athematical
nequalities
& Papplications
Volume 16, Number 3 (2013), 633-643 "doi:10.7153/mia-16-47

ON THE ARITHMETIC AND HARMONIC
AVERAGES IN NONDISCRETE SETTING

FERENC MORICZ

Abstract. In recent years, the almost sure central limit theorem attracted widespread attention in
Probability Theory. It involves the harmonic (also called logarithmic) averages of a numerical
sequence. In our previous paper [2], we investigated the convergence behavior of the sequence of
harmonic averages of a given numerical sequence from the viewpoint of Summability Theory. In
the present paper, our aim is to extend this investigation from the discrete to nondiscrete setting.
Given a real or complex-valued function which is locally integrable on R, , we give necessary
and sufficient conditions for the existence of the finite limit of its arithmetic or harmonic aver-
ages, respectively. These characterizations may be useful in the investigation of the almost sure
behavior of Stochastic Processes.

1. Known results on the averages of numerical sequences

In the framework of Kolmogorov’s axiomatic treatment of probability, one of the
fundamental questions is the relationship between probability and relative frequency.
The results of this investigation are called the laws of large numbers, which are formu-
lated in terms of the arithmetic averages of random variables. See, e.g., in the book [3]
by P. Révész.

In recent years, the so-called almost sure central limit theorem has attracted wide-
spread attention in Probability Theory, in which the harmonic (also called logarithmic)
averages of a sequence of indicator function values play a key role. See, e.g., in [1] and
also the papers listed in its References.

Now, we briefly summarize the basic results on the convergence behavior of the
sequences of the arithmetic and harmonic averages of sequences of numbers from the
viewpoint of Summability Theory. Let {x;:k = 1,2,...} be a sequence of real or
complex numbers. We recall that the sequence {0, : n = 1,2,...} of its arithmetic
averages is defined by

1 n
Oy = — Zxk,
=1
while the sequence {7,} of its harmonic averages is defined by

1 & Xk - 1
Ty = — —, where En = ) n:1727""
enk; k ,Zlk
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Since ’
lim —— =1, (L.1)
n—e logn

where the logarithm is to the natural base e, the sequences {7,} and {7} are equicon-
vergent with the same limit, where

=

1
=YX u=23
logn = k

This fact explains that harmonic averages are often called logarithmic ones in the liter-
ature.

It is well known that if a sequence {x;} of numbers converges to a finite limit
&, then the sequence {o,} also converges to the same limit &. Furthermore, if {0, }
converges to a finite limit &, then {7,} also converges to the same &. On the other
hand, in either case the converse statement is not true in general.

In the next two theorems, we characterize the convergence of {o,} and {7,} toa
finite limit as n — oo, in terms of the so-called maximal moving averages (see (1.2) and
(1.3) below). The first theorem is a folklore.

THEOREM A. The finite limit lim,,_... 0, = & exists if and only if

1 n
lim ax ‘ (xk—é)‘ —0. (1.2)
m—oo 2m_1 om—1 pom k=2m21+1

The second theorem was proved in [2, Theorem 2].

THEOREM B. The finite limit lim,_... T, = & exists if and only if

. 1
lim ———— max
M—soo Kﬂm_gqu W1 <Ny

%6 | —0, (1.3)

k

k=M1 +1

where Uy := 22" m=0,1,2,....

We note that by (1.1), the denominator (¢, — ¢, ,) in (1.3) can be equivalently
replaced by 2!,

2. New results on the averages of integrable functions

In the present paper, our primary aim is to extend these investigations from the
discrete to nondiscrete setting. To this effect, we consider real or complex-valued func-
tions x(¢) that are locally integrable in Lebesgue’s sense on the half-axis R := [0,00)
or on some infinite subinterval of R .

As is well known, given a function x(t) € L} .(R.), its arithmetic averages are
defined by

o(T) = %/()Tx(t)du T >0.
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Assume that t~'x(t) € L}

1oc ([1,9)), then the harmonic averages of the function x(r) are
defined by

dt T>1
logT/ ~h

Our new results stated in Theorems 1 and 2 below are the nondiscrete versions of
Theorems A and B. They may be useful in the investigation of the almost sure behavior
of Stochastic Processes.

THEOREM 1. The finite limit limy_... o(T) = & exists if and only if
) 1 2T
Th_r,rl,? i x(t)dr =E&. (2.1)

The ratio on the left-hand side of (2.1) may be called the moving arithmetic aver-
age of the function x(7). The surprising fact is that in the characterization (2.1) we do
not need maximal moving average (in contrast with (1.2)). Theorem 1 is a folklore, but
we present its proof for the reader’s convenience.

Proof. Necessity. In case limy_,. o (T) = & we trivially have
1 2T
7/ X(0)dt =26(2T) — (T) =26 —E=& as T — oo,
T
Sufficiency. By (2.1), for every € > 0 there exists Ty = Ty(€) > 0 such that

2T
_)T/ Edt|<e if T>T. (2.2)

Given T > Ty, let m = m(T) be the integer for which
T T

oot STo < o (2.3)
It follows that T /2" < 2Tp. By (2.2) and (2.3), we estimate as follows:
1 (T
7 | =&
1 T T/2 T/2m-1 T/2m
=\7{/T/2+/T/4 +...+/T/2m +/O b (x(r) ~ &)t
g%d‘) g>+id°<§>+ +2Lm 0 2m T/TO Gl
<1+1+ + 1>£+£<2£, 2.4)
2 4 2m

provided that T is so large that the last term on the third line of (2.4) is less than €.
Since € > 0 is arbitrary, we conclude that

Th_rgo% A (x(r) —&)dr = 0.

This is equivalent to the existence of the limit limy ..o (T)=¢&. O
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THEOREM 2. The finite limit limy ... T(T) = & exists if and only if

2T
liml ‘ )@d
Toeo T J,

t=E. (2.5)

The ratio on the left-hand side of (2.5) may be called the moving harmonic average
of x(r). Again, in the characterization (2.5) we do not need maximal moving average
(in constrast with (1.3)).

Proof. Necessity. In case limr ... T(T) = &, we trivially have
1< x(
—/ &dZZZT(ZT)—T(T)ﬁ2§—§=§ as T — eo.
T Jer t

Sufficiency. By (2.5), for every € > 0 there exists Ty = Tp(g) > 0 such that

l EZT £ —
d\(T) = ‘—/ MW=Cylce it 77 2.6)
T Jer t
Given T > Ty, this time let m = m(T) be the integer for which
T T
2m+1 S TO 2m (27)
Clearly, it follows that el /2™ < 2Ty. By (2.6) and (2.7), we estimate as follows:
1 e x(t)—¢&
! 7dt|
7
m t -
:_{/ +/ ++/ / }Mw)
T T/2m 1
1 /TN 1, /T 1 Mo |x(1) = &
< = _ hl _ _
\2d1(2>+4d1<4>+ TR 2m T/
1 1 1
<2+4+ o >e+£<2£, (2.8)
provided that 7 is large enough. Since € > 0 is arbitrary, we conclude that
1l x() =€
lim — ——=dt=0 29
Am ; ; (2.9)

which is equivalent to the existence of the limit lim7_..7(7T)=&. O

REMARK. It is easy to check that Theorems 1 and 2 remain valid if conditions
(2.1) and (2.5) are replaced in them, respectively by the following ones:

) 1 aT B ,

and

i) @3

where a > 1 is a given real number.
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3. Higher order harmonic averages of integrable functions

Given a function x(t) such that (tlogt)~'x(z) € L. ([e,)), its harmonic aver-
ages of second order are defined by

T):=
(T) loglogT/e tlogt

The analogue of Theorem 2 reads as follows.

dt, T >e.

THEOREM 3. The finite limit limy ... T (T) = & exists if and only if

l EL'ZT

¢
lim — )
T—eo T JeeI  tlogt

dt =E. 3.1)

Proof. Necessity. In case limr_,.. 7,(T) = & we trivially have

2T
I
T o tl(() )tdt 25,2T) —n(T) =26 —E =& as T — .
Sufficiency. It goes along the same lines as the proof of Theorem 2. Therefore, we
only sketch it. By (3.1), for every € > 0 there exists Ty = Tp(€) such that

= dt e if T>Tp. 3.2
) T /ee tlogt < ! = 1o (3-2)
Given T > Ty, this time let m = m(T) be the integer for which

T T
e e

2m+1 < TO < 27

e

(3.3)

It follows that e /2™ < 2Ty. By (3.2) and (3.3), we conclude (in the same way as in
the case of (2.8) and (2.9) that

T
1 ¢ x(t)—
fim L+ [© X0 gdtzo, (3.4)
T—eo T Jo tlogt

which is equivalent to the existence of the limit lim7 . 7 (T) =&. O

REMARK. It is easy to check that Theorem 3 remains valid if condition (3.1) is
replaced by the following one:

al

. 1 < x(t)
| dt = 3.1
o (a—1)T JeT  tlogt s S

where a > 1 is a given real number.

One may also define for each integer p > 3 the harmonic averages ©,(T) of pth
order of a function x(¢) with an appropriate local integrability condition. In this per-
ception, 7(T') defined in Section 2 may be considered as the harmonic average of first
order of the function in question. Theorems analogous to Theorems 2 and 3 can be
proved foreach p=3,4,....
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4. Inclusions
It is easy to prove that if x(z) € L] .(R.), then the ordinary convergence

lim x(T) =&

T —00

implies the convergence of the arithmetic average to the same limit:

lim o(T) =&. 4.1)

T —00

In the next theorem, we will prove that (4.1) implies the convergence of the har-
monic average to the same limit.

THEOREM 4. Assume that x(t) € LL .(Ry) and t~'x(¢) € L} .([1,)). Then the
implication (4.1) = (4.2) holds true, where

lim 7(T) = &. 4.2)

T —00
The converse implication is not true in general.

Proof. (i) First, we deal with the special case when T is an integer, say T :=n
where n > 3. Applying the Second Mean Value Theorem gives

k1
T(n)logn:kzl/k+ @dt

k+1Jp,
1 rb -1 bis1 1 [
= - t)dt t)dt + — t)dt 4.3
1[ +2k+1 X() +}’l hn71X() ) ( )
where
k<b.<k+1, k=1,2,....n—1. 4.4)

By the definition of the arithmetic average, we may write that
/ x(1)dt = co(c) —ba(b), 0<b<ec. 4.5)
b

Making use of (4.3) and (4.5), we obtain

2(n)logn = /1 @dr - %{blc(al) — (1)}

+ Z {bk+10 bk+1) ka(bk)}-l-%{nG(n)—bn,lc(bn,l)}
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n—1

1
= —6(1) +k§1 mbkﬁ(bk) + G(n)
Hence it follows that
1 n—1 bk 1
)= ogn & ki 1) 7 T iogn 1700~ 0
n—1 1
= %an,kﬁ(bk) + @{G(ﬂ) —a(1)}. (4.6)

By (4.4), we have for k =1,2,...,n—1,

1 b 1

0 =
< Gnk logn k(k+1) < klogn

— 0 as n-— oo,

and it is easy to check that
n—1
Zamk—ﬂ as n— oo,
k=1

Thus, we may apply the familiar Toeplitz’ theorem (see, e.g., [4, p. 74]) to conclude
from (4.1) and (4.6) that the limit (4.2) holds in the special case when 7 :=n € N.

(ii) In the general case when T > 3 is areal number, let n:= [T'|, where [-] denotes
the integer part. We use equality (4.5) and the Second Mean Value Theorem to obtain

T(T)logT — t(n)logn = /T )@dt

- %/nhx(z)dt+%/bTX(f)d’

= (% - %)ba(b) —o(n)+o(T), where n<b<T. 4.7

Taking into account that n := [T, it follows from (4.1) and (4.7) that

[7(T)log T — o(n)logn| < %blﬁ(b)l +10(T) —a(n)|

1
< Z\G(b)\ +|o(T)—0o(n)|—0 as T — oo,
Thus, we conclude that

1
fim () = Jim <(0)30 7 =

which is (4.2) to be proved.
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(iii) In order to prove that the converse implication, that is, (4.2) = (4.1) is false,
we make a trivial observation. A necessary condition for the existence of the finite limit
(4.1) is that for every real number a > 0,

1 T+a

Jim = | ()i =o. (4.8)

Indeed, by definition we have

7/TT+ax(t)dt:T;—aa(T—f-a)—cy(T)_>§_§:0 as T —s oo,

Now, we consider the function x(¢) defined by

ne?' if refe?, e +1),n=12,...;
0 otherwise.

On the one hand, for T := e2" we have

1 (T+1
7/ x(t)dt=n+0 as n— oo,
T

that is, condition (4.8) is not satisfied. Thus, the finite limit (4.1) cannot exist for any
finite &.
On the other hand, if 7 > €2, then

n—1 n
&2 <T<e2 forsome n=2,3...,

and we may estimate as follows:

1 n—1 pe? +1
0<1(T) < 2/ x()dt
k=1

€2k

1 n—1
2n 1Z‘k—>0 as T — oo,

This proves the existence of the limit (4.2) with £ =0. O
Our last theorem may also be of some interest. It says that (4.2) implies the con-
vergence of the harmonic average of second order to the same limit.

THEOREM 5. Assume that t'x(t) € L}, ([1,50)) and (tlogt)~'x(t) € L] .([e,=)).
Then the implication (4.2) = (4.9) holds true, where

lim 75(7) = &. (4.9)

The converse implication is not true in general.

Proof. (i) First, we deal with the special case when T is an integer, say T :=n
where n > 6. Similary to (4.3), applying the Second Mean Value Theorem gives

7 (n)loglogn = /4 ﬂa’t—i—nil/kH ﬂdt

e tlogt il tlogt
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—1 by x( ) k+1 x( )

2{@/,{ Ttdt+log(lc1+l)/hk Ttdt}
br-1 x

10g4/ (kl—i- 1)/ th

1 " (
+ / i
logn Jp, , t

where C is an absolute constant and for b, we have (4.4), but thistime k=4,5, ...

By the definition of the harmonic average, we may write that
< x(t
/ @dr — 7(c)logc — T(b)logh, 4<b<c.
b
Making use of (4.10) and (4.11), we obtain

" x()
loglogn= | ——d
T (n)loglogn /e TTog! 1

=C+ 10%{75(174)102{194— T(e)}

1 — 1
Z . Tog( k+l T(bry1)logbir — T(by)loghy }

— {t(n)logn — (b, {)logh,
+logn{1(n> ogn—1(b,—1)logh, 1)}

tle) "l 1

e _—— —_— — T 1 .
log4 IZZ <logk log(k+ l))T(bk) ogby+7(n)

Hence it follows that

B(n) = — {c- T(e)+f(n)}

loglogn log4
| 1
— by)logb
+loglognk§2(logk log(k—l—l))T( i) log by

n—1
1 T(e)
= b {C— }
Igan’kr( K+ loglogn log4 +1(n)

By (4.4), it is not difficult to check that for k =4,5,....n— 1,

—0 as n— oo

1 1 ) log by

0<aui:= —
< Onk (logk log(k+ 1)/ loglogn

and

Y ap—1 as n— oo

641
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Thus, we may apply Toeplitz’ theorem to conclude from (4.2) and (4.12) that the limit
(4.9) holds in the special case when T :=n € N.

(ii) In the general case when T > 6 is a real number, let n := [T]. We use equality
(4.11) and the Second Mean Value Theorem to obtain

©(T)loglog T — 5 (n) loglo n—/Tﬁdz
2 glog 2 glogn = . 1logr
1 b T
:_/ JﬂdHL/ x(1)
lognJ, t logT Jp t
1 1
:<@—logT>Tg(b)logb—Tz(n)+1'2(T), where n<b<T.  (4.13)

Taking into account that n := [T], it follows from (4.2) and (4.13) that

|T2(T)loglog T — 15(n) loglogn|

1
log ——|n(b)|+|0(T) — 1a(n)] =0 as T — co.

Thus, we conclude that

logl
lim ©(T) = lim T (n) ~2 081

T—soo loglogT =5

which is (4.9) to be proved.

(iii) In order to prove that the converse implication, that is, (4.9) = (4.2) is false,
again we make a trivial observation. A necessary condition for the existence of the
finite limit (4.2) is that for every real number a > 1,

aT
lim / )@dt =0. (4.14)
T—elogT JT ¢

Indeed, by definition we have

1) log(aT)
= T)— (T —E=0 T — oo,
oeT Jr 1 t log T t(aT)—t(T)—>E-& as —

Now, we consider the function x(¢) defined by
niy, if re [e’“‘"7<l+%>e“")7

x(t) = where p,:=e*' n=1.2,...;
0 otherwise.

On the one hand, for ¢ := e we have

2T x(t 1
logT/T )th>nlog<1+;>—>l as n — oo,
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that is, condition (4.14) is not satisfied. Thus, the finite limit (4.2) cannot exist for any
E.
On the other hand, if T > ee2 , then

etn-1 LT < e forsome n=2,3,...,

and we may estimate as follows:

1ol e x(r)
k=1/enk tlogt

n—1

1 1
<F;klog<l+%> — 0 as n-— oo,

This proves the existence of the limit (4.9) with £ =0. O

REMARK. On closing, we note that a trivial necessary condition for the existence
of the finite limit (4.9) is that for every real number a > 1,

Tll
fim —— / X0 gy~
T—eloglogT Jr tlogt
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