EREMENKO’S CONJECTURE FOR FUNCTIONS WITH REAL
ZEROS: THE ROLE OF THE MINIMUM MODULUS

D. A. NICKS, P. J. RIPPON, AND G. M. STALLARD

ABSTRACT. We consider the class of real transcendental entire functions f
of finite order with only real zeros, and show that if the iterated minimum
modulus tends to oo, then the escaping set I(f) of f has the structure of a
spider’s web, in which case Eremenko’s conjecture holds. This minimum mod-
ulus condition is much weaker than that used in previous work on Eremenko’s
conjecture. For functions in this class we analyse the possible behaviours of
the iterated minimum modulus in relation to the order of the function f.

1. INTRODUCTION

Let f be a transcendental entire function and denote by f*, n=20,1,2,..., the
nth iterate of f. The escaping set

I(f)={z: f"(2) > o0 as n — oo}

plays a key role in complex dynamics with much recent work motivated by Ere-
menko’s conjecture that all the components of the escaping set are unbounded.
This work has led to a much better understanding of the structure of I(f).

It is known that for many families of transcendental entire functions, including
the exponential family, I(f) has the structure of a Cantor bouquet consisting of
uncountably many unbounded curves — see, for example, [26]. We have shown,
however (for example in [22]), that there are many families of functions for which
I(f) has the structure of an infinite spider’s web; that is, I(f) is connected and
there exist bounded simply connected domains G,,,n € N, such that

Gy C Guyr and G, CI(f), forn €N, and | JG,=C.

n=1
If I(f) is a Cantor bouquet or a spider’s web, then Eremenko’s conjecture holds.

Many results on I(f) have been obtained by studying the fast escaping set A(f),
introduced in [3], which can be defined as follows; see [22]. First put

(1.1) Ar(f) ={z:|f"(2)| > M"(R), for n € N},

where M(r) = M(r,f) = max{|f(2)| : |z| = r}, r > 0, M™(r) = M"(r, f)
denotes the nth iterate of r +— M(r, f), and R > 0 is so large that M (r) > r for
r > R, and then put

A(f) = {z : forsome £ € N, f(2) € Ar(f)}.
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Indeed, major progress on Eremenko’s conjecture was made by showing that for
many large classes of functions Ag(f) is a spider’s web, from which it follows
that I(f) is a spider’s web, so Eremenko’s conjecture holds (in a particularly
strong way). These were the first transcendental entire functions for which it
was known that I(f) is connected; see [20], [22].

Subsequently, other methods of proving that I(f) is connected were found. For
example, Rempe-Gillen [19] showed that for the exponential function f(z) = e*
the set I(f) is connected, though it is known not to be a spider’s web [17],
whereas Evdoridou [6] showed that for Fatou’s function f(z) = z + 1+ e the
set I(f) is a spider’s web but Ag(f) is not. Other functions for which I(f) is a
spider’s web but Ag(f) is not were given in [25].

Most proofs that Ag(f) is a spider’s web rely on the function f enjoying some
form of classical relationship between the minimum modulus

m(r) =m(r, f) = min{[f(2)| : |2 =}

and the maximum modulus M (r), which implies that there exist » > R > 0 such
that

(1.2) m™(r) > M"(R) and M"(R) — o0 as n — o0,
from which it follows that Ag(f) is a spider’s web; see [16].

Here we give a new approach which enables us to obtain a large family of func-
tions f for which I(f) is a spider’s web, based only on the iterated minimum
modulus. Recall that the order p(f) of a transcendental entire function f is

o(f) = lim sup loglog M(r, f)

r—00 log r

and f is said to be real if
f(z)=f(z), forzeC.

Theorem 1.1. Let f be a real transcendental entire function of finite order with
only real zeros, and suppose

(1.3) there exists r > 0 such that m"™(r) — oo as n — oo.

Then I(f) is a spider’s web and hence is connected.

Remark The property (1.3) was introduced in [16], where it was shown to imply
that a certain superset of I(f) is always connected. It is also shown there that
many examples of entire functions satisfy (1.3), including all functions of order
less than 1/2. Note that there are functions of order less than 1/2, and even of
order 0, that do not satisfy the stronger condition (1.2); see [24].

The proof of Theorem 1.1 is in two parts depending on the genus of the function,
a non-negative integer closely related to the order of the function, to be defined
shortly. First, in Section 2 we prove Theorem 1.1 for all functions satisfying the
hypotheses of the theorem with genus at most 1. In this case we show that I(f)
contains a spider’s web consisting of points that escape to infinity at a uniform
rate related to the minimum modulus. In particular, as we show in Section 3,
for real functions of order less than 1/2 with real zeros, a certain subset of I(f)
called the quite fast escaping set, Q(f), contains a spider’s web.



EREMENKO’S CONJECTURE FOR FUNCTIONS WITH REAL ZEROS 3

Then, in Section 4 we consider transcendental entire functions f of finite order
with only real zeros and of genus at least 2. We use results from the value
distribution theory of entire functions to show that in this case there is no value
of r for which m"(r) — oo as n — oo, and so the hypotheses of Theorem 1.1
cannot be satisfied. In fact we prove the stronger result that, for such functions,
there exists a ray from 0 on which f(z) — 0 as z — oo. This result, which is of
independent interest, completes the proof of Theorem 1.1.

The genus of a function is defined as follows. Recall that any finite order entire
function has a Hadamard representation

(1.4) f(z) = 2"eQR) H E(z/ax,m),

where () is a polynomial, the a; are the non-zero zeros of f, the Weierstrass
primary factors are

22 Zm
FE(2,0)=1—2 and E(z,m)=(1-2z2)e 2w m>1,

and m is the smallest integer for which Y "r | |ag|~™*Y is convergent. The genus
of fis

(1.5) max{m, deg Q}.
The genus is thus an integer and it satisfies the inequalities

p(f) =1 < genus of f < p(f);
see [8, pp. 24-29] or [27, pp. 250-253], for example.

In Section 5, we study real entire functions with only real zeros, and of genus
less than 2 and order at least 1/2. We construct examples of such functions for
which property (1.3) holds, so Theorem 1.1 applies, and examples for which it
does not hold.

A summary of our results relating the property (1.3) to the growth of real tran-
scendental entire functions with only real zeros is given in the following theorem.

Theorem 1.2. (a) Let f be a real transcendental entire function of finite
order with only real zeros.
(i) If 0 < p(f) < 1/2, then property (1.3) always holds.
(i) If the genus of f is at least 2 (which includes the case that p(f) > 2),
then property (1.3) never holds.
(b) For any p € [1/2,2] there are examples of real transcendental entire func-
tions with real zeros that have order p for which property (1.3) holds, and
also examples of such functions for which (1.3) does not hold.

Remark In relation to Theorem 1.2 (a)(ii), note that any transcendental entire
function f of at least order 2 mean type has genus at least 2; see [8, proof of
Theorem 1.11], for example.

2. SPIDERS’ WEBS IN I(f)

We begin our proof of Theorem 1.1 by letting f be a real transcendental entire
function of genus at most 1 with only real zeros for which there exists r > 0
such that m™(r) — oo as n — o0o. We show that, for such a function, I(f) is a
spider’s web. In fact we prove the following stronger result.
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Theorem 2.1. Let f be a real transcendental entire function of genus at most 1
with only real zeros and suppose that there exists r > 0 such that

(2.1)  m"(r) is a strictly increasing sequence with m"™(r) — oo as n — oo,
and m(r)'/? > | f(0)|. Then I(f) contains a spider’s web in
{z:1f"(2)| = M~ (m"(r)'/?) for all n € N}.

This result is sufficient to show that Theorem 1.1 holds for functions of genus at
most 1. Indeed, whenever I(f) contains a spider’s web, I(f) must be a spider’s
web, by [25, Lemma 4.5], and whenever (1.3) holds there exists r > 0 such that
(2.1) holds, by [16, Theorem 2.1], which is stated as Lemma 3.1 in this paper.

The proof of Theorem 2.1 uses the sequence of closed sets
In = {z:|f"(2)| > MY m™ N ()3 for alln e N}, N =0,1,2,...,

and we show that Iy contains a spider’s web, for all N =0, 1, ..., using proof by
contradiction. The basic idea of the proof is that if Iy does not contain a spider’s
web for some IV, then we can take a suitably long curve vy in its complement. We
then show that successive images of this curve must either experience repeated
radial stretching escaping to infinity, or they must eventually wind round the
origin meeting a component of the fast escaping set. In either case we are able
to deduce that the curve ~ contains a point in Iy which is a contradiction.

The proof requires several results from earlier papers. To state these, we need the
following notation. For r > 0, we write C(r) = {2z : |z| =7} and, for 0 < r; < ry,
we write

Alry,me) ={z 7 < |zl <o} and A(ri,me) = {z: 71 < |z < o}

If v is a plane curve that lies in a simply connected domain containing no zeros
of f, then, for any pair of distinct points 2y, z{, in v, we denote the net change in
the argument of f(z) as z traverses «y from zy to z{, by Aarg(f(7); zo, 2{)-

The main tool that we use to obtain winding is Theorem 2.2 below. This was
originally stated for a continuum [15, Theorem 2.1] but here we only need to
apply the result to a curve.

Also, although our original theorem was stated for certain entire functions of
order less than 2, the proof only required f to be in the Laguerre—Pdlya class
(see [15, discussion in Section 5]). This class is the closure of the set of real
polynomials with real zeros and, by the Laguerre-Pélya theorem ([11] and [18]),
it consists of functions of the form

f(z) = gm0t TT Bz /ay, m),
k=1

where the a; are real, m = 0 or 1, by,b; € R and by, < 0. In particular, all real
entire functions with real zeros and genus at most 1 belong to this class.

Theorem 2.2. Let f be a real transcendental entire function of genus at most 1
with only real zeros. There ezists Ry = Ro(f) > 0 such that, if s and a are
positive real numbers with

64 80
(2.2) s> Ry and logs> — + Sl
a a
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and v is a curve in {z : Imz > 0} that meets both C(s) and C(s'™*) with
23) 1M(s) < |f()] < M(s). for = €,
then there exist a curve I' C vy N A(s, s'79) and 29, 2y € T such that

1
Aarg(f(I'); 20, 29) > Tom log M (s)log s®.
s

We need the following corollary of Theorem 2.2.

Corollary 2.3. Let f be a real transcendental entire function of genus at most 1
with only real zeros. There exists Ry = Ry(f) > Ro(f) such that, if t and ¢ are
positive real numbers with

(2.4) t'¢ >Ry and ¢ €[10/\/logt, 1),
and v is a curve in {z : Imz > 0} that meets both C(t'~¢) and C(t) with
(2.5) VM) < [f(2)] < M), forz €y,

then there exist a curve I' C v N A(t'75,t) and 2y, 2 € T such that
Narg(f(T); 20, 24) > 2r.
Proof. We claim that we can apply Theorem 2.2 to the curve v with s = !¢

and s = t. Tt follows from (2.5) that (2.3) holds. To show that (2.2) holds,
we note that a = ¢/(1 — ¢€) and so, by (2.4),

64 SOm  64(1—e)® 80m(1—e)
— +
a? a g2 €

64 801
2% Jogt+ 8 flogt ) (1 —
= <100 ERT) Og)( 2

= (BTN (- ogt
~ \100 " Vlogs &

< (1—¢)logt =logs,
provided +/logt > 2007 /9. Thus (2.2) holds, provided R; is sufficiently large.

So it follows from Theorem 2.2 that there exist a curve
I CynA(s, st =yn At t)
and 2o, z; € I' such that

1
Aarg(f(T); 20,25) > ——log M(tl_’f) log t©

107
1
> 1—¢
2 Tom log M (t"7°) log(10+/log t)
1
> 1o log(10+/logt) > 2,
T
by (2.4), provided R; is sufficiently large. O

We also use the following result about the fast escaping set, proved in [25,
Lemma 4.4].

Lemma 2.4. Let f be a transcendental entire function. There exists Ry =
Ry(f) > 0 such that if R > Ry, then there is a component of Ag/s(f) that meets
{z 1 |z] < R} and is unbounded.
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The next result we need concerns uniform rates of escape of quite a general form.
This result was proved in [6, Theorem 1.4]. Note that, although the statement
of [6, Theorem 1.4] assumes that the sequence (a,) satisfies a,1 < M(a,),
for n € N, the proof there only uses the consequence of this assumption that
a, < M"(R) for n € N and some R > 0, and we now state the result in that
more general form.

Lemma 2.5. Let f be a transcendental entire function and let (a,) be a positive
increasing sequence with a, — oo as n — 00, a, < M™(R) for n € N and some
R > 0, and ay sufficiently large that the disc D(0,a;) contains a periodic cycle

of f. Let
I(f,(a,)) =1z :|f"(2)| > a, for all n € N}.

If I(f, (an))" has a bounded component, then I(f,(a,)) contains a spider’s web.

We also use the following result on the convexity of the maximum modulus
function; see [21, Lemma 2.2].

Lemma 2.6. Let f be a transcendental entire function. There exists Ry =
Rs(f) > 0 such that if r > R3 and ¢ > 1 then

M(r¢) > M(r)c.
Finally, we use the following technical lemma.

Lemma 2.7. Let r, be a sequence satisfying

(2.6) ro > exp(1600) and r,y 1 > 1,  forn > 0.
Suppose further that there exists a subsequence ry,, such that
(2.7) ey = ooy for k€ N

Now let (L,,) be a sequence such that
(2.8) Lo=3, Lp,41 =Ly, (1—0,,), for ke N, and L, =3 otherwise,
where

(2.9) On, = 10/+/logry,,, fork € N.
Then L, > 2 for all n € N.

Proof. It follows from (2.8) that

(2.10) Ly >3]](1=6,,), forneN
keN

Also, it follows from (2.6) and (2.7) that
log 7, > 16¥"t1ogr,, > 16" logry > 100 x 16*, for k € N.
Together with (2.9), this implies that
10 1
2.11 by <= forkeN.
211) "7 V100 x 168 4F
It follows from (2.10) and (2.11) that

1 1
Ln23H(1_E)23<1_Zﬂ):27 for n € N,

keN keN
as claimed. |
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We now prove the main result of this section.

Proof of Theorem 2.1. First recall that r > 0 satisfies (2.1) and m(r)'/3 > | £(0)|.
As stated earlier, we shall show that, under the given hypotheses, all the sets
(212) Iy ={z:|f"(2)] > MY (m"™N ()3 for alln e N}, N =0,1,2,...,
contain a spider’s web, which is sufficient to prove Theorem 2.1.

We assume then that there exists some positive integer Ny such that the set
Iy, does not contain a spider’s web, and show that this assumption gives a
contradiction. Since, by (2.1), the sets Iy have the property that

(213) [N2 - IN17 for Ny > Ny > O,

our assumption implies that, for all N > N,, the set Iy does not contain a
spider’s web.

We now choose N > Ny so large that
(2.14) the disc D(0, M~ (m™+1(r)'/?)) contains a periodic cycle of f,

(2.15) m™N 2 (r)Y3 > max{Ry, Rs, M(Ry), M (1), exp(1600)}
and
(2.16) M(s) > s*%, for s > (mN“(T‘))l/Q.

Next we choose R so large that if a, = M~ (m™*(r)!/?), then a, < M™(R) for
n € N. Indeed, if we choose R > m”~!(r), then for all n € N we have

m" N () =m" (m" () < M"TN(R), so a, < M"(R).
Thus such a choice of R is possible. Also, by (2.14), the disc D(0,a;) contains a
periodic cycle of f.

Then the hypotheses of Lemma 2.5 are satisfied for this sequence (a,). Therefore,
since Iy does not contain a spider’s web, 5, must have at least one unbounded
component and hence there must be an unbounded curve I'y C I%.

Next note that if we increase N, then (2.14)—(2.16) remain true, as does the
statement that I'y C I§ by (2.13).

We now increase N if necessary to ensure that the curve I'g meets both the circles
C(M~(mN*2(r)Y/3)) and C(m™N*2(r)). We can then choose a subcurve vy of I'g

such that
Yo C AM ™2 ()1 2), mN T (r))
and
Yo meets both C(M = (m~*2(r)1/3)) and C(mNT2(r)).
The idea of the proof is to show that if such a curve 7, exists, then we can

construct a sequence of curves 7, C f"(7) and positive sequences (r,) and (L)
such that, for n > 0, we have

(2.18) v, € A(M~Y(r/E),r,.), and 5, meets both C(M~Y(r/*n)) and C(r,),
where

(2.19) rn > mMN T2 () and 2 < L, <3,
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and also
(2.20) Lyy1 =3 or Lpyq > Ly(1—10/+y/logry) and 1 > M(rY/?) > 716,

(These conditions formalise what we mean by saying that the images of the
curve 7y experience ‘repeated radial stretching’.)

We can then deduce from (2.17), (2.18), (2.19), and (2.20), that there is a point
2o € Yo such that, for n > 0,
(2.21) f*(20) € Yy s0 |f(20)| = M~H(r?).

By (2.12) and (2.19), this implies that zy € Iy which is a contradiction since
20 € Y C [](i,

To construct the sequences (L), (r,) and (7,), we proceed as follows. Start by
putting ro = m~*2(r), so vy, o and Ly = 3 have the required properties. Next,
suppose that, for k = 0,1, ..., n, we have chosen curves 7, and positive numbers
r, and Ly such that (2.18) and (2.19) are satisfied with n replaced by k and, in
addition, (2.17) and (2.20) hold, with n replaced by k for £k = 0,1,...,n — 1.
We then show that we can choose a curve v,.; and positive numbers 7, ,; and

L, 41 so that (2.17) and (2.20) hold, and (2.18) and (2.19) hold with n replaced
by n + 1.

We begin by putting
(2.22) Tnt1 = max | f(z)]

ZEYn

and let ¢ be the largest integer such that m4(r) < r,. It follows from (2.19) that
g > N +n+ 2. Also, it follows from (2.18) that v, must meet C(mi(r)), since

mi(r) > MY ma(r)) > M~ (r,) > M7 (rl/En).
Thus
(2.23) Trg1 > maT(r) > mN T3 (r),
SO Tp41 satisfies the first inequality in (2.19).

Next we suppose that there exists z € v, with |f(2)| < Mﬁl(rifl). Then it

is clear that there exists a curve 7,.; having the properties (2.17)—(2.20), with
LTL+1 == 3

If such a z does not exist, then we must have

(2.24) 1f(2)| > MY (LR, for z € .

We now put

(2.25) en = 10/+/log

and note that, by (2.15) and (2.19), we have

(2.26) en < 1/2.

We consider two cases. First suppose that

(2.27) Try1 > M(r.7m).

In this case we have 1,4, > M(r/%) > 716, by (2.26), (2.19) and (2.16). We put
(2.28) Ly =Ly(1—¢,)
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and note that 7,41 and L, satisfy (2.20). Also, by (2.15), it follows from
Lemma 2.7 that L,; > 2. Thus L, satisfies the second inequality in (2.19).

We can now show that there exists a curve v,.; with the required properties.
First, it follows from (2.18) that there exists z € 7,, with

(2.29) [f(2)] < rltr

Also, it follows from (2.27), Lemma 2.6 (in view of (2.15) and (2.19)), and (2.28)
that

(2.30) Tyl > M(rl=em) > M(ri/L")L”(I_E") = M(T}/L’“‘)L"H7
so ri/tr < Mfl(r:/fl"“). Together with (2.29) and (2.22), this is sufficient to

show that there exists a curve 7, satisfying (2.17) and (2.18) with n replaced
by n + 1.

It remains to consider the case when

(2.31) Ty < M(rl=em).

n

We show that this leads to a contradiction and so cannot occur. A key fact
needed to obtain this contradiction is that f has the symmetry property

(2.32) f(Z) = f(z), forzeC.

We will obtain a contradiction by applying Corollary 2.3, with
t=r, and e¢=g¢,,

to a curve 7/, meeting C'(r=*") and C(r,), chosen such that 7/, C {z : Im z > 0}
and

(2.33) Yo C YU Y05

where * denotes reflection in the real axis.

We check that the hypotheses of Corollary 2.3 are satisfied. First we have

rizen > 2 > Ry

by (2.15) and (2.19). Next, it follows from (2.22), (2.31), (2.32) and (2.33) that
[f() < M(r,~=), for 2 € 7,

and, from (2.24), (2.32), (2.33), and also (2.23) and (2.15), that

(2.34) 1f(2)| = M7 2 > 1> 1/M(rl=em), for z € 4.

Therefore, by Corollary 2.3, there exists a curve I' C 7/ and points zg, 2, € T
and such that

(2.35) Aarg(f(T); 20, 25) > 2.
We also have, from (2.34), that
[f(2)| = M7 (), forzeT.
Together with (2.35), (2.15), (2.32) and Lemma 2.4, this implies that
f(F) n AM_l(’“ifﬂ/Q(f) 7é 0.
So, by (2.32) and (2.33), there exists z, € 7, such that

(2.36) FE)l 2 M7 (5 and fz) € Ay s ()
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From the construction of the curves v, for 1 < k < n, it follows that there exists
29 € o such that f*(z) € g, for 0 < k < n, and f"(z) = 2,. Therefore, by
(2.18), (2.19) and (2.23), we have

Bz > MYy > MY N2 (Y3 for 0< k <n+ 1,
If .
and, by (2.36), (1.1), (2.16) and then (2.23), we have
/72 (20)] = |f2(20)| = MMM (i3 /2) > MY ri3) > M7H N3 () 1/3),
By similar reasoning, we have, for k > n + 2,
50| = 15 F ()| > MY (M () /2) > M2 ()
1

n+1
> Mk—n—2<M— (mN+n+3(T)1/3)) _ M_l(Mk_n_2(mN+n+3(T‘)l/3)),

and hence, by (2.16),
[ (z0)l = MTHMPT 3 (mM R ())) > MmN () > M7 (m M (r) ),

Together these three estimates show that 2y € Iy, which is a contradiction since
20 € Yo C I§. It follows that the case considered in (2.31) cannot occur and this
completes the proof. O

3. SPIDERS’ WEBS IN V(f) AND Q(f)

In this section we prove two results which follow from Theorem 2.1 and which
show that, for many classes of real transcendental entire functions with only real
zeros, the sets V' (f) and Q(f) each contain a spider’s web. These subsets of
the escaping set were considered in earlier papers in connection with Eremenko’s
conjecture and a conjecture of Baker. In particular, we show here that for all
real entire functions of order less than 1/2 with only real zeros, the quite fast
escaping set Q(f) contains a spider’s web.

The set V(f), introduced in [16], is the set of points whose iterates grow at least
as fast as the iterated minimum modulus; that is,

V(f) = {z: there exists L € N such that |f"**(z)| > m"(R) for all n € N},

where

m(r) = max m(s), 1 >0,

and R > 0 is any number such that m(r) > r for r > R. The existence of such
an R follows from (1.3) by a result about escaping points of real functions [16,
Theorem 2.1], which we have already used at the start of Section 2 and which

we state here in full for the reader’s convenience.

Lemma 3.1. Let ¢ : [0,00) — [0, 00) be continuous and put p(t) = maxo<s<t ¢(s),
t > 0. Then the following statements are equivalent.

(a) There exists t > 0 such that ¢"(t) — 0o as n — 0.

(b) There exists t' > 0 such that the set {©"(t') : n € Ny} is unbounded.

(c) There exists T > 0 such that o(t) > t, for t > T (or equivalently there
exists t > 0 such that @™ (t) — 00 as n — 00).
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(d) There existt > T > 0 such that
©"(t) and ™ (T) increase strictly with n to oo,
and
p"(t) € [§™(T), " HT)],  form € Np.
(e) There exists a sequence (t,) of positive real numbers such that t, — oo as

n — oo and
So(tn) 2 thrla fOT’ n e I\IO-

By the equivalence of parts (a) and (c) of Lemma 3.1, property (1.3) holds if
and only if there exists R > 0 such that m(r) > r for r > R. Moreover, in this
situation there must exist r > 0 such that m™(r) > m™(R) for n € N by part (d).

As mentioned in the introduction, in [16] it is shown that there are large classes
of functions for which there exist » > R > 0 such that

m"(r) > M"(R) and M"(R) — oo as n — o0.

For such functions, V'(f) is equal to the fast escaping set A(f) and this set is a
spider’s web. It is known, however, that this equality is not true in general for
functions such that (1.3) holds, even for functions of order less than 1/2. In [16]
it was asked whether V'(f) contains a spider’s web for all functions such that
(1.3) holds.

As a consequence of Theorem 2.1, we have the following partial result in this

direction.

Theorem 3.2. Let f be a real transcendental entire function of genus at most 1
with only real zeros. If there exist R > 0 and p € N such that
(3.1) mP(s) > M(s), fors> R,

then V (f) contains a spider’s web.

Proof. First, it follows from (3.1) that we can assume that m"(R) — oo as
n — oo. Hence, by the equivalence of parts (¢) and (d) of Lemma 3.1, there
exists r > R such that m™(r) is strictly increasing and m™(r) > m™(R) for
n € N.

If we now take N > 2p+2, sufficiently large that M (r) > 73 for r > M (m”"~?P(R)),
then, for n € N, we have

M_l(mn+N(T’>1/3)

Y

ML (R)9)
M (MR (R)) )
M (M (Y (R)

— n+N72p(R>.

v v

So it follows from Theorem 2.1 that V(f) contains a spider’s web. O

We end this section by showing that, in the special case that f is a real transcen-
dental entire function with only real zeros and order less than 1/2, Theorem 3.2
together with the cosmp theorem imply that the quite fast escaping set Q(f)
contains a spider’s web. Recall that, for each € > 0, we define

Q-(f) = {z: there exists L € N such that |f"**(2)| > pu*(R) for all n € N},
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where
pe(r) = M(r)*, r>0,
and R > 0 is so large that u.(r) > r, for r > R, and then put
QH= U Q.
)

€€(0,1

In an earlier paper [25], we saw other families of functions of order less than 1/2
for which Q(f) contains a spider’s web. For many of these, Q(f) = A(f) (see
[23]), but there are examples for which Q(f) contains A(f) strictly (see [24]).

We know of no examples of functions of order less than 1/2 for which Q(f) does
not contain a spider’s web, and we make the following conjecture.

Conjecture 3.3. If f is a transcendental entire function of order less than 1/2,
then the quite fast escaping set Q(f) contains a spider’s web, from which it follows
that 1(f) is a spider’s web and hence is connected.

We have the following partial result in this direction.

Theorem 3.4. Let f be a transcendental entire function of order less than 1/2.
Then V(f) C Q(f). If, in addition, f is real with only real zeros, then Q(f)
contains a spider’s web.

Proof. Let f be a transcendental entire function of order less than 1/2. It follows
from the cos mp theorem (see [1], [2] or [9, page 331]) that there exists ¢ € (0, 1)
such that, for sufficiently large r» > 0,

there exists s € (r°,r) such that m(s) > M(r®).
Therefore, for sufficiently large r > 0, we have
(3.2)  m(r) > M(r°) and hence m"™(r) > (u2(r¥))¥ > (<), for n € N.

Hence V(f) € Q(f). The fact that Q(f) contains a spider’s web now follows
from Theorem 3.2, by using (3.2) with n = 2 and Lemma 2.6. O

4. FUNCTIONS OF GENUS AT LEAST 2

In this section we complete the proof of Theorem 1.1 by showing that if f is a
real transcendental entire function of finite order with only real zeros and genus
at least 2, then its minimum modulus satisfies

m(r) — 0 as r — oo,

so f does not satisfy (1.3). Actually, we prove the following much stronger result.

Theorem 4.1. Let f be a transcendental entire function of finite order with only
real zeros and genus at least 2. Then

(a) there exists 8 € [0, 27| such that
flre®y =0 asr — oo;
(b) 0 1is a deficient value of f.
Fither (a) or (b) implies that m(r) — 0 as r — 00, so f does not satisfy (1.3).
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The conclusion that 0 is a deficient value states that the defect of f at 0,

(4.1) 50, f) = 1~ limsup ]j\f((:)) > 0.
Here,
N(T’) _ N(T,O, f) _ /(; (n(ta f) ; n(07 f)) dt,

in which n(t, f) is the number of zeros of f in {z : |z| <t} counted according to
multiplicity, and

T(r) = N+ 5 [ log" (7" 0,

where log" t = max{logt,0}. It is clear that if 0 is a deficient value of f, then
m(r) — 0 as r — oo, since

lim inf (2#7{(7") /O% log™ (1/|f(re)|) dQ) — lim inf (1 - JZY((:))) >0,

SO

1 2T )
2—/ log (1/|f(re®)]) d = 00 as 7 — oo.
™ Jo

Theorem 4.1 has the following corollary for functions with only non-negative
Zeros.

Corollary 4.2. Let f be a transcendental entire function of finite order with
only non-negative zeros and genus at least 1. Then

(a) there exists § € [0, 27| such that
f(re®®) =0 asr — oo;
(b) 0 is a deficient value of f.

Hence m(r) — 0 as r — 00, so [ does not satisfy (1.3).

Proof. The function g(z) = f(2%) has finite order, its zeros all lie on the real
axis, and its genus is at least 2. Hence, by Theorem 4.1, g has limit 0 along a ray
to oo, and 0 is a deficient value of g. It follows immediately that f has limit 0
along a ray to oo, and also that 0 is a deficient value of f, since, for r > ¢ > 0,
we have

n(t,g) =2n(t*, f), so N(r,0,9) = N(r?,0, f),

and
3 [t a2 (5 [Tost /i) o

The proof of Theorem 4.1 uses the following two lemmas. The first, used in the
proof of part (b), is a major result of Edrei, Fuchs and Hellerstein [4, Corol-
lary 1.2].
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Lemma 4.3. Suppose that f is an entire function with only real zeros, a, say,
such that

= 1
(4.2) Z PRE =00 and Z \a ‘5
n=1 n

for some &£ € (2,00). Then 0 is a deficient value of f.

The second lemma, used in the proof of part (a), concerns the asymptotic be-
haviour of Weierstrass primary factors of the form

Z2 Zm
E(z,m) = (1 -2zt m>2.
Lemma 4.4. Given an integer m > 2, there exists an angle 6 such that

e if m is even, then cosmf < 0 and cos(m + 1)0 = 0;

4.
(43) e if m is odd, then cos(m — 1)8 <0, cosmf =0 and cos(m + 1)0 > 0.
Moreover, for such 6 and all T € R, we have

(4.4) |E(Te™ m)| <1,

and there exist C, Ty > 0 such that, if T € R and |T| > Ty, then

; —C|T|™ if m is even
4.5 log |E(Te",m)| < ’ 4
(45) og [B(Te”, m)| < {—C’|T\m_1, if m is odd.
Proof. First, for m > 2 and m even, and any angle of the form
(4k — D)7 )
=—"—" k=12 ...,3
2(m + 1) ) ) 4y » 5,
we have
3
(m+1)8 = QkW—g and mb = <2k7r— g) mril € (2k7r— §,2k:7r— g) ,

The even case of (4.3) follows from this, with m choices of the angle 6 € [0, 27],
by adding 7 to each of the %m choices above.

The odd case of (4.3) follows similarly with
(4k — 1)m
2m

0 = , k=1,2,..., (m-1),

giving m—1 choices of 6, by adding 7 to each of these %(m—l) choices. It is helpful
in the odd case to note that when cosm# = 0, the conditions cos(m — 1)§ < 0
and cos(m + 1)6 > 0 are equivalent.

For any integer m > 2, such an angle #, and T' € R, we have

) ) T 0 T i0\m )
(4.6) log|E(Te®,m)| = Re (Te’e + % +ot ﬁ) +log |1 — Te®|.
m

Now,

d o ((Te?y™ —1 T — cos @
4 E — R 0 S A
aT og |E(Te”,m)| e(e ( Teif — 1 )>+(1—T0059)2+T281n29
T +
(

Lcosmb — T™ cos(m + 1)6
— T cos )2 + T?sin* f
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By our choice of #, this last expression is positive when 7" < 0 and is negative
when T > 0. It follows that log |E(Te?,m)| < log |E(0,m)| =0 for all T € R.

We also see from (4.6) that, as |T| — oo,

. Tmcosmf  T™ L cos(m — 1)0
log | E(Te, m)| = ¥ m =10 4 o).
m m—1

The final claim of the lemma follows, again using our choice of 6. O

Proof of Theorem 4.1. We first write f in the form (1.4), where the zeros a;, are
real and () is a polynomial of degree dgp. The proof when f has a finite number
of zeros is a simpler version of the proof when f has infinitely many zeros, so we
assume the latter.

We then write
P(z) = HE(z/ak,m), so  f(z) = 2"e?®P(z),
k=1

and we recall that m is the least integer for which > |ay| (™Y

We also recall from (1.5) that the genus of f is max{m,dg}.

is convergent.

First we prove part (a). The proof splits into two cases depending on whether
or not dg is greater than m. In some sense, when m > dg the growth/decay of
P(z) dominates that of e?(*) while the reverse is true when m < dj,.

Suppose first that m > dg. Then m > 2 by the hypothesis on the genus of f.

Let 6 be as in Lemma 4.4. Then there exists 6y € {0,060+ 7} and A > 0 such that
for zy = re’ with r > 1, we have

log | 7Q00)| < Ar™, if m is even,
& 1% — | Armt if m is odd.

To see that this holds when m is odd, note that Re(Q(re)) is a polynomial
in r of degree at most m. If this degree equals m, then 6y € {0,0 + 7} can be
chosen to make the leading coefficient of Re(Q(re™)) negative, so in this case
log |28eR=)| < 0 for large 7.

Next consider log |P(29)|. Let C and Tj be as in Lemma 4.4 and write a = 1/Tj.
By (4.4) and (4.5),

> retfo
log |[P(z)] = ) log E( - m)‘
k=1 k
—Cr™ Z lag| ™™, if m is even,
0o
lag|<ar
< log |E <
lak|<ar r ay , 1 m i1s odd.
lag|<ar

Since these two sums diverge as r — oo, it follows from the estimates above that

n

log | f(re'™)| = log |2

as required.

9| £ log|P(2)| — —o0 as 1 — oo,

Now suppose instead that dg > m + 1. We first observe that
(4.7) log |P(2)| = o(]z]™) as z — oo.
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The proof of (4.7) depends only on the fact that Y |az| =™V < oo, and not on
the fact that these zeros are real. Indeed, this convergence implies (see [8, p.17
and Lemma 1.4]) that n(r, P) is of at most order m + 1 convergence class; that
is,

“n(t, P
/ n(t, P) dt < 0o, so n(r,P)=o(r™™) asr — oco.
0 tm+2

The estimate (4.7) then follows from [8, Theorem 1.11] (see in particular the
antepenultimate sentence of its proof) or alternatively from [14, p. 233, (3.3)].

Since (@ is a polynomial, there exist § € [0,27] and ¢ = ¢(f) > 0 such that

|6Q(T€i9)\ < eXp(—crdQ), for sufficiently large r > 0.

In fact an estimate of this type holds for all # in a union of open subintervals
of [0,27] of total length 7. We conclude, using (4.7) and the assumption that
dg > m + 1, that for such 6 we have

|f(re®)| < r"exp((—c+ o(1))r™™) = 0 as r — oo,
as required.

The proof of part (b) also involves two cases.

First suppose that m > 2. Then we can simply apply Lemma 4.3 to deduce
that 0 is a deficient value of f.

Next suppose that m < 1. Then dg > 2 by our hypothesis about the genus, so
dg > m+ 1. Now we argue as in the proof of (4.7) to deduce that

n(r, f) = o(r™) asr — 0o, so N(r)=o(r?) asr — oco.

Since dg > 2, the function f has order at least 2 and, moreover,

T
lim inf (r) > 0.

r—00 r

We deduce that N(r) = o(T'(r)) as r — oo, and hence

(4.8) 50, f) = 1~ limsup jz\f((:; =1

Therefore 0 is again a deficient value, in this case with defect 1.

This completes the proof of Theorem 4.1. O

We conclude this section by mentioning another family of transcendental entire
functions for which we can show that m(r) — 0 as r — oo, and hence that
property (1.3) does not hold.

Theorem 4.5. Let f be a transcendental entire function of infinite order, with
zeros an, n € N, such that

(4.9) i ! < 00,
n=1

— lan*

for some & € (0,00). Then §(0, f) =1, so m(r) — 0 as r — oo, and hence f
does not satisfy (1.3).
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Proof. Tt follows from the argument used to prove (4.7) that N(r) has finite
order. On the other hand f has infinite order so we can write

f(z) = 2"e"DP(z),

where n > 0, h is a transcendental entire function, and P is the Hadamard
product associated with f, which has finite order. It follows that f has infinite
lower order; see [10, Proof of Theorem 3|, for example. Hence (4.8) holds, so
5(0, f) = 1 and hence m(r) — 0 as r — oo by the reasoning following the
statement of Theorem 4.1. 0

In view of Theorems 4.1 and 4.5, it is natural to ask whether it is the case that
(1.3) fails to hold if f is any transcendental entire function of infinite order with
only real zeros. For a general transcendental entire function f of infinite order
with its zeros lying on a finite number of rays from 0, Miles [13, Theorem 1] has
proved that there is a set F C [0, 00) of zero logarithmic density such that

N(r) :
m Ty O s, tm m()

On its own, however, this property is not sufficient to show that (1.3) fails to
hold.

5. FUNCTIONS WITH ORDER IN THE INTERVAL [1/2, 2]

We have seen that if f is any transcendental entire function of order less than 1/2,
then (1.3) holds, and if f is a finite order function with real zeros of genus at
least 2 (which includes the case that p(f) > 2), then (1.3) does not hold. In this
section, we consider entire functions with order in the interval [1/2,2].

We start by giving examples of real transcendental entire functions with all their
zeros on the positive real axis, all of genus 0 and having all possible orders in the
interval [1/2,1]. For each order in this interval, we give one example that does
satisfy (1.3) and another example that does not.

We can then adapt these examples to construct examples of functions of genus 1
with only real zeros. Indeed, for real transcendental entire functions f with only
positive zeros, of genus 0 and order p say, the function g(z) = f(z?) is real with
all real zeros, of genus 1 and having order 2p, and (1.3) holds for g if and only if
it holds for f. Therefore, for each possible order in [1, 2], we obtain one example
of this type that does satisfy (1.3) and another example that does not.

First, for order 1/2 we have the following examples mentioned in [16, Exam-
ple 8.4]:

e property (1.3) does not hold for the function f(z) = cos+/z,
e property (1.3) holds for the functions g(z) = 2z cos /z.

Both these functions are real and have their zeros on the positive real axis, and
are of order 1/2 and genus 0.

Next, we give functions of genus 0 and all orders in (1/2,1) for which (1.3) does
not hold. Consider the family of functions

5.1 Ro=TI(-2).

n=1
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where 0 = 1/p and % < p < 1. Then f, is a real transcendental entire function
of genus 0 and order p, with zeros at n?, n € N. Hardy [7] showed that

2
fo(2) ~
O
as z tends to oo within a domain that contains the positive real axis. In partic-

ular, since cot(mp) < 0 for 3 < p < 1, we have m(r, f,) — 0 as 7 — 0o, so (1.3)
fails for these functions.

sin(mz?) exp(m cot(mp)z?),

For an example of a real transcendental entire function f of order 1 and genus 0
with only positive zeros for which (1.3) fails, we note that Lindeldf [12] showed
that the functions

A z
(2) = 1——" ). wherel 2,
fa(2) {[1 ( n(log n)a) where 1 < a <

fole) = exp (42 sog-21 )

satisfy

as z tends to oo within any set of the form {z : |arg z| < m—4}, 0 > 0. It is easy
to deduce from this estimate that each such f,, 1 < a < 2, is bounded on all
rays of the form {z : arg z = 6}, where 6 € (0,7/2). Hence m(r, f,) is bounded,
so (1.3) fails for these functions.

The zeros of all the functions considered so far in this section are distributed very
evenly on the positive real axis. With a more uneven distribution of positive
zeros, we can construct real transcendental entire functions given by infinite
products for which (1.3) does hold.

In the proof of the following result we show that (1.3) holds for the constructed
function f by again using the fact that (1.3) is equivalent to the existence of
R = R(f) > 0 such that

(5.2) m(r) = max m(s) >r, forr>R;

see Lemma 3.1.

Theorem 5.1. Given any p, 0 < p < 1, we can construct a function of the form

(5.9 =T (1-2)"

k=1
where ap > 0 and my € N for k € N, such that f has order p and genus 0, and
(1.3) holds.

Proof. We first assume that 0 < p < 1. We shall construct the sequence of zeros
(ar) to be strictly increasing, with multiplicity (ms), and have several other
properties. Let n(r) be the number of such zeros in {z : |z| < r}, counted
according to multiplicity. One condition we require is that the sequence (my) is
chosen in such a way that

k
n(ay) = ij =[at], k€N,
j=1

where [.] denotes the integer part function. This ensures that the infinite product
in (5.3) is convergent and f has order p by [8, Theorem 1.11 and Lemma 1.4].
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We now describe how to choose (ay). First we estimate m(ry) = |f(ry)|, where
r, = 3a,. We have

(5.4)

(5.5)

j=k+1

This can be achieved by choosing (a) such that

(5.6)

j=k+1 7

Since my, < @ for k € N, we have

Tk —1
g T2 <y E ai™.
a/A

j=k+1 7 j=k+1
If we take
(5.7) ap =1, app = (122)0P L =01,...,
then

a; > (12a£)(j_k)/(1_p) ar = Téj_k)/(l_p)ak, for j > k+1,

say, where T}, = 12a}. Hence

F iapl<rapli i j_k: 3aZ <1
g i =T T Tp—1-2

j=k+1 j=k+1 k

which proves (5.6), and also shows that f has genus 0. On combining (5.4) and
(5.5), we obtain

m(ry) = |f(re)] > 2lakl=1 for k> 1.

Finally, we prove that (5.2) holds. Given r we choose k such that rp <7 < rgy.
Then

m(r) = m(ry) > 2971 > 3(12a) 0 = Bagpy = g > 1
provided that k is sufficiently large, as required.

The proof when p = 1 is a modification of the argument above in which f remains
of the form (5.3) but we take

k
1
n(ag) = ;mj = [a, "], where &, = iz for k € N,
which implies that f has order 1, and we replace (5.7) by
ap=1, ap1 = (12a)"5+, k=0,1,....
Then a;, > 12* for k € N, so

ajj > 1277 kg, > 47 Fr, for j > k+1,
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where r, = 3a; as before. It readily follows, by splitting the product as above,
that

m(re) = |f(ro)] = 209 7L for k> 1.

Hence, for r, <r < r,1 and k sufficiently large,

m(r) > m(ry) > 9u/* > 3(12a5) Yo+ = Bajiq = Tp1 > 1,

since a, > 12% for k € N, and so (1.3) holds. O
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