LINEAR COMBINATIONS OF LOGARITHMIC DERIVATIVES
OF ENTIRE FUNCTIONS WITH APPLICATIONS TO
DIFFERENTIAL EQUATIONS

JOSEPH B. MILES AND JOHN ROSSI

Volume 174 No. 1 May 1996



PACIFIC JOURNAL OF MATHEMATICS
Vol. 174, No. 1, 1996

LINEAR COMBINATIONS OF LOGARITHMIC
DERIVATIVES OF ENTIRE FUNCTIONS WITH
APPLICATIONS TO DIFFERENTIAL EQUATIONS

J. MILES AND J. RossI

Let Fy, Fs,...,F;, be entire functions of finite order and let
C1y C2,-..,cr be complex numbers whose convex hull does not
contain 0. A lower bound in terms of the counting functions
of the zeros of the F]fs is obtained for

L
Z cjre“’FJf (re®) | Fj(re'?)

j=1

valid for r in a set of positive logarithmic density and 6 in a set
U, C [0,2x] of fixed positive measure. This bound is used to
extend a result of Bank and Langley concerning the exponent
of convergence of the zero sequences of solutions of certain
linear differential equations with entire coefficients.

1. Introduction.

In this paper we are concerned with the behavior of the logarithmic derivative
F'/F of an entire function F of finite order, and most particularly with lower
bounds for |F'/F|. From the argument principle it follows that if F' has no
zeros on |z| =r, then

1 2n 0 FI(,,.ew)
'2—;/0 re Wd@-n(r,O,F),

where n(r,0, F) denotes the number of zeros of F in |z| < r counting mul-
tiplicity. Our principal result implies for most values of r that if 0 < 8 <
1, then the modulus of the above integrand is greater than or equal to
pBn(r,0, F) on a substantial portion of the circle |z| =r.

For applications to the behavior of solutions of certain differential equa-
tions it is useful to formulate our result in terms of linear combinations of
logarithmic derivatives.

Theorem 1. Suppose F;, 1 < j < L, are entire functions each with order
not ezceeding p < oo. Suppose c;, 1 < j < L, are complex numbers lying in a
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sector with vertez at the origin and angle opening 2+ for some «y in [0,7/2).
For g€ (0,1) and r > 0, let

Then for M > 3L there exists E = Ep C [1,00) with lower logarithmic
density at least 1 — 3L/M such that

(1.1) m(U,) > C%&——f—?%) , TEE.

L ; Fl(,reiﬂ)
chreoF’( e“’) ECJ (r,0, F;)

=1

U, = {06[0,27(] :

Here m denotes Lebesgue measure. The upper and lower logarithmic
density of E C [Ry, 00) for some Ry > 0 are defined by

i, — 1 dt
logdens F =lim, yo,o —— / —
logr EN[Ro,r} t
and

1 dt
logdens F = lim,_, ——/ —
- logr JEnR,A) E

respectively.

We make several observations concerning Theorem 1. First, Theorem 1
asserts that m(U,) is bounded away from 0 for r € F whenever 0 does not
lie in the convex hull of {¢;}. That this hypothesis on the {c;} is essential
can be seen by considering the example with ¢; =1, ¢; = —1, Fi(2) = sin 2,
and F,(z) = cos z. For these choices, easy calculations yield

=1

2
Z c;n(r,0, F;)
ij=1

and

o F (re“’)
e®)

O(,’,e—2r|sin9|), r — 00,

2
e

implying m(U,) — 0 as r — oo for any choice of 8 in (0, 1).

Secondly, we note in the case L = 1 that Theorem 1 indeed provides a
lower bound in terms of n(r,0, F') for |re®® F'(re?®) /F(rei)|. Theorem 1 with
L = 1 should be compared with earlier results of Hellerstein, Miles, and Rossi
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[9, Lemma 4], and of Fuchs [6, (17)]. Each of these results, after appropriate
modifications, implies m(U,) > é > 0 as r tends to oo through a sizeable
set of values, but neither appears to give an estimate for § comparable to
(1.1). Perhaps more importantly, neither extends to linear combinations of
logarithmic derivatives, a feature of Theorem 1 critical for our application
in Section 3.

The elementary example ¢; = ¢; = 1 with F; = exp P and F; = exp(—P)
for any polynomial P shows that while a lower bound for

L _F! ,,,eiﬂ)
Z cre’’ 2+ ( i6

is available in terms of the functionals n(r,0, F;), no such bound is possible
in terms of other measures of growth such as the characteristics T'(r, F;) or
their derivatives. Here again comparison with [9, Lemma 4] and [6, (17)] is
worthwhile, as each of these estimates for |2F’'(z)/F(z)] is given in terms of
growth functionals other than n(r,0, F).

Finally, Theorem 1 fails for entire functions of infinite order even in the
case L = 1. Such an example can be constructed by modifying Mittag-
Leffler’s function [4, p. 50]

o0 zn
Ea(Z)—;m, O<ax<?

E,(z) is an entire function of order 1/a for which, with L = 1 and g8 €
(0,1) arbitrary, U, C (—(1/2 + o(1))am, (1/2 + o(1))ar). By considering a
sequence oy, tending to zero and by considering appropriate large sections of
the Maclaurin series of E,, , one can construct (by specifying the Maclaurin
series) an entire function of infinite order for which there exists E C [1,00)
with upper logarithmic density 1 for which U, (with L = 1 and 8 € (0,1)
arbitrary) satisfies m(U,) - 0 as r — oo, r € E.
In Section 3 we apply Theorem 1 to prove

Theorem 2. Consider the differential equation

k-2
(12) y® +Y A9 =0, k>3,

=0
where A;j(z) are entire, the order p(Ao) of Ao is not greater than 1/2, and
p(A4;) < p(Ap) for 1 < j < k—2. Then (1.2) cannot have two linearly
independent solutions each with zero sequence having finite exponent of con-
vergence.

Earlier Bank and Langley [2] obtained this result under the assumption
that p(A4;) < p(A4p) < 1/2 for 1 < j < k — 2. Our approach combines
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their method with Theorem 1. It is known [1, p. 165] that Theorem 2 does
not hold if p(A4y) = 1. The question of whether Theorem 2 holds if 1/2 <
p(Ao) < 1 remains open. Theorem 2 is already known in the case k = 2.
This was established in [1] for p(4y) < 1/2 and, independently, in [11] and
[12] when p(A4,) = 1/2.

In Section 4 we extend two earlier results of Langley concerning solutions
of linear differential equations with entire coefficients where the dominant
coefficient has order strictly less than 1/2. Our extensions to the case where
the dominant coefficient has order 1/2 require some of the ideas involved
in the proof of Theorem 2, but do not require Theorem 1. Because the
arguments parallel those of Langley very closely, we provide only sketches of
the proofs.

We assume throughout familiarity with the usual concepts and notation
of value distribution theory.

2. Proof of Theorem 1.

We begin with a growth lemma establishing the existence of what may be
regarded as sequences of modified Pélya peaks.

Lemma. Let n(t) be a nondecreasing integer-valued function of order at
most p, 0 < p < 0o, continuous from the right. Suppose M > 3 and suppose
Ry > 0 is such that n(Ry) > 0 and n(t) = 0 for 0 <t < Ry. Then there
ezists E = Epr C [Ry, 00) having lower logarithmic density at least 1 —3/M
such that if r € E, then

(2.1) n(t) < n{r)(t/r)?ME+D >
and
(2.2) n(t) > n(r)(t/r)?ME+D) Ry <t <7

Proof. We define
A= {r >Ry:3t=t, >r3n(t)> n(r)(t/r)M(”+1)} .

It is trivial that (2.1) holds for r € [Ry,00) — A, and our first objective is to
show that

(2.3) logdens A < 1/M.

Certainly (2.3) holds if A is bounded, and we thus concern ourselves with
the case that A is unbounded.
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For each r € A, let
(2.4) r* =sup {t > r:n(t) > n(r)(t/r)}.

We note that r* < oo since n(t) has order at most p. Since n(¢) is nonde-
creasing, we certainly have

(2.5) n(r*) > n(r)(r* fr)Me+1)

for r € A.

Let ro = inf A. Certainly 7o € A since n(t) is continuous from the right
and integer-valued with n(t)/tM®+1) approaching 0 as ¢ approaches co. Let-
ting

= inf (AN (r5,0)),
we similarly note that r; € A. Trivially r; > 5. In fact vy > r§ in view of

(2.4), (2.5), and the fact that r; € A. We define the sequence 7 inductively
by

T = inf(AN(r;,00)), k£=0,1,2...,
noting at each step that AN (r;, ) # ¢, rx € A, and riyq > 7.
Certainly r;, — oo since n(r;) > n(ry) and n(t) is integer-valued. Thus

Ac lre, )
k=1
Since r, € A, we have by (2.5) for all k£ that

log n(r;) — logn(ry)
M(p+1) '

logr, —logr, <

Combining these two observations and recalling that the intervals [r,, ;] are
disjoint, we have

Z;?:l logr; —logr;
log 'r;

log n(r;) — log n(r;)
hm koo Z log 7}

(2.6) logdens A < lim

"M(p

. — lognri)~logn(ry) _ 1
~ M(p+1) logr; M
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We now consider (2.2). Let
. B= {r > Ry:3t=t, €[Ro,r) 3n(t) < n(r)(t/r)2M<P+1>} .

It is elementary due to order considerations that B is bounded if A is
bounded. Our goal is to show that

logdens B < 2/M,

and thus we may assume that A is unbounded.
Defining

=0

we first establish that
(2.7) Bc Jlrsr")
We suppose

reB - G[rj,r;*
j=1
and seek a contradiction. Since r € B, there exists t = ¢, € [Rp, ) such that
(2.8) n(t) < n(r)(t/r)*MPD) < n(r)(t/r)Me+D,
Thus ¢t € A and we may suppose t € [r;,7;]. Consequently
r>rt= (r;)z/rj > tz/rj,
which implies
t/r < (r;/r)2.
From (2.8) we conclude
n(r;) < n(t) < n(r)(E/r)*MED <n(r)(r;/r)ME+D,

implying r < rj, which is a contradiction and thus establishes (2.7).

Since log(r}*/r;) = 2log(r;/r;) and the upper logarithmic density of the
union of the disjoint intervals [r;, ;] is shown in (2.6) to be less than 1/M,
we conclude from (2.7) that

logdens B < log dens U ri,TiT] < 2/M.

j=1
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We remark that the intervals [r;,7}*] need not be disjoint.
Finally set

E = [Ry,0) — (AU B).

Then the lower logarithmic density of E is at least 1 — 3/M and (2.1) and
(2.2) hold for all 7 € E. O

Proof of Theorem 1. Let n;(t) = n(t,0, F;) and let
L
n(t) = an(t).
j=1

Without loss of generality we may suppose F;(0) # 0 for 1 < j < L.
(This can be verified easily be considering separately the cases where n(t) is
bounded and n(t) is unbounded.) Trivially we may suppose n(t) # 0.

For 1 < j < L such that n;(t) = 0, define E(j) = [0,00) and Ry(j) = 0.
For all other j, 1 < j < L, let Ry(j) be the modulus of the zero of F; of
smallest modulus and apply the Lemma to n;(t) to obtain a set E(j) of lower
logarithmic density at least 1 — 3/M on which n,(t) satisfies (2.1) and (2.2)
with R, replaced by Ry(j). We let

L
Ry =maxRo(j) and E'= () E(),
j==1

and note that each n;(t) satisfies (2.1) and (2.2) on E’ and that E’ has lower
logarithmic density at least 1 — 3L/M.
Let ¢ = [2M(p + 1) + 2] and let 2,; denote the zeros of F;. We write

0 =TT (2.
v vj

where P; is a polynomial of degree at most q. (The reader will note that
this is not the usual Hadamard factorization.) We let
(2.9) E=(2Ry+1,00)NE")—{|z,j| : 1 <j <L, v>1}.

For r € E we have

_F!(re? . . 0 .
(2.10) ret® F{E’r":w; =re?Pi(re?) + S ba(r, Fj)e™,
J m=-—00

where by, (r, F;) = 0 for all m if n;(t) = 0 and otherwise [13, p. 350]

bm(raﬁri) =- Z (T/Z,,j)m, m>gq,

lzvi|>r
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and

bu(r, Fj) = Y (z5/r)™™, m<0.

|zv51<r

For m > ¢ we have by (2.1) for » € E and for 1 < j < L (including those j
for which n;(t) = 0) that

b s () < [T (5)" anoo

zuji|>T

= —n;(r) + m/roo (g)m "jt(t) dt

< —n;(r) + mn;(r) /roo ( )'" (;)QM(p+1)f?

_ 2M(p+1)
—nj(r)m—2M(p+1)'

Sl

Thus

@1) Y lbnln B < S @M+ Dny(r)), 1< <L

m>q

Now consider b,,(r, F;) for r € E and m < 0. From (2.2) we have for
1<j<L

pais S (B = [ (O

fousl<r Fo()/2

=n;(r) — |m| ' (E)Iml )

Ro(j) \T t

r t Im] t 2M(p+1) dt
< n.(r) — . Z e hakd
< ny(r) = min(r) [ . () () t

_ 2M(p +1) Ro(j)\"™
_nj(r)<|ml+2M(p+1)+( T ) )

4M(p+1)
|m|+2M(p+1)’ _

S

< ny(r)

where in the last step we have used the fact that M > 3 and used (2.9) to
infer that Ry(j)/r < ;. Thus forr € E

(212) Y b B < S (UM + Dny()), 1< <L

m<0
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For r € E we thus have for 1 < j < L that

(2 13) 10 J(rew) o B F im0 0)
. re F(re"’) ,nz_;:(, m (T, Fj)e™ + si(r,6),
where

(2.14) lIsslls < 2TM(p + ny(r)

by (2.11) and (2.12). Here if

q
P(z) = Y an2™,

n=0
then by (2.10)
B (r, F}) = by (r, F}) + mapy;r™, 0<m<gq.
Let
= [0, 2] — U,
and, for 0 <m < g,

Zc] (r, F}).

j=1
From (2.13) we thus obtain

(2.15) ch i ’(r

q

Z dpm(r)e™ + Z c;s;(r,0),

€

and note for r € E and 6 € U, that

q L L
(2.16) Z dp(r)e™| — chsj(r, N < ,BZ lejIn;(r).
m=0 j=1 ji=1
We now set
q 2 q '
Z dp(r)e™| = Z B ()€™
m=0 m=-—gq

and note for 0 < m < q that h_,,(r) = h,,(r) and that

(2.17) m(T)| = Z G (r)di (7)

k=0

< Z di(r)* = ho(r).

k=0




204 J. MILES AND J. ROSSI

We have for —¢ < m < ¢, m # 0, that
/_ hm(r)e™ df = —-/ hon(r)ei™ d8.
o, U,
Thus by (2.17)

(2.18) / zq:dm(r)eimo
= ho(r /de— S | i) ds

1<|m|<q

> ho(r)(m(U,) — 2¢ m(U,)),

where in the last line m of course refers to Lebesgue measure.
For r € E for which (1.1) is not satisfied, we conclude from (2.18) that

2
dé.

q

Z dm(r)eima

m=0

(2.19) ho(r) < % /U

The combination of (2.14), (2.16), and (2.19) implies

2 3
d@)

2

(2.20)

q

> dm(r)e™

m=0

=

L
do | +B8Y lcjln;(r)

From the definition of U, and the argument principle we have for r € E
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that

10 J(re )
= 27r /, ]Z:c, i (rei?) df
/ i 20'F’J, 7'61'0)
= ei?)
L L /i 260
1 re’’)
< cini(r)| + —-—/ cire’? -
ﬂ ; J .7( ) 271, U, ]Z=; 7 ( ela)

Rearranging this inequality and appealing to (2.14), (2.15), (2.17), (2.20),
and the Schwarz Inequality, we find for r € E that

J_Zi;cjnj(r)
()

< (m(Ur)) ZL:(‘/i 2rM(p +1) + V2 + 20 M (p + 1))|le”j(7")]

27 o

(1-8)

[N

[ q 3 L
(Z Idk(r)|2> +_2nM(p + 1)le;In; (r)]

i=1

=

< 7m(U,))% Y. M(p + 1)|cjIn;().

Jj=1

The hypothesis on the arguments of the {c;} implies

> (cos7y) Z'c]lnj T).

Jj=1

Z ¢my(r

j=1

Combining the last two inequalities yields (1.1) for » € E, proving Theorem
1.

3. An Application.

Our proof of Theorem 2 is a modification of the proof of the corresponding
result in [2] in the case that p(4o) < 1/2. The additional ingredients in our
proof are Theorem 1 and results concerning the behavior of entire functions
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of order 1/2 previously applied in [8] and [9] to the growth of solutions of
certain linear differential equations. We concern ourselves only with the case
p(Ao) =1/2.

We begin by recalling two key aspects of the argument in [2]. The first
is an upper bound for the modulus of the logarithmic derivative of a mero-
morphic function of finite order outside of a small exceptional set. If G is
meromorphic of finite order in the plane, k is a positive integer, and d > 0,
then there exists a sequence of disks

D, ={z:|z— 2z, <|z|"%}
and a constant M > 0 such that

(3.1) GV (2)/G(2)] < |2

for all z of large modulus in C — G D, and for 1 < 5 < k. The sequence

2, and the constant d > 0 can bg_clhosen so that the sum of the radii of
the disks is finite. When this sum is finite, we shall call the union D of
the sequence of disks D,, the R-set associated with the sequence z, and the
constant d > 0. The centers z, of the disks D —n comprising the R-set may
in fact be chosen to be the poles of G and the zeros of G, 0 < j < k — 1.
The estimate (3.1) follows from straightforward calculations based on the
differentiated Poisson-Jensen formula [7, p. 22].
Let C, := {z : |z| = r}, and, for a given R-set D, let

L.:={0¢€0,2r) : me’ € D}.
Let G be meromorphic of order p and let € > 0. If D is the R-set associated
with the constant d > p and with the poles of G and the zeros of any finite

number of its derivatives, then using order considerations and elementary
geometry it is easy to verify that

(3.2) m(L,) = o(rFte=471).

The second element of the argument in [2] we wish to recall follows from
the classical cosmp theorem combined with results of Barry [3]. If 7 <
p(Ap) < 1/2 and D denotes an R-set associated with the zero and pole sets
of any finite collection of meromorphic functions of finite order, then there
exists 7, — oo for which

DNC,, =¢
and

(3.3) log [Ao(rne®)| > 77, 0<6< 2.
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Hellerstein, Miles, and Rossi observed, based on a result of Drasin and Shea
[5, Theorem 8.1], that a variant of (3.3) holds if p(A4y) = 1/2. Specifically,
n [8, Section 2] it is shown that if p(A4,) = 1/2 and 7 < 1/2 then one of
two possibilities must occur. The first (which throughout the remainder of
the paper we shall call Case I) is that there exists r, — oo for which (3.3)
holds. The second possibility (henceforth designated Case II) is that there
exists E C [1,00) of logarithmic density one such that for r € £

{6 € [0,2) : log|Ao(re®)| < r"} C H,,

where H, is some single interval (modulo 27) satisfying m(H,) — 0 as
r—oo, 7€ R

For later use we now make an elementary estimate concerning the charac-
teristic of an entire function G. Suppose J, C [0,27) and J, = [0,27) — J,.
Then we have

(34) T(r,G) = / log* |G(re®)] d9+— / log* |G(re)| do
< 2(7{ ) log" M(r,G) + / log™ |G(re')| d6
3m(J,)

T(2r,G) + -——/ log* |G(re®)| db.
2 Jj,

<
- 27

If in addition there exists M > 0 such that |G(re?)| < ™ for 8 € J,, we
may further conclude

3m(J,)

(3.5) T(r,G) < T(2r,G) + O(log ).

Following [2], we now suppose that
fi=Ve' and f,=We"

are linearly independent solutions of (1.2) whose zero sequences have finite
exponent of convergence. By standard arguments [2, Section 2] we may
suppose V, W, g, and h all have finite order. In [2] it is shown that to
obtain the desired contradiction, it is sufficient to show that f;/f. has finite
order.

We let d > 0 be such that d/2 is greater than the maximum p of the orders
of V, W, g, and h. Let D be the R-set associated with d and the sequence
2, formed from the zeros of V), W), g0 and A9 for 0 < j < k—1. From
(3.1) we conclude there exists M > 0 such that

g(ms) (z)
9'(2)

h(ma) (2)
h'(z)

W) (z)
W(z)

V(m2)(z)

70 = 0(lzI")

(3.6)
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for z ¢ D and all choices of m;, 1 < m; < k. We note for this R-set and
this choice of p and d that (3.2) holds with any choice of ¢ > 0. Using the
principal hypothesis of Theorem 2, we now choose € > 0 to satisfy

max p(4;) < 1/2 — 4e.
J:

Following the argument in [2], we insert y = f, into (1.2) and collect terms
to obtain

V' k(k—1)g" =2 .
6n @)+ (b B (0 T ey + a0 =0,
|4 2 g =
where each B; is a polynomial in A;, A,,...,Ax_» and the logarithmic

derivatives V(™ /V and g™ /g' for 1 < m < k — 1. Similarly, the inser-
tion of y = f, into (1.2) yields

W' k(k—-1)R"\ , ., =2
w2 F)(h)’“1+ZBj(h)’+Ao=0,

Jj=0

(3.8) (h)*+ (k

where the B; are polynomials in A;, A,,..., Ax_s, W™ /W, and h™ /R for
1<m<k-1.

We now consider the two types of behavior which A, may exhibit (Case I
or Case II). In each case we wish to establish three properties of g and h.
These are that (i) the lower order of h' is at most 1/2, (ii) there exists a
complex number @, |a| = 1, such that g — ah is a polynomial, and (iii) there
exists r; — oo such that g’ dominates all coefficients of (¢')7, 0 <j < k-1,
in (3.7) and h' dominates all coefficients of (h')?, 0 < j <k —1, in (3.8) on
all of C,., in Case I and on most of C,,_ in Case II.

We first consider Case I, i.e. we suppose that there exists r,, — oo such
that (3.3) holds with 7 = 1/2 —e. It is useful to have control of the quantity
on the left side of (3.6) on all of C,., and to this end we appeal to Lemma
6 of [9] to presume with no loss in generality that

3.9 = O(exp |z|*
B 15w |Tve |t e | T e | o)
for all z € C,,, and all choices of m;, 1 < m; <k.

By (3.9) and our choie of ¢, we have -
(310)  IBi(a)|+1By(2)l = o (exp (j2*7)), zeCn.

From (3.3), (3.7), (3.9), and (3.10) it is immediate that

(3.11) lg'(2)] > exp (lzﬁ"r“) , 2€C,,,n>ng.
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Similarly (3.3), (3.8), (3.9), and (3.10) imply
(3.12) W (2)] > exp (|2/37%), z€C,,, n>no.
From (3.9), (3.10), (3.11), and (3.12) we have for all z € C,_ that

L) e

V'(2) w’
wa*Www

V(2)

hll(z)
h'(2)
= o(exp(|z[™)) min (|h'(2), |g'(2)])-

(3.13) +|B;(2)| + |B;(2)]

‘|

In view of (3.13), division of (3.7) by (¢')* yields

Ao(2)
——==-14+0(1), z€C(,,.
&) W
Thus there exists an analytic kth root Ay(2)'/* of Ay(2) defined on C! =
C,, — {rn} and a,, with a*¥ = —1 such that
Ao(Z)l/k
g'(2)

We furthe note from (3.6) and (3.13) that for z € C,, — D, (3.7) takes the

form
Aolz) _ _ |2
wwW“1+OQ¢mO'

=a,+o0(l), zeC,,.

We conclude

g'(2) lg'(2)]

which we rearrage to obtain

1/k M
Ll _ 10 (—'z' ) , z€C. -D,

(3.14) lg'(2) — 05" Ao(2)'/*| = O(l2|™), z€C;, - D.
A similar analysis leads to the existence of b, with b% = —1 such that
(3.15) |h'(z) — b7 Ag(2)*| = O(|2|™), z€C,, — D.

By passing to a subsequence we conclude there exists a with a¥ = 1 such
that

lg'(2) — ah'(2)] = O(l2|™)
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for z € C] —D. We apply (3.5) with G = g' —ah' and J,, = L, to conclude
from (3.2) and the definitions of p and d that

T(rn,G) < o(r?tT=41)(2r,)*** + O(log ;)
= o(1) + O(logTy),
implying G = ¢’ — ah’ is a polynomial.

We apply (3.4) to conclude that A’ has lower order at most 1/2. Indeed
setting G = h', we have

L 1 .
T(r,, ') < MT(?rn,h') + 5*/ log™ | (rne®)| do

27 TJEL
= ofrf ) (2 + ol )

= 0("'7%+€))

Tn

where we have used (3.2) and (3.15).

We next consider Case II. Since E C [1,00) has logarithmic density one
and {r : C, N D # (} has finite measure, with no loss of generality we may
assume for all r € FE that C, N D = (. Recalling that H, is an interval
modulo 27, we let Ay(z)'/* be an analytic k-th Toot of Ay(z) for z = re”,
r € FE, and 0 ¢ H,. Our arguments from Case I apply to yield

(316)  |B;(2)| +|B;(2)| = o(exp (J21*7*)), s =r, reE,

and, for large r,

(3.17) lg'(z)] > exp (lzlé_%) , z=reY rcE, 0¢ H,,
and
(3.18) W(2)| > exp (|2157%), z=¢, r€E, 0¢H,.

From (3.6), (3.16), (3.17), and (3.18) we conclude as before for » € £ and
6 ¢ H, that

(3.19)
V’(rew) gn(,reif)) WI(,,.eiB) h//(reiﬂ) ' ,,.ew 3 rew
[ V(re?) g'(rei?) W (re®) + h'(rei?) +1B;(re)[ + |B;(re”)]

= o(exp(r™)) gg}g(lh'(mw)l, lg' (re”))).

From (3.19) we deduce by reasoning similar to that in Case I that (3.14)
and (3.15) hold for z = re?®, r € E, and 0 ¢ H, with a,, and b, replaced by
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a, and b, satisfying a* = b¥ = —1. It follows that there exists F;, C E with
upper logarithmic density at least 1/k and there exists a with a* = 1 such
that for r € E;

l9'(z) — ak'(2)] = O(|2|™), =z=re”, 0 ¢ H,.

An application of (3.5) with G = ¢’ — ah’ and J, = H, yields that if G is
not a polynomial then

T€EE; ’

implying that G has infinite order since E; has positive logarithmic density.
We conclude that G is in fact a polynomial.

We now apply the ideas involved in (3.4) with G = h' and J, = H, to
deduce that the lower order of h' is at most 1/2. First suppose that there
exists E C E having positive upper logarithmic density for which

lim rvoo / log™* |/ (re®)| d8/T(r, 1) > 0.
reE Jg,

Then the reasoning used to obtain (3.4) yields
T(2r,h')

im = 00,
rrz%‘o T(T’ hl)

implying the order of A' is infinite. We conclude that there exists a set
E, C E having logarithmic density one such that

/ log* |1 (re®)| df = o(T(r, h'))
H,

for r € E,. From (3.4) and (3.15) (which in Case II holds for z = re, r € E,
and 0 ¢ H, with b, replaced by b,), we conclude that the lower order of A’
is at most 1/2.

This establishes our goal of showing in both Case I and Case II that g’ —ah'
is a polynomial, that the lower order of A’ is at most 1/2, and that (3.13)
holds in Case I for z € C,., and (3.19) holds in Case Il for r € E and 6 ¢ H,.

Our argument now follows that of Bank and Langley very closely. We
first show that without loss of generality we may presume in fact g = ah.
Indeed note that V = Ve” has finite order for any polynomial P = g — ah.
Next observe in Case I that (3.9) holds with V replaced by V and thus as
before that (3.13) holds for z € C,, In Case II our previous arguments apply
to show that (3.19) holds for z = re'’, r € FE;, and 8 ¢ H, for a set E; of
logarithmic density one.
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Having justified that (3.13) and (3.19) hold under the presumption that
g = ah, we next show that a = 1. This is sufficient to prove Theorem 2, for
a = 1 implies f,/f, = 17/ W has finite order, which as observed earlier is a
contradiction. Clearly we need concern ourselves only with the situation in
which h is transcendental.

We substitute f; = Ve®® and f, = We" into (1.2) to conclude from (3.7),
(3.8), (3.13), and (3.19) that

(3.21) )
(ah')* + & <YV—’> (ah')¥t + E(k——;i)(ah')k”(ah”)
— (h/)k + k (%’) (hl)k—l + _k(kz—-l)(hl)k—2hu + O(Izl_2)(hl)k—1

for z € C,, in Case I and z = re, r € F;, and 0 ¢ H, in Case II. Since
a* =1, (3.21) may be rearranged to obtain

1 " 1 "
(3.22) 2/1‘:V7 +E(k— 1)% —a <2k% +E(k— 1)%) — 0(|2|™).

We now let Fy = V2*(h')¥*-1) and F, = W2*(h')¥*~1), We note that both
F, and F, have zeros since the lower order of the transcendental function
h' is at most 1/2. In Case I we multiply both sides of (3.22) by r,e? and
observe that the integral of the left side over [0,27] cannot be o(1) unless
a = 1 since F; and F; each have zeros. In Case II we recall that (3.22) is
valid for all r in a set of logarithmic density one. This fact, in combination
with Theorem 1 applied to F; and F, with ¢; = 1 and ¢, = —a, implies
a = 1. Thus a = 1 in both cases, which as observed above is sufficient to
prove the theorem.

4. Concluding Remarks.

In this section we indicate how our analysis of the two possible types of
behavior of an entire function of order 1/2 (Case I and Case II) can be used
to extend two previous results of Langley. We obtain the following theorems.

Theorem 3. For k > 3, consider
k—2 )

(4.1) y® +3"4; y0 =0,
j=0

where A; is entire and there ezists s € {1,2,...,k — 2} such that p(A,) = 1/2
and p(A;) < 1/2 for 0 < j < k—2, j # s. Then (4.1) cannot have k
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linearly independent solutions each of whose zero set has finite exponent of
convergence.

Theorem 4. For k > 2, consider

k-2
(4.2) y® 4+ Ay 4 ZBjy(J‘) =0,

7=0

where p(A) = 1/2 and p(B;) < 1/2 for 0 < j < k—2. Then the zero sequence
of any transcendental solution of (4.2) has infinite exponent of convergence.

Earlier Langley [10] obtained each of these results under the assumption
that the dominant coefficient has order strictly less than 1/2.

We now sketch the minor modifications of Langley’s arguments required
to prove Theorem 3 and Theorem 4. We designate the dominant coefficient
in each theorem by A. A careful analysis of entire functions A of order 1/2
(see the discussion [9, p. 355]) shows that if Case II does not hold for A,
then if 7 < 1/2 there in fact exists E' C [1,00) of infinite measure such that

log |A(re®)| > ™

forr € E' and 0 < 8 < 2x. Thus if Case IT does not hold for A and D is any
R-set, there exists r, — 0o, r, € F’, and C,, N D = ¢. Langley’s arguments
apply verbatim in this context for both Theorem 3 and Theorem 4.

If Case II holds for A, then for any R-set D and any 7 < 1/2, there exists
E' C [1, 00) having logarithmic density one and such that for r € E’ we have
C.ND=¢and

log|A(re®®)| > r™, 6 ¢ H,,

where m(H,) — 0 and H, is an interval. It is routine to verify that Langley’s
estimates, which apply in his context on circles for which (3.3) holds with
Ay replaced by A, hold in our context on C, — {re® : 0 ¢ H,} for r € E'.
The only estimate needing additional comment is (6.9) in [10] in the proof
of our Theorem 4, for which we now have

|1 (2) + A(2)] = O(|2]™)

for 2 =re,r € E', and § ¢ H,. We apply (3.5) with G = h'+ A to conclude
by reasoning identical to that in (3.20) that G is a polynomial.

Both Theorem 3 and Theorem 4 are proved by contradiction. A collection
of linearly independent entire solutions (consisting of one member in the
case of Theorem 4 and of k¥ members in the case of Theorem 3) having zero
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sequences with finite exponent of convergence is presumed to exist. For both
Theorem 3 and Theorem 4 Langley’s arguments produce an entire function
F (known to have zeros by construction) satisfying for r € E’

|F'(re”)/F(re”)| = o(r™), 6 ¢ H,.

This is impossible by Lemma 4 of [9] as well as by our Theorem 1, completing
the proof of both theorems.
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