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Abstract

We show that the family of all holomorphic functions f in a domain D satisfying
A
L+111

(where k is a natural number and C > 0) is quasi-normal. Furthermore, we give a general counterexample
to show that for @ > 1 and k > 2 the condition

A
L+1f1*

(z) <C forallze D

(z)<C forallzeD
does not imply quasi-normality.
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1. Introduction and statement of results

One of the key results in the theory of normal families of meromorphic functions
is Marty’s theorem [11], which says that a family # of meromorphic functions in a
domain D in the complex plane C is normal (in the sense of Montel) if and only if the
family {f*: f € F} of the corresponding spherical derivatives f* :=|f’|/(1 + |f]?) is
locally uniformly bounded in D.

A substantial (and best possible) improvement of the direction ‘<’ in Marty’s
theorem is due to Hinkkanen [7]: a family of meromorphic (respectively holomorphic)
functions is already normal if the corresponding spherical derivatives are bounded on
the preimages of a set consisting of five (respectively three) elements. (An analogous
result for normal functions was earlier proved by Lappan [8].)
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In several previous papers [1-0, 10], we studied the question of how normality (or
quasi-normality) can be characterized in terms of the more general quantity

LFY
L+]fle

rather than the spherical derivative f*.

Before summarizing the main results from these studies we would like to recall the
definition of quasi-normality and also to introduce some notations.

A family ¥ of meromorphic functions in a domain D € C is said to be quasi-normal
if from each sequence {f,}, in ¥ one can extract a subsequence which converges
locally uniformly (with respect to the spherical metric) on D \ E, where the set E
(which may depend on {f,},) has no accumulation point in D. If the exceptional set E
can always be chosen to have at most g points, yet for some sequence there actually
occur ¢ such points, then we say that F is quasi-normal of order q.

We set A(zg, r) := {z € C: |z — z0| < r} for the open disk with center zg € C and radius
r> 0. By H(D) we denote the space of all holomorphic functions and by M(D) the
space of all meromorphic functions in a domain D. We write P, and Z; for the set
of poles, respectively for the set of zeros, of a meromorphic function f, and we use

where ke IN, a >0

the notation ‘ f; = f (in D)’ to indicate that the sequence {f,},, converges to f locally
uniformly in D (with respect to the spherical metric).
The Marty-type results known so far can be summarized as follows.

THEOREM A. Let k be a natural number, @ > 0 be a real number and F be a family of
functions meromorphic in a domain D. Consider the family

[
=T

:fe?f}.

Then the following holds.

(@) [6, 10] If each f € F has zeros only of multiplicity > k and if ¥, is locally
uniformly bounded in D, then ¥ is normal.
(b) (Xu [16]) Assume that there are a value w* € C and a constant M < oo such that
for each f € F we have |f'(2)| + - -+ + |f*D(2)| < M whenever f(z) =w* and
that there exists a set E C C consisting of k + 4 elements such that for all f € F
and all z € D,
f@QeE = ﬂ( Y<M
: LI =
Then F is normal.
If all functions in  are holomorphic, then this also holds if one merely assumes
that E has at least three elements.
(¢) [AlIfa>1andifeach f € ¥ has poles only of multiplicity > k/(a — 1), then the
normality of ¥ implies that Tk*a is locally uniformly bounded.
This does not hold in general for 0 < a < 1.
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REMARKS.

(1) In (a) and (b) the assumption on the multiplicities of the zeros, respectively the
(slightly weaker) condition on the existence of the value w*, is essential. The
condition |f®(2)|/1 + |f(2)|* < C itself does not imply normality. Indeed, each
polynomial of degree at most k — 1 satisfies this condition, but those polynomials
only form a quasi-normal, but not a normal family.

(2) It is worthwhile to mention two special cases of Theorem A(c).

e If a>k+1 and if F is normal, then the conclusion that Tk*d 18
locally uniformly bounded holds without any further assumptions on the
multiplicities of the poles. This had been proved already by Li and Xie [9].

e If all functions in # are holomorphic, then for any @ > 1 the normality of
¥ implies that 7:1:0 is locally uniformly bounded [6, Theorem 1(c)].

In this paper, we further study the differential inequality |f®(2)|/(1 + |f(z)|*) < C,
but this time without any additional assumptions on the multiplicities of the zeros of
the functions under consideration. It turns out that for @ = 1 (and hence trivially for
a < 1), this differential inequality implies quasi-normality, but that this does not hold
fora > 1.

TueoreMm 1.1. Let k > 2 be a natural number, C > 0 and D C C a domain. Then the
family

(k)
TG

ﬂ::{feW(D): Oh

is quasi-normal.
REMARKS.

(1) 1In Theorem 1.1, we restrict to holomorphic rather than meromorphic functions,
since if a meromorphic function f has a pole at zy, then [f®(2)|/(1 + |f(z)]) < C
is clearly violated in a certain neighborhood of zj.

(2) The result also holds for k = 1, and in this case we can even conclude that F is
normal. However, this is just a trivial consequence of Hinkkanen’s extension of
Marty’s theorem since the condition |f’(z)|/(1 + | f(z)|) < C clearly implies that
the derivatives f” (and hence the spherical derivatives f*) are uniformly bounded
on the preimages of five finite values.

(3) In Theorem 1.1, for k > 2, the order of quasi-normality can be arbitrarily large.
This is demonstrated by the sequence of the functions

[o(@) = n(e* — )

(where ¢ := /%) on the strip D := {z € C: -1 < Re((1 = ¢)z) < 1}. Indeed,

,fk) = f,, so the differential inequality from Theorem 1.1 trivially holds, but every
subsequence of {f,}, is not normal exactly at the infinitely many common zeros
zj = 2nij)/(1 =) € D (j € Z) of the f,, so {f,}, is quasi-normal of infinite order.
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(4) In the spirit of Bloch’s heuristic principle, one might ask for a corresponding
result for entire functions. However, since the exponential function (and, more
generally, entire solutions of the linear differential equation f® = C - f) satisfy
the condition |f®(2)|/(1 +|f(z)]) < C, there does not seem to be a natural
analogue for entire functions.

(5) For a>1 and k > 2, the condition [f®(2)|/(1 +|f(z)|*) < C does not imply
quasi-normality. In Section 3 we will construct a general counterexample for
arbitrary k > 2, @ > 1 and C > 0. (For k=2 and @ = 3, we had given such a
counterexample already in [6].)

In fact, it turns out that this condition does not even imply Qg-normality for any
ordinal number §. (For the exact definition of Qg-normality, we refer to [12].) So,
there is no chance to extend Theorem 1.1 to the case @ > 1 even if one replaces
the concept of quasi-normality by a weaker concept.

The same counterexample also shows that Theorem 1.1 cannot be extended in
the spirit of the afore-mentioned results of Hinkkanen and Xu (Theorem A(b)).
More precisely, a condition like

*)
fRQeE = M(Z)SC,

L+1fl
where E is any finite subset of C, does not imply quasi-normality (and not even

QOp-normality). This is due to the fact that this condition is even weaker than
FO@)/( +|f(2)|*) < C” for suitable C” > 0.

One crucial step in our proof of Theorem 1.1 consists in using the fact that also the
reverse inequality |f®(2)|/(1 +|f(z)]) > C implies quasi-normality [5]. This is one of
the main results from our studies [1, 2, 5, 10] on meromorphic functions satisfying
differential inequalities of the form [f®(2)|/(1 +|f(z)|*) = C. These investigations
were inspired by the observation that there is a counterpart to Marty’s theorem in the
following sense: a family of meromorphic functions whose spherical derivatives are
bounded away from zero has to be normal [3, 14]. For the sake of completeness, we
summarize the main results from those studies.

THeEOREM B. Let k > 1 and j > 0 be integers and C > 0 and « > 1 be real numbers. Let
F be a family of meromorphic functions in some domain D.

(@ 211
IF®
T |f|"(Z) >C forallzeDandall feF,
then ¥ is normal.
() [5, 1011
IF®
Tlfl(z) >C forallzeDandall feT,

then F is quasi-normal, but in general not normal.
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© [11Ifk> jand

A
W(Z)ZC forallze Dandall f € F,
then F is quasi-normal in D. If all functions in F are holomorphic, F is quasi-
normal of order at most j — 1. (For j =0 and j = 1, this means that it is normal.)

This does not hold for a = 1 if j > 1.

2. Proof of Theorem 1.1

We apply induction. As mentioned above, the quasi-normality (in fact, even
normality) of 77 follows from Hinkkanen’s generalization of Marty’s theorem.

Let some k > 2 be given and assume that it is already known that (on arbitrary
domains) each of the conditions

IfP@) .
—— <C, whereje{l,...,k—-1}
L+ /I
implies quasi-normality.
Let {f,},, be a sequence in F; and z* an arbitrary point in D. Suppose to the contrary
that {f,}, is not quasi-normal at z*.

Case 1: Thereareanm € {1,...,k — 1} and a subsequence {f,, }; such that both { ,E;")}g

and {(f\™)/(f,,)}e are normal at z*.

Then (after turning to an appropriate subsequence, which we again denote by
{fu}n rather than {f,,};), without loss of generality we may assume that in a certain
disk A(z*, r) =: U both sequences {£™}, and {(f"™)/(f,)}» converge uniformly (with
respect to the spherical metric) to limit functions H € H(U) U {co} and L € M(U) U
{oo}, respectively.

Case 1.1: H is holomorphic.

For each n we choose p, to be the (m — 1)th Taylor polynomial of f; at z*, that is,
pr has degree at most m — 1 and satisfies p,(,j)(z*) = f,fj)(z*) for j=0,...,m— 1. Then
[, has the representation

z Lim-1
f;"(z):p"(z)-’-ﬁ ‘[; fé’n)(gm)dgm"' d(l

*

Z 4 Cm—1
f; j: j: frgm)({m)dgm d(l

X Z 61 gm—l
L[ [ e da = .

Here for n — o

where F is holomorphic in U. Since the family of polynomials of degree at most m — 1
is quasi-normal (cf. [13, Theorem A.5]), we obtain the quasi-normality of {f,}, at z*.
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Case 1.2: L(z") # oo.
We choose ry € (0; r) such that |L(z)| < |L(z")| + 1 for all z € A(z", ry) =: Uy.
Then for all z € Uy and all n large enough,

(m) (m)
n_| (z) < Ih |(Z) <L)+ 1 <Lz + 2,

L+1fl Ifal

so by the induction hypothesis we obtain the quasi-normality of {f,}, at z*.

Case 1.3: H = oo and L(z*) = co. (This comprises the cases that L = co and that L is
meromorphic with a pole at z*.)

We choose rg € (0; r) such that |L(z)| > 3 for all z € A(z", rg) =: Uy. Then for
sufficiently large n, say for n > ng, and all z € U,

(m)
f} @|>IL@I-1>2 and [f™(z)]>2.
Now fixann >ngpand az € Uy. If |f,(2)| < 1,
AL ™)
> > 1.
T+ Int(z)_ ;@2

If £, > 1, . .
)
T+ 1692 20

Combining both cases, we conclude that

1A
1 +f3l

so by Theorem B(b) we obtain the quasi-normality of {f,}, at z*.

()= 1.

(z) =1 forall z€ Uyand all n > ny,

Case 2: For each j=1,...,k—1 and each subsequence {f,, },, at least one of the
sequences { ,f[j)}g and {(f,g{))/(fn{,)}g is not normal at z*.

Then, after turning to an appropriate subsequence, which we again denote by
{fu}n, by Montel’s theorem for all j=1,...,k— 1 we find sequences {w,}, such that
lim,,_,.o w;, = 2" and such that for each n we have If,fj)(wj,,,)l <lor |(fn(j))/(fn)(wj,,,)| <
1. Both cases can be unified by writing

2wl <1+ |fu(wi)l forall j=1,...,k—1and all n. (2.1)

Furthermore, since {f;}, is not quasi-normal and hence not normal at z*, we may also
assume that there is a sequence {wg ,}, such that lim, ., wo,, = z" and | f,(wo )| < 1 for
all n.

We choose r > 0 sufficiently small such that A(z*,r) € D, 2r <1 and
@r(1 +C))/(1 —2r) < 1. Then there exists an ny € N such that for all n > ny and all
j=0,...,k—1wehave w;, € A", r).
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We use the notation

M(r, f) = max If(@)]  for f € H(ARZ" 1))
z—2*|<r
and obtain for all n > ng, all j=1,...,k—1and all z € A(z*, r),

@) =

Mo+ [ 10

. y
<1 Wil + 2 = Wil - max_ 1@l

ElW;nZ

<141 fulwin)l + 27 - M(r, £,

where for the last estimate we have applied (2.1).

Since this holds for any z & W we conclude that for all n > ny and all
j=1,...,k-1, ‘ |
M(r, fP) < 1+ M(r, f,) + 2r - M(r, f7).

Similarly, in view of |f,(wo )| < 1, we also have
M(r, fy) < 1+2r- M(r, f)).

Induction yields

k=1

M(r, f) <1+ Z(zr)f (L + M, f)) + @ - M(r, £0)
j=1

k=1 k-1
< Z(zr)/ + Z(zr)f “M(r, f) + @) C-(1+ M, £)

j=0 j=1

1 2r-(1+0C)
SCH Ty T oy MU
1

SC+ 75+ 5 M@ o).

Hence,
M(r, f,) <2C +

1-2r
for all n > ny. Thus, {f,}u>s, is uniformly bounded in A(z*, r) and hence normal at z*
by Montel’s theorem.

This completes the proof of Theorem 1.1. O

3. A general counterexample

In this section, we will show that for @ > 1 and k > 2 the differential inequality
LFO)/(1 +|f(2)|%) < C does not imply quasi-normality. In [6], we had already given
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a counterexample for the case k = 2 and @ = 3. We generalize this example to arbitrary
k>2,a>1land C > 0.

For given ky > 2, C > 0 and a > 1, we construct a sequence {f;}, of holomorphic
functions in D := A(0; 2) such that If,EkO)(z)I/(l + | f(2)|*) < C for all z € D and all n,
but {f,,},, is not quasi-normal in D.

First, take p,q € N such that 1 < (p/q) < min{e;2}. The real function A(x) :=
(1 + xP/9)/(1 + x®) is continuous in [0, co) with lim,_, #(x) = 0 and hence there exists
an M > 0 such that

1+ xPla
1+ x®

<M forallx>0. 3.1

Let g,(z) := 7" — 1 for n > 1. The zeros of g, are the nth roots of unity z;,”) = ¢ritin

(n)

;) # 0. We consider the functions

(¢=0,1,...,n—1), and they are all simple, g/, (z
hy = gn - e,
where the p, are polynomials yet to be determined. Then

hy, = e’ (g, + gupy)

and
by = € (28, + gl + & + &nPy)- (3.2)
Our aim is to choose the p,, in such a way that for £ =0,...,n—1,
(") = K@) = -+ = W) = 0. (3.3)

We first deduce several constraints on the p,, that are sufficient for (3.3), and then—by
an elementary result on Hermite interpolation—we will see that it is possible to satisfy
these constraints with polynomials p,, of sufficiently large degree.

First, in order to get h;’(z(gn)) =0, in view of (3.2), we will require that

@™
282"

In order to proceed we need the following lemma.

Py = - ¢=0,1,....n—1). (3.4)

Lemma 3.1. For every k > 2,

(k-1) (k) (k=2)

B0 = ePrkgl pV + g0 (Pl DE) + Uil -, 80, Pl PR + g,p ],

where ¢ € C[xy,...,x-1] and Y € Clyy, ..., Yk, X1, - - . , Xk—2] are polynomials.

Proor. We prove the lemma by induction on k. The base case k = 2 follows from (3.2)
with ¢,(x1) = x% and ¥;(y1, y2) = y2. Assume that the lemma holds for some k > 2.
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Then differentiating gives

k—1
D)

hg,k+l) _ epn[ kgllp(k 1) +kgnp(k) + g;lgok(p’,’l’ e

k=1
o, (m+1)
+ 8n Z 8_( n
: m=1 m

k—1
LDy pl

k-2
Py

(m+1)

) &

k

k
Z g
m=

(k-2)

k-2
Zlg g(k)p - 4
£ Ox n’ »&n > Pn» s Fn

(k= 1))

+ 8Py RGP+ gup kD) D)

) s

+ P& 2 8 Pl P+ gnpnp(")l].
= e[+ DgupP + g0t (D) 1))
+ ‘/’k+l(g;n e ’gglk+1)’p;l, cee ’pglk 1)) + gnp(k+1)
where
k=
1 (X155 Xg Z ce X))t Xl + X10r(X1, -, X)) + XX
=0
and
U1 O e s Ykt X - o5 X 1) s= kY2 Xt + Y1, - o0, Xi1)
k
O
+ Z a—()ﬂ,-.-,yk,xl,---,xk—z)'YmH
m=1 ym
)
O
+ Z a—@l,..-,ﬂ,xl,---,xk—z) Xl
m=1
+ky1xixe-1 + X1k, - Vo X1s - v Xkm2)

are indeed polynomials of the requested form.
Hence, the lemma holds for k + 1 as well.
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Now we inductively determine the required values of p(k) (Z(")) fork=2,...,koand

¢=0,...,n—1. For given k € {2, ..., ko}, let us assume that we already know the
values of pn(z(")) L p 1)(z(")) that ensure that h”(z(")) —_— hi,k)(z(f")) =0 for all

admissible £. (Note that the required values of pn(z(")) have been found in (3.4).)

In order to find the values of p(k) (z(")) (which ensure that h(k+1)(z(”)) =0), we apply
Lemma 3.1 with k + 1 in place of k and obtain the condition

’ (k+1) (k=1)
(k)( (n)) _ _wk+1(gn, S s D>+ Pn )(Z(n))‘ (3.5)
(k + 1)g}, !

(Observe that evaluating the right-hand side requires only the knowledge of values of
Do+ s pﬁ,k " that have been previously determined.)

It is well known (see, for example, [15, page 52]) that for every n > 1 the conditions
(3.4) and (3.5) (for k = 2, ..., ko) can be achieved with a polynomial p, of degree at
most nkg.

In this way,

h/’(z(’l)) — (ko+1)(z(”))

In particular, each 70" i

is a zero of h of multiplicity > 2.
Now the functions (h(k")q) /hY are entire: hY is entire and its zeros z(") =
0,1,...,n— 1) have multiplicity p, while h( % has zeros at z ) of multiplicity at least

2g > p. Thus, Cq i= Max, 5 |((h5,k°))")/(hﬁ)(z)) < co. Define now for every n > 1,
fn =ay - hy,

where a, > 0 is a large enough constant such that both

cp - MY =2
= (*ar)

n C\?
= that is, c—<(—) (3.6)

ait\M
and f, = o on C\OA(0; 1); the latter can be achieved by choosing

n
an =

min{lhn(Z)I ld<l-lorl+1<y gn}'

Then {f,}, is not quasi-normal in D (as it is not normal at any point of JA(0; 1)), yet

satisfies o)
Ifn (@)
———— < C forallzeD.
L+ /()"
Indeed, for all z € D,
(M@ ﬂ) 1 P (P 2 U L
1+ |fn|p/l] T 1+ |fn|p h |ﬁl|ﬂ 05 . |hn|p
<o (E)q
<=\ ,
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where the last inequality is just (3.6). Therefore,

£

—= ()< — forallze D,

L+ 1fl = M
and together with (3.1) we conclude that

] )] L+l C
= . <—-M=C forallzeD,
Tl O Tl @ T 95 m orallz

as desired.

RemArK. Actually, we have shown something stronger: the condition (|f®(2)])/
(1 +[f(2)I*) < C does not even imply Qp-normality for any ordinal number 8 since
the constructed sequence {f,}, and all of its subsequences are not normal at any point
of the continuum 9dA(0; 1).
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