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Abstract

In this paper, we investigate the growth and fixed points of meromorphic solutions
and their derivatives of higher-order nonhomogeneous linear differential equations
with meromorphic coefficients. Our results extend the previous theorems due to
Gundersen and Yang, Han and Yi. As an application of our results, we generalized
some previous results that are related to Brlick's conjecture.
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1 Introduction and main results
In this paper, we shall assume that the reader is familiar with the fundamental results and
the standard notations of the Nevanlinna value distribution theory of meromorphic func-
tions (see [1-3]). The term ‘meromorphic function’ will mean meromorphic in the whole
complex plane C. In addition, we will use notations p(f) to denote the order of growth of
a meromorphic function f(z), A(f) to denote the exponents of convergence of the zero-
sequence of a meromorphic function f(z), A(f) to denote the exponents of convergence of
the sequence of distinct zeros of f(z).

Let f(z), g(z) and a(z) be three meromorphic functions with that f(z) and g(z) are non-
constant. We say that f(z) and g(z) share a(z) CM (counting multiplicities) if f(z) — a(z)
and g(z) — a(z) have the same zeros with the same multiplicities.

In order to give some estimates of fixed points, we recall the following definitions (see
(4, 5]).

Definition 1.1 Let z;,2,... (Izj] =7;, 0 <r; <r, <---) be the sequence of distinct fixed
points of transcendental meromorphic function f. Then 7 (f), the exponent of convergence
of the sequence of distinct fixed points of f, is defined by

2(f) = inf!r >0 ‘ 3 lgl < +oo}.
j=1

o o —— NG
It is evident that 7(f) = llmHooT and 7(f) = A(f — 2).

Non-homogeneous linear differential equations is an important area of complex differ-
ential equations, which has a large number of potential applications. For growth estimates
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of solutions of a non-homogeneous linear differential equation, in general there exist ex-
ceptional solutions that are not easy to discuss (see [6], Chapter 8).

Gundersen and Yang [7] proved the following well-known result which can guarantee
that every solution of non-homogeneous linear differential equations has infinite order.

Theorem A Let P be a nonconstant polynomial. Then every solution f of the differential
equation f' — e’@f =1 is an entire function of infinite order.

Remark 1.1 Yang generalized the above result to f* in [8].
Han and Yi [9] improved Theorem A and obtained the following.

Theorem B Let P(z) be a nonconstant polynomial, Q(z) (£ 0) be a polynomial. Then every
solution f £ 0 of the equation

f=e"9f =Qlz) (1.1)
has infinite order.
L, Liu and Yi [10] also generalized Theorem B and proved the following result.

Theorem C Let P(z), R(z) (# 0), Q(z) (£ 0) be three polynomials with that P(z) is noncon-
stant. Then every solution f # 0 of the equation

f' = R@)e"f = Q) (1.2)
has infinite order.
In this paper, we generalized the above results by a different argument.

Theorem 1.1 Let P(z) be a nonconstant polynomial, R(z) (£ 0), Q(z) (£ 0) be meromor-
phic functions with max{p(R), p(Q)} < deg(P) = n and k be a positive integer. Then every
meromorphic solution f # 0, whose poles are of uniformly bounded multiplicities, of the
equation

S ~R@e™f = Q) (L3)
has infinite order and satisfies A(f) = A(f) = p(f) = oo.

Corollary 1.2 Let P(z) be a nonconstant polynomial, R(z) (£ 0), Q(z) (£ 0) be meromor-
phic functions that have finitely many poles and max{p(R), p(Q)} < deg(P) = n and k be a
positive integer. Then every meromorphic solution f # 0 of equation (1.3) has infinite order

and satisfies L(f) = AM(f) = p(f) = co.

Corollary 1.3 Let P(z) be a nonconstant polynomial, R(z) (£ 0), Q(z) (& 0) be rational
functions and k be a positive integer. Then every meromorphic solution f # 0 of equation
(1.3) has infinite order and satisfies A(f) = A(f) = p(f) = oc.
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Since the beginning of the last four decades, a substantial number of research articles
have been written to describe the fixed points of general transcendental meromorphic
functions (see [11]). However, there are few studies on the fixed points of solutions of the
differential equation. As shown in [4], Chen first studied the problems on the fixed points
of solutions of second-order linear differential equations with entire coefficients. Since
then, Wang and Yi [8], Laine and Rieppo [12], Chen and Shon [13], Liu and Zhang [14], Xu
and Yi [15] studied the problems on the fixed points of solutions of homogeneous linear
differential equations with meromorphic coefficients and their derivatives. The other main
purpose of this paper is to investigate the fixed point of the solution of (1.3).

Theorem 1.4 Let P(z), R(z), Q(z) satisfy the additional hypotheses of Theorem 1.1. Iff £ 0
is any meromorphic solution, whose poles are of uniformly bounded multiplicities, of equa-
tion (1.3), then f, f', f" all have infinitely many fixed points and satisfy

T(f)=7(f") =T (f") = co.

2 Lemmas
The linear measure of a set E C [0, +00) is defined as m(E) = [ xz(t) dt. The logarith-

+00

mic measure of a set E C [1, +00) is defined by Im(E) = [ xe(¢)/tdt, where xg(¢) is the

characteristic function of E.

Lemma 2.1 [16] Letf be a transcendental meromorphic function of finite order o. Let & > 0
be a constant, and k and j be integers satisfying k > j > 0. Then the following two statements
hold:
(a) There exists a set Ey C (1,00) which has finite logarithmic measure such that for all z
satisfying |z| ¢ E; U [0,1], we have

FP(2)
f9(2)

< |g| kDo -14e), (2.1)

(b) There exists a set E; C [0,27) which has linear measure zero such that if
0 € [0,27) — Ey, then there is a constant R = R(0) > 0 such that (2.1) holds for all z
satisfying argz = 0 and R < |z|.

Lemma 2.2 [15] Let f(z) = g(2)/d(z), where g(z) is transcendental entire, and let d(z) be
the canonical product (or polynomial) formed with the nonzero poles of f (z). Then we have

1
o= E[g(") +Biiag" ™+ + Bug + Biog],
(n) (n) (n-1) /
A [g_ +Bi,i—1g +oe +Bi,1£ +Bi,o],
foLe g

where B, are defined as a sum of a finite number of terms of the type
Z 7\ /1 dDN\i

G- (_) o (_> ’
Gr--ji) d d

Cjjy..j; are constants, and j + j1 + 2jo + -+ - + ij; = n.
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Using mathematical induction, we can easily prove the lemma.

Lemma 2.3 [17] Let g(z) be a transcendental meromorphic function with o(g) = B < oo.
Then, for any given € > 0, there exists a set E C [0,2r) that has linear measure zero such
that if € [0,27) \ E, then there is a constant R = R(Y) > 1 such that, for all z satisfying

argz = and |z| =r > R, we have

exp{—r’s”} < |g(z)| < exp{rﬂ”}.
Lemma 2.4 [6] Let P(z) = (o + iB)z" + --- («, B are real, || + |B| # 0) be a polynomial
with degree n > 1, A(z) # 0 be a meromorphic function with o (A) < n. Set g(z) = A(z)e"?,
z=re”,8(P,0) = acosnd — B sinnb, then for any given € > 0, there is a set E; C [0,27) that
has linear measure zero such that for any 0 € [0,27) \ (E1 U E3) and a sufficiently large r,

we have:
(i) If8(P,0) >0, then

exp {(1-£)8(P,0)"} < [g(re"”)| < exp {(1 +£)8(P,0)"};
(ii) If8(P,6) <0, then
exp {(1+&)8(P,0)r"} < |g(re”)| < exp{-e)3(P,0)r"},
where E; = {6 € [0,27); 8(P,6) = 0} is a finite set.

Lemma 2.5 [18] Let Ao, As,..., Ak, F £ 0 be meromorphic functions of finite order. If f (z)
is an infinite-order meromorphic solution of the equation

FR 4 A %D L A 4 Aof = F,

then f satisfies A(f) = A(f) = o (f) = oc.

Lemma 2.6 [19] Let f(z) be an entire function, and suppose that

is unbounded on some ray argz = 0 with a constant p > 0, then there exists an infinite

sequence of z,, = r,,e” , where r,, — 00, such that G(z,,) — oc.

Lemma 2.7 (see [19]) Let g(z) be an entire function with p(g) = p < co. Suppose that there
exists a set H C [0,2m) which has linear measure zero such that log® |f(re®)| < Mr® for
any ray argz = 6 € [0,2m) \ H, where M is a positive constant depending on 0, where M is
a positive constant independent of 0. Then p(g) < p.

The next lemma plays a key role in our proof of Theorem 1.1, some ideas are due to
[19-21].
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Lemma 2.8 Let P(z) be a nonconstant polynomial, R(z) (# 0), Q(z) (£ 0) be meromorphic
functions with max{p(R), p(Q)} < deg(P) = n and k be a positive integer. We denote

Ly = f® — R(z)e"?f. (2.2)

Iff £ 0, whose poles are of uniformly bounded multiplicities, is a finite-order meromorphic
solution of (1.3), then p(Ls) > n.

Proof Suppose that p(Lr) < 1, we consider two cases.
(i) If p(f) < n, then p(f®) < n. Ly = f® _ R(2)e"@f has the form

1y -f¥

R(z) L@ = f

0
Note that p(Re’) = n and p(Lf /

(i) If n < p(f) < 0o, we rewrite (2.2) into

) < n, we can obtain a contradiction.

(k)
L _r + R(z)e™@. (2.3)

fof

From equation (1.3), we know that the poles of f(z) can occur only at the poles of R(z),
Q(z). Note that the multiplicities of pole points of f are uniformly bounded, and thus we
have

N(r,f) < MN(r,f) < Mmax{N(r,R),N(r,Q)},

where M is a positive constant. Then we have A(1/f) < o = max{p(R), p(Q)} < n.

Let f = g/d, d be the canonical product formed with the nonzero poles of f(z), with
B = p(d) = AMd) = L(1/f) < o < n, g be an entire function and n < p(g) = p(f) = p < oco.
Substituting f = g/d into (2.3), by Lemma 2.2 we can get

(k) (k-1) ’ dL
g— + g Bk,k—l +oet gBm + Bl’,o + ReP = —f (2.4)
4 g g

By Lemma 2.1, for any given ¢ (0 < ¢ < n— f8), there exists a set Ey € [0,27) that has linear
measure zero such that if 6 € [0,27) \ Ey, then there is a constant Ry = Ry(0) > 1 such that
for all z satisfying argz = 6 and |z| > R, we have

0
‘g—(z) <l (=1,2,...,k) (2.5)
g(2)

and
d?(z) K(B-1+)
22 (21,2, k). 2.6
L2 <t g ) 26)

Set p(Lf) = y < n. Then, by Lemma 2.3, for the above given ¢ (0 < 2& < min{n -y, n - B}),
there exists a set E; C [0, 27r) that has linear measure zero such that if 6 € [0,27) \ Ej, then
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there is a constant R = R(6) > 1 such that, for all z satisfying argz = 6 and |z| = r > R, we
have, for sufficiently large r,

!Lf(z)| < exp{r}’”}. (2.7)
By Lemma 2.4, there exists a ray argz = 0 € [0,27) \ (Eo U E1 U Ey), E; = {0 €
[0,27);8(P,0) = 0} being a finite set such that §(P,0) > 0, and for the above given ¢, when
r is sufficiently large, we have
’R(reie)ep(’ei9)| > exp {(1 —8)8(P, G)r”}. (2.8)
We now prove that
log*|g(2) /1217
is bounded on the ray argz = 6. We assume that

log* |g(z)|/]2IP*

is unbounded on the ray argz = 6. Then, by Lemma 2.6, there is a sequence of points
Zm = 'me? such that r,, — +00 and that

log* |g(z,,
og’|g(z )|_>+C>o

2.9
rﬁlw ( )
From (2.7) and (2.9), we get
| em)Ly (zn)| 0, (2.10)
g(zm)|

for m is large enough.
By (2.4)-(2.6), (2.8) and (2.10), we obtain

exp {(1 —&)8(P, Q)r:’n} < |R(rmei0)ep(,mete)|

(k) (k=1) d d T ) Le (1,

< g‘_+ Bk,k—l+"'+g_Bi,1+Bi,0 +‘M
g g lg(rm)l

< r/:yfa—1+s) + rgi(—l)(o—lw)Mrl;(ﬁ—He) P

+ MyKB-1ve) 4 exp{rfn”} < Mexp{rfnﬂs }

where M (0 < M < o0) is a constant and M may be different at different places. It is a
contradiction with 8 + 2¢ < n. Hence

log* |g(2)|/|2IP*

is bounded on the ray argz = 6. This is, |g(z)| < M exp{rf**} on the ray argz = 4. Then, by
Lemma 2.7, we have p(g) < B8 + ¢ < n, this is a contradiction.

Hence p(Ly) > n.

The proof of Lemma 2.8 is completed. O
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3 Proof of Theorem 1.1

Assume that f (£ 0) is a meromorphic function of (1.3). Suppose, to the contrary, that
p(f) < c0. By Lemma 2.8, we have n < p(Ly) = p(Q) < # and this is a contradiction. Hence
every solution f of equation (1.3) is of infinite order. By Lemma 2.5, every solution f of
equation (1.3) satisfies A(f) = A(f) = p(f) = 0o. The proof of Theorem 1.1 is completed.

4 Proof of Theorem 1.4
Assume that f (s 0) is a meromorphic function of (1.3), then by Theorem 1.1 we have
p(f) = 0o. Set gy(z) = f(z) — z, then z is a fixed point of f(z) if and only if go(z) = 0. go(2) is

a meromorphic function and p(g) = p(f) = co. If k > 2, substituting f = go + z, f/® = g%
into (1.3), we have
(k) P _ P
g —Re'go=Q-zRe". (4.1)

Obviously, Q — zRe” # 0. Here we just consider the meromorphic solutions of infinite
order satisfying gy = f — z, by Lemma 2.5 we know that A(gy) = T(f) = 0o holds. If k = 1,
substituting f = gy + 2z, f* = gy + 1 into (1.3), we can also obtain the same conclusion by a
similar way.

Now we consider the fixed points of f'(z).

Let g1(2) = f' — z, then z is a fixed point of f'(z) if and only if g1(z) = 0. g1(2) is a meromor-
phic function and p(g1) = p(f’) = p(f) = oo. Differentiating both sides of equation (1.3), we

have

FED _Re’f'— (R +RP)e’f = Q. (4.2)
By (1.3), we have

f= —i[f(k) -QJ. (4.3)

ReP
Substituting (4.3) into (4.2), we derive
R R
flen [E ; p/}/m RS =Q - HQ- . (44)

Substituting ' = g, +z, f" = g| + 1, fU*V =g{j) (2 <j <k)into (4.4), we get

R R
b [E R p/:| 4 RIS = Q- QP R (4.5)

Sethy:=Q - %Q — P + zRe”. Obviously, i; # 0. Applying Lemma 2.5 to (4.5), we obtain
Mg = Mf =2) = T(f') = p(@) = p(f) = co.
This completes the proof of Theorem 1.4.

5 An application
In 1996, Briick posed the following conjecture (see [22]).
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Conjecture Let f be a nonconstant entire function such that the hyper-order oy(f) of f is
not a positive integer and o, (f) < co. If f and f' share a finite value a CM, then

f-a_
fma™"

where c is a nonzero constant.

Since then, many results related to the conjecture have been obtained. The conjecture
for the cases that 4 = 0 has been proved by Briick [22]. Later, Gundersen and Yang [7],
Yang [23] proved the following well-known result.

Theorem D Let f be a nonconstant entire function with finite order. If f and f©) share a
finite value a CM, then

0 _g
f-a

=c,

where c is a nonzero constant.

Liand Yi [24] studied the case that an entire function of finite order shares a polynomial
with its first derivative. They showed the following result.

Theorem E Let f be a nonconstant entire function with finite order, and let Q be a non-
constant polynomial. If f and f' share Q CM, then

f-Q_
F-Q

G

where c is a nonzero constant.

In this section, we will consider the case that an entire function of finite order shares a
meromorphic function of order less than 1 with its kth derivative.

Theorem 5.1 Letf be a nonconstant entire function of finite order, R # 0 be a meromorphic
function that has finitely many poles and p(R) < 1, and k be a positive integer. If f and f®
share R CM, then

F®_R

f-R 7Y

where c is a nonzero constant.

Next we prove Theorem 5.1.

Proof Since f is of finite order and f and f*) share R CM, by the Hadamard factorization
theorem for meromorphic functions with finite order, we have

® _p
ff - = @) (5.1)

where P(z) is a polynomial.
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If P(z) is not a constant. Set F(z) = f(z) — R(z) and Q(z) = R(z) — R¥)(z). Then (5.1) can be
rewritten as

FO _ eP@F = Q(z).

Note that p(Q) < p(R) <1 < deg(P). By Corollary 1.2, the order of F, and hence of f, is
infinite. It is a contradiction. Hence P(z) is a constant. 0

In [25], Li and Yi also proved the following related result.

Theorem F Let f be a nonconstant entire function of finite order, R be a nonzero rational
function that has at least one pole and k be a positive integer. If f — R and f*® — R share 0
CM, then f = f®.

From Corollary 1.2, we immediately obtain a corollary which generalizes Theorem F.

Corollary 5.2 Let f be a nonconstant entire function of finite order, R % 0 be a meromor-
phic function with finitely many poles (at least one pole) and p(R) <1 and k be a positive
integer. If f and f% share R CM, then f = f®.
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