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ABSTRACT. We prove several lower estimates for the

Nevanlinna characteristic functions and the orders of growth

of the Painlevé transcendents I, II and IV. In particular it
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§1 INTRODUCTION

The solutions of Painlevé’s differential equations

(T) w” = z+6w?
(IT) w' = a+zw+ 2w (1)
(IV) 2uw” = w4 3wt + 82w + 4(2% — a)w?® + 20

are meromorphic functions in the plane. For recent proofs see Hinkkanen and
Laine [5] in cases (I) and (II), and the author [16] in all cases. In papers of
Shimomura [13, 14] and the author [17] precise order estimates are proved with
different methods: o(w) < 5/2, o(w) < 3 and o(w) < 4 in the respective cases.
These results are also presented, at least in parts, in the recent monograph [3]
by Gromak, Laine and Shimomura. The lower estimate o > 5/2 in case (I) is
due to Mues and Redheffer [6].

Shimomura [15] extended his research on the Painlevé transcendents to prove
lower estimates for the Nevanlinna characteristics of the first Painlevé transcen-
dents, and, for particular parameters, also for the second transcendents. The
aim of this paper is to make a comprehensive study of global properties of the
Painlevé transcendents I, IT and IV. In the first case we are able to show that
every solution is of regular growth, while for equation (IT) the well-known conjec-
ture ¢ > 3/2 is confirmed—except in one case. We also give independent proofs
of known results, which might be of interest by themselves.

The estimates of Nevanlinna functions are based on the re-scaling method devel-
oped in [17], which certainly gives not as precise results as are obtained in the
theory of asymptotic integration, but avoids the well-known connection problem
occurring there, and is therefore more suitable to study global aspects. Some of
the problems, however, seem to be out of the range of these methods. Never-
theless, we also state and prove several results, which may be looked at being
incomplete and preliminary, but point into the right direction.

§2 NOTATION AND AUXILIARY RESULTS
a) PAINLEVE’S EQUATIONS I, IT AND IV

Each equation (1) has a first integral

w? = 4wd + 22w — 2U, U =w
w? = w4 2w?+ 20w — U, U =w? (2)
w? = w4 dzw? +4(22 — a)w? — 26 — dwU, U =w?®+ 2zw

Any transcendental solution has infinitely many poles p with Laurent series ex-
pansions

w(z) = (2=p) 7%= fz=p)?—g(z—p°+h(z—p)*+--
wie) = le=p) =Bz —p) = (s pP b -ty (3)
w(z) = e(z—p) ' —p+ (= p)+h(z—p)2+ -



and

U(z) = =(z—p)~' = ldh — H(z = p)* — 51(z = p)* + -+

U(z) = —(2 =p) 7' +10ch — 55p* — §(z —p) — (2 = p)* + - - (4)

U(z) = —(z—p) L+ 2h+2(a —e)p+ 022, _py ...
with ¢ = +1; the coefficient h remains undetermined, and free: the pole p, the
sign € and h may be prescribed to define a unique solution in the same way as
do initial values w(zp) and w'(2p).

b) NEVANLINNA THEORY

Let f be meromorphic and non-constant in the complex plane. Then m(r, f),
N(r, f) and T'(r, f) denote the Nevanlinna prozimity function, counting function
of poles and characteristic function of f, respectively, while n(r, f) denotes the
number of poles of f in |z| < r, see Hayman [4] or Nevanlinna [7]. In addition
we will work with the L'-norm of f on |z] < r,

100 =5 [ e

where d(x,y) denotes area element; the L'-norm is defined for meromorphic func-
tions f with simple poles. We also make use of the Ahlfors-Shimizu characteristic

i )= [ A0 vt an =2 [ () )
f#(z) = % being the spherical derivative of f; To(r, f) differs from

T(r, f) by a bounded term.

The following facts are well-known, and are only referred to the convenience of
the reader. Let f be any canonical product with simple zeros c,, and denote by
n(t) the number of zeros contained in |z| < ¢t. The genus of f is defined to be
the least integer h, such that

o0

D e = /oo " Ldn(t) = (h+ 1) /Oon(t)t_h_Q dt < +00

v=1 0

The Nevanlinna characteristic of f then satisfies n(r) < T'(er, f) and

n(t)

() (5)

T(r, f) < Kpr"t! /
0

and hence the order of growth

. logT(r,
o= o(f) = lim —gl . f)
r—00 ogr
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coincides with the exponent of convergence inf{oc > 0 : > |c,|77 < oo}, and
v=1
satisfies h < p < h+ 1.

The concept of genus may be extended to arbitrary meromorphic functions f =
e? f1/ fo of finite order, where f; and f, are canonical products of genus h; and
hs, respectively, and @ is any polynomial. The genus of f then is defined by
max{hy, hy,deg Q}.

C) COUNTING POLES OF LOGARITHMIC DERIVATIVES

The logarithmic derivative L = f'/f, f entire of finite order with simple zeros,
has Nevanlinna functions m(r, L) = O(logr) and N(r, L) = N(r,1/f), and hence
satisfies

T(r,L) <T(r, f)+ O(logr).

Conversely, if ® is meromorphic in the plane of finite order, with simple non-zero
poles with residues 1 and satisfying m(r, ®) = O(logr), then there exists some
polynomial @ such that ® = @ + L, where L = f'/f and f is the canonical
product with simple zeros exactly at the poles of ®. If the order o of ® is not
an integer, then n(r,®) = O(r?) and n(r,®) = o(r?) imply T(r, f) = O(r?)
and T'(r, f) = o(r?), respectively. This is no longer true for o € N. If, however,

[ n(t,®)t=¢dt converges, then T'(r, f) = o(r?) holds.
0

Proposition 2.1 Suppose ® is meromorphic in the plane, having simple
poles with residues 1 only. Then

/Rn(r, Q) dr < I(R, D). (6)

Proof. By the Residue Theorem we have, for all but countably many radii » > 0,

1 1 [ ,
D) =|— P(2)dz| < — ®(re)|rdo 7
@) =g [ e < g [ et ras, @
and integrating with respect to r gives the assertion. [

For functions ¥ having only simple poles with both residues 1 we obtain in the
same way

/0 I (1, 0) — n_(r, 0)|dr < I(R, W), (8)

where ny(r, ¥) counts those poles of ¥ with residue £1.

An estimate in the other direction is given by



Proposition 2.2 Let f be any canonical product (or a quotient of canonical
products) with simple zeros (and poles) and counting function of zeros (and

poles) n(r). Then for L = f'/f we have

I(R,L) <8R[T(2R, f) + n(2R)]. 9)
Proof. Let (¢,) be the sequence of zeros (and poles) of f. We recall the inequality

L(2)] < 8T, N)l=l '+ Y 20z —el ™,

lev|<2|z]

which is a simple consequence of the Poisson-Jensen formula, see Hayman [4]; f
may be any meromorphic function with f(0) = 1 and simple zeros and poles c,.
Since

[ le=dtdwm < [ dey) = 2R+ | < 67R
|2/<R 2| <R+

for |c| < 2R, integration over the disk |z| < R yields, by monotonicity of T'(r, f),

1
[ ILE)d(ey) <SR[T@R.J) + n2R)].
27 Jisi<r
and hence the assertion. O

We have also to deal with functions L' = (f’/f)’, f a canonical product with
zeros p,. Differentiating the Poisson-Jensen formula twice gives the inequality

L) S 16T )72 +2 Y l2—nl ™ (10)

[pv|<2|2]

Since |z — p,|™2 and |L/(z)| are not integrable, we proceed as follows: for § > 0
sufficiently small and some x > 0 we consider the disks A, : |z — p,| < 0|p,| "
about the non-zero poles of L, multiply the above inequality by r = |z| and
integrate over

HR)={z:1<]/<R}\ [J A. (11)
‘pv‘<2R
Since
2| o .
H(R) ’Z _pu‘ Slpu|—~ T

we obtain, keeping 0 > 0 and s > 0 fixed and denoting

1

(R.®) = 5 [ o) dry): (12)



Proposition 2.3 Let f be a canonical product (or a quotient of canonical
products) with zeros (and poles) p, and counting function n(r). Then for

L=f"/f and H(R) given by (11),
In(R, L) = O(R [T(2R, f) + n(2R) log R])

holds.

§3 RE-SCALING PAINLEVE’S EQUATIONS

Some of the mystery of the Painlevé transcendents is hidden in the unknown
coefficient h in the series expansion (3). The re-scaling method was developed
in [17] only for one purpose, to estimate h in terms of p, and hence to obtain
the growth estimates mentioned in the introduction. The method reminds of
Painlevé’s a-method [9, 10], and also the Zalcman method [21] and its refinement
by Pang [11, 12], and is based on Poincaré’s Theorem on analytic dependence
on parameters and initial values, see, e.g., Bieberbach [1,p. 14]. We will describe
the method and its results in case (II) in some detail, for full details in case (I)
the reader is referred to [17].

a) RE-SCALING EQUATION (II)

Let w be any transcendental solution of (II) and set
r(20) = min{|zo| 2, Jw(20)| ™, [w' (20) "/}

to re-scale w(z) 4+ 1/z; v/z denotes any branch of the complex square-root. Let
(z,) be any sequence (z, not a pole of w) tending to infinity, set r,, = r(z,) and

Un(2) = rpfw(zn + 102) — Van + 1z

Then the differential equation for y, has a formal limit as n — oo, and assuming
that the limits a®* = lim r22,, yo = lim 3,(0) = lim r,w(z,) — a and y) =
n—oo n—oo n—oo

lim ¢/ (0) = lim r2w/(z,) exist, we obtain the initial value problem

y' = (y+a)(a®+2(y+a)?), y(0) =1y, ¥'(0) =y (13)

The solution is either a constant, a rational function, a simply periodic function
or else an elliptic function. Constant solutions which may come from the re-
scaling process are y = —a and y = —a = ia/v/2, this being only possible for
a # 0. As a consequence of Poincaré’s Theorem, the main conclusion is

y(z) = lim y,(z) = lim r, [w(z, + 12) — Vzn + 102 ], (14)

n—oo n—oo

locally uniformly in C, so that we can easily deduce properties of w(z, + r,z)
from properties of y(z).



We denote by (p,) and (g,) the sequences of non-zero poles and zeros of w?(z) — z,
respectively, and set, for § > 0 fixed,

As(c) ={z:]z—¢| < or(c)}.

Lemma 3.1 Let (z,) be any sequence such that |z, — ¢,,| = o(r(z,)) and
|zn — q),| = o(r(q),)) as n — oo, respectively, where (q,) is some infinite
sub-sequence of the sequence (g,) of zeros of w? —z. Then r(q,) = O(r(z,))
and r(z,) = O(r(q,,)), respectively.

Proof. We will give the proof in the first case leaving the details in the second
case to the reader. We set r,, = r(z,) and y,(2) = ru[w(z, + 12) — /20 + 102 |,
and assume that r2z, — @ and y,(z) — y(2), locally uniformly in C. On
the other hand we consider u,(z) = rp[w(q, + rnz) — /¢, + 7oz ]. Noting that
€n = (¢, — zn)/rn, — 0 we obtain by uniform convergence u,(z) = y,(z + €,) —
y(2), u,(2) — o/(2) and also 72¢/, — a*. From this, r(¢,)/r, — 1 and hence
r(q,) = O(r,) follows. O
Proposition 3.2 As z — oo outside Q(0) = J, As(q,) the following hold,

for any choice of \/z :

(a) |21 = O(lw(z) = Vz|) = O(lw?(2) — 2['/?)
(b) |w'(2)] = O(lw(2) — v/z[*) = O(|w?(2) - z)
(c) F#(2) = O(|z|7Y/?) for F(z) = w?(z) — =.

Proof. Suppose that (z,), 2, — 00, is any sequence such that |w(z,) — \/zn| =
o(|zn|/?) or else |w(z,) — /Zn| = o(Jw'(2,)|"/?) holds. Assuming, as above, that
the limits a? = nllrrolo 7220, Yo = nhrgo rpw(z,) —a and Yy, = nhrglo r2w'(z,) exist,
we obtain (13) by re-scaling w(z) — y/z (any branch of the square-root), with
yo = 0. Hence, y is non-constant, and from (14) and Hurwitz’ Theorem it follows
that w?(z, + rnz) — (2, + 7,2) has a zero 2/, with (2}) tending to zero. Hence
Zn + ozl = ¢, is a zero of w? — z, and |z, — ¢),| = |2,|rn = o(rn) = o(r(¢,)) by
Lemma 3.1. This proves (a) and (b). Assertion (c) then follows from

_ [Pw(z)w'(z) — 1]
1+ |w?(z) — 2[?

F*(2) = O(|w?(2) — 271%)

and (a) and (b). O

Remark. Assertion (c) says that the value distribution of w? — z takes place in
very small neighbourhoods of the zeros of this function.

Proposition 3.3 For § sufficiently small, the set Q(6) =, As(q,) may be
covered by the union of disjoint disks {z : |z —¢,| < 6,6r(q))}, 1 <6, <3,
where (q.,) is a subsequence of (q,).
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The Proof is the same as the proof of the corresponding Lemma 2 in [17], see
also [3]. Tt relies on the following fact, which says that, for ¢ sufficiently small,
any disk As(g,) meets at most one disk As(g,) :

If (4.), (¢7) and (q) are disjoint sub-sequences of (q,), then

@, — ) + a0, — 4| = er(q),)

for some ¢ > 0, depending only on w.

Assuming |q,, — ¢!| + |4/, — ¢| = o(r(q,)), the re-scaling process

va(2) = raw?(q, +702) = (@) + 102)]s 0 =7(d),
for w? — 2 leads to the differential equation

(v+a*)" = %U'Q +4(v+a?)?, a® = nh—>nolo r2q.,

with v(0) = v'(0) = v”(0) = 0, this following from Hurwitz’ Theorem, and this
implies v(z) = 0 and a = 0. On the other hand we have v(z) = y.(2) - y_(2),
where y4 is the result of re-scaling w(z) £+ 1/z, and neither y, nor y_ vanishes
identically. This contradiction proves the assertion. [

Remark. In particular Proposition 3.3 says that Q(J) is porous in the following
sense: there exists some constant Ky > 1, such that any two points a,b € C\Q(0)
may be joined by a path of integration in C\ Q(4) of length < Kyla — b|.

Still now all results have been of local nature. To solve the connection problem
we consider the function

V(2) = U(2) —w(2)w'(2)/(w(2) = 2),
which has the remarkable property that
V(p) = 10e¢h — 7p*/36

at every pole p of w with residue e. Furthermore, V' satisfies the linear differential
equation
w(w? 4+ 32) (2w + @) 2uw? , 2+ w?

R e R C=n

To proceed further we need the following

Lemma 3.4 Given o > 0, there exists K > 0 such that
z + w?(2) [V (2)]
(w?(z) — 2)? V)| <o TR

2|
and hence |V'(2)] < a% + Ki|z| holds outside Q(9).



Proof. Let (z,) be any sequence tending to infinity outside Q(9). If |z,| =
Zn + W (2,)

o(|w(z,)[?), then obviously
hw%%»—%> :0<B%%M)'

If, however, |w?(2,) — z,] = O(|z,]), then from (2) and Proposition 3.2 (b)
follows |U(z,)| = O(|w*(z,) — 2n]?) = O(|2x]?). From the same proposition and
our assumption follows

2 V<Zn)

w(2,)w'(2,) _ 5 (/2
'w2<zn)_zn O<’ o )7
and hence
2+ w?(2,) R w?(z,) L) w(zy)w (zp,) — Oll»
@) =2l ) = @) = 2| |70 T ey — 2 | = O
This proves the Lemma. 0

Using Proposition 3.2, 3.3 and Lemma 3.4, it is not hard to show, using a
Gronwall-like argument, see also [17] and [3] in case (I), that

V(z) = 0(]z]*) as z — oo outside Q(4);

in particular, from eh = V(p) + 7p?/36 at every pole of w it follows that |h| =
O([pl?) as p — oc.

We now need some good a priori lower bound for the radius of convergence
r(p,h) of the Laurent series (3). It is not hard to show that, in our case (II),
r(p,h) > K min{1, |p|~'/2, |h|~'/4} holds with K an absolute constant. Hence,
for a fixed solution w and any pole p,,, this radius is at least K;|p,|~*/2, K, only
depending on w. The proof is left to the reader, the corresponding estimate for
the solutions of (IV) is proved in the appendix. This estimate also enables to re-
scale w about poles p with re-scaling factor or local unit of length r(p) = |p|~'/2.
From these considerations follows

Proposition 3.5 For any transcendental solution of (1I), with sequence of
poles (p,) and associated sequence (h,), the following is true:

(a) h, = O(|p,|?) as v — cc.
() > Tt =0(?) as T — oo.

0<|pv|<r

(c) w'(z) = O(lz]) and U(z) = O(|2]*) as z — oo outside P(6) =
Uz/ A(;(pl,).

(d) |w(z) — 2| < |2|"? (any branch) outside P(§) U Q(J), which means
that |i(=) — v/ = O(2]'"?) and |#]2 = O(ju(=) - V).

9



(e) r(z) < |2|7V2 for z outside P(6).

The main application of (b), of course, is the estimate

T(r,w) = O(r®).

b) RE-SCALING EQUATION (IV)

We will briefly describe the procedure in case (IV), which is quite similar to its
counterpart in case (IT). We set

r(z0) = min{|zo] !, [w(z0)| ™, w'(z0)] 7%}

to re-scale w(z) + z rather than w itself. Let (z,) tend to infinity, set r,, = r(z,)
and y,,(2) = rp|w(z, +rn2) + 2, + 12|, Again, assuming the limits ¢ = lim r,z,,

n—oo

Yo = lim y,(0) = lim r,w(z,) +a and yy = lim ¢/,(0) = lim r2w'(z,) to exist,
we obtain the limit differential equation

2y — a)y” =y +3(y — a)* + 8aly — a)® + 4a*(y — a)?.
Again we have y # 0, this following from |a| + |yo| + |y§| > 0. Constant solutions
are y = fa and y = a/3.

We denote by (p,) and (g,) the sequence of non-zero poles and zeros of w(z) + z,
respectively, and set Q(9) = |, As(q,), where again As(c) = {z : |[z—c| < 07(c)},
d > 0 arbitrarily small, but fixed. Then we obtain, similarly to case (II), but
now using the key auxiliary function

V(z) =U(2) —wx)w'(2)/(w(z) + 2)* with V(p) = —3ep + 2ap + 2h :
Proposition 3.6 For any solution of (IV) the following holds:

(a) 2 =O(w(2)+2z|) and w'(2) = O(Jw(2) + z|*) as z — oo outside Q(J).
(b) V(2) = O(|z]®) as z — oo outside Q(8); in particular, h, = O(|p.|?).

Again the proof is based on asymptotic integration of the linear differential equa-

tion 5 ( 5 ) 5 (3 )
2w(z + bw w(3z —w
‘// — Q /
(z,w) (w+ 2)° v (w+ 2)3

, 8az+ 223 26+ 1602? — 2* 4Bz + S8az® — 22°

ith = — . Similarl
with Q(z, w) 2+ s (w2 EE imilarly
to Lemma 3.4 one can show that given ¢ > 0 there exists K > 0 such that
(w(z) + 2)° 2|

10



outside Q(9); since the set Q(J) is porous, the same technique as was used in case
(IT) yields V(z) = O(]z]%), and, in particular, |h| = O(|p|?). From this result
and the appropriate lower estimate for the radius of convergence 7(p, h), see the
appendix, it follows that we may re-scale about any pole p # 0 with local unit of
scale r(p) = |p|~'. Again by setting P(d) = |, As(p,) we obtain

Proposition 3.7 For any solution of (IV) the following holds:

(a) |w(2) + z| < |z| as z — oo outside P(§) U Q(9).
(b) w'(z) = O(|z]*) and U(z) = O(|z|*®) as z — oo outside P(5); in

particular it is allowed to replace v, = r(2,) by |z.|7! for (2,) outside

P(5).

In this case, too, the main application is the estimate
T(r,w) = O(r*).

Final Remark. To each equation (I), (II) and (IV) there corresponds in a
canonical way a Riemannian metric ds = |z|M*|dz|, A = 1,2,4; distances are
denoted by d(a,b) = dy(a,b). The euclidian disk As(c) = {z : |z — ¢| < d]c|*}
obviously may be replaced by {z : dy(z,¢) < ¢}, for |c| large compared with 4.
Hence, for any fixed solution the corresponding Laurent series (3) converges in
da(z,p) < Kx(w), A = 1,2,4, where K,(w) > 0 is a constant not depending on
the pole p.

§4 VALUE DISTRIBUTION OF THE SECOND TRANSCENDENTS

Let w be any transcendental solution of equation (II), with non-zero poles p,

and Res w = ¢,, and let g. be the canonical product with simple zeros exactly
Py

at the non-zero poles of w with residue ¢ = +1. We set g(z) = 2l°lg;(2)g_1(2)
and f(z) = 29¢1(2)/g9-1(2), with ¢ = Rgs w. Then g and f have genus h > 0,

and from m(r,w) = O(logr) and m(r,U) = O(logr) it follows that there exist
unique polynomials @), and )y such that

f'(2)
f(2)

w(2) = Qulz) + 2 and U(z) = Quz) - (15)

In the sequel we will discuss how the polynomials ), and Q) associated with w
are related to h and to each other. Clearly, for ¢y = 0, @),, and )y are the Taylor
polynomials of w and U, respectively, of degree h — 1, plus higher terms!

Before proceeding further we prove a surprising result, which at first glance seems
to show that each second Painlevé transcendent has order of growth o < 2.

11



Theorem 4.1 Any transcendental solution of equation (1) with w(0) # oo
may be represented in the form

wE e =lm 3 =Y e 09

0<|py|<r v (pv)

If w has a pole at z = 0 with residue €q, then w(0) has to be replaced by
60/2’.

Remark. We note that convergence is locally uniform, but >_*, being defined
(pv)
by (16), has to be understood as (Cauchy) principal value, obtained by exhaust-

ing the plane, and hence the sequence (p,), by disks |z| < 7.

Proof. Let r > 0 be sufficiently large; we construct a closed path of integration
[, of length O(r) with the following properties: the interior of I, contains exactly
those poles of w which are contained in |z| < r, and T, N A, = ) for each v,
where A, = {z : |2 — p,| < d|p,|~/?}; 6 > 0 is chosen in such a way that
A, NA, =0 for pn # v. We start with the positively oriented circle C, : |z| = r.
If ¢, = C, NA, # (), we replace this sub-arc of C, by the corresponding sub-arc
d, of OA, inside |z| = r if |p,| > r, and outside |z| = r if |p,| < r, to obtain T,
after finitely many steps. Since length(d,) < mxlength(c,), the length of I';, is
at most 272r.

We assume w(0) # oo for simplicity. Then for z inside I',, the Residue Theorem

gives
_ 1 w(§) . w(z) —w(0) e
S = 5 /p (C-2% DD

and from |w(¢)| = O(|¢|'?) = O(r'/?) on T, follows S(z,r) = O(r~/?) as

r — oo, uniformly with respect to |z| < r/2, say. O
Remark. This result is surprising insofar as it is supposed that, in general,
S |po| 7 diverges. We note that w'(0) = —>_ "¢,p,? in the first case, and
v=1 (pv)

> "e,p,? =0 if w has a pole at z = 0.
(pv)

1 2
We may also consider S (z,r) = —/ Cw—(o d( to obtain
r

2mi (¢ —2)
Theorem 4.2 For any transcendental solution of (U) with w(0) # oo
w?(z) = w?(0) +bz+ hm Z z—p) = p,7]
|p,,\<rk (17)
= —|—bz+z (z —pv) Q—p;ﬂ
(pv)

12



holds for some sequence r, — oo, with

b= lim 5@ — 9 )—25"
kl_%los (z,71) = 2w( (z: D,
Pv)

if w has a pole at z = 0 with residue ¢y, then the terms w?(0) and 2w(0)w’(0)
have to be replaced by z=2 and —3(1 + egav), respectively.

Remark. We call Y™ principal value of the second kind, obtained by the
(pv)
exhaustion |p,| < rp — oc; again convergence is locally uniform with respect to

z. Considering the integral — / T_)) d¢ instead of S®(z,r) yields

211
2%(3p —22
w?(z) = 0) + 2w(0 0)z + -
@) = w0 Y e
= w?(0) + 2w(0) Z+Z z—p,) 2 —p,? —22p,°],

which converges absolutely and locally uniformly.

Proof of Proposition 4.2. Again from the Residue Theorem follows

2

—2p,
S@(z,r) = 2 <Z) + E v
py pV—Z

0<|pv|<r

Since w?(¢) = O(r) on T, we may, however, only conclude that S®(z,r) is
uniformly bounded, for |z| < r/2, say, independent of r. For some appropriate
sequence 1, — oo we thus have klim S®(z,r,) = b, locally uniformly in the

plane. 0

Theorem 4.3 In any case deg Q,, < max{0,h — 1} < 2 and degQy < 2
hold.

Remark. If w(0) # oo and h > 1, then Q(2) = Th—1(z;w) is the Taylor
polynomial of w about z = 0, of degree h — 1. In case w(0) = oo we have
Qu(z) =0for 1 <h <2 and Qu(z) = —3(a + €)2? for h = 3.

Things are a little bit different for Qp. Writing by = >_ p,*~! (the series con-
v=1

2
verges absolutely for k > h) we obtain Qu(z) = 10ephg — 3 (1 + egr)z* — 3 by2"
k=h
2
if z =0 is a pole with residue €y, and Qu(z) = To(z;U) — > b2 if w(0) # oc.
k=h

13



Proof. We assume w(0) # oo for simplicity. Then, on one hand, (15) gives

w(z) +Z = (18)

while (16) continues to hold. From this we may conclude that deg @Q,, < max{h, 1},
and hence Q,(z) = Th-1(z;w) for h > 1. If z = 0 is a pole of w with residue
€0, then we also have deg @), < max{h, 1}, and from (3) follows Q,,(z) = 0 for

1<h <2 and Qu(z) = —&26022 in case h = 3.

The representation of U easily follows from (17) and U’ = w?. Comparison with
the ordinary series expansion

U = ol - L —ue -

Z_pV pz/

v=1
2
yields deg Qu < 2, and Qu(z) = To(2,U) — Y. b2, if w(0) # oo, and Qu(z) =
k=h

2
10eohg — 5(1 4 egar)z* — 3 byz" else. O

In [15] Shimomura has shown:

For 2a € Z every transcendental solution of (1) has order of growth

0>3/2.

More precisely, it was shown that T(r,w) > C3/%27¢ for every ¢ > 0 and any
transcendental solution of equation (II) with parameter o = 0. This result then
may be extended to any o with 2a € Z by applying the Backlund transformation.

To prove Shimomura’s result, we have only to deal with the case where @, is
constant, since o(w) > h > deg@, + 1 > 2 in all other cases, and thus may
write w = &'/® with o(®) = ¢ < max{l, o(w)} (note that, in case h = 0,
®(z) = e f(#) might contain an extra factor e to represent w). For a = 0, a
simple computation gives

w// 2 q)/l (@//l q)l) q)// \1//

w >\ o U

with ¥ = ®”/®3. Since the order of ¥ is at most o, we obtain from the Lemma
on the logarithmic derivative, in the form due to Ngoan and Ostrovskii [8], that

logr = m(r,z) < m(r,®" /@) +m(r, ¥’ /¥) < 2(c — 1+ 0(1))" logr,

and hence o > 3/2, which implies o = o > 3/2. O

14



Remark. For arbitrary a the same proof shows that

2(0 — )" > limsupm(r, z + a/w)/ logr.

r—00

In most cases the order of growth of any solution w has turned out to satisfy
0 > 2, the only exemption occurring when @),, is constant. We will now prove
several lower estimates depending on deg (.

Theorem 4.4 Let w be any transcendental solution of (I1I), with associated
polynomials Q,, and Qu. Then if o < 3 and degQy = 2, the following is
true:

(a) 0> 3/2 and Qu(z) = ~12% 4 -

(b) w(z) ~+/—2/2, U(z) ~ —2%/4 and w'(z) = o(]z|) as z — oo on some
set D satisfying area (DN {z: |z| <r}) ~7r? as r — oo.

Example. The solutions of w’ = z/2 + w? have order of growth ¢ = 3/2 and
solve equation (IT) with parameter o = 1/2. In this case U’ = w? = w’' — z/2 and

Qu(z) = w(0), hence U(z) = w(z) — 22/4 4+ U(0) — w(0) and Qu(z) = —z2/4 +

[e.e]

U(0). We note that w?(0) = >_ p,? and w3(0) = w(0)w'(0) = > p,* —1/4. In
v=1 v=1
case w(0) = oo we have Qu(z) = —2%/4 + 10¢ohg and Y p,% = 0.
v=1

Proof of Theorem 4.4. We assume p(w) < 3 and set Q,(z) = az+ ao (note that
deg Q,, = 2 implies o = 3) and Qu(z) = bz?/2 + ---. Then from Propositions
2.2 and 2.3 and U’ = w? follows

I(R,U - Qu) + Iy(R,w* — Q) + Iy(R,w' — Q) = O(R*™)

for some A > 0. Let the set £ C C consist of all points z, such that at least one
of the inequalities

U(2) =b2°/2 > |27, |w(2) —be| > 2], w'(2)] > [

holds, and set Egr = EN{z: R/2 <|z| < R}. Then, having I(R, z)+ Iyg(R,1) =
O(R?) in mind,

CR472)\

v

/E (IU(2) = b2 /2| + [2]|w?(2) — bz + |2]|w'(2)]) d(z. y)
> (R};Q)z_’\area (ER),

and hence area (Er) = O(R?*™?) follows, this implying

area (Dg) = area (DN {z: |z| < R}) = nR* — o( R?)

15



for D=C\E.

Re-scaling equation (2) on any sequence (z,) C D, with local unit of length
rn = zn "%, ie., taking the limit n — oo for yn(2) = z{l/Qw(zn + 2, /%) then
yields

' =y 9" —0/2, y(0) = Vb, ¢ (0) =0,
for some choice of v/b, from which b = —1/2 and y(z) = /—1/2, and hence
w(z,) ~ \/—2,/2 and U(z,) ~ —22/4 follows. This proves w(z) ~ y/—z/2 and

U(z) ~—2%/4 as z — oo on D.

Since p > 2 for deg@),, > 1, we have only to deal with the case a = 0. Then
o(w) > 3/2 follows from

2l (R, w) > / lw(z)|d(x,y) > const - R%/?
Dpg
and Proposition 2.2. O

Theorem 4.5 Let w be any transcendental solution of (II), with associated
polynomials QQ,, and Qu. Then deg Qu = 1 implies o0 > 2.

Proof. We assume Qp(z) = bz + by and ¢ < 2, hence @, is a constant. Then
from Propositions 2.2 and 2.3 follows

In(R,w® = b) + Iy (R, w') = O(R™)
for some A > 0, and as in the proof of Theorem 4.4 the set
E={z:|w(z) = b| > [2[ or [w'(2)] > |2[*}

satisfies area (F N {z : |z| < R}) = o(R?*). Again we set D = C\ F and
Dr = DnN{z:|z| < R}, and again area (Dg) ~ 7R? holds. From equation (1)
then follows |w”(z)| > |b|'/?|z|/2 for z € D and |z| > ro, say. Together with
|w'(2)| = o(1) this implies (w')#(z) > |b|*/?|z|/4, and hence A(r,w') > cir* for
some ¢; > 0, this contradicting our assumption ¢ < 2 (and even p < 3). [

Concluding remarks. Theorems 4.2, 4.3 and 4.4 together show that o(w) >
3/2 is true except when @y and @, are constants. Thus the only case left is
w=a+ f'/f and w? = —(¢'/g) with f = ¢1/g_1 and g = g1g_1, where g1, are
canonical products of genus < 1. In the sequel we will discuss several ideas which
could or could not help to prove o > 3/2.

m(r,z + a/w
a) It seems promising trying to prove lim sup (r,2 + a/w) > 1. This, however,
g rymg 1
r—00 ogr

is far beyond the scope of our method, since it requires analyzing solutions on
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circles |z| = r. We note also that for a € Z there exist rational solutions with
z+a/w(z) = O(]z|™!), and hence any proof had to distinguish between different
parameters, and also between rational and transcendental solutions. Also this
method would not work in case of equation (IV).

(b) It also seems hopeless trying to prove that deg @), = 0 implies deg Qpy = 2,
though several hints indicate that this might be true. It might, however, be
fruitful to consider the following problem: let g4; denote the canonical products
with zeros at the non-zero poles of w with residues £1, and assume @, (z) = a
and Qu(z) = b. Replacing g+, by fi1 = e**/2g.; and writing ¢ = f1f_; and
f = fi/f-1 we obtain w = f'/f and w? = U' = —(¢'/g)’. Thus

—(fi/F) = (foa/ f0) = (fi) fo = L) Fa)s

or, equivalently,
fafl =2f i+ 2 fi=0

has to be disproved for (essentially) canonical products fi; without common
ZEros.

(¢) Our third proposal seems to be more promising, namely, to prove some esti-
mate |w(z)| > ¢|z|'/? outside small disks |z — ¢,| < d|c,|~!/? about the zeros ¢,
of w, and then apply Proposition 2.2. In contrast to equation (I), however, it is
not possible (although I believed in [17] it would be) to prove an asymptotic re-
lation like |w(z)| < |2|'/? outside the set P(§) UC(§), by using re-scaling methods
only. The reason for this is that (II) also has rational solutions (for parameters
a € Z) satisfying w(z) ~ —a/z as z — oo. It is a weakness of the re-scaling
method that it cannot distinguish between different parameters nor between ra-
tional and transcendental solutions. All results which may be obtained by this
method, must be true for all parameters and all solutions. A similar remark
holds for equation (IV). Thus, some additional argument has to be introduced,
which excludes rational solutions from consideration.

Nevertheless I believe that the following is true: Any transcendental solution of
(II) has order of growth either o = 3 or else p = 3/2, this occurring exactly
for particular solutions, called Airy Solutions. These solutions are character-
ized by the fact that they also solve first order algebraic differential equations
P(z,w,w’) = 0, and are obtained by successive application of the so-called
Backlund transformation, starting from the solutions of the Riccati Equation
v = +(2/2 + u?). For details the reader is referred to [3].

§5 VALUE DISTRIBUTION OF FOURTH TRANSCENDENTS

Equations (II) and (IV) are in many respects similar to each other. For certain
parameters they admit rational solutions, or solutions which solve also some first
order algebraic differential equations, and the residues €, alternate.
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We use the same notation as was used in the previous section to represent tran-
scendental solutions w of (IV). Let g denote the canonical product, of genus h,
with simple zeros exactly at the non-zero poles of w. Then g = g19_1, where g4,
has zeros exactly at poles with residue +1. If w has a pole at z = 0 with residue
€0, we replace g and f = g1/g_1 by zg(z) and 2z f(z), respectively. Then as in
case (II) we have the representations (15).

From section 3(b) we obtain the estimates w(z) = O(|z|) and U(z) = O(|z|?) as
z — oo outside P(8) = U, As(py), with As(p,) = {2z : |z — p,| < d|p,|7'}. We
also construct the closed curve I',. as in the proof of Theorem 4.1; it contains in its
interior exactly those poles with |p,| < r, while w satisfies |w({)| = O(|¢]) = O(r)
on I',.. Then the Residue Theorem applies to

_ 1 w(¢) _
Sm(Z,T>—%/FdeC, m—1,2,

with S,,(z,7) = O(r~™!) as r — o0, locally uniformly with respect to z. Hence,
for w(0) # oo, we obtain

w(z) = w(0) 0)z + Z
(principal value with exhaustion |p,| < r — o0) in case m = 2, and, for m = 1,

w(z) = +bz+z**z_pu ~ (20)

(pv)

- pz/)py (19)

for some sequence rp; — oo, where b = klim Si(z,7)) is constant; note that
—00

b=w'(0)+ 3. e,p,? Equations (19) and (20) have to be modified if z = 0 is a
(pv)
pole with residue € as follows: w(0) and w’(0)z have to be replaced by €,/z and

3 (2e0cr + 4)z, respectively. Similarly, by considering

1 w(Q) + 2¢w(C)
2mi Jr,  ¢™TH(C — 2)

r

gm(z,r) =

dg
and noting that w?(¢) + 2¢w(¢) = O(|¢]*) = O(r?) on T,, we obtain

w?(2) + 22w(z) +Z (z=p,) " =, = 22p,° (21)

(principal value) and

w?(2) + 2zw(z) = )+ 022 + Z (z—p) =7 (22)
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(principal value of the second kind, obtained by the exhaustion |p,| < 7, for
some sequence rp — 00), with b = klim Si(z,71), locally uniformly, and 7T,,, being
—00

the Taylor polynomial of w? + zw of degree m about z = 0.

Then (19), (20) have to be compared with the Mittag-Leffler series expansions

w(2) +Zz_ 0<h<4, (23)

and, similarly, (21) (22) have to be compared with

oo

h—2
with K(z,p) = Z(k: + 1)zFp~*=2 for 0 < h < 4. The case w(0) = oo requires
k=

obvious modlﬁcatlons it doesn’t make any sense to write this down. We thus
obtain, similarly to case (II):

Theorem 5.1 In any case deg Q,, < max{h — 1,1} < 3 and degQy < 3
hold.

As in case (IT) we next prove several lower estimates depending on deg ()7, noting
that o > deg @, + 1 for deg Q),, > 2 is already known.

Theorem 5.2 Let w be any transcendental solution of (IV), with associated
polynomials @, and Qu. If o < 4 and degQu = 3, then the following is

true:
(a) Qu(z) =—z2"+ -+
(b) w(z) ~ =2z, U(z) ~ —22z* and w'(z) = o(|z]*) as z — oo on some

(
et D satisfying area(DN{z: |z| <r}) ~7r? asr — oo.
(¢) 0> 2, provided Qu(z) # —2z + ay.

Remark. We note that certain equations (IV) have rational solutions with
principal part —%z at infinity.

Proof. There is almost no difference to the proof of Theorem 4.4. We set
Qu = bz3/3 + -+ and Q,(z) = az?/2 + --- (note that deg@, = 3 implies
0 =4), and assume p(w) < 4, hence

I(R,U - Qu) + Ig(R,w? + 22w — Q) + Ig(R,w' — Q) = O(R>™),
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for some A > 0 (note that I(R, 2%)+ 1y (R, z) = O(R*)). Consider the set E C C,
such that for z € E at least one of the inequalities

U(2) — 02%/3] > |2>7, [w?(2) + 2z2w(2) — b2%] > |2]*7, |w'(2) — az| > |2]*

holds, and set Fr = EN{z: R/2 < |z| < R}. Then as in section 4 we conclude
that area (Eg) = O(R*™), and hence area (D) ~ 7R? for D = DN {z: |z| <
R} and D =C\ E.

Re-scaling the corresponding equation (2) on any sequence (z,) C D, z, — 00,
with local unit of length 7, = 2! then yields

y? =yt + 4y’ + 4y® — Loy, y(0)2 +2y(0) = b, y'(0) =0,

from which b = —% and y = —% follows (any other constant solution is ruled out
by the assumption b # 0.) This proves w(z) ~ =2z, U(z) ~ —52% and w'(2) =
o(|2]?) as z — oo in D. For Qu(z) # —3z+ag we have |w(z) — Qu(2)| > c|z] for

z € D, |z] > 1o and some ¢ > 0, and thus p > 2 follows from
2l (r,w — Qy) > 27?/ cz| d(z,y) > crr®
D,

and Proposition 2.2. ]

Theorem 5.3 Let w be any transcendental solution of (IV), with associated

- _ : 14
polynomials Q,, and Qu, and assume degQu = 2. Then either o > <

holds, or else there exists some set D and some sequence r,, — 00, such
that area (D N {z : |z| < 7,}) ~ 72 and w(z) ~ —2z as z — oo on D.
Moreover, Q. (z) Z —2z + ag implies o > 2.

Remark. We note that certain equations (IV) have rational solutions satisfying
w(z) ~ —2z.

Proof. We write Qp(z) = b2%/2+ -+, b# 0, and assume o < 3. Then Q,,(z) =
az + ag, and for some A > 0, to be determined later, we have

I (R,w? 4 22w — b2) + Iy(R,w' — a) = O(R*™).
Thus, for every €, 0 < € < A, the set
E(e) = {z : [w*(2) + 2zw(2) — bz| > |[2|" € or [w'(2) — a] > |z|'7*}

satisfies area (E(e) N {z : 7/2 < |2] < R}) = O(R*™¢). Thus, for D(¢) = C\ E(e)
we have

area (D(e)N{z:|z| < R}) ~ TR,

while
w?(2) + 2zw(2) — bz| < |2]7€ and [0/ (2) — a] < |2]*Me.
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hold on D(e).
Now w? + 2zw — bz = o(|z]) has two solutions, w; = b/2 + o(1) and wy =
—22—b/2+0(1) as z — oo. We set

Di(e) ={z € D(e) : |w(z) —b/2| < |b|/4} and Ds(€) = D(e) \ Di(e).

If for some € > 0 and some sequence r,, — 00

area (D () N {z : |2] < rp}) = o(r2)

n

holds, then Q),,(2) # —2z+ag implies |w(z) —Quw(2)| > c1|2z| on Dy, |z sufficiently
large, and from

27TI(7"n,’LU - aQw) > 27 / 01‘2‘ d(a:,y) > cri
Dan{|z|<rn}
and Proposition 2.2 then follows ¢ > 2.

We now assume that for every sufficiently small ¢ > 0 there exists ¢ = ¢(e) > 0,
such that
area (Dy(e) N{z: |z| <7} > cr?

Then from the corresponding equation (1) follows |w”(z)| > ¢ |z|? for some ¢; > 0
and z € Dy (e), || sufficiently large. Thus |w'(z) — a| < |z|*7**€ gives

(W) (2) > ealo 7
on D;(€), this implying
Alr,w') > car®™ 74 and T(r, w) > cyr® T4

and hence 3 — A > o > 2 4 4\, since € > 0 was arbitrary. The only restriction
on A, however, is thus 0 < 5\ < 1, and hence the inequality o > 14/5 follows by
letting A tend to 1/5. O

Theorem 5.4 Let w be any transcendental solution of (IV), with associated
polynomials Q,, and Qu(z) = bz + by, b # 0. Then, either o > 2 holds, or
else there exist some set D = Dy U Dy satisfying area (DN {z: |z] <7r}) ~
7r? and such that one of the following assertions holds:

(a) area (D; N{z:|z| <r}) ~mr? and w(z) ~ b/2z on D;.

(b) area (DyN{z : |2| < 1,}) > cr? for some ¢ > 0 and some sequence
Tn — 00, and w(z) ~ —2z on Ds.

Moreover, o > 2 also holds in case (a) if either b + 23 # 0 or else Q,, is
non-constant, and in case (b) if Q,(z) £ —2z + ay.
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Proof. The arguments are easier than in the proof of Theorem 5.3. We assume
0 < 2, hence Q,(2) = az + ap. Then

In(R,U —b) + Iy(R,w' —a) = O(R*)
for some A > 0, this again implying that
lw?(2) + 22w(2) — b < |2|™* and |w'(2) — a| < |2|™*

on some set D with area (DN {z: |z| < R}) ~ TR2.

As before the equation w? +2zw —b = o(1) has two different solutions w; ~ b/2z
and we ~ —2z. According to these solutions we set

Dy ={zeD:|w(z)| <1} and Dy =D\ D;.
Then, if b*> + 28 # 0 and
area (D; N {z: |z| <7r}) > cr?

for r > rg and some ¢ > 0, we obtain from equation (1) w”(z) ~ (b+ 25/b)z.
Since w’ is bounded on Dy, this implies (w')#(2) > ¢1]z| on Dy, A(r,w') > cor,
and hence p = 4 against our assumption.

Similarly, from a # 0, |w(z)| < 1 and w'(2) ~ a on D; follows w#(z) ~ |a|, this
implying A(r,w) > ¢;7? and T'(r,w) > cor?, without restriction on b + 2.

We thus may assume that
area (DoN{z:|z| <r,}) ~7r?

on some sequence 1, — 00, and w(z) ~ —2z on Dy. Then, if Q,(2) Z —2z + aq,
the inequality o > 2 follows from |w(z) — Qu(2)| > ¢1|z| on Dy and Proposition
2.2. 0J

Remark. We note that, for certain parameters a and [, equation (IV) has
particular solutions of order o = 2. These are also solutions of certain first order
algebraic differential equations P(z,w,w’) = 0, and are obtained by repeated
application of the Backlund transformation, starting with solutions of the Riccati
equations +w’ = F2 — 2a + 22w + w?. For details the reader is referred to [3].
The Riccati equation w’ = —2 — 2a + 2zw + w? also serves as an

Example for Theorem 5.4. Here we have U(z) = w(z)+ (2+2a)z —w(0)+ U(0),
and @, and Qu(z) = Quw(2) + (2 + 2a)z + U(0) — w(0) have degree < 1.

The remarks at the end of section 4 remain valid. Since for particular parameters
a and (3, equation (IV) has rational solutions w ~ —2z, w ~ —22z/3 and w ~
const/z as z — 00, it seems impossible to prove the desired estimate |w(z)| < |z|,
outside the neighbourhood C(§) of zeros of w, by using only re-scaling methods.
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This asymptotic result, of course, would be very helpful, but not sufficient to
prove ¢ > 2.

Nevertheless, it seems quite naturally to believe that the transcendental solutions
have order of growth o = 4, except for those solutions satisfying also first order
algebraic differential equations, in which case o = 2.

§6 DISTRIBUTION OF POLES WITH RESIDUES =+1

In [3, Theorem 18.1 and 18.2] it was shown that every transcendental solution of
(IT) has infinitely many zeros with residue +1 and also infinitely many zeros with
residue —1, except when w = w is a particular solutions of (II) with parameter
a = £1/2; also solving the Riccati equation

+u' = 2/2 +u’. (25)
It is, however, not hard to prove a sharp quantitative result.

Theorem 6.1 Let w be any transcendental solution of (II), but not a so-
lution of (25). Then Ny(r,w) < 2N_(r,w) + O(logr) and conversely,
N_(r,w) < 2N (r,w)+ O(logr) hold.

Proof. By our assumption the meromorphic function ®(z) = w'(z) —w?(z) —2/2
does not vanish identically. From (3) it is easily seen that ® has a double pole
at any pole of w with residue +1, and has a zero at any pole of w with residue
—1. Hence, by Nevanlinna’s first fundamental theorem,

N_(r,w) < N(r,1/®) <T(r,®) + O(1) = 2N, (r,w) + O(logr)

follows. Of course, + and — may be permuted. O

Remark. Any so-called Airy solution, already mentioned in §4, may be rep-
resented in the form w(z) = R(z,u(z)), where R is rational and has degree
2n + 1 with respect to the second variable, and wu is a solution of (25). It is
easily seen that in this case either N_(r,w) = ¢, N4 (r,w) + O(logr) or else
Ny (r,w) = ¢, N_(r,w) + O(logr) holds with ¢, = 1+ 1/n. This example shows,
by choosing n = 1, that Theorem 6.1 is sharp.

In general we have

Theorem 6.2 For any transcendental solution w of (II)
|TL+(T, w) - TL_(T’, w)l = O(r3/2)

holds.
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Obviously, Theorem 6.2 says that for solutions of order ¢ > 3/2, the poles with
residue +1 and the poles with residue —1 are asymptotically equi-distributed.

Proof. Using the path of integration I, constructed in section 4, the Residue
Theorem gives

‘nJr(Ta w) —n- (Tu ’LU)| = = O<7"3/2)a

1
%/Frw(z) dz

and hence the assertion. O

Similar results, with the same proofs, are obtained for solutions of (IV). The
only difference is that one has to work with |w(z)| = O(|z|) rather than |w(z)| =

O(|]'/?).

Theorem 6.3 Let w be any transcendental solution of (IV), but not a
solution of equation (26) below. Then Ny (r,w) < 2N_(r,w) + O(logr)
and conversely, N_(r,w) < 2N, (r,w) + O(logr) hold.

Theorem 6.4 For any transcendental solution w of (IV)

4 (r,w) = n_(r,w)| = O(r*)

holds.
Equation (IV) has particular transcendental solutions u = w for parameters
B = —2(1 £ «)?, a arbitrary. These solutions also solve the Riccati equation
+u' = —2(a £ 1) + 2zu + u?. (26)

By applying the Bécklund transformation repeatedly to any solution u of (26),
see [3, Theorem 25.1], we obtain the so-called Weber-Hermite solutions, which
take the form w(z) = R(z,u(z)). They are solutions of certain first order alge-
braic differential equations P(z,w,w’) = 0, and have order of growth o = 2. The
substitution u = Fv’/v, transforms (26) into the Weber-Hermite linear differen-
tial equation

V" F 220" = 2(a £ 1o =0.

For more information the reader is again referred to [3].
§7 VALUE DISTRIBUTION OF THE FIRST TRANSCENDENTS

In [15] Shimomura obtained the lower estimate n(r, w) > const-r®?/logr for any
solution of Painlevé’s first equation. We will give a different proof of a slightly
weaker result, and then prove Theorem 7.3 below, which sharpens both results
considerably; in both cases f denotes the canonical product having simple zeros
exactly at the non-zero poles p, of w.

First of all we will give a new proof of
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Theorem 7.1 Every solution w of (I) has the representation

w(z) = ag+ ez + Y [(z=p) 2 =p,7),

v=1
and hence
o0
U(z) = apz + a; — €z ! — Z Z2<Z _pV)_lp;2’
v=1

where either g = 0 and ag = w(0), or else g = 1 and ag = 0, hold. The

series Y |p,|™" converges for k > 5/2, but diverges for k = 5/2.

v=1

1
Proof. The Residue Theorem applies to S(z,7) = o / C(qg(—oz) d( ; the path
T T, —

of integration I',. is constructed in the same manner as in section 4, such that the
following holds: the interior domain of I'. contains the same poles of w as does
the closed disk |¢| < r, the length of I', is O(r), and w(¢) = O(|¢|"/?) = O(r'/?)
holds on I',. Then

S(er) = w(z) —w(0) N Z (z—2pl, o1

2
z z —
lpv|<r pU)

as r — oo, uniformly for |z| < r/2, say (to be modified for w(0) = oo, re-
place w(0) by 1/z), which gives the desired result, since the Mittag-Leffler series
converges locally uniformly. O

In the next step we prove a slightly weaker result than Shimomura’s.

Let (g,) denote the sequence of zeros of w, and set {c,} = {p,} U{q, } with
counting function n(r) = n(r,w) + n(r,1/w). Then Proposition 2.3 applies with
L' = w and the set H(R) defined in (11) with x = 1/4. For § > 0 fixed, and
noting that Iz (R, 1) = O(R?), we obtain

In(R,w) = O(R [T(2R, f) + n(2R) log R] )

On the set H(R) we have |w(z)| > Ky|z|'/?, and hence the left hand side of the
above inequality is

In(Rw) > KyR7? — Ky > e[V?(Je,|7V/*)? = K\ R™? — Kon(2R).

lev|<2R
This gives 7°/2 < O(T(r, f) +n(r)logr) as r — oo, and, in particular,

lim sup n(r, w)/(r*?logr) > 0.

r—00
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The assumption n(r,w) = o(r®/?) has strong implications, one being that U(z) =
o(|z|>/?) as z — oo, outside a set E of planar density zero.
If only

lim inf [n(r, w) + T(r, f)]/r** = 0

r—00

is assumed, then there exists some sequence R, tending to infinity, such that
(n(2Rp, w) + T(2Ry, f))/ RY/* < 1y — 0

as n — oo. We may assume that (7,) is decreasing, and define a continuous,
decreasing and piecewise linear function 7 : (0,00) — (0, 00), which interpolates
Nn at R,. Then

I(R,,U) < I(R,,U — agz — ay) + O(R?) < CR*n(R,,)
holds for some constant C' > 0. Defining the sets

E={z:1U)|>2’*V/n(z])} and E,=En{z:R,/2<|z| < R,},

we obtain from

CR/*n(R,) > /|<R \U(Z)\d(xay)Z/E 121*23/n(|2]) d (=, )
> (R,:/Q)?’/2 n(R,) area (E,)

that area (FE,) < C1R*\/n(R,). Clearly w has no poles on D = C\ E. Let
P denote the set of poles of w, and assume that D contains some sequence
(z,) satisfying dist(z,,P) — oo, distance measured with respect to the metric
ds = |z|"/*|dz|. Then from [17, Proposition 9] follows

2 Pw(z,) — iy/1/6 and 2, %?U(z,) — i/2/27

as n — 00, for some suitably chosen branch of the square-root. This, however,
contradicts z, € D, hence we have proved that there exists K > 0, such that
every disk {z : d(z,¢) < K}, ¢ € D, contains some pole of w.

Again let (z,) denote any sequence in D, z, — 00. Re-scaling equation (2) with
local unit r, = z, 1/4 (it doesn’t matter that r, is complex), and noting that
U(zn)zﬁ?’/2 — 0 as n — oo, then leads to y'* = 4y + 2y. Since w has some
pole p, with d(p,, z,) < K, the limit function y is non-constant, and hence is a
Weierstrass p-function with invariants g, = —2 and g3 = 0, and period module
A = h(Z+iZ), h > 0, independent of the sequence (z,).

By [17, Proposition 8], the following local result holds:

Given R > 0 and o > 0, there exists ro > 0, such that for any zo with |z| > 7o
there exists some lattice L, such that the Hausdorff distance with respect to the
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metric d between the image of L N{( : |(| < R} under the map ¢(¢) = (23/4 +
BOMP ~ 29+ 25 *¢ and the set PN {z : |z — 20| < R|20| ™Y/} is less than o.

In our case, however, this is a global result, since the lattice L = A is always the
same for any zo € D. From this it is not hard to conclude that the number of poles
of win |z| < ris at least cr'/?area (DN {z : |z| < r}), ¢ > 0 an absolute constant.

In particular we have n(2R,,w) > clR?L/ 2, which contradicts our assumption.

Remark. To derive this contradiction, it is actually not necessary to know the
true distribution of poles. The union of disks {z : d(z,p,) < K} covers D, and
hence we have, for D, = DN{z: R,/2 < |z| < R,},

area (D) < Y. 2BCn(lp | = O(n(Ro,w) R, V2),
Rn /4<|p,|<2Rn

which gives n(R,,w) > const - R,

Anyway, we thus have proved

Theorem 7.2 Any solution w of (I) satisfies T(r, f) > const - v, and,
wn particular,
lim sup n(r, w) /r®/* > 0.

T—00

APPENDIX: RADII OF CONVERGENCE

We deduce uniform lower bounds for the radii of convergence r(p, h) of the series
expansions about any pole p, |p| > 1, of the Painlevé transcendents. In [17]
it was shown that r(p,h) > K min{|p|=/4 |h|7/6} for the first transcendents,
K > 0 independent of p and h. In case (II) we leave it to the reader to prove
that 7(p, h) > K min{|p|~"/2, |h|7'/4}, and focus on case (IV). From w'*> = w* +
dzw® + 4(2% — a)w? — 20 — 4wU and (IV) follows

w” = 2w + 62w? + 4(2% — a)w — 2U. (27)
Consider w(z) = Y cu(z = p)" !, g = € = £1. Then U(z) = >_ a,(z — p)"!
n=0 n=0
has coefficients ag = —1,a; = 2ap + 2h — 2ep (=local constant of integration)
and ]
Upo = — szzn(;icj + 2pcp—3 + 26n_4) for n > 4. (28)

Inserting the series expansions into (27) we obtain for n > 4, by equating coeffi-
cients,

n—=2)(n—1)c, = Z2CiCjCk + Z6pCiCj + ZGcicj
i+j+k=n i+j=n—1 i+j=n—2 (29)
+4(p* — a)cp_o + 8pcn_3 + 4cn_g — 20,2
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Let 0 < § < 1 be arbitrary and set M = K max{|p|, |h|'/?}, where K > 07! is
chosen in such a way that |c,| < #M™ holds for 1 < n < 4; this is possible with
K only depending on 6, o and 3. We just note that

45¢s = =320+ 20p° + €(26 + 140’ + 953 — dap® — p* — 36ph).

We also assume [p| > 1, and hence M1 < K~! < §. Starting from |c| < OM*
for 0 < k < n and some integer n > 4, we obtain from (28)

lan| < K10M™ % < K,6°M™

for some absolute constant K; > 0. Thus, noting that |p| < M and that the
term 2¢, = 2cic, appears three times in the first sum in (29), we may conclude
that

(n* = 3n +2 — 6)|c,| < Kon®0>M™

holds with some absolute constant Ky > 0. This proves |c,| < OM" for all n > 1,
provided 6 is chosen sufficiently small, and hence the radius of convergence is

r(p,h) = K~ min{|p| ™", [h| 77}

Acknowledgement. I would like to thank the referee for several valuable com-
ments and suggestions.

Remark added in proof. In the meanwhile it was proved independently by
S. Shimomura, by A. Hinkkanen and I. Laine, and also by the author, that the
non-rational solutions of (II) and (IV) have lower order of growth at least 3/2
and 2, respectively.
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