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Abstract: Many researchers’ attentions have been attracted to various growth properties of mero-

morphic solution f (of finite @-order) of the following higher order linear difference equation

An(2)f(z+n)+ ..+ A1(2)f(z+ 1)+ Ap(z) f(z) = 0, where A,,(z),..., Ag(z) are entire or meromor-

phic coefficients (of finite ¢-order) in the complex plane (¢ : [0,00) — (0,0) is a non-decreasing

unbm;mded function). In this paper, by introducing a constant b (depending on ¢) defined by
ogr

lim log% = b < o0, and we show how nicely diverse known results for the meromorphic solution
r—00

f of finite p-order of the above difference equation can be modified.
Keywords: linear difference equations; nevanlinna’s theory; meromorphic solutions; ¢-order

MSC: 30D30; 30D35; 39A10; 39A13

1. Introduction and Preliminaries

Throughout this paper, a meromorphic function is meant to be analytic in the whole
complex plane C except possibly for poles. In the following, let C := C U {co} and N denote
the extended complex plane and the set of positive integers, respectively. The readers are
assumed to be familiar with the basic results and standard notations of Nevanlinna’s value
distribution theory of meromorphic functions (see, e.g., Reference [1-4]). Yet, here, some
fundamental notations for Nevanlinna theory of meromorphic functions are recalled. Let f
be a meromorphic function and r > 0. For 0 < t < rlet n(t, f) denote the number of poles
of f in the closed disk D(0,t) := {z € C : |z| < t}, counting multiplicities. Then,

NG f) = [ M0 f) O 4y 4 (0, £) 10g 7

is called the (Nevanlinna) counting function of the poles of f. Let R be the set of real
numbers. Define log™ : R — R by

logx (x>1),
o &
log™ x := { 0 (x<1).

Letr > 0 and f be meromorphic in E(O, r). Then,

m(r, f) == % '/0.27T log™ | f (re')|do
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is called the proximity function, and

T(r, f) :== N(r, f) + m(r, f)

is called the (Nevanlinna) characteristic of f.
Consider the following higher order linear difference (discrete) equation

An(2)f(z+m) + -+ A(2)f(z+1) + Ao(2)f(2) =0, M

where A, (z),...,Ag(z) are meromorphic (or entire) functions with A,(z) - Ag(z) Z0. A
lot of interests in such a difference equation as the Equation (1) have recently been renewed,
in particular, together with Nevanlinna theory [2,4] (see, e.g., Reference [5-14] and the
references cited therein). For a later use, from the Equation (1), we find that, for f(# 0),

A= Y A LET)

0520 flz+1¢)
j#t
hence, £ )
z i(z 2+
A< 8 4G @
0

Yet, some notations and results are recalled. The linear measure for a set E C [0, 00)
and the logarlthrmc measure for a set E C [1,0) are defined and denoted by m(E) = [ dt

and m(E) = [, %, respectively. The upper density densE of a set E C [0, oo) and the
upper logarithmic density log dens E of a set E C (1, 00) are defined as

densE = lim m
r—oco r
and EAl
logdens E = lim M
r—00 10g r

Then, some easily-derivable implications among measure, logarithmic measure, upper
density, and upper logarithmic density are given in the following remark.

Remark 1 (Reference [15], Proposition 1). Let E C [1,00). Then,
(i) my(E) = oo implies m(E) = oo;

(i) densE > 0implies m(E) = oo;

(iii) logdensE > 0 implies my(E) = oo.

For a more refined growth of meromorphic solutions of the Equation (1), the following
(modified) definitions are recalled. Here, and in the following, let ¢ : [0,00) — (0, 0) be a
non-decreasing unbounded function.

Definition 1 (Reference [13,15-19]). The ¢-order and the ¢-lower order of a meromorphic
function f are defined, respectively, as

o(f,9) = T BT ana y(f,g) = 1im 08TUS)

r— log ¢(r) r—o logo(r)

For f an entire function, the corresponding orders are

loglog M(r,f) — lip (0810 M(r, )
U0 = B gy M HUe) = B e
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Definition 2 (Reference [13,17,18]). If f is a meromorphic function (or an entire function)
satisfying 0 < o(f, p) = 0 < oo, then @-type of f is defined, respectively, as

I(rf)

= l.In
T(f’ (P) r1_>oo qo(r)o’ ’
and ) r.f)
— log M(r,
= 1 m ———-.
T(f/ q)) r1~>oo q)(r)tT
In addition, the @-lower type of an entire function f with 0 < u(f, p) = p < oo is defined by
. log M(r, f)
(f,9) = im —2—"2~.
=(f,¢) = lim o)

It is noted that Definitions 1 and 2, where ¢(r) = r may become the standard defini-
tions of order, lower order, type, and lower type, respectively.

Definition 3 (Reference [18], and Reference [2], Section 2.4)). For a € C, the deficiency of a
with respect to a meromorphic function f is defined as

and

BT ) rSeT(r, f)

5(oo, f) = lim m(r, f) 1 TiN(r'f)

Remark 2 (Reference [19], p. 4). In the following, the non-decreasing unbounded function
@ : [0,00) — (0, 00) is assumed to satisfy the following two conditions:

. . loglogr _ .
0 Jim o gt =

(
(i) lim lfogg(’;(é’; r)) =1 for some & > 1.

Several interesting and important results about (1) are recalled in the following
theorems.

Theorem 1 (Reference [8], Theorem 9.2). Assume that there exists an integer p (0 < p < n)
such that
Ay) > A;) =:0, 3
o (Ap) Or;‘]?igxn‘f( j) =0 ©)
Jj#p
where Aj(z) (j = 0,...,n) are entire functions. If f(z) is a meromorphic solution of the Equa-
tion (1), then o(f) > o (Ap) + 1.

Instead of the restriction (3), assuming that among the maximal order o, exactly one
has its type strictly greater than the others, Laine and Yang (Reference [11], Theorem 5.2)
obtained the following conclusion for any meromorphic solution of the Equation (1):

o(f) > o +1. (4)

In Theorem 1, the Equation (1) has only one dominating coefficient A,. The following
two theorems are concerned with the case when there are at least two coefficients which
have the maximal order.
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Theorem 2 (Reference [14], Theorem 1.1). Let A]-(z) (j=0,1,...,n) be entire functions such
that there exists an integer p (0 < p < n) satisfying

max{c(A;)|j=0,1,...,n,j#p} < pu(Ap) < oo,

and
max{T(Aj) |0(Aj) =u(Ap), j=0,1,...,n,j#p} <z(Ap).
Then, every meromorphic solution f(# 0) of the Equation (1) satisfies u(f) > u(Ap) + 1.

Theorem 3 (Reference [20], Theorem 1.3). Let H be a set of complex numbers satisfying
dens{|z|:z € H} > 0,andlet Aj(z) (j =0, 1, ..., n) be entire functions satisfying [max c(4))
<j<n

< 0. In addition, assume that there exists an integer p (0 < p < n) such that, for some constants,
0 < a < Band e > 0 sufficiently small,

|Ap(2)] > exp(Br™—)

and
‘A]-(z)| <exp(ar”™®) (j=0,...,n,j#p),

as |z| = r — co for z € H. Then, every meromorphic solution f(% 0) of the Equation (1) satisfies
o(f) >o(Ap) +1

When the coefficients Aj(z) (j = 0,1,...,n) in (1) are meromorphic, Chen and
Shon [21] extended Theorem 1 as in the following theorem.

Theorem 4 (Reference [21], Theorem 11). Let A;(z) (j =0, 1, ..., n) be meromorphic functions
such that there exists an integer p (0 < p < n) suchthat o (A,) > max{c(A;) |0 <j<mn, j# p},
5(c0, Ap) > 0. Then, for every meromorphic solution f(# 0) of the Equation (1), one has
o(f) >o(Ap) + 1

Here, the following natural question is occurred: When the coefficients of the Equa-
tion (1) are entire or meromorphic functions of finite @-order, what would the growth
properties of solutions of the linear difference Equation (1) be like? In this paper, for an
answer to this question, by introducing a constant b, which depends on ¢, defined by

. logr
|
eslog g (r)

=b < oo, @)

we show how nicely diverse known results for the meromorphic solution f of finite p-order
of the difference Equation (1) can be amended.

2. Main Results

In this section, main theorems are provided.

Theorem 5. Let Aj(z) (j =0, 1,...,n) be entire functions such that there exists an integer {
(0 < ¢ < n) satisfying
Aj, Ay, ). 6
ax o (A, ) < (e, ¢) ©)
fi
Then, every transcendental meromorphic solution f(# 0) of the Equation (1) satisfies
o(f,¢) 2 0(As, ¢) +b.

Theorem 6. Let Aj(z) (j = 0,1, ...,n) be entire functions such that there exists an integer {
(0 < ¢ < n) satisfying

max{c(Aj,¢)|j=0,1,...,n,j# L} < u(Ay, ) <oo 7)
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and
max{7(Aj, ¢) |c(Aj, @) = u(Ap ), j=0,1,...,n,j# L} <T(Ay ). (8)

Then, for every transcendental meromorphic solution f(# 0) of the Equation (1), we have
nif ) = p(A @) +b.

Theorem 7. Let H be a set of complex numbers satisfying logdens{|z| : z€ H} > 0. In
addition, let Aj(z) (j =0, 1,...,n) be entire functions satisfying [max o(Aj, @) < 0. Further
<jsn

assume that there exists an integer ¢ (0 < ¢ < n) such that, for some constants, 0 < a < p and
6 > 0 sufficiently small,

As(z)] = exp{Blo(r) "} )

and
4j2)| < exp{a(p(r)™ =} (O<j<nj#0), (10)
as |z| = r — oo for z € H. Then, every transcendental meromorphic solution f(# 0) of the

Equation (1) satisfies o (f, ¢) > 0(Ay, ¢) +b.

Remark 3. Under the assumptions of Theorem 7, we find 0(Ay, ¢) = 0. Indeed, obviously
o(Ay,¢) < 0. Suppose that o(Ay,¢) = 11 < 0. Let € (O <e< '72;'7> be given. From
Definition 1 and (9), we obtain

exp{B(g(r))" "} < |Ai(2)| < exp{(p(r))""}, (11)
as |z| = r — oo for z € H (see (iii) in Remark 1). Any € (0 <e< %) in (11) can be taken. For
example, take " in (11) to yield

o+3n o+3n

exp{Bo(r) 7" - (p(r) T } < |Au(2)| < exp{(p(r)) T }, (12)

as |z| =r — oo for z € H. Since ¢ : [0,00) — (0, 00) is a non-decreasing unbounded function,

and B > 0 is fixed, we can choose a sufficiently large r so that /3((p(r))% > 1in (12). This leads
to a contradiction. Therefore, o( Ay, ¢) = 0.

Theorem 8. Let H be a set of complex numbers satisfying logdens {|z| : z€ H} > 0. In
addition, let Aj(z) (j =0, 1,...,n) be entire functions of finite gp-order such that there exists an
integer £ (0 < ¢ < n) satisfying

lim —
r—>w0§j§nm(1’, Ag)

A

<1 (13)

for |z| =r (z € H). Then, every transcendental meromorphic solution f(# 0) of the Equation (1)
satisfies o (f, ) > 0(Ay, @) + b.

Theorem 9. Let Aj(z) (j = 0, 1,...,n) be meromorphic functions such that there exists an
integer £ (0 < ¢ < n) satisfying

o 0(4,.9) <e(Aug), a4
i+

and (oo, Ay) > 0. Then, every transcendental meromorphic solution f(# 0) of the Equation (1)
satisfies o (f, ¢) > 0(Ay, ¢) +b.
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Theorem 10. Let Aj(z) (j = 0, 1,...,n) be meromorphic functions of finite p-order such that
there exists an integer ¢ (0 < £ < n) satisfying

lim —
rawogjgnm(r, Ag)

j#t

<1, (15)

and (oo, Ay) > 0. Then, every transcendental meromorphic solution f(# 0) of the Equation (1)
satisfies o (f, ¢) > 0(Ay, ¢) +b.

3. Preliminary Lemmas

For proof of the main results in Section 2, here, diverse estimations regarding mero-
morphic functions are recalled and established in the following lemmas. We begin with an
elementary fact for the upper and lower limits.

Lemma 1. Let g : (0,00) — (1,00) be a function. In addition, let {u,}’_, be a sequence with
uy > 1 (n € N). Assume that

xh_r)rolof(x)—a<oo and J{l%gof(x)—y<oo.

Then, there exist strictly increasing sequences {x,} and {y,} in (1,00) such that u,x, <

Xp41 and upyy < Yyy1 foreachn € N, and x,, — oo and y, — oo as n — oo, and
x}’i{)noof(xﬂ =0 and y}’i{)noof(yn) =k

Proof. We prove only the upper limit case. Let ¢ > 0 be given. Then, there exists x(¢) €
(1,00) such that f(x) < o +e¢forall x € (1,00) with x > x(¢), and 0 —¢ < f(x) for
infinitely many x € (1, c0) with x > x(e). In particular, lete = 1 (n € N). Start to choose
x1 € (1,00). Choose x; € (1,00) such that x; > u1x1, x2 > 2,and 0 — § < f(x2) < 0 + 3.
Continuing in the way, we have chosen x,, € (1,00) for some n € N. Then, we can choose
Xn41 € (1,00) such that x,, 1 > uyxy, X,01 >n+1,and 0 — n%rl < flxp1) < 0+ nlﬁ
By induction on 7, we can choose x,, € (1,00) which satisfies the above statement for the
upper limit.

For the lower limit case, we consider the following fact: Let ¢ > 0 be given. Then,
there exists x(¢) € (1,00) such that y —e < f(x) forall x € (1,c0) with x > x(¢), and
f(x) < p+ e for infinitely many x € (1,c0) with x > x(g). O

Lemma 2 (Reference [8], Theorem 8.2). Let f be a meromorphic function, 11 a non-zero complex
number, and let v > 1 be a given real constant. Then, there exist a subset E; C (1,00) of finite
logarithmic measure and a constant A depending only on y and v, such that, for all |z| = r ¢

E{U|0,1],
o Fetn)|| o o (TOnf) , ) o
|| = AT g g )

where n(t) = n(t, o0, f) + n(t, 0, jlf) denotes the sum of zeros and poles, respectively, of f,

log

counting multiplicities, which lie in the disk |z| < t.

Lemma 3 (Reference [22], Lemma 7). Let f be a transcendental meromorphic function. In
addition, let j € Ng := NU {0}, a € C, and « > 1 be a real constant. Then, there exists a constant
R > 0 such that, for all r > R,

() 2j+6
n(r,a,f ) < loga T(ar, f).
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Lemma 4 (Reference [8], Theorem 2.4). Let , R, R’ be real numbers such that 0 < a < 1, and
0 < R < R'. In addition, let 11 be a non-zero complex number. Then, there is a positive constant
Cq depending only on « such that, for a given meromorphic function f(z), when |z| = r and
max{1,7 + ||} < R < R’, we have the estimate

’”("f(;;)w) *’”(“ f(é(j)n))
21n|R 1
< M(”R'” +’”(R'f)>
g (et e ) (N N (R 7))

Lemma 5 (Reference [18], Lemma 3.2). Let 171, 12 be two arbitrary complex numbers such that
N1 # 4. In addition, let f be a finite ¢-order meromorphic function whose order is o = o (f, ¢).
Then, for each € > 0, we have

() ol )

Lemma 6 (Reference [17], p = q =1, Lemma 2.4). Let f be a meromorphic function satisfying
u(f, @) = pu < oo. Then, there exists a set E; C (1, 00) of infinite logarithmic measure such that,
forall r € Ep, we have

and for any given e > 0 and sufficiently large |z| = r € E,
T(r,f) < (g(r)""".
Lemma 7. Let f be a transcendental meromorphic function which has finite g-order o. In addition,

let i be a non-zero complex number. Then, there exists a subset E3 C (1, 00) of finite logarithmic
measure such that, for any given e > 0 and all |z| =r ¢ E3 U [0,1],

oxp OV (L) (0N

Proof. We begin by recalling that

(a) the Nevanlinna characteristic T(r, f) is non-decreasing on r > 0,
(b) and, furthermore, if f is a transcendental meromorphic function, then

T(r f)

r—oo  logr

= 0Q.

By Lemma 2, for ¢ > 1 any given real constant, there exist a subset E3 C (1,00) of
finite logarithmic measure and a constant A depending only on v and #, such that, for all
|z| =r ¢ E3U[0,1],

‘log‘WH < A(T(V:’f) n ”(;”) log” rlog* n(’yr)), (16)

where n(t) = n(t, o0, f) +n (t, 0, %) For a > 1 any constant, applying Lemma 3 to the
right member of the inequality in (16), we obtain

log
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for |z| = r ¢ E3 U [0, 1] and sufficiently large r. We may choose & = ¢! in (17) to get

‘log’f(;é)’?) H < 2(1m, 1)+ (R, ) 1og7 rlog” (1(2an. 7)) ) @9

for |z| = r ¢ E3 U [0,1] and sufficiently large r. Since T(r, f) is non-decreasing on r > 0
and log r is positive and increasing for x > 1, it follows from (18) that

f(;(-fz')fi) ’ ’ < elzB,), . T (eu'yr, f) (1 + log” (elzfyr) log™ (T(elzfyr, f) )) (19)

for |z| = r ¢ E3U[0,1] and sufficiently large r and B := e'2y A. Setting e'2qr = ' and

‘log‘f (j; ;)’7) H < gT(r, £) (1 +log” r log™ (T(r, f))) (20)

log

taking r so large that
find that

= ﬁ ¢ E3U[0,1] in (19) and dropping the prime on r, we

for |z| = r ¢ E3 U [0,1] and sufficiently large r. Since T(r, f) is non-decreasing on r > 0,
T(r, f) > 1 for sufficiently large r. In view of (a) and (b), we find from (20) that

log

f(jzf(t)m H < L0 1041 1 10g 71, ) @

for |z| = r ¢ E3 U [0,1] and sulfficiently large r.
Let ¢ > 0 be given. From Definition 1, we obtain

T(r,f) < ((r)""= (22)

for |z| = r ¢ E3U[0,1] and sulfficiently large r.
For 7 > 0 small enough that 7(y + 1) < §, we find from (i) of Remark 2 that

logr < (¢(r))" (23)

for |z| = r ¢ E3U[0,1] and sulfficiently large r.
Let u > 0 be given. From Definition 1, we have

log T(r, f) < log(g(r))" " (24)

for |z| = r ¢ E3 U [0,1] and sufficiently large r. Let v > 0 be so small that (¢ + u)v < §.
Since ¢(r) T coasr — oo,
log ¢(r) < (9(r))" (25)

for |z| =r ¢ E3 U [0, 1] and sufficiently large r. Therefore, from (24) and (25) we get

log T(r, f) < (¢(r)" 1" < (p(r))} (26)

for |z| = r ¢ E3 U [0,1] and sufficiently large r.
Finally, employing (22), (23), and (26) in the right member of the inequality (21),

we obtain e
)| (o0 -
f(z) r
for |z| = r ¢ E3U|0,1] and sufficiently large r. Hence, if necessary, we can make the subset
E; C (1, 00) larger by including the large r’s which may not satisfy the inequalities in the
process of proof. With this enlarged set E3 C (1, 0), the inequality (27) is equivalent to that
in this lemma. This completes the proof. [J

log
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Lemma 8. Let f be a transcendental meromorphic function of finite p-order o := o (f, ¢). Then,
for any pair of distinct complex numbers 11, 2, and any given € > 0, there exists a subset
E4 C (1, 00) of finite logarithmic measure such that, for all |z| — |n2| ¢ [0,1] U E4, we have

exp{—(q)( HS} fZiZ; <exp{(¢(rz)g+s}/ (28)
and
m(n FEIL) —0( (gl )

for sufficiently large |z| = r ¢ [0,1] U Eg U {|%2|}.

Proof. Letn := 11 — 12 # 0and v’ := |z + 12| > |z| — |52|. We observe ' ¢ [0,1] U E4.
Now, applying Lemma 7 to

flz+m) _ flz+m2+1n)

fz+m)  flz+m)

< exp{ (p(r)7+ } (30)

gives

],/

0'+€
oxp{-2NY |t
Z+772

for any given ¢ > 0 and all ¥ ¢ [0,1] U E4; with some E; C (1,00) of a positive finite
logarithmic measure. Then, dropping the prime on r from the chain of the inequalities
in (30) proves (28).

(p(r)>c <7 (31)

for sufficiently large |z| = r. Using (31) in the second inequality of (28), we obtain that, for
sufficiently such large |z| =7,

’f z+11)
z+172

<exp{ (p(r) b2, (32)

which yields (29). Since € > 0 is arbitrary, 2¢ in (32) can be replaced by e. [

By using Lemma 6, as well as Lemmas 2 and 3, we may give an analogue of Lemma 7,
and hence Lemma 8, for finite p-lower order, which is stated in the following lemma
without proof.

Lemma 9. Let 111, 15 be two arbitrary complex numbers such that 11 # yp and let f be a transcen-
dental meromorphic function of finite ¢-lower order y. Then, there exists a subset E5 C (1,00) of
infinite logarithmic measure such that, for any given € > 0,

ox 7(4)( )T f2+171 < exp) O
A A R

for sufficiently large |z| = r € Es.

Lemma 10 (Reference [17], p = q = 1, Lemma 2.4). Let f be a meromorphic function with
o(f, @) = o < co. Then, there exists a set Eq C (1, 00) of infinite logarithmic measure such that

lim I?g T, f) _
rof logo(r)

and for any given € > 0 and sufficiently large |z| = r € Es,

T(r,f) > (@(r)""
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Proof. We first note that only the proof of the assertions in Lemma 6 was given in Refer-
ence [17], p =q =1, Lemma 2.4, as that of this lemma remains to be showed in the same
way. It seems meaningful for the authors and the interested reader to copy and modify the
proof in Reference [17], p = q = 1, Lemma 2.4, in a little more detailed manner.

Indeed, employing Lemma 1 in Definition 1, there exists a sequence {r,} in (1, o)

such thatr,, — coasn — oo, (1 + %)rn < ryy1 (n € N), and
im log T(rn, f) _
m—e log @(ry)

For given £ with 0 < & < 1, there exists 1 € N such that

0—5<M<a+s (33)

log ¢(4)

for all n > ny. Then, for alln > nj and any r € [rn, (1 + %)rn} ,since T(r, f) and ¢(r) are
non-decreasing on (0, %) and (1, o), respectively, we find

log T(rn, f)  _ logT(ru, f) log ¢ (rs)
togp((1+75)ra)  10890n) togp( (147 ))
< IOgT( /f) < IOgT((] + %)r"’f) 1084’((1 + %)T’n) ' (34)

10g§0(7) o 10g¢((1+%)rn) 10g§9(7’n)

It follows from (ii), Remark 2, that

lim log ¢(rn) =1= lim log(p((l - %)T’n) .
= logg( (14 1)) e logglrn)

For any such given ¢ with 0 < € < 1, there exists 1, € N such that, for all n > n5,

logg((1+21)r
1—e< log ¢(rx) and (( n) n) <l+e. (35)
log o ((1+1)r) log ¢(ra)
Now, let
ng := max{ny,np} and Eg:= G [1’ <1+1)r]
0= 1,112 6= / - :
- n n n

Then, combining the inequalities (33)—(35) gives that for all n > np and r € Eg,
log T(r, f)
c—¢g)(l—¢g) < —=—== < (c+¢)(1+e).

Since £ > 0 is arbitrary, we have

im lcig T(r,f) _
g logo(r)
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Obviously, sets {rn, (1 + %)rn} (n € N) are mutually disjoint. Therefore, we have

(1"!‘%)’%

my(Eg) = f / ?: i log (14 1/n). (36)

n=mn,
n 0

1
Let a, :=log (1+1/n) (n € N). Clearly a, > 0 (n € N). We find that lijn al =1
n—o00

o
and, therefore, the root test cannot be employed whether the series ) a, is convergent or
n=nop

not. Let f(x) = log (14 1/x) (x > 1). Then, f(x) | 0 as x T co and fno; f(x)dx = oo. By
the integral test, the last series in (36) diverges to co. Hence, m,(Eg) = 0. This completes
the proof. O

Lemma 11 (Reference [17], p = q = 1, Lemma 2.5). Let f1 and f, be meromorphic functions

satisfying o (f1, ¢) > o(fa, ¢). Then, there exists a set E; C (1, 00) of infinite logarithmic measure
such that, for all r € E;, we have
lim I(r, f2)

r—eo T(r, f1)

Lemma 12. Let f be an entire function with 0 < u(f, ) = p < oo. Then, there exists a set
Eg C (1, 00) of infinite logarithmic measure such that, for all r € Eg, we have

. log M(r,
T=1(f,¢) = lgg; gq)(r()u /)

Proof. The proof would run parallel to that of Lemma 10. As in Lemma 1, in view of
Definition 2, there exists a strictly increasing sequence {r, } in (1, o) such that r, — o as

n— oo, (1 + %)rn < tp41 (n €N),and
- logM(rn,f).

=1
ETnSe T ()

We omit the remaining details. O

4. Proof of Main Results

Proof of Theorem 5. The proof here would proceeded in line with that of (Reference [8],
Theorem 9.2) which is modified in a little detailed manner (see, in particular, (39) and (41)).

Let f(# 0) be a transcendental meromorphic solution of the Equation (1). If
o(f, ¢) = oo, then the result is obvious. So we assume that o (f, ¢) = o < o0. Suppose to
the contrary that

o(f,¢) <o(Ay @) +b. (37)

From (6), a positive real number 7 can be chosen such that

max o (4;,9) <n <o(Asg). (38)
j#t

From (37) and (38), we may choose ¢ > 0 so small that

o(f,9)+2e <o(Ay@)+b and 1+2e<0o(Ay ). (39)
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From (2), we find

m(r,Ag) < Y, m(r,A))+ ) m<r, f(z+])) +nlog2 + logn. (40)
0<j<n 0<j<n f(z+10)
£t pn

For such an & > 0 in (39), using in (29) in Lemma 8, and (39), we find from (40) that,
for sufficiently large |z| =7,

m(r, A) < O((9(r) 9 757¢) + O((9(n)") +0(1)

((p(ry =) o).

Finally, taking logarithm on both sides of the inequality composed by the first and last
terms in (41), and dividing each side of the resulting inequality by log ¢(7), and taking the
upper limit as ¥ — oo on both sides of the last resultant inequality, we obtain o (A, ¢) <
o(Ay, ¢) — ¢, which is a contradiction. Hence, we have o(f, ¢) > 0(Ay, ¢) +b. O

o)
(41)
o)

IN

Proof of Theorem 6. Here, the proof would run parallel to that of (Reference [14], Theorem
1.1) which is modified in a little detailed manner (see Theorem 2) (see, in particular, (47)
and (50)).

Let f(# 0) be a transcendental meromorphic solution of the Equation (1). Suppose to
the contrary that

u(f, @) <p(Ap @) +b < oco. (42)
Let
Ni:={jlo(Aj¢) <u(Au@), j=01,...,nj#L},
and
N2 = {jlo(Aj 9) = u(Arg), j=01,....n,j # L},
From (7), we see that Ny UNy = {0, 1,...,n} \ {¢} and, clearly, Ny Ny = @. In

addition, let
c:=maxco(Aj,¢) <oo and  T:=maxt(A}¢).

JEN j€Ny
Then, obviously and from (8), we have
o< (Ay9) and T < 1(Ap, @). (43)
From Definitions 1 and 2, for any given ¢ > 0 and sulfficiently large |z| = r, we
obtain that
|Aj(2)] < exp((9(r)7)  (j € Na), (44)
and
4)2)] < exp{(t+e) (@) A} (e Ny). (45)

Moreover, by Lemma 9, for any given ¢ > 0, there exists a subset E5 C (1,0) of
infinite logarithmic measure such that, for all |z| = r € Es, we have

] r (f.@)+e
el een{ 5 emn.

From (42) and (43), we can choose (> 0) so small that

max{o, u(f,9) —b} +2e < u(Ay, ¢), and T+2 < T(AY Q). (47)
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From Equation (1), we get

~ae = T AR,

j€N1UNy f(Z—l—E)/
hence,
z+] ‘
Ai(z)] < (48)
aels T4l

Using the inequalities (44)—(46) on the right-hand side of (48), we get that, for any
given ¢ > 0 and sufficiently large |z| = r € Es,

r (f.p)+e
Ad < p{W} (T explio) )+ T epf(r+aotn @},
JENY J€N2

We, thus, find that, for any given ¢ > 0 and sufficiently large |z| = r € Es,

i ) < exp (O

g (49)

x (exp{(@(r)} +exp{(r +e)(p(r))" A0 |).

Taking logarithm on both sides of the inequality (48) and using (5), we obtain that for
any sufficiently small ¢ > 0 and sufficiently large |z| = r € Es,

log M(r, Ag(z)) <logn + (g(r))F/#)=P

+log (exp{ (p(r))"**} +exp{(T+g)<¢<r>)ﬂw¢>}).

Recalling the following inequality

(50)

log<2 xk> < Y log xi +logm

k=1 k=1 (51)
(meN, x4, >1, k=1,...,m)

to use in (50), we get that, for any sufficiently small ¢ > 0 and sufficiently large |z| = r € Es,
log M(r, A;) <logn + (p(r))H(/#)~b+3¢ )
+ (@) + (T + ) (9(r)" 49 + log2.

From Definition (2), using (47) and (52), we obtain

= ham
r—o0 ql,(;,)u(A;;,(p) rr?é’;’ (P(r)ﬂ(A//(P)

=T4+e<T(Ap ) —c¢

which leads to a contradiction. Hence, we conclude u(f, ¢) > u(As ¢) +b. O

Proof of Theorem 7. The proof would be proceeded by modifying that of (Reference [20],
Theorem 1.3) in a little detailed manner (also see Reference [14], Theorem 1.3) (see, in
particular, (56) and (57)).

Let f(# 0) be a transcendental meromorphic solution of the Equation (1). Under the
given assumptions, by Remark 3, we have c(Ay, ¢) = ¢. Suppose to the contrary that

o(f,¢) <o(An@)+b=0+b <co. (53)
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Then, for sufficiently small § > 0, westill get o +b — o' (f, ¢) —26 > 0. Take any given
£ > 0 so small that
O<e<o+b-—o(f,¢)—26. (54)

By Lemma 8, there exists a set E C (1,00) of finite logarithmic measure such that for
all |z| =r ¢ EU0,1] U {¢}, we obtain

o(f.p)+e
fjié ‘<exp{W} G=0,1,...,nj#0). (55)
Using (54) in (55) gives
; o+b—26
‘;gig‘<exp{(q)(r))r} (j=0,1,...,n,j#10), (56)

for sufficiently large |z| = r ¢ EU[0,1] U {¢}. For the § > 0, from (5), we find
(9>t <7 7)
for sufficiently large r. Employing (57) in the inequality (56) provides

[ jié ‘ < eXp{(w(r))"’%J} (G=01...,nj#1), (58)

for sufficiently large |z| =r ¢ EU[0,1] U {¢}.

Here, let H := (0,00) \ EU [0,1] U {¢}. By Remark 1, we find that log dens {E U [0, 1]
U{¢}} = 0 and so log dens H > 0, which implies m(H) = co. Using the inequalities (9), (10),
and (58) in (2), we obtain

exp{Bp(n)~} < n{alp(n) '} exp{(p(r)2},

or, equivalently,
1< nexp{(@—pB)(@(r)"*} exp{(p(r)" 3}, (59)

for sufficiently large |z| = r € H. Since ¢(r) T o0 asr — oo, (go(r))_% <v<pyi=f—u
for sufficiently large |z| = r € H and some v > 0. Therefore, we find that, as |z| =
r € H increases to oo, the right-hand side of the inequality (59) becomes smaller than
nexp{(v—1n)(¢(r))?~?}, which, due to v — 7 < 0, may approach to 0. In view of (59), this
leads to contradiction. Hence, o(f, ¢) > (A, ¢) +b. O

Proof of Theorem 8. Here, the proof would run parallel with that of (Reference [14], Theo-
rem 1.4) which is modified in a little detailed manner (see, in particular, (62) and (62)).

Let f( 0) be a transcendental meromorphic solution of the Equation (1). If o(f, ¢) =
oo, then the result is obvious. So we assume that o(f, ¢) = ¢ < co. From (40), we find

f(z+))
m(r, Ap) < 03]2,4 (r,A)) +0<;n ( S +€)) +0(1) (60)
jte jte

for |z| = (z € H). From (13), consider any 7 € (0,1) such that

_ LA
lim m(r )

rﬁm0§j<n (r AZ)

j#t

<<l
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for |z| = r (z € H). Then, for sufficiently large |z| = r (z € H), we have
m(r, Aj) . .
0; wr, A <n ifandonlyif ) m(r,A;) <ym(r, Ayp). (61)
Sjsn 0<j<n
2t it

In view of (29) in Lemma 8,
fz+) |\ _ o(fg)—bre) (i _
m(r, f(Z—I—f)D —O((q)(r)) 4 +> (Gj=0,1,...,n,j#0) (62)

for sufficiently large |z| = r (z € H). Employing (61) and (62) in (60), for given € > 0, we
get that

(1 =n)m(r, Ar) < O((p(r)"F9)70+) +-0(1) (63)

for sufficiently large |z| = r (z € H). From Definition 1, we have

7(Ap9) <o(f,9) =b+e
which, upon & > 0 being arbitrary, leads to o(f, ¢) > 0(A;, ¢) +b. O

Proof of Theorem 9. The process of the proof would be flowed as in that of Theorem II
in Reference [21], which is modified in a little detailed manner (see, in particular, (66)
and (69)).

Let f(# 0) be a transcendental meromorphic solution of the Equation (1). If o(f, ¢) =
oo, then the result is clear. So we suppose that o(f, ¢) = ¢ < co. From Definition 3,

5(c0, Ag) = lim "2 A0)

=0>0,
r—oo T(r, Ay)

which gives that, for sufficiently large r,
o
3 T(r,Ap) < m(r,Ay). (64)
Combining (64) and (40), we obtain
)
=T(r,Ap) <m(r,Ay)

2
lr A OpICE) (65)
SOS]ZSH (,A])+0§]2§n <’f(z+€))+o(l)
j#t j#t

for sufficiently large r. By using (29) in Lemma 8 and the relation between T(r, f) and
m(r, f) in (65), we get

)
ET(r, Ag) <m(r, Ay)

< Y T(r,Aj) +O((p(r) "9 -0+¢) +-0(1) (66)

0<j<n
j#t

for sufficiently large r. In view of (14), by Lemma 11, there exists a set E; C (1,00) of
infinite logarithmic measure such that
T(r,4))
T(r, Ag)

(67)
0<j<n
j#l
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as r(€ E7) — co. Considering the given g > 01in (67), we have that, for sufficiently large
r € Ey,

T (7‘, A])
T(}’, AZ)

)
<7 (68)
0<j<n
j#l

Applying (68) to (66), we get that, for sufficiently large r € Ey,

270, 40) < O((p(n)7 0974+ 4 0(1). (©9)

Taking logarithm on both sides of the inequality (69), and dividing the resulting
inequality by log ¢(r), and taking the upper limit as r(€ E;) — oo on both sides of the last
resultant inequality, we finally obtain

o(Ay @) <o(f,9) —b+e,

which, upon & > 0 being arbitrary, leads to the desired inequality o (f, ¢) > (A, ¢) + b.
O

Proof of Theorem 10. Let f( 0) be a transcendental meromorphic solution of the Equa-
tion (1). If o (f, @) = oo, then the result is trivial. So we consider that o(f, ¢) = 0 < co. As
in the process of the proof of Theorem 8, we find from (63) that, for given € > 0,

(1 =n)m(r, Ar) < O((p()"F9)72+) +-0(1) (70)

for some 17 (0 < 77 < 1) and sufficiently large |z| = r (z € H). Since §(o0, Ay) = > 0, we
can use the same inequality (64) in (70) to obtain

(- 1) §T(,40) < O((p(r)) 9>+ + 0() @

for sufficiently large r. Finally, employing the same process in the last paragraph of the
proof of Theorem 9, we may have the desired inequality o(f, ¢) > 0(Ay, ¢) +b. O

5. Concluding Remarks

In this paper, in order to answer the following natural question: When the coefficients
of the Equation (1) are entire or meromorphic functions of finite ¢-order, what would the
growth properties of solutions of the linear difference Equation (1) be like?, we introduced
the constant b in (5), depending on ¢. Then we showed how nicely diverse known
results for the meromorphic solution f of finite p-order of the difference Equation (1) can
be amended.

When ¢(x) = x (x € [0,00)) is chosen in (5), we have b = 1. Accordingly, all
conclusions of Theorems 5-10 become o (f, ¢) > 0(Ay, ¢) + 1. In this case, transcendental
meromorphic solution may be replaced by meromorphic solution. Therefore, Theorems 5-9
are found to reduce to some known corresponding results. For example,

®  Theorem 5 may yield (Reference [8], Theorem 9.2) (Theorem 1) (also see (Reference [11],
Theorem 5.2), (Reference [6], Theorem 1));

e  Theorem 6 may give (Reference [14], Theorem 1.1) (Theorem 2);

®  Theorem 7 may provide (Reference [20], Theorem 1.3) (Theorem 3);

®  Theorem 8 may afford (Reference [14], Theorem 1.4);

e  Theorem 9 may produce (Reference [21], Theorem 11) (Theorem 4).

In addition, it may be interesting to compare Theorem 10 and (Reference [15], Theo-
rem 10).

Next, setting ¢(x) = x* (x € [0,00), u € (0,00)) in (5), we have b = % In addition,
it is obvious that ¢(x) = x/ satisfies (i) and (ii) in Remark 2. Therefore, all conclusions



Symmetry 2021, 13, 267 17 of 18

of Theorems 5-10 become o (f, ¢) > (A, ¢) + % In this case, transcendental meromorphic
solution may be replaced by meromorphic solution. Further, c(A, ¢) + % L o(Ay @) as
i 1 oo, while 0(Ay, @) + 5 T oas p 0.

Posing a Problem

Considering the results presented in this paper, by using the constant b in (5), some
known other results for this subject are supposed to be amendable as those in Theorems 5-10,
which are left to the interested readers for future investigation.
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