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RELATIVE (p,q)-p ORDER AND RELATIVE (p,q)-¢
TYPE ORIENTED GROWTH ANALYSIS OF
COMPOSITE ENTIRE FUNCTIONS

TANMAY BISWAS

Abstract. The main aim of this paper is to study some growth
properties of composite entire functions on the basis of relative
(p,q)-¢ type and relative (p,q)-¢ weak type where p and ¢ are
any two positive integers and ¢ (r) : [0, 4+00) — (0,400) be a non-
decreasing unbounded function.

1. Introduction, Definitions and Notations

We denote by C the set of all finite complex numbers. Let f be
an entire function defined on C and My (r) = max {|f (2)]: |z| =r}.
Since My (r) is strictly increasing and continuous, therefore there exists
its inverse function M;l : (|f(0)],00) = (0,00) with Sli}rEOMjfl (s) =
0o. The maximum term pys (1) of entire f can be defined as pyf () =
max (lan|r™) . Obviously gy (r) is also a real and increasing function of

r. For x € [0,00) and k € N, we define exp! 2 = exp (exp[k*” x) and
k] g = log <log[k_1]

also denote log[o} T =x, log[_1] z=expz, exp¥z = 2 and expl~tz =
log z. Further we assume that throughout the present paper a, b, ¢, d,
p, ¢, m, n, |, r and y always denote positive integers. Also throughout
the paper occasionally ¢; () will stand for . Now considering this, let
us recall that Juneja et al. [7] defined the (p,q)-th order and (p, ¢q)-th
lower order of an entire function, respectively, as follows:

log x) where N be the set of all positive integers. We
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Definition 1.1. [7] The (p, q)-th order and (p,q)-th lower order of
an entire function f are defined as:

pPD (f) _ o sup log" My(r)
)\(pv(I) (f) r——4o0o lnf log[Q] r

where p > q.

Extending the above notion, recently Shen et al. [9] introduced the
new concept of (p, q)-¢ order and (p, q)-¢ lower order of entire function
which are as follows:

Definition 1.2. [9] Let ¢ () :[0, +00) — (0, +00) be a non-decreasing
unbounded function, and p > q. Then the (p,q)-¢ order and (p,q)-¢
lower order of an entire function f are defined as:

p(Pv‘I) (f7 SD) 5 sup IOg[p] Mf(’l")

P9 (f,0)  rtoe inf logll g (r)

The function f is said to be of regular (p, q)-¢ growth when (p, q)-¢
order and (p, q)-¢ lower order of f are the same. Functions which are
not of regular (p, q)-¢ growth are said to be of irregular (p, q)-¢ growth.

However the above definitions are very useful for measuring the
growth of entire functions. If ¢(r) = r, then Definition 1.1 is the special
case of the above definition. Moreover if p = 2, ¢ = 1 and ¢(r) = r,
then we respectively denote p>1) (f,7) and A2 (f,7) by p (f) and A (f)
which are classical growth indicators such as order and lower order of
entire function f.

Further the definition of order (respectively lower order) does not
seem to be feasible if an entire function f is of order zero (respectively
lower order zero). To over come this situation and in order to study the
growth of an entire function f of order zero (respectively lower order
zero) precisely, Chern [6] introduced the concept of logarithmic order
(respectively logarithmic lower order) by increasing log™ once in the
denominator. Therefore the definition of logarithmic order piog (f) (re-
spectively logarithmic lower order Ajog (f)) of an entire function f is
define as:

Definition 1.3. [6] The logarithmic order piog (f) (respectively log-
arithmic lower order \iog (f)) of an entire function f is

log? M;(r)

. logp] Me(r .
Plog (f) = lim Supif() = lim sup T,

r—+o00 logm r r—+oo log
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o log[Q]Mf(r) . logme(T)
<A10g () =l it =y, = it o, )

Definition 1.3 is a special case of Definition 1.1 for p = ¢ = 2. Also
if p=¢=2and ¢(r) =r, then Definition 1.3 is also a special case of
Definition 1.2.

Similarly, Definition 1.1 does not seem to be feasible if an entire
function f is of (p, ¢)-th order zero. In this situation one may introduce
the concept of [ logarithmic (p, q)-th order and [ logarithmic (p, ¢)-th
lower order of an entire function in the following way:

Definition 1.4. Thel logarithmic (p, q)-th order pl(ggfl)] (f) and I log-
arithmic (p, q)-th lower order )\1(: gl)l (f) of an entire function f are defined
as:

prn L sup logh? My (1)
) -

where p > q. Now the two cases may arise: either p > g+l orp < q+I1. If
p=2,q=1andl =1, then Definition 1.3 is a special case of Definition
1.4.

In fact Definition 1.2 itself explain the above situation when p > ¢
and [ > p — q as follows:

P (floglhr) - sup log My(r)_

AP (£ 10gl 7 roo nf 000 (logm r)
_ oy S log” My(r) _ pleath) (f)
T rodeo Inf joglatil . T ARAHD (f)

and in this case obviously p < q + .

Combining Definition 1.1 and Definition 1.4, recently Biswas (see,
e.g., [3]) introduce a new definitions of the (p, q)-th order and (p, ¢)-th
lower order of an entire function avoiding the restriction p > ¢ of the
original definitions introduced by Juneja et al. [7]. Subsequently Biswas
(see, e.g., [3]) also rewrite Definition 1.2 avoiding the restriction p > ¢
of the original definitions introduced by Shen et al. [9].

Howeverextending the notion of index-pair(p, ¢) introduced by Juneja
et al. [7], one may also introduce the definition of index-pair (p, ¢)-¢ in
the following manner:
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Definition 1.5. An entire function f is said to have index-pair (p, q)-
@ if b < p®PD (f o) < co and p®=14=Y (f ) is not a nonzero finite
number, where b = 1 if p = q and b = 0 for otherwise. Moreover if
0 < pP9 (f, ) < 00, then

p=m9 (f, p) = o0 for n <p,
pPa=) (f0) =0 for n<gq,
pPtmatn) (f oy =1 for n=1,2,---

Similarly for 0 < AP0 (f ) < co, one can easily verify that
AP=19) (f ) = for n <p,
)\pq”(fgo)—() for n<gq,

APtatn) (f o)y =1 for n=1,2, --

If o(r) = r, then Definition 1.5 reduces to the the definition of index-
pair (p,q) of an entire function. However, mainly the growth investiga-
tion of entire functions has usually been done through their maximum
moduli in comparison with those of exponential function. But if one
is paying attention to evaluate the growths of any entire function with
respect to a new entire function, the notion of relative growth indicator
(see e.g. [1, 2]) will come. Extending this notion, Sdnchez Ruiz et al. [§]
gave the definitions of relative (p, ¢)-th order and relative (p, ¢)-th lower
order of an entire function with respect to another entire function in the
light of index-pair. Further revisiting the ideas developed by Shen et
al. [9], recently Biswas [3] introduce the definitions of relative (p, q)-¢
order and relative (p, q)-¢ lower order of an entire function with respect
to another entire function in the following way:

Definition 1.6. [3] Let ¢ (1) :[0, +00) — (0, +00) be a non-decreasing
unbounded function. Also let f and g be any two entire functions with
index-pair (m, q)-p and (m,p) respectively. The relative (p,q)-¢ order
and the relative (p,q)-¢ lower order of f with respect to g are defined

as
oV (fo) i SUP log”l Mt (M (r))

Psq) (f,p)  r—oo inf log!?! ¢ (r)

Further if relative (p,q)-¢ order and the relative (p,q)-¢ lower or-
der of f with respect to g are the same, then f is called a function of
regular relative (p,q)-¢ growth with respect to g. Otherwise, f is said
to be irregular relative (p, q)-¢ growth.with respect to g. Also for any
non-decreasing unbounded function ¢ (r) : [0,4+00) — (0,400), if ¢ (r)

satisfies the condition lim —%""_ = o where a > 0, then for any

r——+o0logl? ()
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entlre function f, one can easily verify that pg (p.q) (f,p) = ap(p ) (f) and
D (£.9) = XD ().

In this connection we also introduce the following definition which
will be needed in the sequel:

Definition 1.7. An entire function f is said to have re]ative index-
pair (p, q)-¢ with respect to an entire function g if b < p ( fip) <
and p(p_ 1) (f ) is not a nonzero finite number, where b = 1 1fp =q
and b = 0 for otherwise. Moreover if 0 < py (P2) (£ 0) < 0o, then

" (fr0) = for n <p,
(20 dor meg

pép+n,q+n) (f, (/J) =1 for n = 1,2,---
Similarly for 0 < /\(p ) (f,¢) < oo, one can easily verify that

AT (fLp) = for n <p,
pq " (f, ) = for n<q,
>\( pnatn) (¢ )_1 for m=1,2,--

Throughout the paper, whenever we deal with any entire function
f having relative index-pair (p, q)-¢ with respect to an entire function
g, we mean that f has positive relative (p,q)-¢ lower order and finite
relative (p, q)-¢ order with respect to g.

Now in order to refine the above growth scale, one may introduce the
definitions of other growth indicators, such as relative (p, q)-¢ type and
relative (p,q)-¢ lower type of entire functions with respect to another
entire function which are as follows:

Definition 1.8. [3] Let ¢ : [0,400) — (0,+00) be a non-decreasing
unbounded function. The relative (p, q)-p type and the relative (p, q)-¢
lower type of an entire function f with respect to another entire function

g having non-zero finite relative (p, q)-p order p ( f, ) are defined as

Jép’q) (f, ) L SUP loglP~1] Mg_l (M (r))

- (p,q) :
f’
|:10g[q_1] 90 (T) pg ( 50)

q) (f, ) r—+oo inf
Analogously, to determine the relative growth of f having same non
zero finite relative (p, q)-¢ lower order with respect to g, one can intro-

duce the definition of relative (p, q)-¢ weak type ?ép & (f) and the growth
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indicator T(p 2 (f) of f with respect to g of finite positive relative (p, ¢)-¢
lower order )\ép ) (f) in the following way:

Definition 1.9. [3]| Let ¢ : [0,400) — (0,+00) be a non -decreasing
unbounded function. The relative (p,q)-¢ weak type 7' (f, v) and

the growth indicator Tg ( f, ) of an entire function f with respect to
another ent1re function g having non-zero finite relative (p,q)-¢ lower

order )\ (f, ¢) are defined as :
(f, 1) sup logP=1 1 (Mf( )
lim NI
[log[q‘” ¢ (7“)}

If we consider go(r) = r, then pPQ) (f,r) ()\gpm (f,r)), Uép’Q) (f,r)

(Eép’Q) (f,r)) and ?gp’ (f,r) are respectively known as relative (p,q)-
th order (relative (p,q)-th lower order), relative (p,q)-th type (rela-
tive (p,q)-th lower type) and relative (p,q)-th weak type of f with

a) (f7 SO) r——+00 inf

respect to g. Further for ¢(r) = r, we simplify to denote p (f, )

OSD(f,1)), o (fr) @D (£,r) and 77D (£,r) 7 (f,7)) b
Y (1) OFD (1), oV () @D () and 777 (f) 7 (f)) ve-

spectively.
In terms of maximum terms of entire functions, Definition 1.6 can be
reformulated as:

Definition 1.10. The growth indicators p(p ) (f,¢) and )\gp’Q) (f, )
of an entire function f with respect to another entire function g are
defined as:

/\P‘l (f,¢) r—oo inf 1Og[q] o (r)

In fact, for any nondecreasing unbounded function ¢ (r) : [0, +00) —

o7V (fre) _ o sup 108" mg ! g (7))

(0, +00), if we assume h{rn ?551]7(()) = 1 for all a > 0, then in view of
o
Lemma 6 of [4], one can easily verify the equivalence of Definition 1.6

and Definition 1.10.

The purpose of this paper is to deal with some growth properties of
composite entire functions in the light of their relative (p, g)-¢ order, rel-
ative (p, q)-p type and relative (p, ¢)-¢ weak type after improving some
results of Xu et.al [10]. We use the standard notations and definitions
of the theory of entire functions which are available in [11] and [12], and
therefore we do not explain those in details.



Growth analysis of composite entire functions 249

2. Lemma

In this section we present a lemma which will be needed in the sequel.

Lemma 2.1. [5] Let f and g are any two entire functions with g (0) =

2
0. Also let 8 satisfy 0 < 8 < 1 and c¢(B) = (125) . Then for all
sufficiently large values of r,

My (e (8) My (Br)) < Myog (r) < My (Mg (r)) -

In addition if § = %, then for all sufficiently large values of r,

Mo () > My (;Mg (;)) .

3. Main Results

In this section we present the main results of the paper.

Theorem 3.1. Let f, g, h be any three entire functions such that
the relative index pair of f with respect to h and the index pair of g are
(p,q)-p1 and (m,n)-p respectively. Also let ¢ (r) : [0,+00) — (0,+00)
log" p(ar) _

is a nondecreasing unbounded function and satisfies lim o
r—+o0 log"™ ¢(r)
1 for all & > 0. Then
(i) the relative index-pair of f o g is (p,n)-p when ¢ = m and either
Aép’q) (fy1) > 0 or XM (g, 0) > 0. Also
() NPV (F,01) 0™ (g,0) < ™ (f o 9,0) <
oY (£,01) 0 (g,0) NP (f,01) > 0 and

() i (£00) A (g,0) < pi™ (F 0 9,0) <
oY (f.01) 07 (g,0) HEAT (g,0) > 0;
(ii) the relative index-pair of f o g is (p,q +n — m)-p when ¢ > m and
either Agp,q) (f, 1) > 0 or A (g, ) > 0. Also
(@) NPV (o) <pP T (Fo g, 0) <o (£r00) HENPY (f01) >0

and
(b) PP (Fo g o) = pPD(f,01) if A (g,0) > 0;
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(iii) the relative index-pair of f o g is (p +m — q,n)-¢ when ¢ < m and
either )\gp,q) (f, 1) > 0 or A (g, ) > 0. Also

(@) pPT0 (Fo g, ) = p™™ (g,0) i AP (f,01) > 0 and

p T (fog,0)<p ™™ (g, 0) i AT (g,0) >0
(0) A" (g, 0) <pi " (F o g.0) <™ (9, 0) i AT (g,9) >0

Proof. In view of Lemma 2.1, it follows for all sufficiently large posi-
tive numbers of r that

(1) 10g% M (Myog (1)) = (AP (£.601) — €) Togld) M, (1) + 0(1)

and also for a sequence of positive numbers of r tending to infinity we
get that

(2) 1ogh M (Mo (1) = (P (£01) — =) logl 0y () + 0(1)

Similarly, we have for all sufficiently large positive numbers of r that

(8)  logh My (Mg (r) < (pP? (. 01) + ) 1ogltl M, (1) .

Now the following three cases may arise:
Case I. Let ¢ = m. In this case we have from (3) for all sufficiently
large positive numbers of r that

logh” M (Myog (7)) < (o7 (£.i01) + ) (9 (9,0) + ) 1o o (1)

logl"! M_l (MfOQ (r))
m

(4) i.€., < ng ) (fv @1)P(m’n) (ga(p) :

Also from (1) and in view of the condition lim logglar) _ 4 g1 g
r—+oo log™ o(r)

a > 0, we obtain for a sequence of positive numbers of r tending to
infinity that
logl”! Myt (Myog (1))

z(quWo—QQMM@wwwﬁ%W¢m+om

loglP! M, (Mo
(5) i.e., limsup °8 (Mo (1)) > AP (1) o (g, ©) .
r——4oo log["} ( )

[n]
Moreover in view of the condition lim M =1 for all @ > 0, we
r—+oo logl" ()

have from (2) for a sequence of positive numbers of r tending to infinity



Growth analysis of composite entire functions 251
that
log M, (Mo (1))
Z(ﬁFnUWH%*%(AWWW%¢%*Qk%M¢O?+OG)

loglP! M—l My,
(6) i.e., limsup o8 (Mo (1)) 2> p (f» 1) A (g,0)
r—+00 log["} (r)

Therefore from (4) and (5), we get for )\ (f, 1) > 0 that

(7)(

MY (00 9™ (g,0) < o™ (F 0 9,0) < o7 (Fr01) P (9, 0)
Likewise, from (4) and (6) we obtain for A(™™ (g, ) > 0 that

(8)

AP (£ X (g,0) < pP™ (£ 0 9,0) < o7 (Fr01) P (g, 0)

Also from (7) and (8) one can easily verify that ,o(p )( fog,p) =

0, pgpn 2 (fog,p) =0 and p(pH ) (fog,p) =1 and therefore we
obtain that the relative index-pair of f o g is (p,n)-¢ when ¢ = m and

either )\Elp’q) (fy 1) > 0 or A(™™) (g, ) > 0 and thus the first part of the
theorem is established.

Case II. Let ¢ > m. Now we obtain from (3) for all sufficiently large
positive numbers of r that

log My (Myog () < (o7 (f.1) + € ) 1oglt=" logl™ 1 (1)
i.e., log? M (Myoy (1)) <
(72 (f.01) + ) Toglt = [ () (g, 0) + ) logl" o ()]

+
e Togh? My (Myog (1)) < (o7 (f.501) + € ) 1ogl* "= o (1) + O(1)

9) el g 198" My (Mg (1))
) r—-+oo log[Q‘l’n*m] SD (T)

\ph (f’ )

Also from (1) and in view of the condition lim bg[rn]w = 1 for all
r—+oo log!™ ¢(r)

a > 0, we have for a sequence of positive numbers of r tending to infinity
that

log!?! Mh—1 (Mpog (r)) >
()\EZP#J) (f.o1) — s) logld—m] Kp(m,n) (g,¢) — 5) log™ o (T)} +0(1)
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ie., loglP! Mt (Myog (1)) > (Aﬁf”q) (fiep1) — 6) logl"™ ™+ & (1) + O(1)

loglP! =1 (M.
(10) i.e., limsup o8 h ( f 9(7"))

> )\(paQ) , .
r—too  logldtn—ml e(r) wo (L)

[n]
Further in view of the condition lim -2 — 1 for all o > 0, we

ro+oo logh™ o(r)
get from (2) for a sequence of positive numbers of r tending to infinity
that

logl"l M (Mg () 2
(72 (f01) = £) Togl = [ (A (9,) — &) Tog™ o (r)| + O(1)

ive., Togh" My (Mye (1) = (079 (f.501) = £) loglt ™™= o (r) 4 O(1)

1 [P]M*l M,
(11) i.e., limsup o8 h ( f 9(7”))

(p,9)
> L01) .
rodoo  logltnTml o () T on (1)

Therefore from (9) and (10), we get for )\Elp’q) (f,¢1) > 0 that

(12) AP (o) P (Fog,0) <pP Y (fren).
Likewise, from (9) and (11) we get for A\(™™ (g, ) > 0 that
(13) AT (fog,0) = oV (F,01).

Hence from (12) and (13) one can easily verify that pépil’“"*m) (fog,p)

— o0, pPIT T (f o g.0) = 0 and pPTH T (Fo g ) = 1 and

therefore we get that the relative index-pair of f ogis (p,q +n—m)-¢

when ¢ > m and either A%p’q) (f.1) > 0 or A™™) (g, ) > 0 and thus
the second part of the theorem follows.

Case III. Let ¢ < m. Then we obtain from (3) for all sufficiently large
positive numbers of r that

logPtm=4 MY (Mo, (7)) < logl™ M, (r) + O(1)
ice., loglPtm=a M1 (Mo, (1) < (p(m’”) (g,¢)+e) log™ ¢ (r) + O(1)

A1) e, tim 287 (Mo (1)

<™ (g,9)
00 log["] o (r) P (9.9)
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Also from (1) and in view of the condition lim logplar) _ 4 g1 g
r—+oo log™ o(r)

a > 0, we have for a sequence of positive numbers of r tending to infinity
that

log" ™™= M7t (Mpog (7))

AV

log!™ ]M ( )+O()

e., logPTm= I M (Myog (1)) > (p(m’”) (g,w)—é‘) log!" o (r)+0(1)

[p+m—q] pr-1
(15) limsuplog My, (Myoq (1))

> M) (g o) .
r—+00 logl™ ¢ (1) =7 (9.)

Further, we get from (2) for a sequence of positive numbers of r tending
to infinity that

log™ ™) M, (M, () 2 1og!™ M, (5) +0(1)

e log ™= MY (Myog (1) > (A (g,0) — ) logl") o () +O(1)

loglPtm—d MY (Mo
(16) lim sup °8 (Mjoq (1)) > \(mn)

r—+o0 log[] (r) o (9:0) -

Therefore from (14) and (15), we obtain for )\ (f, ©1) > 0 that

(17) P (f o g,0) = ™) (g, ).

Similarly, from (14) and (16) we get for A" (g, ¢) > 0 that

(18) A (g0) < T (o g.0) < 9 (9.9).

So from (17) and (18) one can easily verify that p(p+m a=Lm) (fog,p)=
00,

pngrm_q’”_l) (fog,p) =0and p(p+m etlntl) ( 0g,¢) = 1 and there-

fore we obtain that the relatlve index-pair of fogis (p+m —q,n)-¢

when ¢ < m and either >\ (f, ©1) > 0 or A™™ (g,0) > 0 and thus
the third part of the theorem is established. O

In the line of Theorem 3.1 one can easily deduce the conclusion of
the following theorem and so its proof is omitted.

Theorem 3.2. Let f, g, h be any three entire functions such that
the relative index pair of f with respect to h and the index pair of g are
(p,q)-p1 and (m,n)-p respectively. Also let ¢ (r) : [0,+00) — (0, +00)

log["] p(ar)

is a nondecreasing unbounded function and satisfies lim —=——— =
r+oo log" o(r)
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1 for all « > 0. Then

@) M (o) A™ (g,0) < M (F o 9,9)
<min {p" (£,01) A" (9,0) AP (£,601) 9 (9,0)}

itg=m, AP (f.01) >0 and AT (g, ) > 0;

(1) AT (fog.0) = APV (f.1)
if ¢ > m, )xép’q) (f,¢1) >0 and Alman) (g,) >0

and

(iid) AT (f 0 g,0) = A (g, )
if g < m, AP (f, 1) > Oand AT (g, ) >0 .

Corollary 3.3. Let f, g, h be any three entire functions such that
the relative index pair of f with respect to h and the index pair of
g are (p—1,m —1)-p1 and (m,n)-p respectively such that p —1 > 0
and m —1 > 0. Also let ¢ (r) : [0,400) — (0,400) is a nondecreasing

[n]
unbounded function and satisfies lim 7l°g[ ]“’(”) =1 forall « > 0. Then
r—+oo log!™ ¢(r)

PP (Fog,0) = p™™ (g, ) and AP™ (f o g,0) = A" (g, ) |

Proof. In view of Definition 1.7 pl(l ™) (f,p1) = )\;Lp’m) (f,1) = 1.
Therefore the conclusion of above corollary immediately follows from
the first part of Theorem 3.1 and Theorem 3.2. O

Corollary 3.4. Let f and g be any two entire functions with index
pairs (p,q)-p1 and (m,n)-¢ respectively. Also let ¢ (r) : [0,400) —
(0,+00) is a nondecreasing unbounded function and satisfies

[n]
o log!™ ¢ (ar) 1

for all &« > 0. Then
(i) the index-pair of fog is (p, n)-¢ when q = m and either \P9 (f, ;) >
0 or A (g, ) > 0. Also
(a) AP (f,01) p™ ™ (g, 0) < p®™) (f 0 9,00) <
pPD (£,01) p™ (g, ) if APD (f,01) > 0 and



Growth analysis of composite entire functions 255

(0) PPV (f, 1) A (g,0) < P (f 0 g,00) <
o (£,01) 7 (g,9) AT (g,0) > 0

(ii) the index-pair of f o g is (p,q +mn —m)-¢ when g > m and either
APD (f 1) >0 or A" (g, ) > 0. Also

(@) AP (f,01) < pPE™) (f o g,0) < p®9 (f,01) i APD (f,01)>0
and
(b) PP (fo g, 0) = pPD (fr01) i A (g, 0) > 05

(iii) the index-pair of f o g is (p +m — q,n)-¢ when ¢ < m and either
AP (f 1) > 0 or A (g, ) > 0. Also

(@) pPTm=am) (fo g ) = p™™ (g, ) if \PD (f, 1) > 0 and

(B) AU (g, ) < pPHEM (f 0 g,0) < p (g, ) B AT (g, 0)>0.

Corollary 3.5. Let f and g be any two entire functions with index
pairs (p,q)-p1 and (m,n)-p respectively. Also let ¢ (r) : [0,400) —
(0, +00) is a nondecreasing unbounded function and satisfies

i
lim 08 2lar)

r——+400 log[n} SO (rr)
for all « > 0. Then
(i) APD (f,01) A (g, 0) < AP (fog,¢)
< min {p(p"” (fo01) A (g, 0) , APD (f,01) p™m) (g, @)}

if g =m, \PD(f,01) >0 and \™™ (g, ) > 0;

(1) AP (f o g, 0) = APD (£, 1)
if g >m, AP9 (f,01) >0 and A (g,0) > 0
and
(ii) APTTTEN) (f o g ) = AU (g, )
if g < m, NP9 (f,¢1) >0 and Almom) (g,) >0.

Reasoning similarly as in the proofs of the Theorem 3.1 and Theorem
3.2, one can easily deduce the conclusions of the above two corollaries,
and so their proofs are omitted.
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Corollary 3.6. Let f, g, h be any three entire functions such that
the relative index pair of f with respect to h and the index pair of
g are (p—1,m — 1)-p1 and (m,n)-p respectively such that p > 1 and
m > 1. Alsolet ¢ (r) : [0,4+00) — (0, +00) is a nondecreasing unbounded

[n—1]
function and satisfies lim w =1 for all &« > 0. Then
r—+oo log!" ~H p(r)

MR (F00) 0™ (g,0) < 0P (o g, )
< pglprqfl) (f, 1) ™™ (g, )
and
AP=LaD) (£ o 5mn) (g o) < 5P (fo g, )
< pP=La=D) (£ o)) F™) (g, ).
Proof. In view of Lemma 2.1 and Corollary 3.3, we get that

n . log"~ " My ! (Myoq (1))
J;Lp, ) (f og, (p) = lim sup b (p],”n)g

r 00 ) fog,
—+ (log[n_l} o (’r‘))p’ (fog,)

i.e., U;Lp,n) (fog,p) <

gl M (M (M (1))
lim sup —
r—+o0 logm—1 M, (r)

[m—1]
- lim sup log My ()

r——+o00 (10g[n71] o (7“)

)p(m’”)(g,@)

(19)  de, 0P (Fog,p) < pP TV (f01) 0 (g, 0)
Similarly
logP=1 M, (Mo (1))

(p,n)
B oy (fogsp)
(10g" o (r))™

aP™ (f © g, ¢) = limsup

r—400
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Hence the first part of corollary follows from (19) and (20).
log?” ! Myt (Mo, (1))

(tog 1 )

" (f 0 9.%0) = lim inf

fog,e)

i, 7" (fog,0) >
i flogL”*” Mt (M (3M,
im inf log™ UIm—11 A7, (

( ))) -lim inf

3
r %) (m.n) (g,
) O(1) >+ <log[”*1] <p(7")>p (9,¢)

[l oo\»—t

Again

21) e, TP (Foge) > AP (50 5m) (g, )

Also
log? ™ M1 (Myoq (1))

(10g[”‘” 0 (T))

Egp’n) (fog,p) =liminf

r——+00

pP™ (fog,p)

ie., M (fog,p) <

loglP~U MY (My (M [m—1]
lim sup o8 [h 1(] £ (M, () -liminf log M‘Z((r))(g 3
r oo m-= r—+00 _ 1) (g,
St log My (r) <log[” 1] o (7‘))

(22) ie, aP (fog,0) < pP Y (£,00) 5™ (g, ) .

Therefore the second part of corollary follows from (21) and (22).
Thus the corollary follows. O

Corollary 3.7. Let f, g, h be any three entire functions such that
the relative index pair of f with respect to h and the index pair of
g are (p—1,m — 1)-p1 and (m,n)-p respectively such that p > 1 and
m > 1. Also let ¢ (r) : [0, +00) — (0, +00) is a nondecreasing unbounded

function and satisfies lim W =1 for all &« > 0. Then
r—r+oo log" ™ o(r)

log[

Agp_lyq_l) (f: 901) T (m,n) (ga (P) < TI”(van) (f °9 SO)
<o MY () T (g,0)

and
AT (F00) 7 (g,0) < 7P (Fo g, 0)

< PP (£, o) Fm) (g, 0)
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Reasoning similarly as in the proof of the Corollary 3.6 one can easily
deduce the conclusion of Corollary 3.7, and so its proof is omitted.

Theorem 3.8. Let f, g, h and k be any four entire functions with
index pairs (p, q)-¢1, (m,n)-¢, (a,b)-¢1 and (c,d)-p1 respectively. Also
let ¢ (r) : [0,+00) — (0,+00) is a nondecreasing unbounded function

logld r

and satisfies the condition (i) lim = o where a > 0, (i7)

r——+oolog?l o(r)

[n]
lim & 2l@) 1 foralla > 0.
r oo logl™ o(r)

(i) If either (4 =m,a=c=p,q>n)or (q<m,c=p,a=p+m—q,q >

n) holds and AP0 (f,01) > 0, 0 < A" (fog,0) < p"™ (fog,¢) <

oo then

bn _
N (Foge) o logP M (Mo (1)
pl(cd,q) (fop) T+ log[d] Mk_l (Mf (exp[qfn} r))
< min { Aﬁf””) (fog,v) Péb’") (fog, @)} <
- AV (fe) T () T
/\(b,n) (b,n)

e d N (fog,o) p, " (fog,v) <

AV (0 T P () T

B 7 7—1 (bym)

limsup [Cll]og _11‘4h (Mo (1)) < Ph - ()fog’ )
r—+oo log Mk (Mf (eXp[q_n] T)) )\k 4 (fa 90)

and

(i) Ifqg > m, a=c=p, \PD (f,01) > 0and 0 < AP (fo g o) <
P (f 0 g, ) < oo, then

b,g+n—m _
AP (Fo g, ) < timinf 108" My (Myeg (1))

™ (fop) T e logl M (M (explm i) T
)\(bvq+n_m) (b7q+n_m)
mm{ b (fog,0) py (fog,e) <

Aoy a1 )
. { AP (£ o g o) pAtnT (6 g ) } -
AP (f,0) 2 (fr0) -

lim sup logl Mh_1 (Mog (1)) < szbﬂ%_m) (fog.9)
rtoo loghl M1 (M (explm=rl 7)) = A4 (p o)
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Proof. Let either (¢ = m, a = ¢ =p, ¢ > n)or (g < m, c=p,
a = p+m—q, ¢ > n) hold and A9 (f, 1) > 0. Then in view of Theorem
3.4, the index-pair of fogis (p,n)-¢ or (p +m — q,n)-¢ respectively and

therefore by Definition 1.6, pglb’n) (fog,v) (respectively )\Elb’n) (foy, CP))

exist. Since the index pairs of f and k are (p, ¢)-¢1 and (¢, d)-¢; respec-

[a]
tively, then in view of ¢ = p and lim —2&""
¥ P r—oologl®l o(r)

that 0 < plgd’q) (f,¢) < oo. Therefore the relative index-pair of f with
respect to k is (d, q)-.

= a where a > 0, we get

Now from the definition of péd’Q) (f,) and /\gb’") (fog,¢), we have

for arbitrary positive € and for all sufficiently large positive numbers of
r that

(23)  1og" My (Myog (1) = (W™ (0 9,) — ¢ ) 1og" o (7)
and
(24) 108" Mt (M (explt ™)) < (o (£,0) + ) logl o ()

Now from (23) and (24), it follows for all sufficiently large positive num-
bers of r that

log M, ! Moy () (A (F 0 9,0) =) logl o (7)
g AT (My (o508 7)) ~ () (7,0) + =) g )
As e (> 0) is arbitrary, we obtain that

logl® MY (M, Abm)
(25) lim inf [d]og — n (Myog (1)) > 2h . ()fOQ’SO)
r—=+o0 log™ M, (Mf (exp[qfn] T)) o q (. 9)

Again we get for a sequence of positive numbers of r tending to infinity
that

(26)  logh M (Myog (1) < (AP (f 0 ,0) +¢) logl o (r)
and for all sufficiently large positive numbers of r that
(27) logl¥ M ! (Mf (exp[q’”} r)) > (A;(gd’q) (f,) —é?) logl"l o (r) .

Combining (26) and (27), we get for a sequence of positive numbers of
r tending to infinity that

log? My (Myoy () (MW" U 09:0)+2) e o (1)
log M, (My (explerlr)) = (W0 (£,0) — <) logl o (r)
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Since € (> 0) is arbitrary, it follows that

logl® MY (M, (b,n)
(28)  liminf [d?g h (Myog () M - ()fog,sO)
S o AT (01 (el T)) T A (1)

Also for a sequence of positive numbers of r tending to infinity that

(20) Tog Mt (M (explr ™) ) < (MM (f0) +2) Tog o (1)

Now from (23) and (29), we obtain for a sequence of positive numbers
of r tending to infinity that

log" My (Mg (1) (M7 (2 0:0) <) loxT o (1)
loghl Mt (My (expla—nlr)) — (A;(gd’q) (f,¢)+€> log o (r)

As e (> 0) is arbitrary, we get from above that

- b,n
(30)  limsup log" M, (Myeq (1) > )‘2 : (fog,9)
rortoo logl M (M (exple=rlr)) = A (£,p)

Also we obtain for all sufficiently large positive numbers of r that
B A7—-1 (b,n) [n]
(31)  logh My (Myog (1) < (9™ (f o g,0) +¢) logh o () .

Now it follows from (27) and (31) for all sufficiently large positive num-
bers of r that

bn n
togh My (Myoy (1) _ (pé "(fog,) +€) log" ¢ (r)
logl® M (My (expla—rlr)) — (A;(gd’q) (f, ) —€> log™ ¢ (7)

Since ¢ (> 0) is arbitrary, we obtain that

- b,n
(32)  limsup logl M, (Myog (1) _ pi™ (f09.¢)
r—4-00 log[d] M,;l (Mf (exp[q*"] 7“)) )xé,d’q) (f,)

Further from the definition of p,(cd’Q) (f), we get for a sequence of

positive numbers of r tending to infinity that

(33) 108" Mt (M (explt 1)) > (o (£,0) — ) logl o ()
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Now from (31) and (33), it follows for a sequence of positive numbers
of r tending to infinity that

bn n
logh Mt (Mjoq (1)) B <p§L "(fog.o)+ a) log™ & (7)
log!® M, (M (exple=Im)) = ({0 (£, ) — &) 1ogl" 0 (7)

As e (> 0) is arbitrary, we obtain that

(34)  liminf log M, ' (Mo, (1)) <P§f”n) (fog.v)

r—-+oc Jogld] M1 (Mg (expla—nlr)) — P,(Cd’q) (f:)

Again we obtain for a sequence of positive numbers of r tending to
infinity that

(35)  log Myl (Myoq (1) > (" (F0.9.0) — <) log™ (1) .

So combining (24) and (35), we get for a sequence of positive numbers
of r tending to infinity that

bn n
g M Mgy () _ (007 (Fo99) — <) log o)
log”l M, (Mj (expla=nl 7)) (pid”) (f. ) + f-:) log™ ¢ (r)

Since ¢ (> 0) is arbitrary, it follows that

(36) lim sup log"” Mf“jl (Mfoq (r)) S Pgbm) (fog.9)
r—+00 log[d] Mk_l (Mf (exp[q—n] T‘)) = pl(Cd,q) (f, 80)

Thus the first part of the theorem follows from (25),(28), (30), (32),
(34) and (36) .
Analogously, the second part of the theorem can be derived in a like
manner. O

The following theorem can be proved in the line of Theorem 3.8 and
so its proof is omitted.

Theorem 3.9. Let f, g, h and k be any four entire functions with
index pairs (p, q)-¢1, (m,n)-¢, (a,b)-¢1 and (c,d)-p1 respectively. Also
let ¢ (r) : [0,+00) — (0,400) is a nondecreasing unbounded function

. . . . (n]
and satisfies the condition (7) hljrn % =1 for all a > 0.
r—>-F00

(i) If either (g=m=c¢, a=p) or (<m=c¢, a=p+m—q) holds,
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A (g.0) > 0,0 < A" (fog,0) < pP™ (fog,0) < oo, then

b,n —
AP (fog,0) <hminf10g[b] My (Myog (1)) <
(d,n) -

P (g,0) T e loglh Mt (M, (r)
(b,n) (b,n)
min{)‘h (fog,) p, (foy,sﬂ)}S

A (g,0) T ™ (g,9)

{ AP (Fog,o) p™ (fog,p) }
max

IN

A (g,0) T P (g,0)

log" My (Myoy (r) _ o™ (f 0 9.%)

lim sup — <
rtoo loghl M1 (M, (r)) AP (g, 0)
and
(ii) Ifq > m = ¢, a = p, A" (g,0) > 0and 0 < A" ™ (fo g, ) <
péb,q—kn—m) (fog,¢) < oo, then
>‘§th+n_m) (fog.9) < lim inflog[b] ]\41;1 (Mfog (eXp[q_m] T)) <
o (gop) T e loglh M (M (r) -
AT (Fog.) T (Foge) | L
min n) ) (d,n) =
(b,g+n—m) (b,g+n—m)
maX{Ah (fog) p, (fog,¢)}<
A (g, 0) A (g, 0)
_ —m b,g+n—m
limsuplog[b] My (Mg (expl 1)) < o 09.9) :
r—-+00 log[d] Mk_l (Mg (T)) )‘](gd’n) (ga 90)

The proof of the following theorem can be carried out as of the The-
orem 3.8, therefore we omit the details.

Remark 3.10. The same results Theorem 3.8 and Theorem 3.9 in
terms of maximum terms of entire functions can also be deduced with
the help of Definition 1.10.

Theorem 3.11. Let f, g, h and k be any four entire functions with
index pairs (p, q)-¢1, (m,n)-¢, (a,b)-¢1 and (c,d)-p;1 respectively. Also
let ¢ (r) : [0,+00) — (0,400) Iis a nondecreasing unbounded function

la] ..
g™ — & where a > 0, (ii)

and satisfies the condition (i) hgl Tog o ()
T—1+00
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im Lol _ g p o g >0,
r—+oo log™ o(r)
(i) If either (q=m,a=c=p,q>n)or (g<m,c=p,a=p+m—q,
g > n) holds, 0 <&"™ (f 0 g,0) < o)™ (f 0 9,) < 00,0 <7V (f,0)

< o\ (f,0) < o0 and p"™ (f 0 g,0) = p\* (f, ), then

—(b,n — —
™ (f o g,) < liminf log" N My (Myog (7))
oM (fp) T ot logh M (M (explanir)) T
- " (fog,p) o™ (fog,p) -
o™ (f0) o (fe) T
" (fog,0) o™ (fog,)
i { gwp’hd 9.9) | _
a0 (f0) T o (f,0)
— — bn
s 98I (Myog (1) _ o (Fog.0)
r—+oo logld~1] Mk_1 (Mf (exp[q—”] r)) N El(cdﬂ) (f, )

and
.o —(b,g+n—m b,g+n—m
(i) Ifg>m,a=c=p,0<T, "™ (fog.p) <o ™ (fog,¢)

< 00, 0 < 7" (f,0) < o\ (f,0) < 00 and PP (fog,p) =
d
P\ (f, ), then

3, " (fog.0) Lo~ M, ! (Myo (1))

o (o) T e logl MY (M (explmrlr)) T
. {aﬁf’””"") (fog.0) o™ ™ (fou.¢) } .
a(fe) o (fe) -
- {oﬁf’"’*"m) (fog,9) o™ ™ (fog,0) } _
a'(fo) (L) -

1 b-1] M—l M . (b,g+n—m)
lim sup [dfi "M, (Mjog (1)) <% - (fog:9)
r—+oo log M, (Mf (eXp[mfn] 7”)) [ Y(f, )

Remark 3.12. In Theorem 3.11, if we will replace the conditions
V<5 (fo.g,0) <ol (fog,0) < 00, 0<5 ™ (£,0) < 0l*(£, )
< o0 and pi™ (fog,0) = " (f,0)” and 0 < 7 "™ (fog,¢)
< g (Fog,p) < 00, 0 < T\ (f,0) < o™ (f,¢) < oo and

PP (£ 0 g )= pl D (f,0)” by D<FC™ (f o g,0) <7 (f 0 g, 0)



264 Tanmay Biswas

<00, 0<7 " (£,0) <™ (f,p) <00 and ™ (f 0 g, ) = A (o)

and “o<*§f’q+" " (fog,so)<7;§bq+" " (Fog.9) < oo 0 <74 (1)
< T,gd’q) (f,¢) < 0o and )\(b g+n—m) (fog,p)= )\/,(C (f, )" respectively,
then the conclusion of Theorem 3.11 remains valid with ?gb’") (fog, o),
o (fog, ¢ 7D (£,0), 7D (£0), 7T (o g,p), m T
(f o g,0), 74D (¢, )andT da) (f, )rep]aced by &™) (fog,ap) (bin)

(fo0.¢) 7 ‘”(f o). o1 (1.0). 9" (fog.0), (Fos )
kd ) (f, @) and o}, (d.q) (f, ®) respectwely.

Remark 3.13. In T heorem 3.11, if we will replace the conditions

0 <7 (f,0) <o\ (1, so><ooandp2 " (fog ) = (f, )
and 0 < 655“” (f.) < o\ (f, ) it and p{" "™ (fog,so) =
d ” 1 7dv 7

P (f,0)7 by 0 < 7D (f,0) < 7P (1, )<ooandp2 (f ogso;

= )\dq (f,¢)” and ‘0 < qu (f, <p) < deq (f,p) < andp(bq+n
(fog, @)= (d 2 (f, ) respectwely, then the Concluswn of Theorem 3.11
remains Val1d W1th (f, ©), T (d.9) (f’ )’ (f, ) andT d,q) (f. )

replaced by 7" (f, o), o\ (£.0) . 7" (f. ) and o™ (£, ) respec-
tively.

Remark 3.14. In Theorem 3.11, if we will replace the conditions
¢ — b,TL b,TL b,'I’L d
0<5,"(f 0 g.9) <0} (f 0 g.p) <o and pi™ (f 0 9. 0)=p}" P (f. )"
and ‘0 < E;}b’ﬁn*m) (fog,p) < a}(lb’qﬂ%m) (fog,p) <ooand p(b atn—m)
d, ” ¢ —(b,n
(foge) = o (f0)” by 0 < 7)™ (fog,p) < 7" )(fOQ,w) <
b,n d, 5 ‘ —_(b,g+n—m
oo and M™ (fog.¢) = o™ (f.)” and 0 < 7 (Fog,¢)
b,g+n—m b,g+n—m d, 2
T (Fog,p) < oo and AP (Fog,0) = oM (f,0)
respectively, then the conclusion of Theorem 3.11 remains valid with
—(b,n) b,n) b,g+n—m b,g+n—m
7 (fogie). T (Fog,0), 7y T (Fog, ) and r "™ (£ o g, )
bn b,g+n—m
replaced by 7" (fog. ), ﬁL V(fog), T (fog,p) and
}(Zb atn—m) (f o g,p) respectively.
Analogously one may formulate the following theorem without its
proof.
Theorem 3.15. Let f, g, h and k be any four entire functions with
index pairs (p, q)-¢1, (m,n)-p, (a,b)-¢1 and (c,d)-p1 respectively. Also
let ¢ (1) : [0,+00) — (0,400) is a nondecreasing unbounded function

and satisfies the condition (i) hr_{l w =1 for all a« > 0.
r—-+00
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(i) If either (g=m=c¢, a=p) or (¢ <m=c, a=p+m —q) holds,
) b7n N d,n
0<7," (fog,0) <o) (fog,0) < 00,0 <7 (9,0) <™ (9, ¢)
b,n d,n
<ooandp,2 "(Fog.9) = ni"" (g.¢) then

W09 ) gl M (Mg ()

<
o\ (g, ) T T+ loght U AL (M, (r))

[T (fog ) oM (fog )
I = @n) <
U]g (ga 90) U}g (97 90)
™ (fog,p) o™ (fog,)
max —(d,n) (d n) <
o, (9,¢) (9, %)
po o 108 M (Mg (1) _ o)™ (fog.0)
1m sup 1] 1,1 < —dn) .
r—~+00 log Mk (Mg (’I")) o} ’ (g, (p)

and

(i) Ifg>m=c,a=p,0<o "™ (fog ) <ol ™ (fog )
d,n b n—m

< o0, 0< 0( N (g,9) < U;(C )(g,cp) < oo and p( ) (fo g, 0) =

(dn)

P (g,¢) then

a T (fo g, )

10g[b71} Mifl (Mfog (eXp[q_m] T)) <

< liminf =
A g T O, (1)
' E(b,qunfm) (f °g, 90) }(lb ,g+n—m) (f °g, 30) -
min 7(d - ) (d ) =
7\ i) (fog,0) op ainm) (fog.9) | _
max —(dn) ) (d,n) —
O (gv ()0) Ok (g’ 90)
loglt= M=t (M, [g—m] (b.g+n—m)
lim sup o dh 1 il flg (exp 7)) < h d Vo9.7) :
r——4o00 lOg[ - ]Mk_ (Mg (T)) 7( ) (g’ (ﬂ)

Remark 3.16. In Theorem 3.15, if we will replace the conditions ‘0
<™ (Fog,0) <af™ (Fog,9) <00, 0 <7 (g,0) < ™" (9,)
< oo and py"™ (f o g,0) = pi"™ (g,¢)” and 0 < 7 (bq+" m (fog,)
< oI (Fog,p) < 00, 0 < T (g,0) < o\ )(g,so) < o0 and
Py atn- "(fog.0) =" (g.0)” by 0<T (fo g o)< (f 0 g,)
< 50,0 <78 (g, ) <7 (5 0) <00 and AP (£ 0 g, 0) A (g, )
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( b,g+n—m b,g+n—m —(d,n
and ‘0 <7 (q+ )(fog7(P)_ (ba+ )(fog,<,0)<oo,0<T§C )(g,(p)
< T;Ed i (g, 90) < oo and )\(b atn- m) (fog,p)= )\,(Cd’n) (g,p)” respectively,
then the conclusion of Theorem 3.15 remains valid with ?(b’n) (fog,¥),

M (fog, ), 7™ (w)( (?") (g, 0), 700t m)(fog,w) (bwz ”;)
d,n bn

(fog, ), ;(fl )(g,w) and 7, (g, )replaced by?,(l " (fog ), o
—(d,n d,n b,g+n—m b,g+n—m
(fog.9), 7™ (9.9), ot (g.9), TP (Fog,p), ot

(fog,9), 7™ (9,0) and o\*"™ (g, ) respectively.

Remark 3.17. In Theorem 3.15, if We W1]1 replace the conditions

“ < E](ﬁd,n) (9780) < O_](gd,n) (g 90) < 00 and ph (f 0g,¢ ) p(d,n) (g,go)”
p —_(dn d,n b,g+n—m
and 0 < 7" (g,0) < /" (g,9) < 00 and p** )(fog p) =

d,n 2 ‘ d,n ,
™ (g,0)" by 0 < 7 )(g,w)é 7 (g,0) < 00 and p™ (f 0 g,¢)
” ¢ n d,n b,g+n—m
= )( ,p)” and 0<T;(g " (g,0) <7 (9,) < 00 and p T
(fog, o) :/\(d’n) (g,¢)” respectively, then the conclusion of Theorem 3.15

remains valid with T(d n) (g,¢), T (d ) (9,9), ?Igd’n) (g9,¢) and T,Ed’n) (g,9)
replaced by o,i ") (9,9), O']id’ ") (g, ), ]i’n) (9,) and Jl(cd’n) (g,p) re

spectively.

Remark 3.18. In Theorem 3.15, if we will replace the conditions
‘ _(b b, b, d, 5
0 <" (fog.0) <oy (fog.p)<oo, py™ (fog.0)=p"" (g,9)

and 0 < &/ (Fou9) < o T (fog.p) < oo, py T
5T ” ¢ n bn
(foy,w)Zp;i "(9,0)" by ‘0<T( (Fog,0) <m™ (fog,p) < oo,
b,n ‘ b,g+n—m b,q+n—m
N (fog.0) =0 (9.0)” and O < (o g, ) <y
(Fog.0) < o0, AT (fog ) p,id’”( )" respectively, then
the conclusion of Theorem 3.15 remains valid with T( ) (fog, o),
T (fog.0) T (Fog.p) and 7T (fo g, ) replaced
—(b,n b,n b,g+n—m b,g+n—m
by, ™ (fog,0). 1™ (fog.9), 5, "™ (f )
(f o g,p) respectively.

0g,p) and o,

Theorem 3.19. Let f, g and h be any three entire functions such
that p,(gp’q) (9,p) < o0 and )\,(lp’q) (fog,¢) =o00. Then

im log[p] (MfOQ( r)) _
P g My 1)
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Proof. If possible, let there exists a constant S such that for a se-
quence of values of r tending to infinity we have
(37) logl”! M;; ! (Myeg (r) < 8- logl” M7 (My (r)) -

Again from the definition of pép ) (g,¢), it follows for all sufficiently

large values of r that
(33)  logh M (My () < (b7 (9,0) + ) logd o (r)

Now combining (37) and (38) we obtain for a sequence of values of
tending to infinity that

logh? Mt (Myo (1) < B+ (P (9,) + ) logl o (1)
ie, WD (fog0) < B+ (o (g.9) +¢),
which contradicts the condition A;Lp @) (fog,p) = oo. So for all suffi-
ciently large values of r we get that
log” My (Myoq () 2 B -log” My (M () ,
from which the theorem follows. O

Remark 3.20. Theorem 3.19 is also valid with “limit superior” in-

stead of “limit” if)\,(Lp’Q) (f og,¢) = o is replaced by pﬁlp’Q) (fog,p) =00

and the other conditions remain the same.

Corollary 3.21. Under the assumptions of Theorem 3.19 and Re-
mark 3.20,

logP—Y Mt (Mo — loglP= U Mt (M
lim o8 ] h,l( fog (1) = o0 and lim o8 ] hif fog (1) =00
r25 Togl™ 1 M (M, (1) r35 Togl™ 1 M (M, (1)
respectively.

Proof. By Theorem 3.19 we obtain for all sufficiently large values of
r and for K > 1,

log?! M1 (Myog (r)) > K -logh™ M' (M, (r)
. [p—1] 3 7—1 [m—1] 3 r—1 K
ice., 1og? U M (Mpoy (1) > {logt™ U Mt (g, ()}

from which the first part of the corollary follows.
Similarly using Remark 3.20, we obtain the second part of the corol-
lary. O
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