J. Aust. Math. Soc. 97 (2014), 391403
doi:10.1017/S1446788714000305

ON SOLUTIONS TO NONHOMOGENEOUS ALGEBRAIC
DIFFERENTIAL EQUATIONS AND THEIR APPLICATION

LIANG-WEN LIAO™ and ZHUAN YE
(Received 31 March 2014; accepted 10 July 2014; first published online 24 September 2014)

Communicated by P. Fenton

Abstract

We consider solutions to the algebraic differential equation f” f” + Qu(z, f) = u(z)e’@, where Qu(z, f) is a
differential polynomial in f of degree d with rational function coefficients, u is a nonzero rational function
and v is a nonconstant polynomial. In this paper, we prove thatif n > d + 1 and if it admits a meromorphic
solution f with finitely many poles, then

@) = 5@e" @ and  Qu(z f) = 0.

With this in hand, we also prove that if f is a transcendental entire function, then f” pi(f) + ¢,,(f) assumes
every complex number @, with one possible exception, infinitely many times, where pi(f), g(f) are
polynomials in f with degrees k and m with k > m + 1. This result generalizes a theorem originating from
Hayman [ ‘Picard values of meromorphic functions and their derivatives’, Ann. of Math. (2) 70(2) (1959),
9-42].
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1. Introduction and main results

Let A = {(do, A1, ...,4,) : 4; is a nonnegative integer and 0 < j < u < oo} be an index
set with a finite cardinal number and let

Qu(z, ) = D @@ f ()" - (F0)

AeA

be a polynomial of f and its derivatives with degree d and meromorphic function
coefficients a,(z), where d := deg(Q(z, f)) = max,ea Z};:o A;. In the sequel, we simply
call Qu(z, f) a differential polynomial of f with degree d. We also assume that the
reader is familiar with the simple standard notation and results in Nevanlinna theory
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(see [3, 8]). The term S (7, f) always has the property that S (r, f) = o(T(r, f)) as r — oo,
possibly outside a set E of finite linear measure. The set £ is not necessarily the same
at each occurrence. A meromorphic function a(z) is said to be a small function with
respect to f(z) if and only if T'(r,a) = S(r, f).

It is always an essential problem to find the structure of solutions to any differential
equation. In 1980, Gackstatter and Laine [6] conjectured that the algebraic differential
equation

(fl)n = pm(f)’

where p,,(f) is a polynomial in f and n is a positive integer, does not possess any
admissible solution when m < n — 1. In 1990, He and Laine [9] gave a positive answer
to the conjecture. Recently, Zhang and the first author [21] proved that if the algebraic
differential equation with polynomial coefficients

Qu(z, /)=0 (1.1)

has only one dominant term (highest-degree term), then (1.1) has no admissible
transcendental meromorphic solutions with a few poles. There are also many other
papers concerning the structure of solutions to various differential equations (for
example [1, 4, 10-14]). In this paper, we consider the algebraic differential equation

FUf + Qu(z, f) = u(z)e"®, (1.2)

where Q,(z, f) be a differential polynomial in f with n > d + 1 and rational function
coefficients, u# is a nonzero rational function and v is a nonconstant polynomial.
Clearly, f"f" is the only dominant term in (1.2) and its nonhomogeneous term is a
transcendental meromorphic function. Thus, we find a simple and neat expression for
meromorphic solutions to (1.2) if the solutions have a few poles. This also means
that the solution has finitely many zeros determined by the term ue” in the differential
equation. Further, the result can be used to generalize a theorem of Hayman [7].

Hayman [7] proved that if f is a transcendental entire function, then f’ " assumes
every nonzero complex number infinitely many times, provided that n > 2. Since
then, there are many research publications [2, 5, 15, 16, 20] regarding this type of
Picard-value problem. For example, Mues [15] extended the result, proving that if
p(f) is a nonconstant polynomial in f, then p(f)f’ assumes every nonzero complex
number infinitely many times. Zhang and Li [20] proved that if f is a transcendental
meromorphic function with N(r, f) = S (r, f) and p a polynomial with degree > 1, then
p(f)f’ takes every nonzero complex number infinitely many times. In this paper,
we also prove that if py, g, are two polynomials with degrees k >m + 1 and f a
transcendental entire function, then py(f)f’ + ¢, (f) assumes every complex number,
with possibly one exceptional value, infinitely many times. More interestingly, we
show that if pi(f)f" + gn(f) takes the exceptional value finitely many times, then
we can prove that g, has to be a constant polynomial and p, is a complete power
function, or f(z) = AeBZ + C, where A, B, C are constant. Now we are ready to state
our theorems.
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Tueorem 1.1. Let Q4(z, f) be a differential polynomial in f of degree d with rational
function coefficients. Suppose that u is a nonzero rational function and v is a
nonconstant polynomial. If n > d + 1 and the differential equation

FUf + Qu(z, f) = u(z)e’® (1.3)

admits a meromorphic solution f with finitely many poles, then f has the following
form:
f@) = s(x)e" @ and  Qu(z, f) =0,

where s(z) is a rational function with s"(n + 1)s’ +Vv's) = (n + Du. In particular, if u
is a polynomial, then s is a polynomial, too.

Remark 1.2. The condition n > d + 1 in the theorem is necessary. For example,
f(z) = €* + z solves the following differential equation:

f/fZ _ 2Zf/2 _ Z2](‘/ — 631’
where n =d = 2.

TueoreM 1.3. Let f be a transcendental entire function, q,,(f) = by f™ + -+ b1 f + by
a polynomial with degree m and n a positive integer withn > m + 1. Then [’ " + q,,(f)
assumes every complex number « infinitely many times, except for a possible value
by = ¢u(0). On the other hand, if ' f" + g (f) assumes by = g,,(0) finitely many times,
then q,,(z) = by, f and f' have only finitely many zeros.

Remark 1.4. The restrictive condition #n > m + 1 in the theorem is necessary. For
instance, if f(z) = € + 1 and ¢2(z) = -2z + 3z, then f'f? — 2% + 3f = e¥ + 1 does
not assume 1 # ¢,(0).

THeEOREM 1.5. Let f be a transcendental entire function, p,(f) =a,f" +---+ag a
polynomial with degree n, q,,(f) = by f™ + -+ + by a polynomial with degree m and
n=>m+ 1. Then f'p,(f) + gm(f) assumes every complex number « infinitely many
times, except for a possible value gq,,(—a,-1/na,). On the other hand, if f'p,(f) +
qm(f) assumes the complex value q,,(—a,-1/na,) finitely many times, then either:

1) pu(@=a,(z+ a,_1/na,)", g.(z) is a constant polynomial, which is q,,(—a,-1 /na,);
and f + a,_1/na,, ' have only finitely many zeros; or

(2) f(2) = AéP* + a,_y/na,, where A, B are some constants, only when g, is
nonconstant and f is of finite order.

Remark 1.6. Theorem 1.3 is a special case of Theorem 1.5. But, we need Theorem 1.3
in the proof of Theorem 1.5. Otherwise, we think the proof will be too long if we
combine Theorems 1.3 and 1.5 together.

Remark 1.7. It is challenge to prove that Theorem 1.3 and/or Theorem 1.5 are valid
for meromorphic functions in the complex plane.

Exampie 1.8. If f(z) = €%, then f'(f> — f) + f = €3 does not assume 0 = g,(0). If
g(z) = e + 1, then g’(g — 1)" does not assume zero.
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2. Lemmas

Lemwma 2.1 (Clunie lemma [5, 17]). Let f(z) be a transcendental meromorphic function
in the complex plane and satisfying

["@PG, ) = 0@ /),

where P(z, f), Q(z, f) are differential polynomials with rational function coefficients.
If the degree of Q(z, f) is at most n, then

m(r, P(z, f)) = O(logr) (r — ),
if f is of finite order, and
m(r, P(z, f)) = O(og(rT(r, f))) (r — o),
possibly outside a set E of r with finite linear measure, if f(z) is of infinite order.
Lemma 2.2 (Borel lemma [18]). Let aj(z) be entire functions of finite order < p.
Let g(z) be entire and gi(z) — gj(z) (j # k) be a transcendental entire function or
polynomial of degree greater than p. Then

n

Z a j(z)egf(Z) = ap(z)
Jj=1
holds only when
aop(z) = ai(z) =---=ay(2) =0.

LemmMa 2.3. Let n > 2 be an integer and Py(z, f) denote an algebraic differential
polynomial in f(z) of degree d < n — 1 with small functions of f as its coefficients. If
p(2) is a small function of f, if a is a nonconstant polynomial and if f is a meromorphic
solution of the equation

F @)f @) + Pz, f) = p(2)e”@
and N(r, f) = S(r, f), then f is of finite order.

Proor. Clearly, any meromorphic function satisfying the equation in the lemma must
be transcendental. Denote k = deg @. By the Clunie lemma and N(r, f) = S (r, f),

1
(n+ DT, f) = T(r, f*1) = T(r, f_“) LS f)

= m(r, #) + m(r, ]%) + N(r, #) + N(r, %) - N(r, %,) +S(, 1)
<T@ ff"+ N(r, %) +S(r, f)=m(r, £ f") + N(r, %) +5(r, f)

< m(r, p(2)e™@) + m(r, Pa(z, ) + N(r, %) LS f)

<Af+d+ DT, )+ S, f).

Of course, the assumptions that N(r, f) = S(r, f) and N(r, pe®) = S(r, f) have been
used here. Thus, (n — d)T(r, f) < Ar* + S(r, f) and f is of finite order. O
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Lemma 2.4. If f is a meromorphic function of infinite order, then there exists a sequence
{z} with limy o 74 = 00 such that { f(zx + 2)},, is not normal at z = 0.

Proor. First, we claim that limsup__,, f*(2) = 00, where f#(2) = |f'(@)I/(1 + |f)P) is
the spherical derivative of f. Indeed, if it is not true, then there is a positive constant
C such that f#(z) < C for z € C. Therefore,

1 (1 Cc?
T )= ;j(; ;(ffll (f#(z))zdxdy)dts ?rz.

It follows that the order of f is not greater than two, which contradicts the assumption
that f is of infinite order. Hence, there exists a sequence {z;} with limy_, z; = o0
such that limy_,e f*(zx) = +00. Set {gi(z) = f(zx + 2}o,- Then gZ(O) is unbounded.
Therefore, by Marty’s criterion, {gx(z) = f(zx + 2)};_, is not normal at z = 0. O

Lemma 2.5 (Zalcman—Pang lemma [19]). Let ¥ be a family of meromorphic functions
on D ={|z] < 1} and a a real number satisfying —1 < a < 1. Then F is not normal in
D if and only if there exist:

(i) anumberr,0<r<1;

(i1) a sequence of points zy, |zi| < r;

(iii) a positive sequence py, pr — 0; and

(iv) asequence {f},eny CF such that o} fi(zx + pr{) — g({) spherically uniformly on
compact subsets of C, where g is a nonconstant meromorphic function of order

pg) <2

3. Proofs of the theorems

3.1. Proof of Theorem 1.1. Let f be a meromorphic solution of (1.3) with finitely
many poles. It follows from Lemma 2.3 that the order of f is finite. If f has only
finitely many zeros, then f(z) = s(z)e"®, where s(z) is a rational function and #(z) is a
polynomial. By substituting f into (1.3) and using Lemma 2.2, we obtain Q,(z, f) =0,
(n + Dt(z) = v(z) and s"(s’ + t's) = u, which also implies that s is a polynomial if u is
a polynomial. Thus, Theorem 1.1 is proved when f has only finitely many zeros. Now
we assume that f has infinitely many zeros. Denote Q = Q,(z, f). Then

S +nf N+ Q= Ve, 3.1)
It follows from (1.3) and (3.1) that
Wff” +nu(f) =@ +vVuff)f~" = Qi

where Q%(z, f) = uQ’ — (' +v'u)Q is a differential polynomial of f with degree d
and rational function coefficients. It follows from Lemma 2.1 that there is a rational
function ¢ such that

u@f@f" @) +nu@)(f () = W) +V@Qu)f)f () = ¥(2). (3.2)
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If Y(z) = 0, then
u@)f@)f" (@) + nu@)(f' ()" = ' (@) =V Qu)fR)f (). (3.3)

Let z9 be a zero of f which is not a zero or pole of u(z) and v(z); then it follows from
(3.3) that f”(z9) = 0. Thus, zq is a zero of f with multiplicity n > 2. By comparing the
multiplicities at zo of both sides of (3.3), we have u(zg) = 0, which is a contradiction.
Hence, y(z) £ 0.

By differentiating (3.2),

uf” f+ Qn+ Duf' ' =W’ +V'u+Vi)f'f=vVuf’'f+((n-Du' +vVu)f) =y

3.4)
Multiplying (3.2) by ¥’ and (3.4) by ¢, and then subtracting the resulting equations,
(O1f" + Qaof” + Qa3 f"Vf = f'(Bif + Baof”), (3.5)

where

01 = Y@ (@) + V' @Qu(2) +V (Qu(z)) = ' ()W (2) + V' (2)u(z)),
0> = ¥ (@Qu(2) + Y(v(2)u(2),
03 = —Y(u(z),
By = (n— DyY(u'(2) — Y@V (2u(z) — nY/' (2u(2),
By = 2n+ Dy (2)u(z).
If 7o is a zero of f(z), but is not a zero or pole of u(z), v(z) and ¥(z), then f'(z9)> =

W(zo)/nu(zp) # 0 by (3.2). Hence, zq is a simple zero of f and, consequently, (3.5)
gives

Bi(20)f"(20) + B2(20) " (z0) = 0.
Thus, (B1f’ + B»f”")/f has only finitely many poles and, by the logarithmic derivative
lemma,
T( B f’ +Bzf") 3 ( Bif" + By f”
r,—————— | =m|lr, ————
f f

Therefore, A(z) := (B1f’ + Bof”")/f is a rational function and f satisfies the following
differential equation:

) + O(logr) = O(log r).

Bf" + B f —Af =0. (3.6)
If A =0, then
1" By n—1u n Y 1,
?=_B_2=_(2n+17_2n+1$_2n+1v)'
By integrating the above equation,

fI(Z) — ﬁ] (Z)e(l/(2n+l))v(7)’ (3.7)
where 31(z) is a rational function. Substituting f” into (3.2),

ﬁz(Z)e(l/((2n+1)))v(z)f(z) = nu(z)B) (Z)Ze(2/((2n+1)))V(Z) - ¥(2),
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where [3,(z) is a nonzero rational function. Thus,
f =,33(Z)e(1/((2n+1)))v(Z) +54(1)8—(1/((2%1)))\/(@, (3.8)

where B3(z) = nu(z)ﬁ% /B2 and B4(2) = —/B, are rational functions. It follows from
(3.7) and (3.8) that

1
(ﬁl(z) - B3(2) - m&(Z)V'(z))e(l/((z"“)))"(Z)

1
= (ﬁ:;(z) - oy 1,34(Z)V’(z))e_(l/((z’”')))v(z).

Hence, Lemma 2.2 implies that

2

1+ 1ﬁ4(z)V'(z) =0.

Bu(2) - 5

If B4(2) # 0, then B4(z) = CeV/ (@@ which contradicts the fact that B4(2) is a
rational function. If 84(z) = 0, then ¥(z) = 0, a contradiction again. Hence, A # 0.

By a similar argument as we have used above, A (2) := (Q1f" + OQ2f”" + O3f"")/ f’
is a rational function. Thus, f satisfies the following differential equation:

O3 f"" + Qo f" + (01 — AN =0. (3.9)
By differentiating (3.6), we obtain
Bof” + (B, +B)f"+ (B —A)f -A'f=0. (3.10)

By eliminating " from (3.9) and (3.10),
[(Qn+1)02 + B, + Bilf” +[2n+ 1)(Q1 —A) + By -Alf —A'f=0. (3.11)
It follows from (3.6) and (3.11) that
Rif' +Rof =0,

where

Ry = Bi[2n+ DO + By + Bi] = Bo[(2n + 1)(Q1 — Ay) + B) — Al

Ry =A'B, —A[2n+ 1)0, + B, + B].
If Ry =0, then R, = 0. Hence,

A'_(2n+1)Q2+B/2+Bl_t//'+B§+n—lu'+ L v
A B, Y B, 2n+lu 2n+1 2n+1
Thus,
v, v Ay By n-14u

M+l 2n+l A ¥ B, 2n+lu
This is impossible, since the left-hand side tends to infinity and the right-side tends to
zero as z tends to infinity. This shows that R; # 0 and
f_ R

S R
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Since f’/f has only simple poles, so does R, /R ; therefore, f(z) = s(z)e"*?, where 5(z)
is a rational function and v.(z) is a polynomial. By substituting f into (1.3) and using
Lemma 2.2, we obtain Q4(z, f) =0, (n + 1)v.(2) = v(z) and s"(s" + v..s) = u, which also
implies that s is a polynomial if u is a polynomial.

3.2. Proof of Theorem 1.3. If f has finite order and f’f" + ¢,,(f) assumes a
complex number a # by finitely many times, then f satisfies the following differential
equation:

T+ qu(f) = a=u(x)e", (3.12)

where u(z) and v(z) are polynomials. Thus, it follows from Theorem 1.1 that there is a
polynomial s such that f(z) = s(z)e"@/"*D and ¢,,(f) — a = 0, from which Lemma 2.2
implies by — a = 0. This is a contradiction.

If f has infinite order and f’f" + ¢,,(f) assumes a complex number « finitely
many times, then we get from Lemma 2.4 that there exists a sequence {z;} with
limy_,, zx = oo such that {g,(z) = f(zx + 2)};_, is not normal at z = 0. By Lemma 2.5,
there exist a sequence of {w};?, with [wy| <1 and a positive sequence of p; with
pr — 0 such that

(@) = p " Vi + piz) = o1 flwi + 2+ pr2) — g(2)

spherically uniformly on any compact subset of C, where g(z) is a nonconstant entire
function and its order satisfies p(g) < 2. Thus,

Fi(@) = f' Wi+ 25 + o) fwi + 2+ pi2)" + @ (f Wi + kzie + pr2))
= I + B VH 4+ bip " D+ b)

converges to g’'(z)g(z)" + by spherically uniformly on any compact subset of C. We
now consider two cases.

Case 1. When g’'(2)g(z)" + bp — a has a zero, say ;. Then, by Hurwitz’s theorem,
there are a sequence of complex numbers {{;} and a sufficiently large integer N such
that Fy(x) —a=0 (k> N) and {; — . Hence,

' @EfE)" + qm(f(é)) —a =0,

where & = wy + zx + prli. Since [wyi| < 1, zx — oo, pp = 0 and & — {y as k — oo, we
can choose subsequences {z;}, {wy;} and {poy;} such that

ek, — 2l >3 whenk;# k., [wel<1 and |ogdsl < 3.

Thus, &, = wy; + 2z, + pr;¢k; (J = 1,2,...) are distinct zeros of [’ f" — g,,(f) — a, which
is a contradiction.

Case 2. When g’(z)g(z)" + by — a does not have a zero. Thus, g(z) must be a
transcendental entire function of finite order and is a solution of the differential
equation

gg +by—a=e",
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where v(z) is a polynomial. It follows from Theorem 1.1 that a — by = 0. This means
that " + g,,(f) takes any complex number a # by = ¢,,(0) infinitely many times.
Thus, the first part of the theorem is proved.

On the other hand, if /" f" + g,u(f) assumes by = ¢,,(0) finitely many times, then
L+ gu(f) = gm(©0) = FF L + bpf™ ™ + -+ by)

has only finitely many zeros. It follows that f and £’ "' + b, f™ ! + --- + b; have
only finitely many zeros. That is, f'f"! + b, f™ ! +--- + b, assumes the value 0
finitely many times. By similar arguments as we have done with f” " + b, f™ + - -- +
b1 f + by and a = 0 above, we have b; = @ = 0. Continuing the arguments, we have
by =by=---=b, =0. Hence, ¢,,(z) = bg and f’ f" has only finitely many zeros; so
do f and f’. We have completed the proof.

By the proof of Theorem 1.3, we obtain the following result.

CoroLLARY 3.1. Let § be a family of holomorphic functions in a domain D. Suppose
that f' " + qu(f) does not assume a complex number « # ¢,,(0) for every function
f e wheren > 1, q,(2) is a polynomial with degree m and m <n—1. Then ¥ is a
normal family in the domain D.

In fact, if & is not normal at 7, then it follows from Lemma 2.5 that there is
a nonconstant entire function g of order p(g) < 2 such that g’¢" does not assume
qm(0) — a # 0. This is impossible.

3.3. Proof of Theorem 1.5. We first discuss the case that f is a transcendental
entire function of finite order. If n = 1, then let p1(f) = a1 f + ap with a; # 0. Since
n>m+1=0, g,(f) is a constant, say by. If f'p1(f) + by assumes « finitely many
times, then there are a polynomial s and a nonconstant polynomial v such that

f/(Z)Pl(f(Z)) +by—a= s(z)ev(z).
Set g(z) = f(z) + ap/a;. Then
/ ' "p1(f)
g8= L(a1f+ao) = Q
aj ap
Therefore, g is a transcendental entire solution of

ww + bo__a = @eV(Z)_
ai ai
It follows from Theorem 1.1 that (by — @)/a; = 0; therefore, a = by = ¢,,(0). This is a
contradiction.
Next, if n > 2 and if f’p,(f) + ¢.»(f) assumes « finitely many times, then there are
a polynomial # and a nonconstant polynomial v such that

F@Qpa(f)) + gu(f(2) — @ = u(z)e"®.
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Let g(z) = f(2) + a,-1/na,. Therefore, g is a transcendental entire function. Noting

that the polynomial p,(w — a,_1/(na,)) does not contain the term w"~!,

FPu(f) + au(f) = g’pn(g _ ) N qm(g s )

na, na

’ n ’ an—
= 4,8'g" + g'A(g) + gB(g) + qm(— . ) (3.13)

n

where A, B are two polynomials, say,

A@R)=d 7"+ +ay and B()=b,"" + b

BT AR
Hence, g is a transcendental entire solution of the equation

JAw)  wBw)  gu(—ap-1/na,) —a  u
w + + = —e.
an aﬂ al’l aﬂ

ww" +

It follows from Theorem 1.1 that there is a polynomial s such that g(z) = s(z)e"@/+D
and, for all z € C,

A(g(2) N 8(2)B(g(2)) N gm(—ay-1/na,) — «

an Ap ap

g 0. (3.14)
It is clear that every nonconstant term in (3.14) is in the form of u(z)e'®, where u
is a polynomial and v is a nonconstant polynomial. Consequently, Lemma 2.2 gives
qm(—a,-1/na,) — a = 0, which contradicts the assumption that a # g,,(—a,-1/na,).

Now we consider the case that f is of infinite order. It follows from Lemma 2.4
that there exists a sequence {z;} with limy_,«, zx = oo such that {f;(z) = f(zx + 2}, is
not normal at z = 0. By Lemma 2.5, there exist a sequence of {w;};”,, [wi| <1, and a
positive sequence of py, pr — 0, such that

hi(2) = filwi + pr2) = f(w + 2 + prz) = h(z)

spherically uniformly on any compact subset of C, where /(z) is a nonconstant entire
function and its order satisfies p(h) < 2. Thus,

Fi(2) == pr(f' Wi + zi + pr2)(@nfWi + 25 + pr2)" + -+ - + ap))
+ ok f Wi + 21 + pr2)" + -+ + by — @)
= ()@ (@) + -+ + ao) + pr(buh(2) + - + by — @)
converges to h’'(z)p,(h(z)) spherically uniformly on any compact subset of C.
We claim that 4’'(z)p,(h(z)) does not assume zero if f'p,(f) + ¢g,(f) assumes «
finitely many times. In fact, if 4'(z)p,(h(z)) has a zero, say {p, then, by Hurwitz’s

theorem, there are a sequence of complex numbers {{;} and a sufficiently large integer
N such that F({) = 0 (k> N) and {; — . Hence,

f/(Wk + Zk +ka)(anf(Wk + Zk +pkz)" oot aO)
+bmf(wk+zk+PkZ)m+"'+b0—a=0,
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where &, = wy + 7 + prdi. Since |wy| < 1,

lim z; = oo, klim pr=0 and ]}im & = o;

k— oo

we can choose subsequences {z}, {wy;} and {oy;} such that
ek, — 2l >3 whenk;# k., [wel<1 and |ogdsl < 3.

Thus, &, = wi, + 2, + p,&k; (J = 1,2,...) are distinct zeros of f'p,(f) + gu(f) — a.
This is a contradiction.

Hence, we have proved that if f’p,(f) + ¢..(f) assumes a complex value « finitely
many times, then /’'(z)p,(h(z)) # 0 for all z € C. Consequently, 4 is a transcendental
entire function of finite order and there is a nonconstant polynomial v such that

W pp(h) = I (aph" + ap B + -+ ag) = '@, (3.15)
Let H(z) = h(z) + a,_1/na,. Then

n .

Q.= aj(H - &t )j = a,H" + A(H), (3.16)

J=0 "

where A(H) is a polynomial of H with degree not greater than n — 2. Hence, (3.15)
turns out to be ! !
H'H"+ —A(H)H' = —e".
n an
It follows from Theorem 1.1 that A(H)H’ = 0; therefore, A(H) = 0. Hence, (3.16)
gives

a_ n
pn(z)=an(z+ - 1) :
na

Let g(z) = 1/x(f(2) + an_/na,), where x is a complex number such that x"*'a, = 1.
Thus,

an—1 ap-1
+qm|\ X8 —
na, na,

an—-1

I pa(f) + qu(f) = xg’pn(xg -

) — g/gn + qm(xg _ ap—1
na

= a8 + gl xg - ) Gam

n n

assumes « finitely many times. On the other hand, Theorem 1.3 shows that

g+ qm(xg - 2 )
na,
which is the right-hand side of (3.17), assumes every « # g, (—a,-1/(na,)) infinitely
many times. This is impossible. Therefore, f’'p,(f) + g.(f) takes every «a #
qm(—an—1/(nay,)) infinitely many times.
Furthermore, if f'p,(f) + q.(f) takes g, (—a,—1/(na,)) finitely many times and f
is of infinite order, then, by (3.17), g’'¢" + gn(xg — a,-1/na,) takes q,,(—a,-1/(nay))
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finitely many times. It follows from Theorem 1.3 that the polynomial g, (xg —
a,—1/nay) is the constant g,,(—a,_1 /na,). Therefore, (3.17) becomes
n an_1\"
mih =5 =aro+ L),
na,

X

since ' = xg’ and g,,,(f) = qu(—a,—1/(nay)). This means that p,(z) = a,(z + a,-1/na,)",
that is, a complete power function.

If ' pu(f) + g (f) takes g,u(—a,-1/(nay)) finitely many times and f is of finite order,
then we consider two cases: ¢,,(z) is a constant polynomial and ¢,,(z) is a nonconstant
polynomial.

When ¢,,(2) is a constant, then @ = ¢,,(—a,-1/na,) = by and B(z) = 0, where B(z) is
defined in (3.14). Therefore, (3.14) gives A(z) = 0. Thus, (3.13) becomes

n ap-1 "
pn(f) =ang = an(f + ) s
na,
since f' =g’ and q,,(f) = gm(—an-1/(na,)). Therefore, p, is a complete power
function.
When ¢,,(z) is a nonconstant polynomial with degree m > 1 or b,, # 0, then,
substituting g(z) = s(z)e" @™ into (3.14) and by Lemma 2.2, & = ¢,,(~a,,_/na,) and

(o V'(2) _
am_l(s @+ s ) T bys(z) = 0,
which is the coefficient of the term ¢™@/*D since n>m + 1. If a’_, =0, then

b,, = 0, which is a contradiction. Hence, afn_l # 0 and

a, vV(z)
( n+1
Thus, a;_v'(z)/(n+ 1) + b, =0 and s'(z) = 0. It follows that s(z) is a constant, say
C’, and v(z) is a linear polynomial, say Dz + D', that is, g(z) = CeP* for some constants
C, D. Hence, f(z) = Ce" + a,_, /na,. Thus, the proof of the theorem is complete.
By Theorem 1.5, we have the following results.

+ bm)s(z) + a;_ls'(z) =0.

CoroLLARY 3.2. Let f be a transcendental entire function and p,(z) a polynomial with
degree, n > 1, as in the theorem. Then f’ p,(f) assumes every nonzero complex number
a infinitely many times. On the other hand, if f’ p,(f) takes 0 finitely many times, then
Pn(2) = a,(z + ay—1/na,)’, f + a,—1/na, and f’ have only finitely many zeros.

CoroLLARY 3.3. Let § be a family of holomorphic functions in a domain D. Suppose
that f’ Q,(f) does not assume a complex number a # 0 for every function f € §, where
Q. (f) is a polynomial with degree n > 1. Then § is a normal family in the domain D.
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