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MEROMORPHIC FUNCTIONS SHARING FOUR VALUES
WITH THEIR DIFFERENCE OPERATORS OR SHIFTS

XI1AO-MIN L1 AND HONG-XUN Y1

ABSTRACT. We prove a uniqueness theorem of nonconstant meromorphic
functions sharing three distinct values IM and a fourth value CM with
their shifts, and prove a uniqueness theorem of nonconstant entire func-
tions sharing two distinct small functions IM with their shifts, which re-
spectively improve Corollary 3.3(a) and Corollary 2.2(a) from [12], where
the meromorphic functions and the entire functions are of hyper order
less than 1. An example is provided to show that the above results are
the best possible. We also prove two uniqueness theorems of nonconstant
meromorphic functions sharing four distinct values with their difference
operators.

1. Introduction and main results

In this paper, by meromorphic functions we will always mean meromorphic
functions in the complex plane. We use the standard notation of Nevanlinna
theory as explained in [11, 17, 22]. We will denote by E C R™ a set of finite
logarithmic measure (instead of the usual linear measure), not necessarily the
same at each occurrence. Then by the error term S(r, f) we mean any quantity
which is of the growth o(T'(r, f)) as r tends to infinity outside of E.

Let f and g be two nonconstant meromorphic functions, and let a be a value
in the extended plane. We say that f and g share the value a CM, provided
that f and g have the same a-points with the same multiplicities. We say that
f and g share the value a IM, provided that f and g have the same a-points
ignoring multiplicities (cf. [22]). Next we denote by Ng(r,a, f,g) the reduced
counting function of common a-points of f and g, and denote N15(r, a, f, g) by
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where and in what follows, N (r,1/(f — c0)) means N(r, f). If Ni2(r, a, f,g) =
S(r, f)+S(r,g), we say that f and g share a IM*. Let Ng(r,a) “count” those
points in N (r,1/(f —a)), where each point in Ng(r,a) is taken by f and g
with the same multiplicity, and each such point is counted only once. We say
that f and g share the value a CM*, if

N <T, ﬁ) iy <r, : ! a) N w(ra) = S(r, f) + S(r, g).

We say that a is a small function of f, if o is a meromorphic function satisfying
T(r,a) = S(r, f) (cf. [22]). Suppose that a # oo is a small function of f and
g. If f —a and g — « share 0 CM (IM), then we say that f, g share the small
function @« CM (IM). Throughout this paper, we denote by p(f) the order of
f, by p2(f) the hyper order of f, and by A(f) the exponent of convergence of
zeros of f (cf. [11, 17, 22]). We also need the following two definitions:

Definition 1.1 ([21]). Let f be a nonconstant meromorphic function. We
define difference operators as

Apf(z) = fz+m) = f(2) and AJf(2) = Ap7H (A, f(2)),

where 7 is a nonzero complex number, n > 2 is a positive integer. If n = 1, we
denote A, f(z) = Af(2).

Remark 1.1. Definition 1.1 implies AP f(2) = 37 (?) (=) f(z + jn).
Definition 1.2 ([16, Definition 1]). Let p be a positive integer and a € CU{oo}.
Then by Npy(r,1/(f — a)) we denote the counting function of those a-points
of f (counted with proper multiplicities) whose multiplicities are not greater
than p, by N,)(r,1/(f — a)) we denote the corresponding reduced counting
function (ignoring multiplicities). By N,(r,1/(f —a)) we denote the counting
function of those a-points of f (counted with proper multiplicities) whose mul-
tiplicities are not less than p, by N,(r,1/(f —a)) we denote the corresponding
reduced counting function (ignoring multiplicities), where and what follows,
Ny (r,1/(f = a)), Nyy(r,1/(f —a)), Np(r,1/(f —a)) and N(r,1/(f — a))
mean Ny (7, f), Npy(r, f), Np(r, f) and N, (r, f) respectively, if a = oc.

Recently the value distribution theory of difference polynomials, Nevanlinna
characteristic of f(z + 1), Nevanlinna theory for the difference operator and
the difference analogue of the lemma on the logarithmic derivative has been
established (cf. [5, 7, 8, 18, 19]). Using these theories, uniqueness questions
of meromorphic functions sharing values with their shifts have been recently
treated as well (cf. [12, 13, 24]). In this paper, we will consider uniqueness
questions of meromorphic functions sharing four values with their shifts or
difference operators.

We first recall two theorems from [12]:



MEROMORPHIC FUNCTIONS SHARING FOUR VALUES 1215

Theorem A ([12, Corollary 3.3]). Let f be a nonconstant entire function
such that p(f) < oo, and let a, b and c be three distinct finite values. If f(z)
and f(z +n) share a, b, ¢ IM, where n is a nonzero complex number, then
f(z) = f(z+mn) for all z € C.

Theorem B ([12, Theorem 2.1]). Let f be a nonconstant meromorphic func-
tion of finite order, and let ay, as, asz be three distinct values in the extended
complex plane. If f(2) and f(z+mn) share a1, az, ag CM, where n is a nonzero
complex number, then f(z) = f(z+mn) for all z € C.

We will prove the following results:

Theorem 1.1. Let f be a nonconstant meromorphic function such that pa(f) <
1, and let n be a nonzero complex number. Suppose that f and A, f share aq,
as, az IM, and share oo CM, where ay, az, asz are three distinct finite values.

Then 2f(z) = f(z+mn) for all z € C.

Theorem 1.2. Let f be a nonconstant meromorphic function such that p(f) <
oo, and let n be a nonzero complex number. Suppose that f and A,f share
a1, as, as, aqg IM, where a1, as, as, ay are four distinct finite values. Then

2f(z) = f(z+n) for all z € C.
By Theorem 1.1 we get the following result:

Corollary 1.1. Let f be a nonconstant entire function such that p2(f) < 1,
and let n be a nonzero complex number. Suppose that f and A, f share a1, as,
as IM, where ay, aq, az are three distinct finite values. Then 2f(z) = f(z+n)
for all z € C.

Theorem 1.3. Let f be a nonconstant meromorphic function of hyper order
p2(f) < 1, and let n be a nonzero complex number. Suppose that f(z) and
f(z+n) share 0, 1, ¢ IM, and share co CM, where c is a finite value such that
c#0,1. Then f(z) = f(z+n) for all z € C.

We also recall the following result from [12]:

Theorem C ([12, Corollary 2.2]). Let f be a nonconstant entire function such
that p(f) < oo, and let ay, ag be two distinct finite values. If f(z) and f(z+n)
share a1, aa CM, where n is a nonzero complex number, then f(z) = f(z+n)

for all z € C.
We will prove the following result, which improves Theorem C:

Theorem 1.4. Let f be a nonconstant entire function such that p2(f) < 1, and
let a(z) and b(z) be two distinct small functions of f(z) such that a(z),b(z) #
oo. Suppose that f(z) — a(z) and f(z +n) — a(z) share 0 IM, f(z) — b(2)
and f(z 4+ n) — b(z) share 0 IM, where 1 is a nonzero complex number. Then
f(z) = f(z+mn) for all z € C.

We give the following example:
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Example 1.1 ([12]). Let f(z) = exp{sinz} and n = 7. Then f(z) and f(z+n)
share 0, 1, —1, co CM and p3(f) = 1. But f(z) #Z f(2+n). This example shows
that the condition “p2(f) < 1”7 in Theorems 1.3 and 1.4 is best possible.

2. Preliminaries

In this section, we will give some lemmas to prove the main results of this
paper, where Lemmas 2.1-2.12 play an important role in proving Theorems
1.1-1.3, Lemmas 2.13-2.15 play an important role in proving Theorem 1.4.
Moreover, Lemmas 2.16-2.20 are used to prove Theorems 2.1-2.4, which can be
found in this section.

Lemma 2.1 ([6, Lemma 1]). Let f and g be two distinct nonconstant meromor-
phic functions, and let a1, as, asz and ayq be four distinct values in the extended
complex plane. If f and g share a1, az, az and ay IM, then

i) T(r, f)=T(r, g) + O(log(rT(r, f))) as r & E and r — 0.

(i) 27(r, f) = z N( ) + Oog(rT(r. 1)) as 7 & B and v — ox,
where N(r,1/(f — means N(r, f).

Lemma 2.2 ([1, Theorem 3]). Let f and g be two nonconstant rational func-
tions. If f and g share four distinct values a1, as, as, ag IM, then f = g.

Lemma 2.3 ([9, Theorem 5.1]). Let f be a nonconstant meromorphic function
and n € C. If f is of finite order, then

fe4+n)\ _ (Tl f)logr
n(nFigt) =0 (B
for all v outside of a set E C (1,+00) satisfying

. fEﬁ[l,r) dt/t
limsup ——— =
r—300 IOgT

i.e., outside of a set E C (1,+00) of zero logarithmic density. If p2(f) = p2 < 1

and € > 0, then
() (20
e

for all v outside of a finite logarithmic measure.

)

Lemma 2.4 ([6]). Let f and g be two nonconstant meromorphic functions that
share ay, az, as IM and aqy CM, where a1, as, as, a4 are four distinct values
in the extended complex plane. Suppose that there exists some real constant
w > 4/5 and some set I C R* that has infinite linear measure such that
N(ryaq, f)/T(r,f) > u for all v € I. Then [ and g share all four values CM.

Lemma 2.5 ([14, Lemma 7] or [22, Theorem 4.1]). Let F' and G be two distinct
nonconstant meromorphic functions such that F and G share 0, 1, ¢, oo CM,
where ¢ is a finite value such that ¢ # 0,1. Then F, G satisfy one of the following
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six relations: (1) F+G =0, (ii)) F+ G =2, (iii) (F—-1/2)(G—-1/2) = 1/4,
(iv) FG=1, (v) ( F-1)(G-1)=1 and (vi) F+G = 1, where c € {—1,2,1/2},
c=—=11in (i) and (iv), ¢ =2 in (ii) and (v), ¢ = 1/2 in (iii) and (vi).

Lemma 2.6 ([22, Theorem 1.62]). Let fi, fa,..., fn be nonconstant mero-
morphic functions, and let fn,y1 Z 0 be a meromorphic function such that
Z"H [j = 1. If there exists a subset I C R satisfying mesl = oo such that

ntl n+1
ZN<7“ —>+nZNrf1 (w+o()T(r,fj), Jj=1,2,...,n,
1#]
as T — oo and r € I, where p < 1. Then fny1 = 1.

Lemma 2.7 ([23, Theorem 5.1]). Let f and g be two distinct nonconstant
meromorphic functions, and let a1, as, as, a4, as be five distinct values in the
extended complez plane. If f and g share a1, as, a3, ay IM*, then

NO(T; a57f7 g) S NlQ(ra ay, fag) + S(T, f)

Lemma 2.8 ([5, Theorem 2.2]). Let f be a meromorphic function with expo-
nent of convergence of poles A(1/f) = A < 400, and let n # 0 be a complex
number. Then, for each € > 0, we have

N(r, f(z+mn)) = N(r, f()) + O(@*~1F) + O(log ).

We next introduce the term e-set (cf. [4]), which is used in the following
lemma. We define an e-set to be a countable union of discs

o0
E= UB(bj,rj) such that hm |bj| =00 and Zm < 0.
j=1
Here B(a,r) denotes the open disc of center a and radius r, and S(a,r) will
denote the corresponding boundary circle. Note that if E is an e-set, then
the set of 7 > 1 for which the circle S(0,r) meets F has a finite logarithmic
measure and hence a zero logarithmic density.
The term e-set was introduced in the context of the following theorem, which
was proved by Hayman [10] for entire functions, and by Anderson-Clunie [2]
for meromorphic functions with deficient poles.

Lemma 2.9 ([4, Lemma 3.3]). Let g be a function transcendental and mero-
morphic in the plane of order less than 1, and let h > 0. Then there exists an
e-set E such that

g'(z+mn) an g(z+n)
azrn) 0 ™ T

uniformly in n for |n| < h. Further, E may be chosen so that for large |z| € E
the function g has no zeros or poles in |( — z| < h.

—1 asz— o0 inC\E,
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Next we introduce Wiman-Valiron theory: Let f = ">  a, 2" be an entire
function. We define by p(r) = max{|a,|r" : n =0,1,2,...} the maximum term
of f, and define by v(r, f) = max{m : pu(r) = |amn|r™} the central index of f
(cf. [15, pp. 187-199)).

Lemma 2.10 ([15, pp. 187-199]). Let g be a transcendental entire function,
let 0 < & < 1/4 and z be such that |z| = r and that |g(z)| > M(r, g)v(r,g)~ 310
holds. Then there exists a set E C (0,+00) of finite logarithmic measure,

ie., [ydt/t < +oo, such that g™ (z) = (@)m (14 0(1)) g(2) holds for all
m>0andr ¢ E.

Lemma 2.11 ([6, Lemma 3]). Let f and g be distinct nonconstant meromor-
phic functions that share four values a1, as, az and ay IM, where ay = co. Then
the following statements hold:

(i) N1(r,0, f") = O(log(rT(r, f))) and N1(r,0,9") = O(log(rT'(r, f))) asr &
E andr — oo, where N1(r,0, f') and N1(r,0,g") “count” respectively only those
points in N(r,0, f') and N(r,0,g") which do not occur when f(z) = g(z) = a;
for some j =1,2,3,4.

(ii) For j = 1,2,3,4, let Na(r,a;) refer only to those a;-points that are
multiple for both f and g and “count” each such point the number of times of
the smaller of the two multiplicities. Then 2?21 No(r,a;) = O(log(rT'(r, f)))
asr € E and r — oo.

Lemma 2.12 ([6]). Suppose that f and g are two distinct nonconstant mero-

morphic functions that share a1, as, asz, oo IM, where a1, as, az are three
distinct finite values. Set
f'9'(f — 9)?

¢ = :
(f —a)(f — a2)(f — as)(g — a1)(g — a2)(g — as)
Then ¢ is an entire function such that T(r,$) = S(r, f).
Lemma 2.13 ([1, Theorem 1]). Let P; and P> be two nonconstant polynomials,

and let a and b be two distinct finite values. If Py and P> share a and b IM,
then P1 = P2.

Lemma 2.14. Let f be a nonconstant entire function such that p2(f) < 1, and
let a and b be two distinct small functions of f such that a Z oo and b Z oc.
Set

(2.1) p(z) =

O ({f(z) — f(z+n)}
(f(2) = a(2))(f(2) = b(2))

Oz +n){f(z) — fz+n)}

(2.2) x(z) = 7
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£ =) alz)—b(z)
P& -V d(=) -

b(z
'(2) = ¥'(2)
f(z)—alz) ['(2) - '(Z
(23 F&) b £ -()
Suppose that f(z) — a(z) and f(z +n) — a(z) share 0 IM, f(z) — b(z) and

f(z+mn) —b(z) share 0 IM. Then T(r,o(2)) + T(r,x(z)) = S(r, f(2)).
Proof. By (2.3) we know that (2.1) can be rewritten respectively as

1) o) = <<) e = VO ERR))

F2) b 1) —a2)
<@»«<> a(2) a2} (. fletn)
) @ f@))

(f(z) = a(2))(f(z) — b(2))
(2.5) z)<1 Z+")

for all z € C, where

(2.6)
f(z) =b(z)  a(z) = b(z)

o1(2) = J'(z) =b'(2) d(z) —V'(z) z
f(z) = b(z) (f(2) = a(2))(f(z) — b(2))

Similarly, (2.2) can be rewritten respectively as

27) x@<ﬂ$j$_??@$j$_i@)wﬂaﬂmn»
e+ .( i) __g
TG —a@) U tm 5= \FGetm
it

for all z € C, where

fz+m) =b(z)  a(z)
f'(z+n) —V(z) d(z)
f(z4m) = b(2)
o lEEm =0 1 )
flz+n) —b(z) f'(z+n) —b'(2)
(f(z+n) = a(2))(f(z +n) = b(z))
Noting that f(z) — a(z) and f(z + ) — a(z) share 0 IM, f(z) — b(z) and
f(z+n) —b(z) share 0 IM, we get by (2.4) and (2.7) that
N(r,¢(2)) + N(r, x(2)) < 2N(r,a(z)) + 2N (r,b(2))
< 2T(r a(z)) + 2T (r,b(z))

(2.10) S(r, f(2))-

x1(2) =

(2.9)
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By (2.5), (2.6), (2.8), (2.9), Lemma 2.3 and the lemma of logarithmic derivatives
(cf. [17, Theorem 2.3.3]) we deduce

(2.11) m(r,p(2)) +m(r,x(2)) < S(r, f(2)) + S(r, f(z +n))-
By Nevanlinna’s three small functions theorem (cf. [22, Theorem 1.36]) we get

T(r, f(z) <N <r, m) 4N <r, m> + S0, £(2))

— 1 1

¥ () * T ) e Ie)
(2.12) <2T(r, f(z+m)) + S(r, f(2)).
Similarly
(2.13) T(r, f(z+mn)) < 2T(r, f(2)) + S(r, f(z + 1))
By (2.12) and (2.13) we deduce
(2.14) S(r, f(2)) = S(r, f(z+n)).
By (2.11) and (2.14) we get
(2.15) m(r, ¢(z)) + m(r,x(z)) = S(r, f(2)).
By (2.10) and (2.15) we get the conclusion of Lemma 2.14. O

Lemma 2.15 ([18, Proof of Theorem 2.3]). Let f be a transcendental mero-
morphic solution of a difference equation of the form

(2.16) Uz, [)P(z,f) = Q(z, )

such that p2(f) < 1, where U(z, f), P(z, f), Q(z, f) are difference polynomials
such that the total degree degU(z, f) = n in f(2) and its shifts f(z+m), ...,
f(z+ k), and degQ(z, f) < n. Moreover, assume that all coefficients by in
(2.16) are small in the sense that T(r,bx) = S(r, f) and that U(z, f) contains
exactly one term of mazimal total degree in f(z) and its shifts. Then we have

m(r, P(z, f)) = S(r, f).

Lemma 2.16 ([3, Theorem 1.1]). Let f be a nonconstant zero order meromor-
phic function, and ¢ € C\ {0}. Then m (r, f(qz)/f(2)) = o(T(r, f)) on a set of
logarithmic density 1.

Lemma 2.17 ([3, Theorem 2.1] or [18, Theorem 2.5]). Let f be a transcen-
dental meromorphic solution of order zero of a q-difference equation of the
form Ugy(z, [)Py(2, f) = Qq(z, f), where Uy(z, ), Py(z, f) and Qq(z, f) are
q-difference polynomials such that the total degree degU,(z,f) = n in f(z)
and its q-shifts, where degQq(z, f) < n. Moreover, we assume that Uy(z, f)
contains just one term of maximal total degree in f(z) and its q-shifts. Then
m(r, Py(z, f)) = o(T(r, f)) on a set of logarithmic density 1.
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Lemma 2.18 ([25, Theorem 1.1]). Let f(z) be a nonconstant zero order mero-
morphic function, and let ¢ € C\ {0}. Then T'(r, f(qz)) = (1 + o(1))T(r, f(2))
on a set of lower logarithmic density 1.

Lemma 2.19 ([25, Theorem 1.1]). Let f(z) be a nonconstant zero order mero-
morphic function, and let ¢ € C\ {0}. Then N(r, f(qz)) = (L +0(1))N(r, f(2))

on a set of lower logarithmic density 1.

Applying Lemmas 2.16-2.19 and then proceeding as in the proof of Lemma
2.14, we can get the following result:

Lemma 2.20. Let f(z) be a nonconstant zero order entire function, and let
q € C\ {0}, and let a(z), b(z) be two distinct small functions of f(z) such that
a(z) # oo and b(z) # co. Set

and

X2(2) — G(f(qz)){f(z)_f(qz)}
(f(qz) — a(2))(f(qz) = b(2))’
where O(f(2)) is defined as in (2.3). Suppose that f(z) —a(z) and f(qz) — a(z)
share 0 IM, f(z) —b(z) and f(qz) — b(z) share 0 IM. Then
m(T, (pQ(Z)) + m(r, X2 (Z)) = O(T(Ta f))

on a set of logarithmic density 1.

Applying Lemmas 2.16-2.20, we can prove the following uniqueness results
of zero order meromorphic functions sharing four values with their g-difference
operators or g-shifts, the proofs are just the same as the proofs of Theorems
1.1-1.4:

Theorem 2.1. Let f(z) be a nonconstant zero order meromorphic function,
and let ¢ € C\ {0}. Suppose that f(z) and f(gz) — f(2) share 0, 1, ¢ IM,
and share oo CM, where ¢ is a complex number such that ¢ # 0,1,00. Then
2f(z) = f(qz) for all z € C.

Theorem 2.2. Let f(z) be a nonconstant zero order meromorphic function,
and let ¢ € C\ {0}. Suppose that f(z) and f(qz) — f(z) share a1, aa, a3, a4
IM, where a1, ag, as, aq are four distinct finite values. Then 2f(z) = f(qz) for
all z € C.

Theorem 2.3. Let f(z) be a nonconstant zero order meromorphic function,
and let g € C\ {0}. Suppose that f(z) and f(qz) share 0, 1, ¢ IM, and share
oo CM, where c is a finite value such that ¢ # 0,1. Then f(z) = f(qz) for all
z e C.

Theorem 2.4. Let f be a nonconstant zero order entire function, let q €
C\ {0}, and let a and b be two distinct small functions of f such that a,b Z .
Suppose that f(z)—a(z) and f(qz)—a(z) share 0 IM, f(z)—b(z) and f(qz)—b(2)
share 0 IM. Then f(z) = f(qz) for all z € C.
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3. Proof of theorems

Proof of Theorem 1.1. We first suppose that f is a transcendental meromor-
phic function, while A, f is a rational function. Then, by Lemma 2.1 we get

T(r, f(2)) = T(r, Ay f(2)) + OQog(rT(r, f(2)))) = O(log(rT (r, £ (2))))

as v — oo and r ¢ FE, this implies that f(z) is a rational function, which
is impossible. Secondly we suppose that f(z) and A, f(z) are nonconstant
rational functions. Then, by Lemma 2.2 we get the conclusion of Theorem
1.1. Finally we suppose that f(z) and A, f(z) are transcendental meromorphic
functions and suppose that f # A, f.

Let zoo € C be a pole of f(z). Then, by the condition that f(z) and A, f(2)
share co CM we know that either f(z + 1) is analytic at zo, or z is a pole
of f(z + n) such that the multiplicity of zo related to f(z + n) is not greater
than the multiplicity of zo, related to f(z). Combining Lemmas 2.1 and 2.3,
and the condition that f(z) and A, f(z) share a1, as, az IM, we get

o - _(r,m)w(n o) ¥ (75 w)
+N(r f(2) + S(r I

(’” f+m) —2f z>) +N (. f(2)) + S(r. £ (2)

(r, f(z +m) = 2f(2)) + N (1, f()) + S(r, f(2))
m(r, f(z+n) = 2f(2)) + N(r, f(z +n) = 2f(2)) + N (r, f(2))
+5(r, f(2))

<m(r, f(2)) +m (T,
+S(r, f(2))
ST(r, f(2)) + N(r, f(2)) + S(r, f(2)),

flz+m)
f(z)

ie.,

(3.1) T(r, f(2)) = N(r, f(2)) + 5(r, f(2)).

By (3.1) we know that there exists a subset I C RT with logarithmic measure
logmesI = +o0 such that

. N(r, f(2))
(3.2) Tilzn%oT( o) =1.

By (3.2) and Lemma 2.4 we know that f(z) and A, f(z) share ay, as, as, oo
CM, and so F(z) and G(z) share 0, 1, ¢, oo CM, where

f(z) —aa G(2) = Ayf(z) —a

(12*111’ az — ai

(3.3) F(z) =
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and
az — a1
(3.4) c= P
By Lemma 2.5 we know that F(z), G(z) satisfy one of the six relations of
Lemma 2.5. We discuss the following six cases:

Case 1. Suppose that F(z) and G(z) satisfy (i) of Lemma 2.5. Then
F(z) + G(z) =0 for all z € C, and so we get by (3.3) that f(z +n) = 2a for
all z € C, which is impossible.

Case 2. Suppose that F(z) and G(z) satisfy (ii) of Lemma 2.5. Then
F(z) 4+ G(z) =2 for all z € C, and so we get by (3.3) that f(z+ n) = 2as for
all z € C, which is impossible.

Case 3. Suppose that F(z) and G(z) satisfy (iii) of Lemma 2.5. Then 1/2,
oo are Picard exceptional values of F(z) and G(z). Hence

14+ em(z) 14 e )
-T2 o TWE T
for all z € C, where ~; is a nonconstant entire function. By substituting (3.3)
into (3.5) we get

(3.5) F(2)

as + ay

(3.6) en(En) _ o mi(2) _ om(z) —
ag — ay

for all z € C. Noting that v, is a non-constant entire function, we can get by
(3.6) and Lemma 2.6 that (a2+a1)/(a2 —a1) = 0, and so (3.6) can be rewritten
as

(3.7) e (EEm+y(2) _ 2m(2) _ 1

for all z € C. By (3.7) and Lemma 2.6 we can get a contradiction.

Case 4. Suppose that F(z) and G(z) satisfy (iv) of Lemma 2.5. Then 0, oo
are Picard exceptional values of F(z) and G(z). Hence

(3.8) F(z)=e”®, G(z) = e (),
where 2 is a nonconstant entire function. By (3.8) we get
(3.9) e2(Z4m) _ o12(2) _ pmv2(2) — ai

ag — ay

for all z € C. Noting that -2 is a nonconstant entire function, we can get by
(3.9) and Lemma 2.6 that a1/(az — a1) =0, and so (3.9) can be rewritten as

(3.10) er2(zHm+r2(2) _ 272(2) —

for all z € C. By (3.10) and Lemma 2.6 we can get a contradiction.
Case 5. Suppose that F(z) and G(z) satisfy (v) of Lemma 2.5. Then

(3.11) F(z) = 1+6V3(Z), G(Z) — 1-‘1-6_73(2),
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where 73 is a nonconstant entire function. Then, by (3.3) and (3.11) we get

ag

(3.12) ev3(ztn) _ gra(z) _ g—va(2) —
ao — ay

for all z € C. Proceeding as in Case 3, we can get a contradiction by (3.12).

Case 6. Suppose that F(z) and G(z) satisfy (vi) of Lemma 2.5. Then
F(z)+G(z) =1 for all z € C. This together with (3.3) gives f(z+n) = a1 +aq,
which is impossible. This completes the proof of Theorem 1.1. (I

Proof of Theorem 1.2. First of all, we suppose that f(z) is a transcendental
meromorphic function, while A, f(z) is a rational function. Then, by Lemma
2.1 we get

T(r, f(2)) = T(r, Apf(2)) + O(log(rT(r, f(2)))) = O(log(rT(r, f(2)))),

which implies that f(z) is a rational function, which is impossible. Secondly
we suppose that f(z) and A, f(z) are nonconstant rational functions. Then it
follows by Lemma 2.2 that f = A, f, which reveals the conclusion of Theorem
1.2. Finally we suppose that f and A, f are transcendental meromorphic func-
tions such that f # A, f. Combining this with Lemma 2.7 and the condition
that f(z) and A, f(z) share a1, ag, as, as IM, we have

(3'13) NO(Ta 00, fﬂ A’r]f) < Nl?(ra Gy, fa Aﬂf) + S(Ta f(Z)) = S(T, f(Z))

Noting that A, f(z) = f(z+n) — f(z), we get by (3.13) that

N(r,1f(z) = 00, f(z +n) # 00) + N(r,|f(2) = (2 + 1) = Ay f(2) = o0)
< No(r,00, f, Ay f)
(3.14) = S(r, f(2)),
where N(r,|f(2) = f(z+1n) = A, f(2) = o) denotes the reduced counting
function of common poles of f(z), f(z +n) and A,f(2) in {z : |z| < r},
N(r,|f(2) = 00, f(2 +n) # 00) denotes the reduced counting function of those
points in N(r, f(z)), which are not poles of f(z + n). Therefore, by (3.14) we
get
N(r,Apf(2)) = N(r,|f(2) = oo, f(z +n) # o0)

N(?‘ [f(z +n) =00, f(2) # o0)

N(r,|f(2) = f(z +n) = Ay f(2) = 00)
(r [f(z+m) = 00, f(2) # 00) + S(r, f(2))
(r f(z+m) +5(r, f(2)),

where N(r,|f(z) = f(z + 1) = 00) denotes the reduced counting function of
common poles of f(z) and f(z+n) in |z| <7, N(r,|f(z + 1) = oo, f(2) # 0)

N
(3.15) <N
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denotes the reduced counting function of those points in N(r, f(z +7)), which
are not poles of f(z). Similarly

(3.16) N(r, f(z+m) = 2f(2)) < N(r, f(z +m)) + S(r, f(2)).

By Lemma 2.1 and the condition that f(z), A, f(z) share a1, as, a3, as IM we
get

(3.17) S(r, f(2)) = S(r, Ay f(2))-

By Lemma 2.1 and the second fundamental theorem we get
ST(r. (2)) < +§jN( o ) S )
J

= N(r, f(2)) + 2T (r, f (2 ))+5(hf( ));
which implies that
(3'18) T(T, f(Z)) = N(T, f(Z)) + S(Ta f(Z)) = N(T, f(Z)) + S(T, f(Z)),
which implies that
(3.19)  Ny(r, f(2)) = N(r, f(2)) + S(r, f(2)) = T(r, f(2)) + S(r, f(2))-
Similarly, we can get
(3.20) T(r,Apf(2)) = N(r, Ay f(2)) + 8(r, f(2)) = N(r, Ay f(2)) + S(r, f(2)).
and
(3.21) Nyy(r, Ay f(2))=N(r, Ay f(2))+S(r, f(2)) = T(r, Ay f(2))+S(r, f(2)).
By (3.19) and (3.21) we get

Nea(r, f(z +m)) = Nea(r, Ay f(2)) + S(r, f(2))
S N(r, Ay f(2)) = Nyy(r, Ay f(2))
(3.22) < S(r, f(2))-
By (3.22) we get

N(r, f(z+mn)) = Nuy(r, f(z+n)) + Ne(r, f(z +n))
(3.23) — Nyy(r, £(z + ) + S(r, £(2)-

By (3.14), (3.15), (3.16), (3.17), (3.19), (3.21), (3.23), Lemma 2.3, Lemma 2.8,
the second fundamental theorem and the condition that f(z), A, f(z) share aq,
az, as, ag IM we get

(r ()_%)+SWAM@D

Y
N o1 0) w( e e ) R A
+T(r, f(z + —2f(z))+5(7’,f(z))
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=N(r, f(z+mn)) + N (r, f(z+n) —2f(2))
+m (r, f(z+n) —2f(2)) + S(r, f(2))
<SN(r, f(z+m) + N (r, f(z+n1) = 2f(2)) + m (r, f(2))

+m (r, f(;(;r m 2) +5(r, £(2))

)
<2N(r, f(z+m) +m(r, f(2) + S(r, f(2))
m(r,
I

<2N (r, f(z+mn)) + f(2))+S(r, f(2))
=2N(r, f(2)) + m(r, f(z)) + O(r*P)~1) + O(logr) + S(r, f(2))
< 2T(r, f(2)) + O(r" D =1) + O(log ) + S(r, f(2)),

(3.24) 3T(r, A, f(2)) < 2T(r, f(2)) + O =1F2) £ O(log ) + S(r, f(2)).

By Lemma 2.1 and the condition that f(z), A, f(z) share a1, as, as, as IM we
get

(3.25) T(r,Anf(2) =T(r, f(2)) + S(r, f(2)).
By (3.24) and (3.25) we get
(3.26) T(r, f(2)) < O(r”(f)_HE) + O(logr) + S(r, f(2)).

Noting that S(r, f(z)) = o(T'(r, f(2))) as r — oo and 7 € F, where E C RT is
some subset of a finite logarithmic measure, we get

(3.27) T(r, f(2)) = O =1+%) + O(log )

as r — oo and r ¢ E. By (3.27), the supposition that f(z) is a transcendental
meromorphic function we deduce p(f) > 1. This together with the standard
reasoning of removing exceptional set (cf. [17, Lemma 1.1.2]) gives

(3.28) T(r, f(2)) = O((2r)?)142) 4 Olog r + log 2)
as r — 00. By (3.28) we get p(f) < p(f) — 1, which is impossible. This proves
Theorem 1.2. O

Proof of Theorem 1.3. First of all, let

_ ¢(2)
(3:29) Y= ST
for all z € C, where
(3.30) $1(z) = 1)

FE(f(2) =D(f(2) =)
for all z € C. Then it follows by (3.29) and (3.30) that

y (
AU - DG - OF ()
(3.31) Y= T — D G) - O (2 + )
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for all z € C. By Lemma 2.11(ii) and the assumptions of Theorem 1.3 we get

1
(3.32) N (r,) + N (7’, E) = S(r, f(2)).
Noting that p2(f) = p2(f’) < 1, by (3.29)-(3.32) and Lemma 2.3 we get
(3.33) m(r,v) = S(r, f(2)).
By (3.32) and (3.33) we get
(3.34) T(r,v) = S(r, f(2)).
By rewriting (3.31) we get
) re) v S+ )

fR)(f(2) = 1)(f(2) — o) fE+n)(f(z+n) - 1(f(z+n) —c)
for all z € C. Next we suppose that f(z) £ f(z +n) and let a; = 0, as = 1,
as = ¢, ag = 0o. By Lemma 2.11(ii), we can see that

> Nim(rag) = S(r, f(2)).
n>2m>2
By this equality we discuss the following four cases:
Case 1. Suppose that there exists some a; (1 < j < 3) such that

(3.36) N(l,l)(r’ aj) # S(r, f(2)),

where N(Ll)(r, a;) denotes the reduced counting function of common simple
a;-points of f(z) and f(z+n) in |z| < r. By (3.36) we know that at least one of
N(1,1)(r,0), N1)(r,1) and N (3 1y(r, ¢), say N(1,1)(r,0), satisfies N (1,1)(r,0) #
S(r, f(2)). Let z9 € {z : |z] < r} be a common simple 1-point of f(z) and
f(z+mn). Then, by the Laurent expansions of the left side and the right side of
(3.35) in a punctured disk about zy we deduce ¥(z9) = 1, this together with
(3.34) and N4 1y(r,0) # S(r, f(2)) implies that ¢» = 1, and so (3.35) can be
rewritten as
(3.37) f'(z) _ f'(z+n)
fEUE) -DUE) - fE+n(fz+n) - D(f(z+n) —0)

for all z € C. By (3.37) and the condition that f(z) and f(z + n) share 0, 1,
¢ IM we deduce that f(z) and f(z + n) share 0, 1, ¢ CM. Combining Lemma
2.5, we consider the following two subcases:

Subcase 1.1. Suppose that f(z) and f(z+n) satisfy one of f(z)+ f(z+n) =
0, f(2) + f(z+n) =2and f(z) + f(z+n) =1, say

(3.38) f&+fz+n)=0

for all z € C, where ¢ = —1. Then 1 and —1 are Picard exceptional values of
f(z) and f(z+ n). Hence

(3.39) f(2) = 1=(f(2)+1)er*)
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for all z € C, where 3 is a nonconstant entire function. By (3.39) we have

14 e
B 1— eVS(Z)

(3.40) f(z)

for all z € C. By substituting (3.40) into (3.38) we have e?3(*)+7(+n) — 1 for
all z € C. Hence

(3.41) Y3(2) +y3(z +n) =c

for all z € C, where c is some finite complex constant. On the other hand,
by (3.40) we have p2(f) = p2(€”) = p(y3) < 1. This implies that v3 is a
nonconstant entire function of order p(y3) < 1. Therefore, by Lemma 2.9 we
know that for a positive number h satisfying |n| < h, there exists an e-set Fy,
such that as z ¢ Fy and |z| — oo, we have

73(2 + 1)
73(2)
uniformly in 7. Next we let E, be the set of > 1 for which the circle S(0,r)
meets Fj. Then, E, has a finite logarithmic measure (cf. [10]). Therefore,
by (3.42) and Lemma 2.10 we know that there exist some infinite sequence of
points z,, = re'* where and in what follows, r, € E, U E and 6, € [0,27),
E C (1,400) is a subset of finite logarithmic measure, i.e., fE dt/t < 400, such

that

(3.42) —1,

q Y3 (2r, +1)

(3.43) [v3(2zr, )| = M (rg,v3) —> 00 an — 1
73(ZT1€>
as rp — 0o. By (3.41) and (3.43) we have
(3.44) do 14 tim BCnEW oy,
TR0 Y3 (ZTk) TET00 73 (ZTk)

which is a contradiction.

Subcase 1.2. Suppose that f(z) and f(z+n) satisfy one of f(z)f(z+n) = 1,
(f(2) =1/2) (f(z+n) —1/2) = 1/4 and (f(2) = 1)(f(z+n) —1) =1, say
(3.45) (F(2) = 1/2) (F(z +m) — 1/2) = 1/4
for all z € C, where ¢ = 1/2. Then oo and 1/2 are Picard exceptional values
of f(z) and f(z +n). Hence f(z) = e"(*) /2 4 1/2 for all z € C, where 4 is a
nonconstant entire function. This together with (3.45) gives e7(2)+7a(z+n) —

1 for all z € C. Next in the same manner as in Subcase 1.1 we can get a
contradiction.

Case 2. Suppose that there exists some a; (1 < j < 3) such that
(346) N(l,m) (Tv a’j) # S(Tv f(z))v

where m > 2 is a positive integer, W(Lm)(r, a;) denotes the reduced counting
function of those zeros of f(z) — a; with multiplicity 1, and of f(z +7n) — a;
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with multiplicity m. Then, by (3.34), (3.35) and (3.46) we deduce ¥ = 1/m,
and so (3.35) can be rewritten as
mf(2) B fi(z+m)
FEUFE) -D(fE) = fe+n)(fz+n) -D(f(z+n) —¢)
for all z € C. Set

(3.48)
) FQ)' () — £+ ) |
) =D () =) fz+n)(f(z+n) = D(f(z+n) —c)
Then, by (3.48) and Lemma 2.12 we know that ¢3(z) # 0 is an entire function
such that
(3.49) T(r,¢a(2)) = S(r, f(2))-
By (3.47) and (3.48) we get
e (et N (PR
o) -0 =g (Nt 1) (7))
By (3.50), Lemma 2.3 and the lemma of logarithmic derivatives (cf. [17, The-
orem 2.3.3]) we get
2m(r, f(2)) + O(1)
=m(r, (f(2) - ¢)*)

< (r i)+ o (R S 1) e (n )
< T(r 62(2) + S0, £(2)) < S 1(2)),

i.e., m(r, f(2)) = S(r, f(2)), which implies that there exists some subset I C R
with its linear measure mesl = +o0o such that

(3.51) lim NS

ey T f(2))

By (3.51) and Lemma 2.4 we know that f(z) and f(z+mn) share 0, 1, ¢, oo CM.
Next in the same manner as in Case 1 we can get a contradiction.

(3.47)

Case 3. Suppose that there exists some a; (1 < j < 3) such that
(3.52) N(m,1y(r,a;) # S(r, f(2)),

where m > 2 is a positive integer, W(mﬁl)(r, a;) denotes the reduced counting
function of those zeros of f(z) —a; with multiplicity m, and of f(z+n)—a with
multiplicity 1. Next in the same manner as in Case 2 we can get a contradiction.

Case 4. Suppose that
3 3 3

(353) > Nanra) + Y Nemny(ra) + > Nam(r,a5) = S(r, f(2)),

j=1 j=1 j=1
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where m > 1 is any positive integer. Then, by (3.53) we get

() = 2 X Rt

n>1m>1
< Z ZN(n,m) T,O +Z Z N(nym)(T,O)
n<1l5m>1 n>1m<15
+ Z Z N(n,m)(rv()) + Z Z N(n,m)(rvo)
n>16 m>1 n>1m>16
=23 > Nam) 0+ D> Y Ny (r,0)
n<15m<15 n<15m>16
3> Ny (1,0) + D> Ny (r,0)
n>16 m<15 n>16 m>1
+ Z Z N(n,m)(rv())
n>1m>16
2 1 1
<—=|N|r— +N<r,7)> +5(r, f(z
5 (v () ferm)) oI
1 1
(354) < L0 1(2) 4 ST S+ ) + 50 1(2)).

Similarly, by (3.53) we get

355 N (ngmm7) £ §TOSE)+ §T0IG+1) + S0 ()
and
350 W (ngm— ) < 570G + g7 G+ 0) + S )

By Lemma 2.1 we get

2T (r, f(2)) = N(r, f(2)) + N (T, ﬁ) +N (T’ ﬁ)

(3.57) LN (r, ﬁ) +S(r, £(2)).
By (3.54)-(3.57) we get

(358) 2T(r, f(2)) S T( f() + ST( £(2)) + 370 (= + 1) + 5,/ (2),
(3.59) 5T(r, f(2)) < 3T(r, f(z+n)) + S(r, f(2)).
Similarly

5T(r, f(z+m)) < 3T(r, f(2)) + 5(r, f(2)),
this together with (3.59) gives

2T (r, f(2)) + 2T (r, f(z + 1)) < 5(r, f(2)),
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which is impossible. This complete the proof of Theorem 1.3. O

Proof of Theorem 1.4. Suppose that f(z) and f(z 4+ n) are nonconstant poly-
nomials. Then a and b are two distinct complex number, this together with
Lemma 2.13 reveals the conclusion of Theorem 1.4. Next we suppose that f(z)
and f(z+n) are transcendental entire functions and f(z) # f(z+n). Set (2.1),
(2.2) and (2.3). Then we have (2.4) and (2.7). By Lemma 2.14 we have

(3.60) T(r,p(z)) = S(r, f(2))
and

(3.61) T(r,x(z)) = S(r, f(2)).
Set

(3.62) H(mn)(2) = mep(2) — nx(2),

where m and n are some two positive integers. We discuss the following two
cases:

Case 1. Suppose that there exist some two integers mg and ng such that
H (g ,no) = 0. This together with (2.4), (2.7) and (3.62) gives

- (f’(Z) —d(z)  f(2) = b’(Z))
f(z)=alz)  f(z) —b(z)
0 <f’(z+77a'(2) f’(2+77)b’(2)>
0

fz+m) —alz)  flz+n) = b(2)
for all z € C, which implies that
<f(Z) - b(Z))m° 4 <f(z+77) - b(Z))"0
f(z) —a(2) RVICER) e
for all z € C, where Ay is a nonzero constant. By (3.63) and the standard
Valiron-Mokhon’ko lemma (cf. [20]) we deduce

(3.63)

(3.64) moT'(r, f(2)) = noT'(r, f(z +m)) + S(r, f(2))-
By (3.64) we have
(3.65) S(r, f(2)) = S(r, f(z +n))-

By Lemma 2.3, the assumptions of Theorem 1.4 and Nevanlinna’s three small
functions theorem we get

705 (v 772 ) + ¥ () 540
<N (r ) S
< T(Taf(z) - f(Z + 77)) + S(T, f(Z))
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ST(r, f(z+m) + 5, £(2)),

(3.66) T(r,f(2)) <T(r, f(z +n)) + S(r, f(2))-

Similarly,

(3.67) T(r, f(z+mn)) <T(r, f(2)) + S(r, f(2)) + S(r, f(z + ).

By (3.65)-(3.67) we get

(3.68) T(r, f(2)) = T(r, f(z +n)) + S(r, f(2))-

By (3.64) and (3.68) we get mo = ng, and so it follows by (3.63) that
fE b, e —b)

(3:69 FG) —alz) TG —at)

where A; is a nonzero constant satisfying A7*® = Ag. By (3.69) and the sup-
position f(z) £ f(z +1n) we have A; # 1, and so (3.69) can be rewritten
as

(AL =1 f(z+n) + a(z) — Aib(2))

(3.70) = (Ara(z) = b(2)) f(z +n) + (1 = A1)a(2)b(2).
By (3.70) and Lemma 2.15 we get

(3.71) m(r, (A1 = 1) f(z +n) + a(z) = A1b(2)) = S(r, f(2)).
By (3.68) and (3.71) we get

(3.72) T(r, f(2)) = S(r, f(2)),

which is impossible.
Case 2. Suppose that for any two positive integers m and n, we have

(3.73) H(mm,n)(2) # 0.
Let z, be a zero of f(z) —a(z) with multiplicity n, and a zero of f(z+mn)—a(z)
with multiplicity m, such that a(z,) # 00, b(z,) # 00 and a(zq) — b(z,) # 0.
Then, by (2.4), (2.7), (3.62) and by a calculating we can get Hy, n)(24) = 0.
Similarly, if z, be a zero of f(z) — b(z) with multiplicity n, and a zero of
f(z +n) — b(z) with multiplicity m such that a(zy) # oo, b(zp) # oo and
a(zp) — b(zp) # 0, then H(,, ) (25) = 0. This together with (3.60), (3.61) and
(3.73) gives

1

1
*NGw@—ua>
(Tv H(m,n)(z)) =+ S(Ta f(Z))
(ra0(2)) + T(r, x(2)) + S(r, £(2)

Nwm@®+ﬁmm@®§NG, )+Nmam+wam

<T
<T
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(3.74) = S(r, f(2)),

where and in what follows, N (;, ) (7, @) (N (5,,m) (), respectively) denotes the
reduced counting function of those zeros of f(z)—a(z) (f(z) —b(z), respectively)
with multiplicity n, and of f(z +n) — a(2) (f(z + n) — b(2), respectively) with
multiplicity m. By (3.74) we can get

N <T’ m) =22 Nim(r,a)

n>1m>1

< Z Z N(n,m) (7’, a) + Z Z N(n,m) (Ta a)

n<15m>1 n>1m<15

+ 2 X T+ 32 3 N (o

n>16 m>1 n>1m>16

=2 Z Z N(n,m) (7’, a) + Z Z N(n,m)(rv a’)

n<15m<15 n<15m>16

+ Z Z N(n,m)(r; a) + Z Z N(n,m)(ra a)

n>16 m<15 n>16 m>1

+ Z Z N(n,m)(rv a’)

n>1m>16

%<N075>+N07§%a»+5@ﬂm

ST F(2) + 570 (= 4+ 0) + S(r, £(2)).

(3.75)

IN
oo

Similarly,
(376) N <r, m> < ST F@) + 5T (= 4 1) + S0, £(2)).

Noting that f is a nonconstant entire function of hyper-order pa(f) < 1, we
can get by (3.75), (3.76), Lemma 2.3 and Nevanlinna’s three small functions
theorem that

— 1 — 1
e =¥ (v 52a) Y () 540
R I+ 7T fe ) + S0 £(2)

4
T(r, f(2))+ lm(r, f(z)+ lm <r, f(;(l_)n)

4 4
Tl 1)+ (Friml: ) + 50 £()

A
=

IN

)+ 50 )

IN

IN
N~ NI = P =

T(r, f(2)) + S(r, f(2)),
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ie, T(r,f(z)) = S(r, f(2)), for all r outside of a finite logarithmic measure,
which is impossible. This completes the proof of Theorem 1.4. (]

4. Concluding remarks
Regarding Theorems 1.1 and 1.2, we give the following two conjectures:

Conjecture 4.1. If the condition “pa(f) < 1”7 of Theorem 1.1 is replaced with
“p(f) = 00", then the conclusion of Theorem 1.1 still holds.

Conjecture 4.2. If the condition “p(f) < c0” of Theorem 1.2 is replaced with
“p(f) = 00", then the conclusion of Theorem 1.2 still holds.

Acknowledgements. The authors wish to express their thanks to the referee
for his/her valuable suggestions and comments.
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