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1 Introduction and main results

Nevanlinna theory is one of the most important developments in complex analysis in the
20th century, which deals with the value distribution of entire and meromorphic func-
tions. Many applications can be found in the study of Picard type theorems, value sharing
results and normality criteria.

In this paper, we assume that the reader is familiar with the basic notations of Nevan-
linna’s value distribution theory (see [11, 15-18]). In the following, a meromorphic func-
tion always means meromorphic in the whole complex plane. By S(r,f), we denote any
quantity satisfying S(r,f) = o(T(r,f)) as r — oo possible outside of an exceptional set E
with finite logarithmic measure [, dr/r < co. A meromorphic function « is said to be a
small function of f if it satisfies T'(r,a) = S(r,f).

Let f be a nonconstant meromorphic function. The order of f is defined by

— log* T(r,f)
= lim ——=.
i) rggo logr

The exponents of convergence of zeros and poles of f are defined by

and

1 — log* .
(2= e
r—00 l()gr
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For a nonzero complex constant n € C, we define the difference operators of f as
Ayf(2) =f(z+n) - f(2) and ALf(2) = An(Ag_l (2)),neN,n> 2 (see [7, 8, 12—-14]).

Recently, numerous mathematicians have studied fixed points, which is an important
topic in the theory of meromorphic functions (see [3-6, 9, 10]). In 2000, Chen [4] studied
fixed points of solutions of differential equations and defined the exponent of convergence
of fixed points by t(f) as follows:

__ log"N(r, %)
o(f) = fim ——— ="
r—00 logr

In 2000, Fang [10] studied the fixed points of derivative of meromorphic functions and
obtained the following result.

Theorem A Let f be a transcendental meromorphic function. Suppose that all zeros and
poles of f are multiple. Then f' has infinitely many fixed points.

The topic on fixed points can be also investigated in the field of complex differences.
For example, Chen and Shon [6] have got some results on the zeros and fixed points of
transcendental entire functions and meromorphic functions. Chen [5] and Zhang—Chen
[19] studied the relationships between fixed points of meromorphic functions and their
differences and shifts. Their results are stated as follows.

Theorem B ([5]) Let f be a finite order meromorphic function such that A(]%) < p(f), and
let ¢(#0) be a finite constant such that A f(z) % c. Then

max{t (f(2)), T (A (@)} = p(f),
max{z(f(2)), 7 (f(z + ©))} = o(f),
max{1(Af(2)),7(f(z + )} = p(f).

Theorem C ([19]) Let a be a finite complex number, let f be a finite order meromorphic
function such that M(f — a) < p(f), and let c¢(#0) be a finite constant. Then

max{7(f(2)), 7 (AS ()} = p(f),
max{z(f(2)), 7 (f(z + ©))} = p(f),
max{r(AJ(z)), f(f(Z + C))} = p(f).

Chen and Zheng [3] extended Theorem C and proved the following theorem.

Theorem D ([3]) Let a be a finite complex number, let f be a finite order transcendental
meromorphic function such that M(f — a) < p(f), and let c(# 0) be a finite constant and n be
a positive integer. Then

max{t(f(z)), T (AL ()} = p(f),
max {1 (f(2)),7(f(z + nc))} = p(f),
max{7(ALf(2), 7 (f(z + nc))} = p(f).
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They generalized the case of fixed points into the more general case for n = 1, and ob-
tained the following result.

Theorem E ([3]) Let a be a finite complex number, let f be a finite order transcendental
meromorphic function such that A(f — a) < p(f), let c(# 0) be a finite constant and m be a

m—1

positive integer, and let p(z) = pu2” + pm-12""" +- - - + p12+ po be a nonconstant polynomial,

where py, #0,Pm-1,- .., P1,Po are finite complex numbers. Then

max{A(f(z) - p(2)), L(Acf (2) - p(2)) } = p(f),
max{A(f(z) - p(2)), A(f(z + ©) - p(2)) } = p(f),
max{%(Af(2) - p(2)), A(f(z + ©) - p(2)) } = p(f).

In 2003, Bergweiler and Pang [2] extended Theorem A as follows.

Theorem F Let f be a transcendental meromorphic function and let R(s£ 0) be a rational
function. Suppose that all but finitely many zeros and poles of f are multiple. Then f' — R
has infinitely many zeros.

By the above theorems, we naturally pose the following question.

Problem 1 In Theorem B—-Theorem E, whether the fixed points or the nonconstant poly-
nomial p can be replaced by a nonconstant rational function R? In this paper, we give a
positive answer to Problem 1 and prove the following results.

Theorem 1 Let a,c(# 0) be two finite complex numbers, let f be a finite order transcen-
dental meromorphic function such that M(f —a) < p(f), and let R be a nonconstant rational
function. Then

(L.1) max{A(f(z) - R(2)), M(AZf (2) — R(2))} = p(f);

(12) max{i(f(2) - R@)), Mf(z + nd) — RE)} = p(f);

(1.3) max{A(ALf(z) — R(z)), A(f(z + nc) = R(2))} = p(f).
(1.1), (1.3) are valid unless f (z) = a + a=R@) \here A, D are nonzero constants, R is a poly-

Defz-1’
nomial of 1 < degR < n, and edc=1.

Remark Let n be a positive integer, 4, c(# 0) be two finite values with e = 1, let f(z) =
a+“R2 andletRbea polynomial of 1 < degR < n. Then A”f = 0. But (1.1) and (1.3) are

eZ_1 "’

not valid. Let R(z) = z, n > 2, in this case, Theorem D is not valid.

The following two examples show that it is necessary that R is nonconstant.

Example 1 Let a,R(# 0,a),c(# 0) be three finite complex numbers with e = 1, let n be a
positive integer, and let f(z) = a + e”’z;fi. Then f(z) #a, f(z) #R, f(z + nc) #R, Alf =0#R.

Example 2 Let a,c be two nonzero finite complex numbers with e = 2, let R = 0, and let
f@) = 1% Then Af = o=Hez.f #a.f #R Af #R.

Theorem 2 Let c¢(# 0) be a finite constant, let f be a finite order transcendental meromor-
phic function such that A(%) < p(f), and let R be a nonconstant rational function. If ALf is
a transcendental meromorphic function, then
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(2.1) max{A(f(2) - R(2)), AM(AZf (z) - R(2))} = p(f);
(22) max{A(f(2) - R(2)), A(f (z + nc) — R(2))} = p(f);
(2.3) max{A(ALf(2) — R(2)), A(f (z + nc) = R(2))} = p(f).

Example 3 Let R be a rational function, let f(z) = €* + R(z), and let ¢ is a nonzero constant
with e¢ = 1. Then A f(z) = A.R(z). Obviously, p(f) = 1, A(f(z) - R(z)) = 0, A(Af(2) - R(z)) =
0, A(f(z + ¢) — R(z)) = 0. Thus we obtain max{A(f(z) — R(2)), A\(f(z + ¢) — R(2)), M(Af(2) —
R@)) < o).

This shows that it is necessary that A’f is a transcendental meromorphic function in
Theorem 2.

2 Some lemmas
For the proof of our results, we need the following lemmas.

Lemma 1 ([7, 8, 13]) Let f be a meromorphic function of finite order, let ¢ be a nonzero
finite complex number. Then

flz+¢)
m(r, @

) _ St f),

and, for any € > 0, we have

f(Z + C) _ (f)-1+e
(557 =00

Lemma 2 ([16, 17]) Let f be a meromorphic function. Then, for all irreducible rational
functions in f,

_ Z:ZO a(2)f'
R(z.f) = 727:0 b @f

with meromorphic coefficients a;(z), bj(z) such that

T(rrai):S(r)f)¢ i=0,1,...,m,
T(r’bj):S(rrf)x j:();lxnwn:

the characteristic function of R(z,f) satisfies
T(r,R(z,f)) = max{m, n} T(r,f) + S(r,f).

Lemma 3 ([7]) Let f be a meromorphic function of finite order, let ¢ be a nonzero finite
complex number. Then

T(r.f(z+c) = T(r.f) +S(r.f),
N(r,f(z+c)) =N(r,f) + S(r,f),

N(r'f(z1+ c>> :N<r’}f > +8ef)
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Lemma 4 ([15-18]) Let f be a nonconstant meromorphic function, and let a,, a,as (one
may be 00) be three distinct small functions of f. Then

— 1 — 1 — 1
T(V»f)§N<r,f_al> +N(7’JT@) +N<r,f_d3> +S(r.f).

Lemma 5 Let R be a nonconstant rational function, let ¢ be a nonzero constant, and let n
be a positive integer. Then AR — R # 0.

Proof We consider two cases.

Case 1. R is a nonconstant polynomial. Then AR is a polynomial of degree deg R — n for
n <degR, and A’R =0 for n > degR. It follows that A”R— R 0.

Case 2. R = q/p, where p, q are two coprime polynomials with degp > 1. Set

p2)=aZ + - +aiz +ay, q(2) = biz' + -+ + b1z + by,

where ag,ay,...,as, by, by, ..., b, are finite complex numbers with a;b, # 0.
Thus we have

ArR-g=TEFM) L (o 489 (@) 4@
p(z + nc) plz+c0) pl2)  pl2)
_ —(as)"btz”s” + ClZnS”_l + o+ Cusat §_é 0. 0

p@)p(z+c)- - p(z+ nc)

Lemma 6 Let n be a positive integer, let ¢ be a nonzero constant, and let R = q/p be a
nonconstant rational function, where p,q are two coprime polynomials. If degp > 1, or R
is a polynomial with deg R > n, then AR 0.

Proof We consider two cases.
Case 1. R is a nonconstant polynomial with degR > n. Set deg R = s > n, then we have

R(z) =a2’ + -+ + a1z + ao,
where ay,ay,...,a, are finite complex numbers with a; # 0. Then

AR=[ajz+cf + - +aiz+c)+ag] - [ad’ + - +arz+ao|
=sacz 4+,

AZR = A(ACR) = s(s - Dac®z 2 + -+,

AR=A(AF'R) =s(s—1)---(s— n+ Va2 +--- 20.

Case 2. R = q/p, where p, g are two coprime polynomials with degp > 1. Then we claim
that

_dqz+c) qz) plR)g(z+c)-plz+c)g(z)  q1(2)

T pz+o) pl) p(@)p(z +¢) " pi2)

A(R(2) #0,

where p1,¢; are two coprime polynomials with degp; > 1.

Page 5 of 12
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In fact, if A.R = 0, then %:2 = %. Since deg p > 1, there exists a finite complex number
zo such that p(zo) = 0. It follows that p(zg + ¢) = 0, p(zo + 2¢) = 0, ..., p(zo + (degp + 1)c) = 0,
a contradiction. Thus we prove A R # 0. Obviously, there exists a finite complex number
z1 such that p(z; +¢) =0, p(z1) #0, g(z1 + ¢) # 0, thus we obtain degp; > 1.
Next, using mathematical induction, we obtain
AnRz AC(AnflR) — QH(Z) ?_éoy
‘ ¢ Pn(2)
where p,, g, are two coprime polynomials with degp, > 1. Thus the proof of the lemma
is completed. O

3 Proof of Theorem 1
Proof Now we prove (1.1). Suppose that A(f(z) - R(2)) < p(f). Next we will prove A(A”f (z) -

R(2) = p(f).

Since A(f(z) — a) < p(f), and R is a nonconstant rational function, we have

Tt et o

where o (% 0, 00) is a meromorphic function such that p(«) < p(f), and p is a nonconstant
polynomial with degp = p(f).
Hence we have

T(r,a)=S(r,é"), T(r,f) = T(r,€") + S(r.f). (3.2)

By (3.1), we obtain

a—R(2)
" a(z)e?@ —1°

fl@)=a
Thus we have
Alf(2) = Al(f(2) - a)
= Xn:(_l)ich(f(z +(n—i)) - a)
i-0

&, i a-R@E+(m-i))
= ;(_1) CnO[(Z + (ﬂ _ i)C)ep(Z+("_i)”) _ 1

(3.4)

Yio(-1)Cila-R(z+ (n- DN (a(z + (n — eyt _ 1)
H;lzo(a(z + (1 — i)c)epler(n=09) _ 1)
B, (2)(&?@)" 1 B,, 1 (2)(e?@)" ... 4 B, (2)e?@ + By(2)

T A @(@O)H T+ A (2)(@@) + -+ AL (2)er@ + (-1 (35)

where A1(z),A2(2),...,Au1(2),Bo(2),B1(2),...,Bm(z) are small functions of ¢’®, and
Api1(2) = a(2)a(z + 0)e?EIPE) . q(z + nc)e?!@mIPE) £ 0, B, (z) # 0, Bo(z) = (1)1 x
AR(z),m < n.

Page 6 of 12
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It follows from (3.4) that A”f s 0. Suppose that A”f = 0. Next we consider two cases.
Case 1. etterno-pla+(n=ic) _ M #0,i=1,2,...,n. Then, by (3.4) and Nevanlinna’s

o Z+VIC
second fundamental theorem [1, 17, 18], we obtaln

a(z + nc)e?@no
a(z + nc)eplzrn-p)

T(r,e”) = T(r,
< T(r,a(z +nc)e’@"9) + S(r,e) < N(r,a(z + nc)e?“")
1 1
+N(r, a(z + nc)erne) — 1) +N<r, W) +8(r¢)
1

N\, e’
= <r a(z + nc)eplerne) 1) * S(r )

1
= N y ) An = 0 S ) ep
<r a(z + nc)eplerne) — 1 f ) " (r )

“ 1
= ZI:N (” (@(z + 10)e!&m9 — 1) — (a(z + (1 — §)c)eP@ -0 _ 1)) +5(ne)

1

N\r, . S(r, e’
(r a(z + nc)eP@ne) — gz + (n — i)c)ep(“(”’)c)) +5(ne)

I
—_

1
N|(r, : — ) +S(r, ")
ep(z+no)—pl(z+(n-i)c) _ a(z+(n=i)c)

a(z+nc)

|:T(r, ep(zmc)fp(u(n—i)c)) + T(r, alz+(n- l)C))] + S(l’, ep)
=1

M=

=1

IA

a(z + nc)

=S(r,e), (3.6)

which is a contradiction.
Case 2. eP@rnd-pla+(n=i)c) _ % =0, for some i € {1,2,...,n}. If degp > 2, then by

p(a) < p(f) = degp and Lemma 1 we get

p(a(z+ (n— i)c)) < o)1+ Pf) - ple) _ p(f) 1 = p(eenplestn=io),

oz + nc) 2

which is a contradiction. Hence degp = 1. So, p(«) < 1. Let p(z) = Az + B, then we have
a(z + (n - i)c) = e4a(z + nc). Without loss of generality, we assume that i = 1, then we
obtain

a(z) = e*alz + ¢).

We claim that o # 0o. Suppose that there exists 2z such that «(zy) = oo, without loss of
generality, let zo = 0, then we deduce that for all positive integers j, a(jc) = co. Thus for
sufficiently large r, and 2n|c| < r < (2n + 1)|c|, we have

" n(t,a) - n(0,
T(r,a) > N(r,a) = / M dt + n(0,«) logr
0

2n-1

S 1)

j-1
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2n-1 1 1 2n-1
> Zjlog(l + 5 1) :nlog<1+ 2n—1>
j=1

log2
> nlog2 > ir.

4|c|

It follows that p(«) > 1, which is a contradiction. Similarly, we obtain « # 0. Thus we
deduce that « is a nonzero constant C. By (3.1), we obtain

a—R(2) a—R(z2)

tegms 1"t DT D=Cel #o0. (3.7)

f@)=a

If R = g/p be a nonconstant rational function, where p,q are two polynomials with
degp > 1, or R is a polynomial with deg R > #, then, by Lemma 6, (3.5) and (3.7), we ob-
tain A”f # 0. If R is a polynomial with 1 < degR < #, and e # 1, then, by (3.7) and some
computation, we deduce that AZf # 0.

In fact, by (3.4) and (3.7) we have

i a—-R(z+(n—1i))

Af(2) = Z(—l)iCZW
i=0
Y7 o(-1)Cia ~ R(z + (1 — i)c)) T, (DeAE ) _ 1)
nlftzo(Dda(ZJr(n—i)c) _ 1)
(D ()12 + D 3 (<1)'Cha — R(z + (n = i)e)) () 1(e"*)" + - --
Ap(2)(eA) + Ay(2)(e4%)" + - - - + Ar(2)ed” + (-1)m+
[_Dn (eAc)1+2+~-+(n—1)ds Z?zo(_l)ic;iq(eAc)izs +o.- ](eAz)n +.-
Ap1(2) ()1 + Ay(2)(e42)" + - - - + As(2)ed” + (-1)"!
~ [—Dn(eAC)1+2+"'+(”_1)aS(eAC _ l)nzs Foeen ](eAz)n +oee
C Aun @)+ Ay(2)(eh) + -+ Ag(2)eds + (-1)7 1

where R(2) = a2 + a,_125 + -+ + a1z + ag, 1 < s = degR < n. It follows from a; # 0,D #
0,4 — 1 #0 that A”f #0.
Hence by the above discussion we prove that A”f = 0. Set

B(¢”) = By(¢)" + Bpyr (/)" 4+ + Bie” + By,

A(ep) =An+1(ep)n+1 +An(eli’)” FEN +A1€p + (_1)n+1‘

By the method of successive division, there exist D(e?), E(e?), F(e”), G(e?), H(e?) satisfying

A(e”) =D(e")E(¢”),  B(e”) =D(&”)F (), (3.8)
E(¢")G(e") + F(e")H(e") =1, (3.9)
where

D(¢) =Dy(e")' + Dy (¢?) ™ + -+ D1 + Dy,

[

E(¢) = By t(¢?)™ 4 Eus(&?) 4+ + E1e? + Eo,
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F(?) = Fpt(¢)™ " + Epaa(&)" ' 4o+ By + Fo,

and Dy, Dy, ...,Dy, Eo,Ey,...,Eni1-1 Fo, Fi,. .., Fp_; are small functions of e, and D; # 0,
En+1—l ?_é O! Fm—l ;—é 0’ EODO = (_1)n+1’0 < l <m.
So by (3.5) and (3.8), we have

B(e?) B(e?) — R(z)A(e?)

AL @) ~R(@) = 205~ Riz) = A@)

F(e’)D(e?) — R(z)E(e’)D(e?)
) E(e")D(e?)
_ F(e?) - R(z)E(e?)
- E(e?)

’

(3.10)

It follows that
[Fo — R(2)Eqg|Do = By — R(2)Ag = (-1)"*'[AZR(z) - R(z)].

By Lemma 5, we know that A”R — R = 0. Thus we deduce that Fy — R(z)E, # 0. By this and
(3.9)—(3.10), we obtain

1

1
N 550 7)) =N Fer w50 @11

By (3.10) and Lemma 2, we obtain
T(r, Aﬁf(z)) =(n+1- l)T(r,ep) +S(r.f). (3.12)

Let F(e?) - R(2)E(€”) = Ryy1-1(e)" '+ -+ + Ry (2)€? + Ro(2), then Ryyy1—; = —R(2)Epy1-1(2) (2
0), Ry_1(2),...,R1(2), Ro(z) = Fo — R(z)Ey (£ 0) are small functions of e”. Thus by Lemma 2,
Lemma 4 and Nevanlinna’s second fundamental theorem, we obtain

n+1- l)T(r,ep)

= T(r, Ry a(¢?) 7 -+ Ri)
<N !
r;
B Ry(er) 1=l 4o 4+ Rye?

— 1
N > S 7ep
i (V Rn+1_[(6p)”+1_l + - +R16p +R0> " (V )

_ 1
<(m-DT(r,e) +N(r, R @ T TR +Ro> +S(r,e).

) N R (&) 44 R

It follows that

1
+ S(r,e”).
Rys1(eP)™ 17l 4+ Rie? + Ry

T(re) < N(r,
From this together with (3.11) we deduce that

1
N(V,m)ZT(V,@p)+S(7’,€p). (313)

Page 9 of 12
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By (3.2), (3.12) and (3.13), we deduce that A(A%f(z) — R(2)) = p(f). Thus we prove (1.1).
Now we prove (1.2). Suppose that

max{A(f(z) - R(z)), A(f (z + nc) - R(z)) } < p(f).

Then, by Lemma 3, we have A(f(z) — R(z — nc)) < p(f). Hence there exist ¢y > 0, T > 0, for

r> T, we have

Nr L) <00, Ny 1) <00,
f-a) ™ f-R) ™
1 _
N(r,— < pPi)-e0
( f—R(z—nC)> -

By the above formulas and Lemma 4, we obtain

— 1 — 1 — 1
T(r.f) §N<r,m> +N(r,m> +N<r,m> +S(r,f)
< 3700750 1 O(log r).

Thus we deduce that p(f) < p(f) — €0, a contradiction. Hence we prove (1.2).

Next we prove (1.3). Suppose that A(f(z + nc) — R(z)) < p(f). Then, by Lemma 3, we de-
duce that A(f(z) — R(z — nc)) < p(f). In the following, using the same methods as used in
the proof of (1.1), we obtain A(A%f(z) — R(z)) = p(f). Thus we prove (1.3). Therefore, The-

orem 1 is proved. 0

4 Proof of Theorem 2
Proof We first prove (2.1). Suppose that A(f(z) — R(z)) < p(f). Next we prove AL(A%f(z) —

R@) = p(f).

Since A( }%) < p(f), and R is a nonconstant rational function, we have

f@) = R(2) = al2)e"®, (4.1)
where « is a meromorphic function satisfying p(«) < p(f), and p is a nonconstant polyno-
mial with degp = p(f).

Hence we have
T(r,a) =S(r,e”), T(r.f)= T(r,e”) +S8(r.f). (4.2)

Thus we have

ALf(2) - R(z)
= AZR(z) + Al (a(2)e’™) - R(2)

<> (“1)'Chla(z+ (n—i)c)e’* ") — (R(z) - ALR(z))
i=0
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<) (-1)Cila(z + (n—i)c)er@ = rEe@ _(R(z) — ATR(z))
i=0

A(2)e’® — (R(z) - AIR(2)), (4.3)

where A(z) = Y 1o (=1)'Ci (ae(z + (n — i)c)eP+n=De)-p(),

By (4.2) and Lemma 3, we deduce that T'(r,A) = S(r,f).

Since A’f(z) is a transcendental meromorphic function, it follows that A # 0. By
Lemma 6, R(z) — A’R(z) # 0. Thus by (4.2), (4.3) and Nevanlinna’s second fundamental
theorem, we obtain

T(r, AZf) = T(r,e"’) +S(r.f),
T(r,e”) < T(r,Ae”) + T(r, %) +0(1)
SN(V,ACP)-FN(V,I%) +N(V,m) +S(€p)

1
N(r,m) +S(€p)

Thus we obtain

IA

1
N(r,m) > T(r,ep)+5(r,f).

It follows that A(A”f(z) — R(2)) = p(f). Thus we prove (2.1).
Now we prove (2.2). Suppose that max{A(f(z) — R(z)), A\(f(z + nc) — R(2))} < p(f). Then,

by Lemma 3, we have A(f(z) — R(z — nc)) < p(f). Hence there exist &g > 0,7 >0, for r > T,
we have

1 1
N(r.f)<r'=, N, <=0, Nlr—) <rr,
rf)=r (rf—R>_r rf—R(z—nc) =7

By the above formulas and Lemma 4, we obtain

T(r,f) < N(f) + N(nﬁ> + N(r,m> +S0rf)
< 3r°=%0 1 O(log r).

Thus we deduce that p(f) < p(f) — €0, a contradiction. Hence we prove (2.2).

Next we prove (2.3). Suppose that A(f(z + nc) — R(z)) < p(f). Then, by Lemma 3, we de-
duce that A(f(z) — R(z — nc)) < p(f). In the following, using the same methods as used in
the proof of (2.1), we obtain A(Af(z) — R(z)) = p(f). Thus we prove (2.3). Theorem 2 is
proved. O

5 Conclusion

In this paper, we have discussed the exponent of convergence of zero points of f(z) — R(z),
f(z+nc)—R(z) and Af — R(z), where R(z) is a nonconstant rational function. Examples are
given to show that all conditions of our results are necessary. Whether the nonconstant
rational function can be replaced by a small functions of f(z) is still open.
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