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REAL MEROMORPHIC FUNCTIONS AND A RESULT OF
HINKKANEN AND ROSSI

DANIEL A. NICKS

ABSTRACT. Let f be a transcendental meromorphic function such
that all but finitely many of the poles of f and zeroes of f’ are real.
Generalising a result of Hinkkanen and Rossi (Proc. Amer. Math.
Soc. 92 (1984) 72-74), we characterize those f such that f’ takes
some nonzero value only finitely often, and show that all but fi-
nitely many of the zeroes of f are real in this case. We also
prove a related asymptotic result about real meromorphic func-
tions with a nonzero deficient value o and only finitely many
nonreal zeroes, poles and a-points.

1. Introduction

The starting point for this paper is the following theorem of Hinkkanen
and Rossi [12]. Here and henceforth, meromorphic should be taken to mean
meromorphic in the plane unless stated otherwise.

THEOREM A ([12]). Suppose that f is a nonentire real transcendental mero-
morphic function with only real poles, and that the zeroes of f and f' are real.
If f' omits a monzero value a, then the omitted value is real and

(1.1) f(z) =az — Atan(cz + d) + A,

where \,c,d and A are real and \,c # 0. Furthermore, the zeroes of " are
real.

A meromorphic function f is said to be real if f(z) is real or infinite when-
ever z is real. Theorem A arose from an endeavour to determine all mero-
morphic functions f with only real poles for which f, f/ and f” each have
only real zeroes. Hellerstein, Shen and Williamson ([7], [8], [9]) settled this
question for all entire functions and for those meromorphic functions that are
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not a constant multiple of a real function. Further, they proved in [10] that
Theorem A holds in the a =0 case, under the additional assumptions that f
has at least one zero and f” has only real zeroes.

We aim to generalize Theorem A by considering functions with arbitrary
zeroes and finitely many nonreal poles and critical points. In addition, the
derivative must either take some nonzero value only finitely often, or at least
have a nonzero finite deficient value. The notation and techniques of the value
distribution theory of meromorphic functions [5] will be used throughout this
paper.

The first result below characterizes all real functions that fail to satisfy
Hinkkanen and Rossi’s hypothesis at finitely many points. In this case, the
restriction on the zeroes of f is shown to be a consequence rather than a
prerequisite.

THEOREM 1. Suppose that f is a real transcendental meromorphic function
such that all but finitely many of the zeroes and poles of [’ are real, and
1'(2) = « only finitely often for some finite nonzero «. Then f can be written
in the form

P(Z)eicz _ %6—icz
P(z)el* + P(z)e~ic>
where a, A and A are real constants, ax # 0, ¢ >0 and P is a polynomial
with zeroes ai,...,an (repeated to multiplicity) such that a; # ag.

In the converse direction, if f is given by (1.2) then all but finitely many
of the zeroes and poles of f and f" are real and the equation f'(z) =« has

at most 2N solutions, counting with multiplicities. Moreover, all but finitely
many of the zeroes of f' are real if and only if either 0 < Ac/a <1 or

(1.2) f(z) =az+iA

)

I
(1.3) Ae=a and Z|mrilzj|2 as real © — +oo.

Note that if Ac =« then the condition (1.3) is satisfied if > Ima; < 0 and
is not satisfied if )" Ima; > 0.

Before proceeding, we shall briefly consider some examples. If we take
P(z) = €', then we see that (1.2) simply reduces to (1.1). Choosing instead
P(z)=z+1i and c=1 gives

2

zsinz + cos z z

!/
Jz)=az+ Asinz —zoosz | A, Jz)=a A(sinz —zcosz)?’
In this case, the derivative omits «, showing that the relevant part of Theo-
rem 1 cannot be changed to “f’(2) = a has 2N solutions.”
Kohs and Williamson proved in [14] that Hinkkanen and Rossi’s Theo-
rem A essentially continues to hold without the demand that f is real and
transcendental. By an extension of the method of Kohs and Williamson, we
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show that in the statement of Theorem 1 we may replace the assumption that
the function is real by the condition that it has infinitely many poles.

THEOREM 2. Let g be a transcendental meromorphic function such that
all but finitely many of the zeroes and poles of ¢’ are real, and ¢'(z) = only
finitely often for some finite nonzero 3. Then all but finitely many of the
zeroes of g" are real and either

(i) there exists a constant co such that f =g/B + co is a real function satis-
fying the hypothesis of Theorem 1 with a=1; or

(ii) we have g(z) = R(2)e'* + Bz + d, where R is rational, ¢ and d are con-
stants and c is real.

The following example demonstrates that case (ii) can occur, and hence
also that Theorem 1 may fail for strictly nonreal functions with finitely many
poles. Let o be nonzero and take

3—iz 2+i\?
g(z) =az+ ~ae'?, J(z)=a+ < ) ae'?.
z—1
Then g has only one pole and clearly cannot be written in the form (1.2).
However, the derivative only takes the value o at one point and has finitely
many nonreal zeroes. To establish this last claim, write

(z—1)%d'(2) N2 —iz/2 N2 iz /2
e o = (e T g (s i) e
It will be shown in Lemma 6 that functions of this form have only finitely
many nonreal zeroes.

We now weaken the hypotheses of Theorems A and 1 by allowing f'(2) = «
infinitely often, and just requiring « to be a deficient value of f’. Under these
conditions, f has the same asymptotic behavior away from the real axis as
was found in the two earlier theorems.

THEOREM 3. Let f be a real transcendental meromorphic function of pos-
itive lower order. Assume that f' has a nonzero finite deficient value o and
that all but finitely many of the poles of f, and the zeroes and a-points of f,
are real. Then « is real and, for e >0,

f(z) ~az asz— o0 withe < |argz| < —e.
An example of such a function where the derivative does have infinitely
many a-points is given by
1
h(z) = 3 tan® 2 — 3tanz + 42, B'(2) = (tan® z — 1),

Observe that h has only real poles and the derivative has only real zeroes.
Since tan? z omits —1, we see that h'(z) =4 if and only if tanz = +/3. As
all the zeroes of tan z & /3 are real and simple it follows that h/(z) =4 only
for real z, and that 4 is a deficient value of h’ with §(4,h") = 1.
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Theorem 3 follows from our final result.

THEOREM 4. Let g be a real transcendental meromorphic function of pos-
itive lower order. Assume that g has a nonzero real finite deficient value o
and that all but finitely many of the zeroes, poles and a-points of g are real.
Then, for e >0,

g(z) ~a  as z— 0o with e < |argz| <m—e.

REMARKS. We mention the following points for completeness.

(1) If instead « is nonreal, then the function g can only take the values «
and @ finitely often. In this case, (¢ — «@)/(g — @) has finitely many zeroes
and poles and it can be shown that

_ aP(z)e'" + aP(z)e

9(2) P(z)e’ez 4+ P(z)e~tc=
where c is real and P is a polynomial.

(2) For any g with zero lower order and a deficient value «, there exist by [3] a
positive constant d and a set of radii » with upper logarithmic density one
such that log|g(re?®) — a| < —dT'(r,g). That is, g(z) ~ o on whole circles
of suitable radius.

To deduce Theorem 3, first note that if o were nonreal then the real func-
tion f’ could have no real a-points. Hence, the transcendental derivative f’
would take the values o and @ only finitely often, but this is not possible [5,
p. 59]. Using the fact that f and f’ have equal lower order [6], Theorem 3 is
now established by applying Theorem 4 to f’ and integrating.

2. Preliminaries
The following lemma is contained in a more general result due to Edrei [1].

LeMMA 1 ([1]). Let f be meromorphic with only finitely many nonreal
zeroes and poles and only finitely many nonreal roots of ™) (2) = a, for some
n>0 and a € C\ {0}. If

8(0, ) + (00, f) +6(a, ™) >0
then the order of f does not exceed one.

Hille’s method. The proof of Theorem 1 involves studying the solutions of
differential equations of the form

(2.1) w” +b(z)w=0

where b(z) is a rational function. Hille’s method [11, Section 5.6] can be used
to give an asymptotic description of these solutions if b(z) ~ dz™ as z — o0
where n > —1. We shall only consider the n =0 case, so that as z — co we
have b(z) =d + O(]z|~1) for a nonzero constant d.
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The critical rays are defined to be those rays argz = 6 for which either
0 =—(argd)/2 or =7 — (argd)/2. Now assume that argz =0, is a critical
ray, let § >0 and let Ry be large and positive. Define the region

S1={z:|z| > Ry, |argz — 0| <7 — 6}
and the transformation
Z:/ b(t)2dt =d"?z + O(log|z|), z€ 81, z— oco.
Rleieo

By Hille’s method, there then exist principal solutions u,(z) and u_(z)
of (2.1) on S; given by

u(z) = b(z) /4 exp(+iZ 4 o(1)).

These principal solutions are analytic in 57 and have no zeroes there. However,
any linear combination pu4 4+ vu_, where p and v are nonzero constants, has
infinitely many zeroes near the critical ray argz = 6.

3. Proof of Theorem 1—Part one

Let f be a real transcendental meromorphic function such that all but
finitely many of the zeroes and poles of f’ are real, and f’(z) = « only finitely
often for some finite nonzero «. This section is devoted to proving that f
can be written in the form (1.2) with o, A and A real, A\#0, ¢ >0 and P a
polynomial without a pair of complex conjugate roots.

It is immediate that « is real, since otherwise the real transcendental de-
rivative f/ only takes the values a and @ finitely often. Let

(3.1) H(z)=f(z) —az
and note that by Lemma 1 the order of H satisfies p(H) = p(f’) < 1.

Our aim is to write f in the form (1.2) by expressing H as a quotient of
solutions to the differential equation (2.1), in which the function b(z) is equal
to half the Schwarzian derivative of H.

LEMMA 2. The Schwarzian derivative

H!" 3/ H" 2
SUH) =T ‘5(?)

is rational.

Proof. Since H has finite order the lemma of the logarithmic derivative
gives that m(r, S(H)) = O(logr). Recall that the Schwarzian derivative S(H)
has poles only at the multiple points of H. Therefore, to show that S(H)
is rational we shall show that H has only finitely many multiple points. As
H’ = f’ — « has finitely many zeroes, our task is reduced to showing that H
has only finitely many multiple poles.
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Define the real function g(z) by
(3.2) f'=a+1/g.
Denote by aq,...,an the poles of g and by by,...,by and c¢q,co,..., respec-
tively the nonreal and real zeroes of g+ 1/a, all repeated according to multi-
plicity. The sequence c¢,, must be infinite as f’ cannot take the values 0 and «

both only finitely often. Lemma 1 gives p(g) = p(f’) <1, so that we have the
Weierstrass product representation [5, p. 21]

M o)
_ bﬂ
9(z) + 1 _ peasten=1(2=bn) [] (1 _ >ez/%

o Lo =an) g e
cn#0
for some real constants a and b, and p=#{n : ¢, =0}. We calculate
l N M 9]
g 1 1 1
3.3 —7 | = S - -
09 (755) ~Lemar R Emwr R

If = is restricted to real values with |z| large, then the expression in (3.3) is
negative, as can be seen by truncating the infinite sum to a large number of
terms.

By (3.1) and (3.2), the multiple poles of H correspond to zeroes of g of
order greater than 2. At these zeroes, the left-hand side of (3.3) vanishes, and
hence there can only be finitely many of them on the real axis. Since H has

only finitely many nonreal poles, this completes the proof. U
Let
1
(3.4) b(z) = §S(H)(z)

Theorem 6.1 of [15] states that if D C C is a simply-connected domain on
which b is analytic, then (2.1) has two linearly independent analytic solu-
tions wy, we on D such that H = w;/we there. We may assume that these
solutions are normalized by wywj) — wjws = 1. Tt follows that, on D,

-1 H' -1 H -1

=3 7 — ) Tro T T2
w3 H wiws H?  wi

H/

and therefore w?, wywy and w3 all have meromorphic extensions to the com-
plex plane. Hence, if v1, vy are any solutions of (2.1) on D then v?, vjv,
and v;/ve each extend meromorphically to the whole complex plane. Fur-
thermore, these extensions have order at most one, and v has poles only at
the (finitely many) poles of b. The latter claim can be proved by noting that
v? is a solution of 4b(z)w? + 2ww” — (w')? =0.

It is through studying equation (2.1) and its solutions that we will be able
to express f = H + az in the form (1.2).

LEMMA 3. The rational function b(z) has a nonzero real value at infinity.
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Proof. That b(z) is rational and real follows from (3.4). Moreover, b(z)
does not vanish identically because H is not a Mobius map. Hence, we must
show that b(co0) # 0,00. As the order of H does not exceed one, Corollary 1
of [4] gives a ray on which

H/I
‘ H

<BF |7

Therefore, using (3.4) again, the rational function b(z) must be finite at in-
finity.

Suppose now that b(z) = O(]z|72) as z — c0. Let N C C be a simply-
connected neighborhood of infinity such that b is analytic on N* = N \ {oo}
and Ny = N*\ R>q is also simply-connected. In this case, equation (2.1) has
a regular singular point at infinity [11, Sections 5.2-5.3] and therefore has a
pair of linearly independent solutions on N of the form either

(i) 271 g1(2) and 272g(2); or

(i1) 29t g1(2) and 2°2¢2(2) 4 ¢127 g1 (2) log 2,

where g1, go are analytic on N. By the discussion preceding this lemma, the
quotient of any two solutions must be meromorphic on N* and so we must
have case (i). Then z°2772(gy/g2) is meromorphic on N* and so o1 — o3 is
an integer. The discussion above also gives that on Ny we can write H as the
quotient of two linear combinations of 271 772¢g; and go. This means that H
can be meromorphically extended to infinity, contradicting the fact that it is
transcendental.

Now suppose instead that b(z) = cz71(1 + o(1)) as z — oo where ¢ # 0.
For F a solution of (2.1), put

(3.5) z=u? h(u) =u"?F(u?).
Then h solves
(3.6) R+ co(u)h =0,

where
co(u) = 4u’b(u?) — 3/(4u®) =4e(1+0(1)), u— oo.

By applying Hille’s method, we can find a principal solution to equation (3.6)
that tends to zero exponentially fast as u goes to infinity in a sector with
angular opening m — 2J. Using (3.5), this leads to an exponentially decaying
solution v(z) to (2.1) on a sector D of angular opening 27 — 4. By the
discussion preceding this lemma, v? extends to be meromorphic on the plane
with finitely many poles and order not exceeding one. As v? is bounded on D
the Phragmén-Lindel6f principle implies that v? is rational, contradicting the
exponential decay of v on D. O
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Let C be the nonzero real value taken by b at infinity, and choose ¢ so that
¢? =C. We again use Hille’s method to find solutions of (2.1) on

S1={z:|z| > Ry, |argz — 0| <7 — §},

where argz =6, is a critical ray, Ry is large and 0 < § < w/4. We obtain
principal solutions

(3.7) us(z) =b(z)"4 exp(ticz + O(log|z])), z— oo,

which are analytic and non-zero on S7.
The next lemma shows that we may take ¢ to be real and positive.

LEMMA 4. The value C' is positive.

Proof. Suppose that C' <0 and so ¢ is purely imaginary. In this case, the
critical ray argz = 6y lies along the imaginary axis and if p, v are nonzero
constants then puy + vu_ has infinitely many zeroes near this critical ray.

By the discussion of (3.4) above, H = w;/we and H' = —1/ws? on Sy,
where w; and wsy are linear combinations of uy and u_. Since H has only
finitely many nonreal poles, wo must be a multiple of a principal solution,
wy = ku+. Then using (3.7), we see that H'(z) = —1/(ku4)? tends to either
zero or infinity as |z| — oo with z real. Hence, H'(z) + o= 0 has only finitely
many real roots. On recalling that f’ = H' + « has only finitely many nonreal
zeroes, we uncover a contradiction: the transcendental derivative f’ takes
both of the values 0 and « only finitely often. O

We now choose ¢ = v/C > 0.

LEMMA 5. We can write
_ kP(2)e"* +1Q(z)e"*
- P(Z)eicz 4 Q(Z)eﬂ'cz ’

where k,1 € C and P and Q are polynomials without common zeroes.

(3.8) H(z)

Proof. For z € 571, let
v1(2) = ug (2)eT,

Referring again to the discussion preceding Lemma 3, we find that the func-
tions v3 extend to be meromorphic on the plane, with finitely many poles and
orders not exceeding one. Also, (3.7) gives that if z € S then v = O(|z|M)
for some M, so that the Phragmén—Lindeldf principle shows these functions
to be rational. Moreover, as v4 is analytic on S7, we can write

r
(3.9) vl ==,

S+
where 1 and sy are polynomials and st has no zeroes in S;. In particular,
we may define an analytic branch of (sys_)'/2? on 5.
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The discussion of (3.4) above gives that, on S, we can write H as a quotient
of solutions of (2.1),

icz icz

(3.10) _ pug Friu- pvpe” +riv_es
' Uiy + Vot laUy e + pyu_eTicE
Multiplying through by (s;s_)'/? and then taking P = povy (sy5_)"/? and

Q = vov_(s45_)"/? we see that (3.10) becomes (3.8) on S;. These functions P
and @ are analytic on S; and by (3.9) both P? and Q? are polynomial. Nei-
ther P nor () can vanish identically, since if povs =0 then H'(z) = r(z)e*?i¢*
for some rational function r(z), and this contradicts the reality of H.

We may assume that the polynomials P? and Q? have no common zeroes in
the plane. To see this, suppose that P%(z) = Q*(z9) =0. If 29 € Sy, then P
and @ are analytic at zp and we may divide both by (z — 29). Otherwise,
20 ¢ S and we may divide both P and @ by a branch of (z — z)'/? that is
analytic on S;.

We complete the proof by showing that P and @ are themselves polynomial,
so that (3.8) must hold on the whole plane by the Identity Theorem. We
shall prove that P and @ may be analytically continued along any path, and
then the Monodromy Theorem shows P and ) to be analytic, and hence
polynomial, on the plane.

Let

7:[0,00) = C,  ~4(0)€S:

be a path starting in S7. Suppose that 0 < ty < oo is maximal such that both P
and @Q can be analytically continued along the path v(t) for 0 <t < ty. As P?
and Q2 are polynomial the point 7(¢y) must be a zero of either P? or Q2.
Suppose that P(v(tg))? =0 (the proof is identical if instead Q(v(t))? = 0).
Then v(ty) is not a zero of Q?, and so ) admits analytic continuation along
v(t) for t <tg+e. Since H is meromorphic on the plane, (3.8) defines a
meromorphic continuation of P along v(t) for t < ¢y + €; namely,

l—H(y(@1) —2icy(t
P(y(t) = 2 Q(y(2))eH.
OO = Haa) - 500
As P? is a polynomial this continuation must be analytic, contradicting the
maximality of %g. O

The function H is real and satisfies (3.8) so we must have that, for real «,

(3.11)  Im(K|P(2)]* +1|Q(x)]* + kP(2)Q(x)e*” + IP(2)Q(x)e”**") =0,

Let R(z) =Re(P(x)Q(z)) and I(z) =Im(P(x)Q(x)) and observe that these
are real polynomials, not both vanishing identically. Now calculate the left-
hand side of (3.11) writing k = k, + ik; and [ =1, 4+ il;. Noting that the
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coefficients of sin2cx and cos2cx must vanish because P, ), R and I are all
polynomials, this leads to

(3.12) kil P(2)? + 1| Q(2)[* = 0,
(3.13) (kr = ) R(2) = (ki + 1) I(x) = 0,
(3.14) (kr = 1)I(z) + (k; +1;)R(z) = 0.
Inspection of (3.13) and (3.14) yields k, =, and k; = —I;. Hence, [ =k and k

must be nonreal, otherwise H would be constant. Now (3.12) shows that, for
real z,

(3.15) P(2)P(2) = Q(2)Q(7),

and in fact this holds on the whole plane, as both sides are polynomials in z.
Since P and @ have no common zeroes, it follows that z; is a zero of P if and
only if Zg is a zero of @ of equal multiplicity. Therefore,

P(z) =BQ(z)

for some ( and (3.15) gives that |3] = 1. Using the fact that 31/2 = 3~1/2
allows us to assume that 3 =1 by replacing P and Q by P, = 3/2P and
Q1 = f'/2Q and relabeling.

By writing k =1 = A+ \i and using (3.1), equation (3.8) now becomes (1.2).

4. Proof of Theorem 1—Part two

In this section, f is assumed to be given by (1.2) where o, A and A are
real, aA#0, ¢> 0 and P is a polynomial with zeroes a1,...,an (repeated to
multiplicity) such that a; # @;. We aim to prove that f and f” have only
finitely many nonreal zeroes and poles, and that the equation f’(z) = a has
at most 2N solutions, counting with multiplicities. We show further that all
but finitely many of the zeroes of f’ are real if and only if either 0 < A¢/a < 1
or condition (1.3) is satisfied.

Together with the result established in the previous section, this completes
the proof of Theorem 1.

It will be useful to write Q(z) = P(Z) and to differentiate (1.2) to obtain

P'Q— PQ' +2icPQ
(Peicz + Qeficz)2

(4.1) f—a=2i\
and

(42) f/l pO( ) 1cz+p1( ) —icz

(Pezcz + Qe zcz) ’

where pg and p; are polynomials. Since f” is a real function it is easily seen
that p1(2) = po(Z).
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The assertion that the equation f’(z) = a has at most 2N solutions is
proved simply by observing that the numerator of the right-hand side of (4.1)
is a polynomial of degree 2N.

From (1.2), we see that if 2o is a pole of f then z; satisfies

P(z20)e'“™ + P(Zg)e”"* =0,
and if z; is a zero of f then z; satisfies
(az) + A+ iM)P(21)e' + (azy + A —iX)P(Z1)e ™1 = 0.
Similarly, from (4.2) we see that if 29 is a zero of f” then z, satisfies
Po(22)ei* 1 po(za)e 1% =0,

Therefore, the fact that f and f” have only finitely many nonreal zeroes and
poles follows from the next lemma.

LEMMA 6. If p(z) #£0 is a polynomial, then F(z) = p(z)e** + p(z)e~** has
only finitely many nonreal zeroes.

Proof. For real z,
(4.3) F(z)=2Re(p(x))cosz —2Im(p(x))sinz.

Let m be a large positive or negative integer. If Re(p(x)) # 0, then (4.3)
shows that F'(z) changes sign over the interval [mm, (m + 1)7]. Otherwise,
Im(p(x)) # 0 and F(x) changes sign over [(m — %), (m+ 3)7]. In either case,
denoting by n(t) the number of nonreal zeroes of F' in {z: |z| <t}, we have
that n(t,1/F) > n(t) + 2t/7 — O(1). Hence,

T o(t 2
/ ?dtST(r,F)——T+O(log7’)=0(log7’)v e
0 T

using the fact that T'(r, F) = 2r/m + O(logr) because p(z)e'* is large where
p(Z)e~% is small. This implies that n(t) is bounded and so F has finitely
many nonreal zeroes. O

LEMMA 7. All but finitely many of the zeroes of f' are real if and only if
either 0 < Ac/a <1 or condition (1.3) holds.

Proof. Define the real functions

P .. .
(44) 912662102_’_%672102
and
2N (Q P
4. =2 L _9i¢) =2
(4.5) =2 (% - T i)

N
4)\c 4\ Ima;
=" _94 = J
o +aZ(

Za)c-g)
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Then by (4.1)
f/ _ OZPQ
- (Peicz + Qeficz
so that f/ and g1 — go have the same zeroes with finitely many exceptions. To
see this, note that g;(z) = —2 at a zero of Pe’®* +Qe~“*, but that ga(2) = —2
only finitely often.
Fix an analytic branch of log(P/Q) on the simply-connected domain

D={z:|z|>R,Imz <1},

)2 (91— 92)

where R is large, and choose a real number ¢ such that

) P(z) )
4.6 e(z :qb—zlog(—):ol as z— oo in D.
(46) %) o0)) =0
The function e(z) is real on the real axis; hence for a large positive or negative
integer n we can find a real number z, such that 2cz, + ¢(z,) = n7 + ¢.

Using (4.4) and (4.6), we can now write

(4.7) 91(2) =2cos(2cz — ¢ +¢(z)), z€D,

nT+¢ as n — Foo.

(4.8) g1(zn)=2(-1)" and x,~

Assume now that either 0 < Ae/a: < 1 or condition (1.3) holds. Then (4.5)
gives |g2(x)| < 2 for all large real x and so (4.8) shows that g1 — g2 changes
sign over [, Zp4+1]. Therefore, g1 — go has at least 4ct/m — O(1) real zeroes
in {z: |z| <t}, and the same is true of f’. Using (4.1), we calculate

, , 4
T(r, f') =2T(r, Pe'"* + Qe "°*) + O(logr) = - O(logr), r— oo,
™
using the fact that Pei®® is large where Qe ™ is small and vice versa. By
an argument similar to that used at the end of the proof of Lemma 6, this is
sufficient to show that all but finitely many of the zeroes of f’ are real.
We tackle the proof of the converse in two cases.

(i) Suppose first that either A¢/a <0 or A¢/a > 1. Then by (4.5) and (4.7)
for real x of large absolute value, we have |gi(z)| <2 and |ga2(x)] > 2.
Therefore, both g1 — g2 and f’ have only finitely many real zeroes. Hence,
/' has infinitely many nonreal zeroes as it cannot have only finitely many
zeroes and a-points in the plane.

(ii) Now suppose instead that Ac = a but that (1.3) fails to hold. Then
ga2(x) > 2 either for all large positive x or for all large negative z. For
such z, we have |g1(x)| <2 by (4.7). Hence, g1 — g2 either has only finitely
many positive zeroes, or only finitely many negative zeroes.

Using (4.5) and (4.8) gives that

g1(z2n) —2=0 and g2(2) —2=0(1) asz— o0,
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and we see from (4.7) that |g; — 2| is bounded away from zero on a small
circle about xo,. Hence, it follows from Rouché’s Theorem that g; — g2 has
at least one zero near each point xs,, for n sufficiently large. Combining
this with the result of the previous paragraph shows that g; — go has
infinitely many nonreal zeroes, and the same is true of f’. O

5. Proof of Theorem 2
The following lemma is the key to the proof of Theorem 2.

LEMMA 8. Let F' be meromorphic such that all but finitely many of the
zeroes and poles of F are real, and F(z) =1 only finitely often. If F has
infinitely many multiple poles, then F' is real.

Proof. The order of F' does not exceed one by Lemma 1. Hence, we can
write
h(z)Py(z)et*

k(z)Pa(z)
where h and k are real entire functions of order at most one with only real
zeroes and no common zeroes; the polynomials P; and P, have no real ze-
roes; and a is a real constant. Furthermore, there exists an unbounded real
sequence (z,) of multiple zeroes of k. Since F takes the value 1 only finitely
often we can also write

F(z) =

P3(2)et?

9(2) P2(2)’

where ¢ is a real entire function with only real zeroes, P3 is a polynomial
and b is a real constant. Equating these two expressions for F(z) yields

k(z)P3(2)e'b—a)=
9(2) ’

Observe that if the right-hand side of (5.2) vanishes then either k or P; must
vanish, but that the left-hand side cannot vanish at a zero of k. Hence,

(5.3) h(2)Py(2) — k(2)Py(2)e 1% = CP3(2)eP?

for some constants C and D. Note that C' # 0 as otherwise F(z) =1. Evalu-
ating (5.3) and its derivative at each of the points z,, gives

(5.4) h(zn)Py(z,) = CPs(xy,)eP®"

(5.1) F(z)=1+

(5.2) h(z)Py(2) — k(2) Py(2)e " =

and
W (20) P (2) + h(zn) Pl (2,) = C(Pj(zn) + DP3(xy,))eP™,

which lead to
W(xn) | Pl(zn)  Pi(w,)

W) T Pu(en) ~ Polan)
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Therefore, D must be real because h is a real function and Pj(z,)/P;(zn) — 0
as |z,| — co. From (5.2) and (5.3) we see that

k(z)ei(bfa)z — CQ(Z)EDZ,

so that Ce’(®=2? is real for all real z. Thus, a =b and C' is real. Now (5.4)
shows that Pj(zy)/Ps(xy) is real for every x,, and therefore P;/P5 is a real
function. Dividing equation (5.3) by Ps gives that the function Pre~%%* /P is
real and hence (5.1) shows that F' must also be real. O

Let the function g be as in the hypothesis of Theorem 2. Assume first
that ¢ has infinitely many poles and apply Lemma 8 with F'=¢’/3. This
gives that on the real axis g/@ has constant imaginary part and it follows
immediately that we have case (i) of the theorem.

Now suppose instead that g has only finitely many poles. By Lemma 1,
the order of ¢’ is at most one and it follows that

g'(2) = B=Ri(z)e'

for some rational function R; #Z 0. We show next that c¢ is real. Suppose not,
then ¢'(x) tends to either 8 or infinity as real z — 400 and so ¢’ must have
finitely many real zeroes. But then ¢’ takes each of the values 0, § and oo
only finitely often, implying that ¢’ is rational and hence ¢ = 0.

Repeated integration by parts now shows that we have case (ii) of the
theorem.

Finally, the assertion about the zeroes of g” follows from Theorem 1 in
case (i) and by straightforward differentiation in case (ii).

6. Proof of Theorem 4

Let g be as in the hypothesis and assume without loss of generality that
a=1. We begin with a simple estimate of the logarithmic derivative.

LEMMA 9. Let F' be a meromorphic function of order at most p with all
but finitely many of its zeroes and poles real. Let 6 >0 and n > 0. Then

‘F’(z)
F(2)

Proof. Let z be such that |z| =r and § < |arg z| <7 — 0. The differentiated
Poisson—Jensen formula [13, p. 65] gives
F'(z)| 4
‘ o) < =(m(2r,F)+m(2r,1/F)) + Z

or

=o(|z|P~")  as z— 00,8 < |argz| <7 — 6.

R
|zj|<2r |Z B Zj|

where the z; are the zeroes and poles of F' repeated according to multiplicity.
For the finitely many nonreal z;, we have |z — z;| 7! = O(r~1) as r — oo, while
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for the real z; we have |z — z;| > [Im z| > rsind. Therefore, as 7 — oo,

’F’(z)
F(2)

<o(rPm 1) 4 (71(27“7 F)+n(2r, l/F)) = o(rP~1Hm). O

rsind

By Lemma 1, the order of g is at most one. Hence, taking 0 < ey < g/4
and 7 > 0 both small and applying Lemma 9 gives that

/
(6.1) gg((ZZ)) =o(|z|") asz—o00,61 <|argz| <w—e;.
Define o € (1,2) by
Asi 2
(6.2) =1+ %,

where A = \(g) is the lower order of g. Applying [16, Lemma 5] to g — 1, we
can find a small positive constant m and a set J of lower logarithmic density
greater than 1/0 such that if r € J is large and F, is a subinterval of [0, 27]
of length m then

/F‘T

By the definition of deficiency, for large r € J there exists zg with |z9| =r and
i(1,9)
2

rg'(re') i(1,9)
- <
g(rei?) —1 o < 4

T(r,g).

T(r,g).

It follows that ¢ is near 1 on any arc of angular measure m with zy as one
endpoint. In particular, because g is real and £; is small we can find, for large
reJ, an arc

log|g(z0) — 1| < -

Q(r)CA(r)={z:|z| =261 <argz <7 —2¢1}
of angular measure m/2 on which
(6.3) log|g(z) —1] < =1 T(r,g),

denoting by c1,co,... positive constants not depending on r.

It is now claimed that we can choose by induction a sequence (ry) in J
satisfying 2ry < ri41 <7{. Otherwise, there exists a large r; € J such that
(2rg,r7) N J =0. Taking [ such that 1/o <1 <logdens.J then leads to the
following contradiction

dt e dt
llogry </ 7/ = (1/0)logry +log?2.
[1,r7]nJ =Lt

We deduce immediately that

(6.4) U ri, T4 ) contains all large r.
k=1
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Define two sequences of arcs by Q = Q(r) and Ay = A(rr). Applying
Lemma 9 to g — 1 gives that on Q we have |¢'/(g — 1)| = o(r}) as r, — oc.
Hence, for z € Qy, using (6.3) twice yields

g'(2)
9(2)

log <loglg'(z)| +o(1)

<loglg(z) — 1|+ O(logrk) < —coT(rk,g), 7K — OC.

We show next that a similar bound holds on the whole of the arc Ay. To
do this, let Dy ={z: r/2 < |z| < 2ry, €1 <argz < — £1} and note that by
conformal invariance

w(Z,Qk7Dk\Qk)>C3, z € Ay
Thus, using (6.1) and the above, the Two Constants Theorem now gives

g'(2)
9(2)

(6.5) log

’ < —csT(r,9), z€ Ag.

Let

Sp={z:rp<|z| <71}, 261 <argz<m—2e},
Sy ={z:rmp<l|z|<rf, e<argz<m—c}

LEMMA 10. For large k, the harmonic measure of the arc Ay, satisfies

1 1
w(Z,Ak,Sk)Z - = R z€S;.
271_,r:(o'—l)/sm(s/Q) 27'(-7"2/2 k

The proof of Lemma 10 is simply an application of the following lemma
that goes back to Nevanlinna.

LEMMA 11 ([2, Lemma E]). Let D be a domain bounded by a Jordan curve C
consisting of a Jordan arc A and its complement B in C. Let T’ be a rectifiable
curve in D joining a point a € A to a point in B. Let z be a point on T' and
let pg(z) denote the distance of z from B. Then

) * |
w(z,A,D) > QWGXP{‘l/a p5(C) }

where the integral is taken along I'.

Proof of Lemma 10. The equality in the statement of the result simply
follows from (6.2).

Let 71 be large, ¢ € S;. and let w be a nearest point to ¢ of B =95 \ Ax.
Then either argw = 2¢; or argw = m — 2¢7. Using the fact that £ — 2e; > ¢/2
it follows that

p5(¢) = |¢ —w| = |¢[sin(e/2).
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For z € S}, choose the path T'(t) = te'®#% for t € [ry,73]. Then applying
Lemma 11 yields

X 12| & 1 - 4/sin(e/2)
Ap, S) > — 4 e T 2w\ Tl
w(za k> k)—2ﬂ.exp{ \/T tSln(€/2>} 27T(|Z|) ’

k

which gives the required result upon noting that |z| < r{. O

Using (6.1), (6.5) and Lemma 10, the Two Constants Theorem now gives
that, for z € S},

g'(2) —c4T (g, 9) A4
(6.6) log 2 < 27rr2/2 +O(logry) < —csry,’”, 1) — 00.

Pick a point zi € y, for each k. For large k, there are no zeroes or poles of g
in Sy and so for z € S; we can write

9(2) = g(z1) exp ( / o dw) “1+o(l), k—oo,

using (6.3) and (6.6). By (6.4), if z is large and € < argz < m —¢ then z € S},
for some k which tends to infinity with z. Hence, by the above,

g(z)~1 asz— o0, e<argz<m—ec.

Since g is real this completes the proof.
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