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Abstract

In this paper we obtain some normality criteria of families of meromorphic functions, which improve and
generalize the related results of Gu and Bergweiler, respectively. Some examples are given to show the
sharpness of our results.
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1. Introduction

Let D be a domain in C, and &# be a family of meromorphic functions defined in D.
& is said to be normal in D, in the sense of Montel, if for any sequence f, € & there
exists a subsequence f, , such that f, converges spherically locally uniformly in D,
to a meromorphic function or co.

In 1979, Gu [5] proved the following well-known normality criterion, which was a
conjecture of Hayman [8].

THEOREM G. Let & be a family of meromorphic functions defined in D, and let
k be a positive integer. If, for every function f € F, f #0,f® # 1, then & is
normal.

Recently, Bergweiler [2] improved the above result for the case k = 1, by allowing
f to have zeros, but restricting the values f’ can take at the zeros of f .

THEOREM B. Ler K and ¢ be positive numbers, and let F be the family of all
functions meromorphic in D which satisfy the following conditions:
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(i) Ifze€ D, thenf’'(z) # 1.
(ii) IfzeD,andf(z) =0,then0 < |f'(2)| < K.
(iit) IfAisadiskin D and if f hasm > 2 zeros 2,22, ... , Zm € A, then there
exists k € (—1}J{1,... ,m — 2} such that | Y|, f'(z)* — m**!| > &.

Then & is normal in D.

A natural problem arises: what can we say if f' is replaced by k-th derivative f ©
in Theorem B? In this paper, we obtain the following results, which improve and
generalize Theorem G and Theorem B.

For the case k > 3, we have

THEOREM 1. Let k be a positive integer such that k > 3 and K be a positive
number. Let & be a family of meromorphic functions in a domain D and a(z) be a
non-vanishing analytic function in D. Suppose that, for every function f € &, f has
only zeros of multiplicity at least k and satisfies the following conditions:

(@) Ifz € D, then f ®(z) # a(z).
(b) Ifze Dandf(z) =0,then0 < |f ¥P(z)] < K.

Then & is normal in D.

REMARK 1. Theorem 1 shows that for & > 3 the conclusion of Theorem B is still
valid without the condition such as (iii).

The following example shows that condition (b) cannot be omitted in Theorem 1.

EXAMPLE 1 (see [11]). Letn,k e N, D = {z : |z] < l}, and a,(n = 1,2,...)
satisfy (k!a**')/n = 1. Set

(a,,Z + 1)k+l
nz

.9'={ ,n=l,2,...,zeD}.

Then for each f,(z) € &, f.(z) = (a,z + 1)¥*'/(nz), we have

(1) the zeros of f,(z) are of multiplicity at least k + 1;

2 fP@#1

But & is not normal in D. In fact, for each f,(z) € %, by a simple computation,
we deduce that f*(0) = n — 00, as n — 00. By Marty’s criterion, & is not normal
in D. '

For k = 2, Theorem 1 is not valid. But we have the following two results.

THEOREM 2. Let K be a positive number. Let F be a family of meromorphic
Junctions in a domain D and a(z) be a non-vanishing analytic function in D. Suppose
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that, for every function f € F, f has only zeros of multiplicity at least 2 and satisfies
the following conditions:

(@) Ifz € D, then f"(2) # a(z).
(b) IfzeDandf (z) =0, then |f"(2)| < K.
(c) Allpoles of f are of multiplicity at least 3.

Then Z is normal in D.

The following example shows that condition (c) in Theorem 2 is necessary and the
number 3 is sharp.

EXAMPLE 2. Let D = {z : |z] < 1} and

(nz + D*(z — 1/n)?
2n2z2

fz{ ,n=2,3,...,z€D}.

Then for each f,(2) € Z, f.(z) = (nz + 1)*(z — 1/n)?*/(2n?z?), we have

(1) f(2) = 14 3/(n*z%), thenf/(z) # 1.

(2) 21 = 1/n, zz = —1/n are the zeros of f,(z) of multiplicity 2 in D, and
lf/ @)l =43G=12).

However, & is not normal in D. In fact, for each f,(z) € &, we have

2\ 384
w[2) 2% s
I <n) 145" 7

as n — 00. Then by Marty’s criterion, .# is not normal in D.

THEOREM 3. Let K be a positive number. Let & be a family of meromorphic
Sfunctions in a domain D and a(z) be a non-vanishing analytic function in D. Suppose
that, for every function f € Z, f has only zeros of multiplicity at least 2 and satisfies
the following conditions:

(1) Ifz € D, then f"(2) # a(2).

(2) Ifze Dand f(z) =0, then |f"(2)] < K.

(3) IfAisadiskin D andif f hasm > 3 zeros 21, 22, ... » Zm € A, then there exists
he{l,2,...,m—2)suchthat |31 f" (@)t — mh*!| > e.

Then &% is normal in D.

REMARK 2. If f has only zeros of multiplicity at least 3 in Theorem 2 and The-
orem 3, it is obvious that condition (b) can be omitted. In fact, Wang and Fang
[11] proved that: Let & be a family of meromorphic functions defined in D. If for
every function f € &%, f has only zeros of multiplicity at least 3 and only poles of
multiplicity at least 2 and f” # 1, then & is normal.
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For k = 1, we obtain the following result, which is a generalization of Theorem B.

THEOREM 4. Let K, ¢ be positive numbers, a(z) be a non-vanishing analytic func-
tion in D, and let F be the family of all functions meromorphic in D which satisfy
the following conditions:

(i) Ifz € D, then f'(z) # a(2).

(i) Ifze D, andf(z) =0, then0 < |f'(2)| < K.

(i) IfAisadiskin D and if f has m > 2 zeros 71,22, ... , 2w € A, then there
exists k € (=1} (1, ... ,m — 2} such that | "1 | f'(z)* — mt*l| > g,

Then & is normal in D.
2. Some lemmas

To prove our results, we need some lemmas.

LEMMA 1 ([3]). Let f be meromorphic in C and of finite order. Iff has only finitely
many critical values, then f has only finitely many asymptotic values.

The following lemma is due to Rippon and Stallard ([10]; see also [1]).

LEMMA 2. Let f be meromorphic in C and suppose that the set of all finite critical
and asymptotic values of f is bounded. Then there exists R > 0 such that if |z| > R
and |f (z)| > R, then

If @]loglf 2)]

If @1 = T6r1z|

LEMMA 3 ([11]). Let f(2) = a@,2" + an12" ' + -+ + ay + q(2)/p(z), where
a, ay, ... ,a, are constants, p(z) and q(z) are two coprime polynomials with
deg q(z) < deg p(z), and let k be a positive integer. If f ¥(z) # 1, then

R VSN
f(z)—k!z + +a0+(z_c)m,

where b (#£ 0), ¢ are two constants and m € N.

We denote the residue of a meromorphic function f at a point z by res(f, z). By
an elementary computation, we have

LEMMA 4 (see also [2]). Let f(z) = z+a+ b/(z — ¢) witha,b,c € C, b #0,
leN andletp € {0,1,...,1}. Then

res((ff,)p,—c> =1-({+ 1.
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LEMMA 5. Let f be meromorphic in C and of finite order, and let k > 2 be a positive
integer and K be a positive number. Suppose that f has only zeros of multiplicity at
leastk, |f ¥ (z)| < K wherever f (z) = 0, and f ®(z) # 1. Then one of the following
two cases must occur:

)
(1) f@ =a(z- B,

where o, 8 € C, and ak! # 1.
(i) Ifk =2, then

=)z - o)

@ f@)=— a—oF
or
_ (z—a)
3 f@= a0
Ifk > 3, then
_ 1(z— Cl)kJrl
4 f@= N G—o

Here ¢, ¢; and c are distinct complex numbers.

PROOF. If g(z) =z — f % P(z), then g’(z) = 1 — f ¥ (z) # O forall z € C. First,
we prove that f is not transcendental. Suppose that f is transcendental, then g is
also transcendental. By Hayman’s inequality ([6], see also [7]), f has infinitely many
zeros z,(n = 1,2,...). Since f has only zeros of multiplicity at least k, we have
g(z,) = z,,. Since g'(z) # 0, by Lemma 1, g has only finitely many asymptotic values,
and then satisfies the hypotheses of Lemma 2 for some R > 0. We get

log |zn|
167

18" (za)] =

for large n. Thus g'(z,) — 00,asn — 00. On the other hand, we know |f ®(z,)| < K
and thus |g'(z,)| < 1 4 K for all n, a contradiction.

Thus f is rational. If f is a polynomial, then since f ®(z) # 1 and f has only
zeros of multiplicity at least k, f has the form (1). If f is not a polynomial, we can
write f = R 4+ P/Q with polynomials P, Q, R satisfying deg P < deg Q. Since
f®(z) # 1, from Lemma 3, we have

— L _b
f(z)—-]-(-!-z +---+ao+(z_c)m,
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where b (# 0), c are two constants and m € N. Set

1
pi(@) = =2+ +ao,

k!
so that
@@—-—c)"+b
fFoy=2
(z—om

Obviously, f (z) and p,(z)(z — ¢)™ + b have the same zeros. If ¢, ¢, ..., ¢, are
the zeros of pi(z)(z — ¢)™ + b, with multiplicity ny, ny, ... ,n,, thenn; > k (i =
1,2,...,9). Hence ¢, isazeroof [pi(z)(z—c)"+b] with multiplicityn;—1 (= k—1).
Since

[Pe(2)(z — &)™+ b] = (z — )" '[p;(2)(z — ) + mpi(2)],

and it is easy to see that ¢, # c, then ¢, is a zero of p;(z)(z — ¢) + mp,(z) with
multiplicity n; — 1 (= k — 1). Note that deg[p, (z)(z — ¢) + mp,(2)] = k. If k = 2,
we deduce that p,(z)(z — ¢)™ + b has two zeros ¢, ¢; with multiplicity 2 or only
one zero ¢; with multiplicity 3, where c;, ¢; and c are three distinct constants. Thus
Pz — )" +b=32z—c)z— ) or p2R)z— )" +b=3(z—-c) It
follows that m = 2 and f has the form (2) or m = 1 and f has the form (3). If
k > 3, then ¢, is the only zero of p,(z)(z — ¢)™ + b, with multiplicity k + 1. Thus
Pz — )™ + b = (z — c;)¥*'/k!, and hence f has the form (4). This completes
the proof of the lemma. O

The following result is a generalization of the well-known Zalcman’s lemma, which
is due to Pang and Zalcman [9].

LEMMA 6. Let k be a positive integer and let F be a family of functions meromor-
phic in a domain D, such that each function f € F has only zeros of multiplicity
at least k, and suppose that there exists A > 1 such that |f ©(z)| < A whenever
f@=0,f € & If Fisnotnormal at 5 € D, then, for each0 < a < k, there exist
a sequence of points z, € D, z, — 2y, a sequence of positive numbers p, — 0, and a
sequence of functions f, € F such that

gn(C) = p;"f,,(z,, + pn{) - g(;)

locally um'forrhly with respect to the spherical metric, where g is a nonconstant
meromorphic function on C such that g*(¢) < g*(0) = kA + 1. Moreover, g has finite
order.

REMARK 3. The above result improves the result of Chen and Gu [4].
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3. Proof of theorems

PROOF OF THEOREM 1. Suppose that & is not normal at a point zp € D. Then
by Lemma 6, for @ = k, there exist a sequence of functions f, € &, a sequence of
complex numbers z, — zo and a sequence of positive numbers p, — 0, such that

gn(é') = p,,_kfn(zn + pn{)

converges locally uniformly to a non-constant function g(¢), which is meromorphic
in C and of finite order. Moreover, g*(¢) < g*(0) = k(K + 1) + 1 forall ¢ € C.
Since g,(¢) has only zeros of multiplicity at least k, by Hurwitz’s theorem, the zeros
of g(¢) are of multiplicity at least k.

Let & be a zero of g(¢). Then there exist £,, &, — &1, such that g,(¢,) =
P f (20 + Paln) = O for n sufficiently large. Thus f,(z, + pa&,) = O for sufficiently
large n. Since

g9 ) = £ P20 + patn) — P20,

we deduce from condition (b) that |g®(¢))| < K.

Obviously, a(zy) # 0, 00. Now we distinguish two cases.
Case 1. There exists & such that g® (&) = a(z).

Then there exists § > 0, such that g(¢) is analytic on Dy = {¢ : | — & < 28).
Hence g,‘l") (¢) are analytic on D; = {¢ : |& — &| < &} for sufficiently large n. Since

g,(,k)(t) - a(z,, + ,0,,2:) =f,,(k)(zn + pné’) - a(z,. + pnt) 5& 0!

and g¥(¢) — a(z, + pa¢) converges uniformly to g®(£) — a(z) on Dsj = (¢ :
[& — &l < 8/2}, we conclude that g® (&) — a(ze) =0o0n Dy = {¢ = |8 — &l < 8/2),
and then

g¥ @) —a(z) =0
for all ¢ € C. Note that g(&) has only zeros of multiplicity at least k, so we have

a(zp)

T(Z —a), (xe0),

g) =

and |g®(&)] = la(ze)] < K (if |a(zo)| > K, we have already obtain a contradiction).
A simple calculation shows that

- k/2 if jo| > 1;

#
0
g0 = la(zo)| if || < 1.
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This contradicts g*(0) = k(K + 1) + 1.
Case 2. gW(¢) # a(z)-

Without loss of generality, we may assume a(zy) = 1. Then by Lemma 5, we know
that g has the the form (1) or (4) in Lemma 5. Similarly as in Case 1, we exclude the
case that g has the form (1). Then

1¢- o)k
k' (& -0

where ¢, and ¢ are two distinct constants. Thus g(¢) has only one zero ¢, with
multiplicity k + 1. On the other hand, by the assumption of Theorem 1 and Hurwitz’s
theorem, g,(¢) has only zeros of multiplicity k. We arrive at a contradiction. This
completes the proof of Theorem 1. O

gi) =

PROOF OF THEOREM 2. Suppose that & is not normal at a point zg € D. Then
by Lemma 6, for a = 2, there exist a sequence of functions f, € &, a sequence of
complex numbers z, — zo and a sequence of positive numbers p, — 0, such that

gn(;) = p,,_2fn(zn + pnC)

converges locally uniformly to a non-constant meromorphic function g(Z). Moreover,
g(&) is of finite order, and g*(¢) < g*(0) = k(K + 1)+ 1 forall¢ € C. By Hurwitz’s
theorem, g(¢) has only zeros of multiplicity at least 2. Similarly as in the proof of
Theorem 1, we know that |g”($)| < K wherever g(¢) = 0.

We consider two cases.
Case 1. There exists &y such that such that g” (&) = a(z).

Using the same argument as in the proof of Theorem 1, we arrive at a contradiction.
Case 2. g"(¢) # a(z).

Without loss of generality, we may assume a(zy) = 1. Then by Lemma 5, we know
that g has the the form (1) (here k = 2), (2) or (3) in Lemma 5. As in the proof of
Theorem 1 (Case 1), we exclude the case that g has the form (1). Then

N N2
g({')=(é‘ )¢ — )

2(¢ - o)?
or
G -a)
g¢) = 2 —o)’

where ¢y, ¢;, and c¢ are distinct constants. Thus g(¢) has only one pole ¢ with
multiplicity 1 or 2. However, since all poles of g,(¢) are of multiplicity at least 3,
Hurwitz’s theorem guarantees that g(&) has only poles with multiplicity at least 3, a
contradiction. This completes the proof of Theorem 2. O
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PROOF OF THEOREM 3. Suppose that & is not normal at a point zo € D. The first
part of the proof is almost the same as the proof of Theorem 2. Here we only need
to consider Case 2. Suppose that g”(¢) # a(zp). Without loss of generality, we may
assume a{zp) = 1. Then by Lemma 5,

€)= S8+ @l + g+ —

= — a _—

4 5 1 Q C -0

where a;, ag, b (# 0), ¢ are constants and [ = 1 or 2. (The form (1) can be excluded
as in the proof of Theorem 1.) Thus

b
— c)’“ ’
Letm = 142. Then g'(¢) has m zeros {1, &2, - - - , {m, counted according to multiplic-
ity. Choose R such that max,<;<n |{;| < R. By Hurwitz’s theorem, for large n, there
exist m distinct zeros §,; — §;asn — oo forl < i < m. Thus f,(z, + pulsi) =0
forl <i<m. SetA, := D(z,, 0nR),thenz, + 0,5n; € A, (1 <i<m),A,CD
(for sufficiently large n), and f, has no further zeros in A,,.

Forh e {1,2,...,m — 2}, we have

m m m myh+1
Z f”(zn + pnCn l) Z (;n 1) Z res (‘(—gjg'),_"a Zn,i)
i=1

i=1 i=1 n

nyh+1
— Z res (%,C)

te(@)' O

§€C)=¢+a+ (b, = —bl).

as n — 00, where in the last sum multiple zeros ¢ of g’ occur only once. Obviously,

@EHH 1 ( 1 )
2o 40—
AR

as { — 00, sores ((g”)"“/g’, oo) = —1. By the residue theorem and Lemma 4, we
have
11yh+1 m\h+1
Z res ((g ), ,t) =1—res (& c) =+ DM = mh.
ze(g)™'0) g g
Thus

3 () @t patn)" = m
i=1

This contradicts condition (c¢) and completes the proof of Theorem 3. ]

PROOF OF THEOREM 4. Using the same argument as in this paper and [2], we can
prove Theorem 4. We omit the details. d
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