Zhang and Yi Advances in Difference Equations 2013, 2013:256 ® Advances in Difference Eq uations
http://www.advancesindifferenceequations.com/content/2013/1/256 a SpringerOpen Journal

RESEARCH Open Access

Properties of meromorphic solutions of
Painlevé lll difference equations

Jilong Zhang'" and Hongxun Yi?

“Correspondence:
jilongzhang2007@gmail.com

'LMIB and School of Mathematics &
Systems Science, Beihang
University, Beijing, 100191, PR. China
Full list of author information is
available at the end of the article

@ Springer

Abstract

In this paper, we investigate the properties of meromorphic solutions of Painlevé Il
difference equations. In particular, we study the existence of Borel exceptional value,
the exponent of convergence of zeros, poles and fixed points of a transcendental
meromorphic solution.
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1 Introduction

We assume that the reader is familiar with the standard notations and results of Nevan-
linna value distribution theory (see, e.g., [1-3]). Let w be a meromorphic function in the
complex plane. p(w), A(w) and A(1/w) denote the order, the exponents of convergence of

zeros and poles of w, respectively. The exponent of convergence of fixed points of w is
defined by

log N(r, ﬁ)

7(w) = limsup 0
ogr

Furthermore, we denote by S(r, w) any quantity satisfying S(r, w) = o(T'(r,w)) for all r out-
side of a set with finite logarithmic measure and by

S(w) = {a meromorphic: T(r,«) = S(r, w)}

the field of small functions with respect to w. A meromorphic solution w of a difference
equation is called admissible if all coefficients of the equation are in S(w). For example,
if a difference equation has only rational coefficients, then all non-rational meromorphic
solutions are admissible; if an admissible solution is rational, then all the coefficients must
be constants.

Recently, with the development of Nevanlinna value distribution theory on difference
expressions [4—6], Halburd and Korhonen [7] considered the difference equation

W+ w=R(z,w), (1.1)
where R is rational in w and meromorphic in z with slow growth coefficients, and the
z-dependence is supposed by writing w = w(z + 1) and w = w(z — 1). They proved that
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if (1.1) has an admissible meromorphic solution of finite order, then either w satisfies a
difference Riccati equation or equation (1.1) can be transformed to eight simple difference
equations. These simple difference equations include Painlevé I, II difference equations
and linear difference equations.

In 2010, Chen and Shon started the topic of researching the properties of finite-order

meromorphic solutions of difference Painlevé I and II equations. In fact, they studied the

equations
Mz +a))w+a
Fywo BET@W A 12)
- 1-w?
az+a
W+y:445+a6, (1.3)

where a; (1 <j < 6) are constants with a,aza, 7 0.

Theorem A ([8]) If w is a transcendental finite-order meromorphic solution of (1.2) or
(1.3), then

(i) w has at most one non-zero finite Borel exceptional value;

(i) AQ/w) =r(w) = t(W) = p(w).
Furthermore, assume that a rational function w = % is a solution of (1.2), where P(z) and
Q(z) are relatively prime polynomials with degrees p and q respectively, then q = p +1, while

(1.3) has no rational solution.

As for the family including Painlevé III difference equations, we recall the following theo-
rem.

Theorem B ([9]) Assume that the equation
ww = R(z,w) (1.4)

has an admissible meromorphic solution w of hyper-order less than one, where R(z,w) is
rational and irreducible in w and meromorphic in z, then either w satisfies the difference

Riccati equation

aw+

w= ,
w+y

where o, B,y € S(w) are algebroid functions, or equation (1.4) can be transformed to one
of the following equations:

W —Aw+

ww = m, (1.5a)
ow = "Zz—:l)‘)w (1.5b)
Ww = % (1.5¢)

ww = hw'. (1.5d)
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In (1.5a), the coefficients satisfy KZHE =2, AL = KATL, Ki& = KAA, and one of the following:
1 n=1, vy =1, K =v; (2) n=n=v, k=1.

In (1.5b), ny =1 and i& = AA. In (L5c), the coefficients satisfy one of the following:
(1) n=1and either . = A\ or XB]AB] = X&;
(2) Ak =22 A=A, 00 =771,y
(3) T =nm, A =n;
—13] T =
(4) A A[S] = )\,é)\-; 77)\. = nﬂ.
In(1.5d), he S(w) and m € Z, |m| < 2.

The first author and Yang [10] studied the difference Painlevé III equations (1.5b)-(1.5d)
with the constant coefficients. In particular, they improved (i) of Theorem A: w does not
have Borel exceptional value, and got the following two results.

Theorem C Let w = % be given as in Theorem A. If w(z) is a solution of
ww(w—1) =n(w - 1), (1.6)

where 11 (#0), A are constants, then p = q and a*(a —1) = n(a — 1), where a = w(00).
Theorem D Let w = % be given as in Theorem A. If w(z) is a solution of

ww(w —1) = w? — Aw, (1.7)
where ) (#1) is a constant, then p = q and a* — 2a + A = 0, where a = w(c0).

It is natural to ask: What are the properties of a transcendental meromorphic solution w
of equations (1.6) and (1.7)? Does w have Borel exceptional value? We will give the answers
in Section 3. The remaining equation (1.5a) will be discussed in Section 4.

2 Some lemmas

Halburd and Korhonen [5] and Chiang and Feng [4] investigated the value distribution
theory of difference expressions. A key result, which is a difference analogue of the loga-
rithmic derivative lemma, reads as follows.

Lemma 2.1 Letf be a meromorphic function of finite order, and let c be a non-zero complex
constant. Then

flz+¢) f2) \
m(r, IiC) )+m(r,f(z+c))-5(r,f).

With the help of Lemma 2.1, the difference analogues of the Clunie and Mohon’ko lem-

mas are obtained.

Lemma 2.2 ([6]) Let f be a transcendental meromorphic solution of finite order p of a
difference equation of the form

U(Z,f)P(Z,f) = Q(z’f);
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where U(z,f), P(z.f) and Q(z.f) are difference polynomials such that the total degree
deg, U(z,f) = nin f(z) and its shifts, and deg, Qlz.f) < n. If U(z,f) contains just one term
of maximal total degree in f(z) and its shifts, then, for each € > 0,

m(r,P(z.f)) = O(r"*¢) + S(r.f),
possibly outside of an exceptional set of finite logarithmic measure.

Lemma 2.3 ([5, 6]) Let w be a transcendental meromorphic solution of finite order of the
difference equation

P(z,w) =0,

where P(z,w) is a difference polynomial in w(z). If P(z,a) % 0 for a meromorphic function
a € S(w), then

m(r, 1 ) =S(r,w).
w-—a

We conclude this section by the following lemma.

Lemma 2.4 (See, e.g, [3, pp.79-80]) Letf; (j=1,...,n) (n > 2) be meromorphic functions,
g (7=1,...,n) be entire functions. If
i) 3 f(@)es® = 0;
(i) gn(z) — gr(2) is not a constant for1 <h <k < mn;
(i) T'(r.f;) =S(r, @& for1 <j<mandl1<h<k<n,
thenfi(z) =0 (j=1,...,n).

3 Equations (1.6) and (1.7)

Theorem 3.1 Ifw is a transcendental finite-order meromorphic solution of (1.6), then
(i) A(w) = (W) = p(w);
(ii) Ifx =0, then w has at most one non-zero Borel exceptional value for p(w) > 0.

Proof Denote ¢(z) = w(z) — z. So, ¢(z) is a transcendental meromorphic function and
T(r,¢) = T(r,w) + S(r, w). Substituting w(z) = ¢(z) + z in (1.6), we obtain

(5+z+1)(9+z—1)(¢+z—1):n(¢+z—k).
Let
P(z,qb)=($+z+1)(9+z—1)(¢+z—1)—n(¢+z—)»).

We get P(z,0) = (z—1)>(z + 1) — n(z — ) # 0, Lemma 2.3 gives

mQ;I ):mmuw=ﬂn@,
w-=2z

which means N(r, WL_Z) =T(r,w) + S(r,w), and thus t(w) = p(w).
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If A #0, Lemma 2.3 tells us m(r,1/w) = S(r,w). If A = 0, we rewrite (1.6) as

Noting that m(r, w) = S(r, w), by applying Lemma 2.2 to (1.6), we deduce from Lemma 2.1
and the above equation that

m(r,1/w) = S(r,w),

then A(w) = p(w) holds.
Next, we prove the conclusion (ii). Some ideas here come from [8]. Assume to the con-
trary that w has two non-zero Borel exceptional values a and b (# a). Set

_ w(z) —a

W) —b (3.1)

f(2)

Then p(f) = p(w), A(f) = L(w — a) < p(f) and A(1/f) = M(w — b) < p(f). Since f is of finite
order, we suppose that

f(2) = gz)e™", (3.2)

where d (#0) is a constant, # (> 1) is an integer, g(z) is meromorphic and satisfies

p(g) < p(f) =n. (3.3)
Then
flz+1) =glz+D@@e™,  flz—1)=glz— g (z)e™, (3.4)

-1 -1
where gl(z) = " vd g 0q gz(z) = g 1At (-1)"d.

We get from (3.1) and (3.2) that w = bf:f. Noting that A = 0, by (1.6) and (3.4), we have

A(2)e**" + B(z)e*™" + C(z)e™ + D=0, (3.5)
where

A(z) = [B*(b-1) - nb]gge1gg,

B(z) = [b2(1 —a)+ na]gglggz + [bn +ab(1 - b)]g(ggl +<gg2),

C(z) = [a*(b—1) - nblg + [abla - 1) - na]|@e + g&),

D=a*1-a)+na.

From (3.3), we apply Lemma 2.4 on (3.5), resulting in vanishing of all the coefficients. Since
a and b are non-zero constants, we deduce from A(z) = 0 and D = 0 that

ala-1)=n, b(b-1)=n, (3.6)
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which means that a and b are distinct zeros of the equation

2

z2—z—-n=0.
Thus
a+b=1, ab = —n. (3.7)

Denote G =g, G; = gg; and G, = gg>. From B(z) =0, C(z) = 0 and (3.6), we have

(a—1)(a+b)G,Gy =b(b-1)G(G + Gy),
(b-1)(a+b)G =a(a-1)(G; + Gy).

It follows from (3.7) that

G1Gy = aG(G, + Ga),
G-= b(Gl + Gz)

Since the last two equations are both homogeneous, there exist two non-zero constants «
and B such that G; = @G and G, = BG. Then

af = —. (3.8)

On the other hand, combining (3.2) with (3.4) yields

f=of,  f=Bf
which yield a8 = 1. Thus a = b by (3.8), a contradiction. O

Theorem 3.2 If w is a transcendental meromorphic solution of (1.7) with finite order
o(w) >0, then

(i) T(w) = p(w);

(ii) If A #0, then A(w) = p(w);

(iii) w has at most one non-zero Borel exceptional value.

Proof The conclusions (i) and (ii) can be discussed by the same reasoning as in the proof
of Theorem 3.1, we only prove the conclusion (iii) here. Assume to the contrary that w has
two non-zero Borel exceptional values a and b (# a). Let f be given by (3.1). Then we still

have (3.2)-(3.4). Substituting w = [;;f__f in (1.7), we obtain

A1(2)e*" + B1(2)e*®" + C(2)e*%" + Dy(2)e™ +E; =0, (3.9)
where

Ai(2) = [P*(b-1) - b(b - 1) )¢’ 81882

Bi(z) = [b2(2 —a-b)+2ab-(a+ b)k]ggglggz + [b(b —A)—ab(b- 1)]g2(§g1 +2%),

Page 6 of 9
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Ci(2) = [P*(a—1) - ala—1)]ggige: + [a*(b-1) - b(b - 1)]¢*
+[abla+b-2)+ (a+b)x-2ablg(ga +8%),
Di(2) = [ab(1 - a) + a(a - 1)](g& + g22)
+ [a2(2 —a—>b)+2ab-(a+ b)k]g,
Ei=a*(a-1)-ala- ).
From (3.3), we apply Lemma 2.4 to (3.9), which results in vanishing of all the coefficients.

By a similar way to that above, we deduce from A, (z) = 0 and E; = 0 that 4 and b are distinct

zeros of the equation

22 -2z+1=0.
Thus
a+b=2, ab =M. (3.10)

Noting this, from B;(z) = 0, we have b(b — 1) —ab(b-1) =0 or gg +8¢ =0. If b(b- 1) -
ab(b-1) = 0, then (3.10) gives A = 1, a contradiction. Therefore, gg +g2 =0, e,

f=—f. (3.11)

We get from ggi +gg> = 0 and Ci(z) = 0 that
(ab2 —a*-b+ uk)(f]j +f2) =0.

If ab? — a® — b? + ak = 0, we have from (3.10) that 2 = b, which is a contradiction. Then
ff +f*=0,(311) yields

f =%
Combining (3.11) and the last equation gives a contradiction, and (iii) follows. O

4 Equation (1.5a)
Assume that the coefficients are constants in (1.5a). In this section, we consider the equa-

tion
www —1)2 =w? - Aw + u, (4.1)
where A and u are constants.

Theorem 4.1 Let w = % be given as in Theorem A. If w(z) is a solution of (4.1), then one
of the following holds:

(i) p=q,a*(a-1)?=a® - ra + u, where a = w(co);

(i) p<q, 2 = =0and P(2) is a constant.
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Proof Substituting w by % in (4.1), we get

P(z+1) P(z-1) (P(z) 1>2 _ (P(z) )2 _,PB 42)

Qz+1) Qz-1)\ Q@) Qw) aw T

Let s = p — g. We discuss the following three cases.
Case l.s> 0. Then % =az’(1 + o(1)) as r tends to infinite, and (4.2) gives

a*(z +1)%(z - 1)5(1 + 0(1)) (azs (1 + 0(1)) - 1)2 =a’z* (1 + 0(1)),

which is a contradiction as r tends to infinite.

Case 2. s < 0. Now, % =0(1) and g(é:ll)) = 0(1). By (4.2), we obtain u = 0. If » # 0, equa-

tion (4.2) turns into

(@_1)2_ (14%) Qz+1) Qz-1)
P(z) B P(z) ] P(z+1) P(z-1)"

Noting that % = bz *(1 + o(1)) as r tends to infinite, the above equation also leads to a
contradiction by the same reasoning as in Case 1.
Then A = 0. We have

Qz+1) Qz-1) (Q(z) - P(2))*
P(z+1) P(z-1) P(z)

It is easy to find that P?(z) and P(z + 1)P(z — 1) have the same zeros, which means that P(z)
must be a constant. We get (ii).

Case 3. s = 0. We suppose that % =a + o(1) as r tends to infinite. The conclusion (i)
follows from (4.2). a

Example 4.2 The rational function w(z) = ﬁ is a solution of the difference equation

ww(w —1)2 = w2, This shows that the conclusion (ii) of Theorem 4.1 may occur.
By the same reasoning as in Section 3, we obtain the following result.

Theorem 4.3 Ifw is a transcendental meromorphic solution of (4.1) with finite order p(w),
then

(i) T(w) = p(w);

(ii) Ifrp #0, then L(w) = p(w).

Example 4.4 The function w(z) = sec? 7% is a solution of the difference equation ww(w —

1)2 = w?. 0 is a Picard exceptional value of w, which shows that Au # 0 is necessary in (ii)
of Theorem 4.3.
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