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1. Two entire functions f(z) and g(z) are said to be permutable if
they satisfy the relation

f(9(2) = 9(f(2))

for any finite complex number z. The permutability of entire functions
which we are to consider is determining permutable functions of entire
functions. As far as the present authors know, there are several papers
that discuss this subject (see [8] and [5]) and contain some good ideas
which are used in the proof of results.

T. Kobayashi [5] proved the following:

THEOREM A. Let f(z) = z + Ce*, where a and C are constants with
aC # 0. Let g(z) be a non-constant entire function of finite order which
1s permutable with f(z). Then either ¢9(z) = f(z) + D or g(z) =z + D,
where D is a constant with exp(aD) = 1.

The method he used in the proof of Theorem A is very complicated
and not suitable in generalizing Theorem A. The purpose of this paper
is to decide permutable functions of a class of entire functions satisfying
certain differential equation and to indicate an elementary and simple
method by which we can generalize Theorem A.

We assume that the reader is familiar with the fundamental concepts
in Nevanlinna’s theory of meromorphic functions, in particular, with
symbols m(r, ), T(r, f) and M(r, f) etc. (see [4]).

2. First we state the results of this paper.

THEOREM 1. Let f(z) and g(z) be both mutually permutable entire
functions of finite order and f(z) of positive lower order. Let PJ(z)
=01, -, m+1, with n =1) be polynomials not all zero. If f(z)
satisfies a differential equation

(1) P@)f"(2) + +++ + P(2)f(2) + Pouu(2) = 0,

then there exist polynomials Qy2), +++, Q,1.(2) mot all zero such that
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Q(R)9™(2) + + -+ + Q,(2)9(2) + Q,1.(?) = 0.

THEOREM 2. Let f(2) be an entire function of positivé lower order
and 9(z) an entire function of finite order, permutable with f(z). Then

the order, lower order, and type-class of g(z) do mot exceed ones of f(z),
respectively.

The following theorems are the main results of this paper and reveal
the advantage of our method.

THEOREM 3. Let f = Q + He?, where Q and H (%0) are polynomials
and P is a non-constant polynomial. Let g be a mon-linear entire func-
tion of finite order, permutable with f. Then g = Cf + D, where C* =1,
D=a, (C-1)(na,), n =degP, a, and a,_, are coefficients of the first
and second terms of P, respectively.

THEOREM 4. Let f(z) = sin P(2), where P(z) is a mon-constant poly-
nomial. Let g(z) be an entire function of finite order, permutable with
f(2) and non-linear. (1) If f(z) is an odd funmction, then g(z) = f(2) or
9(z) = —f(2); (i) of f(2) is mot an odd function, then when deg P =1,
we have ¢9(z) = f(z), while when deg P > 1, either g(z) = f(z) or g(z) =
—sin(P(z) — ¢), where c¢ satisfies exp(inc) = (—=1)""', n =deg P and
P(sin(—2z + ¢)) = —P(sinz) + c.

We need the following lemmas for the proof of the above theorems.

LEMMA 1 (cf. [3]). Let Fy2), «-+, F,.(2) be entire functions not van-
wshing tdentically and hy(z), -, ha(2) (m = 1) be arbitrary meromorphic
Sfunctions mot all zero. Let g(z) be a mon-constant entire function, K a
positive real number and {r;} an unbounded monotone increasing sequence
of positive real numbers such that, for each j,

T(ry, b) = KT(rj, 9) (=0,1,:-+,m),
T(r; ) = A + o) T(rs, 9) -
If F(z) and h(2z) (i =0,1, -+, m) satisfy
Fy@h, + F(@h, + +++ + Fo(@h, =0,
then there exist polynomials Py2), - -+, P.(2) mot all zero such that
F(2)Py(z) + Fy(2)P(2) + +++ + Fo(2)P,(2) = 0.

LEMMA 2 (cf. [7]). Let P(z) and Q(z) be polynomsials of degree greater
than one. If the equation

P(f(2)) = F(Q(2))
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admits a meromorphic solution f(z), then deg P = deg Q and the solution
f(2) is not transcendental.

LEMMA 3 (Borel’s theorem [2]). Let F\(z), ---, F,(2) be entire fumnc-
tions such that F(z) — F;(z) is non-constant for i + j. Let h(2), ++-, ha(?)
be meromorphic functions of finite order such that

o(h,) < min{o(exp(F, — F,);s,t =1, -+, m, s #* t}
(=1, -, m), where o(h,) denotes the order of h,. If
hy(z)exp(Fy(2)) + +++ + hn(R)exp(F,(2)) =0,
then h,(2) = -+« = h,(2) = 0.
3. We state the proof of the above theorems.

ProOF oF THEOREM 1. Since f(g9) = g(f) by Polya’s theorem (cf. [6]),

we have
M(M(r, 1), 9) = M(r, 9(f)) = M(r, f(9)) > M(cM(r/2, g), f),

where ¢ is a positive constant between zero and one. Since g is of finite
order and f of positive lower order, there exist positive K, and K, such that

K, log M(r, f) > log log M(cM(r/2, g), /) > K,log M(r/2, 9) = K,T(r/2, g) .
By [4, Theorem 1.6], for each positive number » and any real number R >7,
we get log* M(r, f) < (R + r)(R —r)"'T(R, f). Thuslog™M(r, f) <3T(2r, f).
Hence we easily obtain
(2) T(r, 9) < K;T(4r, 1),
for a positive number K.

Since f is of finite order, there exists Polya’s peak {r;} (cf. [1]) of f.
Namely there exist three sequence {rj}, {rj}, {e;} satisfying 7;— + -,
rilr;— + oo, ¥i[r;— 4+ o0, =0 (j = 4+ o) and when 7; <t < 7f,

(3) T(t, f) <@ + &)+ (t/r)* " T(r; ) .
By the condition o(f) < + o, we have
m(r, f¥/f) =O0logr) (k=12 --+) (cf. [4]).
Hence
(4) T, f%) = mlr, fP1f) + m(r, f)
=0®ogr) + T(r, )= +oANT(r, f) k=12 ---).

Combining (2) and (3), we get

(5)  T(ryg®™) =@+ o@)T(rs 9)
< 2K,T(r;, f) < 2KA* " T(r;, f) (k=1,2,:-+),
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since 0(g) < + oo.

Differentiating both sides of the equality f(g9) = g(f) step by step,
we have

(@9 =gWNr",
(@9 + (99" = g"(NHf* + (N f",

ooooooooooooo

FP(@g'™ + fo(g)g e + - + f(9)g™
=g 4+ g O A+ e + 9N
Consequently,
f'(@) = (f'19)g'(f) ,
(6) S'(g) = (f'l9ye"(f) + (f" — 9" f'19)d'(f),

.............

F () = Flgrgm ) + - .
We can rewrite (1) as
(7) P(g)f™(9) + +++ + P(9)f(9) + Poiu(9) = 0.
Substituting each equality in (6) into (7), we have
kg™ (f) + «++ + hg(f) + by =0,

where all of h,, hy, ---, h,,, are the differential polynomials in 2, f, f’, ---,
f™, q,4d, -, 9g™. Therefore by the above discussion, we can find out a
positive number A such that

T(ry, h) < AT(ry, /) (1=0,1,---,m+1),
T(ry, f) = @ + o) T(r; 1) -
Thus by Lemma 1, we complete the proof of Theorem 1.

REMARK. Fromt he proof of Theorem 1, it is clear that Theorem 2
holds.

PrROOF OF THEOREM 3. From the expression of f(z), we easily get
(8) Hf' — (H + HP)f = HQ' — Q(H' + HP') = A(z) (say).

By Theorem 1, there exist three polymomials @, @, Q, not all zero such
that

(9) Qog'—ngzQz-

By Lemma 2, we have Q, % 0 and @, # 0, unless g is a linear function.
From (8) and (9), we have
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QNI () — QNI() = Q) »
H(g)f'(9) — (H'(9) + H(g9)P'(9))f(9) = A(9) ,
=90, (@9 =9Uf".

By simple calculation, we have

[H(@)Q.Nf" — QN(H(9) + H(9)P'(9))9']1(9)
= —H(@)QNSf" + QA9 .

Therefore by Lemma 3 we have
(10) (QuUNQUNS" = [(H'(9) + H(9)P'(9))/H(9)]9" .

We separately treat two cases.

(I) The case where H is not a constant. Clearly (H' + HP')/H is
not a polynomial. By (9), for any finite complex number %, g — % has
at most finitely many multiple zeros. In fact, if @, + uQ, # 0, the result
clearly holds; if @, + uQ, = 0, ¢ — u has at most finitely many zeros. We
may assume without loss of generality that g can take any finite complex
number. In fact, suppose that g = ¢, + ¢*, where ¢, is a constant and
X is a polynomial. By Theorem 2, deg X is not greater than deg P. We
easily get f = ¢, + ¢,(z — ¢,)"exp P, for some constant ¢, and non-negative
integer m. Thus it follows from f(g) = g(f) that

exp(X(f)) = c,exp(mX + P(9)), and X(f)=mX+ ¢, + P(9),

where ¢, is a constant. By Lemma 3, we easily obtain m =0 and
(X — ¢;)(f) = P(g). This is a special case of the following discussion.

Therefore the functions of both sides of the equality (10) are mero-
morphic. Furthermore, Q,/(Q,, ®,) and H/(H' + HP’, H) are not constant,
which we denote by F'(z) and E(z), respectively, where (Q, Q,) denotes
the greatest common factor of @, and Q,. From (10), we know that E(g)
and F(f) have zeros at the same points. By Theorem 2, po(g9) < po(f).
f—u and g — u have at most finitely many multiple zeros for any com-
plex number %. Hence by (10) and the above discussion, we have

B(2)E(9) = C(z)F(f)e"* ,
where B, C and W are polynomials and deg W < p(f). Obviously
B(NHE(f(9) = CUNHF(f()exp(W(S)) ,
B(f)E(Q(9) + H(g)exp(P(9))) = C(NYF(Q(S) + H(f)exp(P(f)))exp(W(f)) .
By Lemma 3, we get without difficulty
P(g) = aP(f) + bW(f) + G(2) = (aP + bW)(f) + G(2) = L(f) + G (say),
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where a and b are constants, G(2) is a polynomial. Thus we obtain
P(Q(g) + H(g)exp(P(9)) = L(Q(S) + H(f)exp(P(f)) + G(f) .

By Lemma 3 again, we have P(g) = dP(f) + S(z), where d is a constant
and S(z) a polynomial. We have d =1 by the same method as in the
above. Then it follows that

11 P(g) = P(f) + S,
(1) P(Q(9) + H(gexp(S + P(f)) = PQ(S) + H(fexp(P(f)) + S(f) .

Comparing the coefficients of the first and second terms of both sides
of the equality (11’), we see that H*(g9)exp(nS) = H™(f) and

na,Q(9)H"*(9)exp((n — 1)S) + a,_,H"(g)exp((n — 1)S)
= na, QN H(f) + a._ . H'(f) .

Therefore
(12) cH(g)e® = H(f) ,

c(na,Q9) + a,_,) = na,Qf) + a,_,, namely,
(13) Q9) = c7'Q) + a,.,(1 — ¢)/(na,c) ,

where ¢ is a constant with ¢* = 1. Combining (11), (12) and (13), we have
9(f) = f(9) = Qg) + H(g)exp(P(9))
= ¢7'Q(f) + ¢*H(f)e S exp(P(f) + 8) + ¢ =c'f(f) + ¢,

hence g = ¢'f + q, where q = a,_,1 — ¢)/(na,c).

(II) The case where H is a constant. We may assume that H = 1.
From (10), we get immediately P(g) = L(f), where L is an integral of
(Q.,/Q,). By the same method as in (I), we may assume that f takes any
finite complex number. Thus it follows that L is a polynomial. There-
fore by the same method as in (I), we have the theorem.

Proor OoF THEOREM 4. Obviously, f satisfies the equation
(14) S+ P*f* = P*.
Since f'(9)9’ = ¢'(f)f’ and f*(g) = 9°(f), we have
(f'19'ye*(f) + P9)9*(f) = Pg) .

By the same method as in the proof of Theorem 1, we can find out
three polynomials @, Q,, Q, not all zero such that

(15) Q9" + Q9 = Q,.
By Lemma 2, we have Q, # 0 and Q, # 0, unless g is a linear function.
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Hence from (14) and (15), we have

f'9) + P(g)f*(9) = P™9),

QNG (9) + QN g) = QL) .
Eliminating f'*(g) from the above equalities, we have
[Q(F) — PH@)Q)G'[ )] F(9) = Qf) — PU@Q )G [Sf') .
Thus
PH@QNGIF) = Q) = QL) -

Obviously, @, = @, and
(16) P™(g)g" = (QN/QNS* .

Put B = (Q,/Q,), which is a polynomial, since f takes any finite com-
plex number. Hence from (14), (15) and (16), we obtain P'*(g)(1 — ¢*)B =
B(f)-(1 — fH)P", namely,

C(g)B = D(f)P*,
where C = P™*z)1 — 2*) and D = B(z)(1 — 2*). Furthermore, we have
B(f)C(f(9) = P*(f/)D(f(f)), namely,
B(f)C((exp(:P(9)) — exp(—1P(9)))/(29))
= P*(f)D((exp(¢P(f)) — exp(—iP(f)))/(23)) .

Then it follows from Lemma 38 that

a7 P(g) = dP(f) + G(2) ,

where G is a polynomial and d a constant. Hence we have immediately

P((exp(idP(f) + iG) — exp(—1idP(f) — iG))/(21))
= dP((exp(tP(f)) — exp(—1P(f)))/(29)) + G(f) .

By Lemma 3 again, d = 1 or d = —1; furthermore, when d = 1, exp(inG) = 1;

when d = —1, exp(inG) = (—1)"*'; n» = deg P. Hence G is a constant.
From (17), we have

(18) P(sin(xzw + G)) = £P(sinw) + G .

Now we separately treat two cases.
(I) The case where P = az + b, where both a (+#0) and b are con-
stants. From (17), we have g = £ f + ¢, where ¢ = (G £ b — b)/a. Since

9(f) = f(g) = sin P(9) = xsin(P(f) £ G),

we get g = isin(P(z) + G) = =sin P(z) + ¢, further, sin(z £ G) = sinz=+ec.
By Lemma 3, we have immediately ¢ = 0. It follows that g = +f.
When f is not an odd function, g +# —f. Indeed, suppose that g = —f.
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We have — f(f) = 9(f) = f(9) = f(—f), namely, —f(2) = f(—2). This is
a contradiction.

(II) The case where deg P > 1. We consider two subcases.

(1) The subcase where the equality (18) holds for the positive sign.
We are to prove that G = 0. Indeed, suppose that G = 0. By (18) we
get without difficulty

P@in(mG))/(mG) = P0)/(mG) + 1.

As m — + o, the right side of the above equality converges to 1, but
since |exp(i1G)| = 1, the left side converges to 0. This is a contradiction.
Thus we have G = 0. Therefore, we have g = f.

(2) The subcase where the equality (18) holds for the negative sign.
From (17), we have

9(f) = f(g) = sin P(g9) = —sin(P(f) — G) ,
namely, g = —sin(P(z) — G).
When f is an odd function, by Lemma 3, we have P(—z) = — P(z)+2kr,

where k is an integer. Then it follows from (18) that P(sin(z — G)) =
P(sin z2) + (2kr — G). Consequently,

P(0) = P(sin(G — @)) = P(sin(m@G)) + m@kr — @) .

By the same method as in the subcase (1), we can prove that G = 2kx.
Thus we have g = —f.
Hence we complete the proof of the theorem.
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