equivalence of functions (see Definition 5.3) if and only
if (3.2) holds.

Condition (3.1) means that the function G(#)(-) is a PRV function (see Definition 5.1)
and, by Theorem 5.1, the function G(#)(+) preserves, under condition (2.1) the equivalence
of functions if and only if (3.1) holds.

Next, we consider some sufficient conditions for both (3.1) (Proposition 3.1) and (3.2)
(Proposition 3.2) which can be expressed in terms of the functions g(-), G(-), and ¢(+)
and thus are more suitable for practical use. For more details, see Section 6.

Proposition 3.1. Let g(-) be a positive and continuous function on (0,00) such
that (2.1) holds, and let ¢(-) satisfy (C2). Assume that at least one of the following
conditions holds:

(i) Timsup, o, g1 ()G () /t = limsup;_, . ()G ()¢’ (1)/p(t) < o0
9(-)¢'(+) is eventually nonincreasing;
there exists ov < 1 such that 0 < inf;>1 g9 (¢)t, sup,s, g(s")( ¥ < oo;

i)
)
) (919)(c) < ¢ for all ¢ > 1, with (9%))*(c) = limsup, ., g (ct)/g')(2);
v) g (+) is an RV function with index oo < 1 (see Section 5).

(i
(iii
(iv
(
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Then, condition (3.1) holds true.

Remark 3.2.  Under (2.1), condition (i) of Proposition 3.1 is equivalent to (3.1), if the
function g(+) is eventually nondecreasing.

Remark 8.3.  Condition (i) of Proposition 3.1 does not hold for any regularly varying
function g(¥)(+) of index 1, that is, for functions g(¥)(-) such that ¢(¥)(t) = tf(t), where
£(-) is slowly varying (see Remark 2.5).

Proposition 3.2. Let g(-) be a positive and continuous function on (0,00) such
that (2.1) holds, and let p(-) satisfy (C2). Assume that at least one of the following
conditions holds:

(i) liminf; . g ()G (t)/t = liminf,_ o g(t)G ()¢ (t)/p(t) >0

(ii) ( )¢’ (+) is eventually nondecreasing;

(iil) f0+ de/ (g(“’)) (¢) > 0, with (g(s"))* (¢) = limsup,_, ., g(#) (ct)/g(s")(t);

(iv) the set {c € (0,1]: (¢® ))* (¢) < oo} has positive Lebesgue measure;

(v) at least one of conditions (iii), (iv), or (v) of Proposition 3.1 holds.
Then, g\%)(+) satisfies condition (3.2).

Remark 3.4.  Under (2.1), condition (i) of Proposition 3.2 is equivalent to (3.2), if the
function g(+) is eventually nonincreasing.

Example 3.1. Let g(z) = ¢(x) = z,x > 0. Clearly condition (2.1) holds, but
condition (3.2) does not, since, for all ¢ > 1,

ct ct _
lim inf/ d—u = lim inf/ du < lim 1nf L =0.
t—o00 : g(SO) (u)G(‘P) (u) t—oo t ulog’u, t—oo logt
Next, if g(x) = 2,2 > 0, and ¢(z) = logx,x > 0, then
@G (¢
G

Thus, by Propositions 3.1 and 3.2, conditions (2.1), (3.1), and (3.2) hold.

p-Asymptotic Behaviour of the Solution of a Stochastic Differential Equation
under the Gikhman—Skorohod conditions. The following Theorem 3.2 provides
some conditions, under which relation (1.4) holds true, and thus generalizes Theorem 4
in Gikhman and Skorohod [8], §17.

Theorem 3.2.  Assume conditions (C2), (C3), and (GS). Then relation (1.4) follows
a.s., that is,

(3.3) lim £XO)

t=o0 p(u(t))

Remark 3.5.  If (1.4) (or (3.3)) holds for a given function ¢(+), then, by Theorem 5.1
below, this relation also holds true for the function f(p(-)), where f(-) is a PRV function
(cf. Definition 5.1).

Example 3.2.  Assume (GS) with g(z) = Cz/(log(z+ 1) for > 0, where v > 0 and
C > 0. Put o(z) = (log(x 4+ 1)) for & > 0. Then g(¥)(t) ~ C(1 +~) as t — oo, that
is, (2.1) and (v) of Proposition 3.1 hold. Thus, by Theorem 3.2, we have

(log X (1)
t—oo  C(1+ )t
for all b > 0, since @(u(t)) ~ (C(1 +7)t) as t — cc.

=1 a.s.
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w-Asymptotic Behaviour of the Solution of a Stochastic Differential Equation
under the Keller—-Kersting—Rdosler conditions. The following result provides the
conditions, under which relation (1.4) holds true.

Theorem 3.3.  Assume conditions (C2), (C3), and (A0)—(A4). Then relation (1.4)

follows.
Observe that Theorem 3.3 generalizes statement i) of Theorem 5 in Keller et al. [11].

Example 3.3. (see Gikhman and Skorohod [8], §17, Corollary 2). Assume (A0)—(A4)
with g(z) = Cz for z > 0, where C' > 0. Put ¢(x) = logz for > 0. Then g(¥)(t) ~ C
as t — oo, that is, (2.1) and (v) of Proposition 3.1 hold. Thus, by Theorem 3.3, we have

lim

t—o0

log X (t) 1
—r =

for all b > 0, since p(u(t)) ~ Ct as t — .

4. ASYMPTOTIC BEHAVIOUR OF GENERALIZED RENEWAL PROCESSES

As above, we assume that both the functions ¢(+) and o(+) are positive and continuous
and such that problem (1.1) has a.s. a unique continuous solution X (-), as well as
problem (1.2) has a unique continuous solution p(-).

Let us counsider the following three generalized renewal processes for the process X (-):

F(s)=inf{t>0: X(t)=s}, s>1,
i.e. the first time when the stochastic process X (-) crosses the level s,
L(s)=sup{t >0: X(t) =s}, s>1,

the last time when the process X () crosses the level s, and
T(s) = meas({t > 0: X (t) < s}) = / I(X(t) <s)dt, s>1,
0

the total time spent by the process X (+) in (—oo, s|, where “meas” denotes the Lebesgue
measure.

The next results describe the asymptotic behaviour of these generalized renewal pro-
cesses.

Theorem 4.1.  Assume conditions (C1) and (1.7). Then

o F@) . T() . L(t) .
(4.1) tlirgo W = tlirgo W = tlirgo W =1 as on {tlirgo X(t) = oo},
and
(1) Jim P = i T < i HEEL <1 s on {im X(0) = o0}

Moreover, if conditions (C1), (C2), and (1.7) are satisfied, then

43)  fim 2EO) g pTO) o pED)

t—00 t t—00 t t—o00 t

=1 as. on {tlim X(t) = oo}
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Theorem 4.2.  Under condition (GS), we have

i it)— jm&t): imit): a.s
o En TGy T ALy T e

and
COR) L TG() L)
t—o0 t—o0 t t—o0 t
Moreover, if conditions (GS) and (C2) are satisfied, then
i PO, 0, ML)

Theorem 4.3. Under conditions (A0)—(A4), we have that relations (4.1) and (4.2)
hold true. Moreover, if (A0)—(A4) and (C2) are satisfied, then relation (4.3) follows.

5. PROPERTIES OF PRV AND PMPV FUNCTIONS

Let R be the set of real numbers, and let R be the set of nonnegative real numbers.
Also let F = F(R4) be the space of real-valued functions f(:) = (f(¢),t > 0), and

Fy = Upaolf(-) €F: f(t) > 0, € [A,00)}. Thus, f(-) € Fy if and only if f(-) is
eventually positive.

Let F(°) be the space of functions f(-) € F, such that

(ii) limsup,_,. f(t) = oo.

Further, let > be the space of functions f(+) € F(>®) such that lim; . f(t) = co. We
also use the subspaces C(>) and C* of continuous functions in F(°) and F*°, respectively.

Finally, the space C{3. contains all functions f(-) € C>, which are strictly increasing
for large t.

For a given f(-) € F, we make use of the upper and lower limit functions

f*(¢) = limsup ]}((cf)) , and  fi(c) = litm inf Jlet) c>0,
t—oo

= f(t)
which take values in [0, o0].

RV and ORV Functions. Recall that a measurable function f(-) € Fy is called reg-
ularly varying (RV) if fi(c) = f*(c) = »(c) € Ry for all ¢ > 0 (see Karamata [9]). In
particular, if s(c) = 1 for all ¢ > 0, then the function f(-) is called slowly varying (SV).
For any RV function f(+), s(c) = ¢*, ¢ > 0, for some number o € R which is called the
index of the function f(-). Moreover, f(t) = t*£(t), t > 0, where £(-) is a slowly varying
function.

A measurable function f(-) € Fi is called O-regularly varying (ORV) if f*(c) <
oo for all ¢ > 0 (see Avakumovié [1] and Karamata [10]). It is obvious that any RV
function is an ORV function. The theory of RV functions and later extensions and
generalizations turned out to be fruitful in various fields of mathematics (cf. Seneta [15]
and Bingham et al. [2] for excellent surveys on this topic and for the history of the theory
and applications).

PRV Functions. For any RV function f(:), we have f*(¢) — 1 as ¢ — 1. In order to
generalize this property to a wider class of functions, we introduce the following notion
(see Buldygin et al. [3]).
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Definition 5.1. A measurable function f(-) € Fy is called pseudo-regularly varying
(PRV) if

(5.1) limsup f*(c) = 1.

c—1

Any PRV function is ORV, but not vice versa. Moreover, any RV function is PRV,
but not vice versa. Corresponding examples have been given in Buldygin et al. [3].

PRV functions and their applications have been studied by Korenblyum [13], Stadt-
miiller and Trautner [16], Yakymiv [17], Klesov et al. [12], and Buldygin et al. [3]-[5].

Lemma 5.1.  (Buldygin et al. [3]) Assume f(-) € F4. Then,
1) condition (3.1) is equivalent to any of the following four conditions:
) (1) liminf.; fi(c) =1,
2) (4) lime—q limsup, o J}((‘:tg) - 1‘ =0,
)
)

(19¢) limep1 f*(c) = limeps fu(e) =1,

(tv) limepr f*(¢) = limepr fi(c) = 1;

2) condition (3.1) holds if and only if the upper limit function f*(-) (or the lower
limit function f.(+)) is continuous at the point ¢ = 1, that is, either

111% ffle)=1

or lime_,1 fi(c) = 1;

3) if f(+) is a function with a nondecreasing upper limit function f*(-), then con-
dition (3.1) holds if and only if lim.1 f*(c) = 1 or limey1 fo(c) = 1; moreover,
under these conditions, f*(+) is continuous at every point ¢ € (0, 00).

PMPYV Functions. Next we define further classes of functions playing an important
role in the context of this paper (see also Buldygin et al. [3], [4]).

Definition 5.2. A measurable function f(-) € Fy is called pseudo-monotone of
positive variation (PMPV) if

(5.2) J«(c) > 1 for all ¢ > 1.

Note that any slowly varying function f(:) cannot be a PMPV function. On the
other hand, any RV function of positive index as well as any quickly increasing monotone
function, for example f(t) = ef, t >0, is PMPV.

Functions Preserving Asymptotic Equivalence. In this subsection, functions u(-)
and v(-) are nonnegative and eventually positive.

Two functions u(-) and v(-) are called (asymptotically) equivalent if u(t) ~ v(t) as
t — oo, that is, lim; o u(t)/v(t) = 1. The equivalence of functions is denoted by

u(-) ~w(-).
Definition 5.3. A function f(-) preserves the equivalence of functions if

fu®)/f(u(t) =1 ast— oo

for all nonnegative functions wu(-) and v(+) such that u(:) ~ v(-) and lim;. u(t) =
lims 00 v(t) = o0.

One of the most important properties of PRV functions is that they and only they
preserve the equivalence of functions.
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Theorem 5.1. (Buldygin et al. [3]) Assume f(-) € Fi. Then the function f(-) preserves
the equivalence of functions if and only if condition (5.1) holds.

In view of Theorem 5.1 and Lemma 5.1, the following statement holds true.

Corollary 5.1.  Under condition (1.7), the function u(-) (see Section 1) preserves the
equivalence of functions.

Quasi-inverse Functions. First, we recall the definition of a quasi-inverse function
which will be useful for our considerations below (cf. Buldygin et al. [3] and [4]).

Definition 5.4. Let f(-) € F(°). A function f(=1(.) € F* is called a quasi-inverse
function for f(+) if f(f(=1)(s))) = s for all large s.

For any f(-) € C(*), a quasi-inverse function exists, but may not be unique. If () €
Cge, then its inverse function f~1(-) exists, that is, f(f~1(s)) = s and f~1(f(t)) =t for

inc»

all sufficiently large s and t.

Example 5.1.  Let z(-) € C(*). Put
xg_l)(s) =inf{t > 0: z(t) = s},

for s > sop = x(0), and x(_l)(s) =0, for 0 < s < s9, if 59 > 0. The function x(_l)(-) is a

quasi-inverse function for x(-). If z(-) € C2,, then ngl)(-) =z 1(-). O

mnc’

Example 5.2. Let z(-) € C*. Put
xé_l)(s) =sup{t > 0: z(t) = s},

for s > so = x(0), and x(fl)(s) =0, for 0 < s < sg, if s9 > 0. The function x(fl)(-) is a
quasi-inverse function for x(-). Observe that xg_l)(s) < xg_l)(s), s> 0, and, in general,
ngl)(-) + ngl)(-). If z(-) € C., then x(fl)(-) = ngl)(-) =z71(-). O
Quasi-inverse Functions Preserving the Equivalence of Functions. Next we dis-
cuss the conditions, under which quasi-inverse functions preserve the equivalence of func-
tions.

Theorem 5.2.  (Buldygin et al. [3]) Assume f(-) € C,. Then, its inverse function

f7Y(+) preserves the equivalence of functions if and only if condition (5.2) holds.

Theorem 5.3. (Buldygin et al. [3]) Assume f(-) € C,
tion (3.2). If, for some function x(-) € F>,

x(t) _

(5.3) lim —< =a with some a € (0,00),

e 70

and let f(+) satisfy condi-

then, for any quasi-inverse function =9 (-) of x(+), we have

(=D (s
o0 i i

where f~1(+) is the inverse function of f(-).
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6. CONDITIONS FOR DIFFERENTIABLE FUNCTIONS TO BE PRV or PMPV

The solutions of the main problems in this paper are closely connected with the ques-
tion of when the differentiable functions satisfy PRV or PMPV conditions. In this sec-
tion, we will discuss this question. For the proofs of all statements of this section, confer
Buldygin et al. [6].

In the sequel, the following five conditions on a function f(-) and its derivative f'(-)
will play a certain role:

(D) f(-) € F*, and there exists to = to(f(-)) > 0 such that f(-) is positive and
continuously differentiable for all t > tg;
(DM) condition (D) holds and f/(t) > 0 for all ¢ > to;
(DM+) condition (D) holds and f’(t) > 0 for all ¢ > to;
(DM1) condition (DM+) holds and f(+) is nonincreasing for all ¢ > ¢o;
(DM2) condition (DM+) holds and f’(+) is nondecreasing for all ¢ > .

For a function f(-) satisfying condition (D), the integral representation

(6.1) )= oo { [ L0

holds for any ¢t > tg.

Conditions for Differentiable Functions to be PRV. The following statement is
immediate from Definition 5.1 in combination with (6.1).

Lemma 6.1.  Assume condition (D). Then f(-) is a PRV function if and only if

ct g/
lim lim sup ()

=1 100 Sy f(u)

On applying Lemma 6.1 in combination with Lemma 5.1, we get the following result.

du = 0.

Lemma 6.2.  Assume condition (DM). Then f(+) is a PRV function if and only if

ct pr
o f'(u)
lim lim su d
SRRy A

Let us consider some corollaries of the above lemmas.

u = 0.

Corollary 6.1.  Assume condition (D).

0 If
: tLf"(#)]
lim sup < 00,
oo f(t)
then f(-) is a PRV function.
2) If f(+) is @ PRV function, then

()
lim inf < 00
t—oe f(2)
3) If condition (DM) holds and
. tf'(t)
6.2 lim su < 00,
02 A0

then f(+) is a PRV function.
4) If condition (DM1) holds, then f(-) is a PRV function.
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Remark 6.1.  If condition (D) holds and limsup,_, . t|f'(t)| < oo, then f*(c) =1 for
all ¢ > 0. This means that f(:) is an SV function, and hence it is a PRV function. Thus,
we can confine ourselves to the case where limsup,_, . t|f'(t)] = oco.

Corollary 6.2.  Assume condition (DM2). Then f(-) is a PRV function if and only
if (6.2) holds true.

Proof of Corollary 6.2. Tts sufficiency follows from Corollary 6.1.
Now, let f(+) be a PRV function. By condition (DM2), we have, for any ¢ > 1,

oy [ @
TR T ™ R
O e SO 1)

> limsup

el T R flet) T o) s )

/ * ct /
lim sup 240) < () lim sup ) du,
im0 f(O) T (c=1) imoo Ji o flu)
since any PRV function is an ORV function (see Buldygin et al. [3], Remark 2.1), that
is, f*(¢) < oo for all ¢ > 0. So, (6.2) follows from Lemma 6.2. O
The integral in the following statement means the Lebesgue integral.

Hence,

Corollary 6.3.  Assume condition (DM+). If

(6.3) /0 (f")«(c)de > 0,

+
then f(+) is a PRV function.

By applying Corollary 6.3, we get the following result.
Corollary 6.4.  Assume condition (DM+). If the set {c € (0,1] : (f")«(c) > 0} has

positive Lebesgue measure, then f(-) is a PRV function. In particular, this condition

holds if f'(-) is an ORV function.

Conditions for Differentiable Functions to be PMPV. The following statement
is also immediate from Definition 5.2 in combination with (6.1).

Lemma 6.3.  Assume condition (D). Then f(-) is a PMPYV function if and only if
ct pr

lim inf I'(w)

t—oo Jy o f(u)

Next, we consider some corollaries of Lemma 6.3.

Corollary 6.5.  Assume condition (DM).

du >0 forallc>1.

1) If
(6.4) lim inf t]{(g) >0,
then f(-) is a PMPV function.
2) If f(-) is a PMPYV function, then
: tf'(¢)
h?lsogp 0] > 0.

3) If f(-) is a PMPYV function, then
limsuptf'(t) = .

t—o0
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4) If condition (DM?2) holds, then f(-) is a PMPV function.

Corollary 6.6.  Assume condition (DM1). Then f(-) is a PMPYV function if and only
if (6.4) holds true.

The following result gives a condition in terms of the function (f”).(-).

Lemma 6.4.  Assume condition (DM+). If
(6.5) c(f),(c)>1 forallc>1,
then f(-) is a PMPV function.

7. PROOFS OF SOME MAIN RESULTS

In this section, we consider only the proofs of some results from Section 2. For further
details, we refer to Buldygin et al. [6], [7].
Proof of Theorem 2.1. By conditions (2.1) and (2.2) and by Lemma 6.3, with f(-) = G(-)
and f'(-) = 1/g(-), we have that G(-) is a PMPV function, that is, it satisfies (5.2).
Moreover, G(+) € C:X,. Hence, by Theorem 5.2, the function pu(-) = G~1(+) preserves the
equivalence of functions (see Definition 5.4). Therefore, in view of (1.7),

LX) MG () : _
tlggom = tlgglow =1 as. on {tlirgoX(t) = oo},

that is, relation (1.3) holds. Thus, statement 1) is proved.

By conditions (2.1) and (2.3) and by Lemma 6.2, with f(-) = G(-) and f'(-) = 1/g(-),
we have that G(-) is a PRV function (see Definition 5.1). Hence, by Theorem 5.1, the
function G(-) = u~*(-) preserves the equivalence of functions. Therefore, in view of (1.3),

L GX(@) . GX(@) : _
tlggo — = tlggo G - a.s. on {tlggo X(t)= oo}.

that is, relation (1.7) holds. Thus, statement 2) follows from the last implication in
combination with 1). O

Proof of Proposition 2.1. Condition (2.2) follows from
a) (2.1) and (i) (or (ii)), in view of Corollary 6.5, with f(-) = G(-) and f'(+) = 1/g(-).

b) (iii), since (i) (and even (2.1)) follows from (iii).

¢) (2.1) and (iv), in view of Lemma 6.4, with f(-) = G(-) and f’(-) = 1/g(+), since
(1/9()), = 1/5"().

d) (2.1) and (v), since (iv) follows from (v).

O

Proof of Remark 2.3. Tt follows from Corollary 6.6 with f(-) = G(-) and f'(-) = 1/g(-).
]

Proof of Proposition 2.2. Condition (2.3) follows from

a) (2.1) and (i) (or (ii)), in view of Corollary 6.1, with f(-) = G(-) and f'(-) = 1/g(+).

( =
b) (2.1) and (iii), in view of Corollary 6.3, with f( )=G(-) and f'(+) =1/g(-), since
(1/9)«(c) =1/g*(c) for all ¢ > 0.
¢) (2.1) and (iv), since (iii) follows from (iv).
d) (2.1) and (v), since (iv) follows from (v).

O
Proof of Remark 2.6. Tt follows from Corollary 6.2, with f(-) = G(-) and f'(-) = 1/g(-).
|
Proofs of Theorems 2.2 and 2.3. They follow from Remarks 2.7 and 2.9, respectively, in
combination with Theorem 2.1 and Proposition 2.1. [
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