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Abstract

Assume that for a measurable function f on (0, oo) there exist a positive auxiliary function a(t) and
some ¥ € R such that ¢(x) = lim_.e(f(tx) — f(1))/a(®) = ] s¥~'ds, x > 0. Then f is said to be
of generalized regular variation. In order to control the asymptotic behaviour of certain estimators for
distributions in extreme value theory we are led to study regular variation of second order, that is, we
assume that lim,_, . (f(tx) — f (1) —a(t)d(x))/a,(t) exists non-trivially with a second auxiliary function
a,(t). We study the possible limit functions in this limit relation (defining generalized regular variation
of second order) and their domains of attraction. Furthermore we give the corresponding relation for the
inverse function of a monotone f with the stated property. Finally, we present an Abel-Tauber theorem
relating these functions and their Laplace transforms.

1991 Mathematics subject classification (Amer. Math. Soc.): 26A12, 40E05.
Keywords and phrases: Regular variation, second order variation, limit functions, domain of attraction,
inverse functions, Laplace transform, Abelian theorem, Tauberian theorem.

1. Introduction

Throughout we consider measurable real-valued functions on (0, co) which are
bounded on (0, a) for all a > 0. The class of regularly varying functions, that
is, eventually positive functions, satisfying

f@x)

(D i 70

exists and is positive for all x > 0,

plays an important role in the asymptotic analysis of various problems. It is well
known that (1.1) is equivalent to

faxy

(1.1 lim 70 =x% forx > 0,withsome « € R (notation: f € RV,)
=00
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(consult, for example, any of the books [1, 8, 15}). The number « is called the index of
regular variation. In extreme value theory and associated statistics one is interested
in functions f(-) having the following property:

Assume that there exists some positive function a(-) such that

(1.2) fim 740 —J®

exists forall x > 0.
e all)

A distribution function F is in the domain of attraction of an extreme value distribution
if and only if (1.2) holds for the inverse function of (1/(1 — F(-))) with limit #£ 0.

The following results, connecting (1.2) with (1.1), respectively (1.1'), are well
known (see, for example, [8]).

PROPOSITION 1. If (1.2) holds, then we have

(i) The limit function in (1.2) is given by ¢ flx s¥ "L ds with some ¢y, y € R;
(i) If co # O, then the auxiliary function a(-) is regularly varying with index y;
thatisa(-) € RV,.

REMARKS 1. (i) We write (x¥ — 1)/y for flx s¥lds, even in case y = 0 where it
is log x.
(ii) The interesting case is when ¢ # 0 and without loss of generality we may assume
co > 0 (otherwise consider — f). But then we may write for (1.2)

(1.2) g JOO - O _x7—1

lm a) e for x > 0.

with a (possibly modified) auxiliary function a(-) and some constant y € R.

From [8, Theorem 1.10] or [1, section 3.2] we obtain

PROPOSITION 2. Suppose that f satisfies (1.2") with some auxiliary function
a(-) > 0.
(1) Ify > Othen f is eventually positive and f € RV,, that is,

fex _
f@ 7

(i) Ify <O, thenlim,_ f(t) =: f(o0) exists and f(o0) — f(t) € RV, that is,

(1.3) ’lim for x>0.

floo) - fltx)
— 0 =X

(1.4) lim =x’,
-0 f(00) — f(t)

for x> 0.
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REMARKS 2. (i) Note that (1.3) respectively (1.4) imply (1.2') with a suitable choice
of a(-). Take, for example, a(¢t) = yf(¢) incase (1.3)and a(t) = —y (f(00) — f (1))
in case (1.4).
(ii) A function f(-) satisfying (1.2") with y = 0 is said to be I1-varying (at infinity)
and we write f € Il. For further information about this function class consult, for
example, [8, sect. 1.2], or [1, chap. 3].

For statistics in extreme value theory, for example, to estimate the parameter y
in regularly varying tails of distribution functions (see, for example, [3, Lemma
2.2] and the subsection below) one uses an empirical version of (1.2"). In order to get
information about the speed of convergence of these estimators one needs among other
things second-order properties of the function f. This has been done in connection
with statistical problems for very special second-order behaviour (see, for example,
{3], Theorems 2.3 and 2.5, cf. Remarks 2.2 and 2.3 and the references therein). In
order to get our hands on the most general case, we may proceed as follows (see also
[4D.

Let be given a function f(-) with auxiliary function a(-) satisfying the asymptotic
relation (1.2). Now assume furthermore that there exists some positive function A(-)
with lim,_, ,, A(t) = 9, such that

fax)—f@) x¥—1
a(t)

(1.5) lim {

} / A(t) exists non-trivially on (0, 00).

=00

What we mean by ‘non-trivially’ will be explained shortly. Clearly the function A(¢)
describes the rate of convergence in (1.2). Denoting a,(t) := a(t)A(t) = o(a(t)),
I — 00, we write

i fax)—f@) —a®Ox" = 1/y
im

(1.6) H(x) = lim )

, x > 0.

We want to find the possible limit functions H in (1.6) and the choices of the auxiliary
functions @, (-) which may occur in (1.6). Note that by adding ¢ - a,(¢) to a(t)~in (1.6)
we get the same relation with a new function a(.) and a new limit function H(.) and
we have

(1.7) a(t) ~a(t), t— oo and I:I(x)zH(x)—cxyy_l.

This means that we can always add a multiple of (x* — 1)/y to the function H (x).
So H(x) is determined up to a multiple of (x¥ — 1)/y only. Observe that replacing
a(-) by a(-) does not change (1.2'). Hence a non-trivial limit in (1.5) is a function H
which is not a multiple of (x¥ — 1)/y; in particular, H is not identically zero.
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Applications of second order variation Second order variation plays an import-
antrole in extreme value theory. For a simple example consideri.i.d. random variables
X1, X,, ... from some distribution function F and suppose that 1 — F € RV_, for
some p > 0. A well-known estimator for y := 1/p is given by

k—1

. 1

j=0

where £ < n and {X; ,,} denotes the nth order statistics of X,, ..., X,. Itis well
known (cf. [2, Theorem 4.1]) that for such a distribution F we have that

(1.8) Vk(1 = 9,/y,) is asymptotically normal,

provided that k = k(n) — oo, k(n)/n — 0 (n — o0) and y, is defined by

Y 1= 2[ logs dF(s)
Un/k)

where the function U is the inverse of 1/(1 — F). Now note that under the stated
conditions lim,_, » ¥, = y. If one wants a confidence interval for y based on y,, one
needs the asymptotic normality of +/k(1 — ¥,/y). This follows from (1.8) provided

(1.9) lim vVk(y, —y) = 0.
Here the second-order condition comes in, as we shall show. We can write

y,,:%/:wfjﬂogsﬂaz/gm[logU(%v)—logUGé) %

k

x

Hence
o n n dv
Vi, — ) =/; x/l;{logU (Ev) —logU (Z) —ylogv ey
The integral converges to zero if
. n n
nlirgox/lg{logU (Zv) —logU (;) -y logv} =0

uniformly for v > 1. This condition imposes a restriction both on U and on the
sequence k(n). In order to separate out the two conditions we assume that there exists
a positive function A such that

. logU(tx) —logU(t) — ylogx
m

(1.10) rl—l>oo A0

=: H(x)
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exists for x > 0 and that the sequence k(n) satisfies lim,_, ., v/ k(n)A(n/k(n)) = 0.
Then (1.9) follows. Note that (1.10) is a special instance of (1.6).

If one considers domains of attraction of all the extreme value distributions {G, }, cr
and not just the case ¥ > 0 as above, one is led to the full generality of (1.6) (cf.
Dekkers and de Haan [3]).

Another use of second-order conditions in extreme value theory involves finding
the optimal choice of the sequence k(n) mentioned above, in order to make E(y, —y)?
minimal (cf. Hall [12] and Dekkers and de Haan [4]).

Finally, second-order conditions are used to establish a rate of convergence of the
distribution of sample maxima towards an extreme-value distribution (Smith [16], De
Haan and Resnick [11]). Further results about second-order conditions can be found
in [5, 9, 14].

In Section 2 we shall characterize the limit functions H (-) and their domain of
attraction. In Section 3 we consider the corresponding relations for the inverse
function of a monotone function f. Finally (in Section 4) we discuss how (1.6) is
reflected in the asymptotic behaviour of the Laplace transform of f.

2. Limit functions and domain of attraction

The limit functions H are characterized in the following result.

THEOREM 1. Let be given a function f. Suppose that there exist y € R and positive
auxiliary functions a(-) and a,(-) such that the limit in (1.6) exists for all x > Q. If
H is not a multiple of (x¥ — 1)/y, then there exist constants c|, c; € R and some
parameter a < 0 such that:

@2.n H(x) =c1[ sy‘I/ u"’“duds+02/ s lds, x> 0.
1 1

1

Moreover for x > ¢

4 —tYa(t “—1
2.2) lim (tx)Ya(tx) —t77a(t) =C1x
t—oc t‘Val(t) a
and
(2.3) i a1 (tx) = x*17,
1—>oo qi(t)
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PROOF. Consider for x, y > 0 the identity

o {f(fxy) —fO) —a@(xy) —D/y  fax) - f@) —a@)x” —1/y ]

a(t) a(t)
_ fQxy) = f@x) —a@x)(y" = D/y  (x)7a(tx)
B a(tx) tvay(t)
y—1 (x)7a(@x)—t7a(t)
+ : :
14 rva(t)

Letting ¢ — oo on both sides we obtain by (1.5) and (1.6)

x"{H(xy) — H(x)}
(2.4)

= ,lilg {H(y)(l +o(1)) (tx) Ya;(tx) + y —1(@x)"a(tx) —t7a(t) ]

t=va(t) y 1va, ()

By assumption, there exist y;, y € R such that (H(y,), (y; — 1)/y) and (H(y,),
(yY — 1)/y) are linearly independent; hence with A = (y; — 1)/(y; — 1) we obtain
that H(y,) — AH (y,) # 0. Now we subtract A times (2.4) at argument y = y, from
(2.4) with argument y = y, and we find, denoting by

r -1
Yy, y) = x7 {(H(xyl) — H()) = = (H(x y) = H(x))] ,

2

that

-y
@) Y=l {(H(yl) — AH (y))(1 +o(1))M} x>

t‘Val(t)

From this, we conclude that lim,_, . (¢x)Ya;(tx)/(t Va,(t)) =: q(x) exists for all
x > 0. It is easy to see that either g(x) is zero for all x > 0, or positive for
all x > 0. The existence of this limit, together with relation (2.4), implies that
lim,_, o ((tx) Ya(tx) —t7a@))/(t""a,(t)) also exists for all x > (. Hence we obtain
(2.2). If g(x) = 0, the constant ¢, in (2.2) must be zero and it is easy to see that then
H (-) is constant. Hence ¢; # 0, and ¢ (x) is positive and thus (2.3) holds with some
a € R. By the arguments in (1.7) we can now assume again that ¢; # 0. Then we must
have o < 0, since for @ > 0 we would have lim,_,, a(tx)/a(t) = x**” according
to Proposition 2; but this is incompatible with Proposition 1(ii) applied to f, which
states that lim,_, , a(tx)/a(t) = x".
As a result, we obtain the following functional equation for H:

Y 1x— 1
26 Hx-»=HO® +H@) +ox’ 22 " forx,y>0.
y

04
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A simple calculation verifies that

Hl(x)=cl/ sV'lf u* 'duds
1 1

is a special solution of (2.6). Obviously, the function G(x) = H(x) — H(x) satisfies
the homogeneous equation

2.7 G(xy) =Gx)+ G(y)x**r, forx,y > 0.

If o + y = 0, this is Cauchy’s equation, having the only solution G(x) = ¢, logx in
the class of measurable functions. If ¢ + y # 0, by symmetry we obtain:

2.7) G(xy) = G(y) + Gx)y*"

and hence G(x)(1 — y**7) = G(y)(1 — x**¥), for x, y > 0, which implies that with
some ¢; € R, G(x) = c,(x**" — 1)/(a + y), yielding the desired result.

REMARKS 3. (i) Observe that by the results above, the function A(-), describing the
rate of convergence in (1.2), satisfies

2.8) lim A(zx)/A(t) = x°, x>0, forsomea <0.
=00

So if @ < 0 we have an algebraic speed of convergence in (1.2). In case @ = O it is
much slower, for example, logarithmic.
(ii) From (2.1) we see that H (x) can be written as

c1(logx)?*/2 + ¢, log x, ifa=y =0,
y—1
ﬁxylogx+(c2—cl/y)x , ifa=0,y#0,
Y Y
2.9 H(x) = vie _ Y —1
29 ) (Lta) -2 ifa <0, aty#0,
o a+y o ly
YV —
(ﬁ+cz)logx—ﬁx R ife <0, a+y =0.
[\ oy

Note that the last term in each case is a multiple of (x¥ — 1)/y; hence we must have
Ci 7é —0Cy.

Theorem 1 is the second-order analogue of Proposition 1. Next we shall give a
result which corresponds to Proposition 2. That is, we ask which functions f do
satisfy (1.6) with a limit function H having certain parameters «, y. Fora =y =0
the conditions have been given by Omey and Willekens [13]. Note that by +h € RV
orh € £RV; wemean h € RV; or —h € RV;; similarly for 4 € I1or h € 11,
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THEOREM 2. Suppose that the function f satisfies the conditions of Theorem 1, that
is,
there exist positive auxiliary functions a,(-), a(-) and some
constants y, ¢y, ¢; € R with ¢, # —ac; such that for x > 0

Hm, oo (f(tx) — f() —a()(x” — 1)/y)/a\(t)
=c [ s [[u " duds + ¢, [ s>V ds.

(2.10)

Then (2.10) is equivalent

(i) incasea =y = 0to: £f(t) is second-order T1-varying (see [13));
(i) incasea =0, y #0to: £t77 f(t) € Il where

= f(t)» y > 0
t) =
O {f(oo) - @), v <0

(i) incasea < Oto: there exists some constant c suchthat ={f(t)+c(@” —1)/vy}
satisfies (1.2") with y replaced by ¢ + y .

REMARKS 4. (i) It follows from the representations of the theorem that (2.10) holds
locally uniformly in (0, 0o) by the properties of the function classes to which the f’s
belong in the different cases (see, for example, {1, 8, 15]). The representations also
lead to Potter bounds for relation (2.10) (cf. [1, Theorem 1.5.6] and [8, Propositions
1.7.5 and 1.19.4}).

(ii) Relation (2.10) implies that in all cases a,(t) = o(a(¢)), ast — o0.

(iii) Note that in most cases the existence of a second-order relation makes the first
order relation simpler; for example, incase « < 0and @ +y = Oone has f(t) ~ c3t?,
ast — oo.

PROOF OF THEOREM 2. The case y = a = 0 is discussed in [13] so we restrict
ourselves to the other cases.

(ii) Assume (2.10). By Theorem 1 the function a(¢) satisfies (2.2), that is, forx > 0
we have

a(t) -x¥ =a@x) —a(t)cx¥logx +ofa,(t)), t— oc.

Substitution of this into (2.10) leads to

@11)  lim [f@x0) —yla@n)] - [f@®) - V“‘a(t)]} _ (C c;) X —1

o0 a (1)

This relation is discussed in Proposition 2 and we obtain, for y > 0,

2.12)  f@) —y7la@®) = y ey — c)ai(t) + olai (1)), t — 00.
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Observe that this is also true in case ¢,y — ¢; = 0 by [1, Theorem 3.6.1] or [15,
Theorem 2.11]. Furthermore using (2.2) and [8, Theorem 1.17], we know that there
exists some a,(t) ~ a,(t), t = 00, such that

t
t7Va(t) = ¢t Tax(t) + ¢ / s7 ay(s) ds,
1
and all together we end with

1) =y ey —c)tTa(t) + ot a (1)) + ey Tt ay(t)

t
+cy! / s lay(s)ds
1

t
= cas(H)t™7 +cly_1f s lay(s) ds,
1

with a suitable function a;(r) satisfying 1 Va3(t) € RVy, as3(t) ~ ax(t),t — 00, and
so we obtain by [8, Theorem 1.17] that +¢~7 f(¢) € I1 depending on the sign of ¢;.

Conversely, if, for example, t 7 f(¢) € I1, we have, with auxiliary function a(¢) =
£ f(t) —t7' f; 577 f(s)ds, (see Thm 1.17 in [8]),

A7) AT )
a(d)

— logt, A — 00,

which is equivalent to
FAD) —fQ) —yfQ) - =Dy
AYa(i)
which clearly is (2.10). The proof for the case y < 0 is similar.
(iii) By Proposition 2, relation (2.2) implies that 1 a(t) — c (say), and therefore
~—tVeia\(t)/a ~ ¢ —t7Va(t), t > oo. So we may choose a;(t) = (—at?/c))
(¢ — t7a(t)). Substitution of a(t) = cia;(t)/e + ct? into (2.10) yields for x > 0:

i S0~ e/Pex)” = 1) - (f@) = /)" = 1) _ (g +C2) x —1

li .
t—>00 a; (t) (¢4 44 + y

—> t¥ logt, A — 00,

The inverse conclusion follows similarly as above by an easy calculation.

REMARKS 5. Considering instead of (1.5) the simple second-order relations

(2.13a) xlinol j;((t:)) —x”] /A(t) = H(x),x > 0,incase y > 0,

(1.5) lim [M - logx} /A(t) = H(x),x > 0,incase y =0,
t—00 a(t)

(2.13b) :l—igl %.:Z)):_—% - x”} /A(t) = H(x),x > 0,incase y < 0,
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(where the functions H(x) denote different functions in the different cases) we get
back the casesa = 0;ora < 0anda +y > 0;ora < Oand y < 0; but not the cases
a<0andy =0;ora <O0andy = —a;0ora <0, a+y <Obuty > 0.

3. Inverse functions

Next we consider the special case where f is non-decreasing and give equivalent
conditions in terms of ¢ := f* (the inverse function of f). This is relevant for
extreme-value statistics again, where (2.10) is a condition in terms of the quantile
function (so the inverse of a probability distribution) and one wants to have conditions
in terms of the distribution function itself.

THEOREM 3. Suppose that f is non-decreasing and ¢ is its right-continuous inverse
function. Then (1.6) is equivalent to:
t . t
d(t+x-a(p(1)) 4y

) o) _ —141/y 1/
G Jim, a(@()/a@()) =~y R4y 0™)

locally uniformly for x € (—1/max(0, y), 1/ max(—y, 0)).

REMARKS 6. (a) The result is also true for the left continuous inverse of f.
(b) Incase y = 0 we define (1 + yx)/* = ¢€*.
(c) For specific parameters we can give more specific statements, such as, for ex-
ample,:
(i) a=0, y >0;then V¥ ¢(t) € IT;
(ii) «a=0, y <0;then £t "¢ (f(00) —t7") € I;
(iii)) a <0, y = 0; then
lim,_, (e “*™@(t + x) — )/ (e () — c) = e**, x € R.

PROOF. Since by Remark 4(i) relation (2.10) holds locally uniformly we can replace
xby x(t) =1+ ea,(t)/a(t) in (2.10) and get:

f@+tea@®/a®) — f) —a@(A +ea(r)/a®))” —D/y _

(3.2) lim 0,

a(t)
hence
o SEt e @/a@) ~ f0) _
t—00 ai(t)/a()
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Applying this for ¢ > 0 and & < 0 and using f(¢(t)—) <t < f(¢(t)+) we obtain
lim, o[ f (@ () — t1/[ar (¢ (2))/a(¢(t))] = 0. This and (2.10) imply that

lim f@)x) —t —a@®) - 1D/y
100 a (o)

Now F,(x) := (f(¢(t)x) ~ 1) /a($(t)), x > 0, > 0 is a family (with respect to
t) of non-decreasing functions; furthermore, (x¥ — 1)/y has a positive continuous
derivative, the function H(-) is continuous and the function a,(¢ (¢))/a(¢(t)) —
0, t — oo. Therefore we can apply an obvious generalisation of ‘Vervaat’s Lemma’
(see [17, Lemma 1]) to deduce (3.1). The converse implication is similar.

= H(x).

EXAMPLE. Let ®(t) = Qm)™'2 [ e’/ = dy be the standard normal probabil-
ity distribution function and take ¢ (¢) := 1/(1 — ®(¢)). Since

1— &) = Qr) e (1/t — 1/ + 0(1/1%))

oG +x/) (X .
e (%55 ) = (5+4)¢

for all real x, locally uniformly. We can apply Theorem 3 and find for f, the inverse
function of ¢:

we find

lim (f(0)’ (£(tx) = £ (1) = (ogx)/f (1)) = —(logx)*/2 ~logx, forx > 0.
Hence, since f(t) ~ +/2logt (t — 00) and

J2logt [f(z) — /2logt —loglog? —-10g47t] 50 (t— o0,

(see [10}]), we find that for x > 0

. log x (log x)*
lim (2log £)*?{ f (¢x)— f (1) — - -
1£2>( ogt) (f( x)—f@) (2logt—loglogt—log47t)'/2) 2 ogx

Note that f(¢) is the quantile function of ® at argument (1 — 1/1).

4. Second-order variation and Laplace transforms

We now consider the Laplace transforms of functions satisfying (1.6). Without loss
of generality we assume f ¢ L[0, 1]. Consider:

fs)= lfme”‘“f(x)d)c, s>0.
s Jo
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Observe that, for any function satisfying (1.6), the abscissa of convergence is zero. We
want to characterize second-order regular variation with the help of Laplace transforms
for the case o + y > —1. Laplace transforms can be used for estimating the index
of regular variation of the tail-function in a distribution with regularly varying tails.
See, for example, the results in [6].

We begin with a first order result which is a mild extension of Karamata’s Theorem
on regular variation and Laplace transforms.

LEMMA 1. The following implications are true for an index y > —1:
(i) If f satisfies the relation (1.2') them f satisfies (1.2').

(ii) If f is non-decreasing and f satisfies (1.2'), then f satisfies (1.2).

(iii) f satisfying (1.2') implies

. f—F© fmﬂﬂ—l Ty +1) -1
lim n = - e ds = —————.
>0 f(1) — -1 f1 f(s)ds 0 v

PROOE. We define the auxiliary function

gy=tf@) — / f(s)ds (:f sdf(s) if forexample f is non—decreasing).
0 0

Then (cf. [8, proof of Theorem 1.17]) g € RV, 4, if and only if f satisfies (1.2'). Itis
easy to see that for the Laplace transforms the following relation holds:
t
fo-fw = [ 505
From this relation one checks that ¢ € RV, if and only if f satisfies (1.2"). Finally,
if f is nondecreasing, this is true for g, f and g as well.

(i) Using the Abelian part of Karamata’s Theorem (see, for example, {1, Thm.
1.7.6]) and the remarks above we obtain: if f satisfies (1.2") with index y, then
g € RV, and hence g € RV, which in turn implies £ satisfies (1.2).

(ii) If f satisfies (1.2) with auxiliary function a(¢) then g € RV, ,,. Since f non-
decreasing implies ¢ is non-decreasing, we find, by the Tauberian part of Karamata’s

Theorem, that g € RV, ,,. The preliminary remarks of the proof now yield (ii).
(iii) This statement follows directly from [8, Theorems 1.20 and 1.8].

LEMMA 2. Suppose that f satisfies (1.2') with y = 0 and is bounded on (0, a) for
any a > 0. Assume that k . (0, 1) — R is measurable and that for some ¢ > 0 we
have t ~°k(t) is integrable on (0, 1). Then

1 _fu 1
lim [ kel =IO 40 f k(s) log s ds.
0 a(t) 0

=00
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PROOF. The assumption on £ implies (cf. [1, Lemma 4.1.1]) that there exists ¢ > 0
such that

/[k(s) ds =0(%) fort (0.

0
The rest of the proof is similar to that of [8, Theorem 1.20].

Now we are able to state the main result in this section.

THEOREM 4. (a) (Abelian part) Assume that f satisfies (2.10) with y € R and
auxiliary functions a(t) € RV,, a\(t) € RV, with parameters y > —1 and «
such that o +y > —1. Then the following relations hold:

- faux)—foy—amyxr —/y

4.1) li =T (ae+y+1)-Hx), forx >0
o0 a,(t)
and
42) lim fO—f@—a@T(y+1—-1/y — AQ)
t—>00 a,(t)
(In casey =0: M% :=T"(1) = —yy, where y, is Euler’s constant)

(b) (Tauberian part) Letr be given some functions a(t), a\(t) such that the limit in
(4.1) exists for all x > O with y > —1 and H is not a multiple of (x¥ — 1)/y.
Then a,(t) satisfies (2.3) with some « such that a + y > —1 and a(t) satisfies
(2.2). Then f is second-order regularly varying provided that the function

(i) foexpisconvexincasea =y = 0;
Gi) 77 f(r) is non-decreasing if « = Qand y # 0 (f is defined as in
Theorem 2);
(iii) f(t) 4+ c(@¥ — 1)/y is non-decreasing if « < O (the constant c is given
by the representation in Theorem 2).

REMARKS 7. (i) Various parts of the Theorem are closely related to previous results,
for example compare [7] for the case « = 0, ¥ > 0 and compare [13] for the case
a=y=0.

(ii) Other integral transforms, rather than Laplace transforms, in particular those
with non-negative kernels and suitable behaviour at oo and 0, can be considered as
well. For example for case « +y < —1, one may use integral transforms based on the
kemel k(v) = e™"v?, p > O such that p + a + ¥ > —1, in order to avoid problems
at 0.
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(iii) The Tauberian condition in part (b) on f (monotonicity) may be weakened
to one or two sided oscillation conditions as discussed for example in {1, Theorem
4.11.1].

(iv) One obtains in (4.2) (with ¢y, ¢; as in (2.10) and T''(1) = —y,, where y, =
0.577 ... is Euler’s constant)

r D=1  Ty+1)—1
(ﬁ +c2) @ty+1) - r+D Mae<0,y>0,a+y >—1;
o+ y ay
Fy+1)—1  '(y+1
. (2 —¢a1/y) +1) +c e ), ifa=0,y>—1buty #0;
H) =1 r yl 1 r'1y
(ﬁ+c2) @+b-1_, D ifo e (—1,0),y =0;
o [0
%1"2(1) + I, ifoa =y =0.

PROOF OF THEOREM 4, For the case « = y = 0 we refer to [13, Theorem 3.2].
Note that their Tauberian condition is satisfied if f o exp is convex. Furthermore the
case y > 0, ¢ = 0 1is given in Theorem 1 in the paper of Geluk [7] under somewhat
stronger conditions. The case @ < 0 is a straightforward application of Lemma 1
(remember Theorem 2). So we only need to consider the case @ = 0, y # 0, where
keeping Theorem 2 in mind: (a) follows directly from [&, Theorem 1.20] and Lemma
2. In the present application the kernel function is k(¢) = t¥e™*; (b) follows directly
from [8, Theorem 2.35], applied with the kernel k(¢) = t7¢~".

REMARK 8. In the paper [13] a Mercerian result is given for case « = y = 0. (This
is an implication from (4.2) to (2.10) under certain conditions.) Similar results could
be given here in the other cases as well.
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