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UNICITY THEOREMS FOR ENTIRE FUNCTIONS

By HIDEHARU UEDA

1. Ozawa has proved some unicity theorems for entire functions in [7].
His main interest lies in the following problem: How does the distribution of
zero-one sets affect the unicity in the case of entire functions? In this paper
we shall be concerned with the same problem.

If two entire functions f and g have the same ¢-points with the same
multiplicities, we denote this by f=a=g=a for simplicity’s sake. And we
denote the order of f by p;.

With this notation, we may state two unicity theorems in [7] as in the
following manner.

THEOREM A. ([7, Theorem 4]) Let f and g be entire funchions. Assume
that pf, pg<co, f=02g=0, f=122g=1 and 60, f)>1/2. Then fg=1 unless
/=g

THEOREM B. (7, Theorem 7]) Let f and g be entire functions. Assume that
f=1Zg=1, 600, /)>0 and 0 s lacunary for g. Then fg=1 unless f=g.

In this paper we shall give four results on unicity which are related to
Theorem A and one depending on Theorem B. The detail is as follows.

As Ozawa pointed out in [7], the assumption “§(0, f/)>1/2” in Theorem A
is best possible. Hence some additional conditions are needed in the case of
9(0, /)=1/2 in order to obtain the conclusion “f=g”. With respect to this
point we prove the following two theorems.

THEOREM 1. Let f and g be entire functions. Assume that pys, pg <o, and
(A) f=02g=0, f=1=g=1, B) 0<0(0, /)<1/2 and further that (C) there exists
at least onme zero w such that f™(w)=g™(w)=0 and fP(w)=gPw)=0 for
7j=0,1, .-, n—1. Then f=g.

THEOREM 2. Let f and g be entire functions. Assume that py, p,<oo, and
(A) f=022g=0, f=122g=1, BY 6(0, f/)=0. Further assume that (C)’ there exist
mfinitely many zeros {w} of f for which the same condition 1is satisfied as w n
(C) of Theorem 1. Then f=g.

In the above Theorem 2, we cannot replace “infinitely many zeros” by
“finitely many zeros”. To see this, we may consider the following example.
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Let f and g be as follows:

_ezl-:iL(z) l_ezrril,(z)

1
f(Z)-— lﬁ;we?ér:tz ) g(2>_ 71’—82%”

eZzi[B—L(z)] s

where

L(z):(n—{—l)!y) I (t—kdt (=12, ).
Then f and g satisfy the conditions (A) and (B)’ in Theorem 2. However, there
exist only n zeros: {k}%., of f for which the same condition is satisfied as w in

(C) of Theorem 1.
Now it is natural to ask whether the order restriction of f and g in Theo-
rem A can be removed or not. In this direction, we have the following fact:

THEOREM 3. Let f and g be entire functions. Assume that (A) f:g:g:O,
f=12g=1 and (C) N(r, f, g@)<k[m(R, f)+m(r, g)] (0<k<1/6), where N(r, f, g)
s defined as follows:

Rer, 1, = PELOTHOL 8 4150, £, p1ogr,

Sy — L SPw)=gP(w)=0 (=0, 1, -+, m—1)
n(?, f: g)—#{we {|2| §_7} ’ f"”)(w)ig(ﬂ”(w), f“”)(W)'g“")Ou)iO, m>0} .

Then fg=1 unless f=g.

From Theorem 3 we deduce the following two corollaries immediately.

COROLLARY 1. Let f and g be entive functions. Assume that p;=p =00,
f=02g=0, f=1=g=1 and 6(0, f)>5/6. Then fg=1 unless f=g.

COROLLARY 2. Let f and g be entire functions. Assume that py;=p,=00,
f=02g=0 and f=12g=1. Further assume that all zevo-points excepting at
most finite number have multiplicities =7. Then fg=1 unless f=g.

Thirdly as another application of the proof of Theorem A, we have

THEOREM 4. Let f and g be entire functions. Assume that ps, p,<oo, f#£g,
and (A) f=02g=0, f=12g=1 and that (B)’ f has at least one zero and all of
them™lie on the real axis. Then f and g are one of the following lwo forms:

— waz+b) __ Hud _,,.‘Ai(f,), -
D fla=Ale e’], g(a)= A=0)fa) e (c#0, 1),

a(+#0), b, d : real constants,
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l_ezm<az+b) e—l(m—l)(a2+b)_el(a2+b)

2) f(Z):Wy g(z)= - B PR TCTE S R
a(+0), b: real constants, m(|m|=2): an integer.
This theorem yields the following fact immediately.

COROLLARY 3. Let f and g satisfy the assumptions (A), (B) and py, py<co
of Theovem 3. Further assume either (i) f=1 has at most one root, or (ii) not
all the roots of f=1 lie on a straight line being parallel to the real axis. Then
/=g

Finally as an application of Theorem B, we prove the following

THEOREM 5. Let f and g be entire functions. Assume that ps, pg<oo, and
(A) g#0, f(0)=1, f=1=g=1 and that (B) the roots of f=0 exist and all of
them lie on the real axis. Then f and g are one of the following three forms:

1) f(a=@1/2+ib)+(1/2—ib)e**?, g(z)=e",
a(+#0), b: real constants,

2) fla=1l—e""4-e*, g(z2)=¢**,
a(#0); a real constant,

3) f(z)=1+ibe ***—ibe***(=1+2bsin(az)), g(z)=e**°?,
a(#0), b (|b|=1/2): real constants.

2. In order to prove our theorems, we need the following several lemmas.

LEMMA 1. ([1, Proposition 1]) Let A be the class of all entire functions
having only real zeros and real ones. If f is not a real entire function. then it
15 necessarily one of the following two forms:

1 1(§z+y)

(i) fla= S‘“f;j(;”_)ey}) . (sin(p—7)#0)
&, 7, 9. real constants,

(i) flz)= sin p(§z+4np)er @D ¢

sin(z+7) ’
&, n: real constants, p(+#0, 1): an integer.

LEMMA 2. (c. f. [3, Theorem 1.11]) Let P(z) be a canonical product of genus
q. Then m(r, P)=o(r?*") (r—oco).

LEMMA 3. ([2, Theorem 1., Corollary 1.]) Let f be an entire function of
finite order, all of whose zeros lie on the real axis. If the genus q of f is not
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less than two, then 6(0, f)>0. Further i1f all the zeros of f lie on lhe posilive
(or negatwve) real axis, then 6(0, £)>0 unless q=0.

LEMMA 4. (c. f.[3, Theorem 2.1.]) Assume that [ 1s an entire function. Let
ay, -+, a, (p=2) be distinct finite complex numbers. Then

(p—Dm(r, f)+N.(= i)l N, ay,, [)+S(r, /),

where S(r, [)=0(og r-m(r, f)) as r—oo through all values 1f p;<co, and as
r—oco outside a set E of finite linear measure otherwise.

LEMMA 5. ([5, Theorem 4.]) Let [, (n=1, -, p) be non-constant entire

D
Sfunctions satisfying X a,fr,=1 with non-zero constants a,. Then
n=1

300, f)=p—1.

3. Proof of Theorems 1 and 2. We refer to Ozawa’s argument in [7, p.
416-p. 419]. Firstly, from p;, p,<oo and the assumption (A), we have

CRY) f=ge*, f—1=(g—1)e?

with polynomials « and 8. Next, we divide our argument into the following
three cases in accordance with Ozawa’s.

Case 1. e’=a constant ¢ (#0)

Case 2. e*F=qa constant ¢ (+#0)

Case 3. e%a constant and e ?Za constant

Now we start from the Case 1. In this case f—1=c(g—1). Since / has
zeros, ¢ must be one. This implies f=g. Next we consider the Case 2. In
this case f=ce’g (¢+#0), f—1=ef(g—1). If c¢=1, we have f=g. If c+1, we
have

7
57 (1—o)f+c

Since g is an entire function, (1—c)f+c=0 has no roots. This 1mplies

5(— 12& s f)zl, so we have (0, /)=0. Further from the fact that (1—c¢)f-+c¢

(c#0, 1).

+0, we see the existance of a polynomial P(z) satisfying (1—c¢)f+c=el®.
Denote an arbitrary zero of f by u. If we expand f and g in power series
around the point z—u, we obtain
_efP—c ¢ P™(w) n
N@)= l—¢  1—c¢ m! (z=w)

and
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g(z)= ?P(i)fic_e—fwn: 1 B_)(“)
1—

p l—e o Gmwrt e (0, 1),

where m is the least positive integer for which H‘"(u) does not vanish. These
expansions show that the assumption (C)’ in Theorem 2 is not satisfied. Finally,
we consider the Case 3. In this case, (3.1) implies

_ 1—ef 1—é?
(3.2) J= 1_gh-ar BT 1 p-a ®

-«

Since / is an entire function, we deduce from (3.2)
(3.3) B@)=2mL(y(2)), 2my(z)=p(z)—al2)

with a polynomial L(z) of degree =1 (See [7, p. 417]).

Assume first that the degree of L(z) is greater than one. Then Ozawa's
argument in [7, p. 417, p. 418] show d(0, /)=0. Denote an arbitrary zero of j
which satisfies the condition described in (C) of Theorem 1 by w. It is easy to
see from (3.3) that such w satisfies e*'v*’==1, Since w is a zero of f, the
order of l-point of ¥ at z=—y is higher than that of ¢*' at z=w.
This implies that the order of l-point of e*‘LW¢» at z=—w is at least two. If
we put H(z)=1—e#Llw e have H'(w)=-—2mL’(y(w))y’(w)=0. However,
since L and y are polynomials in z, the number of such w’s is at most finite.
Thus the assumption (C)’ is not satisfied.

Assume next that the degree of L(z) 1s one. Then / and g are following
forms: (see [7, p. 418])

— p¥RImy (2 1—g2mrmy (2

1 o .
f(Z): ‘1:;5‘;1 MO g(Z): "f;’}‘é:;;?z)’ ety ) (7” o an lnteger) .

Suppose that m#—1,0,1. This case can be handled quite similarly as the
above case, so that it is shown that there are no points {w} satisfying the
condition described in (C) of Theorem 1. Assume that m=0. Then [=g=0.
Assume that m=1. Then f=g=1. Assume that m=—1. Then fz==—¢ %",
This is absurd.

This completes the proof.

4. Proof of Theorem 3. By assumption (A), there exist two entire functions

« and f such that
(4.1 f=e"g, [—1=(g—1)’.

Firstly, assume either e¢® or ¢* % is a constant ¢(#0). In such cases Ozawa’s
argument in [7, p. 416, p. 417] and simple computations in the proof of Theorems
1 and 2 show that ¢ must be one, otherwise the assumption (C) of Theorem 3

is not satisfied. This implies f=g.
Next, assume neither ¢® nor ¢ ¢ are constants. In view of (4.1), we have
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1—e? 1—e?
4.2 __ — A
( ) f l—-eﬁ_“ , g [—gp-a e .

Since j 1s an entire function, (4.2) implies

(4.3) 0=N(r, 0, )=n(r, 1, e#)—N(r, 1, e?~%)
=Ny, 1, e®)+N(r, 1, f)—N(r, 1, e’~*)
SN, 1, ) +NG £, g),

where used the following fact:

(4.4) 1\7(7’ f’ g>:N(7" ]-) eig)_’N(7‘y l, e";”") .
To see this, it is sufficient to prove
(4.4) 7i(r, fr g):ﬁ(7’, 1, gﬁ)__ﬁ(r, 1, e,i—n) .

However, (4.4) 1s an immediate consequence of (4.2).
Combining (4.3) and the assumption (C)”, we have

(4.5) N(r, 0, N=N:(r, 1, e®)+kLm(r, [)+mlr, &)

To estimate the right hand side of (4.5), we proceed as follows. Applying
Lemma 4 with f=e?, we have
(4.6) m(r, e®)+N(r, e )<N@, 1, e®)--0og r-m(r, ¢®) (re E(ef), r— o)
<m(r, e®)+ollog r-m(r, e?)).
This yields that
4.7 Ni(r, 1, e N(r, e®)=0og r-m(r, e’)) (re E(e?), r—co).
Also (4.6) implies that
N s
(48) lim L2
1o m(r, e”)
r K@)
In the same way we have
N(r, 1, e#=") _

4.9) lrim m(r, e?=*) =1
r EE Y
It follows from (4.3), (4.8) and (4.9) that
(4.10) m(r, ef)y=1—o(L)m(r, ") (ree E(ef)JVE(E?~)=E’, r—0c0).

Hence evidently we have

4.1 mir, HSmlr, e®)+mlr, e~ )+oD)<2+o))m(r, e?) &k, r—w),
and so,

(4.12) m(r, @) <m(r, £)-+m(r, e )=m(r, f)+m(r, e’)+mlr, =)

Z(@+oym(r, e®)  (r&E’, r—o0).
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Substituting (4.7), (4.11) and (4.12) into (4.5), we obtain
(4.13) N(r, 0, f)<(6k+o(1))m(r, e*)+0O(log r) (re B!, r—co).

To complete the proof, we may use a method of Nevanlinna [4]. If we
put ¢, =ef, g,=—ef-“-f, and ¢,=f, then (4.2) implies ¢,+@,+¢,=1, so that
o™+ ™ =0 (n=1, 2). Further we put

1 1 1
(4.14) A=|o/ /o0 @) ]os @/ |-
0" /pr 0" os 93" /s
Assume first that A%=0. Then

A’ @ fos i/ /ps |
4.15 = A A= ” ” P
( ) e A ’ (%22} /(,-92 ©3 /@3 [

Direct computation shows that

_f” ’ 7 f, 2 ’ 7 ’ 7\2 7\2 ’ ’ nr ”
A= (B —a)=27) (B )+ L LB~ (@2 —a)—~(5"—a")]

+B/(B" =)+ B/ (F —a)—(F'—a LB +(B)].

From this we easily obtain N(», A)=N(r, 0, /). Combining this and (4.13) we

have

(4.16) N(r, A< (6k+o()m(r, e®)+0og 7) (r&e £/, r—o00).

On the other hand, from (4.15) we have

(4.17) m(r, eP)=m(r, o )=m(r, A/A=Zm(r, A)+m(r, A™Y)

=m(r, A)+m(r, A)+N(r, A).
Further, we have from (4.10) and (4.11)
(4.18) m(r, @)=m(r, ef=%-)<m(r, f)+m(r, e?=*)
=@2+oWymlr, e*)+1+oD)m(r, e®)=3+o(1)m(r, e*)

(re&E’, r—o0),

and so

(4.19) m(r, @o)=m(r, 1—@pi—@,)=m(r, ¢)-+m(r, @)+0(1)

=@+o()m(r, e®)  (r&E’, r—o0).

It follows from (4.14), (4.15), (4.17), (4.18) and (4.19) that

(4.20) m(r, A=0(og r-m(r, ¢®)) and m(r, A)=0(og r-m(r, e?))
(r&e B/, r—00).

Substituting (4.16) and (4.20) into (4.17), we obtain
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(4.21) m(r, )< 0og r-m(r, e)+6k-+o(1))m(r, e’)+0O(og r)
(re £, r—0).
Since k<1/6, (4.21) implies m(r, ¢’)=0(og r) (re: £/, r—o0). This 1s a contradic-

tion. Assume next that A=0. This implies

9019029931902@3[,,
OE SDI/ 502/ §03, = O SDZ/ S03/ :, (Pz” 993

”

(2] D3
v ” 4 ” ”"
o, ©." ¢ 0 ©." ¢

Hence we have ¢,=Cyp;+D (where C and D are constants.), i.e.

(4.22) —el~. f=Cf+D.

If f has a zero, (4.22) implies D=0, so f=0=g. If f has no zeros, (4.22) umplies

D=0 and that /= rjlv):;a-—. Since f is entire, ¢ must vanish. Then /== —De"~’.
CH+De?¢

This and the fact that ¢+, +@,=e’—e? « f4f=1 imply

(4.23) ef—De" 8=1—D.

Assume that D=1. In this case we have f=—e* P=—¢? and g=e¢ "f=—e 7%

=—e"? Hence fg=1. Assume that D#1. In this case, using Lemma 5, we
obtain 2=4d(0, ¢#)-+6(0, e*~#)<1, which is impossible.
This completes the proof.

Remark. In the above Theorem 3, we consider the case of p,, o, <o
Then the same conclusion of Theorem 3 holds if we take the constant . between
zero and 1/4 (0<k<1/4). To see this, we may refer to [6, Theorem 3]. This
theorem and its proof show that m(r, f)~m(r, g)~m(r, ) (r— o) under our
assumptions. Taking this fact into consideration, the reasoning in the above
proof yields the fact stated as Remark. And we notice that this remark yields
Theorem A.

5. Proof of Theorem 4. We refer to Ozawa’s argument in [7, p. 416-p.
419]. In this case we have

(5.1) J=e"g, [—1=e’(g—1)

with polynomials « and B.

Case 1. Assume that ¢’ is a constant ¢(#0). Since / has at least one zero,
f—1=c(g—1) implies ¢=1. Hence f=g. This is a contradiction.

Case 2. Assume that ¢*~# is a constant ¢(#0). If ¢=1, (5.1) implies =g,
a contradiction. If c¢=#1, (5.1) implies

- I
 (A=of+c

Since g is an entire function, (I—¢)f+c¢=0 has no roots. This yields 6(0, /)=0.

(5.2) g (¢#0, 1).
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It follows from this, the assumption (B)’, and Lemma 3, that the genus of f
must be zero or one. So, if we put f=Pe¢” with some canonical product p and
polynomial 7, the degree of 7 is at most one. This and Lemma 2 imply m(r, f)
=0(r®) (r—oo).

Now we set f+c/(1—c)=e" with some polynomial 7. Since m(r, f)=o0(r*
(r—oc) and f is not a constant, the degree of » must be one: np=a,z+0b; (a+#0).
Using the assumption (B)’ and the fact that d(0, f/)=0, we easily see that a,
must be a purely imaginary number. So we have |[c¢/(1—c)|=e®1. All the
above results combine to show that f=|c/(1—c)|(e****” —¢*®) and g=f/[(1—c)f +c]
(¢(+0, 1): a constant, a(+0), b, d: real constants).

Case 3. Assume neither ¢® nor ¢* ¢ are constants. From (5.1) we have

5 1—e?
(5.3) f= Syt

Since j 1s an entire function, we deduce from (5.3)
(54) Bz)=2mL(y(z), 2my(z)=p(z)—alz)

with a polynomial L(z) of degree=1 (See [€, Theorem 3.]).
Now we assert that the degree of L must be one. Suppose contrary to
this assertion. Then simple computations give

(5.5) m(r, e®)~m(r, f) (r—o0) and o(0, f/)=0.
Using (5.5) and the assumption (B)’, Lemma 3 implies
(5.6) m(r, e®)y=o(r?)  (r—rco).

On the other hand, since the degree of y(z) in (54) is not less than one, the
degree of S(2) in (5.4) is not less than two, so we deduce that

B.7) m(r, e®)=0(r?) (r—o0).

(5.6) and (5.7) evidently contradict each other. Hence the degree of L must be
one.

Assume that the degree of L is one. Then f(z) must be of the following
form:

1__ ezrnmy ) .
(58) f(@a)= BTN (m: an integer)

(See [6, Theorem 3]). First assume that |m|=2. In this case, the roots of
f=0 are the ones of y(z)=n/|m|+ an integer (n: an integer). We deduce
from this and the assumption (B)’ that the degree of y(z) must be one: y(z)=
az+b (a+0). Here a and b are clearly real. Substituting y(z)=az-+b into
(5.4), we obtain

(5.9) B —a(z)=2zi(az-+b).

Comparing (5.3) with (5.8) and using (5.1), we have
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B(z)=m(f(z)—a(z))+2ril  (/: an integer

=2mm(az+b)+2ril
and hence
(5.10) a(z)=2riim—1)az+b)+2x1l .
Thus we obtain from (5.8), (5.9), (5.10) and (5.1)
l_ezmm(az+b) e~2:1<m—1)(az+b)_ezzz(az+b)
f@=" imawny » 8= Todann

Finally we consider the case of m=—1,0 and 1. Assume that m=-—1.
Then from (5.8) we have f=—e *'¥®=£(), a contradiction. Assume that m=0.
Then from (5.8) we have f=0. This is absurd. Assume that m=1. Then
from (5.8) we have f=1, which is untenable.

This completes the proof.

6. Proof of Theorem 5. Firstly, making use of Theorem B, we have d(0, 1)
=0. Then the assumption (B)’ implies that

6.1) the genus of /=<1 and m(r, /)=o0(r?) (r—oo).
Hence, in view of Lemma 4, we have
m(r, =N, 0, g)+N(r, 1, g)+0og r)=N(r, 1, /)+O(log r)
=m(r, f/)+0(og r)=o(r*)  (r—o00).
Consequently the assumptions (A)" and (B)" imply

(6.2) g()=e**  (a#0).
Now, from py, p,<co and the assumption (A)" we obtain
(6.3) f2)=1+(g(z)—1)e"®.

with a polynomial a. (6.1), (6.2) and (6.3) imply that the degree of a must be
zero or one: a(z)=cz+d ((c, d)#(0, 0)). Therefore we have

(6.4) J(z)=14-gtarorz+d _geztd (a(#0), (¢, A)#(0, 0))

Next we assert that both a and ¢ are purely imaginary numbers. First we
note that (6.2) implies

lal lal
T

(6.5) n(r, 1, g)~ —75-7', NG, 1, g)~ 7 (r—o00).

Then, by the first fundamental theorem, we obtain
(6.6) m(r, [)=N(r, 1, /)+01)=N(r, 1, g)+0Q1) (r—00).

It follows from (6.1) and (6.6) that the genus of / must be one. Hence by
Lemma 3, we see that the number of the roots of /=0 which lie on the posi-
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tive real axis is infinite, and that the same is true for the zeros of / on the
negative real axis. From this we easily deduce that both a¢ and ¢ are purely
imaginary numbers. Therefore / must be of the following form:

6.7) f@)=1+|c|eitmrPHit_c|g =i,
c=|cle#0, «, B, 7: real constants.

Case 1. Assume that f is a real entire function. In this case we have
sin(fa+B1x+7)—sin(fx+7)=0 for any real x. This implies that «a-2§=:0,
r=(m+1/2)r (m: an integer) and c=d=i|c|. Substituting these into (6.7) we
have f(z)=1=+i|cle***Fi|c|e*®* (]c| =0, 5=0). Here using the assumption (B)’,
we have |c¢|=1/2.

Case 2. Assume that f is a non-real entire function. Since the roots of
g=1 are {2nmi/a};Z . and a 1s purely imaginary number, we see that all the
roots of f=1 lie on the real axis. This and the assumption (B)’ imply j& . 4.
Hence we can apply Lemma 1 to /. Firstly we rewrite the functions (i) and
(ii) in Lemma 1 in the following forms.

(1) f( )— rfA,e,ﬁj];ZIl,_H [921(324-7;)_1]
7 2sin(p—7.) :
6.8) ~ ,
i [[Lhen@eon o pnamn@m (p=2,3, ),
(i) f(z)= ) N
1 __e—zz(:z+77)_ _2217)(;;.(_,1) (1):_1’ ——2’ )

Case 2.1. Assume that both a and 8 are positive in (6.7). Comparing (6.7)
with (ii) (the case of p=2) in (6.8), we deduce that |c|=1, (Bz+1)+Q2k+1Drx=
2(éz+n) (k: an integer) and that ([a+flz+71)+2mr=4(6z+%) (m: an integer).
These imply a=pf, r=2I(z (/: an integer) and c¢=1. Thus we have /f(z)==
1+e®**—et: (a#0).

Case 2.2. Assume that a<0 and 8>0 in (6.7). Comparing (6.7, with (6.8),
we deduce that a+f=0. If a+pB=0, we use (6.7) to obtain f(z)=1-+c-—ce'#.
However, the assumption (B)’ requires that ¢=—1/241b (b : a real constant). If
a-+ >0, we deduce from (6.7) and (ii) in (6.8) that |c|=1, ([a+plz--7)+2mr=
2(éz+n), and that (Bz+7)+@2k+1)x=4(62z+%). These imply that a=—j3/2, j==
(2i+1)x pnd ¢=—1. Hence we have f(z)=1—¢* /D252,

Case 2.3. Assume that «>0 and 8<0 in (6.7). Doing in the same way we
deduce that a-+5=0. Hence we have the same result as in the first half of
Case 2.2.

Case 24. Assume that both « and S are negative in (6.7). Doing in the
same way, we have the same result as in Case 2.1.

Case 2.5. Assume finally that $=0 in (6.7). In this case, from (6.7) we
have f(z)=1—c+ce***. Here using the assumption (B)’, we have ¢=1/2-+ib (h:
a real constant)

This completes the proof.
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