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Introduction

The Painlevé equations were first derived, between 1895-1910, in the investigations
by Painlevé and Gambier while studying the following problem originally posed by
Picard [1]: Given R(z, w, w’) rational in w and w’ and analytic in z, what are the
second order ordinary differential equations of the form

= R(z, w, w) 0.1)

with the property that the singularities other than poles of any solution of (0.1) depend
on the equation in question only and not on the constants of integration?

Painlevé [1] and Gambier [1] proved that there are fifty canonical equations of
the form (0.1) with the property proposed by Picard. This property is known as the
Painlevé property, and the differential equations, respectively difference equations,
possessing this property are called equations of Painlevé type (P-type). For later
presentations of this classical background, see Ince [1] and Bureau [1]. The method
introduced by Painlevé to solve the classification problem by Picard was completely
different from the classical Fuchs method for solving the similar problem in the case
of first order differential equations. The Painlevé method relies on an application of a
Poincaré theorem concerning the expansion of solutions in a series of powers of small
parameters, called the o-method. By this method, finding necessary conditions for
the Painlevé property is relatively easy, while finding sufficient conditions becomes
more complicated.

Among the fifty equations obtained, the following six, known as the Painlevé
differential equations, appear to be the most interesting ones:

" =6w? 4z, (P1)
" =2w + zw + a, (Py)
wH? 1 1 )
w”=( ) ——w' + —(@w? + ) + yw + —, (P3)
w Z Z w
w/2
w’ = W) + = w + 4zw? + 2(z2 a)w+£, (Ps)
2w 2 w
/ 3w —1 w Sw(w+1
= —(w )——w+ 5 (w— 1)? oew+é +y—+¥, (Ps)
2w(w — 1) z w Z w—1

, 11 1 1 2 1 1 1 ,
w' == ——I——+— w)y —{-+—+ w
2\w w-1 -z z z—1 w—z

w(w — 1)(w —2) Bz y@i—-1 8z2(z—1)
72(z = 1)? < +_+(w—1)2 (w—z)z)
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where «, 8, y, § are arbitrary complex constants. Indeed, the solutions of eleven of
other equations of Painlevé type may be expressed in terms of solutions of the six
equations above (actually of (Py), (P2) or (P4)), while the 33 remaining equations are
solvable in terms of solutions of linear differential equations of second or third order,
or in terms of elliptic functions.

In the early history of Painlevé equations, the investigations due to Boutroux
[1], [2] and to Garnier [1]-[4] are indispensable, inducing a lot of motivation and
influence to modern work in this field. Indeed, the Boutroux’ studies on the growth
and the asymptotic behavior of Painlevé solutions are in the background of the present
corresponding efforts. After Boutroux, it was Garnier who continued studying analytic
properties of Painlevé transcendents up to 1960’s on a wide scope, including the
behavior around fixed singular points, the relation to the Riemann—Hilbert problem
and isomonodromic deformations.

Due to the intuitive nature of possible singularities, it seems plausible that all
solutions of (P1), (P2) and (P4) would be meromorphic in the complex plane in
the sense that all local solutions admit an analytic continuation which is single-
valued and meromorphic in C. Similarly, it seems natural that (P3) and (Ps) could
be transformed by z = exp? to corresponding modified equations (P3) and (Ps)
such that all solutions of these modified equations would be meromorphic in C as
well. Finally, since 0, 1, oo are potential fixed critical points for the solutions of (Ps),
it is clear that no transformation of type z = ¢(t), ¢ entire, would apply to (Ps)
to produce meromorphic solutions only. These heuristic ideas arose almost simul-
taneously as the systematic research on Painlevé equations started, see Painlevé [1],
[2], [3]. In fact, Painlevé claimed in [2] that all solutions of (P;) are meromorphic
in the complex plane, proposing a proof. Unfortunately, his original idea remained
incomplete in technical details although the idea itself can be saved. This may be
seen from a number of later presentations due to Hukuhara [1], Hinkkanen and Laine
[1]-[4] and Steinmetz [4], see also Okamoto and Takano [1]. Our Chapter 1 is now
devoted to presenting the essential technical contents of these later completions to the
original idea of Painlevé to prove the meromorphic nature of solutions of the Painlevé
equations.

As all solutions of the Painlevé equations (Py), (P2), (Pa), (153) and (ﬁ5) are
meromorphic functions, it is natural to continue by investigating their growth and
value distribution. These considerations have been included in Chapter 2 and Chap-
ter 3. Boutroux started, around 1910, to investigate these questions. Credit for more
extensive studies of value distribution properties of Painlevé transcendents is due to
Schubart and Wittich in 1950’s and to Steinmetz about a quarter of century later. How-
ever, intensive research in this field really started only very recently. In Chapter 2, we
apply the rescaling idea due to Steinmetz to prove that all first Painlevé transcendents
are of finite order of growth, while a reasoning due to Shimomura will be applied
to prove that these functions are of regular growth. We then make use of the more
geometric reasoning due to Shimomura to consider the growth of solutions of (P2),
(Py), (P3) and (Ps).



Introduction 3

In Chapter 3, value distribution of Painlevé transcendents will be studied. While
the main part of this chapter is devoted to considering deficiencies and ramification
indices as well as to analyzing the contents of the second main theorem with respect
to these functions, we also include a section to look at their value distribution with
respect to small target functions. This is perhaps the subfield of value distribution of
the Painlevé transcendents with the largest number of open problems; we included this
section in the book in the hope of prompting new research in this fascinating topic.

Due to the birth history of Painlevé differential equations, much of the fundamental
work by Painlevé was made while keeping in mind the relations between the singular-
ity structure and integrability. This connection was first observed by Kowalevskaya
[1], [2] in her work on the equations of a spinning top. The essence of these classi-
cal investigations was that whenever the movable singularities of a given system of
differential equations are nothing but poles, the system turns out to be integrable, in
some sense. More recently, the integrability of Painlevé equations has been conformed
by the inverse scattering method, originally developed by Gardner et al. [1] in order
to solve the Cauchy problem for the Korteweg—de Vries equation. Since there exist
several modern presentations about the connection between the singularity structure
and integrability, see e.g. Ablowitz, Ramani and Segur [2], [3], including the inverse
scattering method, in relation to the Painlevé equations, this aspect will mostly be
omitted in this book, while we take another approach in Chapters 4 through 10.

Indeed, it is well-known presently, see e.g. Nishioka [1] and Umemura [1], that the
Painlevé differential equations cannot be integrated, in general, in terms of solutions
of linear differential equations. Therefore, the Painlevé transcendents define, in a
generic sense, new transcendental functions which, in fact, may be considered as
some kind of nonlinear special functions. However, for some special values of the
equation parameters, the Painlevé equations may be integrated in terms of elementary
functions or in terms of some classical transcendental functions such as the Airy, Bessel
or hypergeometric functions. In the context of the Painlevé equations, such special
solution families are usually constructed by certain recurrence relations, usually called
as Bicklund transformations. Informally, these transformations are understood as
systems of equations relating a given solution to another solution of the same equation,
possibly with different values of the equation parameters, or perhaps to a solution of
another equation. This kind of approach to investigate solutions of Painlevé equations
is in the core of Chapters 4 through 9, one chapter devoted to each of the six equations.
As anecessary background, we also provide a detailed analysis of the behavior of the
Painlevé transcendents in a neighborhood of a singularity. Moreover, for (P;) and
(P»), we have included an introduction to their higher order analogues, although their
investigation is not very developed as of today.

Our final Chapter 10 has been devoted to describe some applications of the Painlevé
differential equations. Due to the important role of Painlevé equations in a number of
physical applications in the fields of hydrodynamics, plasma physics, nonlinear optics
and solid state physics, we first offer a short (and certainly not complete) presentation
on connections between partial differential equations and Painlevé equations. In most
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cases, this connection appears while looking at special solutions of solitary type of the
partial differential equations in question. Typical such partial differential equations
are the Boussinesq, Korteweg—de Vries and sine-Gordon equations, shortly considered
along with some of their modifications. The second part of the last chapter has been
devoted to discrete Painlevé equations. Indeed, there has been a lot of interest in
integrable mappings and discrete systems recently. Although discrete versions of
Painlevé equations seem to be a most natural field of studying, due to the importance of
the continuous Painlevé equations, not very have been done yet. In fact, investigations
of complex difference equations have not abounded in the last decades. Therefore,
this part is relatively short, mostly written as be a reminder of an extremely promising
field of research in the borderline of mathematics and its applications.

The two appendices contain (1) basic local existence and uniqueness results for
solutions of complex differential equations and (2) elements of the Nevanlinna theory.
In both parts, we have restricted ourselves to include such results only that are needed
to understand the preceding chapters.

Our list of references is quite extensive, but far from being complete anyway.
Indeed, the Mathematical Reviews database today contains about 1900 items with
the keyword Painlevé in the item title or the corresponding review text. Clearly, by
the same database, the scientific interest in this field of research has been steadily
increasing since 1980. Despite of the incompleteness of our bibliography, we have
made some effort to include, as far as possible, references known to us which are
treating Painlevé differential equations and Painlevé transcendents in the complex
domain, while other references have been restricted to the most essential ones only.

Finally, we would like mention here that the major part of the book, Chapters 4
through 10, has been built up on a base draft written by the first author, while the
second author, respectively the third author, has contributed the first draft for Chapter 1,
Chapter 2 and Appendix A, respectively Chapter 3 and Appendix B. Revising of the
numerous subsequent drafts has been made in continuous collaboration between the
whole author team. Reading the entire book in all details needs a large number of
technical computations. We have mostly omitted such detailed calculations including,
however, hints about the line of reasoning to be followed. We have made this decision
mostly by space requirements, but also by the standard availability of mathematical
software such as Mathematica or Maple.



Chapter 1
Meromorphic nature of solutions

As described in the Introduction, the original idea leading to the six Painlevé equations,
namely the lack of movable singularities other than poles for solutions of a second
order differential equation in the complex plane, proposes that the solutions might be
meromorphic. The first attempt to offer a proof for this was made by Painlevé himself
in [2], p. 227-238, for the solutions of (P;). However, as it is not difficult to observe,
the original proof as well as several subsequent proofs in well-known textbooks, see
e.g. Bieberbach [1], Golubev [2], Hille [1], Ince [1], appear to be incomplete. For a
more detailed analysis, see Hinkkanen and Laine [1], p. 346-348.

The defects in the classical treatments have been observed in Hukuhara [1], see
Okamoto and Takano [1]. Unfortunately, these lecture notes have not been widely
available outside of Japan. Independently of Hukuhara [1], the meromorphic nature
of Painlevé solutions for (P;), (P), (P4) and for a modified form of (P3) and (Ps)
has been rigorously proved recently, see Hinkkanen and Laine [1], Steinmetz [4],
Hinkkanen and Laine [2], [3]. See also Shimomura [11]

The purpose of this chapter is to present the reader an idea of these proofs, detailed
enough to enable him/her to work out complete proofs by relying, partially, to the
original references mentioned above and to a suitable symbolic software.

This chapter has been organized as follows: For the first Painlevé transcendents,
i.e. for solutions of (P;), we prove their meromorphic nature by giving a modified
version of Hukuhara [1], combined with some ideas from Hinkkanen and Laine [1].
For (P,), we offer here a proof which partially follows the treatment in Hinkkanen and
Laine [1], though not given in detail there. The modified forms of (P3) and (Ps) have
been treated in detail in Hinkkanen and Laine [2], [3]. Unfortunately, these proofs are
technically complicated. Due to space limitations, they are omitted here, and we only
refer to the original papers. To give the reader an idea of the differential inequality
technique applied in the case of (P3), (P4) and (Ps), we include a complete proof for
(Py), essentially following the pattern of reasoning in Steinmetz [4].

§1 The first Painlevé equation (Pp)

Let w(z) be an arbitrary local solution of (P;) satisfying the initial conditions
w(zp) = wo, w'(zg) = wé, and being defined in a disk centred at the point zg € C.
We may assume that wo 7 00, w;, # oo for if this is not the case, we may move the
point zg slightly to achieve this. By the local existence and uniqueness theorem of
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complex differential equations, see Theorem A.3, w(z) has to be locally single-valued
and analytic around zp. We now proceed to prove

Theorem 1.1. All local solutions of
w” =z 4 6w? (P1)

can be analytically continued to single-valued meromorphic solutions in the complex
plane.

Remark 1. The proof below is essentially based on the lecture notes by Hukuhara
[1], while part of the reasoning is that one proposed by Hinkkanen and Laine [1].

Proof of Theorem 1.1, first part. Let w(z) be a local solution of (P;) with w(zg) =
wo # 00, w'(zg) = wy, # o0, defined in a disk centred at zo. Let B(zo, R) be the
largest disk to which w(z) can be continued as a single-valued meromorphic function.
By the uniqueness theorem of meromorphic functions, the extended function obviously
satisfies (P1) in B(zg, R). If R = oo, there remains nothing to prove.

Therefore, assume now that R < oo in D := B(zp, R). If, for each z; €
S(zo, R) := 9D, there exists § > 0 such that w(z) can be continued as a single-valued
meromorphic function to the domain D U B(z1, §), then we may cover S(zg, R) by
finitely many such disks (by reducing some of the radii, if necessary) so that any
disk overlaps exactly two others. The union of D with these disks covers a disk
D, = B(zo, R;) for some R; > R. If two disks B and B’ of the form B(zi, )
overlap, then the extensions of w to D U B and D U B’ agree in DN BN B’ # @ so
that they agree in B N B’. We conclude that w may be analytically (more precisely,
meromorphically) continued without restriction in D;. Since D is simply connected,
it follows from the monodromy theorem that we have defined w as a single-valued
meromorphic function in D;. This contradicts the definition of R.

Therefore, there exists a point a € S(zg, R) for which there is no § > 0 such that
w(z) can be continued as a single-valued meromorphic function from D to DU B(a, §).

(1) We are now looking for a pair of analytic functions u, v defined in a neigh-
borhood of a possible pole z; of w, due towards constructing the necessary auxiliary
functions needed along with the subsequent proof. To motivate the selection of u, v,
recall that poles are the only singularities which may appear in B(zo, R). A usual
analysis shows that the poles are of double multiplicity. Substituting now the Laurent
expansion of w(z) around z = z; into (P;), and denoting ¢ := z — z;, we obtain by
standard coefficient comparison

2 o0
2,0 1.3 4, % 6, 21 7 k

= — 22— P et 2L il > , 1.1
w(z) 2 10{ 6§ +hi + 300§ + 150{ +k:8ak§ (1.1)

where the coefficient 4 depends on the initial conditions. Moreover,

IiN — _Aae=3 %l _lz 3
w'(z) = —=2¢ 5{ 2;‘ +4he” +

g

121 —
5 6 k—1
i E ka a2
50{ 150§ pare K (12)
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Taking into account that { = z — z;, we obtain from (1.1) and (1.2),

1
w@ = - St m et
(@)= 203 = S0 = S and '
w(z) = -2¢ 5{ 1(); +4he” + .

Since all poles w(z) are double, it is natural to propose such an auxiliary function
v that w(z) = v(z)~2, at least locally around a pole, say z;. Taking now a branch
of v(z), we obtain from the first equation of (1.3) by the usual formal power series
computations that

< 4 1 5,1 6 )
= 11— — - — —h cee )
¢ =v@) (1= 550" = 550@° + 3" +
Substituting this into the second equation of (1.3), we get
1 -3 1 1 2 3
wi(z) = —2v(z) " — Ezv(z) - EU(Z) +7hv(z)” +--- . (1.4)
Now, this leads us to propose the auxiliary functions u, v defined by
1
w=v2 w=-207=z0— v+ uv’. (1.5)

Invoking (P;), we obtain

1 3 1 5 3
W ==22v+ =z20* + [ = —zu )v® — Suvt + 4?0
8 8 4 4 2
(1.6)
v=1+ lzv4 + lv5 — 1141)6
4 4 2

It is immediate to see that whenever u, v are meromorphic functions satisfying (1.6),
then w = v—2 is a solution of (P}).
(2) In addition to u# and v, we need to consider

/

N2 w 3
O(z) i =(w)" + " —4w” —2zw. (1.7)

It is now a straightforward computation to see that

Z2 M2 u

1
P()=———+—+ — — — —4u. 1.8
(2) a2 Taw T s T M (1.8)
In fact, it suffices to substitute (1.5) into (1.7) and make use of w = v—2. Multiplying
both sides of (P;) by 2w’, we observe that

d w@\ _
i (CD(Z) — w(z)) = —2w(z).
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Using (P1) once more, it is immediate to verify that @ (z) satisfies the non-homogenous
first order linear differential equation

, 1 oz v
YO+ 2?9 =0 T e

(1.9)

Let now I" be the line segment joining zp and a. We may assume that I" avoids zeros
of w(z) modifying I" by small half-circles around the zeros of w(z) on I". In fact,
it suffices to choose the radii of these half-circles so that the modified line segment
remains rectifiable. For simplicity, we continue to speak of I as a line segment. Let
I'(z9, t) denote the initial part of I" from zg to z. We now solve (1.9) along I"(zo, t).
By partial integration, we get

_ E(z0,2) 1
®(2) = E(z0, ‘[q> -
() (z0,2) (z0) w@? T 2wz’
E (1.10)
0,
- / €0 o ey? D],
[(z0.2) 2w(?)
where
E(zo. 1) =exp</ w(r)_zdt). (1.11)
I'(z0,t)
By (1.10) and (1.11) we immediate conclude
Lemma 1.2. If |w(z)|~! is bounded on I, then ®(z) is bounded on I". O

(3) To prove the assertion of Theorem 1.1, denote
A = liminf |w(z)|,
I'sz—a

and consider three possible cases separately as follows.

Casel.0 < A < +o0.

By Lemma 1.2, ®(z) is bounded on I" near z = a, since |w(z)| > % > 0
there. Take now a sequence (z,) on I, z;, — a, such that w(z,) and w(z,) ! remain
bounded as n — o0o. Regarding (1.7) with z = z,, as a quadratic equation for w’(z,,)
we observe that w'(z,,) is bounded as n — oco. Applying now the standard Cauchy
estimates reasoning, see Corollary A.4, to the pair

w =g
g =6w’+z

of differential equations we conclude that w(z) is analytic around z = a, which is a
contradiction.
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CaseIl. A = +o0.
In this case, lim 5, , w(z) = 00, and so, by Lemma 1.2, ®(z) is bounded on I”
near 7 = a. Recalling that w = v~2, we may write (1.8) in the form

1 1
d(z) = —Zv4 + ‘—lzzv2 — u(zv4 +4— uv6).

Therefore, u(zv*+4—uv®) isbounded on I" nearz = a. Ifu(z,) isbounded nearz = a
for a sequence z,, — a, the Cauchy estimates method may be applied to the pair (1.6) to
conclude that w(z) has a pole at z = a, a contradiction. Hence lim5;_,, u(z) = oo,
implying that lim5;_,, uv® = 4. Writing u(zv* +4 — v = uv6(vz—2 + % —u),
we observe that

4z (1.12)
=u—-— - — .
§ o 92
remains bounded on I" as z — a. Differentiation gives
;o 2% 1 2 11
g=ut— -5+ (1.13)

In the second equation of (1.6), we may express u in terms of g and v by using (1.12).

This results in
v = —1 —lzv4+lv5—lgv6 (1.14)
4 4 2 ’ )

Substituting (1.14) into (1.13), taking the first equation of (1.6) and using (1.12) again
to write u in terms of v and g, we obtain

1 3 1 5 3
g = §22v — gzv2 + Zv3 + zgv3 - ng4 + Egzvs. (1.15)
As v and g are bounded on I near z — a, the Cauchy method applies once more to
(1.14) and (1.15) implying that w(z) has a pole at z = a, a contradiction. O

Remark 2. Before proceeding to the final case, we remark that the above argument
remains valid for any rectifiable arc I" C B(zp, R) from zg to a avoiding zeros of
w(z).

Lemma 1.3. Suppose that for a first Painlevé transcendent w(z) and a point ¢ €
B(z0, R), |w(c)| < 1/5 and |w'(c)| = 3|c|"/? + 12. Then w(z) is analytic and
bounded in |z —c| < |w'(¢)| ™Y, and |w(z)| = 1/4 on the circle |z — ¢| = %|w/(c)|_1.

Proof. We make the following change of variables for (P;): p := w'(c), & := p(z—c),
n(€) := w(z). Denoting by " the differentiation with respect to &, (P) transforms
into
.o 2.2 -3 -2 _ s
1=60""n"+p &+p 7c, n0)=w(), 50 =1

Integrating twice (from O to &), we obtain

n(E) = n(0) + 70)E + £2g (&), (1.16)
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where

§ T 1 £
o f o —2e2 2 12 -15
g&):=6p "¢ /0 (/O n(t) dt)dr + 2,0 (c +p 3). (1.17)

Define now &g := sup{é | |n(€)] < 2 for |£| < &} and assume, for a while, that
8o < L. Since |p| > 3]c|!/? + 12, we obtain from (1.16) and (1.17)

2e— +1/3 1
<6122 2. 91g? |C|— Z
1g(&)] =< &1 1§17 + 201 1 129 <Z

and
| (§)|<l+1+l<E
7 5 6 "2

for all || < 9. This is in contradiction to the definition of &g, implying that we have
80 > 1. Therefore, |n(€§)| < 2,|g(&)| < %hold in |£| < 1. Invoking (1.16) and (1.17)
once more, we observe that

11 N1 1
In@) > |&] — InO0)] — £*|g(&)] = 375" (5) g

on the circle || = % Expressing these inequalities in terms of the original variables,
we obtain the conclusion. O

Proof of Theorem 1.1, second part. We now complete the proof of Theorem 1.1. By
the notations of the first part of the proof, this amounts to proving

CaseIlIl. A = 0.

Consider the subset I := {z € I" | |[w(z)| < 1/5} of I". By the condition A = 0,
Iy extends to z = a. We may also assume that |w’(z)| > 3RY? + 12 > 3|z|'/2 + 12
for z € I, at least close enough to z = a. In fact, if this is not true, then there exists
a sequence (z,) on Iy, 7, — a, such that (w(zn)) and (w/ (z,,)) are bounded, and
we may apply the final reasoning of Case I to conclude that w(z) is analytic around
Z = a, a contradiction.

Consider now that part of I” which is close enough to z = a in the above sense,
and let z = ¢ be the first point in . By Lemma 1.3, we find a semicircle I, defined
by |z —c1l = $lw'(en)|!, Im ((z — ¢1)/(a — ¢1)) > 0, such that [w(z)| > 1/4 on
It and that w(z) is analytic and bounded on |z — ¢1| < |w’(c1)|~!. The point z = a
cannot be located inside of |z — ¢1| = |w’(c1)|~!, since the analytic continuation of
w(z) over z = a along I" would follow. Replace now the “diameter” [c|, cfr] cr
by the seNmicircle I't, see Figure 1.1, and call this modified path ;. Obviously, on the
part of I, from the starting point to cf, lw(z)] = 1/5. Restart from z = CT, and let
Z = ¢ be the first point on ", beyond cfr and in . Again we find a semicircle I :
lz—c2| = %Iw/(cz)l_l,lm ((z—cz)/(a—c2)) > 0, with the “diameter” [c, , c;] cr.
Let I 2/ C I be the arc on I with end-points '52_ c;' on fl, see Figure 1.1 again,
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Figure 1.1.

and denote I to be the path obtained by replacing the part on I from ¢, to c;r by
I';. Repeating this process inductively we obtain a modified path I'(= I'y), with
the corresponding sequence (c;) contained in Ij. Observe that this process cannot
terminate in finitely many steps by the same argument as to 7. Moreover, (cj)
converges to z = a. In fact, if ¢, — co € "\ {a} then the radius of I, satisfies
1w @)™ S lens1 — enl — 0asn — oo. Hence, [w(co)| < 1/5, |w'(co)| = oo,
contradicting the fact that w(z) is meromorphic at z = co. Finally, the modified path
Iis rectifiable, its length being G(F) < (1 +2m)o(IN), see Figure 1.1 once more.
Hence, by Remark 2 before Lemrrlgl 1.3, Case III now reduces back to either Case I
or Case II, since |w(z)| > 1/5 on I'", and we arrive at the final contradiction. O

§2 The second Painlevé equation (P5)

Let now w(z) be an arbitrary local solution of (P) satisfying the initial conditions
w(zo) = wo, w'(z0) = wy, defined at least in a disk centred at z9 € C. Again, we may
assume that wo # 00, wy, # co. We now prove

Theorem 2.1. All local solutions of
"=2wl4+zw+a, acC, (P2)

can be analytically continued to single-valued meromorphic solutions in the complex
plane.

Remark. The proof below is again based on the original idea due to Painlevé [2].
In the details, we now follow the reasoning proposed by Hinkkanen and Laine [1].
However, their coefficient estimate technique for the Case V below, see Hinkkanen
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and Laine [1], p. 372-375, has been replaced by a reasoning through elementary
differential inequalities. This idea has been proposed by Langley [1]. We are grateful
for his permission to apply this idea here.

The proof below is indirect, being divided in five subcases. The actual contradic-
tion results by Case I and Case II, while Case III, Case IV and Case V eventually go
back to Case II. Observe that Case I, Case III, Case IV and Case V form the logical
entity exhausting all possibilities. Therefore, Case II can be understood as a technical
lemma.

Proof of Theorem 2.1, first part. Similarly as to the proof of Theorem 1.1, let
B(zp, R) be the largest disc to which w(z) can be continued as a single-valued mero-
morphic function, with R < oo, and let a € S(zg, R) and 6 > 0 be such that
w(z) cannot be continued as a single-valued meromorphic function from B(zg, R) to
B(zp, R) U B(a, $).

We are now looking for a pair of analytic functions u, v defined in a neighborhood
of a possible pole z1 of w, and satisfying equations similar to the case of (P1), see (1.6)
above. Thisis due towards constructing the necessary auxiliary functions needed along
with the subsequent proof. To motivate the selection of these auxiliary functions, recall
that poles are the only singularities which may appear in B(zg, R). A usual analysis
shows that the poles are simple with residue i = =1, hence u?> = 1. Substituting
now the Laurent expansion of w(z) around z = z; into (P,), we obtain by standard
coefficient comparison

_ Kk pzn _oz—i—,u w3
w(z)—g 5 ¢ ¢2+ AL + & - z1§ + 0@ 2.1
and 4
N R e S o 2
w(z) = 2 G 5 ¢+ 0, (2.2)

where ¢ := z —z;1 and A is an arbitrary complex parameter. Defining now v := 1/w,
a simple computation results in

3 5
v=pe+ e+ S +(‘;Z6‘ —A>;5+%m6+0(;7>. (2.3)

Inverting the series (2.3) by the usual formulas for formal power series, we obtain

MZ1 3 14+ o M4

{=pv— <V "2 +0@°)
2 o +u 2.4)
= uv (1_€U2 1 3+0(v4))

Therefore

1
R o B i L B YRS
v 6 4



§2 The second Painlevé equation (P>) 13

and

1 1 A2, AFHR 3
— 1 2.
2 v2<+3 +— + 0" (2.5)

Inserting (2.4) and (2.5) into (2.2), we obtain

a+u nz1 o+ pu
r= B (1422 4o B 0.
w v2(+3 + — > + 0" G > uv + 0 ((v7)

Writing z; = z — ¢, and expressing ¢ in terms of v again in the constant term, we get

o v
w :__2__+——(1+oc,u)v+0(v)
v 2

This motivates us to define the function u by

1
w’=—%—%— (5 —}—oz,u)v—l—uvz, (2.6)
hence |
g —M+%v2+(2+au)v — uv*. 2.7)
Differentiating (2.6) we obtain
2uv’ 1
= W) = “—31) — % - (5 + au) v 4 u'v? + 2uv’. (2.8)
v

Writing (P») in the form w” = 2v™3 4 zv~! 4 «, equating with (2.8), substituting the
right hand side of (2.7) for v/, and recalling (2.7), a formal computation results in

1 1 2 1
u' = ,uzz <2+a,u)—,uzuv+(§+ot,u) v—3< +au)uv2+2u2v2

1
v/=u+%v2+<2+au>v —uv®,

(2.9)
corresponding to (1.5) in the case of (P;). To construct the auxiliary functions, we
first observe by (P,) that

((w’)2 —w* — 20w — sz)/ = —w?.

Since (2.1) implies that
2 1 21 0
we = 273 + 0(%),

we readily obtain

1
w2 — w* — 20w — zw? = ctrt %1( + 0@,
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where y is a constant. Therefore, the auxiliary function

wl

V= w)? - w* - 2qw — zw? + — (2.10)
w

is holomorphic in a neighborhood of any pole z; of w. In addition, we shall make use
of
v w* — (w")? + zw? + aw

W .
Vo w(ww)? —w +w —2aw? — zwd)

(2.11)

To obtain the form (2.11) of W, the expression of w” from the equation (P;) has to be
substituted.

We now continue the proof in the absence of singularities other than poles. Let
20, R, and a be as before. We join zg and a by an arc I" of finite length contained
in B(zg, R), such that I" avoids the zeros and poles of w(z). This implies that w(z),
u(z), v(z) and V(z) are holomorphic along I" \ {a}. We initially join zg and a by
a line segment I". The assumption that I” avoids the zeros and poles of w(z) can be
satisfied by modifying I”, similarly as to (P;) above, by small half-circles around the
zeros and poles of w(z) on I'. For simplicity, however, we first speak of " as a line
segment. Later on, I" will have to be modified for another reason. The proof now
divides in five subcases as follows:

Case I. We first show that if at least one of |w(z)|, |w’(z)| is bounded along I", then
w(z) is analytic at z = a, leading to a contradiction. In fact, from

w(z) = w(zo) —i—/ w'(¢) dt,
20

w'(z) = w'(z0) +/ (Zw(t)3 + tw(r) + ) dt,

20

where the integrals are taken along I", we observe that w(z), w’(z) are simultaneously
bounded along I". Writing (P») as the pair of differential equations

w =g
, 3 (2.12)
g=2w+tzw+a

for w(z) and g(z), the Cauchy estimates imply that w, g must be analytic around
z=a.

Before proceeding, we again recall that the above argument applies, if |w(z,)],
|w’(z,)| are bounded for a sequence (z,,) on I', tending to z = a.

Case II. We next prove that if |w(z)| is unbounded on I" while |u(z)] stays bounded,
then z = a is a pole of w(z). This assumption means that for some fixed A < oo and
for any pre-assigned ¢ > 0, there are points z; on I in any neighborhood of z = a
small enough where |u(z1)| < A and |v(z1)| < &. At such a point z1, the pair (2.9)
has a solution u(z), v(z) which takes on pre-assigned values u(z1), v(z1) at z = z1
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such that the functions u(z), v(z) are holomorphic in a disk |z — z1| < r, where r has
a positive lower bound. We may take r to be a fixed constant independent of z; (under
the conditions z; € I, |u(z1)| < A, |v(z1)] < €). This follows from Corollary A.4.
If |z1 — a| < r, then u(z) and v(z) are holomorphic at z = a. Hence w = 1/v is
well defined in a neighborhood of a. Since liminf |v(z)| = 0 as z — a along I" and
lim,_,, v(z) exists, it follows that v(a) = 0. Thus w(z) has a pole at z = a, and a
contradiction again follows.

Case II1. We now assume that there is a sequence of points {7, } on I" such thatz,, — a,
lw(zy)| = o0, and |V (z,)| < A for some finite A. Note that |v(z,)| — 0. From
(2.10) and the second equation in (2.9) we obtain

V)2 =1 —=2av3 — 702 — 3

Vv
4

2

z 1 2 4
4

—2uu + azv — /LZMUZ - Zoz,u,uv3 + (az — Z) 2 +utv

z? 2 1y o, wt oy 2 3
=Z+azv+ o -2 v +7(uv — 21 — uzv° —2auv’) (2.13)

1
= — +azv+ <a2 - Z) V2 +u(uv® — 2u — uzvz - 2a/w3)

1
=—+azv+ (a2 — Z) V2 4 u(=2p — pzv? = 2apv’) 4+ uv?,

The last expression in (2.13) offers a quadratic equation for u. Solving this equation,
we get
2uvt = 2u + ,u«zv2 + 201;/,1)3 + P,

where
1
b= (2,u + /szz + 2a,uv3)2 + [4V — 2 —dazv—4 <a2 - Z) vz] vt
Therefore, uv* remains bounded on {z,} as n — oo. Since |v(z,)| — 0, the third
last expression of (2.13) implies that either uv* > 0or uv* > 2u # 0 on {z,} as
n— oo.
Ifuv* — 0, then u?v* = o(|u|) and (2.13) gives u(— 2.+ o(1)) = O(1). Hence
u is bounded on z,,, and this situation reduces back to Case II. Therefore, it suffices

to consider the subcase uv* — 2 in more detail. We now conclude from the second
last expression of (2.13) that

Lt(uv4 —2u — p,zv2 - 2a,uv3)
remains bounded {z,}, and so

h = v_4(uv4 —2u — /szz - 2oz,uv3)
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as well. Writing
h=u——F—— — —, (2.14)

we may differentiate (2.14) to obtain

" 2 2puz  8u
Wo=u -5 4 [0+ 222 4 20 ).
v2 v?2 v3 vd

(2.15)
Expressing u in terms of # and v from (2.14), we rewrite the second equation of (2.9)
in the form
1 1 2 1 3 4
U=—M—§MZU + E—au v’ — hv”. (2.16)
Substituting (2.16) into (2.15) and the first equation of (2.9) for u’, expressing u in
terms of 4 and v from (2.14), and noting that x> = 1, we finally obtain

1 3
W= (3 _ ﬁ) 2 (= —ap+a® + huz ) vt (3ahp — 2k ) v2 420203, (2.17)
2 4 4 2
Now, (2.16) and (2.17) is a pair of differential equations for v(z) and i (z). Since
h and v remain bounded on {z,}, the same reasoning as in Case II above shows that
w(z) = 1/v(z) has a simple pole at z = a.

Case IV. We now assume that |w(z)| and V (z) are unbounded along I" as z — a,
while |w(z)| > € > 0 on I'. The idea is to construct a sequence {z,} on I" such that
zn — a, |lw(z,)| — oo and |V (z,)| — 0. This means that Case IV reduces back to
Case III.

Now if |V (z)] is unbounded on I', the function W(z) of (2.11) must also be
unbounded since

V(z) = V(Zo)exp[/ W(t)dt].
20

Hence there is a sequence {z,} on I" with z;, — a and |W(z,)| — oo. At least
one of the two sequences {w(z,)} and {w’(z,)} has to be unbounded, since otherwise
the argument under Case I would apply, and w(z) would be holomorphic at z = a,
contradicting the assumption that w(z) is unbounded on I". If now {w(z,)} were
bounded, {w’(z,)} must be unbounded and we may assume that lim,_, », |w'(z,)| =
0o. Writing now (2.11) in the form

-1+ w* + zw? + aqw
(w/)2( )
W= ” ,
2 6 3 4
w* + i + )2 (—w® = 2aw’ — zw?)

we immediately conclude

lim sup | W (zn)] < [liminf|w(zn)|]
n—oo

n—oo
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This is finite by the assumption that |w(z)| > ¢ > Oon I", contradicting the assumption
that |W (z,,)| — oo. It follows that |w(z,)| — o© as z, — a. From (2.10) and (2.11),
we obtain

w2 VW =w*— W) +zw? +aw=—(V —w'/w) — aw

= (w'/w) =V —aw,

so that w' = w3VW 4+ wV + aw? and w'/w = w*VW + V + aw. Substituting
these into (2.10), we obtain

(w6W2 +2wtW + wz)V2 + (2aw5W + 2aw’ + sz)V

+ (@ — Dw* — zw? —qw = 0.
This may be written as a quadratic equation
hMVZ+hV+h;=0
for V (z), where h = w?(w?W + 1)% and

hy  20wW +2aw? +wW  hy (o — Dw' —zw? —aw
hy w2(w2W + 1)2 oh w2(w2W + 1)2

It is immediate to see that 23/h and hy/h; tend to zero on the sequence (z,) as
n — oo. Therefore, we observe that V (z,,) — 0, and this subcase now reduces back
to Case III.

Case V. In this final case, w(z) and V (z) are unbounded on I" as z — a, while

lim inf |w(z)| = 0.
I'sz—a

Now, the only properties of I" that matter in Case IV are that I has a finite length
and avoids the zeros and poles of w(z). Hence, we are free to modify I" to another
arc I" as long as these properties are preserved. Therefore, the idea in this case is to
construct a modified arc I" such that

liminf |w(z)| > 0.
I'sz—a
Let ¢ > 0 be given. By assumption, there is a sequence of points {z,} on I" such

that |w(z)| < ¢ for z € I}, where I is the subarc of I joining zpx—; to zpk, for
k > 1, while |{w(z)| > ¢ on the remaining subarcs of I". Consider now the sequence
{lw’(zn)|}. None of its infinite subsequences can be bounded, for, if there were such a
bounded subsequence, then the method of Case I would apply (since also |w(z,)| < &
for all n) and w(z) would be holomorphic at z = a, contradicting the assumption that
|w(z)| is unbounded on I". Hence, given any small k > 0, we may assume that

[w'(z,)| > 1/k  foralln > N.
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We set w(z,) = wy, w'(z,) = 1/&, and consider the differential equation for the
local inverse z = f(w),

—f"(w) = Qw* + wf W) + o) (f W)’ (2.18)

at w = wyy_ with the initial conditions

fwa—1) = z2k—1,  f'(wa—1) = {ok—1.

In fact, the inverse function f(w) of w(z) exists in a neighborhood of w,, since
w'(z,) # 0. O

To continue, we now apply a differential inequality technique due to Langley [1].
This presents a considerable improvement to the complicated reasoning in Hinkkanen
and Laine [1].

Lemma 2.2 (Langley). Given M > max(16, |«|), let f be a solution of
—f"w) = Qw* + wfw) +a) f' (W)’

in a neighborhood of &, where

1

El<1, [f®&I=M, |fE= 3

Then, f has a continuation to a single-valued analytic function on the disc B (é, %)

- ; 1
Moreover, if 0 < 0 < 1337, then

f')

foralls,t € B(&, o).

Proof. Letfirst p be the supremum forall > Osuchthat f is analytic with | f/(w)| < 1
on B(&,1). Clearly, p > 0 and we may assume p < 1, for otherwise there is
nothing to prove concerning the first assertion. Next we find w* € B(&, p) such that

| (w*)] > 43'1' In fact, if this is not the case, then | f'(w)| < % and

rl=[r@+ [ @ S mdp<me

hold on B(£, p). By the argument based on Cauchy estimates as in Case I, f could
now be extended to an analytic function with | f'(w)| < 1 on a disc B(&, p") with
o' > p, acontradiction.

Now, on B(&, p) we have

Iff)l <l [fwISM+p=M+L
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By (2.18), this implies
|F )] < 20wl + wll f (W) + el <2+ M +1+M <3M.
Therefore,

§|f<w> f<5)|—)/ f”<s>ds\<3Mp

and so p > 12 37 » broving the first assertion.
To prove (2.19), we first observe that, for |z| < 1,

le* — 1] < elz]. (2.20)

In fact,

* 1
z_ 1] — | = — i1
= 11= | [ =l 2 5
j=1 j=1

< E : i< 2 : <
= Izljzo Gl = |Z|j:0 G =l

Take now 0 < 0 < 1357 < pand w, 5, t € B(£, o). By (2.18), we now obtain

f SRS @l + ull F @l + )L ) < 31
Therefore,
f( ) ' S [ (u) ‘
=11 1 = —d
&0 = |log f'(s) — log f'(1)] T
s f”(u) .
< < 1
= /t W du = 3Mo( < 4).
By (2.20), we conclude that
PO 8 ) < g £ < vt
o) VMO
proving Lemma 2.2. O

Proof of Theorem 2.1, second part. We are now prepared to complete the proof of
Theorem 2.1. Following the reasoning below might be easier, if the reader makes
use of Figure 2.1 while reading the proof. Recall that we have a sequence (z,) on I”
such that z, — a, |w(z,)| — oo and |W(z,)| — oo, while liminf p5, ., |w(z)| =
0, and we would like to modify I" into a rectifiable arc I’ from zo to a such that
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B(zp, R)

B (&g, 3¢)

Figure 2.1.

liminfx, _,, (w(z)] > ¢ > 0. Fix now M := max(16, |a|, |z0| + R) and ¢ > 0
such that 3¢ < ﬁ Let fi denote the branch of the inverse function of w, mapping

£ 1= w(22k—1) 10 22k—1. Since lim,— o0 | (z4)| = 00, we may assume | f{ (&)| < 3.
Obviously, | fr(éx)| < M, and || = ¢ < 1. By Lemma 2.2, f; extends to be analytic
on B(&, ﬁ), and so on B(&, 3¢) =: By in particular. By (2.19),

AV

fi(wo)

1'§3Mea<§<0,75

on Bi. Hence, f} is univalent on By, mapping By onto a simply connected domain Dy
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containing 7px—1. Moreover,

fi(wy)
fi(wz)

<

on By, and therefore

<2

‘ w'(z1)
w'(z2)

for all z1, zo € Dy. We also observe that B(0, 2¢) C Bg.

Now w([I}) is a path in By, starting at &, and fx(w(z)) = z close to zox—1.
Therefore, f; maps w([l%) to I';. So the arc I'; lies is D, as well as the arc f;(Qy),
where Qy is the shorter arc of the circle |[w| = ¢ joining w; = w(z2k—1) = & to
wy = w(zae), and fi(w2) = 224 Since [w'(2)] < 2|w(z25—1)| forall z € Dy, the
length Ly of I satisfies

1
Li > |wy — wi|/Qlw (z20)]) = Elwz — wil| ff ).

On the other hand, | f'(w)| £ 2|’ ()| forall w € By, and so the length Ly of f(Or)
is at most

Ly < Zwy — wil - 21 f(&)| < 27wy

|

Hence, replacing each I'; by fi(Qx), we obtain a modified path I’ whose length is at
most 27 times the length of I", hence finite. By construction, lim inf isazel w(z) >
e > 0.

Applying now the argument of Case IV to r, considering I close enough to a,
we conclude that w extends meromorphically to a neighborhood of a, and we have
the final contradiction. However, we have to take into account the possible need of
constructing a Riemann surface around the modified path I before applying the final
argument, see Hinkkanen and Laine [1], p. 367, for details. O

§3 The third Painlevé equation (P3)
The third Painlevé equation

wH?  w w? + )
w”=( ) ——+u+yw3+—
w Z Z w

, (P3)

where «, 8, y,8 € C, has a behavior different of (P;) and (P,) with respect to the
meromorphic nature of solutions. In fact, if 8 = y = 0, and aé # O, then it is
immediate to see that

w(z) = Cz!'3,  where C? = —§/a,
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is a non-meromorphic solution of (P3). However, by the transformation
W) = zw(z) = e Pw(e?), z=el?, (3.1)

the meromorphic nature of all solutions can be achieved. In fact, replacing («, 8, ¥, 5)
with (4a, 48, 4y, 46) in the transformed equation, and writing again w, z instead of
W, ¢, we obtain

Theorem 3.1. All local solutions of the modified third Painlevé equation

Y (w/)Z 6621
w

= +aw? +yw’ + Bt + (P3)

can be analytically continued to single-valued meromorphic solutions in the complex
plane.

For a detailed proof of Theorem 3.1, we only refer to Hinkkanen and Laine [2].
For what follows later on in Chapter 7, it is useful to observe here as well that the pairs
of coefficients («, y) and(—f, —§) are in a symmetric role. In fact, multiplying (P3)
by 1/w we get

w'\’ I
(—) :aw+yw2+'8—+ 5 (3.2)
w w w
By an additional transformation % = e~ *‘w, we obtain
"\ aet  ye*
—) =-pr -6 — — - —, 33
(%) =-# o e (.3
showing the anticipated symmetry. Moreover, defining
v 1 (w\? 4 Bet L 1 8e% 3.4)
=—|—) —aw—zyw' + —+ - —-, .
2 \w 2 w2 w?
and combining (3.2) and (3.4), we immediately obtain
N/ z S 2z
V/=(£> —aw—ywzzﬁ—e—i— 62. (3.5)
w w w

Therefore, by (3.5), the auxiliary function V (z) reduces to a constant as soon as
B = & = 0 (and similarly, if « = y = 0). Actually, this case reduces back to a Riccati
equation, see Hinkkanen and Laine [2], p. 326327, for details.

§4 The fourth Painlevé equation (P4)

The fourth Painlevé equation

1 w/ 2 3
' = L) +—w3+4zw2+2(z2—a)w+é, (P4)
2w 2 w
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where «, 8, € C, again behaves similarly as to (P;) and (P») with respect to the
meromorphic nature of solutions. In fact, we apply the idea of reasoning in Steinmetz
[4] to prove

Theorem 4.1. All local solutions of (P4) can be analytically continued to single-
valued meromorphic solutions in the complex plane.

Proof of Theorem 4.1, first part. In this proof, the division in subcases is not com-
pletely the same as in Hinkkanen and Laine [1], [2], see §2. However, the basic idea
of the proof is the same, by letting B(zo, R) be the largest disk to which a local so-
lution w(z) around zp can be analytically continued as a single-valued meromorphic
function, and deducing a contradiction from R < oo. To this end, leta € S(zp, R) be
a point for which there exists no § > 0 such that w(z) can be continued as a single-
valued meromorphic function from B(zg, R) to B(zop, R) U B(a, 8), and let I" be the
line segment [zg, a), possibly slightly modified to avoid zeros, poles and one-points
of w(z).

Case L. In this case, assume that there exists M > 1 and a sequence (z,) on I" with
Z, — a such that

1
T lw(z)l <M and |w'(za)| < M. 4.1

Then we may write (Py4) as a pair of first order differential equations

w =g

1g> 3 4.2)
g/=—g—+—w3+4zw2+2(zz—a)w+ﬁ,

2w 2 w

with bounded right hand sides on the sequence (z,,). Therefore, by the standard Cauchy
estimates reasoning, w must be analytic around z = a, a contradiction. O

Auxiliary functions and path modification. In B(zo, R), we may now define a
meromorphic function V(z) by

V= ﬁ((w’)2 —w* —4zw® — 4% — w)w? +2p). 4.3)
Differentiating and making use of (P4), we immediately see that
V' = —w? - 2zw. (4.4)
Moreover, we define another meromorphic function U (z) in B(zg, R) by

w/

U=V+ .
w—1

4.5)

As a preparation for the path modification, we first prove two lemmas.
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Lemma 4.2. If liminfrs,,|w(z) — 1| > 0, then U is bounded on I'.

Proof. We first proceed to find four polynomials, Q1, Q2, O3, Q4 in the variables z
and 7 := (w — 1)~ ! such that

(U' = (01 + 020))’ = Q3 + QuU. (4.6)

To this end, observe that

/ 4 /
w

U’=V’—|—<ww_1>/=—w2—2zw+w_l—(wuil)z. 4.7)

By (4.3) and (4.5),

/

W) = w4z’ +4@ —u? ~2p+4w(U - ). 48
w f—

which may be used to solve w’ as

2 4u? 172
w=-——2 4 Y WAz AP —)w? =28 ) +4wU S . (4.9)
w—1|\w=172

Substituting now into (4.7) w” from (Py), (w’)* from (4.8) and w’ from (4.9), and
simplifying the result by a suitable mathematical software, we obtain (4.6) with
t:=w-—1and

1
01 = (-1~ 20)t* + (=2 + 4o — 67 — 47H)°
+ (=5 +dar + 28 — 4z — 4z%)1% — 121 — 8),

2
0 = _t_z(t +2),

A(t +2)?

05 = %(ﬁ F4(1 + 205 + (6 — 4o + 122 + 4221 (4-10)
+4(1 =20 + 32422 + (5 — da — 2B + 4z + 470)1?
+ 81 +4),

16
Q4= (4 +81+ 562 +13).

Recalling that Q;(z), j = 1, ..., 4, remain bounded on I", we may apply (4.6) and
(4.10) to conclude that
IU'(2)| < K1lU (2)| + K2

on I for some constants K1 > 0, K> > 0. Therefore,

AUl . U
K1|U|+K2:K1|U|+K2_

and so |U| is bounded on I" due to the rectifiability of I". O

’
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Lemma 4.3. Let ®(w, z) be a polynomial in both variables and z = f(w) be the
local solution of the initial value problem

J ) + @(w, f(w) f'(w)

2w ’

fw) =~ f(wo) =z0, f'(wo) =n, (4.11)

where wg # 0 and 0 < |n| < 1. If |z0| < K and % < |wo| < K, then there
exists § = §(K, ®) > 0 such that z = f(w) exists in |lw — wo| < %Iwol and that
3l < 1f' )l < 2Inl, provided 0 < |n| < 1.

Proof. Define § > 0 to be the largest radius to satisfy
1 S
§ < §|w0|’ f(w) exists in |w — wo| < é and | f(w) — z9| < 1. 4.12)
Moreover, define M = M(K) as
1 1
M o= sup {9 (w, )| | jw—wol = Slwol. =0l = 1, Iz0] < K, - < wol < K}.

Since |w| > |wo| — |w — wg| > %lwol in lw — wp| < §, we observe that

/ / 3
) < @ MIf @)l “.13)

[wol

in [w —wg| < 8. Consider now an arbitrary, but fixed radius {w = wo+re'® | @ € R}
and define

v(r) = | f'(wo + re'®)|.
Since 4
lv'(r)| = d—rlf/(wo +re )| < | f"(wo + re'®)| 4.14)

we may combine (4.13) and (4.14) to obtain

+ M3 + M3
JPTEEY oy < PR w0 = ). (4.15)
lwol |wol

Observe now that the initial value problems

y+ My3

y == ,
[wol

y(0) = n]

are solved (uniquely) by

r

e |u70|

y+(r) = £n| (4.16)

(1+ Min2 — M2’ T}



26 1 Meromorphic nature of solutions

By standard differential inequality techniques, see Walter [1], Theorem XI, p. 69, we
conclude that
y-(r) = v(r) < y+(r). (4.17)

By (4.16) it readily follows that
¥4 () < nle™ (1 = Me|p|?)~1/

n0 <r < %|wo|, provided 0 < || < (4eM)~Y/2. Therefore, by (4.17), we infer

that
Inle!'/?

V34

whenever 0 <r < § < %|w0|. Moreover, by radial integration,

<2lnl, w=wo+re”,

If(w)] <

|f(w) —zol =2[nld < [nllwol < [n|K
for |[w — wp| < n. Assuming now 7 small enough to satisfy
In| < min ((4eM)™"2, 1/K),

we have obtained

If )| <2[nl, |f(w)—zol <1 (4.18)
in |lw — wo| < n. Writing now (4.11) as the pair of differential equations

=g
,_ g+ oW, g’
2w

we may apply the standard Cauchy estimates technique, taking into account (4.11)

and (4.18), that f(w) continues analytically over the circle boundary |w — wg| = §.
Therefore, § = %|w0|. The asserted lower estimate for | f'(w)| similarly follows from

y—(r)
(1 + My2@r)'/2

oot In| > Lo
T A+ M2 T e+ 12T 20

|f (wo +re'®)| = y_(r) >

We are now able to proceed to the required path modification, i.e. tomodify /" into a
rectifiable curve I" from zg toa suchthatliminf 5 w(z)—1| > Oon I". Of course,
this is only needed, if liminf y5, ., [w(z) — 1| = 0. If imsup -, ., [w(z) — 1] =0,
then V'’ is bounded on I" by (4.4). Consequently, V is bounded on I” and, by (4.3), w’
as well. Hence, this situation reduces back to Case 1. Therefore, we may assume that

liminf 5,4 |w(z) — 1] = 0 and lim supp5, ., lw(z) — 1] > 0. We now consider

Ie={zerl | |lwk) —1] <¢},



§4 The fourth Painlevé equation (P4) 27

assuming that & < 1/5. The set I'; clearly consists of countably many arcs I; ;, to be
replaced by arcs I j of length [(I%, ;) < 4ml(I%, ;) suchthat [w(z) — 1| =¢on [ ;.
Therefore, the rectifiability of I” is obvious.

We may assume that lim, 5., |w’(z)| = 400, since otherwise the situation again
reduces back to Case I by taking a sequence (z,) from I'; converging to a. Take now a
subarc I'; ; close enough to a so that |w’| is sufficiently large on I, ;. Givenzg € I j
with wo = w(zp), w'(z0) = 1/n, w(z) admits a local inverse z = f (w) satisfying

' (w) = —%(f/(w) + Bu* + 8zw? +4(2 — yw? +28)(f (w))?),

withinitial values f(wp) = zo, f/(wo) = . By Lemma4.3, f(w) existsin |[w—wg| <
%|w0|. Since lwg — 1| < e < 1/5, %|w0| > %, hence f(w) existsin |lw — 1| < ¢
contained in |w — wp| < %lwol. Replace now the arc w(I%, ;) by the shorter arc ;
on |w — 1| = ¢ joining the end-points of w([I%, ;). Then

Hw(I,)) < ml(w)).

By Lemma 4.3 again, if [w; — 1| < efor j = 1,2, | f'(w1)/f"(w2)| < 4. Replace now
the original subarc I'; ; by I'; j := f (i), and we are done with the path modification.

Proof (of Theorem 4.1, second part). We may now proceed under the assumption that

I' has been modified as described above to ensure that (w — 1) ' and U = V + wL_/l
are bounded on I". Moreover, (4.8) may be rewritten in the form

2

/ 2w \? 4 3 2 2 4w
w4+ —— =w 4w +4@ —a)w =2+ 40w+ —— (4.19)
w—1 (w—1)2

to continue into

Case II (i). Assume that for a sequence (z;,) on I", converging to a, w(z,) — 0 as
n — oo. Moreover, we assume that 8 # 0 and we fix y to satisfy —28 = y2. By
(4.19), w'(z,)> — y? as n — oo. Taking a subsequence, if needed, we may assume
that w'(z,) — y as n — oo. We now define u by

w =y +uw). (4.20)

Therefore, u(z,)w(z,) — 0 asn — oo. By (4.5), V(z,) remains bounded on (z,).
Combining (4.3) and (4.20) we obtain

—2Bu2 + uw) = w? +4zw? + 4(z% — a)w + 4V,

and so u(z,) remains bounded on (z,). Differentiating now (4.20) and applying (Ps),
resp. (4.20), to eliminate w”, resp. w’, we get

1
W =L+ 2—(3w2 +8zw +4(z2 — ). 4.21)

2 Y
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Now, the Cauchy estimates may be applied to (4.20) and (4.21) to see that w may be
continued analytically over z = a, a contradiction.

Case II (ii). Assume now that w(z,) — 0 for a sequence (z,) on I" converging to a
while 8 = 0. We now consider v satisfying v> = w. By (4.8), we deduce

, voN\2 (w)? 200’ v2
(”+#—1>:4#'+#—1+WL4ﬂ
v @i —
4 (w— 12

implying that v'(z,) remains bounded on (z,,). Substituting (P4) with 8 = 0 into
200" = w” — 2(v')? we immediately get

vV =g

3
g = sz + 220 + (2% — ),

resulting in a contradiction by the Cauchy estimates technique again.

Case III. We now assume that w(z,) — oo for a sequence (z,) on I" converging to
a. Substituting now w = % into (4.19), we infer that

202 \?
(v’— 0 > =1 +4zv +4(z> — )v* — 28v* +4UV* +

T (4.22)

4v
(1—-v)?
Looking at (4.22), we note that v(z,) — Oasn — oo implies V' (z,)* = lasn — oo.

Taking a subsequence, if needed, we may assume that v'(z,) — 8, where § = +1, as
n — oo. By (4.22),

N2 /
92;—1 v (4.23)

:4z+4(zz—oz)v—2,3v3—|—4Uv2+41

Differentiating vw = 1 twice, and substituting (P4) and (4.23), we get

(U/)Z 2(1 (w/)Z 3
— vl = —= -

vV =2 + w3—}—4zw2—|—2(22—0t)w—|—E
v 2w 2 w

3W)2—1
:EL—4Z—2(22—01)U—[3U3
2 3 2 vy’
=274+4(z" —a)v—4Bv° + 6Uv —|—61 .
—v

Since v(z;) — 0and v/'(z,) — 8§ # 0, we may apply the Cauchy estimates reasoning
to
vV =g
v
g =27+4E*—aw —4,31)3—1-6U112+61 L
—v
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Therefore, v has an analytic continuation over z = a and v(a) = 0. Hence, w
continues analytically across z = a with a simple pole at z = a, a contradiction again.
O

Remark. As in the case of (P,), the Riemann surface construction around r may
have to be applied.

§5 The fifth Painlevé equation (Ps)

The fifth Painlevé equation

2w

2
w' = (g4 oo ) = e+ L LDy

where again o, 8, ¥, § € C, behaves similarly as to (P3) with respect to the meromor-
phic nature of solutions. As to examples of non-meromorphic solutions, it is noted at
once that

w(z) = Ccz'/? +1, where C # 0,

is a solution of (Ps), providedo = —f8 = 8’ §=0andy = ——C2 Moreover, in the
case of o = B = y = § = 0, i.e. in the reduced case of

,,_(1 1) w’
w—2w+ — ()—?

non-meromorphic solutions may be found in the form

(o — (1HC 2
wi)=—] ,
Y= \1-cza
provided C # 0 and a ¢ Z.

Parallel to the case of (P3), we apply the transformation z = ¢, and revert to write
z instead of ¢, after the transformation. We then obtain

Theorem 5.1. All local solutions of the modified fifth Painlevé equation

1 1 Se* D~
w' = (_ + _> (w/)2+(w_1)2(aw+£>+yelw+w (Ps)
w—1 w

2w w—1

can be analytically continued to single-valued meromorphic solutions in the complex
plane.

For a detailed proof of this theorem, we refer to Hinkkanen and Laine [3].
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§6 The sixth Painlevé equation ( Pg)

For the sixth Painlevé equation

, 1 /[1 1 1 2 1 1 1 ,
w==—4+—+ w)y —(-+—+ w
2\w w-—1 w—z z z—1 w—z

zMw—le—z)( Bz z—1 8dz—D>

(Pe)

22(z — 1)2 “+E+V(w—1)2 (w — 2)?

perhaps the most detailed presentation for meromorphic nature of its solutions may
be found in Hukuhara [2], see also Okamoto and Takano [1]. Another program to this
end has been sketched in Steinmetz [4], p. 374-376. For a further treatment in the
original spirit of Painlevé [4], see Hinkkanen and Laine [4].

The presentation offered by Hukuhara may be summarized as follows, using the
notations (ag, @1, &0, ;) in place of (—8, y, «, % — §) for the coefficients of (Pg):

(1) For an arbitrary solution w(z), consider a line segment I” terminating in z =
a € C\ {0, 1}. Supposing that w(z) is continued meromorphically along "\ {a}, we
would like to show that 7 = a is at most a pole of w(z). In the right-hand side of (Ps),
the singular values of w(z) around z = a are w = 0, 1, a, co. Note that they have a
symmetric property implied by the following three transformations

z=1-Z, w=1-W; z=1/Z, w=1/W; z=Z, w=Z/W.

(2) Let B be a complex number such that 8 # 0, 1, a, co. Take the auxiliary
function

o _e=b@)? e
T 2ww—Dw—2) G—Dw z(w-—1)
HooW o, —1/2 _ (z = Bw’

Czz—-1D)  w—z (w-—2w-p)

Under the supposition liminf 5, , |w(z) — B| > 0, the function U is bounded on
I', and then, by the use of this property, it is shown that z = a is at most a pole of
w(z). In this argument, we treat the case where w(ay) tends to one of the singular
values as @y — a along I', and by the symmetry of the singular values, it is sufficient
to examine the case where w(ay) — 0 as ay — a.

(3) Finally, the case where lim inf5;_., |w(z) — 8| = 0 is treated. By a suitable
modification of the path I, it is reduced to the case mentioned above. In this process,
we employ essentially the same method as in §1, Case III.

(4) The proof is described under the supposition g # 0. In case og = 0, we
make the change of variables w = v, v/ = u. Then (w’)?/Qw) = 2u?; and (Pg) is
equivalent to the pair

v =u,
’ 0(z,u,v)

T2 e -
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of differential equations, where Q is a polynomial. A similar reasoning as for the case
oo # 0 may now be applied to complete the proof.



Chapter 2
Growth of Painlevé transcendents

In_ this ~chapter, we proceed to consider the growth of solutions of (Py), (P2), (Ps),
(P3) (Ps), known to be meromorphic by the preceding Chapter 1. Examining the
growth of Painlevé transcendents, Nevanlinna theory plays a background role in our
considerations. For all necessary notations and basic results needed, see Appendix B.
A twofold approach has been adopted in this chapter. Namely, we make use of the
Steinmetz’ rescaling method for (P;), while the more geometric approach due to the
third author will be applied for (P,) and (P4). Finally, for (P3) and (Ps), we just add
a couple of remarks, in addition to a reference to Shimomura [9].

§7 Growth of first Painlevé transcendents

In this section, we prove that all first Painlevé transcendents w(z) are of regular
growth of order p(w) = 5/2. This fact actually goes back to Boutroux [1], [2],
although no definition for the order of a meromorphic function was available at that
time. See Steinmetz [5] for a more detailed background. The classical paper by
Boutroux remained in the category of mathematical folklore until N. Steinmetz [5]
and Shimomura [8], [10] recently offered the first rigorous proofs, independently.

Let now w(z) be a fixed solution of (P;), meromorphic in C by Theorem 1.1. By
Laine [1], p. 178, w(z) is transcendental, with infinitely many poles by the Clunie
argument, see Lemma B.11. For each point zg # 0 regular for w(z), we define a local
scaling unit by

1/2

r(z0) := min {|w(z0)| "/, [w'(z0)| 7'/, |z07"/*}, (7.1)

with the proviso that 07% = +oo for & > 0. The local scaling unit is the key notion
in this section.

Lemma 7.1. Let (z,,) be a sequence of points regular for w(z) with z, — 00, and let
rp = r(z,) be the corresponding local scaling units. Moreover, we assume that the
three limits
1 2 AT 3. 1 4
yo = lim ryw(z,), Yyp:= lim r,w(z,), a:= lim r,z, (7.2)
n—oo n—oo n—oo

exist. If y now denotes the unique solution of the initial value problem

y' =6y’ 4+a, y0)=y, Y(0) =y, (7.3)
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then
r2w(zy 4 rmz) = y(2) (7.4)

locally uniformly in C as n — oo.
Proof. We first define
(@) i= rpw(zn + ). (7.5)

Therefore, by (Py),
Yo =62 + zari + 132 (7.6)
By analytic dependence on initial values and parameters, see e.g. Horn and Wittich
[1], p. 141,
n(z) = y(2)

in a neighborhood of z = 0. By a classical result due to Poincaré, see Bieberbach [1],
p. 14, the convergence holds locally uniformly in C. O

Before proceeding, we remark that the limit function y(z) does not vanish identi-
cally. In fact, if so, then max(|y(0)|, |y'(0)|, |a|) = 0 by (7.3). But (7.2) now implies
that

max(|y(0)[, |y"(0)], lal) = max(|yol, |yol. lal)
= max (| lim r,%w(zn)|, | lim r,?w’(zn)l, | lim r;‘znl) =1,
n—oo n—oo n—oo
a contradiction.

Lemma 7.2. Let (q,) be asequence of zeros of w(z) and let (z,) be any other sequence
such that |z, — qn| = 0(r(z»)). Then r(z,) <K r(qy).

Proof. By definition we have p, = r(g,) = min{lw/(q,,)|_1/3, |qn|_1/4} since
|w(q,,)|_1/2 = o0. Note that r,%w(zn + ry¢) — y(¢) as n — oo uniformly for
[¢] < 8o, where g is some positive constant. Hence, by |z, — g,| = o(r,), we may
suppose that

sup {ry|w(2)| | 2 € [z, gu]} < Mo = sup{ly(D)| | 1¢] < 8o} + 1,

where [z,, g,] denotes the line segment joining z, to g,. Integrating both sides of
w”(z) = 6w(z)? + z, and using this estimate, we obtain

|w/(QH) - w/(Zn)| =<
S€[zn.qn

4n
/ mwm2+nm\§mMy ?a]mmnﬁ+mn
smgﬁg?m;&mmm2+émﬂ+mmﬂ
€Zn,q9n
= o(rn_3).

Therefore,
w'(gn) = ' (zn) + 00,7,
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and, by assumption,
qn = zn +0(ry).

Observing that |r;z’ w’(zn)| < 1, and that |r,‘1‘zn| < 1, we obtain

w'(gn)] < 1w’ (za)| + 00, < 17> (1+0(1)),

and
gn] < 1zal(1 4 0(1)) < r,7*(1 + 0(1)).
Hence,
W' (@) 73 = r (1 +0(1),  gal™V* = ra(1 + 0(1)),
which implies r;, <K gj. O

Letting now (g,,) be the sequence of zeros of w, and ¢ > 0 be given, we denote by

o0

0(e) == J{z 11z = aul < ergn)}

n=1
a neighborhood of the sequence (g;).

Lemma 7.3. Given e > 0, |w’(z)|/|w(z)|3/2 is bounded outside of Q(g). Moreover,
the spherical derivative w* (z) := |w'(2)|/(1 + |w(z)|?) is bounded there as well.

Proof. The last assertion is trivial. Infact,if [w(z)| > 1,then 1+|w(z)|? > |w(2)|* >
lw(z)[>? and if |w(z)| < 1, then 1 + |w(2)|> > 1 > |w(z)>/.
Suppose now, contrary to the assertion, that

lw' (z)|/|w(za)[*?* — oo (7.7)

for a sequence (z,) tending to co. We may assume that w(z,) is finite for all z,.
Moreover, taking a subsequence, if needed, we may assume that the limits in (7.2)
exist. Therefore, Lemma 7.1 may be applied. Since

2/3

r2w(zy) = (r3lw (@) %)™ = o(lw' (zy)1r)*? = o(1)

by (7.2) and (7.7), we observe, by (7.2) again, that yo = 0. Hence, from (7.4) and
the classical Hurwitz’ theorem, we find a sequence z, — 0 with w(z, + r,z,,) = 0.
Denoting now g, := z, + ryz,, we infer that

|20 — Gnl = 0(ry) = 0(r(qn))

by Lemma 7.2. Hence z, € Q(¢) for n large enough, a contradiction. O

A similar reasoning results in
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Lemma 7.4. Givene > 0,
2l < lw@ and ' @I/lw@)] < |27
as 7 — oo outside of Q(¢).

Proof. To prove the first assertion, suppose there is a sequence tending to infinity such
that

w(za)| = o(lzal'/?). (7.8)
Assuming, as we may, that the limits in (7.2) again exist, we observe that
w(za)| = o(r(za) ™)

by (7.8) and (7.2). Therefore, yo = lim,_, r(zy)?w(z,) = 0. A contradiction now
follows exactly as in the proof of Lemma 7.3. O

To proceed, we first observe by routine computation that

F(z) = —zw(z) — 2w(z)’ + %(u/(z))2 (7.9)

is a primitive function of —w(z). Recalling the Laurent expansion of w(z) at a pole
z0, see (1.1),

1
w(z) = %(z —’ - G- HhG -t e (T10)

(z—z202

and substituting (7.10) into (7.9), we get

<0 3 1 4 h 5
F = —14h + —(z — —(z — — —(z— L (711
(2) + 30(z z0)” + 24(2 20) 5(z z0)” + (7.1D)

Z—20

Defining now
V(z) = —2F(z) — w'(2)/w(z), (7.12)

then (7.12) and (7.11) readily imply that
V(zo) = 28h. (7.13)

Lemma 7.5. Given 0 > 0 and ¢ > 0, there exists K > 0 such that for any 7 €
C\Q(e), either |V (2)|/lw(2)]* < K|z|'/? or [w(z)|7* < o |z|~" holds. Therefore,

[V (2)] - [V (2)]

o + K|z 1/2
lw@))* =~ |zl |

for all z € C\Q(s).
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Proof. Suppose that for a sequence (z,) in C\ Q(¢), tending to infinity,

[V (zn)l

— " 5 4oo
lw(zn)*|zn] /2

as n — 0o. Again, we may assume that the points in (z,) are no poles of w(z). By
Lemma 7.4, |z,| < |w(z,)|?. By (7.9) and (7.12),

(W' (2)? = 2zw(z) + 4w(2)® — V(2) — v’ (2)/w(2). (7.14)
Therefore,
[V (zn)l - lw’(z,)1? Hw(zp)|  2|zal'/? lw'(z,)]
lw(@z)?za /2 7 Jw(za)|?|zal1/? |zn|1/? lwza)|  |wz)Plzal/?

Since the last two terms remain bounded as n — oo, by Lemma 7.4, we must have

lw'(z,)|? 4 w(zn)|
lw(za)2lzal1/2 2|12

(7.15)

12

asn — oo. If now 4|w(z,)|/|zn|'/* remains bounded as n — oo, at least in a

subsequence, then by Lemma 7.4,

W@l @Rl w)
lw(z) 2|z l? Jw(zn)Plzall/? lzn |12

and so |w’(z,)|2/(|w(zx)|*2,|'/?) also remains bounded, contradicting (7.15). There-
fore, |w(z,)|/|zn|"/?> = 400 as n — oo and so

V)l _ V@)l zal _0(|V(Zn)|>

lw(zn)|? |zal  w(za)|? |znl

holds and the assertion follows. O

Lemma 7.6. Given ¢ > 0 sufficiently small, consider the corresponding neighbor-
hood Q(€) of the zero-sequence of w(z). Then there exist Ry > 1 and a sequence of
mutually disjoint disks

An(e) ={z | |z — zal < 3er(za)}

such that

Q@) N{z |1zl = Ro} € Ale) := | Ane).

n=1

Proof. Suppose first that there exists a sequence of disks

Dy :={z |1z — zal < mar(za)},
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where 0 < n,, — 0, such that D,, contains at least three zeros of w, including z,,. By
Lemma 7.1 and the Hurwitz’ theorem, the limit function y(z) has at least a triple zero
at z = 0. By (7.3), this implies that a = 0, contradicting the fact that |a| = 1, see the
remark after the proof of Lemma 7.1. Therefore, for ¢ > 0 sufficiently small and n
sufficiently large, the disk

E,:={z|lz—qunl <ergn}.

has a non-empty intersection with at most one disk E,,, m # n. The assertion follows
by taking A, (¢) = E, in the case of an empty intersection with all E,,,, m # n, and by
taking A, (¢) to be the larger of {z | |z —gn| < 3er(gy)}and {z | |2 —gn| < 3er(gm)}
otherwise. O

Lemma 7.7. Given ¢ > 0 sufficiently small,
V() < |z? (7.16)
outside of A(¢g). In particular,
V(pn) = O(pal?) (7.17)
asn — 0o, where (py,) denotes the sequence of distinct poles of w(z).
Proof. Fix Ry > 1 and let A(¢) be as in Lemma 7.6. Denote further, for R > Ry,
M(R) :=max {|V(@)[lz|/* | Ry < [z| < R, z ¢ A(e)}.

Suppose this maximum will be attained at z; = pexp(ie), Ro < p < R. Let L be
the radial line segment from zg = Ry exp(ia) to z1, modified to a path I" as follows,
if needed: If L N A, (e) # ¥, we replace that intersection by the shorter part of the
boundary 0 A, (¢), and if zg € A, (¢) for some m, we replace zg by a point LNd A, (g).
Obviously, fr |t'/2|dt| < m|z113/%. Clearly, V(z¢) is finite, say |V (z0)| < ¥, where
y is independent of R. Moreover,

Vil |V(t)||t|
[t e]3?

2 < M(R)|1|/? (7.18)

on the path of integration I".
To obtain a differential equation for V (z), differentiate (7.13), and invoke (P;)
and (7.15) to obtain
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from which we obtain by integration along I”

V(Z1)=V(Zo)+/< w1 vm) dr
r

w@)  w®)3  w)?

Therefore, by Lemma 7.4 and 7.5,

V@l

|V(zl>|§|V<zo>|+/ (
r | |

+K|t|“2) |dt|;

. 12 (i \"? 12
here we have used the observation that |¢|/|w(?)| = |¢| (W) < |t]'* re-

mains bounded on I" by Lemma 7.4 and that |u)’(t)|/|w(),‘)|3 = 0(|t]~3/*), hence
being bounded as well. Making now use of (7.18), we obtain

VDl <y + aM(R)/ 111121d1] + K/ 111121d1)
I I
<y +aoMPB)|z>?*+ K|z

Therefore,

V)l
|Z1|3/2 _M(R) |z |3/2

+a7oM(R)+ 7K £ ——~ +70M(R) + 7K.

3 2
R,

Hence, selecting o to satisfy mo < 1/2, we obtain
M(R)_2( 3/2+nK> ' B

and so
[V (2)]

||—3/2_M(R)<B

whenever z ¢ A(¢) and R > Ry.

Finally, to see that (7.16) implies (7.17), let z,, now stand for the centres of the disks
A, (g). Lemma 7.1 again applies, resulting in the limit function y(z) = yo+ y(’)z 4+
Since y(0) = yo is finite, there are no poles of y(z) in a certain disk around the origin.
Therefore, if n is large enough and & small enough, A, (¢) contains no poles of w(z),
hence (7.17) is valid by (7.16). m|

We now proceed to prove the final lemma to prepare our preliminary growth esti-

mate for first Painlevé transcendents. To this end, recall again the Laurent expansion
(1.1) of w(z) at a pole z = p, with the notation £ = 7z — p:

w(z) = Zaks“ ———52 s3+ he' + 2 56+Zaksk 2 (1.19)
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Lemma 7.8. Suppose that the coefficients in (7.19) satisfy, for some K > 0,
ja = (K| pl' (7.20)
fork =0,...,8. Then (7.20) holds for all k € N.

Proof. Substituting (7.19) into (P;), we obtain by a standard coefficient comparison
that

k
(k=1 —2) = 12)ary1 =6 ) ajars1-j (7.21)
j=1

for all k > 8. Taking moduli and observing that the right-hand side in (7.21) contains
at most k — 3 non-zero terms, we get, inductively,

((k+2)(k = 5))laxs1] < 6(k —3) - (K|p|/H .
Since 6(k — 3)/((k + 2)(k — 5)) < 1 for all k > 8, the assertion follows. O

Proposition 7.9. For any first Painlevé transcendent w(z) with the distinct pole se-
quence (pn),
Y. T2 =00? (7.22)

O<|pnl=r
as r — o0o. Moreover, N(r, w) = O(>'%) and T (r, w) = O (/?).

Proof. Restricting to poles of sufficiently large modulus, recall that 28 = V (p,,) by
(7.13). Therefore, by Lemma 7.7,

lh| = O(Ipal¥?).

It is now immediate to check that (7.20) holds for k = 0, ..., 8 in (7.19) for some
K > 0, hence for all k € N by Lemma 7.8. By the standard formula to compute the
radius of convergence for a power series, we observe that (7.19) converges at least in
0 < |z — pnl < c|pnl~1%, ¢ being a constant independent of p,,. Therefore, the polar
neighborhoods |z — p,| < §| pn|~17* must be mutually disjoint (for n sufficiently
large, say | pn| = ro). Comparing the total area of these polar neighborhoods with the
area of the disk of radius r, centred at the origin, we obtain

c? 1/2 2
D mplel TP S m@r)?,

ro<|pa|<r

1/2

proving (7.22). Moreover, since |p,|~'/> > r~1/2 for all p, in the disk, we get

2 2
4r? = 1 L pal TV (i w) = o, w)) = 7 T A w) = o, w)),
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hence

a(r, w) — n(ro, w) < 16722
and so

n(r, w) = 2a(r, w) = 0. (7.23)
Therefore,

N(@r, w) = 0(r¥/?),

and since m(r, w) = S(r, w) by an immediate application of the Clunie lemma, see
Lemma B.11, we infer that
T(r,w) = 0@"?). O

Theorem 7.10. The first Painlevé transcendents w(z) are of order p(w) = 5/2.
Moreover, they are of regular growth, and therefore the lower order u(w) = 5/2
as well.

Remark. By Proposition 7.9, it suffices to prove the reversed inequality p(w) > 5/2
to get the first assertion. Actually, this has been already proved by Mues and Redheffer
[1], p. 419-420. However, we prefer another approach, due to Shimomura [10], as
this enables to obtain the regularity of growth at the same time. Similarly as to
Proposition 7.9, the proof of Theorem 7.10 follows by a series of lemmas. To this
end, let y > 1 (in fact > 2, as shown along with the proof) denote a real number,
and assume that (p; ), the distinct pole sequence of w(z), has been arranged according
increasing moduli. Moreover, we shall use the shortened notation n(p) := n(p, w).

Lemma 7.11. For each p sufficiently large, there exists a point z,, such that p/2 <
|zp| < p and that
Y 1zp — pul T2 < 6ii(yp)p > log p.
|pnl<yp
Proof. Given asuitable constanté > 0, we first define polar neighborhoods |z — p, | <
dw(|pnl), where w(t) := min{l, t_1/4} for t > 0. Moreover, denote Hy := U;’lil{z |
|z = pul < 8 (Ipa])} and As(p) = B(p) \ Hs, where B(p) := B(0, p). By (7.23),

+1
> w(|pn|>2:/p =iy + 0(1)
1

|pnl<p+1
p+1
<+ D ap+1D+ / 3 ayde + 0(1)
1
< (p+1)7? < p’.

Therefore, choosing § > 0 small enough, we may assume that

A(Hs N B(p)) < mp*/4, (7.24)
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where A(-) denotes the area of the set. For |p,| < yp, we obtain
o(|pal) = min(1, [p,|~"*) = min(1, (y8)""/*) = min(1, (y + H7/*571/%)

by the definition of w(#). Hence, integrating over the annulus R, := {z | dw(|p,]) <
|z = pal = (y + Dp}, we get

2 p(y+Dp
// |z — p,,|_2 dxdy = / / ol drdg
S (|pn)<lz—pnl<(y+Dp 0 S (Ipal)

=27 log ((y + Dpd'w(pal)™") < 27 log (57 (y + 1)3/4p7%)
<3mlogp

as p — 0o. Summing them up, we conclude that

1) = [ [ 8,2 dvdy < 3mivp)tog . (7.25)

As(p)

where

Sp(@) =Y lz=pal™%

|pnl<yp

provided that p is large enough. On the other hand, by (7.24),
I(p) = F(p)A(As(p) \ B(p/2)) = (wp*/2)F (p).

where
F(p) =inf {S,(z) | z € As(p) \ B(p/2)}.
Combining this with (7.25), we get F(p) < 6r_z(y,0),o_2 log p. Thus we obtain the

conclusion. O

Lemma 7.12. Given p > 1,y > 2, there exists a constant C1 > 0 independent of p
and y such that

2

[pnl=yp

1
(z — pn)2 przl

12
=C (£> LY =l G

Y Ipnlzyp

for every z € B(p).

Proof. Since |z — pu| = |palll = =1 = 3|pal by Iz/pal < 1/y < 1/2, we immedi-
ately observe that

22pn —2)
p2(z — pn)?

_ 10L2llps|

< T < 10p|pa| 2.
2

1 1
(z — Pn)2 P%
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Therefore, recalling that 72(r, w) = O (r>/?), see (7.23), it follows that
> <10p Y Ipal”
[pnl=yp |pnl=yp

o o
=10,0/ r—3dﬁ<r)ssop/ =i dt = 0(p/)'>.
174 vp

1
(Z - pn)2 pn

Moreover,

o
S -plt<16 Y |Pn|_4=16/  din()
Y

|pal=ye |pal=vp P
(0.¢]
< 64/ t7i(r) dt = O(1).
2p
Lemma 7.13. There exists a set E* C (0, +00) of finite linear measure such that
o.¢]
=1

forallr = |z] € (0, +00)\E™*.

1

A5
(z—p>2 ~ =0

Proof. It suffices to define
[e¢]
“= 01+ DU ( U lionl =1l Il + 1pal ™).
Making use of n(r, w) = 0% again, we conclude that

S 0
o(E*)s|p1|+1+2Z|pn|—3=|m|+1+2[ 172 di(r) < oo.
n=2 |p2|

By Lemma 7.12, we now see that, for y > 2 and |z| =r ¢ E*,

Z < > Apl+D+ Y
=1

1§‘pnlf}/r |]7n|ZVr
<1 +yOayr,w)+ Cir'’? = 0¢°).

1
(z — pn)2 p;%

1 1
(z — pn)2 p%

Lemma 7.14. For any n,0 < n < 1, and some L > 0 independent of y and n,

D Al S0 arp)p T +nLe' P + 0(D).
Ipnl<yp
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Proof. Since ii(t) < Lt>/? for some L > 0, we get

> |pn|—2:/ypf2dﬁ(r>+0<1)
£0

Ipnl<yp

o

— (yo) iilyp) +2 f i) di + 0(1)
0
2

n°p
= (yp) %ii(yp) +2 /

vp
t‘3r'z(t)dt+2/ t3a@yde + 0(1)
£0

n’p
2 o

n-p
< (yp)_zﬁ(yp)+2L/ t=V2dt 4+ 2i(yp) /2 t73dr +0(1)
PO n-p

=dnLe'? + 0 % (yp) + O(1). O

Proof of Theorem 7.10. Recalling that all poles of w(z) are double, we may apply the
Mittag—Leffler representation for w(z) to obtain

1
w(z) =9k + o) = ¢(Z)+Z((z—p)2 ?>’

where ¢(z) is an entire function. In case p; = 0, the corresponding term in ®(z)
should be replaced by 1/z2. In what follows, we may assume that 7 > 1 is sufficiently
large.

We split the summation of ®(z) in two parts by

)= Y (;—%)Jr ) (4—%>

— 2 _ 2
paimyr NET PSP/ T NG PO P

Choosing now y > yp := max(2,400C 12), we may apply Lemma 7.12 to conclude
that

> _t_1ie ir‘/z, (7.26)
(z—pn)? P27 20

[pnl=yor

whenever z € B(r). By Lemma 7.11, and the estimate (7.23), we find a point z¢ €
B(r)\B(r/2) such that

2

|pnl<yor

m < K n(yor)r lOgl" (727)

for some constant K’ > 0. Choosing now = 1 := L~!/20 in Lemma 7.14, we
obtain

1
D el =gt 4 o2 4+ 0, (7.28)
|Pnl<vor
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Hence, combining (7.26), (7.27) and (7.28), we obtain
1
|®(z0)| < K*i(yor)r % logr + Er1/2 +01) =0@"?logr) (7.29)
for some zg € B(r)\B(r/2); here K* = K’ + (n0)~*. Moreover, we may estimate
®"(zp) by observing first that
0— Pn

<6 )

[pnl<yvor

§6( > ;)2—1-6 > :

2 3
720 — 720 —
[pnl<yor 120 = Pal |pnl=yor 120 = Pal

<63 !
=P L g = Pt
n=1

1
o

20 — 20 —
120 — Pn ‘pnlzwl 0— Pn

and then applying (7.27) and Lemma 7.12 to obtain
9" (20)] < 6(K*)*i(yor)’r~*(logr)* +6C1 = O(r(logr)?). (7.30)

We next observe that ¢(z) in the decomposition w(z) = ¢(z) + ®(z) is a polyno-
mial and, even more, a constant. In fact, by Lemma 7.13,

T(p, ) =m(p, @) <m(p,w)+m(p, ®) = O(logp),

provided p ¢ E*. Here m(p, w) = O(log p) follows by the Clunie argument and the
fact that w(z) is of finite order. As E* is of finite linear measure, a standard reasoning,
see Laine [1], Lemma 1.1.1, may be applied to remove the exceptional set, hence ¢(z)
is a polynomial.

Since |w(z0)|* = %(w”(z()) — z0), we may first write

1
l9(20)| < |®(z0)] + |w(zo)| < | (z0)| + —6|w”(zo) — z0|'?

/6
< 19Go)| + (19" z0)] + 19" (z0)] + Iz0]) ">,

Invoking now (7.29) and (7.30), we obtain a contradiction, unless ¢(z) is a constant,
say ¢(z) = Co € C. This follows from the fact that we may find a sequence of points
zo tending to oo.

To arrive at the final conclusion, we now write zg = w” (z9) — 6w(z0)2. Then for
all r sufficiently large,

(r/2)'? < 120112 £ (19" z0)| + 61D (z0)| + |Co)?) "/
< 19" (20)1"% + V6(1® (z0)| + 1Col)

6
< 2V6K *i(yor)r 2 logr + ‘{—;rlﬂ + O(D).
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This readily results in
n(yor) > ii;’5/2(10 r)_l
=k g
and so

1 -
T(r,w) > N(r,w) = EN(r, w) > r?(ogr)~!, (7.31)

which proves the assertion. O

§8 Growth of second and fourth Painlevé transcendents

For the second and fourth Painlevé transcendents, we may also show the finiteness of
their order of growth.

Theorem 8.1. For an arbitrary solution w(z) of (P2), resp. (Ps), we have T (r, w) =
O (r©), where C is a positive number independent of w(z) and of the coefficients o, B.

Remark. More precise results are known, see Steinmetz [5] and Shimomura [8]. In
fact, for every solution of (P,), resp. (Ps), T (r, w) = 0(r3), resp. T (r, w) = 0(r4).
It is well-known that (P,), resp. (Ps), may admit, for suitable values of parameters,
rational solutions and transcendental solutions of order 3/2, resp. 2. See Chapters 5
and 6 for more details. It seems likely that these are the only exceptional possibilities
with respect to the order of growth for solutions of (P,), resp. (Ps). However, it
remains open to find a rigorous proof.

In Section 8.1 below, using the method of Shimomura [6], we prove Theorem 8.1
for solutions of (P,). The same argument applies for (Py); the proof will be sketched
in Section 8.2.

8.1. Proof of Theorem 8.1 for (P2). Let w(z) be an arbitrary solution of (P,). The
main part of the proof is devoted to constructing a polar neighborhood around each
pole p. In this reasoning, we treat w(z) in the sector |argz — arg p| < 7 /2,0 <
arg p < 27, containing the pole p. In what follows, we assume that the branch of z!/2
together with the value a'/? needed below is determined by 12 = |7|V/2 exp(ig/2),
|¢p — arg p| < m/2. Similarly as to the case of (P;), we organize the proof through a
sequence of lemmas. To this end, define

0:=27, Ro(e) := 1200(|a| + 1). (8.1)

We begin with the following lemma, which is proved by a modification of Hukuhara’s
argument, see Okamoto and Takano [1].

Lemma 8.2. Let a be a point satisfying |a| > Ro(a). If lw(a) —0a'/?| < 63|a|'/?/6,
then

(i) w(z) is analytic and bounded for |z — a| < 84,
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(i) |w(z) —0a'’?| > 63|a|'/?/5 for (5/6)84 < |z — al < 8,

where
0lal~> min{1, 6%|a|/|w'(@)|} < 8, < 36|a|~'/>. (8.2)

Proof. Weputz =a + pt, p =a /%, w(z) = 0a'/>(1 4+ 6v(t)) in (P»). Then (P»)
becomes

() =07 4 v@) + p2t (07 +v(0) + 0720 a +20(1 + Hv(1))°,

where ~ again stands for the differentiation with respect to ¢. Integrating both sides
twice, we obtain

v(t) = v(0) + V() + 607112 /2 + g (1), (8.3)
where
9—2[03 t T
8= — (9t3+3at2)+/ / (v(s)+p’sv(s)+20(1+0v(s))*) dsdr. (8.4)
0 JO
Here

v(0) = 07 2a" V2 (w(a) — 0a'%), 0)=0"2a" w(a).

By assumption,
[w(0)| < 672l ?|w(a) — 8a'?| < 6/6. (8.5)

We now divide the proof in two subcases.

(1) Case |9(0)| < 1. We put
M(n) ;= max {[v@)| | 1| < n}, no:=sup{n| M(n) <86}

By (8.5), no > 0. Suppose that 9 < 36. Since |a| > Rp(«), we may use (8.1) and
(8.4) to conclude that, for |t| < 5o,

9—2|a|—3/2
lg(t)] < T(sez + 3lal)(36)°

(30)*

+ (86 + la| ™/ - 2467 +20(1 + 86%)°)

10
<202< 2+ 210y

9
< E921e()(a)—3/2(1 +240% + 0 2|a) + 907 (4 + (1 +86%)%)  (8.6)

+27%4+ (1 + 107)3)>

) 1200(1 + |a|)
992 1.4 0

< -0"-14 < —.
2 4
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Hence, from (8.3) and (8.5) it follows that, for |¢| < no,

V@] < O] + Ie] + 67 [e1*/2 +6/4 &7
<(1/6+3+9/2+1/4)6 <7.920, '

which contradicts the definition of ng. This implies that ny > 36, and that (8.6) is
valid for all ¢ such that |¢| < 30. Moreover, by (8.3), if 2.50 < |¢| < 36, then

@) = 607t17/2 = [u(0)] — [t] — |g(®)]
> (2.52/2—1/6 —2.5—1/4)6 > 6/5.
Therefore, |w(z) — 8a'/?| > 63]al'/?/5 for (5/6)84 < |z —a| < 8, with §, =
36]a|~1/2.
(2) Case |v(0)| =: k > 1. We now define
= sup {n | M(n) < 36},

and suppose that 1 < (1.2/k)6. Then, by (8.1), we get for |¢| < 71,

9—2|a|—3/2

lg(®)] (1.26% + 3]a])(1.26)?

IA

1.20)2
+( 0)

(36 + lal 7% - 3.60> +20(1 + 36%)°)

1.26)2
(1.29) Ro()™2(1 + 46 + 072 |a|)

(8.8)

+ (1.20)%0(1.5 + (1 + 36)%)

- (1.29)2< 24 210|g|

= 2 \12003/2(1 + |al)

(1.20) 122 62 ¢

= (0.029 +0.16) < — - — < —.
2 2 5 100

By (8.3), (8.5) and this inequality (8.8), again for |¢| < n1,

+27415+ (1 + 392)3))

lu(@®)| < [v(0)| + x|t + 607 £12/2 +6/100

) 8.9)
<((1/6+12+12°/24+1/100)0 < 2.16,

which contradicts the definition of 7;. This implies 1 > (1.2/k)6, and hence (8.9) is
valid for all ¢ such that |t| < (1.2/k)6. For (0.8/x)8 < |t| < (1.2/k)6, we have

)| > klt] — 07" t2/2 = [v(0)] — g (1))
> (0.8 —0.82/2 — 1/6 — 1/100)0 > 0/5.

Therefore |w(z) — 0a'/?| > 63|a|'/?/5 in (5/6)8, < |z —a| < 8, with §, =
(1.2//()9|a|_1/2 = 1.29|a|_1/2(02|a|/|w’(a)|), which completes the proof. O
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Lemma 8.3. Under the same supposition as in Lemma 8.2, if |lw(a) — Ball?| <
63|a|'/? /6, then

(i) |w(z) — 022 > 03|z|1/2/5.5 for (5/6)84 < |z — al| < 8a.

Proof. By (8.1), (8.2) and the supposition |a| > Ro(x), we have |z| > |a| -4, > 02,
lal > 672 =210 and ||z"/2 — |a]'/2| = |z — al/(|z]"/* + |a]'/?) < 8./60 < 6%/20.
Hence, by Lemma 8.2, (ii), for (5/6)8, < |z — a| < 84,

lw(z) — 0272 — 0%12]'/%/5.5
> [w(z) —0a'?| = 0%[z/2/5.5 — 0]|2]'* —|a]'/?|
>6%(1/5 —1/5.5)|a|'* — 67/5.5 + 0)|121'/* — |a|'?|
> (23/55 —2/20)0° > 0,

which completes the proof. O

We next proceed to a path construction, related to an arbitrary pole, sufficiently
large, of w(z), and based on Lemma 8.2 and Lemma 8.3.

Lemma 8.4. Let p be an arbitrary pole of w(z) satisfying |p| > 2Ro(«), and let R,
be a complex number satisfying Ry(o) < Ry < Ro(a) + 1. Then there exists a curve
I'(p), defined by ¢ : [0, x,] — C as follows:

(1) 1¢0)| = Ry, ¢(xp) = p;
(2) x is the length of I' (p) from ¢ (0) to ¢ (x);
(3) |¢(x)| is monotone increasing on [0, xp];

() |dz| < (6//11)d|z| along T (p);
(5) lw(z) —0z1/2] > 271812|Y/2 along I (p).

Proof. For the simplicity of the description, we treat the case where arg p = 0. For p
in the generic position, a completely similar argument applies. Consider the segment
So := [Rx, p] C R. We start from z = R,, and proceed along Sp. If |w(z) — 0717 >
631z]'/2/6 on Sy, then we put I'(p) = So. Suppose now that a point a € Sy satisfies
lw(a) —0a'’?| < 63|a|'/?/6 and |w(z) — 0z'/?| > 63|z|'/2 /6 for R < z < a. Draw
the semi-circle C, : |[z—a| = §,, Rez > 0, which intersects Rata_ anda,a_ < ay.
Here §, is as in Lemma 8.2. Note that a; € Sp, because the pole p does not belong to
the interior of C,. Let a*, a’} (Re a* < Re a’}) be the points on the semi-circle C;; :
|z —al = (5/6)84, Re z > 0 such that the segments [a_, a* ] and [a’} , ay] come in
contact with the semi-circle C;. Replace the segment [a_, a4 ] by the curve y (@) which
consists of the segments [a_, a* ], [a}, a+] and the shorter arc (a*, ai)NC C. Then
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we get anew curve [ = ((So \[a—,ar]) U y(a)) N{z | |z| = R4}. By Lemmas 8.2
and 8.3, we see that

lw(z) — 0z'7% > 63|22 /6 > 27187| 1/ (8.10)

holds on I']. By a geometric consideration about the gradient of tangent lines to y (a),
we observe that

dz| < (6//11)d|z|. 8.11)

Restart now from z = ay. Suppose that we first meet a point b € I, b > ay
such that |w(b) — 0b'/2| = 63|b|'/2/6. (If such a point does not exist, then we put
I'(p) = I7.) By the same argument as above, we obtain the curve y (b), which
crosses I7 atb’ , by Am b’ > 0, by € Sp, Reb’ < by). Replacing the part I
from b’ to by by that of y (b) from b"_ to by, we get a curve I'>. On I, (8.10) and
(8.11) obviously remain valid. Starting from z = b, we continue this procedure.
As will be shown at once, after repeating this procedure finitely many times, we
arrive at the pole p. Thus we get the path I"(p) with the properties (1) through
(5). To show the finiteness of the number of steps in the process, suppose, in the
contrary, that there exists a sequence {a(v)}2, C So satisfying 23020 8avy < 1 and
lw(a(v)) —a(w)l/?| < 93|p|1/2/6. Hence, by (8.2), we may choose a subsequence
{a(‘)j)};io satisfying a(v;) — a4 € So, w(a(vj)) = wy # 0o, w'(a(vj)) — oo as
Jj — oo, which implies w(as) = wy # 00, w'(a,) = oo. This is a contradiction.
Thus the lemma is proved. O

For the two final lemmas, we need to define an auxiliary function as follows:

w'(z)

D(z) =w'(2)? + o — 07172 w(z)* — zw(2)? = 2aw(2). (8.12)
By a suitable mathematical software we may verify that
@)+ o G) = Gi(2) + Ga2) (8.13)
Z We?E 7) =Gz 2(2), .
where
_ W@ 2 -1/2
Gi(z) = W(Z)3(1 02/2+ (0/2)z ' *w(2)),
— __1 2 2 3/2 1/2
Ga(2) = W2 (07zw(z)” + 027 *w(2) + aw(z) + Oaz'/?),
W(z) = w(z) — 6z'/2.
Since

El

1/2 (9/2)z1/2)’_(9/4)z3/2 ©/2%"  (©/2)z7'2

Gi(z) = _(W(z)2 W(z) W(z) W (z)? W(z)?

1 1
Ga(z) = =0’z — ——(20°2* + 02" + o) — 0422 +6%2% + 2007'7?),

W(z) W(z)?
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the right-hand side of (8.13) may be written in the form

G(z2) = —H{(z) — H2(2),
©@/2)z712 12
W(z) W(z)%’
o, @ ha() | h3(2)
Hy(z) =0z + e + weor T wor

hi1(z) = 0(Z3/2)’ hy(2) = O(Zz), h3(2) = 0(273/2).

Hi(z) =

To solve (8.13), we have the following basically elementary

Lemma 8.5. Let y (20, z) be an arbitrary path starting from zo and ending at z such
that W(t) # 0 on y (20, z). Then

®(z) = E(z0,2) "' ®(20) — H1(2) + E(z20, 2)"" Hi(20)

+ E(z0.2)" / E(zo, t)(Hl—(t)z - Hz(t)> dr.
¥ (20,2) W)

(8.14)

Here E(zo,t) = exp(fy(zo’t) W(T)_zd‘t) fort € y(zo,2), and y(z0,t) C y (20, 2)
is the part of y (2o, z2) from zp to t.

Consider now a circle |z| = R, such that Rgp(a) < R, < Ro(x) + 1. Moreover,
assume that there are no poles of ®(z) on this circle. Let p be an arbitrary pole of
w(z) such that |p| > 2Rp(a), and U (p) = {z | 1z —pl < n(p)} be a domain defined
b

Y o 172
n(p) :==sup{n < 1||W()| > 2[z|'*in |z — p| < n}.

Then we have

Lemma 8.6. In U(p), |®(z)| < Kolz|®, where Ky is a positive number independent
of p, and A > 2 a number independent of w(z) and p.

Proof. We shall now make use of the path I'(p), constructed in Lemma 8.4, and
starting from some point zo(p) such that |z9(p)| = Rs. Then, |W(¢)| > 21814 1/2
|dt] < (6/+/11)d|t| along I"(p). From these facts, for t € I'(p), it follows that

+1 ld
. | _ _lari
|E(z0(p). 1)~ | < eXp(/F(p,,) IW(T)l2>

< 237'3/” Aty _ o)
€X _— = .
=P Je T

Here A’ = 237 . 3/«/ﬁ and I'(p,t) C I'(p) denotes the part of I'(p) from zo(p)
to t. Moreover, Hi(t) = O(t), Hy(t) = O(t) along I'(p). Using (8.14) and these
estimates, and observing that |CI>(ZO(p))| < My, we have ®(p) = 0(p2A’+2), where
My = max{|®(z)| | |z] = R«}. Observing that Hi(z) = O(1) and H>(z) = O(z) in
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U(p), and applying Lemma 8.5 with zo = p, y(20,2) = [p, z] C U(p), we obtain
®(z) = 0(z***?) in U(p). This completes the proof. o

Now we are ready to complete the proof of Theorem 8.1. Put w(z) = 1/u(z),
z=p+ p 2/ in (8.12). Then (8.12) takes the form

u(z)3u'(2)

o~ |~ @ 0@ —u @) =0

M/(Z)Z _

Hence v(s) = u(p + p~2/%s) satisfies
(dv/ds)(s) = £p~ (1 + h(s, v(s5)), (8.15)
where
|h(s, v(s)] < 172, v(0) =0,
as long as

122 u@)] = [(p + p~2 )2 lu(s)] < e, (8.16)

and z € U(p), see Lemma 8.6. Here gy = £9(Kp) is a sufficiently small positive

constant independent of p. If z satisfies (8.16), then |w(z)| > eo_llzlA/4 > eo_llzll/z,
and hence z € U(p). Put now
n« = sup {n | (8.16) is valid for |s| < n}. (8.17)
Suppose that n, < go/4. Then, integrating (8.15), we get
Is1/2 < [p2*|lu(s)] < 3Is1/2 < 3eo/8 (8.18)

for |s| < n. < go/4. This implies
[(p+ p~ 242 ()] < | pA* o)1+ 1/L)A* < g9/2

for |s| < n4 and for |p| > L, where L is sufficiently large. For |p| > L, this
contradicts (8.17). Hence 1, > &o/4. Therefore, for |p| > L, (8.18) is valid for
Is| < €0/4, and w(z) is analytic for 0 < |z — p| < (e0/4)|p|~2/*. Thus we have
proved

Lemma 8.7. For every pole p of w(z) satisfying |p| > Ly := max{2Ro(a), L}, w(z)
is analytic in the domain 0 < |z — p| < (e0/4)|p|~2/4.

Proof of Theorem 8.1. For each pole p, |p| > Lo, we allocate a polar neighbor-
hood U, (p) := {z | |z — p|l < (€0/8)|p|~2/4}. Then, for arbitrary distinct poles
pP1, P2, with moduli > Lg, these neighborhoods are mutually disjoint. Hence the
counting function of poles in the disk |z| < r does not exceed O (r>+2/2). Since
m(r, w) = S(r, w), using the Clunie lemma, Lemma B.11, again, we have T (r, w) =
O(N(@2r, w)) = O(r**t2/2), which completes the proof for (P5). O
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8.2. Proof of Theorem 8.1 for (P4). The proof of Theorem 8.1 for (Py) is parallel
to the preceding proof for (P2). Due to its rather technical nature, we don’t repeat the
proof in detail here. For the convenience, a short sketch will be offered. Concerning
more details, see Shimomura [6]. Let now w(z) be an arbitrary solution of (Ps). In
this case, we define # = 277, The counterpart to Lemma 8.2 now reads as follows:

Lemma 8.8. Let a be a point satisfying |a| > Ro(a, B), where Ro(w, B) is a suffi-
ciently large positive number. If lw(a) — 6a| < 93|a|/6, then

(1) |w(z)| is analytic and bounded for |z — a| < 8,4,
(i) |w(z) —Oal = 6%|al/5 for (5/6)8, < |z —a| < 8a,

where
6la|™" min{1, 6%|a|*/|w'(@)|} < 84 < 30]a|”".

Similarly, corresponding to Lemma 8.3, we obtain

Lemma 8.9. Under the same conditions as in Lemma 8.8, if lw(a) — 6a| < 63 la|/6,
then

(i) |w(z) — 0z > 63|z]/5.5 for (5/6)84 < |z —a| < 8,.

Proof of Lemma 8.8. Substituting now z = a+ pt, p = a ', wz) =0a(1+6v())?
into (Py4), we obtain

5(t) = 07"+ folt,v(®) + fi(t, v(2)),

where
3
fo(t,v) :=v+2(1 +6v)> + 200+ 0v)°,

4n0n-2
2 2.2y -1 2 3 p po
t,v) = — 2t ) (0 2p°t(1+6 _ .
[it,v) == p (= +2t + ") (O +v) +2p7t(1 + Ov) e

Integrating twice, we derive that

v(t) = v(0) + 0(0) + 6712 /2 + g (1),

t T 1 T
gt) = / / fo(s, v(s))dsdt +/ / fi(s, v(s)) dsdr.
0 JO 0 JO

Using this relation, a reasoning parallel to the proof of Lemma 8.2 applies. In esti-
mating g(¢), we choose Ry(«, ) so large that ‘ fot for fi(s, v(s)) dsdt‘ is sufficiently
small for all a such that |a| > Ro(«, B) and |t]| < 36. |

Using Lemmas 8.8 and 8.9, we may repeat the idea of Lemma 8.4 for an arbitrary
pole p, |p| > 2Ro(w, B), to construct a path I"(p) ending at 7 = p with the same
properties (1) through (4) of Lemma 8.4, while the counterpart to (5) now reads
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(5) |lw(z) — 0z] > 2724|z| along T (p).

The auxiliary function ®(z) now takes the form

/(N2 /
() =2 @ w@ w(z)® — dzw(z)?
w(z  w(z) -0z (8.19)
— 4z —a)w(z) + 2—5
w(z)
which satisfies the linear differential equation
<D/()+<i+ﬂ)®()—G()'—G()+G() (8.20)
b4 wo T wee 2) =G(2) =Gz 2(2), .
where
W(z) :=w(z) — 0z,
61 = 2D (2 4 By + @ - 0)62)
W3 ’
— 2.2 2 2
G2(z) == W (0°z2"w(2)” + 202" w(2)(w(z) + 02)
+40(z2% — a)zw(z) — 2B).
Since
(4042 | 80z \ 4000 +4) | 160%2
o= ( WG W@ﬂ) WE? W
K@ KE
GZ(Z) = W(Z)2 W(Z) + ho(Z)

() =0z, W) =0, he =o0@h,

the right-hand side of (8.20) may be written in the form

(46 +2) 80z \ hi(z)  ha(z)  h3(2)
G@ = ( W(z) W&ﬂ)+ﬁ“@+vwm W2 W3

ho(z) = 0(z%), hi(z) = 0(z%), ha(z) = 0", h3(z) = O(2).

Let now p be an arbitrary pole of w(z) such that |p| > 2Rg(«, B). Solving (8.19) with
the aid of the path 1" (p), we obtain an estimate | P (z)| < Ko|z| A inthe domain U (p) =
{z 11z = pl < n(p)}, where n(p) = sup{n < 1| IW(@)| > 2Iz| in |z — p| < n}.
Substitute now w(z) = 1/u(z),z = p+ p*A/3s into (8.19). By the same argument as
in Section 8.1, we get distinct polar neighborhoods |z — p| < (g9/4)|p|~2/3. Similarly
as to the case of (P2), we obtain N (r, w) = O (r>t22/3), and hence T (r, w) = O (r°).
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§9 Growth of third and fifth Painlevé transcendents

All solutions of (53) and (135) are meromorphic in C, see Chapter 1 and Hinkkanen
and Laine [2], [3]. The method used to find growth estimates for solutions of (P,) and
(P4) in the proceeding section is applicable in the case of (P3) and (P5) as well. Asa
result, we obtain estimates of exponential for the growth of solutions of (P3) and (P5)

Theorem 9.1. Let w(z) be an arbitrary solution of (P5), resp. (P3), with coeffi-
cients (o, B,v,8). Then T (r, w) = O(exp(Asr)), resp. O(exp(Aar)), where As =
As(a, B, y,8), resp. A3 = A3(a, B, v, 8), is a positive number independent of w(z).

We omit the proof of Theorem 9.1. The interested reader may consult Shimomura
[9]. Concerning the sharpness of these estimates, we offer the following remarks.

Remark. In the case of (a, B,7,8) = (1, —1,—1,1), (P;) possesses a solution
x (2) = ¢2¢(z) such that

¢(z) = exp [Ro(1 + o(1))e /* cos(4e”/* — (1 — Ro)z/2 + 6 + o(1))]

asz — 400, z > 0, where Rg and 6y are positive constants, see Shimomura [2]. Since
T(r,¢) = N(r,1/(¢ — 1)) + O(1) > €'/3, we have T(r, x) > €'/3. Similarly of
the case of (}~’5), assume that the coefficients of (135) satisfy $ =0, > 0, o, y € R.
Then, an arbitrary solution 1 (z) of (135) such that 0 < ¥ (0) < 1 and that ¥’ (0) € R
admits the asymptotic representation

¥ (2) = Ro(1 + o(1))e % cos? (y/8/2¢% — C(Ro)z + b + o(1)),

where C(Ro) = (v/4)\/2/8 — +/8/2R0, as z — oo along the positive real axis.
Here Ry > 0 and 6y € R are constants depending on the initial values 1 (0),
¥'(0), see Shimomura [1], [3]. By this expression it is easy to see that T (r, y) >
N, 1/¥)+001) > ¢'/?. Therefore, the growth estimates in Theorem 9.1 are qual-
itatively sharp. However, under certain conditions, (Ps) and (P3) possesses rational
or algebraic solutions. Then the corresponding solutions w(z) of (Ps) or (P3) satisfy
T(r,w) = O(r0) for some Ag > 0.



Chapter 3
Value distribution of Painlevé transcendents

This chapter is devoted to considering value distribution properties of Painlevé tran-
scendents. Similarly as to the preceding chapter, Nevanlinna theory will be applied,
see Appendix B again for notations and necessary background results. Moreover,
several of the error term estimates in this chapter are based on the finiteness of order
of growth, as established in Chapter 2. In §10, we evaluate basic properties of defi-
ciencies and ramification indices for Painlevé transcendents, except for solutions of
(Ps). The next §11 is devoted to treating the second main theorem for Painlevé tran-
scendents. More precisely, we proceed to show, for (Py), (P2), (Ps), (P3) and (Ps),
how the second main theorem reduces to an asymptotic equality. The final section
in this chapter, §12, offers an introduction to deficiencies with respect to small target
functions for the first and second Painlevé transcendents. It seems to us that the topics
considered in §12 remains open to interesting further developments.

§10 Deficiencies and ramification indices

10.1. Solutions of (Py). Let w(z) be an arbitrary solution of
w” =z + 6w (P)

By Chapter 1, w(z) is transcendental meromorphic. Moreover, by §7, w(z) is of finite

order p(w) = % and of regular growth. We proceed to show the following

Theorem 10.1. For every a € C, we have
m(r,1/(w—a)) = O(ogr) and &(a,w) =0.

Moreover,
m(r,w) = O(logr) and &(c0, w) =0.

Proof. Since, for every a € C, w = a is not a solution of (Py), we may apply the
Mohon’ko—Mohon’ko lemma, see Lemma B.12, to w(z), recalling that w(z) is of
finite order. Hence, we have m(r, 1/(w — a)) = O(logr) from which §(a, w) =
0 immediately follows. By the Clunie argument, see Lemma B.11, we also have
m(r, w) = O(logr) and § (oo, w) = 0. O
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Theorem 10.2. For every a € C, we have
1 1
Ni(r,1/(w —a)) < ET(r, w) 4+ O(ogr) and V(a,w) < 3

Moreover,

1 1
Ni(r,w) = ET(r, w) + O(logr) and v (oo, w) = 7

Remark 1. In the results above, the estimates §(a, w) = §(oco, w) = 0, 9 (a, w) <
1/6 have been obtained, originally, by Schubart and Wittich [1]. It remains open
whether some of the ramification results in this section could be improved.

Proof. To prove Theorem 10.2 we recall that all poles of w(z) are double, with the
Laurent expansion (1.1). Moreover, by the finiteness of order, m(r, w’) = O(logr).
Defining now

W(z) = w'(2)? — 4w(2)® — 2zw(2), (10.1)

we immediately see that
V' (z) = —2w(2). (10.2)

For a € C, consider the set
A={z]w(@) =a, w'(z) =0}

We may suppose that A is an infinite set, since otherwise, trivially, ¥ (a, w) = 0. Now
choose apoint z € A\ {—6a?}. Then, from (10.1), we obtain

G(2):=w'(2)? —4w(z)’ — ) — 2z(w(z) — a)

(10.3)
= W(z) 4 4a> + 2az.
Furthermore, by (10.2),

G'(z) =2(a — w(2)),
G"(z) = —2w'(2), (10.4)
GP(2) = —2uw"(z) = =2(6w(z)? + 2).

Hence, for every o € A \ {—6a?},
Go)=G'(6)=G"(6) =0, G%¥()=—-26a°>+0)#£0,
and so o is a triple zero of G(z). This fact means that
1 1
Ni(r, 1/(w —a)) < gN(r, 1/G) + O(logr) < gT(r, G)+ O(logr). (10.5)

By Theorem 10.1, Proposition B.5 and (10.3), m(r, G) <« m(r,w') + m(r, w) <K
log r. Since all poles of G’(z) are double by (10.4), all poles of G(z) are simple, and
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therefore N(r, G) = (1/2)N(r,w) = (1/2)T (r, w) + O(logr). Hence T (r, G) =
(1/2)T (r, w) + O(logr). Combining this with (10.5), we obtain

Ni(r,1/(w—a)) < éT(r, w) + O(logr),

from which ¥ (a, w) < 1/6 immediately follows. From the fact that every pole of
w(z) is double, it follows that

Ni(r,w) = %N(r, w) = %T(r, w) 4+ O(logr).

Hence ¥ (0o, w) = 1/2, which completes the proof. O

10.2. Solutions of (P;). Recall again that all solutions of
w =2wl+zw+a, acC, (P2)

are meromorphic functions of finite order p (w) < 3. Alsorecall that all poles solutions
of (P,) are simple, see (2.1). Since (P,) may admit rational solutions, we now
restrict ourselves to considering transcendental solutions only. So let w(z) denote an
arbitrary transcendental solution of (P,). Concerning the estimates for deficiencies in
Theorem 10.3, see Schubart [1] and Schubart and Wittich [1], and for the ramification
indices in Theorem 10.4, see KieBling [1].

Theorem 10.3. (1) We have
m(r,w) = O(logr) and &(c0, w) =0.
2) If ¢ # 0, then, for every a € C,
m(r, 1/(w —a)) = O(logr) and 6&(a,w)=0.
In the case of @« = 0, we have, for every a € C\{0},
m(r,1/(w—a)) = O(ogr) and 6&(a,w)=0,

and for a =0,
1 1
m(r, 1/w) < ET(r, w) + O(logr) and §(0,w) < 5

Proof. 1t is sufficient to show §(0, w) < 1/2 under the condition @ = 0, because
the other assertions of Theorem 10.3 immediately follow from Lemma B.11 and
Lemma B.12, and the finiteness of the order of w(z). Assuming that « = 0, we
define

V() =w'(2)” - w@)* - zw(2)’, (10.6)
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hence by differentiating (10.6),
V'(2) = —w(2)>. (10.7)

Moreover, we define
E(z) =V (2)/w(z). (10.8)

Obviously, all poles of W'(z) are double by (10.7), hence E has to be analytic at the
poles zo of w(z). Differentiating ¥ = w &, we obtain —w = &' + % &, and making
use of the Laurent expansion (2.1), we conclude that E(z9) = 1. Now we suppose
that

2() # %1, (109)
Then
N(r,w) < N(r, 1/(8% = 1)) <2T(r, E) + O(1
(r,w) = N(r, 1/( ) <2T(r, E) + O(1) (10.10)
=2(N(r, B) + m(r, E)) + O(1),
where
m(r, B) K m(r,w' /w) + m(r, w) + logr < logr. (10.11)
Since every pole of E(z) is necessarily a zero of w(z),
N(r,B) < N, 1/w) =T, w) —m(@r, 1/w) + O(1). (10.12)

Substituting (10.11), (10.12) and N(r, w) = T (r, w) + O(logr) into (10.10), we
obtain

m(r,1/w) < %T(r, w) + O(logr)

under the condition (10.9). To derive the desired estimate, it remains to show that
(10.9) is fulfilled. To do so, suppose the contrary E(z) = +1. Then, by (10.7) and
(10.8),

W(z) = w'(z)? — w@)?* — zwz)? = +w(z),

and so
V' (z) = —w(z)? = +w'(2).

Solving this elementary differential equation, we obtain that either w(z) = 0 or
w(z) = 1/(£z + C), C € C, contradicting the transcendency of w(z). O

Theorem 10.4. (1) For every a € C\{0}, we have
1 1
Ni(r,1/(w —a)) < ZT(r, w) + O(ogr) and v(a,w) < T
Q) Ifa #0, then

1 1
Ni(r, 1/w) < gT(r, w) + O(logr) and v(0,w) < 3’
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and if ¢ = 0, then
Ni(r,1/w) =0 and 90, w)=0.

3) Ni(r, w) = 0 and ¥ (o0, w) = 0.
Proof. (1). Fora € C\ {0}, we consider the set
A:={z|wk) =a, w'(z)=0}.

By the same argument as in the proof of Theorem 10.2, we may suppose that A is an
infinite set, and we see that every a-point in A \ {z*(a)}, z*(a) := —2a* — a/a is
double. Denoting

W, (2) = w' (2)? — wi@)?* — zw(2)* — 20w (2),
note that W/, (z) = —w(z)?. Define now

G(z) = w' (2)? — (wi)* —a*) — z(w(2)* — @®) — 2a(w(z) — a)

(10.13)
=W,(z) + a* + 2aa + a*z

and
@) =G(2)/(w(z) —a). (10.14)

By differentiation, we obtain G'(z) = a?> — w(z)?, G”(z) = —2w(z)w’(z). Invoking
(10.13), we see that G(o) = G'(o) = G"(o) = 0 for every 0 € A\ {z*(a)}.
Hence each o € A\ {z*(a)} is a zero of ®(z). Furthermore, differentiating G(z) =
(w(z) —a)O(z) we get —w(2)> +a? = G'(z) = W' (R)OR) + (w(z) — a)®' ().
Making use of the Laurent expansion (2.1) we conclude that ®(z) is analytic around
each pole zg of w(z), and ®(zg) = £1. These facts imply that

N@Fr,®) <N 1/(w—a)) —2Ni(r,1/(w —a)) + O(logr)

<T(r,w) —2N(r,1/(w — a)) + O(logr). (10.15)
By (10.13) and (10.14),
m(r, ®) K m(r, w') +m(r, w) +m(r, 1/(w — a)) + logr < logr.
This estimate and (10.15) yield
T(r,®) < T(r,w) —2N1(r, 1/(w — a)) + O(logr). (10.16)

For each pole zg of w(z), ®(z9) = %1, as shown above. On the other hand, ® (o) = 0
forevery o € A\ {z*(a)} # @, which implies that ®(z) # £1. Hence

N(r,w) < N(r, 1/(©%* — 1)) < 2T(r, ©) + O(1). (10.17)
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Observing that N (r, w) = T (r, w) + O(logr), and combining (10.17) with (10.16),
we obtain {
Ni(r,1/(w —a)) < ZT(F, w) + O(logr),

proving the first assertion.

(2) and (3). Since every pole of w(z) is simple, the assertion (3) is trivial. If
a =0,and w(z;) = w'(z1) = 0, then w(z) = 0 by Theorem A.3. Therefore, for each
transcendental solution of (P;) with o = 0, every zero is simple, and so ¥ (0, w) = 0.
Hence, in what follows, it suffices to show the assertion (2) under the condition o 7% O.

‘We now define
Ao :={z | w(@) =w'(z) =0}.

Clearly, every o € Ay is a double zero, and we may suppose that A is an infinite set.
For a similar argument as to above, define

Go) = w'(2)? — w@)?* — zw(2)? — 2aw(z), (10.18)
which coincides with (10.13) with a = 0. Then,
Gy(z) = —w(2)%,
Gy(z) = 2w(z)w'(2),
6§ @) = 20 () — 2w(@w" ().
GP(z) = —6w' QW (2) — 2w(@DwP (2),
6§ @) = -8 @wP (@) — 6w () — 2w@DW? ().
Hence, for every o € Ag, we have Go(0) = Gj(o) = Gj(0) = G§(0) =

G§P(0) =0, GY(0) = —6w"(0)* = —6a2 # 0. Therefore, o is a zero of Go(2)
of multiplicity five. This fact yields

1 1
Ni(r, T/w) < gN(r, 1/Go) + O(logr) = 510 Go) + O(logr). (10.19)
On the other hand, since all poles of Go(z) are simple, as seen by differentiating

(10.18), N(r, Gg) = N (r, w). Moreover, by (10.18) m(r, Go) = O(logr). Substitut-
ing these formulas into (10.19), we get

1
N](V, l/w) S gT(rv U)) + O(IOgV),
which implies the desired estimate. O
Remark 2. In the proofs of Theorems 10.3 and 10.4, the argument with the use of the
auxiliary functions (10.8) and (10.14) is due to Steinmetz [2]. In Theorem 10.4, by

the same method as in the proof of Theorem 10.2, Schubart and Wittich [1] obtained
< 1/3 instead of < 1/4.
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10.3. Solutions of (P4). Let w(z) denote an arbitrary transcendental meromorphic
solution of

1) 3
w”:—(w) +—w3+4zw2+2(12—a)w+£. (Ps)
2w 2 w
For special combinations of values of («, ), (P4) may admit rational solutions as
well, see Murata [1], for a complete treatment. See also Chapter 6. The deficiencies
and ramification indices for transcendental solutions have been originally estimated

by Steinmetz [2].

Theorem 10.5. (1) We have
m(r,w) = O(logr) and &(co,w) =0.

) If (B, a) # (0,0), then
m(r,1/(w—a)) = O(ogr) and &(a,w)=0.

(3) If B = 0 and if w(z) does not satisfy the Riccati differential equation w' =
F(w? + 2zw), then

1 1
m(r, 1/w) < ET(F’ w) 4+ O(ogr) and §(0,w) < 5

Remark 3. As will be shown in the course of the proof below, (Ps) with 8 = 0
admits a family of solutions satisfying w’ = F(w? + 2zw) simultaneously, if and
only if « = =£1. For such solutions, N(r, 1/w) = 0, and hence (0, w) = 1.

Proof. First recall that all poles of w(z) must be simple, with the residue equal to £1.
Similarly as to the previous subsections, m(r, w’) = O(logr). By Lemma B.11 and
Lemma B.12 again, and the finiteness of the order of w(z), it is sufficient to show the
assertion (3). Since 8 = 0, we may define

W(2) = w' (2)?/w() — wz) —4zw(2)? — 4% — )w(z) (10.20)

to obtain
U'(2) = —4w(2)? — 8zw(2). (10.21)

Moreover, we define an auxiliary function by
E(z) =¥ (2)/w(). (10.22)
Differentiating now W(z) = w(z) E(z), (10.21) immediately implies that

w'(2)

—4w(z) — 8z = 0

E() + 2. (10.23)
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Since the poles of W (z) are simple by (10.21) and they appear at the poles zp of w(z)
only by (10.21), (10.23) immediately results in E(z9) = +4. By the same argument
as in the proof of Theorem 10.3, we have

m(r, 1/w) < %T(r, w) 4+ O(logr),

and hence 6 (0, w) < 1/2, provided that E(z) % £4. Therefore, it remains to examine
the case where
E(z) = +4. (10.24)

By (10.20) and (10.22), this is equivalent to
W(2) = w' ()2 /w(z) — w2 —4zw(@)? — 4% — Dw(z) = H4w(z). (10.25)
Differentiating (10.25), and recalling (10.21), we have
Fw'(z) = w(z)? + 27w (2). (10.26)

Substitution of this into (10.25) yields 4ow(z) = +4w(z). Hence, (P4) with 8 = 0
admits a family of solutions satisfying (10.26) if and only if « = 1. For these
solutions only, (10.26) holds. This completes the proof. O

Theorem 10.6. (1) For every a € C\{0},

Ni(r,1/(w —a)) < %T(r, w) 4+ O(ogr) and V(a,w) <

ENT

) If B #0, then
Ni(r,1/w) =0 and 90, w)=0.

On the other hand, if 8 = 0, then
1 1
Ni(r, 1/w)=5T(r, w) 4+ O(ogr) and v(0, w):i.

3) Ni(r,w)=0 and vV(co,w)=0.

Proof. (2) and (3) For each transcendental solution w(z) of (Ps), every zero of w(z)
is simple if 8 # 0, and double if B = 0. Recalling that all poles of w(z) are simple,
(2) and (3) immediately follow.

(1). Put A :={z | w(z) = a, w'(z) =0}. Thenevery o € A\ {z4(a), z+(a)}isa
double a-point, where z,(a), z.«(a) are the roots of the quadratic equation (3/ 2a* +
4a37 +2(z% — a)a® + B = 0. This time, we define

/ 2
W@ - w(z)3 — 4zw(z)2 — 4(z2 —a)w(z) + 2—'3

Y(z) = Q) 0@
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By a direct differentiation, and making use of (Ps), we obtain
U'(z) = —4w(z)? — 8zw(z).

Moreover, we define

/ 2
6 =2 () — @) - 4w @)? — )
w(z)
— 422 — ) (w(z) —a) + 213<L — 1)7 (10.27)
w(z) a
2B

=W()+a’ +4a’z+4a(> —a) — ==
a
to consider the function
O()=G61@)/(w(z) —a). (10.28)
Then,
G'(2) = —4(w(z)” — a*) — 8z(w(z) — a),
G"(z) = —8(w(z) + )w'(z) — 8(w(2) — a).
Hence, forevery o € A\ {z+(a), z+x(a)}, G(d) = G'(0) = G (c) = 0. By the same
argument as in the proof of Theorem 10.4, (1), we obtain

Ni(r,1/(w —a)) < %T(r, w) + O(logr),

which completes the proof. O

10.4. Solutions of (53). As already mentioned in §3, while considering the modified
third Painlevé equation

w2 SeX2 ~
:(w) +aw? 4+ yw’ + Bt + o (P3)

4

the special cases 8 = § = 0 and @« = y = 0 behave symmetrically, reducing back to
an equation of the form

W)Y =y *v—tmw—-1), ¥ 1.7 €C, (10.29)

or, ultimately, to a Riccati differential equation by elementary transformations, see §3
and Hinkkanen and Laine [2], p. 326—327. Therefore, we may omit these special cases
here, as the value distribution of (10.29) and of the Riccati equation is well-known,
see e.g. Laine [1].

Hence, from now on, we may suppose that

(a, ) #(0,0), and (B,6) # (0,0). (10.30)



64 3 Value distribution of Painlevé transcendents

Under this supposition, the characteristic functions of the coefficients of (53) are
dominated by T (r, ¢*) =< O(r). A solution w(z) of (P3) is said to be admissible, if

T(r,e®)/T@r,w) <r/Tr,w)—>0 (10.31)

as r — oo outside of a possible exceptional set of finite linear measure. Examples of
non-admissible solutions of (P3) may easily be constructed by combining the trans-
formation (3.1) with an algebraic solution of (P3), see §9 and Murata [2] and Gromak
(11, [3].

For a concrete example of an admissible solution, see §9. _

In what follows, w(z) denotes an arbitrary admissible solution of (P3). By Hinkka-
nen and Laine [2], Theorem 1, w(z) is meromorphic. Concerning their value distri-
bution, we prove the following two theorems, see Shimomura [2]:

Theorem 10.7. For every a € C, we have
m(r,1/(w—a))=0(r) and 6b(a,w)=0.

Moreover,
m@r,w)y=0(F) and (o0, w) = 0.

Proof. First observe that for every solution w(z) of (133), T (r,w) = O(exp(Ar)),
for some A € C, without an exceptional set, see §9 and Laine [1], Lemma 1.1.1.
Therefore, the Nevanlinna error term S(r, w) here and in the proof of Theorem 10.10
takes the form O (r) without an exceptional set, see Lemma B.13. Using now (e, ) #
(0, 0), see (10.30), and applying the standard Clunie reasoning to (P3), we obtain

m(r,w) = O@) + S(r,w) = O(r).

By (B, 6) # (0, 0), see (10.30) again, we observe that for every a € C\ {0}, w=a
is not a solution of (P3). By the Mohon’ko—Mohon’ko lemma, see Lemma B.12, we

have
m(r,1/(w—a)) = 0(F)+ S, w) = 0(r).

By the transformation, W (z) = e*/w(z), W(z) satisfies
WW" = (W) — BW3 —sW* — ae*W — ye*. (10.32)

Clearly, T (r, w) < T (r, W). Applying now the Clunie lemma, see Lemma B.11, to
(10.32), we obtain

m@r, 1/w)y=m@r,e *W) <m@, W)+ 0@) =Sr, W)+ 0@F) = 0@).

Since w(z) is admissible, the remaining assertions immediately follow. O

To proceed, we first observe that m(r, w') = O(r) by m(r, w') = m(r, w'/w) +
m(r,w) = O(r)+ S(r, w) = O(r). To prove Theorem 10.10 below, we also need the
following elementary lemmas.
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Lemma 10.8. Let z = zg be an arbitrary pole of w(z). Around z = zg, the Laurent
expansion of w(z) starts as

w(z) = | EY T Pe— T oM, ify #£0.
ClQ/a)z—z20)2+0(0),  ify=0,a#0.

Lemma 10.9. Let z = ¢ be an arbitrary zero of w(z). Around z = c, the Taylor
expansion of w(z) starts as

@) = +(=8)12e(z — )+ O(z — ©)?, if§ #0,
T =B/ -+ 0@ —0)f,  ifs=0, B #0.

The expressions in Lemma 10.8 are easily obtained by substituting the Laurent
series around zg into (P3). Using (10.32), we derive Lemma 10.9 from Lemma 10.8.

Theorem 10.10. (1) Assume that a € C\{0}. If § # 0, then

Ni(r,1/(w —a)) < %T(r, w)+ O0@) and Y(a,w) <

If6 =0and B # 0, then

Ni(r 1/(w —a)) < éT(r, w) + O@r) and ¥(a,w) <
() If 8 # 0, then
Ni(r,1/w) =0 and (0, w) = 0.
If8 =0and B # 0, then
Ni(r, 1/w) = %T(r, w) + O@r) and (0, w) = %
GB)Ify #0, then
Ni(r,w)=0 and (co,w)=0.
Ify =0, a #0, then
Ni(r, w) = %T(r, w) + O(r) and ¥ (co, w) = %

Proof. The assertion (2) immediately follows from Lemma 10.8 and Lemma 10.9.
For a € C\ {0}, consider the sets

A={zlw@ =a,w(@) =0}, A:=|zeA|w' () =0
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If z, € A, then, substituting w(z,) = a, w'(z+) = 0 into (P3), we observe that
aa’ + ya* + Be*a + 8¢+ = 0. This implies that

X:{zeAleZ=K1, or&* =iy}

for some «1,k2 € C. Observing that, for every j € N, w) is a polynomial in
tLle variables w, 1/w, w® s < Jj — 1, and €%, we have that the cardinal number of
AN{z | |z| <r}isatmost O(r). Moreover, there exists an integer 110 such that, for
every a-point belonging to A, the multiplicity of it does not exceed 1. If the set A\ A
is finite, then we immediately conclude that Ny (r, 1/(w — a)) = O(r), and we are
done. Therefore, we may assume that A \ A is an infinite set. By (3.3) and (3.4),

1 d "?
~V’ <(w2) —2aw — yw? + 5
w w w

2Be*  §e*\  2Be 2%
=— + = +—.
2 dz w w

Therefore, defining now

1( N2
H@ = 2 20w —a) - y@@? - a)
wiz) (10.33)
+ 2,36Z(L — l) + 5€2Z< L _ i)
w(z) a w(z)?2  a?)’
we observe by differentiation that
H'(z)=2 Z<L_1)+25 2z( 1 _i) (10.34)
I=2Nve ") TP v T @) ‘
Y 1 1\ 2Be*w'(z) 2 ( 1 ) 48e%w' (2)
=2 - )= - - —
'@ pe <w(z) a) w(z)? o¢ w(z)?  a? w(z)3

Therefore, it is immediate to observe that for each o € A,
H(o)=H'(0) = H"(0) = 0. (10.35)

Now we define

e w()H(2)
O() = Tw@ —a (10.36)

Case I. Suppose that § # 0. By Lemma 10.9, each zero ¢ of w(z) is simple. By
(10.34), H has a simple pole at ¢, and so ©(z) 1s finite at z = ¢. By (10.34) and
(10.33), we easily conclude that ®(c) = +2(=8)1/2471, By (10.35),forz; € A\ A,
we have ©(z1) = 0, which implies that © (z)? # —48a~2. Hence

N(r, 1/w) < N(r, 1/(©% + 480a™%)) < 2T (r, ®) + O(1). (10.37)
By Theorem 10.7 and its proof, we have

m(r,®) <m@,w)+m(r,1/(w—a)+m@E, H)+ OFr) = 0(F). (10.38)
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By (10.35), every double a-point of w(z) is at least a triple zero of H (z). Moreover,
for every pole zg of w(z), ®(z) is analytic at z = zg. Therefore, by (10.38) and the
above observations, we derive

T(r,®) < N(r,®) 4+ O(r)
<N(@ 1/(w—a)) —2Ni(r,1/(w —a)) + O(r)
<T@, w)—2N((r,1/(w —a))+ O(r).

Combining this with (10.37) and N (r, 1/w) = T (r, w) + O(r), we obtain
1
Ni(r,1/(w —a)) < ZT(r’ w) + O(r),

from which the estimate 9 (a, w) < 1/4 follows.

Case IIL. Suppose now that § = 0, 8 # 0. If now ®(z) = 0, then H(z) = 0, hence
H'(z) = 0, and a simple computation by (10.34) shows that w(z) is not admissible,
a contradiction. Therefore, we may assume that ®(z) # 0. By Lemma 10.9, each
zero ¢ of w(z) is now double, and by (10.34), a simple pole of H(z), implying to be
a zero of ®(z). Moreover, by (10.35) and the definition (10.36), every double a-point
of w(z) is a zero of ®(z) as well. Hence,

A/2)N(r, 1/w) + N1(r, 1/(w —a)) <N, 1/0)+ O0(r) <T{, 0)+ O(r).

Using this inequality instead of (10.37), by the same argument as in Case I, we obtain
1
Ni(r, 1/(w —a)) < ET(r, w) + O(r),

from which we have ¥ (a, w) < 1/6. This completes the proof. O

10.5. Solutions of (55). For solutions of (ﬁ5), which are all meromorphic by §5
and Hinkkanen and Laine [3], their deficiencies and ramification indices have been
examined in detail only recently, see Shimomura [3]. By Hinkkanen and Laine [3],
p. 134—-135, the special case (y, §) = (0, 0) agjtin reduces, ultimately, back to a Riccati
equation. Therefore, it is sufficient to treat (Ps) under the condition

(y,8) #(0,0), (10.39)

only. The necessary considerations are quite similar to those applied for (133) in the
preceding subsection. Due to more technical details needed for (Ps), we restrict our-
selves to give a couple of theorems only, leaving the proofs aside. The interested reader
may consult the original reference Shimomura [3]. We first give two one-parameter
families of solutions of (Ps); the verification of this proposition is a straightforward
computation.
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Proposition 10.11. (1) Ifa = 0 and —488 + (y £ (—=28)'/2)> = 0, then there exists
a family of solutions 'V = {x+(y.5:c)(z) | C € C}, where

Z

X (y.6:0)(2) = explkrz F (—28)1/2e7) - [C — K / exp(—ks + (—25)‘/28)6“]
0

and
Ky =1+ y(=28)"12
Q) If B = 0 and 4a8 + (—y £ (=28)1/%)2 = 0, then there exists a family of
solutions W = {Yr+(y.5.c)(2) | C € C}, where

Viy,8:0)(2) = 1/ X£(—y.8:0)(2).

We now define an admissible solution w(z) of (135) in the same way as in the case
of (P3), i.e. w(z) is admissible, provided (10.31) is satisfied as r — oo outside of a
possible exceptional set of finite linear measure. Recalling, from §9, that T (r, w) =
O (exp(Ar)) holds for all solutions w(z) of (Ps) without any exceptional set, we again
have that the Nevanlinna error term S(r, w) will be of the form O (r).

Let now w(z) be an admissible solution of (Ps). Omitting the proofs, we recall
the following two theorems from Shimomura [3]:

Theorem 10.12. For every a € CU {oo}, we have
m(r,1/(w—a)) = 0F) and &(a,w) =0,
except for the following cases:

(1) ifa=0,w &V, then

m(r, w) < %T(l’, w)+ O(r) and §(oco, w) < %;
2) ifB=0,w & W, then
m(r, 1/w) < %T(r, w)+ O(r) and §(0, w) < %;

B) ifa+p=0,y=0and s #0, then

El

m(r,1/(w+1)) < %T(r, w)+ O@) and §(—1,w) <

N =

@) ifw eV, then
m(r,w) =T, w) and §(c0,w) =1,

O) ifw e W, then

m(r,1/w)=T(r,w)+ O) and 60, w)=1.
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Theorem 10.13. For everya € C\ {0, 1}, if § £ 0, then

Ni(r,1/(w—a)) < %T(r, w)+ O0@) and ¥(a,w) <

If6 =0,y #0, then

Ni(r,1/(w—a)) < éT(r, w)+ O0@) and ¥(a,w) <

In particular, if « + B = 0, y = 0, and § # 0, then Ni(r, 1/(w + 1)) = 0 and
(=1, w) =0.

§11 The second main theorem for Painlevé transcendents

This section is devoted to proving that the second main theorem reduces to an asymp-
totic equality for transcendental solutions of (P1), (P2), (Ps), (P3) and (P5) reflecting
the surprising regularity of these functions. As a preparation, we begin with

Lemma 11.1. Let f(z) be an arbitrary transcendental meromorphic function satis-
fying m(r, f') = O(r), resp. m(r, f') = O(logr) and m(r, f/f') = O(r), resp.
m(r, f/f") = O(logr). Then

m(r, 1/f) + N, 1/f") = N(r, f') + O(r),

resp.
m(r, 1/f) + N, 1/f) = N, f')+ O(logr).

Proof. By assumption, we have m(r, 1/f) — m(r, 1/f") > —m(r, f/f’) = O(r). On
the other hand, m(r, 1/f) — m(r, 1/f") < m(r, f'/f) = O(r). Hence,

m(r,1/f) =m(r, 1/f") + O(r).
Using this identity and the assumption m(r, f') = O(r), we get

m(r, 1/f) + N, 1/f) =T, 1/f)) + O(r)
=T, f)+0@)
=N, )+ O(r).

The respective case will be proved similarly. O

Theorem 11.2. Let w(z) be an arbitrary solution of (Py). Then

N(r,1/w') + Ny (r, w) = 2T (r, w) + O(logr).
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Proof. Recall that all solutions of (P;) are transcendental. By Theorem 10.1, the
estimates

m(r, 1/w) = O(logr), m(r,w) = O(ogr), m(r,w') = O(ogr) (11.1)
are valid. Since every pole of w(z) is double, see §1,
Ni(r,w) = (1/2)N(r,w), N(r,w')= 3/2)N(r, w). (11.2)
Differentiating both sides of (P;), we have
w® = 12ww’ +1,

and so

w/w' =ww®/w — 1202,

which implies m(r, w/w’) < m(r, w) + m(r, w(3)/w/) « logr, see Corollary B.6.
Then, applying Lemma 11.1 and using (11.1) and (11.2), we get

N(r,1/w’) + Ni(r,w) = N(r,w") + O(logr) + Ny (r, w)
=2N(r,w) + O(logr)
=2T(r,w) + O(logr). O

For (P,) and (Ps), the required asymptotic equality appears to be the same form.
Since for every solution of (P;) with o # 0, resp. of (P4) with 8 # 0, m(r, 1/w) =
O (log r), the asymptotic equality becomes in these cases exactly as in Theorem 11.2.

Theorem 11.3. Let w(z) be an arbitrary transcendental solution of (Py), resp. of
(Py). Then

m(r, 1/w) + N(r, 1/w’) + Ni(r, w) = 2T (r, w) + O(logr).
Proof. For (P,), recall that all solutions have simple poles only. Therefore,
Ni(r,w) =0, N(@ w)=2N w). (11.3)
Differentiating (P>), we obtain
w® = 6ww + 7w’ + w,

and so
w/w =w®/w —6w? —z.
Hence, m(r, w/w’) < m(r, w(3)/w’) + m(r, w) 4+ logr < logr, see Theorem 10.3.
Applying Lemma 11.1 and using (11.3), we have
m(r, 1/w) + N(r, 1/w’') + N{(r, w)
=N(,w')+ 0dogr) + Ni(r,w) = 2T (r, w) + O(logr),
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which is the desired identity.
Next write (P4) in the form
M:=ww’ — W)%/2 —3w*/2 —4zw® - 2> —a)w?> — B =0.
By elementary computation of % (% vy )/, we obtain

w w® ) 5 ,
4— = — — —(6w” + 12zw + 4(z" — ) — 12(w + 2w’ — 20w — 12z.
w w w

As w(z) is of finite order of growth, we may apply elementary Nevanlinna theory
computations to obtain

m(r, w/w') < m@r, w® /W) +mr, w’/w')
+m(r,w) + m(r, w) +logr < logr.

Again all poles of w(z) are simple, and so (11.3) remains valid for this case as well.
Hence, we may apply Lemma 11.1 exactly as in the case of (P,) to obtain the asserted
conclusion. O

We now proceed to consider solutions w(z) of (F3) and ( F5) under the conditions
(10.30) and (10.39), respectively, see Shimomura [2] and [3].

Theorem 11.4. Let w(z) be an arbitrary transcendental solution of (133). Then
N, 1/w") + Ni(r, w) = 2T (r, w) + O(r).

Proof. We show that the assumptions of Lemma 11.1 are fulfilled. To this end, we
write (P3) in the form

M:=ww’ — W)? —aw’ — Befw — yw* — 8% = 0.

By Theorem 9.1, Theorem 10.7 and Lemma B.13, we have m(r,w) = O(r),
m(r, 1/w) = O(r) and m(r, w®) < m@r, w® /w) + m(r, w) = O@r) forall k € N.
Moreover, m(r, w*+D /w’)y = O(r) for all k € N, since logT(r,w) = O(r). If
8 # 0, from the relation (w/w’)((d/dz)2 — (d/dz))l'[(z, w, w’, w”) = 0, we derive

) 3) !
w w w v
25 w wZT - wZT —w(w” +3aw’ +dyw’ + Be) w'

+ ww” + 3aw® — 6aw?w’ + dyw* — 12ywiw’ — efw.

Using Corollary B.7, this results in m(r, w/w’) = O(r). Moreover, whenever § = 0
and B # 0, then from the relation (1/w’)(d/dz)T1(z, w, w’, w”) = 0, it follows that

3)
w w
Be— =w—r —w" — 3aw? — dyw’ — Bet.
w w
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Again m(r, w/w’) = O(r) in this case. Hence, Lemma 11.1 is applicable, and by
m(r, 1/w) = 0(r),

N (r, i) =N@rw)+ 0. (11.4)
By Lemma 10.10,
NG w') = 2T (r, w) 4+ O(r), %fy #0, (11.5)
GB/2)T(r,w)y+ O(r), ify =0,a#0,
and
NiGrw) =1 ity #0. (11.6)
/2T, w)y+ O(r), ify =0,a #£0.

Using (11.4), (11.5) and (11.6), we may apply the same argument as in the proof of
Theorem 11.2, to prove the assertion. O

For solutions of (Fs), the deficiencies of 0, —1 and oo may be strictly positive.
Therefore, we now obtain

Theorem 11.5. Let w(z) be an arbitrary transcendental solution of (1;5). Then

m(r,w)+m(r, 1/w)+m(r, 1/(w+1)+ N, 1/w')+ N (r, w) = 2T (r, w) + O (r).

§12 Value distribution with respect to small target functions

Let f(z) and g(z) be meromorphic functions. Saying that g(z) is small with respect
to f(z), we understand that 7'(r, g) = S(r, ). Then we may define the deficiency
and the ramification index for f(z) relative to the small target g(z) by

m(r, 1/(f—g))’ 9(g. f) = lim inf MG 1/(f —8)
I, f) r—ee ra f)

Clearly, rational functions are small targets with respect to any arbitrary transcendental
meromorphic function f(z).

Considering mostly first and second Painlevé transcendents in this section, we
prove the following two theorems, essential due to Shimomura [4]. Their proofs
below apply the reasoning from Shimomura [4] combined with the finiteness of the
order of growth, see Chapter 2.

3(g, f) := liminf
r—00

Theorem 12.1. Let w(z) be an arbitrary solution of (Py) and suppose that T (r, g) =
S(r, w). Then we have

| —

m(r,1/(w—g)) < %T(r, w) + O(logr +T(r,g)) and &(g, w) <
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Moreover, if g(z) satisfies lim inf,_, o (/2 log )T (r, ) = 0 as well, then
m(r,1/(w—g)) Klogr +T(r,g) and &(g,w)=0.

Proof. Let w(z) be an arbitrary solution of (P;). The function u(z) := w(z) — g(z)
satisfies

u”(2) = 6u(z)> + 12g(2)u(z) + G(2), (12.1)

where
G(z) =682 +z—¢").

By assumption, 7' (r, G) < logr 4+ T(r, g), and p(u) < p(w) < +oo. Applying
Lemma B.11 to (12.1), we have

m@r,u) Llogr+ T, g)+ T, G) Llogr +T(r, g). (12.2)
By Lemma B.12, if G(z) # 0, then
m(r,1/(w—g) =m(r,u) Llogr+T(r,g) and (g, w)=0. (12.3)
Recall from (7.31) that, for every solution W (z) of (Py),
1irrgi£f(r5/2/ logr)~'T(r, W) > 0.
If g(z) now satisfies the additional supposition
lim inf (r>/?/ logr) ™' T(r, g) = 0,
r—00

then G (z) # 0, hence we have (12.3), and we obtain the second part of the assertion.
In what follows, we may assume that G(z) = 0, meaning that g(z) is a solution
of (P1). Defining now

U(z) := u'(2)* + 28 (2)u' (z) — 4u(2)® — 128(2)u(z)* — 2(6g(2)* + 2)u(z), (12.4)
it is immediate to observe that
U’(z) = —2u(z). (12.5)

Now consider the function
H(z) :=U(2)/u(z).

Since m(r, u’/u) < logr, we may use (12.4) and (12.2) to see that
m(@r, Hy < m(r,u' Ju) + m@r,u) + T(r, g) < logr + T(r, g). (12.6)

Recall the series expansion of a solution of (P;) around a pole z =z : (z — 20) 72 +
O(z — z0)?. Since both g(z) and w(z) are solutions of (P;), every pole of u(z) is
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double. By (12.5), these are simple poles of U (z), hence zeros of H(z). Therefore,
by (12.6),

%N(r, u) <N 1/H)<T(r H)+01) <N, H)+O(ogr+T(r,g)). (12.7)

By (12.5) and the definition of H (z), every pole of H(z) is a zero of u(z). Therefore,
N(@r, H) <N, 1/u)=T(r,u) —m(r, 1/u) + O(1).

Substituting this into (12.7), and using (12.2), we derive

m(r, 1/u) <T(r,u) — %N(r, u)+ O(ogr +T(r, g))

A

1
5T w) + Ollogr +T'(r., 8));
this immediately implies that § (g, w) < 1/2. O

Remark. It remains open whether (P;) may admit two solutions w(z), g(z) such that
T (r, g) = S(r, w). We believe that this is not the case. If so, then §(g, w) = 0 holds
good for all small target functions.

Theorem 12.2. Let w(z) be an arbitrary transcendental solution of (P2).If T (r, g) =
S(r, w), then

m(r,1/(w—g)) < %T(r, w)+ O(ogr +T(r,g)) and 6&(g,w) < %

Proof. In this proof, we use the following special notation: For a set A C C, define

r d
NG fla :=/0 (10, 1)la =10, DIA)L +100. Plalogr

where
n(p, Pla:= Y (£,
[t|<plA

where the summation is over all poles T in A N {|z]| < p}, and u(z, f) stands for the
multiplicity of the pole z = t of f(z).

Let now w(z) be an arbitrary solution of (P,). Putting v(z) := w(z) — g(z), we
have

v"(2) = 20(2)” + 62()v(2)* + (62(2)* + 2)v(2) + G (2), (12.8)
where ~
G(x) =282 +28(0) +a — ¢"(2).

Observing that p(v) < +00, and making use of the Clunie lemma again, we conclude
from (12.8) that
m(r,v) L logr + T(r, g). (12.9)
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In the case 5(z) # 0, Lemma B.12 implies that m(r, 1/(w — g)) < logr + T'(r, g),
hence §(g, w) = 0. Therefore, we may now assume G(z) = 0, meaning that g(z)
also satisfies (P,). Defining now

V(2) =" (2)* +2¢' (v (@) — v(@)* — 4g(2)v(z)?

(12.10)
— (68(2)* + 2)v(x)* — (42(2)* + 228(2) + 20)v(2).
we readily observe that
V() = —v(z)? — 2g(2)v(z). (12.11)
Consider now the function
K@) :=V@/v(2). (12.12)

By (12.10) and (12.9), we immediately get
m(@r, K) K m@r,v' /v) + m(r,v) + T(r,g) +logr < logr +T(r,g). (12.13)

Recall again that, for each solution of (P,), every pole is simple. Since both w(z) and
g(2) are solutions of (P,), every pole of v(z) is simple and belongs either to

P ={r|w(r) =00, g(r) # oo}

or to
P'={r|g(r) =o0}.

In particular, around zg € P, we have v(z) = £(z—2z0) "' 4+ O(1) by (2.1). Therefore,
by (12.11) and (12.12), it follows that

K (z0) = +1 (12.14)

for every zo9 € P.
We proceed to derive the conclusion under the condition that

K(z) # %1, (12.15)
whose validity will be verified afterwards. Note that
N(r,v) =N v)|p+ N v)lp <N v)|p+T(r Q).
By (12.14) and (12.15),
N(r,v)|lp <NFr1/(K+ 1)+ N 1/(K—-1)) <2T(, K)+ O(1).
Hence, by (12.13),

N(r,v) <2N(r, K) + O(logr + T(r, g)). (12.16)
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By (12.11), (12.12) and (12.14), we see that each pole zo of K (z) belongs to Z U P’
with Z := {t/ | v(z/) = 0}. If now z9 € P’ \ Z, and v(zo) is finite, a contradiction
with (12.11) immediately follows. Hence, zg is a pole of v(z), and by (12.11) and
(12.12), K (zo) has to be finite, a contradiction. Therefore, every pole of K (z) belongs
to Z and, by (12.11), is not a pole of V (z). This fact implies

N(@r, K) <N, 1/v) <T(r,v) —m(r,1/v) + O(1). (12.17)

From (12.16), (12.17) and (12.9), we conclude that
1 1
m(r,1/v) < T(r,v) — EN(r, v)+0() < ET(V, w) + O(logr +T(r, 8)),

which is the desired inequality.

In the remaining part of the proof, we need to show that (12.15) holds. To this
end, assume that
K(z) = £1. (12.18)

Then we have

Lemma 12.3. [f (12.18) holds, then both g(z) and w(z) are solutions of the Riccati
differential equation
w' = F(w? +z/2). (12.19)

Proof. Since V (z) = fv(z), differentiating and recalling (12.11) results in
V'(2) = F(v(2)* +28()v(2)). (12.20)
On the other hand, by (12.10),

V' (2)* +28' (V' (2) — v(2)* — 4g(2)v(2)* — (6g(2)* + 2)v(2)?

12.21
— (4g(2)* +228(2) + 20)v(z) = +v(2). ( )

Substituting (12.20) into (12.21), we have
Fr(v(@) £ FL(z2) =0, Fr(z) = —2g(x)* F2¢'(2) — 2.

If F=(z) # 0, then T'(r,v) = T(r, FJ/F/FJF) & T(r, g) + logr, which contradicts
the supposition T'(r, g) = S(r, w). Hence F+(z) = 0, namely g(z) is a solution
of (12.19). Substituting v(z) = w(z) — g(z) into (12.20), we verify that w(z) also
satisfies (12.19). m|

To derive a contradiction from (12.18), we have to know the growth of solutions of
(12.19). To this end, it is well-known that all solutions of Riccati differential equation
(12.19) may be expressed, with the respective sign, as w(z) = :I:”;/, where u is a
solution of

'+ %u —0. (12.22)
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By Gundersen [1], Theorem 7, we at once conclude that
1
P32 LKNrF -)<Trw) K P32
u

as the order of w(z) equals to 3/2. Therefore, as w(z) and g(z) both satisfy (12.19),
we have T'(r, g) < T (r, w) < T(r, g), which is a contradiction. This completes the
proof of Theorem 12.2. O

For solutions of (P4), deficiencies relative to small targets can be treated by es-
sentially the same method, see Shimomura [7]. Under certain suppositions, there
exist pairs (x(z), g(z)) of transcendental and rational solutions of (P4) satisfying
r? K T(r,x) < r*and N(r, 1/(x — g)) = 0. For simplicity, we state here a re-
sult for transcendental small targets, in which case the error terms follow from the
finiteness of the growth order. For more results and proofs, see Shimomura [7].

Theorem 12.4. Let w(z) be an arbitrary transcendental solution of (Py). Suppose
that g(z) is transcendental and T (r, g) = S(r, w). Then, if B # 0,

m(r, 1/(w—g)) < %T(r, w)+ O(ogr +T(r,g)) and 6&(g,w) < %,

andif B =0,
m(r, 1/(w—g)) < %T(r, w)+ O(ogr +T(r,g)) and 6&(g,w) < %

For solutions of (12.1) or (12.8), it is easy to see that the number of zeros with
multiplicity > 3 does not exceed O(T (r, g)), and hence ¥ (g, w) < 1/2. As an
example of a nontrivial estimate for ¥ (g, w), see Shimomura [4] for the proof of

Theorem 12.5. For an arbitrary solution w(z) of (P1), if T (r, g) = S(r, w), then
5 5
Nl(ra 1/(w_g))§ET(V,U))+0(10gr+T(r,g)) and ﬂ(g’w)fﬁ

Concerning ramification indices of Painlevé transcendents relative to small target
functions, this topics offers a large number of open research problems. For known
results, see Shimomura [4], [7] and Korhonen [1].



Chapter 4
The first Painlevé equation (P)

The first Painlevé equation (Pp) is unique among the six classical Painlevé equations
in the sense that there are no parameters in the equation itself as is the case for (P»)
through (Ps). Therefore, the results in the three previous chapters on the meromorphic
nature, growth and value distribution of the first Painlevé transcendents cover the
essential knowledge on them. Some complements have been collected in this chapter.
We first offer a rigorous proof for the fact that no first Painlevé transcendent satisfies
a first order algebraic differential equation with rational coefficients. Secondly, we
present some representations and expansions for solutions of (Pp). Finally, we start
our presentation of higher analogues of Painlevé equations, to be continued in the
subsequent chapters.

§13 Nonexistence of the first integrals

In this section, we show that the first Painlevé equation does not admit the first alge-
braic integral. To express this result in a precise form, recall first the standard notation
A(C(z)) for the family of meromorphic functions which satisfy an algebraic differ-
ential equation with rational coefficients. The corresponding family related with first
order algebraic differential equations will be denoted by 41 (C(z)). We are now ready
to formulate

Theorem 13.1. Given any solution w(z) of (P1), then w(z) ¢ 41(C(z)).

Proof. Contrary to the assertion, suppose that w(z) € +4(C(z)), hence satisfying a
first order algebraic differential equation

m
@)™+ Pz, w) ("I =0, (13.1)
j=1
where Pj(z, w) € C(z)[w], j = 1,...,m, by the second Malmquist theorem, see

Erémenko [1], Theorem 6, and Hotzel [1], Satz 4.5. Consider the corresponding
algebraic equation

X" 4+ Pz w) X" =0. (13.2)
j=1

Denoting by A, the field of algebraic functions of z and decomposing (13.2) in
A [w, X] as a polynomial of (w, X), if necessary, we may assume that (13.2) is
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irreducible in A [w, X]. Then (13.2) defines an algebraic function X = G(z, w),
which represents a connected algebraic surface Sy in C x C, see Ahlfors [1],
p. 291-297. Recalling Theorem 10.1, we may take a pole zg of w(z) such that all
algebraic coefficients of P;(z, w), j = 1, ...m, assume finite values at zo. Recalling
the series expansion of w(z) around a pole, we observe that w(z) satisfies, locally
around zp, a differential equation

w' = golz, w), (13.3)
where go(z, w) may be expressed around (zg, 00) by a series

12— Tuohow ™3 4+ - (13.4)

g0(z, w) = 2pow’/? + %zw
with u(z) = 1 and with some hy € C, see (1.4). It is not too difficult to show
that go(z, w) must be one of the branches of G(z, w) around (zg, 0c0). Let now
g1(z, w), ..., gm—1(z, w) be the other branches of G (z, w) around (zo, 00). For each
J # 0, consider now g;(z, w). In C x C, there exists a loop I C {zo} x C which, by
the connectedness of the algebraic surface Sy, possesses the followmg properties:

(i) [ starts from and ends at (zg, 00), and is expressed as I'; = {(zo, y(t)) | 0 <
t < 1}, where y : [0, 1] — C is continuous satisfying y(0) = y (1) = oo and
y(t) #ocofor0 <t < 1;

(ii) the analytic continuation of go(z, w) along I'j results in g;(z, w), i.e. there exists
a function g(z, z, w) such that (a) foreach 7,0 < v < 1, g(7, z, w) is analytic at

(z0, y (7)) and (b) g(0, z, w) = go(z, w), g(1, z, w) = g;(z, w).

By (1.5) and (1.1), (P;) admits a family of solutions

w(z;0) = —i(z—a)z—l(z—a)3+h( —o)
7= 10 6 o ’

1
(z—0)?
where hg is the same coefficient as in (13.4), such that w(z; o) also satisfies (13.3)
in some neighborhood of zg. We may regard w(zg, o) as a function of o, which
maps a small open disk, centred at zg, onto an open set around w = oo. Hence,
for every (zo, wo) € I close enough to (zo, 00), there exists a solution w(z; zo, wo)
of (P1) such that w(zp; zo, wo) = wy, satisfying (13.3) as well. Furthermore, we
now conclude that for any point (zq, y (7)) with 0 < 7 < 1, there exists a solution
w(z; zo, ¥ (1)) of (P1) such that w(zo; zo, ¥ (r)) = y(r) and which satisfies

w' = g(,z, w) (13.5)
around (zo, ¥ (7)). To prove this conclusion, define 7, by

Ty 1= SUp {r € [0, 1] | the conclusion holds at (zg, V(T))}.
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Clearly, 7, > 0. Suppose that 7, < 1, and take (zo, y(#p)) with fp < 7, suf-
ficiently close to (zg, y(t«)). Then the solution w(z; zg, ¥ (f9)) of (P;) such that
w(zo; 20, ¥ (o)) = y (tp) satisfies (13.5) with T = #y. Since w(z; zg, ¥ (fp)) is mero-
morphic in an open neighborhood of (zp, y (fo)) containing (zo, ¥ (7)), it satisfies
(13.5) with T = t, around (zg, ¥ (4)), a contradiction with the definition of t,.

By the above fact, the differential equation

w' = gj(z, w)
admits around z a solution w;(z) such that it also solves (P;) and has a pole at zg.

Hence, forevery j =1,...,m — 1,

; 1
gi(z, w) = 2/,ij3/2 + %zw_l/2 - Ew_l - 7,u,jhjw_3/2 + -
around (zg, o0) with ,u,? =landh; € C. Recalling that gi(z,w), j=0,...,m—1,
were the branches of the algebraic function X = G(z, w) determined by (13.2), we
immediately conclude that

m—1 m—1
1 m
Pi(z,w) = — JZ(; gj(z.w) = (; Mj)wl/z(zw + o) = JwT -

This is a contradiction, as P;(z, w) has to be a polynomial in w with rational coeffi-
cients. O

Remark. The above result means, intuitively, that the general solution of (P;) cannot
be an algebraic (or rational) function of the two constants of integration. See Ince [1]
for more details.

§14 Representation of solutions as quotient of entire functions

It has been shown in Chapter 1 that any solution w(z) of the equation (Pj) is a single-
valued meromorphic function. Therefore, w(z) may be represented as the quotient of
two entire functions, say

w(z) = v(z)/u(z). (14.1)

To obtain a canonical representation of this type, we shall follow the method proposed
in Painlevé [2] and Erugin [1]. For this purpose, we introduce the following function:

n(z) = (w)?/2 = 2w’ — zw. (14.2)

Differentiating (14.2) and taking into account (P;), we find that dn/dz = —w. Con-
sequently, 1(z) satisfies the differential equation

0" +6(0)*+z=0. (14.3)
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Clearly, n(z) is ameromorphic function with simple poles only with residue 41 exactly
at the poles of w. Therefore, there exists an entire function £ (z) such that£' /& = n, see
Saks and Zygmund [1], with simple zeros exactly at the poles of n(z). Differentiating
n, we get the representation

(&2 —g”
g2

of w as a quotient of two entire functions. Substituting n = &’/& into (14.3) we get
the following differential equation:

w(z) = (14.4)

EEW _ag’e" £ 36" + 262 = 0. (14.5)

Therefore, the function £(z) has a similar role in the theory of the equation (Pj) as
the entire o-function o (z) in the theory of the Weierstrass gp-function. Note that
9@ = (0" —00") /0% = =¢'(2), s(2) = 0/ (2) /0 (2).

We next seek for the solution of the equation (14.5) corresponding to the following
initial conditions for solutions of the equation (Pj):

w(0) = wy, w'(0) = wy, (14.6)
w(0) =0, w' (0) =1, (14.7)
w(0) =1, w'(0) =0, (14.8)
w(z) — oo, w'(z) = o0, as 7 — 20. (14.9)

Of course, the case (14.9) corresponds to a pole zo of a solution w(z).

Consider first the initial conditions for £ corresponding to the conditions (14.6).
This can be done on the basis of the formulas (14.2), (14.4) and of S /€ = n.
Normalizing first £(0) = 1, we get £(0) = 1, §/(0) = w2/2 — 2w 0, £"0) =
(w}/2 = 2w3)? — wo, £7(0) = (w}/2 — 2w0)3 — 3(w?/2 — 2wd)wy — wi. The
solution of the equation (14.5) satisfying these initial conditions will be unique and
entire.

In the case of the initial conditions (14.7) we obtain, similarly, £(0) = 1, &'(0) =
1/2, £7(0) = 1/4, §(0) = —7/8. Under the initial conditions (14.7), we get for &
the series expansion

L1 (W) k.
=14 242" - z +Zg (14.10)

Respectively, the conditions (14.8) result in & (O) =1,¢& (0) -2, &"7(0) = 3,
£(0) = —2 and in the series expansion § = 1—2z+3 2z — é Z4+Zk ~s 5(2) k

We now seek for the solution of the equation (14.5) correspondmg to the 1n1t1al
conditions (14.9). For this purpose, we shall write the equation (14.5) in the form

EEW — 48" 1 3(E") + (2 — 2008 + 2087 = 0, (14.11)
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from which we obtain the solution
o0
£=) ajz—z0). (14.12)
j=1

as £ must have a simple zero at zo. Obviously, we may normalize by «; = 1.
Substituting (14.12) into (14.11), we get the following equations for determining a;’s:

Ol% = 2as,
a3 = 3oy,

20 + (3123 — Hayay — Slas = 0, (14.13)
3-4laszag — Slapas — Slag + 1 4+ 2zp00 = 0,

7203 — 2 - Slonag + (203 + @3)z0 + 22 = 0.

From the equationsin (14.13) we find a3, . . ., ag interms of ap. Thenitis easy to verify
that the last equation of (14.13) is satisfied identically. Comparing the coefficients
of higher degree we obtain equations from which ag, a9, ... can be defined uniquely
provided o7 is given. Therefore, there exists a two-parameter family of power series
(14.12) which satisty the equation (14.11) formally. Here o> and o7 remain as arbitrary
parameters. But we find a relation between the arbitrary constant 4 in (1.1) and the
parameters a2, o7. Substituting the expansions (1.1) and (14.12) into (14.4), we obtain

h = %az + %zoa% + %ag — 300a7.

In the presence of the regular expansion of w(z) corresponding, for example, to the
initial conditions (14.7) and using the series (14.10), it is possible to find, approxi-
mately, the root zg of the equation £(z9) = 0 with the smallest absolute value. This
way, given the initial conditions (14.7) for w(z), the pole of w(z) nearest to the origin
can be approximately found.

It must be noted that by the definition of the entire function £(z) in accordance
with (14.2) as to above, we obtain the third order equation (14.3) from the pair

ge =y, ") +40) 4220 —2n=0. (14.14)

Here n # Cz 4 2C3, which corresponds to w # —C. In fact, we only need to
differentiate the second equation of (14.14).

Another method to construct entire functions whose quotient equals to w is given
in Gromak and Lukashevich [1]. This method is based on the following observation:

Since 1
F=zw 42w’ — Ewlz

is a primitive function of a solution w(z) of (P;), then there exists, by Saks and
Zygmung [1] again, an entire function u(z) with zeros exactly at the poles of w(z)
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such that “7/ = —2F. As all these zeros are double, v(z) = u(z)w(z) is entire too. As
F’ = w, the system for the entire functions u(z), v(z) takes the form

un” — W)? = —2uv
Vu? + o) = 2uu'v — duv? —zud =0

In Davis, Scott, Springer and Resch [1], the question of determining the nearest
pole to a holomorphic point of a solution w(z) has also been considered.

§15 Special expansions of solutions

Let w(z) be a solution of the equation (P;) with the finite initial values w6, wo,
zo. Then, by to the Cauchy majorant theorem, this solution is holomorphic in a
neighborhood of z = zg. As shown above, all solutions of (P;) are non-rational
meromorphic functions with infinitely many poles accumulating at 7 = oo. Therefore,
the point z = oo cannot be a pole or a holomorphic point of w(z). Recall that the
Laurent expansion (1.1) of w(z) around a pole z = z¢ takes the form

1
w(z) = (z —z0) "> — %(z —z20)? — g(z — z0)°

2 00
g
Wiz — 2ot 4 20 N6 — 2ok,
thz =207+ 35,@ =207+ Zak(z 20)
k=7

where zg and /s are arbitrary constant parameters and the coefficients ai, k > 7, are
determined uniquely in terms of zg and /4. Clearly, w(z) converges in the punctured
disc B(zo, d) \ {zo}, where d is the distance from zq to the nearest pole z(, # zo of
w(z).

This radius of convergence of the series (1.1) can be estimated directly, see Hille [2],
p. 442. Actually, let us choose the number M > 1 such that |z9| < 10M, |h| < M3,
Looking at the expansion (1.1), it is evident that

k]l < M, 1<k<6. (15.1)
The coefficients ai, k > 6, are given by the recurrence relation [k(k — 1) — 12]a; =

6 Z;:g ajax—>—j. Let us assume that the inequality (15.1) holds for k < n. Then for

|a,| the estimate |a,| < (6M”’2/(n + 3) < M", follows. Therefore, (15.1) holds for
all k € N, and so (1.1) converges in the domain 0 < |z — zo| < M1
Writing (Pj) in the modified form

Y = —z+6y7, (15.2)
we observe that (15.2) has a formal solution

[e.e]
1/2 ar

y(@) = % W’ (15.3)
k=0
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where z!/2 denotes a fixed branch of the square root, ap = 1 and the coefficients
ar+1,k > 0, are given by the recurrence relation

25k — 1
ak+1 = a

86

This can be verified by the direct substitution of (15.3) into (15.2). The series (15.3)
has an asymptotic character, as already observed by Boutroux [2]. For a modern proof
of this property, see Joshi and Kitaev [1], we have to rely on the following

k
1
k=5 > amaii-m. k=0 (15.4)

m=1

Theorem 15.1 (Wasow [1], Theorem 12.1). Let S be an open sector in the complex
plane with vertex at the original and of a positive opening not exceeding w/(q + 1)
for some q € N. Let f(z, W) be an r-dimensional vector function of z and of an
r-dimensional vector W with the following properties:

(@) The vector f(z, W) is a polynomial in the components wy, . . ., w, with coeffi-
cients holomorphic in the region

O0<zo0<|z| <00, z€S.

(b) The coefficients of the polynomial f(x, W) have asymptotic series in powers of

7 lasz—> ooinS.

© If fi(z, E)) denotes the components of f(z, ﬁ), then all eigenvalues Ly, ... A,

of the Jacobian matrix
3 .
FLNCES)
S3z—00 \ QW

79 = f(z, W) (15.5)

are different from zero.

(d) The differential equation
is formally satisfied by a power series of the form
o
>het
k=1

Then there exists, for sufficiently large z in S, a solution W = ¢ (2) of (15.5) such
that, in every proper subsector of S,

o0
¢(2) ~ Zbkz_k, as z — o0o.
k=1
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Here the notation ~ is used in the usual asymptotic sense.

Theorem 15.2. For any sector of Q of opening less than 4w /5 and with vertex at
the origin, there exists a solution of (15.2) whose asymptotic behavior as |z| — oo,
z € Q, is given by the asymptotic series (15.3).

Proof. Let y(z) be a solution of (15.2). Define a transformation

_y(@) 1 _415/4
w@)_zﬁ_%’ ¢ = 5

(15.6)

where z!/4 = (z!/2)!/2. Then the function w(¢) solves the differential equation

"_ o w 4w+ 1/V6)
w” = 2v/6w + 6w R R (15.7)

where w’ now stands for the differentiation with respect to ¢. The series (15.3)
becomes

16\" _,,
w({)"’%;an <E>§ : (15.8)

By denoting w; = w, wy = w’, we may consider (15.7) as a pair of differential
equations,

w) = wa,
o w2 4w +1/V6) (15.9)
w’2=2\/6w1 +6w1 —?—FT-
Theorem 14.1 now applies for (15.9) withg = 0, by; = aj(16/25)j/«/6, byj+1 =0,
r=2and A = —Ay = v2.6. o

Boutroux also showed that the five rays arg(x) = 2wn/5, n = 0, &1, 2 play an
important role in the asymptotic description of solutions. According to his analysis,
the general solution of (15.2) has sequences of poles which are asymptotic to these
rays. The solutions determined by Theorem 15.2 have the property that the sequences
of poles asymptotic to one of the these rays are truncated for large z. In fact, by the
asymptotic behavior of these solutions y(z) — (%)1/ 2, as |z] = oo, x € Q.

Asymptotic properties of solutions of the Painlevé equations and related prob-
lems have been investigated by the method of isomonodromic deformations of linear
systems, see. e.g. Kitaev [2], Fokas and Its [1] and Its and Novokshenov [1].

Substitute now in the equation (Py),

w=2zv, z=exp(t/5). (15.10)
Denoting now dv/dt by v/, we obtain

250" + 250 + 6v =1 + 6v%exp. (15.11)
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The solution of the equation (15.11) is now sought for in the form of a special series

v(T) = ) vy exp(nr). (15.12)

n=0
Substituting (15.12) into (15.11) and comparing the coefficients, we obtain vgp = 1/6,

n—1
(25n2+25n+6)vn =6Zvjvn_1_]~, n>1. (15.13)
j=0

It is immediate that (15.13) determines uniquely all coefficients v,,. Consequently, the
formal expansion of the solution which satisfies the initial conditions w(0) = w’(0) =
0 exists and has the form (15.10), (15.12). Denote now o, := 2512 + 25n + 6. From

. 401407 o2+401+203
15.13) we obtain v; = = ! = 2252122 Thus, we
(15.13) 1 60’ v2 60%0203’ v 30%020304 S

can determine, uniquely, all the coefficients of the formal solution w(z) satisfying the
initial conditions w(0) = w’(0) = 0:

30107 v3 =

[e.¢]
w@) =2 Y vz (15.14)
n=0
If we seek for the solution of the equation (15.11) in the form v(t) = exp(—71) +
ZZO:O v, exp(nt), then we have vg = —1/6 and
n—1
250 + 251 — 6)v, =6 Y vjvu_1-j, n >l (15.15)
Jj=0

Determining v, from (15.15), we verify that the equation (P;) has a formal solution
of the form

o
w(z) =z_2+z32vnz5”. (15.16)
n=0

It is not difficult to prove the convergence of the series involved in (15.14) and (15.16).
For example, the convergence of (15.14) follows from the above proof of the conver-
gence of series (1.1). Moreover, in this case, the domain of the convergence of the
series (15.14) is at least |z] < 1, and O < |z| < 1 for the series (15.16).

The asymptotic formulas of solutions (15.14) and (15.16) have been obtained by
Kapaev [1] and Kitaev [3], respectively. In particular, see Kapaev [1], as |z] — oo
on the rays arg(z) = m + 2wk/5, k = 0,1,2,3,4, the solution (15.14) behaves
asymptotically as
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w(z) = exp(—imk)(z exp(—in))l/zv(t), t = ‘—Lexp ( — M)(z exp(—iﬂ))S/4

5 2
v(t) ~ —L + 2—O[cos(h + @),
NIIRVET
h =2(—>1/4t+pln(5t)+ E,oln2—|— §,01n3—|— 3_71
2 4 4 4

¢ =—m —argl'(ip) — arg(ip),

A In
a=(2) Eo2>0, p=2L <0 pP4p=1.
3 27

§16 Higher order analogues of (Py)

There are several approaches to construct higher order differential equations with
properties similar to those of Painlevé equations. Historically, the first approach is the
method of using Korteweg—de Vries equations, considered below in the case of (Py).
Examples of other approaches are the method of the isomonodromy deformation of
linear systems via Garnier systems, see Kimura and Okamoto [1], Iwasaki, Kimura,
Shimomura and Yosida [1] and the direct method of higher order Hamiltonian systems,
Takasaki [1].

It is well-known, see Lax [1], that the Korteweg—de Vries equation for u(x, t),

written in the form
ou ou 93u

—=6u—— — KdVv
or ~ ox  ax? &)
can be interpreted as the compatibility condition for two linear operators L and A. Let
L be the Schrédinger operator —32/dx? +u and A = 43‘1—33 - 3u% — S%M. Consider
now the equation
d
EL:[L,A]:LA—AL. (16.1)
Here % L denotes differentiation of the coefficients of the operator L in x, i.e. % L isthe
operator of multiplying by u;. By simple computation, the commutator [L, A] is the
operator of multiplying by 6uu, —u,,,. Therefore, for L and A as chosen here, (16.1)
implies that u(x, t) satisfies the (KdV) equation. The commutator representation
(16.1) is called the Lax representation, and the operators L, A are an example of a Lax
pair. We now seek for an operator A, of order 2m + 1 with coefficients depending
of u(x) and its derivatives such that this operator equals to %P(ll. %), if u = 0, and
satisfies the condition

82 ou 82m+1u
[W—M(X),Am] :F(M,a,...,w),
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where F is the operator of multiplying by a function. Such an operator A,, exists, and
it is possible to obtain recursion relations for its coefficients, see Lax [1]. In this case

the equations
ou ou 32mtly
E =F u, 3_x"”’—ax2m+1 (162)

are called higher analogues of the Korteweg—de Vries equation (KdV).
Consider now the KdV hierarchy in the form
ow ad

— + —B""w) =0, 16.3
o T ax (@) (16.3)

where B" (w) is determined by the Lenard recursion relations, see Lax [2], as follows:

d d
Bl@y=o, — B =(D+2D+2)B" @), neN,
ax ax
where D = %. If n = 1 1in (16.3), then we obtain (KdV) in the form w; + 3ww, +
wyxx = 0.
We also consider the singular manifold equation for the KdV hierarchy, see Weiss

(2],

dz 0z
ot 8—XB"({Z; x}) =0, (16.4)
where 5
3%z <8ZZ>
53 3\ ax2
R

3_Z 3z \*
ox (5)
is the Schwarzian derivative. Now, if z(x, ¢) is a solution of (16.4), then w(x, ) =
{z, x} is a solution of (16.3), see Weiss [2], Theorem 1. We now seek the solutions in
the form

z=1z(8), &=x(n)",
where A is a parameter to be determined, see Kudryashov [1]. Then

{z;x} = (5 §/(A)™) = (A)*™{z; &) = (M) ™ F(£),
where F (&) = {z(§); &).

We introduce an operator d by

B}
d'(F)=F, £d"+1(F) = (D* 4+ 2FD + Fz)d"(F), neN,

where D = . Then B"({z; x}) = (A1)*""d" (F). In fact, forn = 1 we have

B'({z; x)) = {z; x) = {z: £/O)™) = ()P F (&) = (M)*™d" F(§).
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To complete the induction, we have

%B”“({z; x}) = (D3 +2{z; x} Dy + (3/8x){z; x}) B"({z; x})

= (D3 +2{z; x}Dy + (3/0x){z; x})(At)*™"d" (F)

= ()™ (D] + 2{z; £} Dz + (3/0€)(z: EH(A) > d" (F)
= )"V ()™ (D} + 2F D + Fe)d" (F)

_ (At)Zm(n+1)(At)m %d"+1(F) — %(()\I)Zm(n+1)dn+l(F))’

which implies
Bn+1({Z; x}) — (At)zm("+1)d"+1 (F)

Assuming now m = —1/(2n + 1), the equation (16.4) takes the form

d"(F) —

2n+1$ =0. (16.5)

To prove (16.5), let Z (&) be a function (of &) such that z = Z((At)" x) is a solution
of (16.4). To show that F'(§) = {Z(§); &} satisfies (16.5), substitute z = Z((A1)"x)
in (16.4). Observing that {z; x} = ()»t)sz(é)|g:(M)mx, we obtain

0z 0z _
o g Bz =mam "% Z' (&) |s=uynx

ot
+ O™ Z/ E) )™M d" (F () lg=Guryns
=mt~ xO0)" Z'E)lg=.. + AP T Z(E)d" (F (§)) e
=mt ' EZ (E)|e=uynx + OO Z'E)A"(F(E)|e=urynx = O,
since m = —1/(2n + 1). Hence we have A AN (F(8)) +mE =0, proving (16.5).

If n = 1, we obtain the degenerated equation F' — %Aé = 0. If n = 2, then we

have the first Painlevé equation in a modified form F” + %F 2 %ME = 0. In order to
obtain the first Painlevé equation in the standard form we take A = —4(2n + 1) and
apply the scaling transformation

Fr— —4w, & z.

Then we get
A" (w) + 4z =0, (2n P1)

where

d
d'(w) = —4w, Ed”“(w) = (D® —8wD —4w,)d"(w), neN, (16.6)
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and where now D = diz. Then forn = 1,n = 2 and n = 3 we have, correspondingly,

w’ = 6w? +z, (2P)
w® = 20ww” + 10(w)?* — 40w> + 7, (4P))
w® = 42(w")? + 56w w” + 28ww™® — 280w (W) + ww” — w3 +z. (¢P1)

The equation (3 Pp) is the first Painlevé equation in the standard form. We shall
call (2, P1) with n > 2 the higher analogues of the first Painlevé equation. Clearly,
the order of the equation (2, P1) is 2n. As we know by §1, all solutions of (, P;) are
meromorphic functions with double poles only. This remains open for (3, P1), n > 2,
in general. For (4 P»), a proof by using isomonodromic deformations may be found
in Shimomura [5], and we conjecture that all solutions of (2, P;) are meromorphic
functions. We now consider solutions of (4 P;).

Theorem 16.1. Given zy € C, there exist local meromorphic solutions of (4 P1) which
have a double pole at 7.

Proof. We first observe, by substituting the formal Laurent expansion w(z) =
c(z — z0)¥ + - - - into (4 P;) that whenever a local meromorphic solution has a pole at
z0, then k = —2 and either c = 1 or ¢ = 3.

Consider first the case ¢ = 1. In order to find the powers which can be connected
with arbitrary parameters of integration, called resonances, let us put  := z — z¢9 and
substitute w ~ 2 + Bt" into the dominant monomials of the equation (4 P;). Then
we obtain

Blrr —6)(r +3)(r —3)]" 4 =0,

which follows by looking at terms of order one in 8. Therefore, the nonnegative
resonances are r = 0, r = 3, r = 6. Hence, a formal solution in a neighborhood of
zo must be of the form

1 (0,0]
W=+ hy + axt® + hot® + ast® + ast® + hat® + a7’ + Zaktk, (16.7)

k=8
where t = 7 — 79, and hy, h2, h3 are arbitrary constants. Moreover, it is immediate to
get

ar» = —3h? a——10h3—Lz a—§hh—i a——Lh
2 = ) 4 = 1 5607 5—212 80’ 7 = 140 1-

To prove the convergence of the formal series (16.7) inadisc |z — z0| < p, p > 0,
we transform the initial equation into a Briot—-Bouquet system. To this end, rewrite
(4 P1) in the form of the equivalent system

/
w; = w2,
whH = w3,

; (16.8)
w3 = W4,

w) = 20w w3 + 10w3 — 40w3 + z,
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where w; = w. In (16.8) we make a change of variables by
y1 = t2w1 -1, y:= t3w2+2, y3 = t4w3 —6, yq4:= t5w4—l—24, (16.9)
where ¢ := z — zg, resulting in a Briot—-Bouquet system
tyy = 2y1 + y2,
1y5 = 3y2 + 3, (16.10)
1y =4y3 + ya,
1y, = —40y; + 20y3 + Sy4 + 2013 + 10y3 — 40y7 — 120y + (¢ + z0)°

with eigenvalues Ay = —1, Ay = 2 ,A3 = 5, g = 8 of the Wronskian matrix.
From this situation the existence of a three-parametric family of locally holomorphic
solutions of (16.10) with the property y; — 0, j € {1,2, 3,4}, ast — 0 follows, see
Theorem A.12. Thus, due to (16.8) and (16.9), the expansion (16.7) gives the local
representation for solutions of (4 P1) meromorphic in a neighborhood of an arbitrary
pole.

Consider next the case ¢ = 3. The equation for resonances now takes the form,
with the same notations as in the previous case,

B+ 5 —6)r+3)r—8) =0.

Therefore, we now have two positive resonances r = 6, r = 8. The formal pole
expansion in a neighborhood of zg takes the form

3 00
w= o tat tast® + i’ +hot’ +aor +ant +ant?+ 3 adt, 1611
k=13

where h1, hy are arbitrary parameters and

asg = z0/504, a5 =1/240, ajo= a§/39, ayl = 2asas/21,
a1y = Shias/51 + 2942 /612.

We now make the transformation
_ 42 _ .3 _ 4 _ 45
yi=twy =3, y»=rw+6, y3=t'w3—18, ys=1r ws+72,

in the system (16.8). This time we obtain a Briot—-Bouquet system

ty) =2y1 + y2,
tyy = 3y2 + y3,
1yy = 4y3 + ya, (16.12)

1y = —720y; — 120y2 + 60y3 + Sy4 + 20y y3 4 10y3
— 40y3 —360y7 + (1 + z0)t°
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with eigenvalues A1 = —1, A = =3, A3 = 8, A4 = 10 of the Wronskian matrix.
Therefore, the system (16.12) has a two-parametric family of locally holomorphic
solutions with the property y; — 0, j € {1,2,3,4}, ast — 0. These solutions
generate polar solutions of (4 P1) of the form (16.11). Thus the assertion holds. O

As shownin §14 above, any solution of (P;) has arepresentation w(z) = v(z)/u(z),
where the entire functions v(z), u(z) satisfy (14.4). We now proceed to obtain a similar
representation for meromorphic solutions of (3, Py).

Lemma 16.2. For any meromorphic solution w(z) of (2, P1) with a pole at 7o € C,
the pole is double and the residues of (z — zo)w(z) at zo are integers.

Proof. Suppose that (3, P1) admits a solution w = b ™P +--- , ¢ : =z —2z09, b # 0,
p > 3. Then d*(w) = byc™P* 4+ ..., by # 0 for every k > 1, implying that
d"TN(w) 4+ 4z = b1~ POHD 4 ... £ 0, a contradiction. Hence, every pole is at
most double and so p < 2. We use induction to show that all poles are in fact double,
recalling that this is true for n = 1. Suppose now that by 7# 0 for some k. Then

didk“(w) — (D? — 8wD — 4w,)d"(w)
Z
= (=8(=pk) — 4(=p))bbys PP 4

=42k + V) pbbyc~P*ED=1 o
and so d*1(w) = —4Q2k+ 1) (k+ 1)~ 'bbc P*+D ... which implies by, 1 # 0.

To determine the required residues, we write d* (w) = Ak§*2k +---,k>1,
denoting A| =: c¢. Then

iark“(w) = (D? = 8wD — 4w,)d" (w)

dz
=(D* —8(ct™ + - )D+8cc T+ )AL )
= [(—2k)(—=2k — 1)(=2k — 2) — 8c(—=2k) + 8c)(arz ~*3 4 ...)
=8(c —k(k+1)/2)Qk + DA ™3 ...
and hence

d" T (w) = =4tk + )71 @k + D(c — k(k + 1)/ A 2D
This implies Ag41 = —4(k + 1)7!(2k + 1)(c — k(k + 1)/2) A, and we obtain
Anp1=Copt [Jle=jG+ 1/, Cop1 #0. n=1. (16.13)
j=0

In particular, for n = 1, we have ¢ = 1, while for n = 2, the possible residue values
arec=landc=3,andforn =3,c=1,c=3andc = 6. O
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Theorem 16.3. Any meromorphic solution w(z) of the equation (2, P1) may be rep-
resented as the quotient of two entire functions u(z), v(z) such that

uu” = (u)?* = 2uv, d"T ' (v/u) + 4z = 0. (16.14)
Proof. For any meromorphic solution w(z) of (2, P1), we have
d

y d"2(w) = (D? — 8wD — 4w,)d" T (w)
Z

d
= (D> —8wD — 4w,)(—4z) = - (162w) + 16w,
Z

implying that w(z) admits a meromorphic primitive function (z) = d"*>(w)/16—zw.
Moreover, by Lemma 16.2, every pole of 7(z) is simple. By Saks and Zygmund [1],
there exists an entire function u(z) such thatu’ /u = —2n. Clearly, zeros of u(z) appear
exactly at the poles of w(z). Moreover, a pole of w(z) of type w(z) = ¢;j(z —20) 724 -

corresponds to a 2¢;-fold zero of u(z). Therefore, v(z) = u(z)w(z) is entire as well,
and we have a representation w(z) = v(z)/u(z) of the meromorphic solution w(z) of
(2, P1). From (v’ /u) = —2w we immediately obtain (16.14). O

In (16.14), the derivatives u(”), n > 2, in the second equation of (16.14) are
replaced by the corresponding expressions from the first equation. Forn = 1, (16.14)
reduces back to the case of §14. For n = 2, (16.14) takes the form

un’ = (u/)2 — 2uv,
v®ut — 40330 — 4wV + 61" W)? + 160 uPvv’
— 23 ()2 — 6uvv” + vyt — 8u(u)*v? + 16v3u? — zu® = 0.

We add a final remark concerning the system (16.14). A solution of (16.14) will be
determined by the initial values

_ 2n—1

u(zo) = uo, u'(z0) = ufy, v(zo0) = vo, V'(z0) = V..., v V(zg) = v,
(16.15)

where zo, uo, ug, vo, V), .., v@1=D e C. If u(zg) = 0, then the initial values

(16.15) become singular. Hence, we shall assume that u(zp)v(zo) # 0. By a direct
substitution of (16.16) below into (16.14), we obtain

Lemma 16.4. If (v(2), u(z)) is a solution of the system (16.14), then
@, u) = M2, M), A(z) #0, (16.16)
is a solution of (16.14) if and only if (z) = exp(az + b), a, b € C.

Remark. By Lemma 16.4, the representation of a meromorphic solution w(z) of
(2n P1) in Theorem 16.3 is uniquely determined up to a factor of the form A(z) =
exp(az + b), a, b € C. Conversely, an arbitrary entire solution (v, u) of (16.14) with
u # 0 determines a meromorphic solution w = v/u of (3, P1).



Chapter 5
The second Painlevé equation (P;)

The second Painlevé equation (P») is the first of the six classical Painlevé equations
with a complex parameter in the equation. This means, of course, that several phe-
nomena may appear which depend on the value of the parameter. Since (P>) has
one parameter only, it may be considered as a pilot case to these aspects. In fact, the
reasoning remains more straightforward as is the case for (P3) through (Pg). Typi-
cal parameter dependent phenomena in the case of (P) are the existence of rational
solutions and of subnormal solutions which satisfy an algebraic first-order differen-
tial equation. A powerful tool, in this and the subsequent chapters, to consider such
phenomena is the use of Bicklund transformations. These transformations, usually
related to a parameter change, will be intensively applied in all remaining chapters.

§17 Canonical representation of solutions
The second Painlevé equation
w” =2w’ + zw + a, (P2)

has one free parameter « € C. As originally attempted to prove by Painlevé [1], all
solutions of (P,) are meromorphic functions. This classical result has been made
rigorous in Hinkkanen and Laine [1] recently. See also the proof in Chapter 1. Hence,
poles are the only singularities of solutions of (P>). Let now w(z) be a solution, with
a pole at zg. By (P2), the Laurent expansion of w(z) around zq takes the form

£ o+e€ 3 + &
w(z) = — — —£20T — —— 12 4+ ht’ +
T 6 4

z0tt + 0(7), (17.1)

where 7 := z — 29, €2 = 1 and & is an arbitrary complex constant. Any solution w(z)
of (P2) may be expressed as the quotient of two entire functions,

wiz) = 2@

=0 17.2)

Of course, this representation is not unique. However, we seek for a certain canonical
representation of type (17.2). To this end, we observe from (17.1) that

1
— =20+ O(z — 20).

w(z)? = _
(z—z0% 3
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There exists a meromorphic function W(z) such that W’ = w?. In fact, W(z) :=
w(z)? — w'(z)? + w(z)* + 2aw(z) has the required property by (P»). Clearly, all
poles of W (z) are simple with residue —1, located exactly at poles of w(z). By Saks
and Zygmund [1], there exists an entire function u(z) such that u’ = —Wu. Of course,
u may be represented as

u(z) = exp(— /st /s wz(t)dt),

where the path of integration avoids the poles of w. Given now a pole zg of w(z),
u(zo) = 0. Moreover, multiplying by a constant, we may also assume that u’(zg) = 1.
Define now v(z) := w(z)u(z). Since all zeros of u(z) are simple and exactly at the
poles of w(z), v(z) is entire as well. By (P»), it is not difficult to see that u(z), v(z)
satisfy the following pair of differential equations:

uu// — (u/)2 _ v2 (17 3)
VU + o) = 2u'vu = v + zou® + au’. '

In fact,

) e () e () - ()

Moreover, by (P3),

<

1 o\ uv” — v = 2uu'v + 2U(u/)2 vy\3 v
w ( ) . :2(—) +z—+o.
u u u u

Substituting uu” from the first equation of (17.3) now results in the second equation
in (17.3). We now proceed to investigate (17.3) in more detail. The next two lemmas
follow by direct computation.

Lemma 17.1. If « = 0 in (P»), then (17.3) has a solution

{ v@ =0 (17.4)

u(z) = exp(az + b)
with arbitrary parameters a, b € C.
Lemma 17.2. If (v, u) is a solution of (17.3), and A(z) # O, then
(V(2), 1(2)) = (M2)v(2), A(2)u(z))

is a solution of (17.3) if and only if A\(z) = exp(az + b), where a, b € C.
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The solution (v, u) of (17.3) will be determined by the initial conditions
u(zo) = uo, u'(z0) =ug, v(z0) =vo, V'(z0) = vy, (17.5)

where zg, uo, ug, vo, vy, € C, see Theorem A.3. If u(zo) = 0, then (17.5) may be
called singular for (P»).

Theorem 17.3. All solutions of (17.3) are pairs of entire functions.

Proof. If u = 0, then v = 0 as well. Hence, we may assume that u # 0, and we may
fix the initial values (17.5) to be non-singular for (P,), i.e. u(z9) 7# 0. Fix a solution
w(z) of (P2) by the initial conditions

/ /

Vo UV, — VU

wio) = w'0) = — (17.6)
0

By a straightforward computation with (17.3), . satisfies (P>) with the initial values
(17.5). Hence, w = 7 by the standard local uniqueness argument. Let now i, v be the
canonical entire solution of (17.3), constructed for w(z) above, meaning that 5 = ;’:e

Rewriting the first equation of (17.3), we get

() -Gr-()--(5)

Therefore, u(z) = e 1(z) for some a, b € C, and so u has to be entire, and the
same applies for v(z) as well. O

Theorem 17.4. Let (v, u) be any nonzero solution of (17.3) for a given value o of the
parameter, (v, u) being different from (O, exp(az + b)). Then the quotient (17.2) is
a solution of (Py) with the same parameter value a.. Conversely, any solution w of
(Py) can be expressed as w = v/u, where (v, u) is a solution of (17.3) determined
uniquely apart of a factor exp(az + b), a, b € C.

Proof. Let (v, u) be a solution (17.3) as assumed, and define w = L% By (17.3) w
satisfies (P,) with the same parameter.

Conversely, let w be a solution of (P;). If « = 0 and w = 0, we may take
(v,u) as in (17.4). So we may assume that w # 0. Fix now zg € C such that
w(zg) = wo # 0,00. Define a solution (v, u) of (17.3) with the initial values
u(z0) = 1, v(z0) = wo and u, = u'(20), v, = v'(z0) such that vy, — wouy = wy.
Since 5 solves (P,), it clearly coincides with w. By Lemma 17.2, (v, u) is uniquely
defined apart of a factor exp(az + b), a, b € C. O
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Remark 1. Note that the reasoning implies a one-to-one correspondence between
the solutions w of (P,) and the quotient of solutions % of (17.3) with initial values
nonsingular for (P,). Note that this does not hold for the pair u, v described in
Lukashevich [3]:

uu// — (u/)Z _ v2

W)? — " = uu’ + auv.

Here, for « = —1, the solution u(z) = az + b, v(z) = a with ab # 0 does not
determine a solution of (P;) by (17.2).

Finally, we remark that the question of representing the solutions of (P;) as a
quotient of two entire functions has been investigated by Yablonskii [2].

Remark 2. We close this section by a remark on solutions of (17.3) with initial data
singular for (P»), rewriting the first equation of (17.3) as

AN 2
w? = — (”‘_) — <3) (17.7)
u u
again. Let now z( be a zero of u of multiplicity k. By (17.7),

w(z)2 = L + ®(2)
(z —20)?

around zg, with a holomorphic ®(z). Hence, w(z) has asimple pole at zp, and sok = 1.
Therefore, u(z) = (z — z0)¢ (z) with ¢ (z) holomorphic in a neighborhood of zg. This
implies that v(z) has to be holomorphic around zg and v(zp) = ¢ (z0), where ¢ is the
residue of w(z) at zg. Moreover, u’(z9) = ¢(zo) and v’ (z0) = £¢’(z0). Therefore, the
initial value problem for (17.3) with u(z9) = 0, u’(z0) = ug, v(z0) = vo, V' (z0) = v,
has a solution in the case vo = eu(, 7 0 only. This solution is not unique, since (P>)
permits a one-parameter family of solutions with a pole at z.

§18 Poles of second Painlevé transcendents

Applying the standard Clunie reasoning as in the case of (P;), we observe that all non-
rational solutions w(z) of (P,) have infinitely many poles, all simple by the preceding
section. By (17.1), the residue of w(z) at any pole zo has to be either +1 or —1. We
may now prove

Theorem 18.1. Any non-rational solution of (Py) has infinitely many poles with
residue +1, and infinitely many with residue —1, provided o # :I:%.
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To prepare the proof of Theorem 18.1, fix & such that 2 = 1, and consider the
pair of differential equations

1
w =cw’+ ez +v
. 2 (18.1)
V=0 — - —2swv.
2

Suppose (w, v) is a solution of (18.1). Eliminating v from (18.1) shows at once that
w is a solution of (P,). Conversely, given a solution w(z) of (P,) and & such that
¢2 = 1, define v by the first equation of (18.1). Differentiating, and making use
of (P,) immediately proves that (w, v) is a solution of (18.1). Moreover, a simple
computation now results in the following formulas:

v=w —sw? — 8% (18.2)
1
2vw = s(a — 36— V), (18.3)
2
)2 = 200" = 2207 + 4ev® + (a — %) . (18.4)

Proof (of Theorem 18.1). Let w(z) be anon-rational solution of (P;) with finite initial
values w(zg) = wo, w'(z9) = w6. Moreover, determine, for both values ¢ = =1,
v(z, €) by (18.1), hence
’ 2 1
v(20, €) = Wy — Wy — = €20
. 2 (18.5)
V' (z0,€) =a — 3~ 2ewov(zo, €).

Of course, the meromorphic functions v(z, ¢) are solutions of (18.4), with initial
values (18.5) at zg. Moreover, by (18.3), both of v(z, 1), v(z, —1) are non-vanishing
functions as a # j:%. Finally, by (18.3) again, v(z, ¢) has to be non-rational, as w(z)
is non-rational.

Looking at the Laurent expansions of v(z, €) at the poles zg of w(z), we observe by
(17.1) that the principal term of v(z, 1) has to be —2(z — 20)~ 2 at zg, while v(z, —1)
has to be holomorphic around zg, provided z¢ is a pole of w(z) with residue +1.
Similarly, the principal term of v(z, —1) has to be 2(z — 20)? at zq, while v(z, 1) is
holomorphic around zg, whenever z¢ is a pole of w(z) with residue —1. Therefore, as
v(z, €) has to be holomorphic, whenever w(z) is holomorphic, the poles of w(z) with
residue 41, resp. —1, are exactly the poles of v(z, 1), resp. v(z, —1). Writing now
(18.4) in the form

4evd = —2z207 + (V)? — 200" — (oz — %)2
and making use of the Clunie reasoning again, we conclude that v(z, €), ¢ = %1, has
infinitely many poles, and we are done. O
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Theorem 18.2. Let w(z) be a non-rational solution of (P>) witha = %, whereg? = 1.
Then all poles of w are with residue —¢ if and only if w satisfies the Riccati differential
equation

w' = ew? + %82. (18.6)
Proof. By the Clunie reasoning, w has infinitely many poles. Suppose first w also
satisfies (18.6). By an elementary local consideration at a pole zo of w, the residue
has to be —e. On the other hand, if w does not satisfy (18.6), then v = v(z, &) # 0.
If now v(z, —¢) = 0, then w’ = —sw? — %sz and we obtain w” = 2w3 + zw — 5
by differentiation, a contradiction. Since v(z, €) and v(z, —¢) both are non-vanishing
functions, the preceding proof may be repeated to show that w has infinitely many
poles with residue —¢ and infinitely many with residue +¢. O

Remark 1. If w satisfies (18.6), then w is a solution of (P,) with « = &/2. All poles
of —ew are with residue (—e)? = 1. Hence there exists an entire function u such that
u'/u = —ew. By a simple computation,

W+ %u — 0. (18.7)

This is the well-known Airy equation. For the zero distribution of Airy functions, see
Gundersen and Steinbart [1].

Remark 2. The first equation of (18.1) is the Riccati equation with respect to w and
it may be considered as the Miura transformation of (P,), see Miura [1]. In this case
the equation (18.4) is the result of the Miura transformation. The pair (18.1) is a
Hamiltonian system with the Hamiltonian

v? ) €
Hizw,v) = 5 + e’ +2/2v - <a— 5) w. (18.8)

Denoting now h(z) := H(z, w(z), v(z)) and 7(z) := expf h(z) dz, we observe that
7(z) is an entire function and /(z) satisfies the equation

1 1\’
(") + 4G’ + 2K = ) = <<x + 5) =0.

This may be verified by direct computation. Moreover,

4h/ — 24" 1 _ / _
w=2h +oz+§, v=-2h", &=-—1.
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§19 The Biacklund transformations of (P3)

The Bécklund transformations, originally introduced by A. Bécklund in 1870’s, see
e.g. Lamb [1], in relation to investigating surfaces of constant negative curvature, form
apowerful device to studying solutions of (P;). To this end, denote by P, («) the family
of solutions of (P,) with the parameter value @ € C, and by w, a solution in P> ().
Moreover, define F := {(P>(«@)) | « € C}. Then the Bicklund transformations are
certain mappings from ¥ into .

We first observe that S : # — ¥ defined by

S(wy) = —wy € Pr(—a) (19.1)

is a transformation of required type. Moreover, S o S = I, the identity on ¥ .
To define another transformation, take w € P»(«), and define
ifo=1andw =w?+3%
-2 - 2’

(19.2)

—w,
=7! = _ ;
Y (w) {—w 412 otherwise,

w'—w?—z/2’

see Lukashevich [3]. We proceed to show that T—1(w) € Pr(« — 1), hence defining
again a required transformation. Clearly we may assume that o 7# % Fixnowe =1,
and use (18.1) to define
o 2 <
v=w —w” — <.
2

By (19.2) and (P), it is a straightforward computation to show that

_ (y, +2 4 %) =v. (19.3)

Differentiating (19.3), and making use of (18.1) for v’, we obtain

1
" oy — —
y yy ) v

) ( 2 Z ) 1 _’_1_’_2 " a—1/2
=2y|l-y—-z—-v)—-z—a+=-+20|—-y+ ————
I\ T3 2 2 YT W —wr—z)2

1
:2y3+zy+2yv—a—2vy+2(a—§>

=2y’ +zy+a—1,

as required.
By a similar computation, for y € P>(a — 1),

: 1 / 2 z

-y, ifoe=5andy = —y° — 35,

w="T(y) = {_ _ a-1)2 > ?
y+y*+z/2’

19.4
otherwise. ( )

defines the inverse transformation such that 7' (y) € P,(«). Moreover, it is immediate
to see that S and T generate a transformation group G> in . By the notations
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(@) = —a, T4(@) = a + 1, for transformations 7 : C - C, 74 : C —> Ca
transformation group G in C will be defined. Hence, we are now ready to state the
following theorem, see Okamoto [4]:

Theorem 19.1. The Bdicklund transformations S, T defined in (19.1), (19.2) form in
a transformation group G, on ¥ . Moreover, the transformation groups G, G, in C
and W (A1), where W (A1) is the affine Weyl group associated with the Lie algebra of
type A\ are isomorphic.

We now proceed to construct another transformation formula related to the map-
ping T : ¥ — F. To this end, assume that o # :I:l, choose wy—1 € Po(e — 1), and
denote now wy = T (wg—1) and wy+1 = T (wy). By (19.4),

a+1/2

_ 19.5
wl, + w2 +z/2 (19.5)

Wo+1 = —Wa —

and by (19.2),
a—1/2

wl, — w2 —z/2

Wy—] = — Wy + (19.6)
Solving w;, from (19.6) and substituting into (19.5) we obtain an algebraic relation
between wy_1, Wy, Wy+1 as follows:
a+1/2
Wyt] = —Wy — e =12 (19.7)
2
2wg +z+

Wy + We—1
By a similar computation, a relation between wy_7, Wy—1, Wy, W1 follows:

(2o = 3)(wg + Wat1)
20+ 1+ 4W3 — wg ) (Wa + Wat1)

(19.8)

Wg—2 = —Wg-1 +

Another, less obvious transformation connects P> (%) e2 = 1 and P>(0). In order

to construct this transformation, consider w € P, (%) such that the corresponding
v = v(z, &) in (18.1) does not vanish identically. Therefore, by (18.1) and (18.4),
v:w’—8w2—%sz # 0 and

2
()
v =

S T 2e0°. (19.9)

We now define an algebroid function u(z) by
v = au? (19.10)

with A = —¢ - 21/3. Differentiating (19.10) twice and making use of (19.9) we get

N2 N2 "2
u” ! v”—(u) _ ! ((v) —zv—2ev2>—ﬂ.

:m u  2xu \ 2v u
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By (19.10) and v' = 2 uu’ it is straightforward to verify that

1
u" = —eu’ — S (19.11)

We now define a change of variable by z = —2!/37. Defining y(z) := u(-2'37) =
u(z), it is immediate to conclude that

Y/ (1) = 2y(1) + ty(),

hence y(t) € P»2(0), and so y has to be meromorphic by Theorem 2.1. As an obvious
consequence, ¥ is meromorphic as well. Combining the definition of y(t) above,
(19.10) and the pair (18.1) of differential equations we immediate obtain the asserted
connection:

Theorem 19.2. For y(t) € P»(0) and w(z) € Pa(5), &% = 1, w’ # ew? + Yez, itis
true that 1
— 21/38)1(1')2 =w'(z) — zsw(z)2 — zsz,

’ 19.12
_1/38)’(7) (19.12)

w(z) =2 NOR

Corollary 19.3. To determine solutions of (Py) for arbitrary values of the parameter
o, it suffices to determine solutions of (P2) for all o satisfying

(19.13)

N =

0 <Reua <
Remark 1. The strip (19.13) is a fundamental domain of the parameter space, called
the Weyl chamber.

Remark 2. As a consequence of the above reasoning, see (19.10), we observe that
all zeros and poles of v are of even multiplicity whenever w € P»(5), g2 =1, and
v = v(z, &) # 0 is determined by the first equation of (18.1).

Remark 3. From (19.2) with « # % it is a direct computation to verify that
w —w?+y +y>=0. (19.14)

Now, (19.14) is a Riccati equation for w with a particular solution w = —y. This
enables us to solve the equation (19.14). With the initial data w(zg) = wo, w’'(z0) =
w(,, we obtain

(o — 1/2)J (wq)
wy — w3 —20/2 + (@ — 1/2) [ J(wy)dz’

Wy—] = — Wy + (19.15)

where J (wy) is an entire function such that J/'(wy)/J (we) = 2wg and J (we)(z0) =
0. The formula (19.15) is called the integral form of the Bécklund transformation.
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Remark 4. The formulas (19.7) and (19.8) determine a principle of nonlinear super-
position for the equation (P,). The transformations (19.2) and (19.4) permit us to
construct the solutions for the different values of the parameters. Note that if « € N,
then (19.2) and (19.4) may be considered as the discrete analogues of (P;) in the
parameter «. The discrete analogues of the Painlevé equations have recently been
derived using either a method based on the singularity confinement or the orthogonal
polynomials, see Grammaticos, Nijhoff and Ramani [1]. Relations (19.2) and (19.4)
present the additional method of deriving the nonautonomous integrable discrete equa-
tions, based on the use of the Bicklund transformations for the continuous Painlevé
equations.

The transformations have been applied to construct solutions of (P,) with a change
of the parameter . However, we may apply these transformations to obtain modified
solutions with the same parameter « as in the initial solution. Such transformations
are called auto-Bécklund transformations.

A simple example of an auto-Bicklund transformation is the transformation S with
a = 0. Another example is the transformation S; : ¥ — ¥ defined by

Sj(wa(2)) = pwe (1uz)

with u = e2mii/3, J € Z. In general, wy(z) and S; (wa (z)) are distinct solutions.
Indeed, let wy (z) € P> (o) with a pole at z = 0 and the Laurent expansion at z = 0

& a+é&
wa(2) =~ = 24+ h+ 0@,

see (17.1). Then it is easy to verify the corresponding expansion for S; o wy:

Sj(wa(z))zg_a—i—s

22+ uhz® + 0(H.

Hence, wy (2), S (u)a (z)) are distinct provided that 4 # 0.

Theorem 19.4. Let wy (z), @ € Z, be a solution in (P). Then
We(2) = T*ST " wq (2) (19.16)

is also a solution of (P2) and Wy (z), we(z) are distinct solutions, provided wy (z) is
non-rational.

Proof. Indeed, from (19.2), (19.4) it follows that (19.16) is a solution. Noncoincidence
of the solutions wy (z) and Wy (z) follows from the fact that wy(z) is nonrational
solution and in this case ST “wy(z) = =T “wy(z) # O. O

As an example, we construct the auto-Bicklund transformation 7ST ! foro = 1
explicitly.To this end, let w;(z) be a nonrational solution of (P,) with the parameter
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a = 1. Then, in accordance with Theorem 19.4, the “new” solution wj(z) with
parameter « = 1 may be constructed by the scheme

w@ 5 wo) > @o@) > @12, (19.17)
where Wo(z) = Swo(z) = —wo(z). Since W (z) = T(Wo(2)) = T( — wo(2)), we
have

W1(z) = —Wo(z) — /2 = wo(z) — 12
T T R o+ @2 —wp(@) +wd) +2/2
(19.18)
However, from (19.2) with o« = 1 it follows that
1/2
wo(z) = —wi(z) + (19.19)

wi(z) —wi(z) —z/2

Substituting (19.19) into (19.18) and keeping in mind that w{ (z) = 2w} (z) +zw1 (z)+
1, we obtain the expression of the “new” solution w (z) by means of the “old” solution
wi = wi(2):

- 1 62
wi(z) = —wy + 5> — ;
1@) Y, Qw| +2w? 4+ 2)02 — 4wi6 + 1

(19.20)

where 6 := w| — w% — z/2. Substituting w (z) from (19.19) into (19.20), we obtain
an algebraic relation between the solutions wg := wo(z),w; = wi(z), Wy = W1(z):

1 1

wi — wo w1 + wo

+ 2z +4wi = 0. (19.21)

§20 Rational solutions of (P3)

Rational solutions of (P;) have been investigated in detail, e.g. by Murata [1] and
by Yablonskii [1] and Vorob’ev [1]. We offer here a short characterization of these
solutions.

Lemma 20.1. (Py) admits a rational solution if and only if (17.3) admits a polynomial
solution (v, u) = (P, Q) # (P, 0).

Proof. Let (P, Q) be a polynomial solution of (17.3). By Theorem 17.4, P/ Q solves
(P2).

Suppose next w is a rational solution of (P;). Let W be a meromorphic function
such that W' = w?. Since w(z) = O(z~!) around z = oo, W is rational and so
with finitely many poles, all of them being simple and with residue equal to —1.
Therefore, there exists a polynomial Q such that Q’ = —W Q. Obviously, P := wQ
is a polynomial as well and (P, Q) is a solution of (17.3). O
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Theorem 20.2. (P,) admits a uniquely determined rational solution if and only if
o €.

Proof. We first observe that (P,) admits at least one rational solution for every o € Z.
In fact, w = O trivially satisfies (P2) with « = 0. Applying (19.4) inductively, we
may construct a rational solution of (P) for every o € N, extending this to o € Z by
an application of (19.1).

We next show that w = 0 is the unique rational solution for

w’ = 2w + zw. (20.1)

Suppose w # 0 is a rational solution of (20.1), which may be written as

1

Y o ow?4e (20.2)
w

Obviously, 2w? + z — 00 as |z| — 00. On the other hand, writing w = P/Q with
P, O polynomials, we obtain
” p " r p! N 2
w_P_ 2 2P (2.
w P 0 QP

Q

Hence, as z — 00, then w” /w — 0, a contradiction.
Suppose now o # 0, and let w = 5 # 0 be a rational function in P>(«). By
Lemma 20.1 and (17.3),

P? = (0" - 00" (20.3)

Let g, resp. p, denote the degree of the polynomial Q, resp. P. By (20.3),2p = 2g -2,
hence p = g — 1. Since @ # 0, w must be non-constant. Write now

—1
0@ =quz" +qn-12"" +---+q0, qu #0,

. o (20.4)
P(z) = pn-1z + pn—22 +--- 4+ po.
Substitute (20.4) into (20.3) and into
P"0*>+ P(Q)?> —200'P = PP+ zP0* +aQ’, (20.5)

see (17.3). Comparing the coefficients of the leading terms in (20.3) and (20.5) results
in

ngl = pi_y, pa-1=—aqn
and so
n=a’ (20.6)

Therefore |a| > 1. Applying now the Bicklund transformation T for o < —1, resp.
T~! for & > 1, finitely many times, we observe that & € Z. Since T*(w) = 0, resp.
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(T~H%(w) = 0, we conclude that for a given o € Z, P>(a) contains exactly one

5 The second Painlevé equation (P;)

rational element.

Starting from w = 0 for « = 0, and applying the Béacklund transformations S, 7,
it is immediate to apply mathematical software to compile the following list of first

rational solutions in Py(+a), @ = 1, ..., 7, see the table below.

Table 20.1. List of the first rational solutions of (P5).

Wy (2)

+1

+2

+3

+4

+5

+6

+7

0

:':7

z
j:4 —273
4z + 74

3z2(160 + 823 + %)
—320 4 2426 + 29

4(—224000 — 11200023 — 22400z° + 100022 + 50712 + 71%)
7(—80 + 2023 + z6)(11200 + 6026 + %)

F(5(14049280000 — 14049280000z> + 1404928000z° + 213248000°
+6899200z 12 + 35840715 4- 7840218 + 152721 4 224))/
((11200z + 6027 + z10)

(—6272000 — 3136000z + 784002 + 2800z° 4 140212 + £15))

F(622(—121160990720000000 — 60580495360000002>
—2704486400000000z° + 2950348800000z — 9904742400000z 12
—313474560000z 1> — 13171200028 + 103488000221 + 235200022* + 44800
227 4350230 + £33)) /((=6272000 — 313600023 + 78400z° + 2800
22 + 140712 + 715)(—-38635520000 + 19317760000z + 144883200020
—17248000z° + 62720022 + 18480215 + 280218 + z21))

F(7(17076526960869376000000000 + 170765269608693760000000002
+5122958088260812800000000z° — 5641352656715776000000007°
—24187126255452160000000z 2 — 462433422409728000000z !5
+46999213735936000000z '8 + 142681284444160000022!
+50732301312000000z24 + 471353344000000z27 + 1733079040000z3°
+87193344000233 + 209995520023¢ + 25356800239 + 186240742
+68824 + z48)) /((—38635520000 + 19317760000z + 14488320002°
—17248000z° + 62720072 + 18480215 + 28078 + 21)
(—30939324416000007 — 4972391424000077 — 828731904000 !0
13039488000z '3 + 6209280020 4 51744002 4 75600222 + 504725 + 728))
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Recalling that all poles are simple for rational solutions of (P2) as well, with residue
41, we add the following theorem, which parallels to Theorem 15.1 and Theorem 15.2
in the case of rational solutions.

Theorem 20.3. Let wy be the rational solution of (P;) with the parameter o %~ 0,
and let 1, resp. l_, denote the number of poles with the residue +1, resp. —1. Then

a(a—1) a(a+1)
Iy =———, - =——.
2 2
Proof. Recalling (20.4) and (20.6) from the preceding proof, we first observe that
Iy +1_=n=0a (20.7)

By elementary properties of rational functions and their residues, see e.g. Hahn and
Epstein [1], p. 151-155,

n
—Res(00, wg) = lim zwe(2) = lim Y t—— =1, —I_,
Z—>00 7—>00 4 . 737
j:

as this limit exists (and so wy has a simple zero at 7 = 00). Denoting f(¢) := wy (%),
we get w), (}) = =12 /(1) and w), (1) = 1* f"(t) + 2> f(¢). Substituting into (P»)
results in |
T 20 (1) =21(0) + SO +a. (20.8)
Since f (1) = Bit+pot>+-- - hasa simple zero at t = 0, (20.8) implies that 8; = —«,
hence Res(oco, wy) = «. Therefore
ly — - = —a. (20.9)
Now, (20.7) and (20.9) yield the assertion. O

We close this section by an immediate consequence of the Bécklund transforma-
tions:

Theorem 20.4. For all rational solutions w(z) of (Py), there exists a rational function
R(2) such that
zw(z) = R(Z%). (20.10)

Proof. Clearly, it suffices to show that the Béacklund transformations S and T preserve
the form (20.10). For S, this is trivial. Assume now that zw(z) = R(z>), and consider
y = T~ (w). Since zw’(z) + w(z) = 3z>R'(t), where T := 73, we get

o (@ — 1/2)z2
@) =m0 = 22/2
R+ (@ —1/2)t
- 3TR/(1) — zw(z) — 22w3(2) — /2
(¢ —1/2)T

3tR'(t) — R(r) — R%(t) — 1/2
which is of the required form. O
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§21 The Airy solutions of (P3)

By the second Malmquist theorem, see again Erémenko [1], Theorem 6, and Hotzel
[1], Satz 4.5, if a transcendental solution w(z) of (P,) satisfies a first order algebraic
differential equation P(z, w, w’) = 0, this equation reduces to

m - n(j)
@y + 3 (Y a@w’ )@y =o, L)

j=1 i=0

wheren(j) < 2j and the coefficients g;; (z) are rational functions. Such transcendental
solutions w(z) € #41(C(z)) of (P»), hence satisfying (21.1), are called Airy solutions
in what follows, see Remark 1 following Theorem 18.2. It is immediate to observe
that all solutions w(z) of the Riccati differential equation

1

w = esw? + FE% =1, (21.2)

also satisfy (Pp) with o = % Recall again that all poles of w(z) are simple and with
residue —e. Therefore, there exists an entire function g such that w = —8% and that
g" 4+ 5g = 0. By Laine [1], Proposition 5.1, p(g) = % Since m(r, w) = S(r, w)
by the Clunie reasoning, p(w) = % for all such solutions of (P;). Invoking now
the Bicklund transformations S, T, 7! defined in §19, it becomes immediate to
construct, for each « = 2’"2“, m € Z, at least one solution of (P,) satisfying a first
order differential equation P(z, w, w’) = 0, necessarily being of the form (21.1).
Denoting these solutions by w, (z), whenever wy, € P»>(«), we recall by §19 that

a+1/2
=T = — - 21.3
Wa+1 (we) We w& n wg[ 2 ( )
_ oa+1/2
wy =T l(wa+1) = —Wg+1 + / (21.4)

Wy = wgzﬂ —z/2
Therefore, all solutions of (P) constructed from the Riccati differential equations
(21.2) via the Bicklund transformations, and which satisfy a first order algebraic
differential equation, being necessarily of type (21.1), must be of order p(w) = %, as
seen from (21.3) and (21.4) by elementary order considerations.

Example. Considering the Riccati differential equation (21.2) with ¢ = 1, i.e.

1 2

w = w?+ 2, (21.5)
2
and denoting by w1 ,2(z) its solutions, then
1
Yy = w3 = —wip — (21.6)

i+ wip +2/2
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Making use of the inverse transformation,

1
Y =yr—2z/2
and substituting (21.7) into (21.5), we conclude that all functions of type (21.6) satisfy

wip =—y+ 21.7)

2
Z Z
0P = 07+ 0N = 0+ +4y + )
6,3 4 3,320 z3
+y +§zy +4y +Zzy +2yz+2+§=0.

Recalling from §18 that w1, = U := —u'/u where u is a solution of the Airy
equation, we obtain the following table of the first Airy solutions described above:

Table 21.1. List of the first Airy solutions of (P).

o We (2)

1
4+ +U

2

3 203420 —1
+Z - -

202 + 2

5 14+ 6U3 +3Uz —4U%; — 4U%72 — 73

42 I + + Z Z Z Z

QQUZ +2)(1 +4U3 +2U2)

7

5 +£(—96U7 — 15205z — 80U322 + 16U522 + 24U*(—1 + 23)
+22(=5 4223 +20%2(— 11+ 62%) — U1 + 142%))/

(14 4U3 +2U2)(=3 — 16U3 — 8Uz + 8U*z + 8U%2% + 22%))

+- £(27 + 312022% + 96U8 2% — 923 — 20 — 64U° (—27 + 22)
—24U572(—45 + 82%) + 16U°(85 + 82%) + 4U*2(335 + 122%)
+U7 (24487 — 2567%) + U3 (338 + 1082% — 6425)
+U71z —182% = 827)) /(=3 — 16U — 8Uz 4 8U*z + 8U22% +277)
(72U° + 9z + 88U 3z + 26U 2% — 16U%z% — 4z* + U2(14 - 162%)))
+ 11 +(128U1122(~243 + 82%) + 320102(3321 + 402%) + 16U82%(13969 + 3282%)
+16U°22(271 — 414623 + 8025) + 16U 72(—4879 — 697223 + 160z°)
+16U°(—4779 — 58282 + 160z°) + 16U5(~2660 + 1071123 + 4562°)
+8U2(—5001 + 6719z° + 58420) + 20222 (~3564 + 188127 + 7122°)
+Uz(—4050 + 639973 — 229276 + 322%) + 3(—162 + 37823 — 2612° + 562%)
+AU3 (1971 + 623123 — 489425 + 807%))/

((72U° + 9z + 88U3z + 26U 2% — 16U*z — 4z* + U (14 — 162%))
(—54 — 488U3 — 252Uz + 92> + 825 + 8US(—135 + 823)
+120%2(=91 + 823) + 6U%z2(—43 + 82°)))
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On the other hand, the process above covers all Airy solutions of (P). In fact, we
proceed to prove

Theorem 21.1. The second Painlevé equation (P2) admits no other Airy solutions
than those obtained from the solutions of the Riccati differential equations (21.2) by
repeated applications of the Bdcklund transformations. Therefore, an Airy solution
of (Py) exists if and only if o € % + Z. All Airy solutions w(z) of (P2) are of order

p(w) = 3.

Proof. We first prove that no solutions of (21.1) appear, if |Rea| < % and o # %
Recalling the transformation S in §19, we may assume that 0 < Rea < % and o # %
Suppose now, contrary to the assertion, that a transcendental solution ¢(z) of (P2)
also satisfies a first order equation (21.1). Consider now a pole zg of ¢(z). As the pole
is simple, and so ¢(z) is locally univalent around zg, it is not difficult to obtain the
expansion

' mep? + 2ozt (e — 2 ‘1+§:A i (21.8)

@ =¢€@ > z oe 5 © . —jo 7, .
j=2
where A_, may be arbitrary, valid in some neighborhood of zy. For a construction of
this expansion, see the proof of Theorem 2.1 and the formula (2.6) in particular.
Write now the equation (21.1) as

Pz, w,w) = )" + Pz, )W) "+ + Pp(z, w) =0, (21.9)

where each Pj(z, w) is a polynomial in w with rational coefficients and where
deg, Pj(z,w) < 2j. The case m = 1 is trivial. In fact, (21.9) then reduces to a
Riccati differential equation

w = ap(2) + a1 (Qw + a2 (2)w?

with rational coefficients by the Malmquist theorem, see Laine [1], Theorem 10.2.
Differentiating we get

w” = bo(z) + b1 (2w + by () w? + b3(2)w?

with some rational coefficients. Since this has to be equal to (P»), it is elementary
to show that by = a = :I:%, a contradiction. Hence, we may assume that m > 2,
although this is actually not needed below.

Consider the (generalized) algebraic equation

X" 4+ Pz, w)X" o Pz, w) = 0. (21.10)
We may assume that (21.10) is irreducible in A [w, X]. Clearly, (21.10) has a solution

X =8(z, w),
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where S(z, w) is algebraic with respect to w and defines a connected algebraic curve.
Consider now S(z, w) around w = oo. We first observe that (21.9) is equivalent to

w = S(z, w). (21.11)

There exists a branch S;(z, w) of X = S(z, w) such that the solution ¢(z) satisfies
w’ = S1(z, w) around the pole z = zg. Then S} (z, w) may be expressed in the form

1 N1 & ,
S1(z, w) :gw2+§8z+(a£—§) E+/ZZA_ij (21.12)
around w = oo. Let S>(z, w), ..., Sy (z, w) be the other local branches of S(z, w)

around w = oo, expressed by Puiseux series, see, e.g. Ahlfors [1], p. 287-290. Con-
sider next the analytic continuation with respect to w from S (z, w) to S2(z, w), both
locally around w = oo. Then, by the same argument as in the proof of Theorem 13.1,
the equation

w' = $(z, w)

admits a solution ¢, (z) satisfying (P,) simultaneously, and at z = zg, @2(z) has
a pole. Hence, around w = 00, S2(z, w) has an expansion of the same form as
(21.12), possibly with a different sign of ¢, and with a different A_,. Continuing

we obtain similar expansions for all branches S»(z, w), ..., S (z, w), denoted by
S;(z, w, &, A_3 ;) to indicate the values of £ and A_; ; in (21.12). Denote now by [,
resp. [, the number of branches with ¢ = 1, resp. ¢ = —1, in the expansion (21.12).
Then

I

Ly
Pww)=]]w =S w LA ) [ [w' =Sk w, —1. A 50). (21.13)
j=1 k=1

Expanding now (21.13), we obtain
e .
Pz, w,w') = w)" — <02w2 + o1w + 0y + Za_jw_f)(w/)m—l T,
j=1

where 0y =14 —1_,01 =0,00 = 3(I4 —I-)zand o_; = a(l4 — ) — 1m. Since
(21.13) has to be a polynomial in w, w’, we have o_; = 0 for j > 1. Therefore

l+ =+ I_=m
. l 1 (21.14)
a(ly —12) = Em.
From (21.14) we first observe that @ € R, and since 2o < 1, we get [y +1_ = m,

Iy —1_ > m, which is not possible for [, > 0,[_ > 0.
It remains to show that for « = % all solutions of (P,) also solving a first-order
equation of type (21.1) are solutions of the Riccati differential equation (21.2) with
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e = 1. But (21.14) now implies that /L = m, [_ = 0. In this case, around each pole
70 of ¢(z), the function ¢(z) satisfies either of the equations

1
w/=Sj(z,w)=w2+§z+-~, j=1,...,m,

since [ = m. Therefore, every pole of ¢(z) has the same residue —1. By Theo-
rem 18.2, ¢(z) satisfies the Riccati equation (21.2). O

§22 Higher order analogues of (P5)

Similarly as to §19 for (P;), we apply the method of using higher order Korteweg—de
Vries equations to obtain higher order analogues of (P,). To this end, we consider
the Korteweg—de Vries hierarchy for a function u(x, t) of two variables, sufficiently
smooth, as follows:

Let D stand, for a while, for the partial differentiation operator %, and define

L, :=2u+2DuD""' — D?, (22.1)

where D~! stands for the inverse operator of D. We now consider the equations
au
2m — I)E = Xu, (mKdV)

where

9 H, 0 H,y,
Xiu=Du=D——, Xyu=L,X,_1u=D
ou ou

, m=>2. (22.2)

If m = 2, then we obtain the Korteweg—de Vries equation

3% _ xou = @u +20uDp~" — D2 — 62" O (KdV)
— = Xou = Qu u — — =6u— — —.
TR ax  ox  ox
Similarly, for m = 3, we get

du 5 ou du 9%u Bu  Pu

5—=30u"— -20—— — 10u— + —.

ot 0x dx 0x 0x3 x>
By a change of variables,

2= xt7 VD gy = 2P Dy (x ), (22.3)

(mKdV) reduces to the ordinary differential equation

Xmqg +2q + zq/ =0, 22.4)
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where L, and X, g are defined by (22.1), (22.2) with u replaced by ¢, x replaced by z
and " denoting the differentiation with respect to z. For the convenience, we also use
now D to denote the same as’.

Given a meromorphic w, denote now ¢ := w’ + w? and define an operator S, by

Sy = 4w? + 4w' D" 'w — D?.
It is easy to verify that
Qw + D)Sy = L;Qw + D). (22.5)

Moreover,
Xmq = Qw + D)S" ' (w). (22.6)

In fact, since X;¢ = Dg = Qw + D)(w) = Qw + D)S% (w’), (22.6) holds for
m = 1. Supposing (22.6) holds for m, we get

Xmi19 = LygXmq = LyQw + D)™ (w)
= Qw + D)Sy (St~ (w") = Qw + D)ST(W).
Hence we can integrate the equation (22.4) to obtain
D" (W) +zw+a =0, (2n P2)

wheren =m —1,n = 1,2, ... and « is a constant of integration. In fact, this follows
by using (22.6) and differentiating (7, P»). Clearly, the order of the equation (2, P2)
is 2n.

Forn = 2, hence m = 2, the equations (, KdV) and (3, P>) become the Korteweg—
de Vries equation (KdV), already computed above, and the second Painlevé equation

w” = 2w + zw + «, (Py)
with the connection
u(x, 1) =t PW' @) + w 2), z=xt"13

between the solutions. This is a well-known result due to Ablowitz and Segur [1]. For
n =2,n=3,n =4in (p, P;) we obtain, correspondingly,

w® = 10ww” + 10w(w’)? — 6w’ — zw — a, (4P2)

w® = 1402w ® + 56ww'w® + 2ww")? - 70(w4 - (w/)z)w”

3002 7 (6F2)
— 140w’ (w")* + 20w’ + zw + «,
w® = 18w?w® + 108ww'w® — 6(21w4 —35w’)* — 38ww”)w(4)
— 138w(w®)? = 252w’ @w* — 3w Hw® + 182(w")}
(8P2)

— 756w> (w")* + 84w? (Sw* — 37(w")*)w” — 798w (w’)*
+ 1260w’ (w)* — 70w’ — zw — a.
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Presently, there is no rigorous proof to show that all solutions of (2, P2) would be
meromorphic functions, although we conjecture that this is the case. Therefore, in
what follows, we restrict ourselves to considering meromorphic solutions of (2, P2),
which may, of course, be represented as the quotient w(z) = v(z)/u(z) of two entire
functions v(z), u(z). We establish a one-to-one correspondence between the meromor-
phic solutions of the equation (, P») and the entire solutions of a system constructed
below.

To this end, we first observe, by (2, P2) and the definition of the operator S, that
w(z) has the Laurent expansion

w(z) = a_1(z —20) "' + a1z — 20) + ¢n(z — 20) (22.7)

at a pole z = zo with o_; taking one of the values +1, £2, ..., +n and ¢, (z — z0¢)
being analytic in a neighborhood of z¢. Similarly as to (P>) in §17, we may construct
a meromorphic function W (z) such that W/ = w?, see Gromak [8], [13] and an entire
function u(z) such that ' = —Wu, with a zero of multiplicity 0‘31 at 7 = zo. Again,
u may be represented as

u(z) = exp(— /st /S wz(t)dt),

where the path of integration avoids the poles of w. Defining v(z) := w(z)u(z), we
obtain the required representation. In fact, differentiating ¥’ = —Wu and looking at
(2, P2), we obtain

uu — (u/)2 — _v2’
- Sl i (22.8)
DS L (WuT —vu'u) +zou” +a=0.
For example, for the equation (4 P;) we have
uu’ — (u/)l — _vz’
vPut — 400 + 60" () u? — 200U — 4 (W) u
+ 40 u'vu + vt = 203 W) + v + zvut + au’ = 0.
We now proceed to consider the pair (22.8) in more detail.
We first observe that the initial conditions
u(zo) = uo, u'(zo) = uy, 229)
v@zo) = vo,  '(20) = Vg ... v D (zg) = v, '
where zg, ug, u6, V0, v(/), R v(()znfl) € C, determine the solution of (22.8), provided
u(zg) # 0. If u(zg) = 0, the initial conditions (22.9) are singular.
Lemma 22.1. The pair (22.8) has a solution
v=0, u=-explaz+b) (22.10)

forany a, b € C, provided a = 0.
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Lemma 22.2. If (v, u) is a solution of the pair (22.8) and M(z) # 0, then
@, 1) = (M2, M2)u), A(z) #0 (22.11)

is a solution of the pair (22.8) if and only if A(z) = ¢**** a, b € C.

Similarly as to Lemma 22.1 and Lemma 22.2, these lemmas follow by direct
substitution of (22.10) and (22.11) into (22.8).

Theorem 22.3. Let (v, u) be an arbitrary non-zero entire solution of the pair (22.8)
for some fixed value of parameter o different from the special solution (22.10). Then
the quotient v(z) /u(z) represents a meromorphic solution of the equation (3, P2) with
the same parameter value .

Proof. Let (v, u) be a non-zero entire solution of (22.8) with the initial conditions
(22.9). If u = 0, then v = 0. Therefore u # 0. Then there exists zg such that u(zg) =
ug # 0. Let us take a solution w(z) of equation (2, P>) with the initial conditions
w(zo) = vo/up, w'(z0) = vp/uo — voup/ug. ... WV (z0) = (/u) "D (zo)
such that u” (z9) = ((uf))2 — v§)/uo. We may now construct a solution of (22.8) as

_ 2
u1(z) := ugexp (z Zo) / dz/ (z)dz (22.12)

v1(2) = u1(Dw(z),

where the path of integration avoids poles of w(z). It is not difficult to see that the
solution (v1(z), u1(z)) satisfies the same initial conditions as (v(z), #(z)). Hence, by
the local uniqueness, (v1(z2), u1(z)) = (v(z), u(z)). The assertion follows. O

Theorem 22.4. Any meromorphic solution w(z) of the equation (2, P2) may be rep-
resented in the form w(z) = v(z)/u(z), where (v(z), u(z)) is an entire solution of
(22.8), determined up to factor exp(az + b).

Proof. If w(z) = 0 with « = 0, we shall take the entire solution ((v(z), u(z)) =
(0, exp(az + b)) of the pair (22.8). Let w(z) # 0. Then there exists a zo that
w(zo) #Z 0. Let us take u(z) and v(z) = w(z)u(z) as in the construction in (22.8). In
this case, v(z) and u(z) are entire solutions of (22.8) and w(z) = v(z)/u(z). However,
by (22.11), w(z) may also be expressed in terms of the solution

V(2),4(2)) = (v(z) explaz + b), u(z) exp(az + b)),

and the assertion follows. O

Theorems 22.3 and 22.4 establish the required correspondence between the mero-
morphic solutions of the equation (2, P2) and the entire solutions of the pair (22.8).
Let now

w(z) = P(2)/Q(2) (22.13)
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be a rational solution of (2, P2), where P(z) and Q(z) are polynomials with no non-
trivial common factors. By direct substitution of (22.13) into (2, P2) it follows that
deg P(z) = deg Q(z) — 1. Therefore, any rational solution of (3, P,) may be repre-
sented in the form

+

- n k " P]:(Z) Q;((Z)
w(z)—zk[z —Z } Z"(%‘Qk(z>>’

=1 L j=1°%" %k 1 %7 Tk k=1

where lkjE is a number of poles with the residue k and —k, respectively, and

k k
P@) =[]e-z). Q@ =]]Gc-z).

Ji=1 ir=1
Therefore,
n ~
0(z) = H PQs P(R) =) kP (PQk — Pi0)),
s=1 k=1

where

HPQS

s;ék
Then the pair (22.8) admits a solution
u(z) = N(2)exp(g(z)), v(z) = M(z)exp(g(2)), (22.14)
where g(z) is a polynomial and
N@ =[]reo®. M@ =P []E00" " (22.15)
k=1 k=1

Substituting (22.15) into (22.8), we get a pair of differential equations of the form
(22.8) for M(z) and N(z) with u, v replaced by N, M. It is easy to observe that
g""(z) = 0. As the second equation of (22.8) results by substituting w(z) = v(z)/u(z)
into (2, P»), the following theorem follows:

Theorem 22.5. For the existence of a rational solution of (2, P2) it is necessary
and sufficient that (22.8) with u, v replaced by N, M has a polynomial solution
(M(z), N(z)), N (z) # 0, under the condition that at all poles of w(z) with residue +k,

the polynomials M (z) and N (z) have zeros of multiplicity k* — 1 and k?, respectively.
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Denote now
N-—1 . N .
M(z) = Z pidV I, N@) = ZCIJ'ZN_J, qo = 1. (22.16)
i=0 =0
Clearly
n
N =degN(z) = Y (f + LK, (22.17)
k=1

where llj, [, are the numbers of poles of rational solutions with residues equal to k
and —k. Substituting (22.16) into the first equation of (22.8) we observe that p% =N.
From the second equation of (22.8) it follows that pg = —«. Therefore N = o?. For
a rational solution of (2, P2), z = 00 is a holomorphic point. Substituting w(z) =
Z;io ajzfj into (o, Pp) yields ap = 0, a; = —«. Now from the total sum of the
residues of a single-valued function in the complex plane, see Hahn and Epstein [1],

we obtain
n n

DG -k =—a, Y (F O =0, (22.18)
k=1 k=1

Therefore, we easily obtain

Theorem 22.6. For the existence of a rational solution of (2, P2), it is necessary and
sufficient that o € 7Z.. For every integer «, the equation (3, P2) has a unique rational
solution.

Proof. The necessity follows from the first equation of (22.18), as the left-hand side of
this equation is an integer. The sufficiency follows from the Bicklund transformations
of (2, P2) constructed below. They permit us to construct the rational solutions for all
integer parameters « from the seed solution w = 0 for ¢ = 0. O

Theorem 22.7. The pair of differential equations

Hy

0
w +w?=gq, w(2
dg

+2) + o= Xug (22.19)
is equivalent to the higher order Painlevé equation (2, P2).

Proof. The equivalence between (3, P,) and (22.19) immediately follows from the
identity
oH,
dq

2w —Xoq =D7IS" (W), q=w +uw?
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which is verified as follows:

dH,
g

=2wD 'X,q — Xnq — D_ISZ,(w/)

= (2wD™'Qw + D) — Qw + D)) () — DS (W)

= @4wD 'w — D)"Y (w') — DTS (w)

= (4wD 'w — D — D7 (4w? +4w' D" 'w — D)) i ()

=D '(D@wD 'w — D) — (4w? + 4w'D~'w — DY) S (w")

= 0. O

2w — Xpq — D7S" (w')

Using the equivalent system (22.19), we obtain the Bicklund transformations for
(21 P2), see Airault [1] and Gromak [8].

Theorem 22.8. Let w(z) be a meromorphic solution of (2, P2) with parameter a such
that

oH,
42—L£0, ri=w?-—w.
ar
Then the transformations
1 _ 0H,\™'
T7rwbw=—w-—-Qx—1) Z+28 , (22.20)
r
N I dH,\ !
T:w—w=—-w-—Qa+1) z—|—28~ , (22.21)
q
S we(2) = —w_q(2), (22.22)

where § = W+ W', determine Béiicklund transformations of (s, P2) such that T~ (w)
is a solution of (y, P2) with parameter & = o — 1.

Proof. The pair (22.19) shows that a solution wgy(z) of (2, P2) with parameter o
generates a solution ¢g(z) of (22.4). Conversely, a fixed solution ¢ (z) forms a solution
wg (2) of (3, P>) with parameter «. Denote now

JdH,

Q:=2 +z, P:=X,q. (22.23)
dq
Then from (22.19) we get w = (P — «)/Q and
, o0H,
Q=2D8 +1=2X,9+1=2P + 1. (22.24)
q

Suppose now that a solution ¢ (z) can be obtained from another solution wg(z) of
(21 P»). Then we have

v +at=q, WO+a=P. (22.25)
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Therefore
v+t =w+w’, WO+a=P (22.26)
and P 3 0+ ~ ~
gl _wete-—a o7 (22.27)
0 0 0

Substituting w from (22.27) and w = (P — o)/ Q into the first equation of (22.26)
we find that
(@—a)Q =2(a —a)(P —a) + (a — @)’ (22.28)

Substituting Q" from (22.24) gives two possibilities for &: either @ = « with
W=w,orad = —a— 1 withw = w+ 2a + 1)/Q. Finding w by means of w
yields the inverse transformation. We note that if w is a solution of (3, P>) with the
parameter «, then —w is a solution with the parameter —«. Thus w +— —w implies
o —a, g — r = —w' + w?. This completes the proof. O

From (22.19) it follows that (3, P») has a (2n — 1)-parameter family of solutions
when o« = m 4+ 1/2,m € Z. This family is generated by the generic solution of the
equation

0H,

ar
Finally, we remark that the fundamental domain of equation (3, P>) is also 0 <
Re(a) < 1/2 and the following statement on the auto-Bécklund transformations holds:

2

+z=0. (22.29)

Theorem 22.9. Let wy(z) be a meromorphic solution of (2, Py). Then, for a € 7Z, the
function
We (2) = T*ST " wy (2)

is a solution of (3, P2) as well and Wy # Wy, If We(2) is non-rational.

Proof. Similar as the proof of Theorem 19.4. O

To close this chapter, we shortly consider the case of (4 P»). The pair of differential
equations equivalent to (4 P2), corresponding to (22.19), takes the form

g=w+w? w®6qg>+z-29")=6q9¢ —q" —a, (22.30)
and the Backlund transformations of (4 P,) are
T7''wi o =-w-— Qx— DR,
T:>w=—o— Q&+ DR,

where R(r) := z+6r> —2r" r := w> —w’, § := W'+ w?. The poles of the solutions
w(z) are simple and have residues —1, +1 or —2, +2. A rational solution exists if and
only if ¢ is an integer. Applying the Backlund transformations to the seed solution
w = 0 for @ = 0, we obtain the following list of the first rational solutions of (4 P2):
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Table 22.1. List of the first rational solutions of (4 P»).

o We (2)
0 0
1
+1 -
Z
2
+2 =
Z
2 _ st
= + (Z 144—‘,—15)
Ly | 4 6967296 — 8709127 — 288710 — 4713
2(144 + z5)(—48384 + 1008z + z10)

It follows from the equivalent pair (22.30) that (4 P;) has a 3-parameter family of
solutions (called 3-solutions), defined by the system

w=—swr+y, y' =3ey’+ez/2, =1, a=—g/2. (22.31)

It is not difficult to deduce that any five solutions of the same Bicklund hierarchy
are algebraically dependent. This results in a nonlinear superposition formula between
these solutions, see Gromak [15].

The second equation of (22.31) is, essentially, the first Painlevé equation. Taking
a meromorphic function u such that w = gu’/u, we obtain

u —eyu =0, y' =3ey’+ez/2. (22.32)

The first equation in (22.32) is linear. Therefore, the coefficient of this linear equation
is determined by a solution of the first Painlevé equation. In this sense, this result is
similar to the Lamé equation

u” + (ap (2) + b)u =0,

where g (z) is the Weierstrass elliptic function.

Remark. Value distribution of meromorphic solutions of (2, P2) has been recently
investigated by Li an He [1]. Connections between the higher order analogues of (P;)
and of (P») has been investigated by Kudryashov [1].



Chapter 6
The fourth Painlevé equation (P,)

The fourth Painlevé equation (Py) is characterized, along with (P;) and (P;), by
the property that all of its solutions are meromorphic functions, as proved in §4.
However, as (P4) has two complex parameters, several phenomena appear to be more
complicated as is the case for (P,). In particular, this concerns the analysis of the
existence of rational solutions and the same applies for Béacklund transformations.
Therefore, the fundamental parameter domain too becomes less transparent than in
the simple case of (P2). On the other hand, the polar behavior is quite similar to the
corresponding behavior for (P,). A new phenomenon is the connection of (P4) with
the complementary error function.

§23 Preliminary remarks

The fourth Painlevé equation

w 2 3
w’ = (213 +§w3+4zw2+2(zz—a)w+g (P4)

contains two free parameters «, 8 € C, in contrast to the first two Painlevé equations
(P1) and (P2). As shown in §4, see also Steinmetz [4], all solutions of (Py) are
meromorphic functions. From the proof of this fact in §4, we recall that all poles of
any solution w(z) of (P4) have to be simple with the residue 1. In fact, around a
pole zp, the Laurent expansion of w(z) reads as

w(z) = % — 20+ %(z(z)+2a—4,u)(z—zo) +h(z—z20)> +0(z —z0)°, (23.1)
—20

where u?> = 1, h € C is arbitrary and all other coefficients are uniquely determined
in terms of «, B, zo and A.

Very much similarly as in §17 for (P,), we may determine entire functions u(z),
v(z) such that any solution w(z) equals to their quotient v(z)/u(z). Indeed, by (23.1)
it is immediate to see that w? + 2zw = (w + z)> — z> may be represented as

WP+ 22w = ——— + (2. 20) (23.2)
(z — z0)

around zg, where ¢ (z, zg) is analytic in a neighborhood of zg. By (23.2), w? + 2zw
has double poles only. Hence, exactly as in §17, there exists a meromorphic function
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W'(z) = w? + 2zw, and an entire function u(z) such that u’ = —Wu. Again, u may
be expressed as

u(z) =exp<—/z ds/s (wz(t)+2tw(t))dt),

where the path of integration avoids the poles of w. We may assume that u(zg) = 0 and
u'(z0) = 1. Defining again v(z) := w(z)u(z), we obtain the desired quotient repre-
sentation.The entire functions u(z), v(z) now satisfy the following pair of differential
equations:

u” — W) + v* + 2zuv = 0

2uvv” + 02 W) — 2uvu'v' — u? (v')? (23.3)
= v* 4+ 4zuv® + 4(z2 — oz)uzv2 + 2,8u4.
The first equation in (23.2) follows from

u’ W\’ u 2 u 2 u' 2
(2] () = () e ()
u u u u u
v\2 v u'\?
= (5 -2 (1)
u u u
while the second one can be obtained by first substituting w(z) = v(z)/u(z) into (Py),
and then replacing uu” from the first equation above.

Before proceeding, we make the following remark which describes an interesting
symmetry property of (P4). Namely, let P4(c, B) denote the family of solutions of
(P4) with parameters «, 8. Let now A be such that A= 1, and let «, B be given.
If w(z) € P4(a, B), then it is an elementary calculation to show that if w(z) :=
2 'w(rz), then W(z) € Py(ar?, B).

We now proceed to show how a certain one-parameter family of solutions of (Py)

may be constructed. To this end, observe that by a straightforward computation, all
solutions of the Riccati differential equation

w = pw? + 2uzw —2(1 + ap), (23.4)

where ;2 = 1, also satisfy (P4) with 8 = —2(1 4+ au)?. As is well-known, all poles
of w are simple with residue —u. Therefore, there exists an entire function u such that
w=— l/«”g/ implying that u satisfies the Weber—Hermite linear differential equation

u” —2uzu’ — 2(a + wu = 0. (23.5)

We remark that (23.5) can be further reduced to the Whittaker differential equation

4§2& = (¢ — 4kt +4m> - 1) (23.6)
de? ¥ '
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where y = y(k, m, {) depends on the parameters k, m. It is immediate to check that

1 1 1 1
u(z) =1z exp<2u2>y<4+2au,4, uz).

If we now substitute z = 7,/u, assuming that —1 —au = n € N, then 8 = —2n
in (P4) and all solutions of (23.5) may be expressed as u(z) = U(z/,/u) with

2

n

U(r) = exp(tz) ddr” (exp(—t2)(C1 + Cz/ exp(zz) dt)).

In particular, (23.5) admits solutions expressible in terms of the Hermite polynomials

5. d" exp( 72 /2 (2v)! -2
U(t) = Hy(t) := (=1)" exp(z >——Z< 1)( ) Q)"

(23.7)
We remark, according to Bassom, Clarkson and Hicks [1], that the transformation

1
u(z) = () exp (ZMZ) . E:=42

reduces (23.5) into the parabolic cylinder equation

1 _ (L ay ] (23.8)
dg2 ~\3° TET RN ‘

All solutions of (23.8) may be expressed in the form

n@) =ciDy(§) + c2Dy(—§), (23.9)
where v := —a — %(1 + w), and where D, (£) denotes a parabolic cylinder function
satisfying

dZD,, 1

— = S —v——|D,

dg? 2

and having the asymptotic behavior

Dy(§) ~ &¥exp(—£%/4), & — +o0,

2 .
Dy (&) ~ —%e””'s—”—l exp(§2/4), & — —oo, argé =,

provided v ¢ Z. If v € N, then D, (§) = 27"/2H, (¢ /+/2) exp (—$£2). For further
properties of Hermite polynomials, see e.g. Abramowitz and Stegun [1], p. 687-691
and Rainville [1], p. 187-198.
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We also point out that (Py) is equivalent to as non-linear autonomous system, see
Adler [1]. In fact, consider the autonomous system

g1=281(g2—g3) +a

g =g(g3— g1+ (23.10)
/

g3 = g3(g1 — &) + 3.

Provided o1 + oy + a3 # 0, a linear change of variables in (23.10) results in a
normalization

g1+g+g=-2z, aj+aytaz=-2

Then it is immediate to see that the first component g also satisfies (P4) with the

parameter values o = %(a3 —a), B = —%a%, see also Noumi and Yamada [1].

§24 Poles of fourth Painlevé transcendents
We shall consider the following pair of differential equations, where u? = 1:

w' = pw? + 2uzw + £

(24.1)
2we' = &2 —2uw? Q1 + ap) + £) + 2.

By an elementary computation, (24.1) is equivalent with (P4), as observed by Luka-
shevich [1]. Making use of (24.1), we may proceed similarly as in §18 for (P,) to
prove the following

Theorem 24.1. Allnonrational solutions of (Ps), not satisfying the Riccati differential
equation (23.4), have infinitely many poles with residue = 1 and, respectively, with
residue = —1.

Proof. Differentiating the second equation of (24.1), substituting for w’ the first equa-
tion of (24.1), and dividing by 2w, we obtain

£+ 2uzt’ + 2pwE’ + 2p(puw? + 2uzw + E) (1 + ap) +£) =0.
Substituting now for 2wé’ the second equation of (24.1), we further get
" +2uzE + pE + 2uB + QU+ ap) + &) (@zw + 2u8) = 0. (24.2)

As w does not satisfy (23.4), we have & 4+ 2(1 + o) # 0, and so we may solve
w from (24.2) to obtain

g 4228 + 382 + 401+ ap)E 428
B 4pz(E +2(1 +ap)) '

(24.3)
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Substituting further (24.3) in the second equation of (24.1), we obtain, after some
computation

D@, p) := 98" + 67" +8(3(1 +ap) — nz?)&> + (") +8(a + )"
— 422 () + (128 +16(a + 10> — 16(cr + 1)) &> +4ppe”  (244)
+168(1 +ap — pz2)é +4p% —32B(a + p)z> =0,

which is an algebraic differential equation to determine £(z). The solutions £(z) of
(24.4) will be expressed in terms of the fourth Painlevé transcendents by the formula

£(z) = w'(2) — pw(z)® — 2uzw(z), (24.5)

while the solutions w(z) of (P4) will be expressed in terms of the solutions £(z) of
(24.4) by (24.3), provided w(z) does not satisfy the Riccati differential equation (23.4).

By (24.5), it is immediate to verify that the solutions £(z) of D(&, 1) have a pole
at zo if and only if w(z) has a pole at zg with residue = 1. Similarly, the solutions &(z)
of D(&, —1) have a pole at zg if and only if w(z) has a pole at zg with residue = —1.

Now, independently of y, the equation (24.4) has exactly one dominant term 9&4
in the sense of the Clunie lemma, Lemma B.11. By this lemma, £ must have infinitely
many poles, and we are done. O

Remark. In case a fourth Painlevé transcendent w(z) also satisfies the Riccati differ-
ential equation (23.4) with u = +1, resp. ¢ = —1, all poles of w(z) must be with
residue — .

§25 Connection formulae between solutions of (P4)

To construct the Bicklund transformations for the fourth Painlevé transcendents, we
observe that the following pair of two linked Riccati differential equations is equivalent
to (Py):

w' =g+ 2uzw + pw? + 2pwu
g T s (25.1)
u' = p—2uzu — pu” — 2pwu,

where g2 = =28, p = —1 —apu — %q and % = 1. In fact, putting & = 2uwu + ¢ in
(24.1), we immediately see that w satisfies (P4) with parameters («, §). O~n the other
hand, by the symmetry of (25.1), u also satisfies (P4) with parameters (a, 8) such that

p>=-28,g=—-1+adau— %p. Hence,

~ 1 ~ 1 1\?
o= Z(2M —20+3uq), B:= ) (1 +ou+ Eq) : (25.2)

Therefore, we obtain the following theorem, due to Lukashevich [1]:
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Theorem 25.1. Let w = w(z, «, B) #% 0 be a solution of (Py) with parameters (o, ).
Then the transformations

T:wi, A:@pB)— @D/, (25.3)

where

R 1
R —duzw— ). i =1, = —2B, (254)

wiz) = 2uw 2uw

determine a solution ® = W(z, &, B) of (Ps) with parameters &, B, given in (25.2).

Proof. This is an immediate consequence of the equivalence between (P4) and the
pair of differential equations (25.1), with u denoted by w. O

We note that from the system (25.1) the inverse transformation to 7' can also be
obtained. For this purpose, we express w in terms of u# from the second equation of
(25.1). This results in

T %> w A @B (@B, (25.5)
where ~
R 1 ., - ~ ~
w(z) = ﬂj = ——— (W — G+ 2uz® + uw?) (25.6)
2uw 2puw
and ~
3> = 28, a = (=2 — 20 — 3uq) /4,

~ (25.7)
=au—-1-g/2, B=-4%/2.

If in (25.5) and (25.6), / —28 = p, then it is easy to show that TT~! = T~'T = I,
AA~! = A7'A = I, where I denotes the identity transformation.

Thus, the above relations yield a one-to-one correspondence between the solutions
w(z, a, B) for which R(w) # 0 and the solutions w(z, &, B) under the given choice
of i and ¢.

Bearing in mind that our goal is to generate solution hierarchies, it is important
to consider the result of applying several consecutive Bicklund transformations. It
allows us to deduce the general form of o and B after an arbitrary number of the
Bicklund transformations. During repeated applications of the recursion relation
(25.3), the choice of 1 and g at the j™ step will be denoted by 1 j and v;, respectively,

where uf = ij = 1. Then, (25.2) is written in the form & = §(211; — 2o + 314jv;q),

E =— %(1 +opj+ %1{ ,-q)z, respectively, where the value of ¢, g is fixed in a suitable
manner.

We now turn to the problem of finding one-parameter families of solutions of (Py),
called 1-solutions. To this end, we again recall the Riccati differential equation (23.4),
the solutions of which also satisfy (Ps) with parameters (o, §) = (o, —2(1 + apn)?).



§25 Connection formulae between solutions of (Pg4) 127

Taking, as above, ¢ such that g> = —28, then we may take o such that 0> = 1 and
qgo = —2(1 + ap), hence (23.4) may be written as

Ri(w) :=w — uw? —2uzw — go = 0. (25.8)

This now determines a one-parameter family of solutions of (P4) with parameter
values
go +2(14+ap) =0, u?=0>=1, ¢>=-28. (25.9)

We now apply the (7, A)-transformation to a solution w(z) of (25.8) with parameter
values (25.9), choosing them so that (u1, vi) # (4, 0). If v = —0, u1 = —pu, say,
then the first transformation step results in

(@) + 40 — W* — 4200° — 42> — T’ +4 =0, (25.10)

which determines a one-parameter family of solutions of (P4) with E = —2and a
arbitrary. By (25.4) and (25.8), the solutions of (25.10) may be expressed in terms of
the solutions of (25.8) by means of the formula

w(z) = % —2z—w(z), o=-20-2u,

i.e. in terms of the Weber—Hermite functions.

Remark 1. If o = 0, then the equation (25.10) factorizes into two Riccati equations:
(W' + w? +2zw + 2)(w' — w? — 2zw +2) = 0.

Remark 2. After an application of the Bécklund transformation (25.3) with © = 1 to
solutions of (25.10) we obtain the equation

W)’ + Pi(z, w) W) + Pz, w)w' + P3(z, w) = 0,
where
Pi(z, w) := w? +2zw + 6 — 2a,
P(z, w) := —w* —4zuw? — 4u)2(z2 —1l—a)—8zw(l —a) — (6 — 2a)2,
Pi(z, w) = —w® — 6zw° + (—1222 — 2 + 6a)w* — 4222 + 6 — 6)w*
+ 4(60z> — 102> — 30% 4 10a — 11)w?
— 82(15 — l4a + 30D w — (6 — 2a)°.

This equation determines solutions of (P4) for § = —2(«x — 3)2. The next step of
Bécklund transformations gives

W"* 4+ 8w")* + Qa(z, w)(W)* + Q3(z, w)w' + Qa(z, w) =0,
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where
02(z, w) 1= —2w?(w? + dzw + 4z* — o)
03(z, w) := —8(w* + 4zw’ + 4w?(2? — @) + 16)
04(z, w) == w® + 8zw’ + 8322 — w)w’ +32(2* — ax)w’
+ 16(1 + 4 —2az% + oez)w4 + 647w — 256,
determining solutions of (P4) for § = —8 and « arbitrary.

The following two theorems on Bécklund transformations of (P4) originate from
Gromak [10]. For an illustration of Theorem 25.2, see Figure 26.1, p. 141.

Theorem 25.2. The equation (Py) with parameter values (o, B) such that either
B=—20un+2n—1>% neN, up>=1, (25.11)

or
B=-2n%, neN, (25.12)

has one-parameter families of solutions expressed in terms of the Weber—Hermite
functions.

Proof. Indeed, if n = 1 in (25.11) and (25.12), then we have the one-parameter
families of solutions of equation (25.8) and (25.10), respectively. Let the statement
now be valid for n = m in (25.11). Then applying (7', A)-transformations with
U1 = —u,v; = vtosolutions with parameters (25.11) in whichg = 2v(epu+2m—1),
we obtain the case (25.12) withn = m. If u; = u, v = —v, then we have the case
(25.12) withn = m — 1. If ujv; = pv, then one obtains the previous case (25.11)
withn = m. By (25.2) with (u1, v1), 8 = —2(1—pu1d+ vlq)Z. Assuming the validity
of the statement for n = m in (25.12) and ¢ = 2mv, and applying (25.3), we obtain
(25.11), where

@ n=m+1, if u =—u, vy =v;

(b) n=m, if pu; =pu, vi =—v;

© n=-m, if uy=mpn, vi=v;

d n=—m-1), if uy =—pn, vy =—v.

Therefore, the proof is completed. O

Let us now assume that a solution w(z, o, 8) does not belong to the one-parameter
families of solutions which have been obtained in Theorem 25.2. To this end, it is
sufficient that «, 8 be inconsistent with the parameters (25.11), (25.12). It is clear
from (25.4) that this assumption makes possible to apply successive Bicklund trans-
formations to a solution w(z, «, 8).
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Theorem 25.3. Successive applications of the (T, A)-transformation to a solution
w(z, o, B) of (P4) lead to a solution w(z, d, B), where (a, B) is expressible as either

a=uo-+ny, /3— (2n2+\/—2 ) (25.13)

or

- 1 3

oa=ny+ E(“ —a)+ ZM\/—M,

~ 1 1 2
B = —5(2;12 1+ po+ ?/—25) :

with (n1,ny) € 7 x Z satisfying n1 + no € 27Z. Moreover, for every pair (ny, ny)
of such integers, there exists a composition of (T, A)-transformations which carries
(a, B) to (@, B) as in (25.13) or (25.14).

(25.14)

Proof. According to (25.2), after the first application of the A-transformation, we
have

q2 o 3 1251 1 V1 2
1Ay -5 )= —§+ZM1V161+7, —E(Olﬂl‘f‘?q-f—l) .

By a suitable choice of operators, we obtain

2
q o 3 3 w2
2N o (1, V1) <Ot, —7> = {Z(l +3ur) + gvl(l —u)g + 17 + 5

1 2
— | Feen -0+ Bra+3ung + 52+ 5+ 1] }

and

2
3 K %)
28y, —pp (1, V1) (oe, —%) { (I —=3uy) — —w(l + un1)g — 171 + =

2’
1 Havi mip2 2 2}

—5 [ -5t + 1+ B 14 3ung + 55

Let us now consider the transformations:
St =2A11(1, 1) 1 (@, —¢*/2) = (a + 1, —(q +2)%/2),
Sy =2A11(1, —1) : (@, —¢*/2) > (@ + 1, —(g — 2)%/2),
S3=2A_1,1(=1,=1) : (@, —¢*/2) = (@ — 1, —(q — 2)%/2),
Sa=2A_11(=1, 1) : (@, —¢%/2) > (@ — 1, —(q +2)%/2).

For arbitrary k; € N U {0}, composing these transformations, we get

S(k1 ko, k3,kg) - (O[ —-q /2)
> (ki ko — ks — ks, —(g + 20kt — k2 — ks + k4))?/2).
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Hence, for every pair (n1, np) such thatn| +ny € 27, and for g = /—28, there exist
ki, ky, k3, ks € NU{O} satisfyingn; = k1 +kp—k3 —ka,ny = k1 —ko —kz+k4, namely
ni —|—~n2 = 2(k; — k3),n; — ny = 2(kp — kq). This implies that S(kl,kz,k},k4)(av B) =
(@, B) coincides with (25.13). Furthermore, for g = /=28,

At : (@ —q2/2) ( S P Y /2+1)2)
: 7_ H - a - _7 - X b
1A (a,—q St Ha+ T ety

and hence, applying Sk, ky,ky,ks) t0 (—/2 + (3/4) g + /2, —Q2/2) with Q =
ap+q/2+ 1, we obtain (&, B) given by (25.14). Thus the second part of the theorem

is proved.
As to the first part, namely the closedness of parameters, this may be verified by
direct computation:

1
D 1A (4 m, =5+ V=257

1 3 1 1
= (E(M* —o)+ ZM*\/ —2B + Ni, —E(Olli* +1+ SV —2B +2N2)2) ;

where u* = vy,

—n1 +3pving + w1 (1 —vy) i

1= Z,
2
Ny = Hiving +n§+ (v =1 cZ.
(mivi — D(ny —n2) + (v — DA — py)

N1+ Ny = + 2uving € 27Z.

2
1 3 1 1 2
2) 1A E(u—a)—l-zu\/—Z,B—l-n], —5<,u0t—|—1+§\/—2;8+2n2>
1
@+N{,—§(\/—2ﬁ+2N£)2>, if wivy =,

1 3 1 1
"~ (E(_M —a) — yiaad 2B+ N{, —E(—MO{ +1+ SV —2B + 2Nﬁ/)2> ,

if vy = —p,
where
- 3
N = W+ 2111+ una cZ
1+ +niu+n
Né _ 129231 . 14 2 e

(I=wmy —ny) + @1+ D +1) 4 oun

€ 27,
) 2

N{+ Ny =
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M1 — 1 —ny —3un;

N{ = €7,
2
Né/ _ -1 - 'Zlunl —n2 A
-1 1 -1
N+ NY = (m1 =D+ )';(M )y +n3) 2y € 27,
proving the theorem. O

Remark 3. To construct the solutions of ( P4) for arbitrary values of parameters («, 8),
it is sufficient to construct solutions for every (¢, B) in the domain

G:={(@ B)|0<Rea <1, Rey/=28 >0, Re(y/—28 +20) <2}. (25.15)

The validity of this statement directly follows from Theorem 25.3, the relations (25.13),
(25.14), the transformation (25.3) and the transformation w(z) = A~ 'w(rz), A2 =
—1. Thus (25.15) is a fundamental domain of the parameter space.

We now proceed to consider solutions of (P4) which satisfy a first order algebraic
differential equation as well, i.e. solutions corresponding to the Airy solutions in §21.
The proof of Theorem 25.4 follows the basic idea of the proof of Theorem 21.1, and
so could be presented in more details in the same way.

Theorem 25.4. The Painlevé differential equation (P4) admits a one-parameter fam-
ily of solutions satisfying a first order algebraic differential equation P(z, w, w') =0
if and only if the parameters a, B satisfy (25.11) or (25.12). All such solutions may be
obtained from the solutions of the Riccati differential equation (23.4), under the con-
dition B = —2(1 + aw)?, by repeated applications of the Bicklund transformations
and the transformation w(z) = A 'w(rz), A2 = —1.

Proof. The sufficiency of the conditions (25.11) and (25.12) has been obtained above.
To proceed to the necessity, similarly as in the case of (P,), it is sufficient to consider
the equation (Py4) for the parameter values («, 8) in the fundamental domain G only.
However, for the sake of simplicity, we apply the domain

G = {(oc,q) |0 <Rea <1, 0<Reqg <2, 0<Re(g +2a) < 2}, (25.16)

where q2 = —28, instead of the domain G. In fact, instead of (¢, q) = (0,2) € G
we may introduce (o, g) = (1,0) € G without loss of generality as these points
are equivalent with respect to the Béacklund transformations (25.2)—(25.5) by taking
u=—1land g = —2.

Suppose now that w(z) is transcendental. The following expansion for w’ in a
neighborhood of the poles of w may easily be verified:

o0
Gz, w, i, h) = aaw? + ajw + ag + Za_jw_‘/,
j=1
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where ap = p, a1 = 2uz, ap = —2 — 2« and where a_1 =: h is arbitrary. Hence,
we obtain

PG.ow,w) = )" + ) P w)w)
= (25.17)

~

+

I
=[[[]( -GG w. 1.hp))(w — Gz w, —1, k),

j=lk=1

where [, and [_ are the numbers of the factors of P(z, w, w’) = 0 in w’ with u = 1
and u = —1, respectively, and h,, is the arbitrary coefficient a_; in the corresponding
expansion for w’. Expanding the right-hand side of (25.17) we find that

o0
P(z,w,w) = w)" — <02w2 +o1w+oo0+ Z %)(w’)”—l +.--=0, (25.18)
j=1

where op = I —1_, 01 = 2z(l4 —1-),00 = —2n +2a(- —Iy) and 0_; =
P ag)}, where agj). stands for the coefficient a_; in the corresponding expansion.
Consequently, the coefficients in the polynomial

Pi(z, w) = po@w? + pri@w + pi2(2)
become
po=1-—lt, pu=2z0-—-12), pn=2n-2a(_—1). (2519
Next, we substitute w = 1/u in the equations (P4) and P(z, w, w’) = 0 to obtain

g 3?3

— = — 47— 2(z> — a)u — Bu’, (25.20)
2u 2u
and _
P(z,u,u') = )"+ (Prou® + Priu + pr)@)" '+ =0,
where
Plo=—p12, Dil=—pil, P12 = —pio. (25.21)

We now form the expansion of P (z, u, u’) corresponding to G(z, w, i, i) around
a pole of u, i.e. around a zero of w. First suppose that 8 # 0. Writing

’ 2 b
u = bou +b1u+bo+7+"'

for (25.20), we find that b, = o.,/—2f, where 02 =1and b is arbitrary. Here we
choose the value of /—2p according to the choice of o.
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Let us denote by l~+ and I_ the number of the factors of P (z,u,u') witho =1
and 0 = —1, respectively. It is clear that [_ + /4 = n. Then, as in the case of
P(z,w,w’) = 0, we have pjg = (I_ — [;)g. But from (25.21) and (25.19) we
immediately get the following condition:

(- —T)g =2a(_ —1y) —2n. (25.22)

Next suppose that 8 = 0. Then every pole of u is double, and u satisfies an
equation of the form

u' = c3pu’? +ciu+cppu' 4

By the same argument, we have pjo = 0, which implies that (25.22) is valid in the
case B = 0 as well. o
We now proceed to consider (25.22) in the domain G. Clearlx,d [0, €

N U {0}, and since n > 0, @ and g as well as [_ — I and [_ — [ cannot vanish
simultaneously. L
(1) Suppose first that/_ — [, = 0and/_ — I # 0. Then
I+
g =212 (25.23)
Iy —1_

Therefore, g € R. But 0 < g < 2 in G}, contradicting (25.23).
(2) Assume next that/_ — [ # 0,/ — [ = 0. Then,

I_+14
=1y
Hencea e Randso0 <o < 1in G;. By (25.24),11 =0, [_ is arbitrary and o = 1.
But then we must have («, g) = (1, 0) € G1. By Theorem 24.1, w(z) satisfies (23.4).
This means that the equation P(z, w, w’) = 0 coincides with the Riccati equation
234 withu=—-1,a=1,=0. L

(3) Finally suppose that [, —[_ % 0 and /[y — [_ # 0. Let us now consider the
line (25.22) in the («, g)-plane, written as

o

(25.24)

H: {( | F+d=10: ML= } (25.25)
: o, q 7 0 , O T+—7_’ : 1, . .

Clearly, if H N Gy # @, then either (a) 0 < Q < 2,0r (b) 0 < L < 1. As we already
showed above, the case (a) is impossible. As for the case (b), wehavea = 1,14 = 0in
G1. By Theorem 24.1, w(z) satisfies (23.4). To complete the proof, let us consider the
rational solutions. As will be shown in the next section, all rational solutions of (P4) can
be classified. For (o, g) € G1, there exist only two rational solutions (except for the
trivial solution w = 0) given by wo(z) = —2z, (&, B) = (0, —2) and w1 (z) = —2z/3,
(o, B) = (0, —2/9); this fact is verified by using (25.13) and (25.14). The solution
wo(z) belongs to a one-parameter family of solutions of the Riccati equation (23.4).
The other solution w;(z) does not satisfy (23.4), since 8 # —2(1 + ou)?. Thus, we
have proved Theorem 25.4. O
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Remark 4. As shown above, any transcendental solution w(z) of (P4) such that
w(z) € A1(C(z)) belongs to a one-parameter family of solutions given in Theo-
rem 25.4.

Remark 5. Let us again denote by v, v = 1, the choice of the value /=28 in
a T-transformation (25.3). Then T generates four solutions w; = w;(z, «;, B;),
j = 1,2,3,4, according to the choice of (u, v). These solutions may be written in
the form

wi = (w' — /=28 — 2zw — w?) /2w, (w,v) = (1, 1),
wy = —(w' + /=26 + 2zw + w?) 2w, (1, v) = (=1, = 1),
w3 = (w' + /=28 — 2zw — w?) /2w, (w,v) = (1, —1),
wy = —(w' — /=28 + 2zw + w?) /2w, (1, v) = (=1, .

Eliminating w’ from the above expressions yields the following algebraic relations
between the solutions w, wi, ..., W4:

w] +wqg =wy + w3z =—-27 —w,
wq +w2+(\/—2/3+2zw+w2)/w =0,

w3 =wy + (V—28)/w.

Closing this section, we obtain a nonlinear superposition formula which links
solutions on two successive levels. Let T}, ,, be a T -transformation (25.3) with a fixed
choice of u, v. One application of T}, , gives the four solutions w; = w;(z, o}, B;),
Jj =1,2,3,4above. Applying T twice, T, v, o T},,v, generates 16 solutions w;, j =
wi, j(z, 0, Bi ), i, ] € {1,2,3,4). Notethat Ty 1o T 1 =T _10T_11 =
T_1_10T11 =T_1 1071 —1 = I, where I denotes the identity transformation. The
relation between the solutions w, w; and w; ; is given by

(I +v1) 2+ v2q + 2au2)
2wj

+ Cuaw + (u1 + 2)(2z + wj) + 2pnw; ;) = 0.

Using the trivial symmetry,

So:w(z,0,B) > plw(uz,0,8), wr=1

and T -transformations, we may obtain auto-Bécklund transformations of the form
(T~1¥ 6 Sy o T*, where k € Z denotes the k'™ step of the application of the Bicklund
transformation, where the parameters are subjected to the condition that either o € Z

or =2+ @2n+1)°/9,n e

Remark 6. Other forms of Bicklund transformations exist for (Py4) as well as for other
Painlevé equations, see e.g. Murata [1], Kitaev [1], Boiti and Pempinelli [1]. Such
transformations may be obtained by using the isomonodromy deformation technique,
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see e.g. Jimbo and Miwa [1], [2], Jimbo, Miwa and Ueno [1], Fokas and Its [1],
Flaschka and Newell [1] and Its and Novokshenov [1]. Moreover, several Bicklund
transformations for Painlevé equations have been obtained by using the Schlesinger
transformation of linear differential equations. In fact, Fokas, Mugan and Ablowitz
[1], see also Bassom, Clarkson and Hicks [1], applied this method for (P4). In Bassom,
Clarkson and Hicks [1] one can find a survey of various Bicklund transformations for
(Py), relations between them and the solution hierarchies.

§26 Rational solutions of (Py)

In this section, we aim to characterize the pairs of parameter values (o, 8) in (Py)
for which rational solutions may exist. For original articles concerning this topic,
see Lukashevich [1], Gromak [10] and Murata [1]. Concerning a detailed analysis of
rational solutions of (P4), omitted here, we refer to Murata [1] and Bassom, Clarkson
and Hicks [1].

To start with, it is a trivial observation that any solution w(z) of (Py4) is rational if
and only if z = oo is either regular or a pole for w(z), since w(z) is meromorphic by
§4. Denoting ¢ := z~!, (P4) may be written as

w” _ (w/)Z
2w

wf+3w3+4w2+2(1 t2)w+ B (26.1)
—2— 4+ —— — —at?)— + —(—. .
t 21t t5 o ttw
We may now write (26.1) in the form
20 (tw’) +tw)yw — (rw)? = 3t 2wt + 8 Bwl +4(1—arP)Hw? 428172, (26.2)

Assume first that # = 0 is a pole of v(¢) = w(r™1). As one can easily check, v(¢) has
the following expansion in a neighborhood ¢ = 0:

o0
v(t) = a_lt_l + Zajtj, a_1 #0.
j=0

Since rv/ = —a_jt 1 4+ ijo jajtj, @) =a_1t7 4+ ijo jzajtj, we have

20tV + tv)v — (tv')?
i1
— 224y (2j(j +2)ata; + Y kGk+3 - j)akaj_l_k>tf_l.
>0 k=0
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Furthermore,

v =a? 17 + Z <2a_1q/ + Z akla/Q)t]_l,

j=0 kit+ky=j—1

kmfj_l

v} = ailt_3 + Z (3a31aj + Z aklakzak3)tf_2,

j=0 k1+ky+k3=j—2

kmfj*l

v = cfilz‘_4 + Z (4ailaj + Z aklakzak3ak4)t]_3.

j=0 ky+ko+k3+ka=j—3

kmfj_l

Substituting w = v(¢) into (26.2) and using the expressions above, we obtain

302, +8a_1 +4 =0,
(3a® | + 6a_, +2)a_ja; = Pj(a-1,ay,...,aj—1,a,B), j=0.
This implies that a_1 = —2 or a_1 = —2/3, and that, for both a_1, the coefficients
a; are determined uniquely. Since (26.1) remains invariant under the substitution
(v,t) — (—v, —t), the formal series —v(—t) also satisfies (26.1), and hence v(t) =
—v(—t), implying that ay; = 0, for j € NU {0}. By a simple computation, a| and a3
are given by
(3a%1 +6a_1+2)a_1a1 = aa%l,
4(3a> | + 6a_1 +2)a_1a3 (26.3)
= 8aa_ja; — 28 — a%l — 18a%1a12 — 24a_1a12 — 4a12.
For example, we have (1) a) = —a ifa_; = —2,and ) a; = a ifa_; = -2/3.

Assume next that ¢ = 0 is a holomorphic point of v(¢) = w1 Itis easy to see
that v(¢) admits an expansion of the form

0
v(t) = Z ajt’!.
j=1

Observing that
' = Zjajtj, v = a%t2 + Z (201aj + Z aklakz)th
j=1 j=2 ki+ko=j+1
kmfj_l
and so on, we conclude that 4a% +28 =0, a1a; = Pi(ay,...,aj—1,a,B), j = 2.

By the same argument as to above, we can verify that a;; = 0, j € N U {0}. The
coefficients a, a3 are then given by

B+2a} =0, 2a3=aa —2a3. (26.4)
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Since the solutions of the equation (P4) have simple poles only with residues = +£1,
rational solutions for which z = oo is a pole may exist only, when « € Z as one can
easily see by (26.3). Similarly, rational solutions for which z = oo is a holomorphic

point may exist only, when /—/2 € Z.
Therefore, if a rational solution of (P4) exists, then it must be of the form

w() = Az 4 22 (26.5)
n(z)
where A € {0, —2, —2/3}, and
m—1 . m .
£ =) &2/, n@=) n, (26.6)
j=0 j=0
where 0, = 1, np—1 =3 =---=0,&2 =&n_a=---=0. If£(z) =0, then

(P4) admits the following rational solutions:
w=0, if =0,

w= -2z, if «a =0 and B = -2,

2 2

w=—§z, if « =0 and ,3=—§

Recall the pair (23.3) of differential equations equivalent to (P4). As we seek for
rational solutions of (P4), we may take

v(z) = P(2) exp(g(2)), u(z) = Q(2) exp(g(z)), (26.8)

where P(z), Q(z) are polynomials of the degrees n and m, respectively, and g(z) is
an entire function. Substituting (26.8) into (23.3) we obtain

00" —(0) +g"0*+2:PQ + P* =0,
2PQ2P// + 2P2Q2g// + PZ(Q/)Z _ ZPQP/Q/ _ (P/)2Q2 (26.9)
= P*+4zPP0 + 4% — ) P? Q% + 280"

(26.7)

Similarly as to the procedure applied for (P,) in §20, it is easy to prove the
following

Theorem 26.1. The fourth Painlevé equation (Ps) admits a rational solution if and
only if the pair (26.9) of differential equations has a polynomial solution (P (z), Q(z)),
Q(z) # 0, under a suitable choice of a polynomial g(z) obtained in accordance with
the construction of (23.3).

Let w(z) be a rational solution of (Py4). Let z1, ..., z;; denote the poles of w(z).
Since w(z)(w(z) +2z) = (z — zj)_2 + O(1) around each pole by (23.2), we have

m

1
w@RWE) +22) =Y ——— +¢().

— 7.)2
o @=z)
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where ¢(z) = —g”(z) is a polynomial. Substituting the series expansion w(z) =
r+aiz ' +a3z73+ - around z = oo, and comparing (26.2) and (26.5), we have

AA+2)22 4204 Day+ (@] +2(+Daz)z 2+ 0@ ) = p () +mz 2+ 0(27?).

This implies that m = a% 4+ 2(A + Da3z. If A = 0, then by (26.3), a; = £./—8/2 and
az = :I:%«/—,B/2 + g Therefore, in this case,

m = to —,8/2+§. (26.10)
Moreover, if A = —2, respectively A = —%, then we apply a1 = —a, a3 = %az +
%,3 + %, respectively a] = o, a3 = —%az — %ﬂ — A%, to obtain
2
o 1
me_%_B_1 (26.11)
2 4 2
respectively
> 3 g1 (26.12)
m=———-B——. )
2 4 6
To construct the rational solutions of (P4) explicitly, the Backlund transformations
may be applied. To this end, take first the solution w(z, 0, —2) = —2z as the initial

solution. We then obtain solutions as in Table 26.1 and Table 26.2 below with parameter
values

a=n;, B=-20142n—n1)% ni,n eZ. (26.13)

These relations may be obtained by using Theorem 25.3; both types of A-transforma-
tions lead to the same result (26.13).

Note that, by §23, the rational solutions listed in Tables 26.1 and 26.2 contain
solutions of the form

H' (1
— g ® L, B=-2m2 z=yut, =1,
H,(t)
H' (¢
w=—22+i\/ﬁH”§t;, a=npn, B=-20+n? z=iJut, p*=1,
n

where H,(¢) is the Hermite polynomial defined in (23.7).
To complete the construction, let now w(z, 0, —%) = —%z be the initial solution.
Then we obtain solutions as in Table 26.3 with the parameter values

2
o =ni, ﬂ=—§(6n2—3n1 + 12, ni,meZ. (26.14)
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Table 26.1. The first rational solutions of (P4) regular at 7z = co.

o B w(z, o, B)
1
+2 | =2 +-
Z
4z
+3 | -8 +—
222 +1
222+ 1
44| =2 —_ =
z222F 1)

42222 F 1)(2z% £3)
+
(2z2 £ 1)(4z4 +3)

5| -8

82(2z%2 £+ 3)

+5| =32 o e
474 £ 1272+ 3

Table 26.2. The first rational solutions of (P4) of the form w(z, o, B) = =2z + P(2)/Q0(2).

a B 22+ w(z, o, B)
0| -2 0
0 |-18|— 82
Q2+ D22 =1
1
+1| -8 1
Z
+2 | —18 4z
T2
32z2+1)
+3 | —32 Ao =)
T22+3)
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Table 26.3. The first rational solutions of (P4) of the form w(z, «, 8) = —2z/3 + P(2)/Q(2).

a B 2z/3+w(z, a, B)
2
0| -= 0
9
8 1
41| —= 4+
9 Z
2 272 4+
41| 32 2T E3
9 7222 ¥ 3)
2 4
) =
9 22243
3 32 3(82% F20z* + 3072 £ 45)
9 72(27%2 F 3)(4z* — 45)

We complete this section by collecting the above considerations in the following

Theorem 26.2. The fourth Painlevé equation (Ps) admits a rational solution w(z) if
and only if the parameter values (o, B) are as in (26.13) or (26.14). For any of these
parameter values, there exists a unique rational solution.

Proof. Indeed, the sufficiency of these conditions follows from the fact that under
the parameter values (26.13) and (26.14) with arbitrary integers n1, ny, the rational
solutions can be constructed by means of Bécklund transformations (25.3) starting
from the nontrivial rational solutions given by (26.7). Assuming the existence of a
rational solution under the values of parameters different from (26.13) and (26.14),
we immediately obtain the existence of a rational solution which is different from
(26.7) such that the parameters are in the fundamental domain (25.15). However, this
contradicts the second necessary condition of the existence of the rational solutions.
In fact, m, determined by (26.10), (26.11) and (26.12), is a non-negative integer in
the fundamental domain if and only if we have one of the solutions (26.7). The
uniqueness of the rational solutions under parameter values (26.13), (26.14) follows
from the uniqueness of the rational solutions (26.7) in the fundamental domain. 0O

The next figure depicts all real pairs («, /—2f) described in Theorem 25.2 and
Theorem 26.2. In this figure, black horizontal lines, resp. red lines, represent the
Weber-Hermite solutions (25.12), resp. (25.11). The crossing points of red lines
represent the real pairs («, o/—28) in (26.13), while the blue points represent (26.14).
The gray area describes the fundamental domain G in (25.15).
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Figure 26.1.

§27 The complementary error function hierarchy

The Riccati differential equation (23.4) may be used to generate, by means of the
Bécklund transformations, in addition to the rational solutions in §26, one-parameter
families of transcendental solutions of (P4) as well. As an example, following Bassom,
Clarkson and Hicks [1], we consider some families of one-parameter solutions of (Py),
generated from the seed solution w(z, 1, 0) of the Riccati equation (23.4) with u = —1,
ie.

w' = —w? - 2zw. (27.1)

In this case, the Weber—Hermite equation (23.5) may be integrated to yield
u(z) = B — Aerfc(2), (27.2)

where A and B are arbitrary constants and erf ¢(z) is the complementary error function
given by

erf c(z) = % / - exp(—12) dt. (27.3)
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Hence we obtain the exact solution of (Py),

2A exp(—z2)
Jr(l — Aerfe(z))’

where we have set B = 1, since the ratio A/B of the constants only is relevant; the
case B = 0 generates no solutions of importance and so we do not pursue this option
here. Applying now the transformation w(z) = A~ 'w(Az), A2 = —1, from §23,
to w(z, 1, 0), assumed to be non-vanishing, we obtain w(z, —1,0). The solutions
w(z, 1,0) and w(z, —1, 0) satisfy the equations

w(z, 1,0) =

(27.4)

w+2zw+w? =0, w —2zw—w?=0, (27.5)

respectively. A hierarchy of solutions of (P4) can now be derived from (27.4) by the
Bécklund transformations. Each of the solutions is expressed in terms of z, ¥ (z) and
¥'(z), where ¥ (z) := 1 — Aerf c(z). The collection of solutions of (P4) obtained in
this way is called the complementary error function hierarchy. By setting o = 1 and
B = 0in Theorem 25.3 we see that the solutions in the complementary error function
hierarchy will have parameter values given by

an=mi+1, By =-2m3

provided that m| + my = 2m3 and m1, my, m3 are integers.

In Tables 27.1 and 27.2 we present the first solutions in this complementary error
function hierarchy with 8 # 0. Observe that these solutions will be expressed as
rational functions of z and W (z) = ¥'(z) /¥ (z). Moreover, they are listed either being
of the form P(z, ¥(z2))/Q(z, ¥(z)) or of the form —2z + P(z, ¥(z))/Q(z, ¥ (2)).

Remark 1. If A = 0 above, then ¥ = 0 and complementary error function solu-
tions reduce to rational solutions. Not all rational solutions arise as special limits of
complementary error function solutions in this way.

Remark 2. We are not going to examine here another hierarchy of (P4) related to
complementary error functions the solutions of which are complex valued for real z.
To derive these solutions we apply the transformation w(z) = A~ w(Az) for pRa——
to the solutions of complementary error function hierarchy. For example, from the
solution (27.4) the transformation

iz, wkrH —lw, ok —«

results in
2i A exp(z?) D)

w(z, —1,0) = _ﬁ(l — Aerfe(iz)) B d(2)’

where ®(z) =1 — Aerf c(iz).
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Table 27.1. Complementary error function solutions of the form P(z, ¥)/Q(z, V).

a | B w(z, o, B)
W2 420 —2
21 -2 YoV -2
v+ 27
2
2 -2
U427
20 +2
3 | _g (W 4+ 22)

¥+ 222+ 1)

3(z¥ + (222 + 1))
@2+ DY +2z3+32)

—2(W? + 320 + (222 — 1))
(U +22)(z¥ + (222 + 1))

Table 27.2. Complementary error function solutions of the form —2z + P(z, ¥)/Q(z, ¥).

a B 2z +w(z, o, B)
0| -2 -
1| -8 2
v 42z
5 | _1g —2(¥ +22)

W+ 222+ 1)

=3(z¥ + 222+ 1)
2+ DY 4 (222 4 3)z

2(293 + 2222 + D2 +4z(2 + DY - 2)
(W 4 22) (V2 4 2zW —2)
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§28 A half-integer hierarchy of solutions

In this section, we consider a one-parameter family of solutions of (Ps) associated
with certain half-integer values of the parameters «, 8, see Bassom, Clarkson and
Hicks [1] and Gromak [10] for more details.

Choosing « = —u/2 in (23.4) implies that 8 = —2(1 + au)?> = —1/2. The
general solution of (23.4) with « = —u/2 may be obtained from

né) = AlD,%(S) + AzD,%(—E),

where A| and A are arbitrary constants and D, (§) is the parabolic cylinder function,
see (23.8) and (23.9). The general solution of the Weber—Hermite differential equation
(23.5) now reads as

uz, ) =exp (522) (41D_y (V22) + 42Dy (—22).

Thus we obtain

1 1 __u’(z,l)__ 3
w (Z, —E, —§> = uz 1) =—-z—-U(2), (28.1)
where
V2[AID' | (v22) — AyD' | (—/22)]
U — 2 2
O A (V2 + MaD_y ()
and
11\ -1
w <Z, 5 —§> = m =—z4+U(2). (28.2)

We note that the solutions w(z, —1/2, —1/2) and w(z, 1/2, —1/2) satisfy the equa-
tions

w=2zw+w?—1, w=-27w—w?-1,
respectively. The solutions (28.1) and (28.2) may now be used to generate the required
hierarchy of solutions. Substituting ¢« = £1/2 and 8 = —1/2 into Theorem 25.3
leads to the conclusion that the solutions in the hierarchy will have the parameters «;,

and B, given by

4L B L ons 4172
oy =N -, = —— .
n 1 2 n ) na

where n1 and n, are any integers, or
2
ap =my, Pp= _2m21

where m| and m; are integers satisfying (m + my)/2 € Z. Thus, o and B can
take both half-integer and integer values. The hierarchy of solutions generated by
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this procedure will be usually referred to as the half-integer hierarchy. The first
solutions in this hierarchy are given in Table 28.1 below, expressed in terms of U (z) :=

V2[A1D", ,(V22) = A2 D' ), (=V22)/[A1D-12(V22) + A2 D—12(—/22)].

Table 28.1. The first solutions in the half-integer hierarchy.

o B w(z, a, B)
1 1 U
2 2 ¢
1 1 U
2|72 ¢

_ 772 2 _
1 5 U +z 1

U—-1z
3 9 3U% —4zU + 22 + 1
2 2 U —-2)(U2=z2+1)
5 | _g 4U -0 = (@ -DU* = P +)U +* =22 +1)
U? =22+ 1H@U2 —4zU + 22+ 1)




Chapter 7
The third Painlevé equation (P3)

The third Painlevé equation ( P3) is different from the first, second and fourth Painlevé
equations (P1), (P2) and (Py), treated in the preceding chapters, in the sense that (P3)
may admit non-meromorphic solutions. However, as described in §3, and proved by
Hinkkanen and Laine [2] in detail, a simple transformation, see (3.1), carries (FP3)
over to a modified form, all solutions of which are meromorphic in the complex plane.
Therefore, by Theorem 3.1, and an application of the reversed transformation (3.1), all
local solutions of (P3) around z # 0 permit an unrestricted analytic (meromorphic)
continuation into C\ {0}. A similar conclusion applies for (Ps) as well, by Theorem 5.1.
However, it should be kept in mind that a solution of (P3), resp. (Ps), may admit a
logarithmic branch point at z = 0. To describe algebraic solutions in this and the
subsequent chapters, we shall use root expressions for specific solutions of the Painlevé
equation in question.

The contents of this chapter largely follows the pattern of the previous Chapters 4
through 6. A new aspect will appear by some analysis devoted to considering about
conditions on the coefficients of (P3) which imply the existence of a solution w(z)
meromorphic, resp. algebraic, at z = 0.

§29 Preliminary remarks

The third Painlevé equation

1 (w/)2 w/ 1 2 3 (S
W=t = = —(aw? 4 B) w4+ = (Ps)

w z z w
with arbitrary complex parameters «, §, v, § cannot be integrated, in general, in terms
of classical transcendental functions. However, under suitable conditions imposed
upon the parameters, the equation (P3) may be integrated in terms of elementary
functions, or (P3) may admit solutions which are elementary functions of certain

classical transcendental functions.

(1) To present some of such situations described above, we first apply the transfor-
mation z = exp(¢) for (P3). Rewriting, after the transformation, z again in place of
¢, we obtain

N2
w' = (w") +ez(aw2 + B) +eZz (yw3 + %) ) (29.1)
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It is now elementary to verify that the following identities are valid for all solutions

of (29.1):
N 2
dz w w w (29.2)
)
2 Y
w

= (—2 - w2> e +2<§ —aw)ez
(%) - (% + ywz) ¥+ (g + aw) e (29.3)

Adding now (29.3) twice to (29.2) results in

and

d ((w\* . ) 1
—(l—) +2— +G(z,w) | =4@e™* + Be*fw)—, (29.4)
dz w w w
where
8 2 2 ,3
Gz,w):=(—> —yw™ e +2| — —aw e
w w
By the corresponding subtraction,
d {{w\? w
—((—) —2— +G(z, w)) = —4(ye¥w? + actw). (29.5)
dz w w

If now o = B = y = 6 = 0, then it immediately follows from (29.4) and (29.5),
recalling the transformation z = exp(¢) we made for (P3), that all solutions of (P3)
are power functions w(z) = C1z¢2 with C;, C, € C.

Let us now consider the cases 8 = § = 0, resp. « = y = 0, in (29.4), resp. in
(29.5). Then we immediately get, respectively,

7\ 2 /
<£> + 22 —2uefw — ye2zw2 = (i, (29.6)
w w
N\ 2 ’
1 1
(3) 2% 48— 42— = Ca (29.7)
w w w w

The equations (29.6) and (29.7) may be integrated in terms of elementary functions.
For example, transforming (29.6) by 1/v = e*w, we obtain

W)? =2av+y + (1 + Cv2. (29.8)
Correspondingly, for (29.7) we get

W) = —2Bv—8+ (1 + Co)v?
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by means of the transformation v = e~ *w. These two equations may now be explicitly
integrated. For instance, for (29.8) we obtain the following general solution, provided
1+Cy #0:

o (4l et 4@? — y — yCy)
1+ C 4(1 4 C1)3/2e(0+CD!* (c+uz)

v(z) =

El

where u? = 1 and ¢ is an arbitrary constant. On the other hand, if 1 + C; = 0 and
o # 0, then (29.8) has the general solution

1
v(z) = —(ozc2 _r_ 2uacz + ozzz),
2 o
while for 1 + C; = 0 and o = 0, we obtain

v(z) = c+ pyz.

(2) Similarly as in the previous equations (P,) and (Py4), we are interested about seek-
ing for such combinations of parameters that a solution w(z) of (P3) simultaneously
satisfies a Riccati differential equation. To this end, suppose that all solutions of a
Riccati differential equation

w =a@w?+b@Qw+c(z), alz) £0, (29.9)

with meromorphic coefficients are solutions of (P3) at the same time. Substituting
(29.9) into (P3), it is an elementary computation to see that necessary and sufficient
conditions for the existence of such a solution family are

_a-—a 2

a>=y £0, b= , ¢c=-8, ap+cla—2a)=0. (29.10)
az

Hence, (29.9) must be of the form

w=aw?+ 2" %w+e. (29.11)

az

It is now an easy computation to check that the linear differential equation

d? —ad
o) ez adil® e =0 (29.12)
dt at drt

reduces back to (29.11) by the transformation w(z) = — aul(z) dL:l(ZZ), z = AT,

A2 = (ac)~!, provided ¢ # 0. As is well-known from the theory of special functions,
or may be verified by a suitable mathematical software, the general solution of (29.12)
is

u(t) = 1PV (C1 Jy)a)(T) + CaJ—q/@a) (1)), (29.13)
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where J,(7) is a Bessel function, whenever «/(2a) ¢ Z, while if «/(2a) € Z, then
J_a/(2a) In (29.13) has to be replaced by a cylinder function of the second kind Yy /(24).
Clearly, the solutions of (29.12) generate all solutions of (29.11), hence a family of
solutions of (P3). If c = 0 and a # 0in (29.11), then (29.11) may be directly solved
in the form w(z) = z@~9/4(C — a?z*/* o)~ .

In some particular cases, the solutions of (29.12) and hence those of (P3) may be
elementary functions. As an example, if @ = a(1 + 2n), n € N U {0}, then by the
well-known expressions for Bessel functions,

u(t)=t1+2”<C d" cost d" sinr).

C
1(tdr)" T + 2(ra’r)" T

Finally, we remark that the possible rational solutions for (29.11) and (P3) will be
considered in §35 below.

(3) Asin the case of all previous Painlevé equations as well, it is sometimes convenient
to consider a pair of differential equations of first order, equivalent to (P3). To this
end, we consider a pair of first order differential equations of the form

{ w' = ay(z) + a1 (Q)w + a2 (2)w? + a3(2)wv, (29.14)

v = bo(2) + b1(2)w + ba(2)v + b3 (2)wv + ba()wv?,

where v is an auxiliary function and w has to satis_fy (P3). Substituting (29.14) in
(P3), and assuming that the power combinations w/v¥ are linearly independent, we
obtain the following equations for determining the coefficients a;(z), b;(2):

1

2 /
ajy =—6, ay=—-a
0 1 z 1
, 1
a, + ajaz + bpaz = Z(a —a),
1
ag + ajaz + byaz = —ga3, (29.15)

1
ay — apa) = E('B —ap),

al+biaz =y, bi+2ay=0, by=—a;.

Looking at (29.15), observe that we may assume a3 7# 0. In fact, if a3 = 0, the first
equation in (29.14) reduces back to (29.9) above. If § = 0, then (29.15) implies that
B = 0as well, and so we are back in (29.6). Assuming that§ # 0,a; = 0andaz =1,
as we may do without loosing generality, we obtain from (29.15) the following pair
of differential equations:

w' = (=827 + hw + zw?v,

) 5 (29.16)
W =a+yzw— (1 4+ h)v —zwvs,
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where (h — 1)(—8)1/2 = —B. Before proceeding, we remark that by w = 1/ W, (P3)
transforms into the same equation with (—8, —«, —8, —y) replacing («, 8, 8, y), see
(29.18) below. Then, in (29.16) with respect to (W, v), we may choose the coefficients
(=B, —a, =8, —y'/?) to replace («, B, v, (=8)/?). Putting w = 1/W, w; = —v,
we obtain the following pair of differential equations:

w' = (/7 — Dw + zw; + Jyzw?,

/ ) (29.17)
ww| = pw + (/Y —2wwi + zwy + 8z,

which is equivalent to (P3), provided y # 0.

(4) We next consider a transformation property of (P3), without going into details.
Denote by ¢(z, «, B, ¥, 8) a solution of (P3) and consider transformations of the

following type:

k1 ko
9 9

T:wrH ojw 7 022

where o;, kj # 0. Then the transformations
T . ~ —1 252 55202
1(o1,02) : ¢ = ¢(z,a0102, Bo| 02, Y0{05,80, “05)
—1
=0, ¢z, B,y,98),

Tr: ¢ > ¢z, —B, —at. =8, —y) == (p(z. 0. .7, 8)
Ts: ¢(z,a, B,0,0) — ¢(z,0,0,2e,28) = ¢p(%, , B, 0,0)/?

(29.18)

may be used to generate the solutions of (P3). Leaving aside the integrable cases
a=B=y =8 =0a =y =0,8=25§ =0, we may restrict ourselves to
considering the four cases

(@) yd #0,

®) y=0, ad#0,

() §=0, By #0,

d s§=y=0, aBf #0.
By the transformations 73 and 73, the cases (29.19(d)) and (29.19(c)) reduce back to
(29.19(a)) and (29.19(b)), respectively. Therefore, it suffices to consider these two

cases only. Moreover, as it is easy to see, we may assume that y = 1,§ = —1 in
(29.19(a)) and @ = 1,5 = —1 in (29.19(b)) without loss of generality.

(29.19)

(5) Finally, observe that the third Painlevé equation ( P3) is equivalent to the following
nonlinear chain, see Adler [1]:

fl=erf+ fis.
fB=celfi+ frgn.
—gi =&+ g1 fr.
—gh=r¢1g1+ & f1,

(29.20)
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where €] = aje1, 85, = e and oy + o = 1.

Substituting v(z1) = €1(z) f1(2)/(e2/2(2)), ¢(z1) = f1(2)g2(2) — f2(2)g1(2),

71 = €1& and eliminating ¢ from the equations
V=1-v 4@ —m+d)v/z, ¢ =@ —)v+(p+5)/v,

where s = f1(2)g2(2) + f2(2)g1(z) is the first integral of (29.20), we obtain that
the function v(z;) that satisfies (P3) with parameters « = —s — 21, 8 = s + 22,
y=—-6=1.

§30 Behavior of solutions around z = 0 and z = o0

This section is now devoted to finding out conditions on the coefficients of (P3) which
imply the existence of a solution meromorphic, resp. algebraic, in a neighborhood of
z = 0. We also include similar considerations at z = co. Throughout of this section,
we omit the cases § = § = 0 and « = y = 0, which have been treated in §29.

(1) We first proceed to finding necessary and sufficient conditions for the existence of
a solution w(z) of (P3) with a pole at z = 0. To this end, let us assume that a formal
solution w(z) of (P3) in a neighborhood of z = 0 is of the form

o
w@) =Y az/, ay#0. (30.1)
j=—1
Writing (P3) in the form
zzw)'w — (zw')? = azw’ + Bzw + yPw* + 822
and substituting (30.1) into (P3), we easily deduce that the cases « = 0, y # 0 and
o # 0, y = 0 result in an immediate contradiction. Therefore, a necessary condition
for a pole at z = 0 is that «y # 0. In this case, by an elementary pole multiplicity

comparison, / = 1. By the expressions

j—1

2w w — (zw')? = Z ((j + 1)%aja_; + Zk(j — l)akaj—l—k>zj71,

j=0 k=0
_ —1 j— 1
wp:aflz p—i—Z(pafl aj + Z akl...akp)zf pFL
Jj=0 ke -eebkp=j—p+1
kmSJ.*l

p:27314’
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the system of equations for determining the coefficients a; in (30.1) takes the form:

ya_1+a =0,
(1 —3aa_; —4ya® )ag =0,
4 —3aa_1 — 4ya31)a1 = 3aa(2) + 6ya(2)a,1 + B, (30.2)

[(n + 1)2 —3xa_; — 4ya31]a_1an
:Pn(a—l’ao,...,al’l—lyaa ﬂ? V? 8)a n 227

where P, is a polynomial in the variables described. Solving a_; from the first
equation of (30.2), the coefficients a, can be obtained, recursively, from the following
set of equations:

2
2. 21 _ Y
[(n+1) V o ]an - a Pl’l(a—laaoy'-'aan—laav ﬁa )/75) (303)
= O'n(a—l, ‘10, L] an—l, aa ﬂv V7 8)
Therefore, necessary conditions for a pole at z = 0 are that either
Ky —a®>#0, keN, (30.4)
or
or_1 =0, if K’y —a? =0, (30.5)

for some k € N. Moreover, we infer from (30.2) that either ay; = 0, k € Z, and
azk+1 is uniquely determined, when o? < 2k + 2)2)/, or apy is arbitrary, when
o = 2k + 1)2)/. Therefore, the coefficients a, of the expansion (30.1) are uniquely
defined in the case of (30.4) and depend on one arbitrary coefficient a;_; in the case
(30.5).
We now proceed to show that the conditions (30.4) and (30.5) are, in fact, sufficient.
In (29.17), we make the change of variables:

2

w=u , u=zU, and z°w; =V. (30.6)

Then we have

(30.7)

2V =B +ay V2V 45U + UV

For the formal series of w(z) constructed above, the corresponding formal series U (z)
obtained from (30.6) contains no terms of negative power and satisfies U (0) = ug :=
—y/a # 0. Furthermore, it is easy to see that the function V (z) defined by the first
equation of (30.7) has the same property. Denote now V (0) =: vg. Then, the pair of
functions (¢ (z), ¥ (z)) given by ¢ (2) := U(z) — ug, ¥(z) := V(z) — vo satisfies a
system of the form

¢’ = F($, ¥, 2),
W' =G, ¥, 2),



§30 Behavior of solutions around z =0and z = o0 153

where F (¢, ¥, z), G(¢, ¥, 7) are polynomials of ¢, ¥, z satisfying F(0,0,0) =
G(0,0,0). By Theorem A.12, we conclude the convergence of w(z). Therefore,
having deleted the integrable cases treated in §29, we have proved

Theorem 30.1. The third Painlevé equation (P3) admits solutions meromorphic in the
whole complex plane and with a pole at 7 = O if and only if oy # 0 and the conditions
(30.4) or (30.5) are fulfilled. If (30.4) is satisfied, exactly one such solution exists.
In the case of (30.5), there exists a one-parameter family of solutions of the required

type.

(2) We next consider the existence of a meromorphic solution for (P3) analytic in a
neighborhood of z = 0. To this end, let us assume that a formal solution of (P3) in a
neighborhood of z = 0 of the form

o0
w@) =Y a7/ (30.8)
Jj=0
exists. Substituting (30.8) into (P3), and observing that

J—1
2@w)w = (w)* =) (fajao + ) k(2K - j)aka,,k)zf,
j=0 k=1

we get the following system of equations for determining the coefficients a;:

ao(a) — aaj — ) =0,
dapar = 3ota%a1 + yag + Ba; + 4,

5 5 3 (30.9)
9apaz = —ajaz + 3a(agaz + apay) + 4yagar + Paz,

n2a00n=Pn(a(),alw--,an—l,auga yva)’ ’122

By the first equation of (30.9), we have to consider the two cases ag = 0 and ag # 0
separately.

First consider the case ag = 0. By the transformation 7> in (29.18), w(z) transforms
to a solution with a pole at z = 0. As shown above, this case occurs when 6 # 0 or
when 8 = § = 0. Hence, by Theorem 30.1, the convergence of (30.8) follows.

We may now assume that ag # 0. Then all coefficients a;, j > 1, may be uniquely
expressed in terms of «, B, ¥, 8, ap by using (30.9). Convergence of the series (30.8)
can be proved by reducing (P3) to a Briot—-Bouquet system. Putting w = ag + u,
v = (vi —h/ag)/z, h = (/=8 — B)//—8, 8 # 0 in the pair (29.16) of differential
equations equivalent to (P3), we get the following pair of differential equations:

zu’ = —hu + ajvy + =8z + 2apuvy + viu® — (h/ap)u?,

20} = —(h?Jadyu + hvy + az + yz%(ao + u) — agv? (30.10)
- v%u + 2huvy/ag
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with eigenvalues Aj,» = 0. Therefore, (30.10) has a unique solution analytic in a
neighborhood of z = 0 such that u — 0, v — 0, as z — 0. Consider the formal
series v(z) defined by the first equation of (29.16) and the formal series of w(z).
Then it is easy to check that the corresponding series vi(z) = h/ag + zv(z) satisfies
v1(0) = 0. Since (30.10) admits a formal series solution (u#(z), v1(z)) vanishing at
z = 0, the convergence of w(z) now follows, provided § # 0. If § = 0, y # 0, then
by applying the transformation 75 from (29.18) into (P3) this case is reduced to § # 0,
y = 0. Finally, the case § = y = 0, B # 0 may be reduced to 6y # 0 by using
the transformation 73 from (29.18). Then, (30.8) is changed into w = ngio bjzj 2,
by # 0, which satisfies (P3) with (&, B, ¥,8) = (0, 0, 2, 28). The system (29.16)
is now given by

0 = (=8)z + W + zi v,

2V = Pz — 2v — zin’.
Making the change of variables W = by + u, zv + bo_1 = vy, /% = ¢, we obtain
a Briot—Bouquet system with respect to (u, vi). This admits a formal series solution
(u(t), v1(¢)) such that u(0) = v1(0) = 0. Thus the convergence is verified.

Thus, except for the special cases treated in §29, the series (30.8) is either reduces
to a polar series (30.1) by means of T»>-transformation from (29.18), implying the
convergence by Theorem 30.1, or (30.8) has an arbitrary coefficient and according to
(30.10) the convergence follows.

(3) We now proceed to consider the behavior of solutions of (P3) around z = oo.
Putting zt = 1 in (P3), and observing that z(d/dz) = —t(d/dt), we get
N/ N2 1 3 1 4
t@w)'w — (w’) =;(ocw +ﬂw)+t—2(yw + 3). (30.11)

We leave it as an exercise for the reader to show that + = 0 cannot be a pole for the
solutions of (30.11), except for the solvable cases corresponding to the special cases
treated in §29. However, formal solutions of the form

w(t) =Y ajt! (30.12)
j=0

may exist in a neighborhood of = 0. Substituting the series (30.12) into (30.11), we
obtain the following system of equations for recursive determination of the coefficients:

yaé +46=0,

4ya801 + ozag + Bap =0,

4yajas + 3aajay + 6yajai + pa; =0,

— (ao(a1 — 3050% — 4ya13)) + Bay + 303(01 +4yay)a;
+ 4ya8a3 =0,

(30.13)

dyaday, + Po(ag, ai,...,an_1,,6,7,8) =0, n>4.
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It now follows from (30.13) that if y§ # 0, then all a;, j > 1, may be uniquely
expressed in terms of ag, «, B, ¥, 6. If y = 0, then § = 0 as well by the first equation
of (30.13). This case may be reduced to y§ # 0 by using the transformation 73
from (29.18). Indeed, (30.12) transforms into @ (1) = Y72, a;#//* such that @ (1/z)
formally satisfies (P3) with (&, B, 7,8) = (0, 0, 2&, 28). As will be shown later in
this section, for a Puiseux series around z = oo, the branching multiplicity is either 1
or 3. Hence, d;_1 = 0 for all k € N. Thus this case is reduced to that of y§ # 0. If
now § = 0, then yag = 0 by the first equation of (30.13) again. Therefore, we may
now assume that ag = 0. Substituting now w(t) = apt™ + -+, ay, # 0, m > 1 into
(30.11) and comparing the terms of the lowest degree, we obtain 8§ = 0, which is a
special case in §29.

Clearly, the series (30.12) converges if it is an expansion of a rational solution
in a neighborhood of z = oco. Necessary and sufficient conditions of the existence
of rational solutions of (P3), hence also sufficient conditions for the convergence of
(30.12) will be treated in §35 below.

(4) In asimilar way, necessary and sufficient conditions for the existence of solutions
of (P3) for which z = 0 and z = oo are algebraic branch points may be found out.
Actually, we are going to show below that the order of the branching of a solution at
these points has to be equal to three. If z = 0 and z = oo are algebraic points with
branching multiplicity s € N, then the solution w(z) is expressible in the form w(z) =
R(z'/%) for some rational function R (7). In fact, since w(z) is at most meromogghic
around each point zg # 0, 0o, w(r®) = R(7) is a rational function of 7 € C =
C U {00}, and hence, by the substitution 7 = Zl/s , the expression follows. If s = 1,
then an algebraic solution degenerates into a rational function. To obtain the required
conditions for the coefficients, denote z = 7°, where s € N. Observing that z(d/dz) =
s7lr(d /dT), the third Painlevé equation (P3) takes the form

t(zw)w — (rw)? = sz(ts(aw3 + Bw) + ¥ (yw* + 8)). (30.14)

Let now

w(t) = P(1)/Q(7) (30.15)

be a rational solution of the equation (30.14), where P(7) and Q(t) are irreducible
polynomials of degrees p and ¢, respectively. If s > 1, then (30.15) defines an
algebraic solution of the equation (P3). Substituting (30.15) as a power series around
7 = oo into (30.14) and comparing the coefficients of the highest powers of 7, we
obtain

(@ p=gq, if y8 #0;

30.16
(b) p=q-+s/3, if a8 #0, y =0. (30.16)

Observe that (30.16) is related to the cases (a) and (b) in (29.19). The case (¢) in
(29.19),1.e. 6 =0, By # 0, reduces to (30.16(b)) by means of the transformation 75
in (29.18), p = g + s/3. Finally, in the case (d) in (29.19),i.e. y =§ =0, a8 # 0,
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we have p = ¢ since (d) reduces to (30.16(a)) by means of the transformation 73 from
(29.18).

We next consider the equation (30.14) at infinity by putting = = 1/¢. Then we
obtain

1w w — (tw? =521 (@w? + pw) + 17 (yw* +9)). (30.17)

Consider first the case (30.16(a)), i.e. 8 7# 0. Then the solution (30.15) is analytic in
a neighborhood of ¢+ = 0. We next show that the solution (30.15) is a function of #*
which means that it is a rational function of z. To this end, we compute the expansion
of (30.15) in a neighborhood of T = o0, i.e. of t = 0, and show that in a neighborhood
of ¢t = 0 the solution (30.15) can be expressed in the form

oo
w(t) = byt (30.18)
j=0

This must coincide with the expansion (30.12). In fact, let the expansion of (30.15)
be of the following form

w(t) = Zbktk. (30.19)
k=0

Substituting (30.19) into (30.17), we easily see that ybg + & = 0 and that the
coefficients by, k > 1, are determined uniquely up to the choice of by. Recall the
formal solution ¢ (z) = Z;io ajz_j of (P3) around z = o0, see (30.12). Note that
yaé + 8 = 0 by the first equation of (30.13), and that a;, j > 1, are determined
uniquely up to ag. Since w(t) = ¢ (t~°) = Z;io ajtsj also satisfies (30.17), this must
coincide with (30.19). Hence,

by — 1% ifk =sj, j e NU{0}
k= 0, otherwise,

provided that the choice of the root ag is made suitably. Consequently, the solution
(30.15) has the expansion (30.18) in a neighborhood of the infinity # = 0. Hence,
(30.15) is a rational function of z = 7°5.

It remains to consider the case (30.16(b)), i.e., y = 0, «d # 0. In this case s = 3r,
r € N. Then t = 0 is a pole of multiplicity r of the solutions. As in the previous case,
we proceed to show that the only essential case is s = 3. We now write (30.15) in the
form

wt)= Y at*, o, #0. (30.20)
k=—r

Substituting this into (30.17) with s = 3r, we see that ac3_r + 8 = 0, and that ¢y,
k > —r are determined uniquely up to c_,. Make now the change of variables t" = p.
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Then tj—t = rp%. Hence (30.17) transforms into

pow)w — (pw)* =3 (p*(aw® + Bw) + p7%). (30.21)

This equation admits a solution w(p) = ¥ (p) = j’ifl djpj. Here, adil +46 =0,
and dj, j > 0, are determined uniquely. It is easy to see that y(¢") satisfies (30.17).

This implies that v (") coincides with (30.20):

di, itk=rj, je NU{-I,0}
Ck = .
0, otherwise,
provided that the root d_ is chosen suitably. Consequently, the solution (30.15) has
the expansion (30.20) in a neighborhood of t = 0 when y = 0, «é # 0. This means
that (30.15) is a rational function of z'/3 = ¢".
Hence, we are now ready to formulate the following

Theorem 30.2. The equation (P3) with y8 # 0 admits no algebraically branched
solutions at 7 = 0 and z = 00. On the other hand, the equation (P3) with y = 0,
ad # 0 may admit solutions algebraically branched at z = 0 and 7 = oo. In this
case, the branching multiplicity of such solutions must be equal to 3.

§31 Poles of third Painlevé transcendents

Similarly as in the preceding section, we omit the special case y = o« = 0, treated
in §29, from our considerations in this section. We first consider the modified third
Painlevé equation (P3), writing it in the form

ww” = W)? + aw® + yw* + Be*w + se*. (P3)

Suppose first that y = 0 and & # 0, and let zo be a pole of w(z). Substituting the
Laurent expansion at zg into (P3), we immediately see that the pole has to be double
and the expansion is of the form
)= =L 4 o)
wi)= ———"—"7 Z),
(z —z0)?
where ®(z) is analytic in a neighborhood of zg. As an immediate consequence of
the Clunie lemma, Lemma B.11, w(z) has infinitely many poles in C, at least if w(z)
satisfies 7/ T (r, w) = o(1). If then y # 0, and z is a pole of w(z), we use the same
reasoning to infer that the pole must be simple with residue equal to 1/,/y. Moreover,
by the Clunie reasoning, the number of poles must be infinite in this case as well.
As there are two possible residue values in the case of y # 0, the question again
arises whether there are infinitely many poles of both residue type. For simplicity, we
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first restrict ourselves to considering the original third equation (P3), assuming that
w(z) is a meromorphic solution in the whole complex plane.
So, let us assume that zg 7 0 is a pole of a meromorphic solution of (P3). Substi-

tuting the series
o

w= Z aj(z — z0)’ (31.1)

j=—k

into (P3) and comparing the coefficients, we find that k = 1 if y # Oand k = 2
if y = 0 and o # 0. In the latter case, we infer, by substituting (31.1) in (P3),
that a_p = 2zp/a, a_1 = 0, ap is arbitrary, and all coefficients a;, j > 2, may be
uniquely determined in terms of «, 8, v, 8, ap and zo. Applying Lemma B.11 to the
equation (P3), we see at once that w(z) admits infinitely many poles. Therefore, we
may assume in this section, from now on, that y # 0. Then we have the following
system for determining the coefficients in (31.1):

z0(1 — Vaa1) =0,

2apz0 = aa’ | +4zoyapa’ | + ya’,,

) ) ) (31.2)
ao +4zoar = 3aapa_1 + yzo(daiaZ | + 6aga_1) +4yapa” ,
20(n* +n —2)a, = Py(a_1,ao, ..., ap—1), n>2.
By (31.2), a routine computation results in
1 1 <a 4 1 > (313)
a1=—, ag=—7——+—]. .
NS 2z0 \yv Y

Moreover, the coefficient a; is arbitrary and all coefficients a; with j > 2 are uniquely
determined in terms of «, 8, y, 8, a1 and zg.

Recall now the pair (29.17) of differential equations equivalent to ( P3), and observe
that the values of ,/y may be different in (29.17) and in (31.3). Therefore, to prevent
misunderstanding, we denote their signs, respectively, with ¢ and v, ,u,2 =v2=1.1f
now w; is eliminated from (29.17), then we get the equation (P3). Suppose now that

zwl — B — (/Y — 2wy £ 0. (31.4)

Then, eliminating w from (29.17), we get an algebraic differential equation for w; as
follows:

wy Jywt = =28y + uy78(ap — y8z)
—wi(B%y — 80® +4y8 — dua /¥ — y2*(w))?) — ydz(wi + zw)) (31.5)
- w%( — 2By + uy(@p + 2y872%) + yz(w) + zw’l’)),

with just one term uyﬁsz‘l‘ of maximal total order. The relation between the
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solutions of (P3) and those of (31.5) under the condition (31.4) now reads as follows:
’ 2 ol w

wy =w — puyw —I—(l——)—,

NOE:

w = (87 +zw%)<zw/1 + (2 — %) wp — ﬂ>_l-

Let zo # 0 be a pole of the solution w(z) of (P3). Then the principal part of the
expansion of w; in a neighborhood of z is

(31.6)

Gawy) = T g2 —
J7 204/7 (2 — 20)
It is now immediate to observe that the function w is analytic in a neighborhood of
20, if zo is a pole of w(z) with residue v/, /Y, and u = —v, and wy has a double pole
at zo, if ©# = v. Applying the Clunie reasoning again to the equation (31.5), we infer
that w; has infinitely many poles in both possible cases of © which, in fact, may be
chosen arbitrarily. Therefore, we have obtained

Theorem 31.1. Any transcendental meromorphic solution of (P3) has an infinite num-
ber of poles with both residues 1/./y and —1/./y, provided the condition (31.4)
holds.

If the condition (31.4) is not fulfilled, then we get w% + 8 = 0 from the second
equation of (29.17). Therefore, w; reduces to a constant. This means that the first
equation in (29.17) becomes a Riccati differential equation for w(z), and so, by the
Clunie reasoning again, w(z) has infinitely many poles, all with the same residue
v//y of the same sign. Examples of such solutions are the solutions generated by
(29.13).

Let us next consider an arbitrary solution w(z) of (P3). We denote by w;(z)
the function defined by the first equation of (31.6). Consider now W(z) := w(e?),
Wi(z) := wi(e?). Clearly, W(z) is a solution of (29.1). Suppose now that (31.4) is
fulfilled, namely that w(z) is not a solution of the Riccati differential equation

2w’ = pyyaw’ + (ap/y — Dw+pu/'vV=8z, @ =w) =1, @BL7)

and that W (z) satisfies
liminfr/T (r, W) = 0. (31.8)
r— 00

By (31.6),
EWLED) = W (@) — py7eEW @ + (1 —ap/J7)W(2),

from which T'(r, W;) < T (r, W) 4+ r < exp(Agr) follows, see Theorem 9.1. By the
Clunie reasoning, from (31.5) with e? in place of z, we obtain

m(r, W1) = O(r). (31.9)
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Furthermore, under the supposition (31.4), the second equation of (31.6)

W) = ¢*(8 + Wi@D(Wi @) + 2 — ap/y7I)Wi@) - B)

yields T'(r, W) <« T (r, W1) +r, implying that lim inf, oo v/ T (r, W1) = 0 by (31.8).
Combining this with (31.9), we conclude that lim inf,_, o, /N (r, W;) = 0. Hence,
for both i and —p, wi(z) admits infinitely many poles. Indeed, if wi(z) has a finite
number of poles only, then N (r, W) = O(r), a contradiction. By the same argument
as above, we obtain

Theorem 31.2. Suppose that y # 0. Let w(z) be a solution of (P3) such that
W (z) = w(e) satisfies (31.8). Then w(z) has an infinite number of poles with both
residues 1/,/y and —1/./y if and only if w(z) is not a solution of (31.7).

§32 Canonical representation of solutions
By the transformation z = exp ¢, (P3) takes the following modified form:
w” = w)?/w+ e (@w? + B) + e (yw? + §/w). (32.1)

Comparing with the substitution (3.1), it follows immediately from Theorem 3.1 that
all solutions of (32.1) are meromorphic functions. We now proceed to construct a
canonical representation for solutions of (32.1) in the form

w(¢) =v()/u®), (32.2)

where v(¢) and u(¢) are some entire functions, to be constructed. Making use of the
Laurent expansions (31.1) in a neighborhood of the poles of w(¢), it is not difficult to
check that the function

¢ pt
u(g):exp{—/ /(ye2fw(t)2+aefw(z))dtdt} (32.3)

has a simple zero at a simple pole of w(¢), if y # 0, and a double zero at a double pole
of w(¢),if @ # 0 and y = 0. Obviously, u(¢) is analytic, whenever w(¢) is analytic,
and so u(¢) is an entire function. Consequently, the function v(¢) = w({)u(¢) is
entire as well.

Differentiating now (32.3) and taking into account (32.2), we obtain a pair of
differential equations

un” = W)? — ye*v? — aefuv,
{ @) 4 (32.4)

w” = )% + Bebuv + se* u?,
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where the second equation follows by substituting (32.2) into (32.1) and observing

that
e () =0 (6) - ()
w’ — =w|l— ) =—-([—) - — .
w w u v u

By (32.3) combined with (29.5), we have

a4 (z)z_zzw( ) _41<z>
de w w cw )= de \u)’

Substitution of w = v/u yields the first integral

' v—uv')? =2 v+uv uv+Sut —yvHe¥ +2(Buv—auv®)et = Cuv?  (32.5)

of (32.4) with an arbitrary complex constant C.
We may now construct solutions of (32.4) in the form of exponential series

v(©) =D aiell. u@) =) bjelt. (32.6)
j=0 Jj=0

Substituting these series into the first equation of (32.4) and comparing the coefficients,
we obtain

ao(ar — Bbo) = 0,

bo(b1 + aap) =0,

4apaz = bo(8bo + Bai) + aob1 B,

4boby = —ao(aby + yag) — arbo,

9apas + ayax = Paiby + bo(Baz + 28b1) + baaopp, (32.7)
9bob3 + b1by = —aa1by + ap(—2ya; — aby) — axboc,

n2apa, + (n — 2)*ajan_1 + - = Pu(ao, . .., an—1,bo, ..., bp_1),

n2boby + (n —2)*b1by—1 4 -~ = Qu(ao, - .., an-1,bo, ..., ba_1).

We divide our consideration of these equations in four subcases:

(1) Let us first suppose that bpag 7# 0. Then the coefficients in the exponential
series (32.6) may be computed from (32.7) successively: a; = Bbg, by = —aayg,
ay = —afag/4 + (B* + 8)b}/4ag, by = (a? — y)a3/4by — afbo/4. As one can
immediately see, all coefficients a; and b;, with j > 2, may be uniquely expressed in
terms of ag, by, o, B, y, and §.

(2) Let us next suppose that ag = 0, by # 0. By (32.7), we observe that by = 0
and a1 8 + 8bg = 0. If B = 0, then necessarily § = 0, and this reduces back to a
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special case treated in §29, solvable in terms of elementary functions. If 8 # 0, then
a; = —boé/B, and all subsequent coefficients may be found uniquely. In particular,
we see that ayy, is arbitrary in the series (32.6) for v(¢), provided ;62 +Qk—1)28 = 0.

(3) Ifap # 0 and bg = 0, then by (32.7) again, we find successively a; = 0,
ay = Bb1/4, aby + agy = 0. If @ = 0, then y = 0 as well, and we are again back
in the special cases of §29. If o # 0, then b1 = —apy /o, and the solution depends
on an arbitrary parameter ap. Of course, all other coefficients can be found uniquely
and we obtain that by is an arbitrary coefficient in the series (32.6) for u(¢), provided
a? — 2k — 1%y =0.

(4) The case ap = bg = 0 may be treated in a similar way, and we leave it as an
exercise for the reader.

§33 The special case y =0, a8 # 0

In this section, we may assume, for simplification of the calculations, thato = —§ = 1.
Hence, (P3) now takes the special form
N2 /
w 1 1
) —— 4 -+ B - —. (33.1)
z z w

(w
w// —
w

In fact, we may fix« = —§ = 1 by putting o1 = 1/(x03), 02 = 1/\/4 —a28in (29.18).
We can rewrite (33.1) in the form of an equivalent system

w' =ez+4 (1 — ef)w + zwv,

2

(33.2)
w=1-@2—sgf)v—zwv~,

by fixing &2 =1,J=8 = ¢, y =0, = 11in (29.16). From the first equation of
(33.2) we infer that the equation

ﬂ _ L (33.3)

2 22v

2 /

V) v
v = ———a’ 4+
v Z Z

is of the considered type by a simple substitution. Indeed, if we define w(z) =
—&zv(z), then the function w(z) satisfies the equation (33.1) with the parameter value
B := B — 2¢. Therefore, we have proved the following result, see Gromak [1]:

Theorem 33.1. Let w = w(z, B) be a solution of (33.1). Then the function
Wz, B) = w[(e — Byw + z — ezw'] (33.4)
also solves an equation of the form (33.1), with the parameter value
E = B — 2e,

where e2 = 1.
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Remark 1. The equation (33.1) does not admit a solution satisfying (¢ — S)w +
z — ezw’ = 0 simultaneously. Hence, the above transformation may be repeated
unconditionally.

Remark 2. The system (33.2) has the following symmetry property: By & = —&zv,
¥ = ez 'w, (33.2) is changed into

{ W =%z + (1 —FB)i + 7027,

W =1-Q2-3p)V — 707",

withs = —¢, B = B — 2e.

If now w(z, B) is the general solution of (33.1) for a fixed value of the parameter
B, then w(z, B) is the corresponding general solution as well.

Corollary 33.2. To construct the general solution of (33.1) for arbitrary values of
the parameter f it is sufficient to construct the general solution for all B from a
fundamental domain

r<Ref <r+2,

for an arbitrary r € R.

Denote now the transformation described in Theorem 33.1 by T (¢), i.e., T'(¢) :
w(z, B) = w(z, B). In particular, we use the notations 7' := T (—1), T =T(Q).
Then, by direct computation, we verify that T~ o T = T o T~! = I, where I
is the identity transformation. Similar to the equations (P2), (Ps) in §19 and §25,
respectively, we may define simple auto-Bicklund transformations of the equation
(33.1):

Su i w(z, 0) > pw(uz, 0), p?=-1,

S:w(z, B) - —w(—z, p).

Thus, S, are auto-Bécklund transformations for 8 = 0, S is an auto-Bicklund trans-
formation for an arbitrary 8 and T¥ o S, o T* are auto-Bécklund transformations
for B =2k, k € Z.

Moreover, the solutions wg := w(z, B), wgi2 :=w(z, B+2), w44 :=w(z, f+4),
obtained by repeated applications of the Bécklund transformation 7', are connected
by means of the following nonlinear superposition formula, as one may verify by a
routine computation:

wp+4 = 22 — 2+ Pwpg4a — wﬂw§+2)/w§+2.

We continue this section by constructing some algebraic solutions of (P3) with
the help of Theorem 33.1. By §30, algebraic solutions may exist only if (a) y = 0,
ad # 0orif (b)§ = 0, By # 0except for the integrable cases treated in §29, and again
omitted from this consideration. The case (b) reduces back to the case (a) by using
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the 7;-transformation, see (29.18). Hence, we may restrict ourselves to considering
the case (a) only. Moreover, we may normalize the situation by assuming that « = 1,
8 = —1, as stated in the beginning of this section. By §30, we know that the algebraic
solutions have to be rational in z'/3. Therefore, we make the transformation z = 73
to start with. Then, instead of (33.1) and (33.4), we have

N2 1 3
W= W)W —|—9t(w2+,3 - T—) (33.5)
T w

w

and

3(e — Bw + 373 — eTw),
3w? '
Therefore, the construction problem is reverted to finding conditions for the exis-
tence of rational solutions of (33.5) and to constructing them.

w(t, B —2¢) = (33.6)

Theorem 33.3. For the existence of rational solutions of (33.5), it is necessary and
sufficient to have
B =2k, kel (33.7)

Proof. Proving the sufficiency is almost trivial. In fact, it is immediate to see that
(33.5) has a solution
w=2xrr, =1 pg=0. (33.8)

Hence, by using the transformation (33.4) inductively, we obtain rational solutions for
all B = 2k, k € Z. The first such rational solutions are listed in the following table.

Table 33.1. The first rational solutions of (33.5) with y = 0, a8 # 0.

B w(t, o, B)
0 w=xir, A =1
2eh + 372
—2¢ Aot
322t

OATd + 2462213 + 207
(el 4+ 312)2

—4e

243710 4 792074 + 5040722 + 178278 + 54007002 + 112012

—6¢
37(20 4+ 914 4 2412£22)2

To prove the necessity, let w(t) be a nontrivial rational solution of (33.5) and make
use of the transformation
yi=1/w, T>=1. (33.9)
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Then (33.5) transforms to a differential equation

dnyy" = 4n(")? —4yy =9y + By — my") (33.10)
for y = y(n, B), while the Bicklund transformation (33.6) takes the form

3n

y(n, B —2¢) = .
yan. B ) (2e —3B)y + 3ny2 + 2eny’

(33.11)

The initial solution w(t, 0) reduces to y(n, 0) = A2,

Recall that w(z) admits a formal series expansion around T = oo of the form
T j>0 ajr’j , ap # 0, and that these coefficients are determined uniquely up to A,
A3 = 1. The form of (33.5) indicates that w(—7) = —w(), implying that a; = 0
if j € 2Z. Hence, by (33.9), w(t) is taken into a solution y(n) of (33.10), which is
also rational in . Next let us consider the series expansion of w(t) around t = 0.
By comparison of powers on both sides of (33.5), concerning the term of the lowest
power !, two possibilities remain: (a)/ = +1and (b)/ =3, § # 0.

Now consider the case (a). Then y(n) is analytic at = 0. Looking at a pole
no % 0 of y(n), we obtain

a— 4

2
+ay+---, aZy{=-.
n—no )

y(m) =
By (33.9), in a neighborhood of the infinity, the solution y(n) has the following
expansion:
1 2
y=co+—+—2+-", =1 c==.
n n
Consequently, if y(n) has /] poles with the residue equal to 2/3 and /> poles with
the residue equal to —2/3, where /1,1l € N U {0}, then the necessary condition is
211/3 — 2I,/3 = B/3. From this formula, in the case (a), we obtain the necessary
condition 8 = 2k, k € Z.
To complete the proof, we consider the case (b). By the transformation (33.6), it

is sufficient to consider the case 8 € G.l ={B|—1 <Re < 1}. By T; of (29.18), the
series W(t) = w(r)~! = 2-2_3 cjt/, c_3 = B # 0 satisfies

j
W)W = @W)? =93 (=W — W + 3w, (33.12)
The coefficients c; satisfy the recursive relations:
c3—B=0, f(j,Pecsci=Ric;l<j—-1), j=-=2,
where £(j, B) = (j +3)* + 93Bc_3 — 4c*;) = (j +3)* — 98%. Note that

R>=0, R_j=coR*(B), Ro=coR(B,c_1).
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On the other hand, by 3 = z, (33.12) transforms into
2(zv)v — (2v)? = z2(—=pv? — v) + 22t
The formal series solution v = v(z) = Zkz—l dyzF also satisfies a recursive relation
d1—Bp=0, [k Bd-1dy=Rd;l<k—1), k=0

with f(k, B) = f 3k, B)/9 = (k + 1)2 — B2, Ry = 0. Now we divide into three sub-
cases with respectto 8 € G1: (b.1) 8 = —1; (b.2) B = £1/3, £2/3; (b.3) otherwise.

Case (b.1): In this case, c_p = c_1 = 0, and f(0, 8) = Ry = 0. Since f(j, 8) #0
for j > 1, we have ¢; = p;j(B,co) for j > 1, where p;(B, co) is a polynomial.
Furthermore, dy = dr (B, dp), k > 1 is determined uniquely up to dp. Since v(t?)
satisfies (33.12), if we choose dy = ¢o, v(z>) coincides with W (z), implying that
c¢j = 0 for j ¢ 3Z. Since w(r) is rational, the solution w(z!/3) = Zj>3 C3ij of
(33.1) admits an expression w(z!3) = Zi>0 ajz_j around z = oo, which contradicts

the first equation of (33.13) (or (33.16)).

Case (b.2): In this case, it is easy to see that y(n) possesses a simple pole with
residue B at n = 0 as well. Applying the same argument as in case (a), we obtain
211/3 —21,/3 + B = B/3, which implies 8 € Z, a contradiction.

Case (b.3): Since f(j, B) # 0, f(k, B) # 0 for all j, k, the coefficients c;, dj are
determined uniquely. We can derive a contradiction by the same method as in case
(b.1), completing the proof. O

Theorem 33.4. Any rational solution of (33.5) has p? /4 poles and B* /4 + 1 zeros in
the complex plane.

Proof. Let w = P(t)/Q(t) be a rational solution of (33.5), where P(t), Q(t) are
irreducible polynomials in T with degrees m and n, respectively. Substituting this into
(33.5) and comparing terms, we have m = n + 1.

To find the number of poles and zeros in terms of 8, we put T = exp £ in (33.5).
Then we get the equation

ww” = w)? +9¢* (w? + pw — ¥). (33.13)
Since all solutions of the equation (33.13) are meromorphic, we obtain a system
un” = W')? — 9¢*¥uv,
w” = V)2 + 98> uv — 9¢% u?, (319

where the two functions u(£) and v(&) which are such that w(§) = v(&)/u(§), cor-
respond to (32.4). By using (32.5), it is easy to verify by direct calculation that the
expression

Wu —u'v)? — 6uv'v+ v'u) — 9% u* + 18 uv(Bu® — v?) = Cu*v® (33.15)
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is the first integral of the system (33.14). The entire solution

v(€) = P(&)expg(§), u(§) = 0&)expg(é), (33.16)

where g (&) is an entire function to be determined, corresponds to a solution w(§) =
P(£)/Q(&) of the equation (33.13) rational in ¢5. Substituting now (33.16) into
(33.14) and (33.15), we get

00" —(Q) +g"Q*+9*PQ =0, (33.17)
and
(P'Q—PQ)’ —6PQ(P'Q+ PQ') — 9% 0*
+ 18 (BPQ’ — P Q) — (C + 12g")P*Q* = 0. (319
Substituting the polynomials

n+1

P(€) = ijeé(n-l-l—j)’ Q&) = queg("—j)
Jj=0 j=0

into (33.17) and (33.18), we observe that g’(§) = Zj:o Ajexp(j€) and there exist
two possibilities for the coefficients:

(a) p2[+1 :05] :07"'7k; q2/+1 ZO’J :0""7k_17q0 = 17 pnCIn #07
n =2k, ke NU{0};

(b) p2j+1 = q2j+1 = 09] = Ov”"k_ 1s Pn+19n—1 7& 0’ q0 = l,l’l =2k — 1’
k € N.
Then, substituting into (33.18), we obtain for the coefficients of g’ that A = A3 = 0.
Comparing the coefficients in (33.18) of terms of degrees 2n + 4 and 21 + 2 in ¢, we
get
9po+4rs =0,
9p2 +9pog2 + 2h2 + 8gars = 0.

Comparing further the coefficients of terms of degrees 4n + 6,4n +4,4n+2,...,2
in (33.18), we get the equations

(33.19)

4pira+346p3 =0,

6q2 + 3p3q2 + Po(dpara — 3B) + p§(9p2 + 242 + 4qaks) = 0,
120 +5+C+12n—382 =0,

12004+54+C =0.

(33.20)

Solving the equations (33.19), (33.20), we obtain
po =1, Aa=-9po/4, ry=3Bp/2, ro=—(5+C)/12, n=p*/4. (33.21)

The assertion of the theorem now follows from the last equality in (33.21). O
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Theorem 33.5. The equation (33.5) with B = 2k, k € Z, has exactly three rational

solutions. They are generated from (33.8) by (33.6), depending on the value of A in
(33.8).

Proof. By Theorem 33.1 and Theorem 33.3, it is sufficient to show that the equation
(33.5) with 8 = 0 has no other rational solutions than those in (33.8). But by §30 (4),
the coefficients of the series expansion of w(t) with the leading term At are uniquely
determined, and there are no solutions other than them. O

§34 Connection between solutions of (P3) and (Ps)

In this section, we shall consider the case y§ # 0 only, with the idea of constructing a
transformation which carries (P3) into (Ps), with parameters in (P5) being expressed
in terms of the parameters in (P3). As (P3) is invariant over the transformation
Ti(02, 072) in (29.18), we may fix y = 1 and § = —1, by taking o1 = 1/(02,/¥) and
02 = /—1]y8. Therefore, it suffices to consider (P3) in the following form without
loss of generality:

N2 /
1 1
' = ) Y e ) wt - — (34.1)
w z z w
To derive a transformation that relates solutions of (34.1) to solutions of an equation
of type (Ps), we recall the pair (29.17) of differential equations equivalent to (P3) for

y # 0. Using the notations w; = v,y = 1,8 = -1, /Yy = ¢, &2 = 1, we obtain

w' = (ae — Dw + ezw? + zv, (34.2)
zwv’ = Bw — z + (ae — 2)wv + zv°. '

Of course, v may be expressed rationally in terms of w’ and w. We next find a
differential equation for v. Provided

2w — B — (ae —2)v #0, (34.3)

we obtain
w=z(v?>—1)/(zv — B — (ae — 2)v) (34.4)

from the second equation of (34.2). Substituting now (34.4) into the first equation of
(34.2), we get

/
V= () - ”; +0(z,v), (34.5)

where

2B(@e —2) P4+ (ae—2)% v
2011 22 21

O(z,v) = e(1 —v?) — lz,s(ae —2)—
Z
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By the transformation

v = —Z(Z)——i_l, (34.6)
u(z) — 1

we obtain for u(t) := U(z) = u(~/27) from (34.5),

" 3u—1 /N2 u
=) -~
2u(u — 1) T
(u—1)72 B+ac—2)%7 cu (34.7)
+—7 (,3—a8+2)2u—— - —
32t u T

In (34.7), u’ now stands for the differentiation with respect to . Moreover, it is an
immediate observation that (34.7) is a special case of the fifth Painlevé equation (Ps).
Hence, we have obtained the following theorem, see Gromak [2]:

Theorem 34.1. Let w = w(z) be a solution of the third Painlevé equation such that
Ri=w —sw?— (e — 1) +1£0.
Z

Then the function
2

"~ R(W270)

is a solution of the fifth Painlevé equation with parameters

u(t) =1 (34.8)

1 1
a=3—2(/3—(xe+2)2, b=—3—2(/3+oz8—2)2, c=—¢& d=0. (349

From the system (34.2) it follows that all solutions of the equation

w' = ew? + (e — )= — 1 (34.10)
z
are solutions of (P3) with
B—ae+2=0, (34.11)
and the equation
w = ew? + (@e — DL 41 (34.12)
Z

generates solutions of (P3) with
B+ae—2=0. (34.13)

Note, that (Ps) has the following property: if u = u(t, a, b, c, d) is a solution of
(Ps),then ui(¢t) = 1/u(t, —b, —a, —c, d) is a solution of (Ps) as well.

The following theorem is valid on the basis of Theorem 34.1 and the above-
mentioned statement.
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Theorem 34.2. Let w = w(z, «, B) be a solution of (P3) such that
Ri(z) :=w —ew? — (ae — Dw/z — 1 £ 0.

Then the function

ui(t,a,b,c,d)y =1+ (34.14)

2
Ri(v/21)

is the solution of (Ps) when
_ 1 ST R PP 2 a2
a_32(/3+a8 2)°, b= 32(,8 ae+2)°, c=¢, d=0, ¢ =1. (34.15

Note, that one-parameter families of solutions of the third Painlevé equation, de-
fined by (34.10) and (34.12) under the conditions (34.11), (34.13) correspond to (Ps)-
solutions, namely, #; = 0, when a = 0, and u = 0, when b = 0, respectively.

Now we can find a solution w of (P3) in terms of a solution u of (Ps):

Theorem 34.3. Let u(t) be a solution of (Ps) with the parameter values a, b, 2 =1
and d = 0, and define

(1) == tu' (t) — V2au(r)* + (V2a + V=2b)u(r) — /=2b # 0.

Then the function

V2tu
(1)’

is a solution of (P3) with the parameter values

a=2c(N2a—~=2b—-1), B=2V2a+2v=2b, y=1, &§=—1. (34.17)

Remark 1. If # = 0 under » = 0, then according to (34.1) and (34.8) we have a
one-parameter family of solutions of (34.1) given by the general solution of (34.12).
If u; = O under a = 0, then we have solutions of (34.10).

w(z) = =21 (34.16)

Remark 2. Conditions ¢ = *£1, d = 0 of the above-mentioned theorem are equiv-
alent to ¢ # 0, d = 0, since we can replace the independent variable ¢ — =+f/c in
(Ps), for any given ¢ # 0.

Thus, these theorems establish a correspondence between solutions of (P3) with
parameters y§ # 0 and solutions of (Ps), for which ¢ # 0,d = 0.

We continue to look at the solutions of (34.1) for which neither (34.10) nor (34.12)
hold, and a solution u # 0 of (P5). As it follows immediately from Theorems 34.1—
34.3, one solution of (P3) generates two solutions of (Ps) on account of the choice of
¢ = /vy = £1, while one solution of (Ps) generates four solutions of (P3) because
of the so-called parameter branching of v/2a, ~/—2b. As a result of the parameter
branching we can establish a correspondence between solutions of (34.1) with different
values of the parameters, see Gromak [2]:



§34 Connection between solutions of (P3) and (P5) 171

Theorem 34.4. Let w(z, a, B) be a solution of (P3) for which y§ # 0 such that

R(2)(R(z) —2) #0.

Then the function

~, o~ 2zR(z2)(R(z) — 2
Wz, @, B) = R@)(R) = 2) (34.18)
2zR'(z) + (e3A — &2B)R(z) — 2e3A
is a solution of (34.1) as well with
a=c¢1(e2B—e3A+4)/2, E=823/2+83A/2, (34.19)

where

B=B+as -2, A=f—oae+2, =1 j=12.3.

The proof of this theorem immediately follows from Theorems 34.1-34.3. Indeed,
since R(z)(R(z) —2) # 0, we may construct solutions of (34.1) by using solutions of
(Ps). Inthe general case, the new solutions are different from the initial one, depending
on choice of values. We get w = w if &2 = &3 = 1. The choice of ¢; may be limited
using the transformations (29.18). Relations (34.18) and (34.19) may be obtained by
the substitution of (34.18) and (34.9) into (34.16) and (34.17), respectively, where
the choice of &5, ¢3 determines the choice of the branches of /(8 + ae; — 2)? and
V(B —ae) +2)2%.

It is necessary to point out that the formulas (34.18) and (34.19) can be simplified.
In order to show this, let us denote the transformation of Theorem 34.4 by T, ¢, ¢; :
w(z, o, B) — w(z, &, B). It is not difficult to show that Ty 11 = T—11,; = I, where
I is the identity transformation as before. In other cases of the choice of ¢; we get the
following transformations:

( 8) 5224 p.—2 ) (/3—oe—|—2)w2

T11.-1:w(z,o,B)— w(z,24+ 6, —24+a) =w+ ;

L1,-1 w — w2z — 1+ Bw+z
(ot—I—,B—Z)w2

Ti—11:w@o ) wz2-—F2—a)=w+

w+z+ w2z —wh—zw'’

Ti—1—1:w(z o p)—> wzd—a,—B) =T —1,10oT11,-1;

N (@ +2+ Bw?
T_ _1 - , O, 7_2_ 7_2_ = ;
L1 wiz, e f) = w(z p ®) w+w2z—w—wﬁ+z+zw’
B —a—2)w?

T 1_11:wz,o,B)— w(z,—2+B,24+a)=w— :
Lo w(z e ) (z p ) w2z —w+wh —z+zw

Ty —1—1:w@a,p) wz —4—a,—p)=T_1_110T_11,-1.

Moreover, after repeating Ty, ¢, ¢, We obtain TSZ1 ey.e; = 1. Similarly as for (P) and

(Ps), we may apply the Biacklund transformations to solutions of the Riccati equation
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(29.11) to obtain one-parameter families of solutions expressed in terms of Bessel
functions, to be considered in the next section. In the next theorem, we assume that
w(z, a, B) is outside of these families.

Theorem 34.5. By successive applications of the transformations Tg, ¢,.¢5, T2 and
Ti (o1, 02) with 012 = 022 = =x1 from (29.18) to a solution w(z, o, B) of (34.1), we
obtain a solution w(z, &, B) with the pair (&, B) of parameter expressed as either

~

a=c¢ca+2n, B=vB+2n (34.20)
or _
a=¢eB+2n, B=va+2ns, (34.21)

where (n1,ny) is a pair of integers satisfying n| + ny € 27, and > = v> = 1.
Moreover, for an arbitrary pair of such integers (n, ny) and for (g, v), there exists a
composed transformation as above producing the substitution given by (34.20), resp.
(34.21).

Proof. Let us consider the following transformations:

H w(z,a,8) — w(z,a+2,ﬂ—l—2), H=ToT 11,-1,

H, :w(z,a, B) — IZ(Z, a—2,+2), H=Ti(1,-1)cTroT1 1 1,
Hi:w(z,a,B) — w(z, o+ 2, B—-2), Hy=Ti(1,—1)oTpo T_1,-1.1,
Hy:w(z,o,B) > w(z,a —2,—2), Hi=TroT| .

and denote H,, ,, 1= ]_[;1:l ijj ,kj € NU{0}. For arbitrary integers np, n; satisfying
ny +ny € 274, we can choose kj; € NU {0}, j = 1,...,4, in such a way that
ny =k —ky»+k3—kyq,np =k +ky — ks — kg and ny + np = 2(k; — k4) hold.
Then we have

Hyyny s w(z, o, B) = W(z, o +2n1, B+ 2n7), (34.22)

where ny +ny =2n3,n; €2, j=1,2,3.

The second part of the statement now follows from (34.22) if we apply the transfor-
mations T1(o1, 0p) with (o1, 00) = (1, —1) or (o1, 02) = (i, i) and T to the solution
w(z, o +2ny, B + 2ny) in (34.22). The first part, the closedness, is obvious. O

The transformation H,, ,, and (29.18) allow us to deduce the fundamental domain
in the space of the parameters of (34.1). In fact, the fundamental domain is given by

G :={(@, B) |Ref >0, Re(a — f) > 0, Re(a + B) < 2}. (34.23)

To construct auto-Bicklund transformations of the equation (34.1), it follows from
(29.18), that simple auto-Bécklund transformations may be given by

St rw(z,o,a) — —w! z,o,a),
1wl ) 1( ) (34.24)
S w(z, o —a)— w  (z,a, —a).
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Moreover, it is obvious that the transformations (34.24) generate solutions different
from the initial ones unless w = A, A* = 1, and aA? + B=0.

Theorem 34.6. If w(z, o, xe + 4n),n € Z, ¢ = 1, is a non-rational solution of the
equation (34.1), then

W(z, o, o +4n) = Hy oy 0 S1 0 Hy—2pw(z, o0, ¢ 4 4n),
W(z, o, —o +4n) = Hoy 2, © S2 0 Ho,—2,w(z, @, —at + 4n)

are solutions of the equation (34.1) as well, different from the original one.

Proof. The fact that w is a solution of equation (34.1) follows from its construction by
means of the transformations Sy, S2, Hy, »,. To prove the distinction of the solutions
w and w, observe that S; o Hy _2,w(z, o, g 4 4n) # A, M=lLar > +B=0asw
is non-rational. This proves the observation above. O

Thus, the transformations S; and Ho 2, o Sj o Hy,—2,, j = 1, 2 are auto-Bécklund
transformations, provided the parameters are related by g + ae = 4n,n € Z, &> = 1.

Similar to the equations (P,), (P4), it is not difficult to construct nonlinear su-
perposition formulas linking different solutions obtained by means of the Biacklund
transformation. Next we give examples of such formulas.

Letwy g = w(z, o, B),w_p—2 —a-2=T-11,-1Wa g, Wp—2.a+2 = T—1,—1,1Wa g,
W_g—4,-p = T_1,_1,-1wq g, Then the following relation is valid:

1 1 o -1
W_g g g2t Wg o410 =WepgtW_ o 4 g

In case of a repeated application of the Béacklund transformation we get the nonlinear
superposition formula

2+a+p —a?+ 2+ B)?
2z 2z (—242wz4+a—B—2zw)

wy — wp =

linking solutions w = w(z, o, B), w1 = wi(z,2+ B, -2+ «a) =111 1w, w2 =
wa(z, —o, =4 = B) =T_11,-1w1.

§35 Rational and classical transcendental solutions of (P3) when
yé #0

In this section too, we restrict ourselves to considering ( P3) under the condition y§ #
0. Therefore, as in §34, we may restrict to the special case (34.1) only. Let now
w(z) = P(z)/Q(z) be arational solution of (34.1) with P(z), Q(z) being irreducible
polynomials of degrees n and m, respectively. By (30.16), we readily observe that
n = m. If n = 0, the equation (34.1) has a rational solution, in fact a constant,

w=»% ar’4+p=0, =1 (35.1)
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The solution (35.1) is the unique rational solution, provided @A+ 8 = 0 and A* = 1.
This follows from the expansion (30.12) of the solution in a neighborhood of the point
z = oo and the system (30.13). If in (30.13), a; = 0, then we find, respectively, that
aj = 0 for all j > 2. The statement in (35.1) to determine the coefficients in (30.13)
may be obtained with the help of another method. Thus, if we take the initial solution
(35.1) in (34.18), then we have four types of rational solutions in accordance with the
choice of A.

After the first step of the Bicklund transformation (34.18) and (34.19) we get a
new solution of (34.1):

Z+a

el A2Q2ax —3e), B =—-2akr—¢, At=e>=1. (35.2)

w1
The first such rational solutions are listed below.

Table 35.1. The first rational solutions of (P3) withy = —§ = 1.

o B w(z, o, B),2F =1

a —a)? A

221 —a)+z(1 =23

2 —ar? a—?2
ar3 —n+z(1—-12)

A2a—1)+z(1+ 22

24a)2 | 2—a
ard + 1+ z(1+22)

a—4 | —a—4 (16z% + (16 + 32a)z> + 24a(a + )72
+4(=3 —2a+3a% +2a%)z + (a — D>G +4a +a?))/
(162* + (=16 + 32a)z3 + 24a(a — 1)z?
+4(3 —2a —3a* +2a%)z + (a + )23 — da + a?))

a—4 a+4 (161'24-0—(16—}—3261)13—241'61(a+1)z2

+4(3 +2a —3a*> - 2a¥)z +i(a— >3 +4a +a?))/
(162* +i(16 — 32a)z® — 24a(a — 1)z?

+4i(3 —2a — 3a* +2a%)z + (a + )*(3 — 4a + a?))

Note that o1 + 81 = —4¢ in the case when 22 =1landa; — B1 = 4e¢ in the case
when A2 = —1. This property of the parameters of the rational solutions is also valid
in the general case.

Theorem 35.1. The equation (34.1) has rational solutions if and only if

a+Be=4n, =1, nel. (35.3)



§35 Rational and classical transcendental solutions of (P3) when y8 0 175

Proof. To prove the necessity, let w(z, o, §) be arational solution of (34.1). By simple
computation, this solution has the following expansion in a neighborhood of a pole

20 #0:

g o+

7—20 270

o0
+ h(z —z0) + Zaj(z - 207,
j=2

w(z, o, B) =

where h is arbitrary and > = 1. In a neighborhood of z = oo the solution is of
the form (30.12), satisfying (30.13) as well. It is easy to check that z = oo is a
holomorphic point with residue (« + B¢)/4, e2 = 1. Suppose now that z = 0 is not a
pole of w(z, «, B). Then, by the residue theory, we obtain the condition (35.3). If the
solution has a pole at z = 0, then applying the transformation 7> from (29.18), we get
a rational solution 1/w(z, —B, —«) for which z = 0 is a simple zero. Consequently,
o and B satisfy the condition (35.3).

The sufficiency of this theorem can be proved by induction. If n = Qorn =1
in (35.3), then the equation (34.1) has the solutions (35.1) and (35.2), respectively.
Suppose that (34.1) has a rational solution when o + e = 4(n — 1), > =1, n e Z
and R(z) # 0. Then we apply (34.18) with ¢; = —1 and T3 from (29.18). By (34.19),
we get a rational solution with parameters o1 + S1& = 4n. If R(z) = 0 for some ¢,
then we take €] to be of the opposite sign in (34.18). This procedure implies that the
condition R(z)(R(z) — 2) # 0 holds. O

Corollary 35.2. The simultaneous fulfillment of the conditions (34.11), (35.3) and
(34.13), (35.3) is the necessary and sufficient condition for the existence of rational
solutions of the equations (34.10) and (34.12).

We next proceed to determine the number of poles with the residue equal to either
1 or —1 for any rational solution of the equation (34.1).

Let w(z) = P(z)/Q(z) be arational solution of (34.1) where P(z) and Q(z) are
irreducible polynomials of degrees m. Then equation (32.1) has a solution w(¢) =
P(¢)/0(¢), where z = exp(¢). Consequently, the system (32.4) to determine the
entire functions u#(¢), v(¢) has the solution

u(@) = )8, (@) = P)es?, (35.4)
where g(¢) is an entire function. Substituting (35.4) into (32.4) and (32.5), we obtain
PP" — (P +¢"P? = Bef PQ — ¥ 07, (35.5)
(P'Q—PQ) —2(P'Q+PQ)PQ — ¥ (P*+ 0%
+265(BPQ° — aP?Q) = (C +4g")P? Q%

Substituting now the expressions

(35.6)

m m
P@@) =Y pie” 4 0@)=> qie™ % po#£0, qo=1,
j=0 j=0
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into (35.5), we get
§(¢) = 2e® + 1ief + 2.

Comparing the coefficients in (35.5), we obtain
pe=1, ra=—pj/2, r =B —apd)/2po, C+4r =0,

also verifying the validity of the condition

m = (a + Bp3)*/16.

From (35.3) it follows that a + ,Bp% = 4n,n € Z. Thus, any rational solution w(z) =
P(z)/Q(z) has m = n? poles and the same number of zeros. From (30.13) we have
that the sum of the residues in the finite complex plane equals to —n for any rational
solution. Then, using the residue theory again, we see that any rational solution has
n(n — 1)/2 poles with the residue equal to 1 and n(n + 1)/2 poles with the residue
equal to —1.

One-parameter families of special solutions of (34.1) may be constructed in the
same way as to it has been done for the equations (P,) and (P4). According to (29.11)
and (29.13), such a family may be expressed in terms of Bessel functions. Indeed, if
we take solutions of the Riccati equation

1
w=-w— 2Tl Bma+2 (35.7)
as the seed solutions for the transformation 77 1, above, then after the first step we
obtain the equation
@)+ Q1) + Qau' + Q3 =0, (35.8)
where we have denoted w = u and where
1
z
2(5 1 2(a — 3
0 = —ut — ﬂf - —2(5 — 277 + 2a +a2)u2 + Mu -1,
z z z

6 1 5 1 2 2y, 4
Os=u +—-(11+3x)u +—2(23—3Z + l4a + 3a”)u
Z Z

1 1

+ 5+ a)Qu+ 0 =3 - 62’ + (2% — 7+ 2a — 3’
< <
1

+-Ba—5u— 1.
<

All solutlons of (35.8) are solutions of (34.1) at the same time under the condition
a=a+4, ,3 = o — 2. Note, that « is arbitrary and & ,3 = 6. Thus, by (34.18), the
solutions of (35.8) are expressed in terms of the solutions of (35.7) by means of the
formula

2w?

o+ @+ 2w —z
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By Theorem 34.1, we get conditions imposed upon the parameters of the equation
(34.1) under which (34.1) admits one-parameter families of solutions expressed in
terms of the Bessel functions:

Theorem 35.3. The equation (34.1) with
a+Be=4n+2, =1, neZ

has one-parameter families of solutions expressed in terms of Bessel functions.

Proof. The proof follows from Theorem 34.5 by applying the transformations 7>,
T (o1, 00) with 012 = 022 = %1, Hy, », to the solutions of the equation (35.7). O

To conclude this section, we collect real pairs of &, 8 from Theorem 35.1 and The-
orem 35.3 in the following figure. In this figure, the gray area stands for a fundamental
domain G, red parameter lines represent rational solutions from Theorem 35.1 and
blue parameter lines one-parameter families of solutions from Theorem 35.3.

Figure 35.1.



Chapter 8
The fifth Painlevé equation (Ps)

The fifth Painlevé equation (Ps) is in many respects closely related with the third
Painlevé equation (P3). By the existence of two singular points for the equation, the
transformation z = exp ¢ results in a modified form of (Ps), the solutions of which
are all meromorphic in the complex plane, exactly as is the case for (P3), as described
in Chapter 1. Moreover, simple transformations may change some solutions of (FP3)
to solutions of (Ps), and vice versa. This aspect, already considered in the previous
chapter, will be pursued further in this chapter. Otherwise, the contents of this chapter
follows the previous pattern, considering Bécklund transformations, rational solutions
and one-parameter families of solutions in detail.

§36 Preliminary observations

In this chapter, we consider the fifth Painlevé equation

w’ = (L+ : >(u/)2—£+—(w_l)2 (aw+ﬁ>+w+—3w(w+l),
2w w-—1 z 72 w z w—1

(Ps)
where «, 8, y, 6 are arbitrary constant parameters, keeping the contents of the previous
chapter as a model. Under some specific conditions upon the equation parameters,
(Ps) may be solved in terms of elementary functions, or some of its solutions may be
expressed in terms of some classical transcendental functions or certain non-classical
functions like third Painlevé transcendents. As to a simple example of elementary
solutions of (Ps) in a special case, we substitute z = exp ¢ in (Ps). Reverting to write
z again instead of ¢ after the transformation, we obtain, as already pointed out in §5,
the modified fifth Painlevé equation

1 1 e* )~
w' = —+ — ) W)+ w-1)*aw + £ +yezw+Lw+). (Ps)
2w w-—1 w w—1
Recalling §5, the auxiliary function
(w)? 28 2yét 28e%w
=———2 — 36.1
w(w — 1)2 aw+w+w—1 (w—1)2 (36.1)

immediately yields by differentiation,

,  2ye€f 48e*w
Tw—-1 (w-1?

(36.2)
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If now y = § = 0, then V’ vanishes identically, and so V has to be a constant, say
V = C € C. Then we obtain, from (36.1), that

w? = (w — 1)?>Qaw? + Cw — 28). (36.3)

As mentioned in §5, and shown by Hinkkanen and Laine [3] in detail, (36.3) may be
transformed into a Riccati differential equation with constant coefficients. Hence, all
solutions of (36.3) may be expressed in terms of elementary transcendental functions.
In fact, by a suitable mathematical software, one may verify that a representation for
non-constant solutions of (36.3) may be written as

K — 8ﬁeuB(C1—z) + 21 B(C1=2) + 2CeMB(Ci1—2)

w() = K — 8aetB(C1—2) 4 o2uB(C1—2) _ 2(CenB(Ci—2)’
where C| is the constant of integration, K := C? + 16af, B := \/2a + C — 2B and
w? = 1. For a different representation of these solutions, see KieBling [1], p. 51-52.
By §5, all solutions of (P5) are meromorphic in the complex plane. Therefore, all
solutions of (Ps) are meromorphic functions in C\ £, where £ is a Jordan curve from
the origin to infinity. For subsequent considerations in this chapter, we next work out
some necessary details of the local Laurent expansions for a solution w(z) of (Ps),
respectively of (Ps) at zg # 0.
Suppose first that « # 0 and that zg # O is a pole of w(z). Obviously, the pole
now has to be a simple one. Substituting, in a neighborhood of zg,

o0

w@) = Y a(z—z0) (36.4)

j==

into (Ps), we obtain that a%l = Z(z) /(2a). Moreover, ag =: h is an arbitrary complex
constant, and all coefficients a;, j > 1, may be uniquely expressed in terms of zo,
a—_1, h and the parameters «, 8, v, 6 of (Ps).

If next o = 0 and zo # 0 is a pole of w(z), then the pole has to be double and for
the Laurent expansion at zg, we get

w(z) = Zoh + h +ia-(z—z)j (36.5)

where h is arbitrary and all coefficients a;, j > 0, again follow uniquely in terms of

20, h, B, v, 6.
Similarly, we may work out the Taylor expansion

w(z) =Y aj(z—z0)’ (36.6)
j=k

around a zero-point zg # 0 of w(z) of multiplicity k € N. If now 8 # 0,thenk = 1,
and z%a% =2B. If B =0, then k = 2 and a, may be chosen arbitrarily.
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Finally, we shall need the corresponding expansions

w(z) =1+ Zaj(z — z0)/ (36.7)
j=k

around a one-point zg # 0 of w(z) of multiplicity k¥ € N. This time, if 6 # 0, then
k=1, and a% + 28 = 0, while if § = 0, then k = 2, and 2z9a; = —y.

Correspondingly, we may work out similar expansions for a solution w(z) of (ﬁ5),
assuming that either y # 0, or § # 0.

Let us consider the poles of w(z) first. If « # 0, any pole of w(z), say at zo,
has to be simple. Substituting the expansion (36.4) in (P5) results in azl = 1/Quw).
Moreover, ap may be chosen arbitrarily. Similarly, if « = 0, any pole is double, the
leading coefficient a_; is arbitrary and a_; = 0. ~

As to the zeros of w(z), we substitute (36.6) into (P5). If now 8 # 0, then k = 1
and a% + 28 = 0, while a; is arbitrary. Moreover, if § = 0, then k = 2 and the
leading coefficient a, may be chosen arbitrarily. In addition, a3 = 0.

Finally, looking at one-points of w(z), we substitute (36.7) into (Ps). If § # O,
any one-point at zp, say, is simple and a% +28€?% = 0, while for § = 0, z¢ is a double
point and 2a; + ye® = 0.

To find out a representation for fifth Painlevé transcendents w(z) as a quotient of
two entire functions, we need to consider the modified equation (Ps). To this end, we
have to find out an entire function u(z) whose zeros are of multiplicity high enough
to cancel the poles of w(z). We may use the meromorphic function G(z) := %V(z)
for such a construction:

At a pole zp of w(z), which is simple for « 7# 0 and double for @ = 0, we infer
from

yet 286w
_|_
w—1 (w—-1)2
that G’, hence G as well, is analytic in a neighborhood of zg. The same situation
applies at the zeros of w(z). Looking then at an arbitrary one-point of w(z), it is easy
to deduce that

1
G/(Z) = EV/(Z) =

L Y ——

2 (z — 20)?
whenever § # 0, and so

G(z) = lV(z) =
2 Z—20

On the other hand, if § = 0, then

L p—

2 (z — 20)?
hence

G(2) =

(z — z0)
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Towards the quotient representation, we now consider

/

w 1
Hs(2) .= G(2) — 1= EV(Z) -

w/

. (36.8)
w—1
By the above construction, Hs(z) is meromorphic, being analytic at all zeros and
one-points of w(z), and having poles exactly at the poles of w(z). Moreover, the
multiplicity of a pole of w(z) is either 4 = 1 or © = 2, depending on whether § # 0
or § = 0, while the residue of w’/(w — 1) at these points equals to «. Hence, there
exists an entire function u such that Hs(z) = u’(z)/u(z), and so v = wu is entire as
well.

We now construct a pair of differential equations satisfied by u and v. In fact,
differentiating Hs(z), using (36.8) and (36.2), and substituting w = v/u, we get

u” = [ (V) = 2uvu'v' + vQu — v)()? + 2(u — v)* (@v® + pu?)

(36.9)
—2ye*ulv(u —v) + 28622u2v2]/(2uv(u — v)).
Observing that v’ = (wu)”, and using (36.9), we obtain
v = =02 + 2uvu'v + u( — 2v)(v')?
[ (u) ( )( (36.10)

+2(u — v)*(av? + Bu?) — 2562ZM2U2]/(2L{U(M — v)).

To illustrate the existence of one-parameter families of solutions for (P5) by con-
crete examples, consider the Riccati differential equation

2w’ = V2aw? + (V=282 — V2a — /-2B)w + /28 (36.11)

with some preassigned choices for the square roots in (36.11). Then one may verify by
direct computation that all solutions of (36.11) satisfy (Ps) provided the parameters
in (Ps) satisfy the condition

y =v=25(1++/=28 — V2a). (36.12)

In fact, this now enables us to express the solutions in these one-parameter families in
an explicit form. Using the notations a := v2a, b := /=28, d := /=28, with the
same square root branches as to above, and letting F (A, B, z) stand for the confluent
hypergeometric function, see below and Rainville [1], the general solution of (36.11)
may be written as

1 ( adC
qgz)\—=1+a—-»b
—aC77 %F(—a,1 —a+b,d?)

bd o, (36.13)
— 7 7°F(1-0b,2 —b,d
+_1_a+bz ( +a 2)

bz PF(—b.14a—b, dz,)),

w(z) = — TR —a,2 —a+b,dz)
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provided thata # 0,a — b — 1 ¢ Z, where ¢(z) := aCz *F(—a,1 —a+ b,dz) +
az"?F(=b,1 + a — b,dz), and C is an arbitrary complex parameter. Obviously,
(36.13) possesses a non-algebraic branch point at z = 0, provided «, respectively S,
is chosen suitably. The expression (36.13) is obtained by the following procedure.
Putting w = —a~'zy’/y, (36.11) is taken into the equation

2(zy") — (dz —a — b)(zy') + aby = 0.

By the further change of variables y = z?Y, dz = t, we obtain the Kummer equation
t2Y+( b+1 t)dY+bY—0
arr dt -

which admits linearly independent solutions
F(=b,a—b+1,1), t" “F(—a,b—a-+1,1)

with
o0

F(A, B, t) = Z

n=0
Using these solutions yields (36.13). By the change of variables Y =t ~(@=b+1/2,1/2 7
the Kummer equation above is transformed into the Whittaker equation

72 1 1 1—(a—b)?
d < Latbtl 11— b))zzo.

(A)n
(B)nn!

", (A =T(A+n)/T(A).

a2 T\ 72 2t 412

As our final preliminary observation to (Ps), we again recall the connection of non-
linear autonomous systems of differential equations to Painlevé equations, following
Adler [1]. Assuming that § # 0, we may consider the system

B+ f=f-fl+a
ft+h=f-F+a
it B=fi—fi+w
fltfi= 11— i+

with constraints fi + fo + f3 + fa = %&z, o = a1 + oy + a3 + a4. By substituting

(=28 = fit 8= L+ fyQ) = 28() — a2)/(2g(2), ¢(¢) =
2(2g1(2) — %o’tz) into (36.14), we obtain

(36.14)

, _a1+a3 _ _i o] 2
y() = 3z @) -1 2§¢(§)y({)+—&§(y(§) D
po (2P T\ YO +1 | ar+as w0 — oy
¢(§)—<F— r: >y(§)—1 a2 o)+ B

Eliminating now ¢ from these equations we observe that y satisfies ( P5) with parameter

values o := o7 /(2&%), B 1= —a3/(2&%), ¥ i= (o4 — ), 8 1= — 15>
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§37 The behavior of solutions near z = 0 and z = o0

This section is devoted to considering the behavior of solutions of (Ps) in a neighbor-
hood of the singular points z = 0 and z = co. We proceed to obtain necessary and
sufficient conditions for the existence of solutions which are meromorphic at z = 0.

(1) We first work out necessary conditions for the existence of a solution analytic at
z = 0. As in §30 above, we seek the formal expansion of such solutions as a Taylor
series

wi) =Y a7l (37.1)
j=0

Substituting (37.1) into the equation (Ps) and comparing the coefficients of the cor-
responding powers of z, we get the following system of equations:

(@0 — (B + aad) =0,

(@ — D(3B(=1+ao) +ao( — 1 + a2 — Tap + 5a3)))ar = —yag(ap — 1),

2(ap — D( =3B + (=4 + 20 + 3B)ap — Taag + Seag)a (37.2)
=oy(ap, a1, a, B, v, 8),

ey

where o3 (ag, a1, o, B, y,8) := —28a§(a0 +1)—a (2ya0(3a0 —2)+(ap—1)(68 —
1420 (1 —8ag+ 10(1(2)))611) is a polynomial in terms of the parameters of the equation
and of the coefficients ag, a; in (37.1).

By the first equation in (37.2), two possibilities may take place: (1) g + aa% =0
or(2)ag = 1.

In the first case, suppose first that ag # 0. Since = —aa%, we get the following
system:
ag(ao — (1 = 2a(ag — )*)a1 = yag(ag — 1),
ao(ag — 1) (n? = 2a(ag — 1)) ay (37.3)
=on(ag, .-, an-1,, B,y,8), n=>2,
where 0, is a polynomial in the parameters of (Ps) and of the coefficients ap, . . ., a,—1

of the expansion (37.1).

By (37.3), two subcases appear again: either ag(ag—1) # 0,0rag(ag—1) = 0.1In
the first case, when ag(ag — 1) # 0, the validity of n?—2a(ag—1)> # Oforalln € Z
implies that all coefficients a; may be expressed in terms of the parameters of (Ps) and

of the preceding coefficients ay, . .., ax—1, implying further that the formal solution
(37.1) exists. Moreover,if @ % 0 and there existsn € N for which n?—2a(ap—1?% =0
holds, then the relation o, (ag, . . ., an—1, o, B, v, §) = 01is necessary for the existence

of a series (37.1). In this case there exists a one-parameter family of formal solutions
(37.1) which depends on an arbitrary constant a,. On the other hand, if « = 0, a
necessary condition for the existence of a formal solution (37.1) is § = 0. Hence,
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the coefficient ag # 0, 1 in (37.1) may be chosen arbitrarily. On the other hand, if
ag(ag — 1) = 0, two further subcases ag = 0 and ag = 1 have to be considered. In the
subcase ag = 0, it is necessary for the existence of (37.1) that § = 0. Then putting
w(z) =Y oo an?”, ax #0, k > 1, we have

Qa — kHai =0,

(20 — (m* — km + k»))axam = om(ak, - ., am—1, &, B, ¥, 8),

where m > k. This implies « = k?/2, and the coefficients are uniquely expressed in
terms of a; and the parameters «, 8, y, §.

Letnow ag = 1. Then to determine the coefficients a,, in (37.1) we get the following
system of equations:

ya +26 =0,

5 5 (37.4)
(y*4+2mn — Dda, = oy(ag,ay,...,an_1,a,B,v7,8), n=2,....
If now 7/2 #= —2(n — 1)28 for all n > 1, then the formal solution (37.1) exists as
all coefficients are uniquely expressed in terms of the parameters of the equation (Ps).
If y # 0 and there exists some n for which y2 = —2(n — 1)?8, then the condition
0, = 0 1is necessary to obtain (37.1). In this case, there exists a one-parameter family
of formal solutions (37.1), which depends on an arbitrary constanta,. If y # 0,5 = 0,
ao = 1 and a; = 0, then the solution (37.1) reduces to w = 1. Finally, if y = 0, then
by the first equation of (37.4), § = 0 as well. This special case was already considered
in §36, and will be omitted here.
Before the proof of the convergence of the formal solutions constructed above, we
note the following fact. Suppose that the equation

2(zu) = Fa(z, w)(zu')* + Fi(z, w)(zu') + Fo(z, u) (37.5)
admits a formal solution u = U(z) = Z;; Cij, where Fj(z,u), j = 0,1,2 are

analytic functions around (z, u) = (0, 0) satisfying Fp(0, 0) = 0. Putting v = zu/,
we obtain the system of equations

' = v,
ZU/ = Fr(z, I/t)U2 + Fi(z, uw)v + Fo(z, u),

admitting a formal solution (u, v) = (U(z), zU’(z)). Then, by Theorem A.12, we see
that the formal series U (z) converges. In what follows, we show that all the cases
treated above are reduced to (37.5).

Consider the formal solution W(z) = Z;io ajzj with ag # 0, 1. Then, by u =
w — ap, (Ps) takes the form

N 1 1 N2
z(zu') = <2(u—|—ao) +u+a0_1)(zu) + Go(z, un).



§37 The behavior of solutionsnear z =0and z = oo 185

It is easy to check that Gp (0,0) = 0, by using B + aa% = (, and that this has a formal
solution u = Z;il ajz’ . Hence the convergence of W(z) follows. In case agp = 0,
note that 8 = 0. By the transformation z = 72, w = u?, the equation (Ps) takes the
form

4u
u? —1

u@w? +1)

(tu')? + dau(l — u®)* + dyt?u + 41" — .
2

2t (tu') =

s

which admits a formal solution U (t) = W(3)!/? = Zj'il Ejtj . From this fact the
convergence of W (z) follows. Finally, consider the case where ap = 1. Write (P5) in
the form

2zzw)ww — 1) = Gw — Dzw)? + 2w — ) (@w? + B)

(37.6)
+ 2yzw2(w -1+ 28z2w2(w +1).

Ify #0,6 = 0, then ¢ = 0, and hence we may put W(z) = 1 +a +---,
[ > 2. Substituting this into (37.6), and comparing the terms of lowest order, we have
W (z) = 1. Let us consider the case where y§ # 0. We put w = 1 4+ z(—28/y + u),
and substitute into (37.6). Then we can check that the constant term vanishes, and we
obtain the equation

2(zu’) = Galz, u)(zu')? + G1(z, u)zu' + Go(z, u),

where G (z,u) j =0, 1, 2 are rational functions of (z, u) analytic at (0, 0) and satisfy-
ing Go(0, 0) = 0. Since this equation admits the formal solution u = Zfiz a jzj -1
the convergence of W(z) immediately follows. Denoting now wy = w(0), w6 =
w’(0), we have proved

Theorem 37.1. The fulfillment of any of the following conditions is necessary and
sufficient for the existence of a solution w(z) of (Ps) analytic at z = 0:

(@ wo #0, L, awd +8 =0, #0, (n* —2a(wy — 1)?) # 0 foranyn € N,
w) = —ywo/QRa(wo — 1)*) — 1),

(b) wo # 0,1, aw% +B8=0a #0, o,(a0,...,a,-1,, B,y,8) = 0 for some
n € N, such that (n* — 2a(wo — 1)?) = 0, wy = —ywo/QRe(wo — D?) — 1), if
n # 1 and w is arbitrary ifn = 1;

() wo#0,1,0a=p=0,w,=ywo, wy #0, 1,
(A wo=1yw,+28=0,y #0,y% # —2(n—1)*S foralln € N;

(e wo=1ywy+25 =0,y #0,0,(1,a1,...,a,-1,, B, y,8) = 0 for some
n € N, for which y* = —=2(n — 1)%6;

® wo =B =0, a #k>/2, in which case the solution vanishes identically;
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(@ wo=wy=p=0a=£k/2k>1ladw"0) = =wkD©) =0,
w® (0) £ 0 for some k € N;

(h) wo=1,w;=0,8=0,y #0, w=1.

We next continue to work out necessary and sufficient conditions for the existence
of polar solutions of (Ps) in a neighborhood of z = 0. Hence, we have to consider

o0
w@ =Y az, a,#0, neN, (37.7)

I=—n

a formal expansion for a solution of (P5) in a neighborhood of the point z = 0.
Observing that, by the transformation w = 1/ W, the coefficients of (Ps) are changed
as

(Ol, ,85 Y, 8) = (_/37 -, —Y, 8)1

we obtain the following result from Theorem 37.1 (g):

Theorem 37.2. The conditions « = 0, n*> + 28 = 0, where n € N, are necessary
and sufficient for the existence of a family of polar solutions (37.7) of (Ps) in a
neighborhood of 7 = 0.

(2) A similar reasoning as above may be applied in a neighborhood of z = oo by
defining z = 1/¢, in (Ps). This results in

2tw(w — Dw” = *Gw — H(W')? = 22w w — DHw’

2 2 3 2 2 (37.8)
+ 2t (aw” + B)(w — 1)” + 2ytw(w — 1) + 26w (w + 1).
We seek for a formal solution of the equation (37.8) in the form of a series
m .
wt) =Y ajt’. (37.9)
j=0

By substituting the expansion (37.9) into (37.8) and comparing the coefficients of the
powers of ¢, we get the following system to determine the coefficients:

8ad (1 + ap) =0,

ao(y(—l + ag)ag + 52 + 3a0)a1) =0,

(28ag + 38ad)ar = —(B(—1+ ap)® + a(=1 + ap)’a} — 2yaoa (37.10)

+3yatay + 8a} + 38a0a%),

dap(2 + 3ap)a, = Pu(ap, a1, ...,an-1,, B,y,08).

It follows from the first equation (37.10) that if § = 0, then either (a) y = 0 and,

consequently, we have the integrable case in §36, (b) ap = 1, y # 0, a; = 0 for all
j>1lor(c)ap=0,y #0,8=0anda; =0forall j > I.
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In the case § # 0, we have either ag = 0, or ap = —1. If g = 0, then the third
equation in (37.10) implies that § = 8a%. Hence, if § # 0, there exist two different
formal solutions of the form (37.9) in a neighborhood of ¢ = 0. The other coefficients
aj, j > 2, are uniquely determined. If 8 = 0, then w = 0 is the only solution of
(37.8) analytic at z = 0.

Letag = —1. Thena; = 2y /8, ap = —2y2 /8% + 8(a + B)/8 and all coefficients
aj, j > 3, are obtained from the equation da; = Pr(—1,ay,...,ak—1,, B, v, 9).
Hence, when ag = —1, there exists exactly one formal expansion of the form (37.9)
in a neighborhood of ¢t = 0. Hence, we have obtained

Theorem 37.3. The fulfillment of any of the following conditions is necessary and
sufficient for the existence of a formal solution of (Ps) in power of z~" around z = oo:

(@) 8 =0,y #0, inwhich case w(0) = 1, resulting in w = 1;
b)) =0,y #0,8 =0, w(0) =0, resulting in w = 0,

(© 8#0,8#0,w(0) =0,5w(0)>=p;

(d 8#0,8=0,w() =0, resulting inw = 0;

(e) §#0,w(0)=-1,w'(0) =2y/8.

In each case above the coefficients of the series are determined uniquely up to
w(0) or w'(0).

By using the transformation w = 1/ W, we have the following

Theorem 37.4. The conditions a8 # 0 and a%l = —§&/a are necessary and sufficient
for the existence of a formal polar solution of (Ps) in a neighborhood of z = co. The
coefficients aj, j > 0, are uniquely determined up to a_;.

In general, around the fixed singular point z = oo of irregular type, the formal
series expansions of solutions are divergent, and represent asymptotically true solu-
tions in appropriate sectors, see Takano [1], Yoshida [1] and Garnier [4]. Of course,
in exceptional cases such as for rational solutions, they are convergent.

(3) To close this section, we now proceed to obtain necessary conditions under which
solutions of (Ps5) may have an algebraic branch point at z = 0. It is natural to expect
that the equation (Ps) has solutions rational in z!/5, where s is a natural number. In
fact, if the points z = 0 and z = oo are algebraic branch points, the solution w(z)
is algebraic, as all other singularities in C \ {0} must be poles, see §5. Of course, if
s = 1, then the algebraic solution is rational. Moreover, the order of the branching of
w(z) at the points z = 0 and z = oo is equal to two, whenever § = 0, since rational
solutions of equation (P3) generate algebraic solutions of the equation (Ps), see §34.

If § # 0, it appears that all algebraic solutions of (Ps) reduce to rational ones. This
means that we have to prove that whenever § # 0 and w(z) is an algebraic solution
of (Ps), then its branch points at z = 0 and z = oo must be of multiplicity one.
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To this end, we assume that § = —1/2, as we may do without restricting generality.
Substituting z = t¥, (P5) takes the form
6s’wra — 257w a + 2528 + s2w3( — 60 — 28+ T°(2y + t“))
+2w)? + w?(s? Qe + 68 + T Ry + ) + 2t (w' + Tw”))  (37.11)
— w(6s*B + T(w' (2 + 37w +2rw")) = 0.
Let now
w(tr) = P(1)/0(7) (37.12)

be a rational solution of the equation (37.11), where P(r) and Q(7) are irreducible
polynomials of the degrees p and g respectively. Then (37.12) generates an algebraic
solution of (Ps). Substituting (37.12) into (37.11) and comparing the coefficients, we
find that either (a) p = ¢ and s is arbitrary or (b) ¢ = p + 5. Observe that we may
omit the case ¢ = p — s as (Ps) is invariant with respect to the transformation

T :w(z,a,B8,v,8) — l/w(z, —B, —a, —y, §). (37.13)

Let us now consider the equation (37.11) at infinity by putting T = 1/¢. Then we
obtain the equation
— 25285 (=1 + w)w’y + 2w + w)
— tzs( —6s’wa + 257wa — 2528 + 25°w3 Ba + B)
— 2 (w)? — 2w (5% (@ + 3B) + t(w +1w")))
— 12 (w(6s?B + 1 (w2 + 3tw) + 2tw"))) = 0.

(37.14)

Consider first the case p = ¢, with an arbitrary branching order s. Then the
corresponding solution of (37.14) admits the following expression

w(t) =Y bt*, by #0. (37.15)
k=0

Substituting this into (37.14), we have 17(2)(bo+1)s2 = 0, and hence bg = —1.Then, the
coefficients by, k > 1 are uniquely determined. On the other hand, recall the formal
solution ¢ (z) = Z;io ajz_j of (Ps) in (37.9) with ay = —1, whose coefficients
are uniquely determined as well. Since w(t) = ¢p(t™°) = Z;io ajtsj also satisfies
(37.14), this must coincide with (37.15), and hence b; = O for every k ¢ sZ. Next
consider the case ¢ = p + s. Then, we write (37.15) in the form w(¢) = Z,fis byt*,
by # 0. Substituting this into (37.14) yields bs2 + 28 = 0. Recalling the formal
solution ¥ (z) = Z;’il ajz_j, a% 4+ 28 = 0 of (Ps), and considering the solution
w() = Yy = Z;il ajtsj of (37.14), we deduce the same relation b; = 0 for
every k & sZ. In both cases we conclude that (37.12) admits a series expansion of the
form Z;io by jr_sj around T = co. Hence, we have proved



§38 The special case § =0,y #0 189

Theorem 37.5. If 6 = 0 in the equation (Ps), and if w is an algebraic solution of
(Ps), then its branching order at 7z = 0 and z = oo has to be equal to two. If § # 0,
then rational solutions are the only algebraic solutions of (Ps).

§38 The special case § =0, y # 0

The fifth Painlevé equation (Ps) in the special case of § = 0, y # 0, written in the
form ; | ) )2 )

= h(;ﬁ = ”‘? L > " (au + o)+ gu (38.1)
where a, b, c are arbitrary complex parameters, may be reduced to (P3) with parame-
ters ¥ # 0. Infact, this has been developed in §34, see Theorem 34.3 and a subsequent
remark. Moreover, it is known from the results mentioned above that one solution of
(P3) generates two solutions of (Ps) due to the of +,/y, while one solution of (Ps)
generates four solutions of (P3), due to the parameter branching of ++/2a, ++/—2b.
We take now ¢? = 1 in (38.1) without loss of generality. Taking into account the re-
sults in §34, connecting (P3) and (Ps), it is easy to obtain the validity of the following
statement, see Gromak [2]:

Theorem 38.1. Let u(z) be a solution of the equation (38.1) with some parameter
values a, b, c* = 1. Then the function

V(@) ==1-20(2)*/G(), (38.2)
where
®(2) 1= zu' — V2au* + (v2a + V=2b)u — /=2b # 0, (38.3)
and
G(2) = 2zud(2) + ®(2)* — [2zu' — 2(v2a — v/=2b — 2)u]®(2) (384
+ 2zcu? =0 '
is another solution of the equation (38.1) with the parameter values

Proof. The proof follows immediately from the corresponding theorems in §34, Theo-
rem 34.2 and Theorem 34.3. The condition R (z) # Oissatisfied provided G(z) # 0.0
Substituting the expression of ®(z) from (38.3) into (38.4), we obtain that
G(z) = 22%u(u')?/(u — 1) + 4Qa — 1 — V2au)zuu’ + 4au®
+4(V2a = 3a)u® + 4Qa — V2a + v =2b(V2a — 1) + b + c)u®

— 4u[v=2b(~2a — 1) + b].
(38.6)
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Substituting now ®(z) and G(z) into (38.1), it is not difficult to verify that (38.1)
does not have a one-parameter family of solutions induced by the general solution of
a Riccati equation. However, the solutions of

P@) =220 — 0o+t =20+ (14 W42}
—22b+cz)w+2b=0 .

are, at the same time, solutions of (38.1), when @ = 1/2. Here, v = (2z(s")? —
2J/=2b5)/(22(s)? — 24/=2bss’ + ¢s?), s = 2V Z ;=5(v/2e2), ¢ # 0 and Z,
is a cylinder function. Thus, in the case when \/% # 1, the function G(z) is not
vanishing identically which follows from (38.6) and (38.7).

The formulas (38.2)—(38.5) are convenient for constructing exact solutions of
(38.1). We first observe that (38.1) may have solutions rational in /z. This fact
follows from the corresponding theorems in §34 connecting solutions of (P3) and
(Ps) and from the statement that (P3) has solutions rational in z.

Let us put £2 = 2z in (38.1) to simplify the calculations. Reverting to write z again
in place of ¢, we get

3u—1 5, u  4u—1)?
Tm—n) Tt T

"

b
(au + —> + 2cu, 2 =1. (38.8)
u

By direct calculation, we can verify thatif u = ¢(z, a, b, ¢) is a solution of (38.8), then
¢(z,a,b,c) = ¢(—z,a,b,c), (z,a,b, —c) = ¢(iz,a,b,c), (z, —b, —a, —c) =
1/¢(—z, a, b, c) are solutions of (38.8) as well. The process of constructing solutions
of (38.1) rational in /7 is equivalent to constructing rational solutions of (38.8). O

Theorem 38.2. Necessary and sufficient conditions for the existence of rational so-
lutions of (38.8) are that either

2n — 1)2
az(nT), neN

or

_(@n— 1)2

, neN.
8

a#0, b=
Proof. This follows immediately from similar statements for (P3) and from the the-
orems in §34 linking solutions of (P3) and (Ps). Recall first the condition on the
existence of rational solutions in Theorem 35.1. By (34.17), if ¢ = 1, respectively
c = —l,thena+ B = 4y2a —2 and o — B = —4/—2b — 2, respectively
o+ B = 4J=2b+2and « — B = —4+/2a + 2. Hence, under the supposition
¢ = 1, respectively ¢ = —1, the relation « 4+ ¢ € 47 (35.3) holds for some ¢, g2 =1,
if and only if either 22a € 27 + 1 or 24/=2b € 27 + 1 is valid. Furthermore, if
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a= (P —ae+ 2)2/32 = 0, then by (34.11), the rational solution satisfies (34.10),
and hence R(z) = 0 in Theorem 34.1. By these facts, we arrive at the conclusion. O

The relations between the parameters are as follows:

2W2a=2n41-a, 24/=2b=2n—-1, c=-1, (38.9)
2W2a=2n+1, 24=2b=2n—a—1, c=1, (38.10)
2W2a=2n+1, 2V/=2b=2n+a—1, c=-—1, (38.11)
2W2a=2n+a+1, 2J=2b=2n—1, c=1. (38.12)

Table 38.1. The first rational solutions of the equation (38.8).

a b c w(z)
2
o 1 2z
— —— -1 14 =
8 8 +
(@ —2)2 9 1 823 4+ 12(a — 2)22 + 6(a — 2)%7 + a(@® — 6 + 8)
8 8 (o —2)(4z2 4 4oz — 8z + a2 — 4a)
1 o? ! o
8 8 274«
9 (a — 2i)? X (o — 2i)(@? + da(z — i) + 4z(z — 20))
8 8 a3 +602(z — i) + 82(—3 — 3iz + 22) + 4a(—2 — 6iz + 372)
o? 1 . o+ 2iz
8 8 o
(@ —2)2 9 | —8iz3 — 12(ax — 2)22 + 6(a — 2)%iz + a(¢? — 6a + 8)
8 8 (o —2)(—4z2 + 4aiz — 8iz + a2 — 4a)
1 o? | o
8 8 2iz+«

We complete this section by giving an extended example. Considering a special
case
"2 /
1 1
w= Y L gyt - L (38.13)
w z  z w

of (P3), itis clear that w(z) = 11is a solution provided when o + 8 = 0. We may apply
Theorem 34.1 that links solutions of (P3) and (P5) when« # 1,&; = 1. Consequently,
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we obtain two solutions of (38.8)

274+a—1 - 1) 1
ujziiﬁ_ﬂ P C e A R T (38.14)
a—1 8 8
_ a+1 1 (o + 1)?
= ==, b= ——" =1, =—1. (38.15
Tt itra T8 8 ‘ o (G813
The solutions uf and u; now generate solutions wfr, w; of (P3). Taking only one
solution wi(z) = (z+ 1)/(z + 2) witha; = 5, f; = —1, we obtain two solutions of
(38.8)
n 1 1
uj =14z, a:z, b:—g, c=—-1,e1 =1; (38.16)
222 +82+6 9
uy ¢kt b=-2 c=1 &=-1. (38.17)

TP t62+12246 1T %

Taking w = i, when o — 8 = 0, as the seed solution of (38.13), we obtain solutions
of (38.8) with complex coefficients.

Using the established correspondence between solutions of (P3) and (Ps), see §34,
we shortly state the following properties of solutions of (Ps):

(1) If c = £1,d = 0, the equation (38.1) has a one-parameter family of solutions
expressed in terms of the elementary functions if either

2 2 1 2
a= m- #£0, b= _ﬂ, =1
2 8
or
2 1 2 2
PG U i SR
8 2
where m,n € Z and m +n € 1+ 27Z. This class of solutions is generated by the
solution w(z) = tan(z + C) of (P3) with parameter valuesa = 8 =y = —§ = 1.

The simplest solution of (38.8) from this class reads as

2z cos(z + C)?

u@ =1- 27 + sin (2(z + C))

with parameter valuesa = 1/2,b = —1/8,¢c = 1.

(2) The equation (P3) with 8 + ae = 4n + 2, e2=1,n € Z, has one-parameter
families of solutions expressed in terms of the Bessel functions. Thus, with the help
of the connection between solutions of (P3) and (P5), we come to the conclusion that
(Ps) with ¢ = £1,d = 0 has one-parameter solutions expressed in terms of the Bessel
functions if either
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or

Of course, these parameter values contain the values obtained above when the Bessel
functions degenerate into trigonometric functions.

Let us now denote the transformation in Theorem 38.1 as Ty, ¢, : u(z,a, b, ¢) >
U(z,d,b,0), where @ = (v2a + €1)%/2, b = —(v/—=2b + €)?/2, € = c. Here
£1, & with 812 = 8% = 1 determine the branch of \/ﬁ and «/—2b. As the solution
u is admissible for successive applications of the transformation 7%, ¢,, we have the
following

Theorem 38.3. By successive applications of the transformations Tg, ¢, to a solution
u(z,a, b), a solution u(z, d, b) can be obtained with parameters

d=W2a+n)%2, b=—(-2b+n)%2, <T=c, (38.18)

where ny + ny € 2Z. Moreover, for every pair (ny,na) € Z x Z of such integers a
transformation Ty, ¢, exists which carries (a, b) to (d, b) as in (38.18).

Proof. The assertion may be proved similarly as to Theorem 25.3 and Theorem 35.3.
Indeed, the basic transformations in this case are 71,1, T—1,1, 71,—1, T—1,—1. For arbi-
trary k; € N'U {0}, composing of these transformations and the checking closedness,
the assertion follows. O

We conclude here by a remark concerning the fundamental domain of (Ps). As
in earlier sections, a domain G of the parameters is called a fundamental domain,
it is sufficient to know the general solution of (Ps) for all (a, b, ¢, d) € G in order
to construct the general solution of (Ps) for all parameter values a, b, ¢, d by using
some known transformations. From the fundamental domain for (P3) and applying
the relations between (P3) and (Ps), we infer that

G:={(abc)|0=<v2a<1, 0<+/-2b<2, c==*l}.

§39 The Backlund transformations of (Ps)

As one may verify by direct computation, the equation (Ps) in the case of § # 0 is
equivalent to the following pair of the differential equations:

dbt 2
Zd— =—a—(a+cu—uv—u-v,
Z
I 2 (39.1)
Zd_z =872 — yz+(@+cv+ 267%u + 5 +uv2,
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where a> = —28, ¢> = 2« and the function u(z) is related to w(z) through the

transformation # = w/(1 — w). Differentiating the second equation of (39.1) and
making use of the first equation, we obtain the following second order differential
equation for v:

. 1v? — 2872

v N2 I 1
_ 1Y T e ~0(v. 2), 39.2
V= s ) e 0D (39.2)

where

a (287> +v?) B v(yz — 822 — (a+c)v — 1}2/2)2
z z(v? + 2872)

457 (a+c+v) 2 v?
- — 6877 — -——.
+ (28z2 T2 Z ) (VZ z (a+c)v >

O(v,z) =28z —y —

The equation (39.2) may further be reduced to an equation of type (Ps). In fact,
as the function v/(v? + 28z%) has two poles v = kz, k? = —26, it is natural to apply
the following transformation:

v+ kz
v—kz’

y(@) = v # kz. (39.3)

By this transformation, we obtain for y(z) an equation of type (Ps) with parameter
values

1
o= = (y + k(1 —a —0)’,

1 2
Bi = ﬁ(y —k(1—a—0)", (39.4)
Y1 :=k(a—o),
81 := 4.

Therefore, taking into account the transformation (39.3), the validity of the following
statement may be verified directly, see Gromak [3]:

Theorem 39.1. Let w = w(z, o, B, ¥, 8), 8 # 0, be a solution of (Ps), where
Fiiz):=zw' —cw?+(c—a+kw+a#0 (39.5)
and ¢* = 20, a’ = —-28, k% = —28. Then the function
wi(z, a1, 1, v1,81) = 1 = 2kzw/F1(2), (39.6)

with parameter values (39.4), is a solution of (Ps) as well.
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Proof. The following expression immediately follows from the first equation of (39.1):
v=[~zu' —a— (a+ul+u?)", (39.7)

where 1 = —w/(w — 1) and v # kz. Substituting the value of v from (39.7) into
(39.3), we see that y satisfies (39.6). Moreover, the condition v # kz is equivalent to
(39.5) in this case. O

Similarly, w1 may be expressed in terms of w. In fact, the inverse transformation
to (39.6) is

w =14 2kzw/F>(2), (39.8)
where
F(2) := zw| — cywi + wi(—ay +¢; —kiz) +a; 0,
where now c% = 2u1, a% = —2p1, k% = —261, and
1 2
o= —ﬁ(m —ki(1 —ar —c1))”,
1 2
p= ﬁ()’l +ki(1—ai —c1))”,
y = ki(c1 —ar),
81 =56.

Hence, the formulas (39.6) and (39.8) establish a correspondence between solutions
of (P5) with different parameter values, provided § # 0. As we can see, the inverse
transformation (39.8) has the same structure as (39.6) with suitable branches of a;,
c1, k1. This connection will be considered below.

It follows from Theorem 39.1 that a given solution of (Ps) generates, in the general
case, eight different solutions of (Ps), due to the parameter branching. As for the hier-
archy of solutions after repeated applications of the transformation in Theorem 31.1,
see the following figure:

w1 (z, a1, B1, v1, 61) w4,1(2, a4,1, Ba,1, V4,1, 64,1)
w2 (z, @2, B2, v2,62) w4,2(2, a4,2, P42, V4,2, 642)
w3(z, a3, B3, v3, 63) w4,3(2, 04,3, P43, V4,3, 643)
w(z, o, B,y,9) w4 (z, a4, B4, y4, 84) W4,4(2, 04,4, Ba.4, V4,4, 84,4)
Figure 39.1.

The following restatement of Theorem 39.1 serves to studying the properties of
Backlund transformations for (Ps) and to deduce nonlinear superposition formulas
connecting different solutions of (Ps).
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Theorem 39.2. Letw = w(z, a, B, ¥, §), be a solution of (Ps) with parameter values
o, B,v,8 # 0, such that

Fi(z) .= zw — fslcw2 + (e1¢ — g2a + e3kz)w + e2a # O, (39.9)
where ¢* = 2a, a* = —28, k? = —268. Then the transformation
Te) 69,65 » w(z, @, By, 8) = wi(z, a1, B, Y1, 01) = 1 — 2e3kzw/Fi(z) (39.10)

determines a solution w1(z, a1, B1, ¥1, 81) of the equation (Ps) with new parameter
values

1
o) = —1—68[;/ + e3k(1 — e2a — €10)]°,
1
B = ﬁ[y — &3k(1 — e2a — &10)1%, (39.11)
Y1 = 83]((826! — 810)7
81 =26,

where e? = 1,i = 1,2, 3.

A solution w(z, @, B, v, §) satisfying (39.9) generates eight different first level
solutions of (Ps) w;(z, &, Bi, vi, i), where i = 1,...,8, according to the choice
of the branches ¢ = «/ﬂ, a = «/—2B, k = 4/—268 determined by the choice of
€1, &2, €3, respectively. Solutions generated by n times repeated applications of the
transformation in Theorem 39.2 are called the solutions of the n™ level. However,
the value of €3 may be fixed. Therefore, we may consider the solutions of the nth
depending on the choice of €] and &, only, fixing 3 = 1. The following lemmas
essentially serve to prove this statement.

Lemma 39.3. The change of the parameter &3 for the solutions of the first level is
equivalent to the inversion Ty, ¢, 1W(2) = 1/ Ty, g5, —1W(2).

Proof. Let w(z) be a seed solution. Then from (39.9) for solutions of the first level
we have

w’ — grcw? + (g1¢ — 20 — e3k)w + &2a

T, w(z) = .
£1:62:83 2w — ejcw? + (e1¢c — e2a + e3k)w + e2a

The assertion now immediately follows from this representation. O

1.2:8.2:1y

Lemma 39.4. T, 5,05 © T¢ 67,63W = Ty 61, —03 © Te) 6y, —es W, Where o ;

i=1,2,3.

Proof. This follows immediately from Lemma 39.3 and the transformations (39.10),
(39.11). In fact, if W := Ty, ¢;w and W = Ty 4, —s;w, then w = 1/w. Thus,
T02»011*<73(w) = 01,02,03(1/w)- O
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Observe that the relations in Lemma 39.4 demonstrate the commutativity of the
construction of the solutions according to the choice of parameters values under the
transformation (39.10), (39.11). Therefore, the second level solutions generated by
a double application of the transformation (39.10), (39.11), with a fixed value of &3
coincide, provided the parameters «, 8, y, 6 remain fixed.

Lemma 39.5. A double application of the transformation in Theorem 39.2 with the
following choice of the values of the parameters 1, €3, €3 is equivalent to the inversion
of the initial solution: Tgy _ey 650 Tej 6965 1 W > w L,

Proof. The proof easily follows by applying of the transformation (39.10), (39.11).0

By using the preceding lemmas, we get the following statement:

Theorem 39.6. Repeated applications of the transformation in Theorem 39.2 with
the following choice of the parameter values €1, €2, €3 = 1 result in the following
descriptions of the identity transformations: (1) I =Ty _1,—10T¢, 6,1 : W = w and
QI =T —110Te,e51°T1,-1,10 Ty 65,1 : W > w.

Therefore, by virtue of Theorem 39.6, the value of the parameter €3 may be fixed

and we may take €3 = 1 without loss of generality in what follows. Moreover,
whenever § # 0 we may always take § = —1/2 without loss of generality by a gauge
transformation.

We now proceed to studying nonlinear superposition formulas which link solutions
of the equation (Ps) by repeated applications of the transformation (39.10), (39.11).
Observe that the superposition formulas obtained below may be considered as an
alternative version of discrete Painlevé equations, see §50. When &3 = 1 is fixed, the
seed solution w(z, «, B, y, —1/2) satisfying (39.9) generates four first level solutions
wi(z, o, Bi, vi, —1/2),i = 1,2, 3,4, of the equation (Ps), depending on the choice
of the values of ¢, &5 :

T 1w =w; =1—2zw(w — cw?+(c—a+dw+a)!, (39.12)

Ti 1 qw=wy=1-2zww —cw?>+ (c+a+2)w—a)’, (39.13)
T_1 11w =w3=1-2zw(zw’ + cw? + (—c—a+2)w+ a)_l, (39.14)
T 1 qw=wy=1-2zwiw +cw?>+ (—c+a+2)w—a)~'. (39.15)

Observe that for a general case, we may assume that a # 0, ¢ # 0. Indeed, if
a = 0, we have w; = wy and w3 = w4 and the superposition formula 1/(1 — wy) —
1/(1 —w3) = ¢(1 —w)/z is valid. If ¢ = 0, we get w; = w3, wp = wyg and
1/(1 —wy) —1/(d — wy) = a(l —w)/(zw). If a = ¢ = 0, all first level solutions
coincide provided €3 = 1 and a subsequent application of the transformation (39.10),
(39.11) is possible if w # C exp(—+/—28z) for a constant C, assuming y = +/—26.

Theorem 39.7. A seed solution and any two first level solutions are algebraically
dependent.
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Proof. Eliminating w’(z) from the equations (39.12) through (39.15), we find the
following explicit superposition formulas connecting the seed solution w(z) and the
first level solutions w; (z), wherei = 1, 2, 3, 4.

1 1 a(l — w)
- = , (39.16)
1 —w 1—w; Iw
1 1 | —
_ _cd-w (39.17)
1 —w 1—wj Z
1 1 1—
_ _-wlwt+a) (39.18)
1—w; 1 —wy Zw
1 1 1 — -
_ _d-wew=—a) (39.19)
1—w, 1—wj Zw
O

We remark that the solutions w; and w4 are connected in the same way as the
solutions w; and w3 are in (39.17), and the solutions w3 and w4 as the solutions wq
and w; in (39.16). Moreover, if we take 3 = —1, the relations from (39.16) to (39.19)
remain are valid by replacing w; (z) +— w;t4(z) and z — —z. The formulas (39.16)
to (39.19) immediately imply that

1 1 1 1

= - . (39.20)
1 —w 1—wy l—ws 1—wy

Theorem 39.8. Any three first level solutions are algebraically dependent.
Proof. Eliminating w(z) from the formulas (39.16) to (39.19), we obtain

_cwp —wy)(wr — 1) + wala(wy — D(wz — 1) + (wy —w»)z)
wy = . (39.21)
a(wy — D(wz — 1) + (wy —w2)(c(wz — 1) +2)

o~ — a(w; — Dwi(wz — 1) + (wy —w2)(c(wy — 1) +wiz)
T a(w — D(wy — 1)+ (wy — wa)(c(wy — 1) +2)
a(w; —w3)(wz — 1) + wz(c(wy — D(w3z — 1) + (w3 — wi)z)

wy = . (39.23)
c(wy — D(ws — 1) + (w1 —w3z)(a(wz — 1) — 2)

a(wy — wa)(wg — 1) + wale(l —wo)(ws — 1) + (w2 — wa)2)
w3 = . (39.29)
c(I—wa)(wg — 1) + (w2 — wa)(a(ws — 1) + 2)
The relations (39.21) to (39.24) now link three arbitrary first level solutions, proving
the statement. |

(39.22)

Let now w; j(z), i, j = 1,2, 3,4, be the second level solutions obtained by re-
peated applications of the transformations (39.10) through (39.15) to the seed solu-
tion w(z), i.e., wi,j(z, o j, ,3,',]', Vi,js 5,',j) = Tgl’o'z’l o Tgl’gz’lw(z, o, B,y,8), where



§39 The Bicklund transformations of (P5) 199

ef = o} = 1,k = 1,2, see Figure 39.1 (p. 195). Taking into account (39.20)

and Lemma 39.5, it is nothing but an exercise to obtain the nonlinear superposition
formulas relating the seed solution with the second level solutions:

1 1 1 w

1 —w;; * l—wi,4+wi,3—1 w1

where i = 1,2, 3, 4. To deduce nonlinear superposition formulas linking the seed
solution with the first and second level solutions, let us denote w; := Tg, ¢,,1w and
wj,j = T4, 0,,1w;. By a direct calculation, we observe that if w; 1 = T1,1,1w;,
wip = T1—11w;, wiz = T_q11w;, and w; 4 = T_1 _1,1w;, then the following
relations are true:

w 1 (1 —w;)
- =—a——,
w—1 1—-w;; Zw;
1
wz,2 — T
w
w1 d-w)(cw —ar)
w—1 1 —w;3 Wi '
w 1 al—w)
w—1 1 —wias h Z '

where the choice of the values of ¢y, ay is fixed and ¢; = /2a1, a1 = /—2P1.

Note, that we may apply a sequence of Bicklund transformations to a solution
w(z, o, B, ¥, —1/2). Similarly as for the equation (P4), let us assume that this solution
does not belong to the family of solutions generated from solutions of the Riccati
equation (36.11). It is clear from (39.6) that this assumption enables us to apply
successive Bicklund transformations to a solution w(z, «, 8, y, —1/2).

Theorem 39.9. Successive applications of the Bécklund transformation T, ¢,1 to a
seed solution w(z, o, B, ¥, —1/2) of (Ps) leads to a solution wy(z, a1, B1, y1, —1/2),
where the new parameters take one of the following forms:
(1) a1 = V2a+n)?/2, p1 = —(/=2B+n2)*/2, yi =y +n3,
@) a1 = (/=28 +m)?/2, pi=-(V2a+n)*/2, yi=—y—ns
() a1 = (—kv2a —vy/=2B 4y + 211 + 1)%/8,
B1 = —(kV2a +vy/=2B+y +2ny — 1)?/8,
Yy = —K@—l— v\/—_2,3+n3,
) a; = (kV2a +vy/=28 +y +2ny — 1)?/8,
B1 = —(—kv2a —vy/=2B + ¥ +2n1 + 1)?/8,
yi = 1v2a —vy/=28 —n3,

(39.25)
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wheres =ny +ny +n3 € 2Z,nj € Z, j € {1,2,3}, k2=1v2=1. Moreover, for an
arbitrary triple (ny, na, n3) of such integers, and for an arbitrary pair (k, v) of signs,
there exista composition of transformations Tg, ¢, 1 which carriesw(z, a, B, y, —1/2)
1o wi(z, a1, B, y1, —1/2) with (a1, B, 1) given by (1), (2), (3), (4).

Proof. The proof is similar to the proof of the corresponding Theorem 25.3 for (Pa).

In the present case, induction will be applied.

Let Agje5s 8% = 8% = 1 denote the transformation of parameters (o, 8, ¥, ) >

(a1, B1, y1), where a1, B1, y1 are defined by (39.11), i.e.
Aerer : (P?/2.-6%/2.7)
> ((—e1p —e2g +y + D*/8, —(e1p + e2g + v — 1)?/8, —e1p + £29),

where p? = 2a, g> = —2B. As usual, the notation A]gl,sz means that A, ¢, has

been applied k times, k¥ € N U {0}. In this case, the second step of the Bicklund
transformation results in

Apypn © ey ey (P2/2’ —q2/2’ Y)

— (35 (1001 = 12 = 2)p +e2(u1 = 2 +2)g = (1 + w2y
2
+2— 1+ u2) —3%(81(@ —p1—=2)p+e(—p +p2+2)q

2
+ (w1 + 2y + 1 — pa2 —2)°,

%((Ml + u2)(e1p + €29) + (=1 + H2)y — 1 — Mz))~

As in the case of (P4), we first we prove, by induction, that specific combina-
tions of the transformation give us the desired result. Let us introduce the following
transformations:

Sei=AT 0 ALe: (PP/2.—¢/2.7) — (P*/2,—(q —&)*/2.y — 1),
Re =A% 1o Aot (pP)2.—q/2. ) > ((p —)*/2.—q% /2.y + D),
Si=A1_10Aeyey - (PP/2,—47/2,y) = (¢%/2, —p*/2, =)
The choice of &, €2 = 1 in the transformations S, and R, is independent. These
transformations are similar as the transformations Sy in the proof of Theorem 25.3.

Indeed, for arbitrary k; € N U {0}, composing the transformations S, S_1, Ry, R_q,
we obtain

Sty ko ks k) - (P12, =212, ) V> ((p +n1)?/2, —(q +n2)?/2, y +n3),

where ny = —k3 + k4, np = —ki + kp, n3 = —k1 — ko + k3 + ks4. Hence, for
arbitrary n; with s = ny + ny + n3 € 2Z, we can choose non-negative integers k; in
such a way that the application of Sg, , ks.ks) 0 (p2/2, —q*/2, v) yields the triplet
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corresponding to (1) with (n1, na, n3). Furthermore, to consider the case (3), we note
the following:

Ari:(p?)2,—=q* 2, 7) > ((=p—q+y+1?/8, —(p+q+y—1?/8, —p+q).

We put p = k+/2a, g = v/=2B, k2 = v2 = 1. It is easy to see that a suitable
composition of Ay 1 and S, k,.k3.ks) Yields the case (3) with an arbitrarily prescribed
(n1,ny,n3) and (x, v) satisfying n; + ny + n3 € 27, k2 = v2 = 1. Since, due
to S, the cases (2) and (4) are reduced to (1) and (3), respectively, transformations
corresponding to (2) and (4) are immediately obtained.

We next enter to verify the closedness. Now,

Aerer t ((p+n1)%/2.~(q +n2)* /2.y + n3)
> ((—e1p — e2g +y + ND?/8, —(e1p + e2g + ¥ + N2)?/8,
(—e1p +e2q + N3)*/8),
where N| = —gny —&na+n3+1, No = eny+éeny+n3—1, N3 = —gn|+é&ny,
where s = 2n4, nq € 27.. Then n3 = 2n4 — n1 — ny. Hence we have for the constants

Ni, N, N3

Ni—1= (— (I+epn;—(1 +82)n2—|—2n4) € 27,
N+ 1= ((81 —Dny+ (e — Dno + 2n4) e 27.

Therefore Ny = 2m; + 1, No = 2my — 1, N3 = m3, and m{ + my + m3y =
2(n4 —ny) € 27Z. This means that the constants m1, m3, m3 have the same properties
as the numbers n1, na, n3 in (1) of (39.25). Therefore, Ag, ¢, : (1) = (3) with the
condition m| + my + m3 € 27Z.

To prove now the closedness of the parameters (3) of (39.25), we apply

Aerer (o2 = v/Z2B +y +2m + D2,
- %(K@Jr v/ =28 +y +2n — )%, —kv2a + v\/—_2/8+n3>
> (%( - %(81 — &7 — 2)k20 — %(81 — &2 +2)vy/—28
+ %(81 + &)y + Nl)z, _é<%(_81 + &2 — 2)kV2a
et/ 2+ Lot ey + M)
%(81 +&2) (kv 2a + v/=2B) + %(—81 + &)y + Ns),

with Ny = en+ena—n3+(e1—€2)/2—1, Ny = einy +ena+n3+(e1—€2)/2—1
and N3 = —en| + eyny — (61 + €3)/2, ny +ny + n3 € 27Z.
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(a) Ifejep = —1, then we have Ay, ¢, : (3) = (1) or (2). For example, if 1 = —1,
gy = 1, then m; = Nik/2 = (k/2)(—n1 + ny — n3 — 2), my = Npv/2 =
(w/2)(—=n1 + ny + n3 — 2) and m3 = N3 = nj + ny are integers such that
mi+mo+mz=(—k—v+2)n1/2+kK+v+2)n/2+(—k+v)n3z/2—k —v =
—(k +vny — (k + DHnz — (k +v) € 27Z.

(b) If 162 = 1, then we have Ag ¢, : (3) = (3). For example, if 61 = &, = 1,
then2li+1 =Ny =n1+ny—n3—1,2pb — 1 =Ny =ny+nr,+n3—1and
I3 = N3 = —ny+ny—1, where l| 4+ [ + I3 = 2ny — 2 € 27, completing the
proof. O

Theorem 39.9 permits us to construct auto-Bécklund transformations that link
different solutions of (Ps) with the same parameter values. There exist several trivial
auto-Bécklund transformations for (Ps), namely:

So:w(z,a,B,0,8) — w(—z,a,B,0,98),
S1iw(z,a, —a,0,8) — 1/w(z, o, —«, 0, §),
S w(z, o, —a,y,8) = 1/w(-z,a, —a, y,d),
S3:w(z,a,8,0,0) — w(riz, a, B,0,0).

The last transformation S3 will be not considered in what follows, as it is concerned

with the integrable case in §36. In general, the application of Sy, S1, S2 yields new
solutions, as is clear from the following examples:

D) w=z—a,a=1/2,y=a+2,a>=-2B,a#1,8 =—1/2;
Q) w=kz+1,y#0,a=—8=1/2,k*>=-26.

We now apply compositions 7 o Sj o T* k € Z, j =0, 1, 2. This results in the
following statement:

Theorem 39.10. The Painlevé equation (Ps) with § = —1/2 admits auto-Bdcklund
transformations of the form T~ o § j 0 T with j = 0and j = 2, respectively, when

(1) y=n,neZfor j=0and

) —28=R2a+n)?neNU{0}forj=2,

and auto-Biicklund transformations of the form T~ o §1 o T*, when either

B3) ¥y =m, =28 = (V2a + k), wherek e NU{0}, m € Z and k +m € 27 or

@) y &7 8« =2k—1)>2 —88=02m—1)% k,meN.
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Proof. The proof of this theorem is easily deduced by combining the general structure
of the parameters in the proof of Theorem 39.9 with the substitution of the parameters

of Sp, S1, 7 into (39.25). O
Finally, we add a remark concerning the fundamental domain for (Ps) when
§ = —1/2. Define X = (x,y,1), x = J2a, y := /-28,t =y, X1 =
(V201, /=2B1,t1), L == (e1/2,v1/2,0), e} = v} = ¢? = v? = 1,
g1 _eav el
A= 8%1 v%l 2v1
=l -7 —2
—e v 0

Then a Bicklund transformation for the parameters (3) from (39.25) may be written in
the form X| = AX+L, wheredet A = —eejvv] = £1. By Theorem 39.9 on repeated
applications of Bicklund transformations with parameters (3) from (39.25) we infer
that the fundamental domain for (Ps) in the case § = —1/2 may be determined as

G={(x.y.0)]0=x<1,0=5y<1, 0511,
x+y<1, y+r<1, t4+x <1},

§40 Rational and one-parameter families of solutions

In §36, we already observed that solutions of certain Riccati differential equations,
see (36.11), generate one-parameter families of solutions of (Ps). Recalling Theo-
rem 39.1, let us consider this differential equation

zw’ — cow? + (co — ag + koz)w + ag = 0, (40.1)

where ¢ = 20, aj = —2B, ki = —28, v = ko(ap + co — 1) more closely. Of
course, we assume that the values of cg, ag, ko have been fixed. Taking a = ag # 0,
¢ =—co #0,k =—ko, § = —1/2 in the Bicklund transformation (39.5), (39.6), we
get the following parameter values and the following transformation:
1 (co + ap)?
=5, p1 = - . n= ko(ao — co), 81 =—1/2, (40.2)
2 — —
wy = W T cw—d (40.3)
cow* + (ap — cop — 2)w — ap
Hence, we obtain a new one-parameter family of solutions by substituting (39.8) into
(40.1), resulting in

2w? —w wd 2w 14+2 2 — 72
(w))? = 2wy = wy) l)w/l -0+ = - + 21 +2 M C 2
Z

1
z (40.4)
4B1 + 21z 281

poAATne,, 2
72 72
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All solutions of (40.4) may be expressed in terms of the Whittaker functions and
their derivatives, as one can easily see by (40.2) and (40.3). Applying the trans-
formation T3, see (37.14), to (40.4), we again find a new one-parameter family of
(Ps)-solutions for the case

_ (co+ao)?

1
5 ) ﬁ2=—§, 2 = —k(ap — co), & =—1/2. (40.5)

The next step of application of the Bicklund transformation results in
" + Pi(z, w) (W)’ + Pa(z, ww' + Pz, w) =0,

where

1 2
Pi(z,w) := z(cw + (kz —a—c)w —i—a),

1
P(z, w) := Z—2<— Aw? —}—2w3(—2+02 +a+c)—2kz — c(2—|—kz))

+ w8 — 8a — a® + 8¢ — dac — ¢ + 2akz + 2ckz — k222)
—|—2w(a2 —2(l+c—kz)+a+c— kz)) — a2>,

1
P3(z, w) = Z_3< —Awb+ ch( — 4 —4c 43¢+ a(d +3¢) — dkz — 3ckz)

+w*( =3¢ —a*(@4 +3c) + 6¢*(2 + kz) — 4kz(3 + kz)
—3c(—4 + K>z + a@ — 9¢* + 8kz + c(—8 + 6kz)))
+ w3(a3 + ¢+ 24kz — 132 +3a% (@ + 3¢ — kz) — 3% (4 + k2)
+ 3c(—4 + 4kz + k22%) + 3a(—4 + 3¢ — dkz — 4ckz + k2Z2))
+w?(—3a® —3a*(4 4 3¢ — 2kz) + 4(c + ¢* — 2ckz + kz(kz — 3))
+a(12 = 3¢* — 3k*2% + ¢(8 + 6kz)))

+aw(3a® +a(d +3c - 3kz) — 4(1 + ¢ — k) — @*).
This equation determines solutions of (Ps) for y = k(a — ¢ — 3), where o = c? /2,

B =—a*/2,8 =—k?/2.
More generally, we can prove

Theorem 40.1. Equation (Ps) withs = —1/2 has one-parameter families of solutions
expressed in terms of the Whittaker functions and their derivatives when either

—26=2a+2n—1+ny)%, n*=1, neN, (40.6)

or
Qo —n*)(2B +n?) =0. (40.7)
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Proof. We prove this theorem by induction. If n = 1 in (40.6), then (Ps) has a one-
parameter family of solutions determined by the Riccati equation (36.11) under the
parameter condition (36.12). If n = 1in (40.7), then we have either (40.4) when (40.3)
holds or the equivalent family that can be obtained by means of the transformation 75.

Let us now assume the validity of this theorem when n = m in (40.6), using
the notations 7 : w(z) — wi(z), A : (o, B, y) — (a1, B1, Y1), where w;(2), a1,
B1, y1 are determined as in Theorem 39.1. Note, that any application of Bécklund
transformations depends on the choice of the values of v/2«, /—28 which may be
indicated by ¢, v (¢2 = v? = 1). Applying the Bicklund transformation to a one-
parameter family of solutions with parameters (40.6) when n = m, we obtain (40.7)
withn = m and €1 = en, vi = —vn; €1 = en, vi = vn. Applying the Bicklund
transformation to a one-parameter family of solutions with parameters (40.7) with
n = m, we get either (40.6) with n = m + 1 or with n = m depending on the choice
of parameters €1, vy. O

The relations (39.5), (39.6) may be used for the construction of the rational solution
hierarchy for (Ps) in the case of § # 0. Indeed, it is known that (P5) with § # 0 admits
rational solutions of the form P(z)/Q(z). These solutions are of the form

Py_1(2)
0n(2) ’

where A, p are constants and P,—1(z), O, (z) are the polynomials of degrees n — 1
and n, respectively.
If P,_1 =0, O, # 0, then (P5) has the following rational solutions:

w(iz)=rz+u+

@wi)=-1, y=0, a+8=0,
b)wz) =—-28z/y+1, y#0, B=-1/2, 4ad+y>=0,
©wE) =kz+y/-2B, a=1/2, J=2B#1,

y =2k —ky—28, k*=-26.

Note, that the last two rational solutions satisfy the Riccati equation at the same
time.

Taking now (40.8(a)) as a starting solution, we obtain the following hierarchy of
rational solutions:

(40.8)

kz +4a
—kz +4a
witha; = 1/8, B1 = —1/8, y1 = 2ak, §; =8, k? = —26;

wi(z) =

—8z22 +k(ay — c1)z + 4a(l —a; — ¢ — 2a)
822+ k(ay —c1)z+ 4a(l —a; —cy +2a)’

w(z) =

withas = (1 —aj —c1 +2a)?/8, o = —(—1+a; +c1 —2a)?/8, y» = k(a1 — 1),
H=38al=c?=1/4k =k.
Similar hierarchies of the solutions may be obtained for (40.8(b)) and for (40.8(c)).
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Remark. Recall the expression (36.13). If b = /=28 € N, b—a = /—2B—+2a &
{(1,2,...,/=2B + 1}, respectively a = V2o € N, a —b = 20 — /=28 ¢
{1,2,..., V2o + 1}, and if C = 0, respectively C = oo, then a hierarchy of rational
solutions immediately follows, expressed in terms of Laguerre polynomials. The first
solutions of the hierarchies (40.8(a)) and (40.8(b)) may be found in Table 40.1 and
Table 40.2.

More generally, let us consider the rational solutions generated by Biacklund trans-
formations from the starting solution (40.8(a)).

Theorem 40.2. The equation (Ps) withs = —1/2 admits rational solutions generated

by successive applications of Bédcklund transformations to the solution (40.8(a)) for
all parameters which satisfy one of the following conditions:

(1) —28=R2a+k?y=mkeNU{0},meZandk +m € 27,

) 8a=0Rk—12 —-88=0C2m—-1%y ¢7Z k meN.

Table 40.1. The firstrational solutions generated from w = —1 withee = —8,y = 0,6 = —1/2.

o B 4 w(z)
a —a 0 -1
1 1 Z+4a
= —= 2a
8 8 —z+4a
1+ 2a)? 1 —2a)? | 22 +2z 4 8a(l — 2a)
8 8 —22 4+ 2z + 8a(l + 2a)

2 —4744-32a

a —a -2 _—
—z2—4z7—4+432a
9 1 5 (4a — 7)(—2% + 16a% — 4)
- —= a
8 8 —23 +4a(3z2 — 4) + 127 — 48427 + 64a3
9 9 5 (4a — 2)( - z* — 8az® + 128a(a® — )z + 25642 (@ — 1))
8 8 “ (4a + z)( — 7% +8az3 — 128a(a? — 1)z + 25642 (a? — 1))
1 25 5 16 24(12 — 67 + z2)
8 8 z—8 73— 1272 4367 —48
9 1 8 192 48 3
0 = -1 —1+ =

e+
2 z—8 (z—-82 2 2 2z
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Table 40.2. The first rational solutions generated from w = az+1witha = 1/(2a%), 8 = —1/2,
y=1/a,§ =—-1/2.

o B 4 w(z)
1 1 1 o
— —= - a
2a2) 2 a ¢
1 (a— 12 1 1
— i I — 1— =
2 (242 a trl=y
(a—1)2 > 1 —a?2 + Qaz+D@-1
2a2 a (@a—1D(az+1)
) (11— Za)2 1+a —a?7% + 447 —2az —2a% +3a — 1
2a2 a 2a(az —a + 1)
1 1 L a(l+aQz—3) +a*(@Z% - 22 +2))
242 2 a 1+3a(z—D+a3(z—2)2z+a%2Q2 — 7z +3z3)
9 (1—2a)? 1 (2a—1)<1+a(—1+(2+a(z—2))z))
2 _ - L
2 2a a 1+a(3@ - D+a@+2(3E -3 +a6+ - 6)2)))
—ZZ(6+4Z+22)2
2 0 -5
2(12 + 36z + 3622 + 2023 + 74 + 29)
g N . 2(36 + 132z + 13222 + 6023 + 13z* + 2°)

144 + 480z + 56472 + 33623 + 104z% + 1625 + 26

Proof. By (40.6), the solution (40.8(a)) does not belong to the solutions generated by
the Riccati equation (40.1). This means that we can apply Theorem 39.9. Substitut-
ing the parameters in (40.8(a)) into (39.25) and considering the two possible cases

—2p = £+/2a, we get the assertion. O

Making use of (39.25), it is possible to obtain conditions for the existence of rational
solutions of (Ps5) with § # 0, see Gromak and Lukashevich [1] and Kitaev, Law and
McLeod [1]. Necessary conditions follow from the conditions of the existence of
analytic and polar expansions at singularities z = 0, z = oo. Sufficient conditions
may be obtained by (39.4), (39.6) and the direct construction of the above-mentioned
solution hierarchies using (40.8) as starting solutions. This results in the following
theorem, see Kitaev, Law and McLeod [1]:

Theorem 40.3. The equation (Ps) with 8 = —1/2 has a rational solution if and only
if for some branch of Ao, the parameters satisfy one of the following conditions with
k,m e Z:
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(D) 20 = (Aoy + k)?, =28 = m%,m >0, k +mis odd, and « % 0 when k| < m;
(2) —28= oy +k)?% 20 =m? m >0, k+misodd, and B # 0 when k| < m;
3) 28 = (g +m)?, Ay =k, o) =20, m >0, and k + m is even;

4) 8a =k%, —8B8 =m?, roy ¢ Z, k,m > 0, and k, m are both odd.

§41 Connection between (P3) and (Ps) revisited

We may Theorem 39.9 to extend the conditions on parameters, when (Ps) is reduced
to (P3), see Gromak [9]. Let u and w be solutions of (P5) and (P3) with parameters
o, B,y,8anda, b, c, d, respectively. Proving the following theorems is nothing but
a direct computation:

Theorem 41.1. Let u be a solution of (Ps) with parameters a = b = 0. Then the
function w determined by the formula

(w + 1)2

u=(——]» ,

w—1

satisfies (P3) with the following parameter values:
a=—B=—c/4, y=-6=-d/8.

Observe that the transformation in Theorem 41.1 also carries the Riccati equation
of (Ps), see (36.11) into the Riccati equation of (P3), see (29.11). This is again just
a direct computation. We now proceed to extend values of the parameters such that
(Ps) may be reduced to (P3). We first find a connection between solutions of (Ps)
when 6 = 0and § # 0.

Theorem 41.2. Let w = w(t) = w(t,a/4, —a/4,0,4y), 7z = 12 be a solution of
(Ps). Then the transformation

- (w+1)?

R:wr—w (41.1)
4w

determines a solution W(z, «, 0, ¥, 0) of (Ps).

Proof. This is an immediate consequence of the substitution of (41.1) into the equa-
tion (Ps). O

Remark. The transformation (41.1) links solutions of (P5) with the values of the
parameters 6 = 0 and § # O.
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We also derive another transformation connecting solutions of (Ps) with § = 0 and
8 # 0. For this purpose, we consider the following pair of the differential equations:

d

d_f: = g(A+ A" FD) — (B+1)(f/0),

a (41.2)
== A7'gM) + B(g/1),

where B, A # 0 are arbitrary parameters.
Eliminating the function g(¢), we get the equation

(A2 4+ O +tf") = tf (F)* + (A2 + f%f + A+ B (fAY 1),  (41.3)

which may be reduced to (Ps5) by means of the substitution w = f 2 / (A% + f 2,

7 = t2, the parameters being & = (1 + B)?, 8 = 0, ¥ = A?/2, 8 = 0. Similarly,

eliminating the function f(¢), we obtain
" g

/
n2 8 2 2 242
= ——+g(A" — + B°A
8§ =2 287~ sl g")

__ 8
(A2 _ g2)[2'

(41.4)

Taking g(¢t) = A(w(t) +1)/(w(t) — 1), we achieve an equation (Ps) with parameters
o= B2/8, B = —32/8, y=0,6= 2A2, to determine the function w(t).

Theorem 41.3. Let w(t) be a solution (Ps) with parameters o = 82/8, B = —82/8,
y = 0,8 = 2A%, A # 0, where B, A # 0 are arbitrary parameters. Then the
transformation G : w > W, where

f@)? _w@)  Bw@) -1/w@)
i T T

w(z) =

giveﬁnes a solution Q(z) of (Ps) with the values of the parameters & = (1 + B)2/2,
B=0,9=A%268=0.

It is not difficult to show that the transformation G obtained in Theorem 41.3 is
the composition of the transformations R and T, ¢, 1 :

Theorem 41.4. The relation G = R o T_y 11 is valid.

Proof. Let us consider the pair (41.2) and define wy = (f —iA)/(f +iA), wherei is
the imaginary unit. Substituting in (41.3) and simplifying, we get for w; an equation
(Ps) with parameters an = (1 + B)?/8, o = —(1 + B)?/8, y» = 0, 8, = 2A2.
Moreover, we observe that wp = T_j _j jw, W = Rwy. Hence, w = Ro T_| _j 1w,
and G = ROT*l,fl,l‘ O

Hence, the transformation R in Theorem 41.2 appears vitally important to obtain
the relationship between (Ps) when d = 0 and (Ps) whend # 0. If § # 0 in (Ps),
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then Theorem 39.2 holds. Consequently, applying Theorem 39.9 to any solution of
(P5) with parameters

a=B*/8, B=-B%?8, y=0, §=24%+0, (41.5)

all parameters for which (P5) may be reduced to (P3) are found.

Theorem 41.5. The Painlevé equation (Ps) with parameters taking one of the follow-
ing forms:

(1) =28 = (N2a+k?y =m, 8 = —1/2, wherek € NU{0}, m € Z and
k+me?2Z,

) 8a=Qk—1)?% -88=0Cm—1)%,y ¢7,8 =—1/2wherek,m € N,
may be reduced to a Painlevé equation (P3).

Proof. Let w(z) be a solution of (Ps) with parameter values (41.5). Then by The-
orem 41.2 it can be transformed to a solution w(f, B2/2, 0, A2/2, 0) of (Ps5). By
Theorem 34.3 and a subsequent remark, w may now be reduced to a solution of (P3).
The parameters (1) and (2) are now obtained similarly as in Theorem 40.2, by applying
Theorem 39.9 and a scaling transformation to w(z). O



Chapter 9
The sixth Painlevé equation (Pg)

The sixth Painlevé equation (Pg) is in some sense a master type for all Painlevé
equations. Indeed, by a simple limiting process, all of the equations (P;)—(Ps) may
be obtained from (Pg). On the other hand, by the existence of three fixed singular
points, no transformation of type z = ¢(§), ¢ entire, can be applied to produce a
modified form of (Pg) with meromorphic solutions only. However, the local behavior
of sixth Painlevé transcendents shows several features similar as to what we are already
familiar from the preceding chapters. To this end, we pay some attention to pairs of
differential equations equivalent to (Pg) as well as to Riccati differential equations
whose solutions may be used to generate one-parameter families of solutions of (Pg).
We also offer some analysis for formal solutions of ( Pg) around of their singular points.
Similarly as to the previous chapters, Bicklund transformations enable us to construct
connection formulae between sixth Painlevé transcendents, treated only partially, as
the intrinsic symmetries of ( Pg) make it impossible to include a complete presentation
here. The chapter will be closed by a rather extensive presentation of rational and
algebraic solutions of (Pg).

§42 General properties of solutions
The sixth Painlevé equation

, 1 /1 1 1 " 1 1 1 ,
w==-4+—-F— )W) —|-+—+ w
2\w w-—1 w—z z z—1 w—z

w(w—l)(w—z)(a Bz  y@—1 8z(z—l)>

2@—1) w T w—1? " w=2?

(Ps)

with four arbitrary complex parameters «, 8, ¥, § has three fixed singular points
7 =0, 1, co. Asindicated in §6, all singularities of w(z), an arbitrary solution of ( Ps),
outside of z = 0, 1, oo are poles, see e.g. Okamoto and Takano [1] and, for another
proof, Hinkkanen and Laine [4]. Therefore, the behavior of w(z) at z = 0, 1, 00
essentially determines the meromorphic nature of w(z).

The sixth Painlevé equation (Pg) is the most general among the six classical
Painlevé equations in the sense that (P;)—(Ps) may be obtained by successive coa-
lescences of the singular points of (Pg), see the classical treatise by Ince [1]. In fact,
ifweputz - 146z, 8§ —> se72, y — ys‘l — 872 in (Pg), then (Ps) — (Ps) as
e — 0.
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Similarly, (Ps) — (P3) ase — 0, when w — 1 +ew, B - —fe 2, a —
ae” + B2y > ye, § — Se;

(Ps) — (Py) ase — 0, whenz — 1+ &2z, 0 — 8_4/2, y — —e74,
w— ev2w, 8§ > — (6742 + 8¢72);

(P3) - (Py)ase — 0, whenz — 1 +¢&2z, w — 1 +2ew, y — £ 9/4,
§ > —e %4, a - —7%/2, 8- 2873 +£79/2;

(Py) — (P) ase — 0, when w — 22Bew + 8_3, 7 = 273ez; — ¢
o — —8_6/2 —a,B — —8_12/2;

(Py) > (P ase — 0,whenw — ew + &7, 7 > g2z — 66710 o — 4¢

The analytic meaning of this procedure is as follows. After the substitution above,
for example, (Pg) takes the form

1 1 / _ 2
w”:<—+—)(w’)2_£+w(aw+é)
2w w-—1 z z w

w  Sw(w+1
L o@D ez w ).
Z w—1

-3

—15

(P6,£)

Here the function f(e,z, w, w;) possesses the following property: For every
(zo0, wo, w(/)) e (C\{0}) x (C\{0, 1}) xC, f(e, z, w, wy) is analytic around the point
(0, zo, wo, w()). Let w = ¢ (e, z) be the solution of (Pg ) satisfying ¢ (g, z0) = wo,
@' (e, z0) = wy. By the Poincaré theory of regular perturbations, ¢ (e, z) is analytic
for |e| < eo, z € Do, where Dg is a domain containing zg, hence ¢ (0, z) is a so-
lution of (Ps). In every step of coalescence for Painlevé equations (Pj11) — (P}),
j=1,...,5,as well, degeneration of solutions as above may be justified analytically.
By the o-method of Painlevé combined with this fact, the non-existence of movable
branch points for solutions of (Ps), ..., (P;) follows from the same property for so-
lutions of (Ps), see e.g. Painlevé [4, III], p. 115-121 and Okamoto-Takano [1]. It
is quite interesting to study degeneration of solutions in a global domain or around
fixed critical points; concerning degeneration of asymptotic solutions in the process
(P2) — (P1), see Kapaev and Kitaev [1]. It is also known that the Painlevé equations
are governed by monodromy preserving deformation of Fuchs’ equations with regu-
lar or irregular singularities. Concerning these singularities, there is a degeneration
scheme as well. Each step of this scheme gives rise to the coalescence procedure above
for corresponding Painlevé equations, see Garnier [1], Okamoto [5] and Steinmetz [4].
Fuchs [1] presented (Pg) in the form

w dt
z(1 — z)oﬁzf
0o V(= 1)t —2)

=\/w(w—l)(w—z)(a+%+—y(2_l)+<3_l) Z(Z—l)).

(w—1)? 2] (w—2)?
Here £, is the Picard—Fuchs linear differential operator

2 1

d
1-27)— — -
=+ ( z)dZ

d
L, =2z(1—-72) 1

dz?
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Therefore, if we put

u=ulw,z) = /oo Vit—-Di-2)

then w(u) = g (u; z). Here z is a parameter, and the periods of ¢ (u; z) are functions
of z. Then (Pg) transforms into

1
Z(l Z) alﬁ( ,Z) (42.1)

Lu =

where ¥ (u; 2) = ap (; 2) — B + ¥ gt + (3 — 8) Z52s, see Painlevé
[1] and Okamoto [6].

The equation (Pg) can also be rewritten in a canonical form, see Painlevé [1],
Manin [1] and Takasaki [1], by means of the Weierstral}’ function g (¢) with primitive
periods 1 and t. Following an idea of Manin, we apply a simultaneous change of
the variables (w, z) — (g, ), where w := pe(qlem, 7= 2=t and ¢; = p(w)),
j = 1,2, 3 are the values of g (g) at three half- perlod points w; = 1/2, wy = t/2,
w3 = (1 + 1)/2. By this transformation, (Pg) takes the form

2
(@ri)—— Z o' (q + wn), (42.2)

where g = o, 01 = —B, a0 = Y, a3 = =8+ 1/2, wg = 0 and g’ (q) is the derivative
in g of the Weierstral} function

@ =p@lln)=—+ ¥ ( 1 |
80 q = p q ,T) = —2 5 _ _ .
1 (m,n)#(0,0) (g +m+nt) (m+nt)

In the special case « = B = y = 0, § = 1/2, see again Painlevé [1], Okamoto [6],
the function u(z) satisfies the Legendre differential equation

d%u du
4z(z — 1) 5 +4(2z — )d—Z +u=0 (42.3)

with two particular solutions of the form

K(z) =

/1 ds
0 VA=) =2

/n ds
0 VZ-DA - puxs?)

(42.4)

K'(z) =

where u? = z. The functions 4K (z) and 2i K'(z) are, in fact, the periods of the func-
tion g (u; z). Of course, the equation (42.3) is a particular case of the hypergeometric
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equation. Hence, the solutions (42.4) may be expressed by means of hypergeomet-
ric functions: K(z) = £F(1/2,1/2,1,2), K'(z) = £F(1/2,1/2,1,1 — 7). As a
consequence, the general solution of (Pg) witha = 8 = y = 0,5 = 1/2 takes the
form

w(z) = p(C1F(1/2,1/2,1,2) + C2F(1/2,1/2,1,1 = 2); 2). (42.5)

As anintroduction to Béacklund transformations of (Pg), letw(z) = w(z, o, B, ¥, §)
be any solution of (Pg) with fixed parameters. Then the following transformations
determine new solutions of (Pg):

Ti:w>wj, j=1,2,3,

where wl(z’ _ﬂ9 -, Y, 8) = l/w(l/z)7 WZ(Z’ _57 -V, Q, 8) =1- I/W(l/(l _Z))7
ws(z, =B, —a, =5+ % -y + %) = z/w(z). Considering next different compositions
of 7}, we obtain the following group of transformations:

1 1 1
W4 Z,Ola,B,—(S‘F—,—J/—F— =zZw| — ), T4:T10T3,
2 2 b4

1 1
ws | z,a,8 — —B, y—l— =1—-(0—-2w|——); T5=T0T3;
2 1—z2

wa(z,a, —v,—B.8)=1—wl—2z2); Te=Tholl
1 1 1
w7 (z,—ﬂ,cs—a,a, —y+5) =1-(10-2w <1—_Z> T7 =T, 0 Ty;

1 1 zZ(w —1
wglz, =6+ =, —y,—B,—a+ = g 13 = T7 0 Ty
2 2 w—z

1 1 w—z
Z, 7,8 — 7 ﬂ+ — To=T301y;

Tw-—1
z—1
wio | z, o, — 5+ ﬂ-l- =z—zw . ;o Tio=1T50T5;
1 1 -1
w1l z,—3+§ ay,B+ —(1—-2w T—: ;T = Ts0Ts;
w12 <Z, Y, —o, =6 + B+ = ) = Z(l —w(l —Z)) i Tip = T30 Tg;

1 1 z
wilz,,86—=, v, B+ )=z2+0-2dw|——=); Tiz=Tr0oTi;
2 2 z—1

1 1 -1
w14(z,—5+§,—a,—ﬁ,—y+§> (z+(1—z)w( i1>> ;

Ty =Tz o0Tg;
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~1
z—1
wis(z, vy, —a, —B,8) = (1 —w ( )) ;0 Tis=T oTg;

Z

-1
z z
wie(z, v, B, a,8) =w w -1 i Tie=TsoT;
z—1 z—1
1 1 -1 z—1 -1
w7 |z, =6+, 8.0, —y+ <) =zw Zw —z+1 ;
2 2 z Z

Ty7 = T o Ty,

O R RS O [ O) B

T = Ti6 o Tho:

oo dnne )= (o)) ()

Tvg =T 0Ts;
—1
B 8+1 +1 ! ! 1
w s Ve Py — -, — by = Zw w - ;
0\%Y 2 2) T T 1—2
T =T o Tg;

1 1 _
w1 <z, -5+ E’ﬁ’ v, —o+ 5) =zw(l—2)(w(l—2)—1+2) E T = TsoTs;

o= gren ) = (w () -e01) /()

Ty =Ti50Tg;

1 1 z Z
7_7_’_8 P by == _1 5
w23<z P "3 a+2> (w(z—l) >/w<z—1)
T3 =Tie o Ty;

completing the group by T4 = I, the identity transformation. Verification of the
compositions described above is a direct computation. Observe that application of the
transformations 7; implies the change of any two parameters by the scheme

1
al—)—ﬁ|—>y|—>5—8|—>a. (42.6)

The transformations 7} constructed above will be applied below to extend the cases
of solvability of (Ps) and to construct special classes of solutions.



216 9 The sixth Painlevé equation (Pg)

§43 Pairs of differential equations equivalent to (Pg)

While investigating the local behavior of sixth Painlevé transcendents, at the fixed
singular points z = 0, 1, oo in particular, it is often more convenient to consider pairs
of first order differential equations equivalent to (Pg). In this section, we construct
two such systems.

(1) We first proceed to construct such a pair of first order differential equations in the
following Hamiltonian form:
dHe(z, w, v)

’

dv 43.1)

VD) = V)~ fulew)y — Sz wp? = — )
2 ow

where f, ¢, i are polynomials in z and w.
Differentiating (43.1) and making use of (43.1) again, we obtain

w'(2) = f(z,w) + ¢z, w)v =

1
w'’(z) = Ewwvz + (fow + @)V + ffw+ fo + oy (43.2)

Substituting w” and w’ from (43.2) and (43.1) into (Pg) and comparing coefficients of
terms which are of the same degree in v, we obtain a system of differential equations
to determine of functions f, ¢ and ¥r. The system obtained may be written, after some
computation, in the form

ww — D(w — 2w = Gw? — 2zw — 2w + 2)¢; (43.3)
z(z = Dw(w — D(w — 2)(¢; + fow)
=z(z — 1)(3w2 —2zw -2w+2)fo—ww—1)Qzw —w — zz)(p;
222z — D’w(w — D(w — ) (fz + ffu + %)
=22(z — D?Gw? = 2zw — 2w + 2) f>
—2z2(z = Dw(w — DQRzw —w —22) f (43.5)
+ 2aw?(w — 1% (w — 2)? + 2Bz(w — D*(w — 2)°
+2y(z — Dw?(w — 2)> 4 282(z — Dw?(w — 1)
From (43.3) we obtain

(43.4)

¢z, w) =a@ww — DH(w - 2), (43.6)
where a(z) is to be specified at once. Namely, substituting (43.6) into (43.3), we get
2z = D((w —2)d’ —a) + Qzw — w — z%)a = 0. 43.7)

Integrating now (43.7), we conclude that a(z) = Ci/[z(z — 1)], where C is an
arbitrary constant. We may assume here that C; # 0.
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Therefore, we have obtained, by (43.6),
¢z, w) = Crw(w — D(w — 2)/[z(z = D]. (43.8)
The functions f(z, w) and ¥ (z, w) may now be sought for in the following form:
[z w) =k@w” + 1w +m), ¥z, w) = ¥ (). (43.9)

Substituting (43.8) and (43.9) into (43.5) and comparing the coefficients of w? and

w®, we infer that

2ay + k* =20/[22(z = 1)?], z(z— Dk’ = —k(2z — 1). (43.10)

From (43.10) we obtain, by elementary computation, k(z) = C»/ [z (z — 1)], Y(z) =
Qo — C22) /[2C1z(z — 1)], where C» is an arbitrary constant. Equating constant terms
in (43.5), we conclude that m(z) = n2/(z — 1), where n% = —28.

The equation which results by comparing coefficients of w, will be an identity.
But comparing coefficients of w? and w*, we obtain the following pair of equations:

2z =D +1% + 22z — DI[(n2 + Dz + o]
=2z — 1) = 2Camz + C3z + 2822 + 2+ 1) (43.11)
+2yz(z— 1) +28(z— 1),
2@ —D*Q =1 +2z2z - DI[2— C)z— 1 - (3]
=20Coz + C3(Z2 + 2+ 1) —2Coz(z — 1) + 22 (43.12)
+2y(z— 1) +28z(z — D).
Subtracting now (43.12) from (43.11), we easily obtain
22%(z = PP +22(z = DIl + C2 = Dz +m + C2 + 1]
=2m(z — 1) —4Campz = G3(2° + 1) +2C2z(z = 1) (43.13)
+2BE+ D)+ 2y~ D? =28 — D%
But from (43.13), we conclude that
Az+ B
T 2@

where A=p—m—Co+1,B=p+1+m+Crand p> =1—C3+2nCs —
22 +2Cr +28 + 4y —46.
Substituting then (43.14) into (43.11), we get

1(2) (43.14)

1
(mA—=2B—2y + A% /87> + (B — mB + mA — SAB =2

B2 43.15
+21mC2 = €3 =26 +2y = 20)2+ — — Bl + 1) (43.15)

+20pp —B+6) =0.
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The equation (43.15) thus obtained may become an identity, if
A? +4mA —88 —8y =0, (43.16)

2(1 — m)B 4 2mA — AB — 4y 4+ 4myCy —2C3 — 4B + 4y —45 =0, (43.17)

and
B> —4(ny 4+ 1)B + 82 — 88 + 85 = 0. (43.18)

We first observe that (43.17) is a consequence of (43.16) and (43.18). Indeed,
adding (43.17) twice to (43.16) and (43.18), we get

(A — B)? + 8n2(A — B) — 248 + 8y Cy — 4C2 =0,

from which either

A—B = —dny+ /1673 + 248 — 81.Cy +4C,

or

m—C = :E\/C§ =28 —2mCs.
Consequently, it immediately follows from (43.16) and (43.18) that
A=20p3—1m), B=2ma+m+1, n3=2y, nj=1-25  (43.19)

AsA=p+1—n—Cyand B = p+ 1+ + Cy, then, taking into account (43.19),
we see that p = na + n3. The constant C> may be determined from the equation

C3 —2mCr—2(1+B+y —8—n3+ns—n3na) = 0.

Therefore,
Cr=1+m—m+m (43.20)

and, consequently, /(z) = [(13 — 1)z — 1 — n2 — n4]/[z(z — 1)]. This choice of
I(z) turns into an identity the equation that follows by comparing coefficients of w?>.
Collecting now together what has been obtained above, implies that (Pg) may be
written in the form of the following pair of differential equations:

2(z— Dw' = mz+ (3 — n2)z — L+ n2 + na)Jw + Cow?
+ Ciw(w — )(w — 2)v,
2a — C3

(43.21)
2Cq

2(z— 1) = - [(n3—n2)z—(1 +n2+n4)]v—2C2wv

C
— 71(3w2 —2zw — 2w + )2,
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where 3 = 28,73 =2y, 07 =1—28,C1 #0,Cy = 1 + 1 — 03 + n4. In fact, it
is a straightforward computation to verify that w(z) satisfies (Pg), as well as to check
the reversed conclusion for any sixth Painlevé transcendent.

(2) Since the pair (43.21) equivalent to (Pg) is a Hamiltonian system, with a Hamil-
tonian

1 C] 2
He(z, w,v) = ————{ —w((w — 1)(w — 2)v
6(z ) z(z—l){Z ( Y(w —2)
5 20—C3
+ (mz+ M3z —mz—1—m —n)w + Cow )U_Tw

which is a polynomial in w and v, we add here a few remarks about the connection of
Hamiltonian systems with the Painlevé equations, although this topics has been not
considered otherwise in this book. It is clear that the Hamiltonian Hg(z, w, v) above
is not unique. In fact, the function

-~ T el )
He(z, w,v) = —— § —ww — )(w —2)v] + (mz+ 3z —nz —1
6( ) z(z—l){2 ( )( i + (mz+ (132 —m
5 2a — C3
—m —na)w + Cow’)vy — S vt FGEw.
1

v =v+ K(z, w),
Fy(z,w) = K;(z, w).

with an arbitrary analytic function K (z, w) is a Hamiltonian of (Ps) as well, i.e. it
generates a pair of differential equations equivalent to (FPs), see (43.1). In particular,
if fw K. (z, w)dw is a polynomial in w, then Hg(z, w, v) is a polynomial in w and v
as well.

Representations of Painlevé equations in the Hamiltonian pairs were first consid-
ered by Malmquist [1] and later on by Gromak and Lukashevich [1] and by Okamoto
[1]. This idea is closely related to the problem of monodromy preserving deformation
for linear systems, see Jimbo and Miwa [1], [2], Jimbo, Miwa and Ueno [1], Its and
Novokshenov [1] and Fokas and Its [1].

The same representation is valid for the other Painlevé equations (P;)—(P5) as
well. Hence, the first five Painlevé equations may also be written in the form of
equivalent Hamiltonian pairs, where corresponding Hamiltonians take the following
forms:

Hy = O (w?+2) -
2= w2 )v otz |w,

1
H; := E{wzv2 — [2r1zw? + 2ry + Dw + 2r3z]v + 2r1 (2 + ra)zw}
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when o = —4riry, B = —4r3(1 +1r2), y = 4r12, 8= —4r32,
Hy = 2wv? — (w2 + 2zw + 2r))v + rnw

whena =2ry —ri+ 1,8 = —2r12,

Hs := %{w(w — 1)2v2 —[ri(w — 1)2 +rnw(w —1) + r3zwlv
1 2
+ Z[(Vl +r2)° = 2a](w — 1)}

when rl2 =-28,y = —r3(1 +r), r32 = =26.

We invite the reader to apply the idea of (43.1) with the above Hamiltonian expres-
sion, and to compare the result with the corresponding pairs of differential equations
in the preceding chapters equivalent to (P1)—(Ps).

(3) We close this section by constructing another pair of differential equations equiv-
alent to (Pg). In fact, we proceed to construct an equivalent pair in the form:

(w")? = A(z, w) + B(z, w)v,

, (43.22)
vV = P(z,w)v+ 0(z, w).

To shorten the computations, we denote in (Pg)

1 1 1 1
”Z’“’)Ez(a*m*w_z)’
M w):_(2z—1)(w—z)+z(z—l)

0= G-Dw—-z2

ww — D(w —2) z
22(2_1)2 (Ot-i—ﬁE-F)/

Nz, w) = z—1 +8Z(Z_1)).

w-1%  (w-—2z)?
Differentiating now the first equation of (43.22), we obtain that
2w'w” = A, + Ayw’ + B,v+ By,w'v+ Bv'. (43.23)

Replacing the expressions for w” and (w’)? from (43.23) and (43.22) into (Ps) and
the first equation of (43.22), we obtain

2M(A + Bv) +2L(A + Bv)w' +2Nw'

43.24
=A,+ Ayw' + Byw'v+ B,v+ Bv'. ( )

Comparing the coefficients in (43.23) of w’v and w’, assuming w’ # 0 as we may, we
obtain the following pair of differential equations:

B, =2BL, A, =2AL +2N. (43.25)
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Solving (43.25), it is easy to obtain that

B(z, w) = a(@ww — D(w — 2),

2 —1 —
Az, w) = w(lzuz(z _)(lu)]z 2) (b(z) +oaw — ,3% -y

-4
w—1 w—z

z—1 z(z—1)>

where a(z) and b(z) are to be determined. The second equation of (43.22) now takes

the form
2MB — B, 2MA—A,

B + B
Taking a(z) := 2/22(2 —1D2andb(z) := B+y —az—8(2z—1),adirect computation
results in

vV =V

B, -2MB 1 ZMA—-A;  25w(w—1)
B S w-—z B  (w—2)?
Then the pair (43.22) may be written in the form

ZE-D*w)  _  y B8
2wl(w — D2(w—22 (w—-D2 w2 (w-—z)?
a+B—y+S v

. (43.26)
w(w — 1) w(w — D(w —2)

v 20w(w — 1)
+ 2
w—z (w—72)

As one may easily verify by direct computations, the first component of a solution
(w(z), v(z)) of the pair (43.26) now satisfies (Pg), provided w(z) is non-constant, see
Garnier [2].

§44 A Riccati differential equation related to (Pg)

Similarly as in the case of all previous Painlevé equations, we can show that whenever
the parameters «, B, v, § satisfy some specific conditions, then (Pg) admits a one-
parameter family of special solutions, generated by the Riccati differential equation

w = a@w? + b)w + c(2). (44.1)

Substituting (44.1) into (Pg), we obtain by a standard coefficient comparison of powers
of w the following system of equations:

(- 1’a® =20, (44.2)

2@ —D%d —(1+2a*]1+z2z—DQz—Da+2a(z+1) =0, (44.3)
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22(z — 1)2[b* + 2ac — 20’ — 3za* +2(z + Da’ +2(z + Dab]

—2z2(z = D[Qz = Db+ (1 =2z — 29)a] + 2a(z> + 4z + 1) (44.4)
+2Bz+2y(z—1)+25z2(z— 1) =0,

2(z = D2z + Db +2bc — ¢’ — za' — 2abz] — (z — D[(2z — )¢
+a2+(1=2z— )b —2aGz+1) =28+ 1) (44.5)
—2y(z—1)—28(z—1) =0,

2(z — D?[3¢® = 2be(z + 1) +2¢/(z + 1) — b’z — 2acz — 2b'z]

—2(z — DI(1 =2z — 2%)c + bz°] + 20z + 282> + 4z + 1) (44.6)
+2yz(z—=1)+25(z—1) =0,

(z—DMzd + P+ D]+czz—= D) +2B(z+1) =0, (44.7)

(z—1D**+28=0. (44.8)

Now, (44.2) and (44.8) immediately result in
M
2z—1)’

Itis now a direct computation to check that (44.9) turns (44.3) and (44.7) into identities.
Substitution of (44.9) into (44.4) and (44.6) shows that these equations are Riccati
differential equations with respect to b(z), namely,

m
p— Nt =2a, n3=-28. (44.9)

c(z) =

a(z) =

— b +b?/2+ (1+2(p1 —2) + )b
z(z—=1)
! 44.10
t Aoy T mm ety =) (44.10)
+22@+8—1n)) =0,
and
— b —b2/2 = 1
b =567/ Z(Z_l)(ZJrUz(ZJr ))b
. (s 2 B 44.11)
+Z2(Z—1)2(IB n2+z (,3+)/) 1)

+zl@+m—mm+p—y+93)=0.

Moreover, (44.5) turns out to be a linear differential equation with respect to b:

b+ ;(12 —1+2z(1 =1 +n2))b
2(z2 - 1)

1 (44.12)
- (2 1 — -1 - 28 -2y —2
z(z+1)(z—1)2( az+D—m@E—1—mn+28-2y—28

+z2(m +28+2y +28)) =0.
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Substituting now b’ from (44.12) into (44.10) and (44.11) and eliminating b? from
these equations, we conclude that

AZ+ 1
b =
(2) 1)

(44.13)

where

nm—(+pB+y+95) M:nz—(a-irﬁ—y—S)

A= , , (44.14)
n—mn—1

n—m—1

provided n; — np — 1 # 0. Substituting then (44.13), (44.14) into (44.10), (44.11)
and (44.12), we see that these equations reduce to identities, provided the following
conditions for determining b(z) in (44.1) hold:

@+B+7+8)>+2mBB—a+y —8) +2mBa—B—y +96)
+F2mmPB—-—a+y—-38—-—1)+2(a—B—y —4af —2ay —2B5) =0.
(44.15)

Introducing the notations n% = 2y, ni = 1 — 2§ and recalling n% = 2a, n% =28
from (44.9), it is straightforward to see that (44.15) takes the form

H (m —m+upunz+vns — 1) =0.
p=%1,v=r+1

By an elementary transformation, we may assume that
m-—m+n+n=1 (44.16)

Therefore, (Pg) admits a one-parameter family of solutions generated by the solutions
of the Riccati differential equation

A
/ My 2R L (44.17)

w = w w
2(z—1) 2(z—1) z—1
where A and p are taken as in (44.14) and provided that n; — 2 — 1 # 0 and that «,
B, v, o satisfy (44.16).
In order to get a similar result in the case of n; — 12 — 1 = 0, it is clearly necessary
that the numerators of A, ¢ in (44.14) vanish. Therefore, the following conditions

m=a+pB+y+8 m=a+pB—y-—394 (44.18)

are to be fulfilled. But then, by (44.18), y + 8 = 1/2. Solving (44.12) under this

condition, we get
K(iz—1)—2
b(z) = =l +ﬁ), (44.19)
2(z—1)
where K is a constant. To determine K, (44.10) and (44.11) may be used to conclude

that K =3 —a— B+ 1/2.
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Remark. A one-parameter family of solutions of (Ps) generated by a Riccati differ-
ential equation may also be constructed by the pair of differential equations in (43.21)
equivalent to (Pg). In fact, we may take 2o = C22 and v = 0 in (43.21). The first
equation in (43.21) then provides a Riccati differential equation to determine w(z):

2z — Dw' = mz+ (13 — m)z — (L +m + na)Jw + Cow?. (44.20)

In this case, the condition corresponding to (44.15) takes the form 2a = (1 + 1y —
n3 + n4)”.

We now continue by considering the Riccati differential equation (44.17) in more

detail, assuming that « # 0. Defining an auxiliary function v(z) from w(z) =
= v

P it is immediate to see that v satisfies the differential equation

2—Nz—u—1
gy G Pmpe=l o mm v =0. (44.21)
z(z—1) z2(z—1)

Of course, (44.21) is a linear differential equation with three regular singular points
z =0, 1, co, admitting as a solution the Riemann P-function

0 1 o0
v(z) = P 0 -m 0 Z
—u —m 1—=2
Here we have made use of A + 1 = —n; — 12, which follows from (44.14) and (44.9).

By the transformation t = (1 — z) ! of the independent variable in (44.21), we obtain
the hypergeometric equation with parameters —ny, —n2, A:

1t — Dv" 4+ [(1 =01 — m)t — AJv" + ninpv = 0. (44.22)

Making use of this formulation, we may write the result of the above reasoning as the
following statement, see Lukashevich and Yablonski [1]:

Theorem 44.1. If v(z) is any solution of hypergeometric equation (44.22), then the
function

1
w(z) = _EZ(Z — D(1/(1 = 2))/v(1/(1 = 2))

is a solution of (Pg), provided o # 0, n1 — n2 — 1 # 0, and the parameters «, B, y,
8 satisfy (44.16).

As to the case @ = 0, then the Riccati differential equation (44.17) reduces to a
linear differential equation

, A4 m
= w .
72(z—1) z—1
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The general solution of this equation may be expressed in the form
Z
w(z) =z *(z— D (C + nz/ it — 1)*(””“)511), (44.23)

which may be further expressed in terms of beta functions. The solution representation
(44.23) is an example of a case when the fixed singular points z = 0, 1, co all may be
transcendental singularities for a solution of (Pg).

To close this section, we remark that the equations (44.17) and so (Pg) as well
may admit algebraic and rational solutions. For example, if we take § = 0 in (44.23),
thenw(z) = Cz M, A=y +8, 0 =—(y +8),2y = (y + 8)>. We also remark that
(Pe) may have rational solutions depending on an arbitrary parameter different from
the equation parameters «, 3, ¥, 8. For example, if we take A = —2, u = 1in (44.23)
ora =0,8=—-1/2,y + 5 = 1/2 as well, then we obtain a one-parameter family
of rational solutions w(z) = (C + z2) /2z(z — 1), where C is an arbitrary constant.
This situation is different to the case of the other Painlevé equations (P;)—(Ps), which
do permit finitely many rational solutions only for fixed values of the parameters. We
shall consider rational solution of (Pg) in more detail in §48 below.

§45 A first order algebraic differential equation related to (Pg)

It is immediate to observe that we may put § = 0,v = 0 in the pair (43.26) of
differential equations equivalent to (Pg). In this special case, the first equation of
(43.26) reduces to

ZZ(Z _ 1)2w/2 y

2wl(w — 2w —2)2  (w—1)2

a+B—vy

v 1) (45.1)

_F
w2

Of course, nonconstant solutions of (45.1) are solutions of (Pg) as well, as shown
by Gromak and Prokasheva [1]. We shall consider the equation (45.1) more closely,
rewriting it first in the form

(w)? = %(mﬁ +(B+y —a)w—p). (45.2)
We assume that @ # 0 and that the quadratic equation
as’+B+y—a)s—B=0 (45.3)
has two distinct roots s and s;. Substituting
v = (w—s1)/(w — 52) (45.4)
in (45.2), we find that (45.2) takes the form
dv M (=) +s1—2), m=+2a (45.5)

dz 22z —1)
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Transforming further by

2 —Du
po 22z Dy (45.6)
nm Z—82 U
the equation (45.5) reduces to a second order linear differential equation
. =224 _az—s)E—s) _0. 45.7)

c-Di-s) 2 2@-172

The linear equation (45.7) has four singular points z = 0, 1, 52, co. Provided s, # 0
and s» # 1, the point z = s7 is not a singular point for the starting equation (45.2),
being created into (45.7) as a result of the transformation (45.6). Concerning the
singular point at infinity, we may define ¢t = 1/z, and then (45.7) takes the form

. (2 t2S2—252t+1), a (1 —s12)(1 — spt)
u - — u — = u=0.

t t(1—=1)(1—s21) 2 12(1 —1)?

The characteristic roots of the standard indicial equation related to the singular points

7 =0, 1, 52, 00, may be directly computed resulting in ,01((2 = pflg =+ (2/2)s152,

pfSZ) =0, pém = 2, and pg’) = 41,/2, respectively. It is not difficult to see
that the root ,oész) = 2 corresponds to a solution holomorphic in a neighborhood
of z = 57, while the root pfsz) = 0 corresponds to a solution that does not have a

logarithmic branch point at z = s, hence being holomorphic as well around z = 5.
This phenomenon has been observed by Ince [1]. If at least one of the roots of the
quadratic (45.3) equals to z = 0, 1, then the linearized equation (45.7) reduces to a
hypergeometric equation.

Assuming next that the roots of (45.3) are equal, then of course the parameters of
(Ps) satisfy the condition

B+y —a) +4ap =0. (45.8)

In this case (45.2) splits into two Riccati differential equations, see (44.17).
We now proceed to show that the equation (45.1) can be reduced to a hypergeo-
metric equation in general case as well, see Kitaev [2]. To this end, we substitute

2 2
w = v (45.9)
28 +2y — 20 —2n1v
assuming that
2642y —2a —2n1v #0. (45.10)

In fact, if (45.10) is not true, then we must have 28 + v> = 0 as well, and this implies
(45.8), hence the situation reduces back to the case of equal roots of (45.3). It is now
easy to verify that v(z) satisfies a Riccati differential equation

22z — D' = (V2 + 2B — 228 + 2y — 20 —2nyv)), &* = 1.
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Applying the following linearizing change of variables

/

u
v=m+(m—m )z — 22— D 3 =-26 3 =2y, @5.11)
it appears that the Riccati equation transforms into the hypergeometric equation

2z—=Du" +[-1—en+zQ2+en —en)u’
1 (45.12)
+§(8m +tem—eny—a—B+y+mnu=0.

We now state the following

Theorem 45.1. Let u(z) is any solution of the hypergeometric equation (45.12) for
some fixed values of parameter «, B, y such that (45.10) holds. Then the function

_ 2Bu’ + (((z —Dm+z(m — ng))u +2ez(z — 1)u’)2
C2u(Qz— Da+ B +y + iz —1) — zn3)u + 2emz(z — Du')

(45.13)

is a solution of (Pg) with the above parameter values o, 8, y and with § = 0.

Proof. The assertion immediately follows from the equivalence of (43.26) and (P¢)
and the transformations (45.9) and (45.11). The expression in (45.13) is just a com-
position of (45.9) and (45.11). O

To complement the above considerations, we are looking at some special cases
when (45.5) may be solved in a closed form. To this end, we try to find solutions of
(45.5) in the form
az+b

z4c’
Substituting into (45.5), we obtain the following system to determine the coefficients
a, b, c, assuming a’=1.1fa= 1, then we obtain

v(z) = (45.14)

2(c — b) = n1(2b — sp — 2¢ + s1),
—2(c — b) = 1 (b* = 252b + 251 — ¢?), (45.15)
slc2 = szb2.
From the first and last equations of (45.15) we get
n(sy — 2)
b= , c=0bys2/s1. (45.16)
2(L+n)(s2/s1— 1)

Substituting now (45.16) into the second equation of (45.15), we obtain a relationship
between parameters «, 8, ¥, provided a solution of the form (45.14) exists. After a
straightforward simplification, this relationship takes the form

(@—B—y+24+2n)*+282+m)*=0. (45.17)
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Thus, if s; # s and the parameters «, 8, y satisfy (45.17), then the equation (45.5)
has a solution (45.14), where a = 1 and b and ¢ may be computed from (45.16). Let
now v(z) be such a solution. Substituting

z+b
vV =
Z+c¢

4y~ (45.18)

into (45.5), we get the following equation to determine y

z+b +’71(Z—sz) _

0. 45.19
z+cy 2 ( )

dy
2z=D—=+m@—s2)
dz
The general solution of (45.19) may be represented in the form
y(z) =@z - DR + o) (C — % /(z —s)z Tl 4+ c)_k3dz),

where ¢ # 0, 1, ky = —bsani/c, ko = —n1(1 +b)(1 — s52)/(c + 1), k3 =n1(b — ¢)
(¢ +s2)/(c(c+ D).

The equation (45.5) also admits a particular solution of the form w(z) = z(2z +
B+ vy —2)/(B+y), provided that « = 0 and % + (y —2)> +2B(y +2) = 0.
This may be verified by a reasoning which is quite similar to calculations above for
the case (45.14). We leave this case as an exercise to the reader.

§46 Singular points of solutions of (Pg)

This section closely follows the previous pattern of presentation in §30 and §37 in the
sense that we proceed to consider formal solutions of (Pg) in the form of a series

w@) =Yz, (46.1)
k=0

see e.g. Lukashevich [4]. For expressions of branched solutions, see Kimura [1],
Takano [2], and Iwasaki, Kimura, Shimomura and Yoshida [1]. Furthermore, for a
study on the behavior of solutions around fixed critical points, see Garnier [2].

Substituting the series (46.1) into (Pg) and comparing the coefficients, we obtain
the following systems of equations:

alag—D* =y, ag#0;
(ap — (1 = 2aad)a; = ya3 + (ao — D*(B — 8); (46.2)

ag(ap — 1)(n* — 2aad)a, = Py(ao, ....an-1), n=2.

Here P, is a polynomial in all of its variables.



§46 Singular points of solutions of (Pg) 229

We first consider the case when the initial data is not singular, i.e. we assume that
w(0) # 0, 1. We also assume that «y # 0. Then it readily follows from the first
equation of (46.2) that

V2

ap=1+ —. 46.3
0 T (46.3)

Substituting now (46.3) into (46.2), we obtain that
a%(ao — 1)[n2 - (V2a + \/2y)2]an = Py(ag,...,an—1), n=>1.

By an immediate inspection of the equations (46.2), we conclude that the following
theorem holds:

Theorem 46.1. The following properties are valid in a neighborhood of z = 0, pro-
vided that ay # 0 and w(0) #0, 1 :

(a) The equation (Pg) admits two formal solutions of the form (46.1) if the condition

n? # (V20 + /2y)? is fulfilled for all n € N.

(b) The equation (Pg) has two formal solutions depending on one arbitrary parameter
ay, if the two conditions n? = (m-i- m)z and o) («, B, y, 8) = O are satisfied
for some n € N. Here o, stands for P,(ao, ..., a,—1), when ay, ..., a,—1 have
been replaced by their values expressed in terms of «, 8, y, 8.

(c) The equation (Pg) has no solutions analytic at 7 = 0, if the conditions n? =

(V2a + /2y)?, o) (o, B.y,8) # 0 are satisfied for some n € N.

As an example, if v2a + /2y = 1, then we get that o] = y(1/2 + p — 8)/a
which follows by using the second equation of (46.2). The necessary condition for
the existence of a formal solution (46.1) is then o = 0; ay # 0.

Let us consider now the case @ = 0. A necessary and sufficient condition in this
case is y = 0. Hence, suppose that « = y = 0. Substituting now (46.1) into (Pg), we
get the following system of equations:

ar = (B —d)(ao — 1),

(46.4)
a(ag — Dn*a, = Py(ag, ..., ap—1), n>2.

From (46.4), it is immediate to conclude that a formal solution (46.1) exists and
depends on one constant coefficient ag.

Let us next suppose that w(0) = 0. Substituting the series (46.1) into (Pg) while
ap = 0 and comparing coefficients, we get that

2(ar — 1)*B +a}(1 —28) =0,
[a1(a1 = D = D* + 261 = D) +a1(1 = 28) ]y (46.5)

= P,(ay,...,an—1), n=>2,
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where P,(ay, ..., an,—1) again is a polynomial in all its variables. From (46.5) we can
obtain the following cases.

(a) If a; = 0, then 8 = 0. In this case, we have §a, = 0. If § = 0, then a; is
arbitrary. If ay = ap = B = 0, then (3 4 2§)az = 0. If again 3 + 2§ = 0, then a3
is arbitrary. By the same consideration we have eithera; = a; = --- = a1 = 0,
B=0,8=(— (k—1)?)/2and g is arbitrary or # = 0 and aj =0,1ie,w=0.

(b)Ifa; = 1, then § = 1/2. In this case, to determine a> we have (1+428)az = 0.
If now 8 = —1/2, then ay is arbitrary. If a; = a; =0, 8 = —2 and § = 1/2, then
as is arbitrary. Therefore, in this case, we have eithera; = a; = --- = a;,—1 = 0,
8§ =1/2, 8 = —(k — 1)?/2, and ay is arbitrary or § = 1/2 and w = z.

(c)If B =0, § = 1/2, then the constant a; # 0, 1 is arbitrary and the coefficients
a;j are determined uniquely by a; and the parameters @ and y. If 8 = 0, § = 1/2,
a; =0,ora; =1, thena; = 0.

(dIf28+4+1—256 = 0, then from (45.6) we have (1 —2a;) = 0.If 8 =0,
then we have the case considered above. Letnow § = 8 + 1/2 and a; = 1/2. If now
B # —(n — 1)%/8, then a, are uniquely determined by means of parameters o, 8, y.
Otherwise, if 8 = —(n — 1)2/8, then the condition o, (@, B, v, §) = 0 is necessary
for the existence of a formal solution (46.1). In this case the coefficients a;, j > n,
depend on one arbitrary constant a,.

Thus, using (46.5), we may write:

Theorem 46.2. The following conclusions hold in the neighborhood of z = 0, pro-
vided w(0) = 0, w'(0) #0, 1 and B(1 —28) #0,28+1—28 #0.

(1) Ifw'©0) =ajand A :=ai(a; — 1)(n — D2+ 2B(a; — 1) + a1 (1 —268) # 0 for
all n € N, then there exist two formal solutions in the form of a series (46.1) in a
neighborhood of 7 = 0.

(2) If there exist ay for which A = 0, then the condition o,/ (a, B,y,8) = 0 is
necessary for the existence of a formal solution (46.1). In this case the coefficients
aj, j > n, depend on one arbitrary constant ay,.

Similarly, one may study the second case ap = 1 with singular initial data. We
omit this consideration.

A similar analysis may be performed with respect to polar solutions as well. Sub-
stituting the series

o
w@) = Y azl k>0 (46.6)
j=—
into (Pg) and comparing the coefficients, it is easy to show that the following statement

is true:

Theorem 46.3. A formal solution (46.6) exists, if & = 0,y # 0 and 2y = k*. The
coefficient a_y is arbitrary and the other coefficients may be uniquely expressed in
terms of B, v, § and a_y.



§46 Singular points of solutions of (Pg) 231

Consequently, the point z = 0 is a pole of some solution of (Ps) whenever o = 0,
and the value of v/2y # 0 is an integer. The point z = 0 may also be an algebraic
singularity. For example, w = ,/z is a solution of (P6) provided that « + 8 = 0 and
y+8=1/2.

Using the transformations 74 and T, we may also find necessary conditions for
the existence of a analytic or polar solution in a neighborhood of the fixed singular
points at z = 1, co. We again omit these considerations. In all cases, the proof for
the convergence of the formal solutions constructed above, in a neighborhood of the
singular point in question, may be performed by combining the Briot—-Bouquet theory
from Appendix A with the pair (43.21) equivalent with (Pg). This reasoning follows
the pattern of previous reasoning in §30 and §37.

For completeness, we close this section by giving hints for the series expansions
of solutions w(z) of (Pg) around a point zg # 0, 1, 0o, assuming that w(z) tends
to 0,1, z9,00 as z — zo. By §6, and the references cited therein, we know that
w(z) is locally meromorphic around zp, hence we have nothing to do concerning the
convergence of the corresponding Taylor, respectively, Laurent series around zg.

(a) To start with, let first zo # 0, 1 be a pole of w(z). Substituting the series

o0
w@) =Y az, keN; ay#0, (46.7)
I=—k

into (Pg), the following statements may be verified directly:
(1) If @ # 0, then zg is must be a simple pole. The expansion (46.7) in a neigh-
borhood of zg then takes the form:

where ag is an arbitrary parameter.
(2) If @ = 0, then z¢ has to be a double pole and the polar expansion (46.7) is

a_p (220 - 1)61_2
(z—20)%  4z0(z0 — D(z — 20)

w(z) = + Y a(z =20,
=0

where the leading coefficient a_» may be chosen arbitrarily.

(b) We next consider a point zg # 0, 1 such that w(zg) = 0. Substituting now the
Taylor series

w@) =Y az—z0), keN, a#0 (46.8)
1=k

into (Ps) and comparing the coefficients, we immediately observe:
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(1) If B # 0, then

/—2 oo
i =20+ Y a(z — 20",
201 k=2

w(z) =

where a is an arbitrary parameter.
(2) If B = 0, then the zero at z¢ is a double zero and the leading coefficient a; in
(46.8) may be chosen arbitrarily.

(c) Similarly as to the cases of zeros and poles, we may treat such points zg where
w(zo) = 1 by substituting the Taylor series

oo
w@) =14+> az—z0)": keN; a #0, (46.9)
I=k

into (Pg) and comparing the coefficients of the lowest possible degree of z — zg. This
again divides in two cases as follows:
(1) If y # 0, then (46.9) has to be of the form

w(z) =1+ ﬁ(z —z0) + Zak(z - zo)k.
20 P

(2) If y = 0, then k = 2 in (46.9) and the leading coefficients a; may again be
chosen arbitrarily.

(d) Finally, if w(zg) = zo, then the Taylor series in a neighborhood of z¢ has to be

w) =20+ a1z —20) + Y a(z — 20)", (46.10)
k=2

where a; = 1 — 4/1 — 2§, and ajy is an arbitrary parameter.

Remark. By using the transformations 73, 7o and Tg, respectively, we may derive
the expansions in (b), (c) and (d) from those in (a).

§47 Connection formulae between solutions of (Pg)

This is section is devoted to considering Bécklund transformations for the sixth
Painlevé equation (Pg). In order to find the first such transformation, let us con-
sider the pair (43.21) of differential equations equivalent to (Pg), fixing C; = 1 and
defining a new function to be determined by the transformation

2 2
po__cm o, T (47.1)

w w—2z w—u
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where 0 = —1 411 + 12 + n3 + n4. Then it is immediate to obtain the following pair
of differential equations for w and u, see Okamoto [1] and Conte and Musette [1]:

—1
72z—Dw =ww—Dw —2) (—% _ 3 + 7 ) , 472

w—1 w—2z w—u

7 na—1
Mmoo 3 M L > 47.3)
Cu—1 u—z w—u

2z—Du' =uw —1)(u —z) (
where
: 1< 1
=—1+) m =05 m+s (47.4)
It is now a simple computation to verify that (47.4) may also be rewritten in the form

k=1

4

4
> 0 =, j=’ﬁj—%(25k)+%. (47.5)
k=1

k=1

Similarly as in (43.21), it is easy to check that the pair (47.2), (47.3) is equivalent to
(Pg) w1th respect to w(z) provided the parameters in (Pg) are 2o = n 1,28 = —772,
2y = 773, 1-26 = n 4- Moreover, as one can immediately see, the pair (47.2), (47.3)
is symmetric with respect to the transformation w + u, n > 177, which means that the
pair (47. 2) 47.3)1s equlvalent to (P6) with respect to u with the parameters 2o = '71 ,
2,3 = ’72’ 2y = 773, —25 = 774 Therefore, by (47.2) and (47.3), we have the
following statement:

Theorem 47.1. Let w = w(z, «, B, v, 8) be a solution of (Pg) such that R(z, w) :=
2= Dw' + (2 +n3+ma— Dw? = @ +zn3+n2+n4 — Dw +zm2 # 0. Then
the transformation

ocw(w— D(w—2)

T:w—>w=w-— , (47.6)
R(z, w)

where n% = 2a, 17% = —-28, 77% =2y, n?‘ = 1 — 28, generates a solution W of (Pg)
with parameters 20 = ﬁ%, 28 = —77%, 2y = ﬁ%, 1-28 = ?ﬁ, where 71, 12, 13, 14
and o are determined by (47.4).

Observe that the equation R(z, w) = 0 is a Riccati equation. Hence, by (44.16),
R(z, w) vanishes identically under condition o = 0 only. Therefore, if we apply the
Bicklund transformation (47.6) to the solutions of the Riccati equation, we can always
choose the signs of the parameters in such way that R(z, w) # 0.

In repeated applications of the transformation 7" in (47.6), the choice of the signs
of nj is independent in each step. Let us denote the choice of the signs of 7; at the nth
step by 8 , Where (sj( ))2 = 1, denoting the corresponding transformation (47.6) by
T51,82,g3,54. By a direct verification, 771,1,1,1 © T¢, e5,63.64 = 1.
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We next obtain some nonlinear superposition formulas linking solutions of (Pg)
obtained by applying the Bicklund transformation (47.6). Let w = w(z, o, 8, v, §),
wi = Taw, wa = Typ—w, 07 = 20, 03 = =28, 03 =2y, 0] = 1 — 25,
n=—14+n+n+n+n4,n = —1+n +n +n3 — n4. Then we have an
algebraic relation between solutions w, wi and wy at the initial and the first level of

transformation:
w(nw) — 2n4z) — n1ZW]

wy =
niw 4+ 2nqaw — nz

To construct another way of linking solutions of (Pg) with different parameters,
we may apply the following pair of differential equations with respect to (w, y), see
Adler [1],

, 2s w z+1 2w —2)(w —1)
w = +2p— —s w — ,

l— 1 Z Z(Z - 1) Z(Z - 1) (47 7)
N BNP Y 200 —29)(y - 1) '
SO T T 72(z—1) ’

where

25 =p3+pa—1, dp=14pus—pa, 4q=14pus—p3, pi =2y, pz=1-26
and

2 B2+ =)

w  ur—-a2

The pair (47.7) of differential equations may be obtained from (43.21) by the trans-
formation

_®Z +2u(w — 2)(w — 1) — (O + 214 + O)w + Cow?
Ci(w—2)(w—Dw
where ©® = 1+ 1 —n3 —n4, n; = uj, j = 3, 4. Eliminating y from (47.7), we get
the equation (Pg). Observe now that the system (47.7) remains invariant under the
substitution

k]

w=y, y=w, wu=-u, p3z=1—7[3, ps=1-7[4.
Therefore, y satisfies (Pg) with parameters
G=a, =B 2V=(us—D% 26=1-(u— D% (47.8)
Thus, the following statement is valid:

Theorem 47.2. Let w = w(z,, B, ¥y, ) be a solution of equation (Pg) such that
ww — D(w — 2)u? — a/2) # 0, where u is determined by the first equation in
(47.7). Then the transformation

- B2+ w—s)
Flrw->w=——5——-—
w ut—a/2

also determines a solution of (Pg) with parameters (47.8).

(47.9)
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We remark that the inverse transformation of Fj is

2 B/2+ (u —5)?

F1_1:171—>w= 5
w o uc—a/2

, (47.10)
where u is determined by the second equation of (47.7) with w = y.

A Bécklund transformation of (Pg) was also constructed by Fokas and Yorsos [1]
while investigating a system equivalent to (Pg) with respect to w:

1
2z — Dw' = —pw? + SHE+ Dw = oz

+(l+%+f>(z—l)w,

2 @7.11)
2= D= Dw=2f = (= DI +kGE+Df) 5
—2kzfw— %((z —)J —k(z+ 1) f),
where
J:f2+fTM+v, k=pr—pu—1#£0, A=+ uo,
M:%(%—y—a), v:28—1+<%+§)2, 12 = 2a, 12 = 2.

The system (47.11) determines the transformations H : w — f, G : f +— w between
the solutions of (Pg) and the solutions of the equation

2 122
2z — 1)2Q% = ((f/)2 + Jz(szlj;) w2, (47.12)

where

Q:f//+

3z—-1 1 2
2 2 —
2z(z—1)f +Z(Z_1)2(fJ+MJ/ k=1,

A
V=GHDf+5EHD+5E-D.
The equation (47.12) may be obtained from the system (47.11) by eliminating w.

Moreover, the trivial symmetries in (47.12) generate nontrivial symmetries of the
Painlevé equation (Pg). Considering the symmetry

St: f@ A pm,v, k) = f(z, A, @, v, —k),
Fokas and Yorsos [1] obtained a Bicklund transformation of the equation (Pg) accord-
. N ~
ing to the scheme w Ii f — f |E> w of the form

2kf ((z + Dw —2z)

B Y D T G- DT — G D

(47.13)
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where f is determined by the first equation in (47 11) _The relation between the
parameters of solutions w(z, «, B, y, 8) and w(z, &, ﬂ v, 5) is now determined by

2a=(u2— 1% 28=—(u +1)>% 2y=1-25, 25=1-2y. (47.14)

Considering other symmetries of the equation (47.12) one can obtain new forms of
Bécklund transformations. For example, with the help of the symmetry

St fz o h, v, k) > —f(z, —A, —pt, v, —k)

Gromak and Tsegel’nik [2] obtained the Bicklund transformation 3 = G o S o H,
where

- (2 +1) —4w)f’
Fi: = 47.15
3iw— W w+2f’+J/z+(kf(z+1))/(z(z—1)) ( )

with
W= +D% 28=—(u2—1% =y =6. (47.16)

By a straightforward computation, one may easily verify that up to the choice of
the signs of nj, the transformations 7, Fj, j = 1,2,3, and the symmetries 7; are
connected by F1 = T30 T_1 _11,1 © Ty 51,1, F2 = T1,1,—1,—1 © T—1,1,65,6, and
F3=T30 F;.

As arelated matter, we remark that by applying the Landin transform for Weierstral3
elliptic functions to the equation (42.2), Manin [1] found a new transformation for
solutions of (42.2). In terms of the Manin variables T and g, this transform reads as
follows: If t(g) is any solution of (42.2) with parameters o = a3, ¥y = o4, then
7(2q) is a solution of (42.2) for a| = 4ay, a» = 4ap, a3 = oy = 0.

Finally, we construct some auto-Bicklund transformations of the sixth Painlevé
equation (Pg). Indeed, some trivial auto-Bécklund transformations can be obtained
from the linear-fractional transformations in §42, namely from 7;, j = 1, 4, 6, 13,
16, 21:

S1:w(z,A) — 1/w(/z2) = wi(z, A), I =(x,—a,V,3),
Sstw(z, M) — zw(l/z) = walz, 2), A= (o, B, —8+1/2,9),
Se:w(z,A) — 1 —w(l —z)=we(z,A), r=(a,B,—8,9),
S13 : w(z, )\.) =z + (1 - Z)U)(Z/(Z - 1)) = w13(z, )‘)a A= (Ol, 3 — 1/2’ Y, 8)’
Sie : w(z, A) > w(z/(z — D)(wz/(z — D) — 1)_1 = wie(z, A),
A= (a, B,,d),
Socw(z A) > zw(l —2)(wd —z2) +z— 1)_l = w21(z, A),
A= (o, B,y,—a+1/2).
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In the general case, the transformations S; above lead to new solutions. For example,

ws ) =2, A=(1/2,-2,1/2,0), Saw(z, 1) =2z,

2127 27 212
w(z, ) =h, a=(1/2,=h*/2,(h — 1)?/2,0), Snw(z, 1) =zh/(z+h —1),

w(z,\)=h, r= (L —l L(h — 1)2,O> . Spw(z,A) =0 —-h)z+h,

where h # 0, 1. It deserves to be mentioned, that for the other Painlevé equations
(P2)—(Ps), auto-Bécklund transformations for other values of the parameters may be
obtained from the superposition of transformations (T 1) o §j o T", n € Z.

§48 Elementary solutions of (Pg)

In this section, we shall apply the Béacklund transformations obtained in the previous
§47 to construct a number of exact solutions of the equation (Pg). In fact, most of
these exact solutions below are either rational or algebraic functions.

To start with, it is easy to obtain a parameter change formula for admissible solu-
tions by the composed applications of Bicklund transformations. As an example, the
following theorem is easily found:

Theorem 48.1. Let (n1, ny, n3, na) be a quadruple of integers with Z}‘:] nj € 27,
and let (ny,n5,n3,n;) denote an arbitrary permutation of 1, n2,m3,04) =
(vV2a, /=28, 2y, /1 =25). Then, for arbitrary signs «;, k? = 1, 1 < i < 4,
there exist composmons of T in (47.6) and T; in $42 which changes w(z, a, B, y, 8)
into w(z, &, /3 v, 8) with the parameters, iespectlvely, given by

=} +n1)?/2, —B =} +n)?/2,

- T (48.1)
V=i +n3?%/2, 1/2-38 = (1} +ns)?/2,
and
& = (in} — kams — k3n} — kamj +2n1 + 1)?/8,
—B = (=10 + kot — k3’ — ka4 200 + 1)2/8,
B 1M+ Kk2m5 — K33 — Kany 2 / 482)

V= (—k1n} — ka3 + k3n} — kan + 2n3 + 1)%/8,

1/2 =8 = (—k1n} — kans — k3m + kamy + 2na + 1)%/8.

Proof. A suitable composition of the transpositions 77, T, T2 gives rise to an ar-
bitrary permutation (1}, 3, 13, n;). Hence we may suppose that nj = 11, n5 = 12,

n3 = 13, n; = n4. For each (&, v) such that e2 = v? = 1, the transformation F3 in
(47.15) with a suitable choice of signs of n; yields

Hev=Fsey:(a, =By, 1/2=8) 1 ((n +)72/2, (m+v)?*/2,y,1/2 = 9).



238 9 The sixth Painlevé equation (Pg)

Furthermore,

Iy =Tigo F3evoTie: (o, —B,y,1/2 —6)
= (o, (2 +1)2/2, (i3 + €)2/2,1/2 = §),

and

Jew=Too F3ep0To: (a, =B, v, 1/2—8) > (o, =B, (13 + €)% /2, (ns +v)?/2).
Then, for nonnegative integers ki, 1 < j < 8§, we have

Hlk’l1 o Hle,—l o I{(?l o 1541’_1 o J1k,51 o Jfﬁl’_l o J1k’7_1 o stl,l :

(@, =B, v, 1/2=8) > (n +K1)?/2, (n2 + K2)?/2, (13 + K3)?/2, (na + K4)*/2),

where
K1 =k — ko,
Ky = ki — ko + k3 — ky,
K3 =ks — k4 +ks — kg + k7 — kg,
K4 = ks — ke — k7 + ks,
and so

ki —k, = K1,

ks — ks = K7 — K7,

ks —ke = (K1 — K2 + K3 + K4)/2,
k7 — kg = (K1 — K2 + K3 — Ky4) /2.

This implies that, for an arbitrary quadruple (ny,n,n3,n4), n; € Z satisfying
Z?Zl nj € 27, we can choose k; € NU {0}, 1 < j < 8, in such a way that
K; =ny, 1 <1 < 4. The formula (48.2) is obtained by combining (47.4) with (48.1).

O

Remark. By the above theorem we can obtain the fundamental domain:

G:={(m.,mmm|0=<n<1,0<n+m<=<1 j.k=12734, j#k}

To concretize the above reasoning, let us have a look at the solutions expressed
in terms of elliptic and hypergeometric functions, see Okamoto [6], Gromak and
Tsegel’nik [2].

We first consider elliptic solutions with the two sets of parameters («, 8, y, 8) =
0,0,0,1/2) and («, B, y,8) = (1/8, —1/8, 1/8, 3/8) as the initial solutions for the
transformation 7'. Note that the second parameter set may be obtained by applying
the transformation 7 in (47.6) to the elliptic solutions with the first set of parameters.
As to the representation of elliptic solutions for this set of parameters, see Kitaev and
Korotkin [1]. We may state the results as
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Theorem 48.2. The equation (Pg) with the parameters either
2a =n3, —28=n3, 2y=n3/2, 1-28=nj,
4
48.3
nj eNU{0}), > nje2Z (483
j=1

or

1 2 1 2 1 2
ot:g(Zn] _1) ’ ﬂ:_g(znz—l) ) Y :§(2n3_1) )
. (48.4)
1=28=2(na— )2, njeN

may be integrated in terms of elliptic functions.

Proof. We first remark that for («, 8, y,8) = (0,0, 0, 1/2), the condition ¢ # 0
is satisfied. This means that we can apply the transformation S, i, k5., associated
with the parameters (48.1). As result we have (48.3). We now apply the transfor-
mation 7 from Theorem 48.1 to the solutions of (Pg) with parameters (0, 0, 0, 1/2),
expressed in terms of elliptic functions. Then T, ¢y 5.6, @ w(z,0,0,0,1/2) +—
w(z, 1/8,—1/8,1/8,3/8).Letusnow fixn = —1/2,n0 = —1/2, 13 = —1/2, 04 =
—1/2.Theno # 0. The next step of transformation 7' gives w(z, 9/8, —1/8, 1/8, 3/8).
Applying now the transformations

Hy =T 0 Tepenepe e, By, 8) > wiz, (n1 — 261)%/2, B, 7. ),
Hy:=T2 | 1 _ o Tsepepes i we, By, 8) = wiz, o, —(n2 — 262)%/2, 7, 8),
Hy:=T2 || _10Te erepe e, .y, 8) > wiz,a, B, (13 — 263)%/2,8),

1
H4 = T_Z]’_l,_l,l © T81,,$2,,83,€4 : w(a, .Ba Y, 5) = U)(Z, o, ,83 Vs 5 - (774 _284)2/2)'
to the solutions w(z, 1/8, —1/8, 1/8,3/8), w(z, 9/8, —1/8, 1/8, 3/8), we get (48.4).

O

We next take as the initial solutions the solutions of the Riccati equation (44.17)
under the conditions (44.16), and the solutions of the equation (45.1) expressed in
terms of the hypergeometric function. In this case, applying the transformations H;
above to these solutions, we obtain the following statement.

Theorem 48.3. The equation (Pg) with the parameters

20 = (2 +n3 +n4 +2n — 1)2, n eN, (48.5)

n? n? n? 5 n> =0 N 48.6
D) e D)D) 1D v w

has one-parameter families of solutions expressed in terms of the hypergeometric
functions.
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We next proceed to consider examples of how to construct solution hierarchies
of the equation (Pg) from some given initial solutions. The examples have been
collected in the subsequent tables from Table 48.1 to Table 48.5. As the first example,
to construct a rational solution hierarchy, we may take the solution

wiz)=h, ah®>+B=0, y=ah-1)>2

§=0, h#0,1; n =+ 2a, @D
as the initial solution to obtain Table 48.1.
As the second example, if we take the solution
w@) =1-a(l —2? (48.8)
withae =y =6 = 0, B = —2, as the initial solution, we obtain the hierarchy of

rational solutions of (Pg) in Table 48.2. For a complete analysis of rational solutions
of (Ps), see the recent papers by Mazzocco [1] and Yuan and Li [1].
To construct an explicit example of algebraic solutions, we may take the solution

w=z7", a=8=0, y:n2/2, §=—n(n—2)/2 (48.9)

as the initial solution. As the result, we now get Table 48.3.

Algebraic solutions of (Pg) in implicit form, under some special values of the
parameters, have been found by Dubrovin and Mazzocco [1]. In this paper, all al-
gebraic solutions of the equation (Pg) were constructed, provided o = (25 — 1)2/2,
B =y =0,8 =1/2, where s is an arbitrary complex parameter satisfying the con-
dition 2s ¢ Z. However, such algebraic solutions can be built for other parameter
values as well. Taking as the initial solution

w(s) = 1+ )22 +5)/(4(1+25%),  z(s) = (s +2)*/(8s) (48.10)

witha =2, 8 =y = 0,5 = 1/2, we obtain the solution family in Table 48.4.
We close this chapter by giving, in the final Table 48.5 below, some further exam-
ples of algebraic solutions for the sixth Painlevé equation.



Table 48.1. Rational solutions obtained from (48.7) by (47.6).

o B 4 ) w(z)
(=14 (=1+hm)? 1 (=1+m)? 1—h%ny? z
2 2 2 2 I+ (—h+2m
W22 —n? ) —(=1+ M0 C+ (=14 ) 2z + (h—2)m)
2 2 2 h+hth—2)m
1 —(1+ (=1 +mn1)? (=1 + hnp)? 1—n?
2 2 2 2 e h=am
(1 +hm)? —(=1+n)? 1 1 1+ R
2 2 2 2 2 1+ (Gh—2m
(=1 +hn1)? —(=14n1)? 1 2-2(=1+h)*n)? 2(=1+n1)
2 2 2 4 —1+hm
=2+m)? —(h*m?) (=14 m)%n? 0 B G 0
2 2 2 1 -2z+(—h+2)m
5 —(=1+nn?) Wni® —(=2+n)m) LWz (= 2m)
2 2 2 h—2hz 422 —(h—2)%n
(14 (=1 +my)? 1 (=14 np)? 1— 2y, 24 (h—2m
2 2 2 2 1+ (=14 )y
(=1 4hm)*n? > m? —(hni (=2 + hny)) 29— —2%n
2 2 2 (=14+h)(—1+"—-2)n)
(=1+m)? —(=1+hnp)? (14 (=1+ hynp)? 3 (=1 + )@+ (h—2)m)
2 2 2 2 (=1 +n)(=1 4224 (h —2)n1)
1 —(=1+ (=1 +mn)? (1 +hn)? —(=3+n)(=1+n1)) @+ (h—Dn)(=h+2z2 =22 + (h —2)*n1)
2 2 2 2 h—2hz+22 — (h—2)%m

(94) Jo suonnjos Arejuowdrg g4$
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Table 48.2. Rational solutions obtained from (48.8) by (47.6)

al| B |y ) w(z)
ol -2/0] o 1—a(l —2z)?
Ty 1)1} 3 (—1+a(-1+2)%)z
2| 22| 2 —1+a(-1+2%+22
2
ol o 2] o az
—1+4+a
9 11| 1 (=1 +a(=14+2)?)z
20 22 2 —1+a(-1+2%1+22)

72

—1+a(-1+2)%+2z

2437+4+a-32+7%
2| 2 —14a(=1+2)2+2;

| =
S} o)
—
—

(—1+a(=1+ 21 +a2(=1+2)% —a2 -2z +7%)

2
a(—1+a(-1+2)?%+22)

(—1+a(-14+2?z(-2+3z +a@ —3z+23)
(—1+a(=1+2%+2) (=1 +a(=1+2)*(1 +22))

91 9| 1| 3| (-l+a—4az3+3az")(-2+43:+aQ2—-3:+7%)
2| 2|2 2 | (~14a(=14+2>0 +2))(-3+4z+aB —4z+ %)
—1
0] 0 |2 —4 ta
az

2(=24+3z4+a2—3z+73)
—3+4+4z7+4+aB—4z4+7%

1 1)1 15 —243z+a-32+7%)
2| 22} 2 —1+a(—=1+2)%(1+22)




Table 48.3. Algebraic solutions obtained from (48.9) by (47.6).

o p 4 $ w(z)
2
n nn—2)
0 0 — -——= n
2 2 ¢
1 1 1+m? | —(=1+md +n) _Emn A g me
2 2 2 2 —l+n—nz+z7"
(=2 +n)? —n? 0 0 2(z — nZ" + (=1 +n)z'+")
2 2 22— (=1 +n)" + (=2 4+ n)z! "
(1+n)? | —=(=1+n)? 1 1 7 —nZ" + (=1 + )"
2 2 2 2 1 — (14 n)z" +nzl+n
n? o —(=24n)? 0 0 (=2+mz— (=1 +m)2* +2"
2 2 —1+n—nz+7"
(—=14+m? | —(1+n)? 1 1 n—nz+z2(—=1+7"
2 2 2 2 —14+n—nz+z"
1+m? | —(=1+n? 1 3 (=24 m)z = (~1+m2? + ") —nz" + (=1 +mz'*")
2 2 2 2 (—1+n—nz+2"@E2 — (=1 +n)" + (=2 +n)z!*")
0 0 (=2 4 n)> —(n2+n)) (2 — nz" + (=1 + )z +m)?
2 2 (=14 n—nz+7")?
ﬁ —n? ) 0 (z = nz" 4+ (=1 4+ )" T —nz + z2(~=1 4+ 7))
2 2 (=14+n—=nz+ (1 — (1 +n)z" + nzlt)
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Table 48.4. Some implicit algebraic solutions of equation (Pg).

2+9)?
o B 4 8 z(s) = @+5) , w(s)
8s
1 1+5)22
2 0 [0 = A+97°@+s)
2 4(1 +2s2)
ol L3 (1+5)2+5)
8 8 | 8| 8 65
! 9 9 5 —2 45+ 552 4253
8 8 | 8 8 2(s + 253)
N I L —(B+9)(1+9)C2+5)
2 | 2 2 2
A T I S(1+ )2+ 5)(3 + 25)
81 8|8 8 6(4+ 95 + 852 + 253)
o 13 @+5)B+25)
8 8 8 8 14s
9 L], Q2+ $)(=1 +25)(3 + 2)
2 2 | 2 —12 + 2452
Lo [ 2] L] (1-2522 +5) :
2 2] 2 s(1+252)(=4 + 95 — 852 + 253)
25 9 |9 5 | Q+5)(—=1+25)(1 +4s +4s3 +4s%
8 | 8 8 10s(—1 + 4s%)
1 1—25)22
Lo o] -4 A=297C2+s)
2 4+ 852
9 1|25 | 21| (6+47s 42521 +4s 4453 + 45%)
8 8 | 8 8 6(—1 + 252)(4 + 9s + 852 + 253)




Table 48.5. Other examples of algebraic solutions of (Pg).

o B y B w(z) z(s)
5 o 1 @ —5)(1 +5)(=3 + s2)° 2 =921 +9)
18 2 (2 +5)(9 — 1052 + 554 (1=5)2+s)2
2| 1 1 3(=2 — 5 +52) Q2=521+s)
9 2 2 Q2+ $)(=3 +52) 1-5)2+s)?
1 818 | 7 _((73+s2)(718+9s+10s275s3+50s4725s5 - 10s6+5s7)) Q=91 +s)
18 9 |9 18 (=142 +5)3+52)(9 — 1052 + 55%) (1 =92+ )2
O I O R U (2493457 Q2= +5)
9 18 18] 9 (=1 4+ )2 +5)B+s2) 1—5)2+s)?
8 | 1| 1| 4 —6+ 35 +25% — 53 Q2—-9%21+9)
9 18 | 18 9 -1+ 92 +$3+s2) (1—5)2+s)?
LI o | 5 2-s Q-1 +s)
2 18 2—s5+s243 1=5)2+s)?
21|14 24 C-9%1+s
9 18 | 18 9 245 +s2 1 —5)2+s)?
1] 28| 5 2435 — 252 Q2 =521 +ys)
18 9 | 9 18 Q2451 +s5 +52) 1 —=5)2+s)2
1 33— 5)(1 +5)(=3 + s2)° B =531 +9)
2 0 0 - L=sETs)
2 (3+5)%(9 — 952 + 354 + 56) (1-5)3+s)°
[N I O R ~ (—3+s)2(1+s)) G-531+s)
2 2 2 G+ 5)(=3 +52) 1 =9@+s)3
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Table 48.5. Continued.

B vy | é w(z) 2(s)
11| 3 —(27 = 9s — 3s* + 59) B=531+s)
8 | 8| 8 3(=1+5)G+92(1 +52) (1-5)(3+s)°
9 |9 5 (=3 +52)(27 — 9s + 1852 — 65° — 108s* + 365 + 185 — 657 — 358 + 59) GB-—531+s)
8 | 8 8 (=1+5)G+ 21 +52)(9 — 952 + 354 + 56) (1—5)(3+s)3
RN (=3 + )3 + s2)(=9 — 652 + 365% — 65° + 5%) B=531+s)

2 I(—1+ )21+ )3 + )21 +s2)° (1—-53+s)3
25 | 1] 3 5(1 +5)(3 + 52)(—63 + 21s — 11752 4 3953 — 95% 4 355 — 350 +57) B-9531+s)
8 | 8| 8 B+ $)%(1 + 52)(—105 — 4552 + 2154 + 56) 1 -3 +s)3
s lol o | G $2)(—945 — 15755 — 486052 — 2220s> + 12425* +270s% — 60s® — 60s” + 1558 +59) | B =531 +s)

G+ 523 + 35 + 952 + 53)(—105 — 4552 + 2154 + 56)

(1 =53 +s)3

9v¢
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Chapter 10

Applications of Painlevé equations

This chapter is devoted to considering Painlevé differential equations from the point
of view of applications. During the last three decades both the wave theory in non-
linear media and the analytic theory of differential equations have simultaneously
experienced a considerable development under mutual influence. This development
has been, essentially, stimulated by the needs of physics. Indeed, interaction of large
amplitude waves has frequently appeared in different fields of physics such as plasma
physics, nonlinear optics, and ferromagnetism from the beginning of 1960’s. There-
fore, it is natural that the applications of Painlevé equations mostly fall in the fields
of partial differential equations and of difference equations, both belonging to main
mathematical tools of physics. This chapter aims to offer a short overview of the con-
nections between Painlevé differential equations and their physical applications. In
fact, interdisciplinary research in this type of field necessary needs that some ideas of
applications should be familiar to mathematicians, while physicists should be aware of
the usefulness of the mathematical machinery behind of Painlevé equations. However,
we feel it necessary to emphasize that this chapter is an overview only, not trying at
all to be a complete presentation.

§49 Partial differential equations related to Painlevé equations

By experience, despite of the large number of nonlinear problems appearing in physics,
the key role among them seems to belong to a relatively small number of universal
mathematical models. Moreover, many of them possess the property of integrability,
making possible a more deep and efficient investigation. In 1967, Gardner, Green,
Kruskal, and Miura [1] proposed the inverse scattering transform method (IST) to
analyze the question of integrability. This method made possible to find the connection
between the Korteweg—de Vries equation and the linear Schrédinger equation on a line,
proposing an exact method of solving some nonlinear partial differential equations.
Since then, this method has been known as the IST-method, see Debnath [1], 363-386.

Applying the IST-method permits to establish an exact integrability of a large
number of both nonlinear partial differential equations and of ordinary differential
equations. Of course, this integrability property has appeared to be extremely impor-
tant in different fields of science. Moreover, by the IST-method, there appears to be
a close connection between nonlinear partial differential equations admitting to use
this method and ordinary differential equations admitting the Painlevé property. In
particular, this includes the Painlevé differential equations. In fact, the well-known
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conjecture, due to Ablowitz, Ramani and Segur [1], on the connection between ordi-
nary differential equations of Painlevé type and nonlinear partial differential equations
of IST-type, the group analysis method for partial differential equations and the method
of Painlevé analysis as modified by Weiss [1] and Weiss, Tabor and Carnevale [1] gave
rise to several new physically significant models.

Perhaps we should remark here that the transcendental solutions of Painlevé equa-
tions, the Painlevé transcendents, seem to have in nonlinear theoretical physics very
much the same role as the classical special functions possess in the corresponding
linear theory.

This section has been organized according to the general type of the partial dif-
ferential equations in question. Although this means that the corresponding Painlevé
equations appear in a somewhat nonlogical manner, we hope that this is not too con-
fusing, as this section remains relatively short anyway.

A. Korteweg—de Vries type equations

1. The Burger equation
U = Uy + 2ulty (49.1)

is the simplest nonlinear model equation for diffusive waves in fluid dynamics, hence
being of considerable interest in physics applications relying on nonlinear evolution
equations. It may be regarded as one-dimensional reduction of the Navier—Stokes
equations, see Calogero and Degasperis [1]. For an overview of basic properties of
the Burgers equation, see Debnath [1], p. 284-301. Writing now (49.1) in the form

up — (uy +u?)y =0 (49.2)
and considering (49.2) as a compatibility condition for a function W, we obtain
u=Wy, uy+u’=y, (49.3)
and further
Wy + W2 =W, (49.4)

Applying now the Cole—Hopf transformation ¥ = log ®, we first get from (49.3)
u =V, = &,/ and by partial differentiation of this,

q)xx q)xz CDI
- (=), v, = L 49.5
L s

Substituting (49.5) into (49.4) results in the linear diffusion equation
O, = Oy, (49.6)

If we are now interested for solutions of (49.1) of type u(x + t), we may denote
z =x+1,v(z) = u(x + 1), obtaining first from (49.1) v’ = v” + 2vv’. Integrating
then results in a Riccati differential equation

vV =v—1v’+K, (49.7)
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K being a constant of integration. We remark that we have included the Burgers
equation here due to the close connection of the Riccati differential equation to Painlevé
equations.

2. The Korteweg—de Vries equation
Uy — OU Uy + Uyyy =0, (KdV)

see Debnath [1], p. 347-356, was introduced in hydrodynamics to describe wave
evolution in the shallow water; the KdV-equation describes the balance between time
evolution, nonlinearity (uu,) and dispersion (uy,,) for a solitary wave. As the KdV-
equation also describes plasma waves in a dispersive medium, it is natural that the
main applications of the (KdV) appear in hydrodynamics and in plasma physics. The
connection to Painlevé equations comes easily out from the fact that (KdV) admits
stationary (travelling wave) solutions u(x, t) = U(x — ct), where U (z) satisfies the
equation

(U" -30% - cU) = Ky, (49.8)

where K| is an arbitrary constant of integration. Multiplying (49.8) by 2U’ and
integrating we obtain

(U")? =203 - cU? =2K U + Ko. (49.9)

This immediately shows that a stationary solution of (KdV) may be represented by
the Weierstral} go-function in the form

2
c c 1 c c\3
ulx,t) = 6 +2p (x—ct—xo, - — K, _ZK2+_12K1 — <8) > (49.10)

In particular, if K; = K, = 0, we obtain
u(x,t) = —%sech2(\/5(x —ct — x0)/2). 49.11)
On the other hand, if we substitute
u(t, x) = —w(z) + Af, z = x + 31’

into (KdV), we obtain
w”(z) = —6w(z)w'(z) + A.

An immediate integration results in the first Painlevé equation in the form
w’ = -3w?+ iz + K. (49.12)
Writing the KdV-equation in the form

2u; + 2utty + Uyyy =0, (49.13)
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it is a straightforward computation to reduce (49.13) to the equation
" +2ff =2atf —4af =0 (49.14)
by using the substitution
u=p/Qa) + Gat +8) 7 f(0),
T = Gat + 87" (x — Bt/Q2a) + y Ja — B8/ (2a%)).
By a subsequent transformation
f =3atr —6*F, z=-a't
in (49.14), we get the equation
FF" = (F)?/2+4F> +2zF? + K, (49.15)
where K is an arbitrary parameter of integration. Substituting further
F=w?—w —-2)/2

in (49.15), we obtain
w’ =2w —2zw +« (49.16)

with respect to w(z), where o = (—8K)Y/2 — 1. Of course, (49.16) is a slightly
modified form of the second Painlevé equation. Note, that if K = 0 in (49.15), then
we may apply the substitution F = w? to obtain (P;) with respect to w(z) in its
standard form with o« = 0.

3. The modified Korteweg—de Vries equation
U — 6020y 4 Vyer =0 (mKdV)

follows from the KdV-equation by the Miura transformation u = v, + v?. Indeed,
substituting this transformation in (KdV), we get

20v; + vy — 6(v2 + V) 2uvy + Vyx) + OV Uy + 20V5xx + Vxxx =0,

which may be written in the form

9 3
(21) + a_> My = (2v + 5) (v; — 6V2V; + Vyyxy) = 0. (49.17)

X

Clearly, if v satisfies (mKdV), then u is a solution of (KdV). The connection of
(mKdV) with the Painlevé equations is due to Ablowitz and Segur [1]. In fact, assum-
ing that a solution of (mKdV) may be written in the form

v(x, 1) = (3 Pw(z),
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where z = x(3t)"1/3

, then a simple computation results in
w” — 6ww’ — (zw) = 0.

Clearly, the second Painlevé equation now follows by integration.

4. The cylindrical Korteweg—de Vries equation
1
2u; + ;u +2uny + Uy =0 (cKdV)

reduces to the first Painlevé equation by the transformation
t=xt" Y24 542812 2y0),
u(x, 1) =x/Q0) + 872 /Qy) + p/Qy1) + f(D)/1,
see Tajiri and Kawamoto [1]. In fact, integration now leads to the equation
f'+f2=ot/Qy) =K, (49.18)

where K is a parameter of integration.
There exists another transformation leading to the second Painlevé equation. In-
deed, the transformation

7 =at +2y13?)3,

v = (x+8/a +2y(3/a> = B/@y)i' ),
u(x, 1) = (yx + G —2y8/a)'?Ga) " + 272 f (1)

applied in (cKdV) results in

2
"+ 2ff = Sorf - %f:O,

the solutions of which may be expressed in terms of the solutions w(£) of the equation
(P) with @ = 0 by using the transformation

w? = —6*1/3a*2/3f, £ = (%)1/%.

5. Higher order Korteweg—de Vries equations. The connection of higher order Kor-
teweg—de Vries equations (,, KdV) with the second Painlevé equation and its higher
analogues has been treated above, see §22. Therefore, we omit these considerations
from this section.
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B. The Boussinesq and Kadomtsev—Petviashvili type equations

1. The Boussinesq equation

3 [u? 1
Uy = Cz (uxx + E (7))“ + ghzuxxxx> (B)

has a similar hydrodynamical background as the Korteweg—de Vries equation above,
as it may be used to describe the propagation of long water waves (with speed c)
in shallow water (of depth /). Closely related to (B) is the Kadomtsev—Petviashvili
equation

(y — OuLy + Uyyy)x + 3ﬂ2uyy =0, PLZ =1, (KP)

originally used to describe slowly varying nonlinear waves in a dispersive medium.
The Kadomtsev—Petviashvili equation may be considered as a two-dimensional gen-
eralization of the Korteweg—de Vries equation. By a simple normalization, (KP) may
be written as

Uy + (U2 + Vxx)xx T vyy = 0. (49.19)
Using now the transformation

1 10

> X—=y——t, t— —t, — u,
X X 3y 9 y+ 3 v u
we obtain
Upp — Uxx + 8(u2 + uxx)xx =0, e’ = 1, (49.20)
with ¢ = 1, while for ¢ = —1, (49.20) is nothing but the Boussinesq equation, see

Nishitani and Tajiri [1] and Bassom, Clarkson and Hicks [2] for more details.
To find out connection of (49.20) with Painlevé equations, first observe that sub-
stituting z = x — ct into (49.20) leads to

A =Du+ew’+u")=Kiz+K>.
The solutions of this equation may be expressed by the Weierstrall function g (z) or

by the first Painlevé transcendents, depending on the constants K, K> of integration.
On the other hand, substituting

into (49.20) and integrating once, we obtain

" / / 8 8 2
f +ff—sf—s(§)f—2<5> ¢ =Ki. (49.21)
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But now, applying the transformation,

AN +19 1+K9
= —& —_— —_— — s
¢ 20 ST s
1 /.6\*3 8 0

the equation (49.21) reduces to (49.15), and therefore, further, to the second Painlevé
equation (P,).

2. The generalized Boussinesq equation
Uxxxx T PUrllxx + qUxUy; + ru,%uxx +uy =0, (49.22)

where p, g and r # 0 are constants, arises in several physical applications, see Ludlow
and Clarkson [1]. The connection to Painlevé equations now appears in special cases
of constants in (49.22).

For example, substituting into (49.22)

ulx, 1) =w(@) +rlogr, z=xt""2, W) =w(2),

where A1 is an arbitrary parameter, we get the equation

w" 1( W'+ r w2 W+ (22 4 pag ) W 1W2 3W A =0
—§p+q)z +r + ZZ + piy —Eq +ZZ —Xx1 =0.

An additional transformation

1
W(z) = -3"*yx) —2)/p, x= —531/4z, (49.23)
withg =0andr = — % p? now results in the fourth Painlevé equation (Py) for y(x)

with & = pi1/+/3 and B being a constant of integration.
Similarly, if g = 0 and r = —§ p? # 0, then by the substitution

1/2 3/2

u(x,t) =w(z) +2x1xt + rplogt, z=xt" '+ rxpt’-,

W(z) = w'(2),

into (49.22), where A1, A; are arbitrary parameters, we get the equation

1 1 1 3
W — EPZWZW/ _ EPZWW/ + (Zzz + pAz) W+ ZZW — A2 =0.

Again applying the additional transformation (49.23), we observe that y(x) satisfies
the equation (P4) with @ = pA/+/3 and with 8 being a constant of integration.
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Moreover, if r = %q(p + gq) # 0, then taking

8
u(x,t) = w(z) —4r1xt + At — gk%qt3, z=x+ Alqtz,
W(z) :==w'(2),

where A1 # 0 and A, are arbitrary constants, we obtain
1
w"” + 24P+ OW2W' + (—dr1pz 4+ o p)W' —201gW = 0.

This equation is of Painlevé type, provided g = 2p andr = 3p?/2. Indeed, integrating
once results in
W+ p*W?/2 + (oap — 401 pD)W = A3,

where A3 is a constant of integration. Clearly, this equation is nothing but a slightly
modified second Painlevé equation.

3. The spherical Boussinesq equation, see Bassom, Clarkson and Hicks [2],

Y

2 Uxx — 3(u2)xx —Uyxxx =0 (49.24)

2
Uy + P +

may be reduced by

1 /d
uer.t) = —o- (d—'j +ul+ 2zw) . z=x/QVD),

to the fourth Painlevé equation (P4) with respect to w(z), where o = 1 — %y.

4. We shortly remark the shallow water wave equation
Uxxxr + QUxllyy + Bugliyy — Uy — Uxx =0, (49.25)
see Clarkson and Mansfield [1], which admits the symmetry reduction

ulx,n = fOwE +x/a+1t/B, z=xf()

to
" 1o

aw® 4+ 4w + (@ + B)zw'w” + pww” + 2a(w')? = 0.

This equation is of Painlevé type if and only if « = B or if « = 28. These two special
cases are solvable in terms of the solutions of (P3) and (Ps).

5. The modified Boussinesq equation

1 3

g%‘t —qtqxx — zq)%%cx + @rxxx =0 (mB)
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has been treated by Quispel, Nijhoff and Capel [1]. Again, a connection to (P) and
(P4) may be easily found. Applying first the transformation

gx,t)=x(K +at)/3+6(t), V()=-0'(t)/2, t=x—Kt— %atz,

we reduce (mB) to the equation (P,) in the form
V' =2V +atV/3—K*V/6+u—1/2,
with parameters a, K, . On the other hand, if we put
1/2

g=ylnt+Q0(), T=xt""7,

then we obtain the equation

3 1 1 1 1
@ _ 2 e nh2 - "y o 2 "o "2, =0
Q Q@)Y+ 0+ ST —y QT+ 70— 3y

for Q(t). Integrating this equation, we further substitute

/ 2 1 [
0()=—=wk) —z1, zz=r, K:_Zl’ I* =16.

K 3
The function w(z) now satisfies the fourth Painlevé equation (Ps) where o« = — zltl 2)/
and f is an arbitrary constant of integration.
6. We finally mention here the pair
U + vy +uuy =0, v+ Uyyy + @v), =0, (49.26)

of differential equations equivalent with the Boussinesq equation. This pair of equa-
tions may be solved by

ulx,t) =t +2w(), v, 1) =—z—2w2),

where 7 = x — t?/2 — K, K being an arbitrary constant, and w(z) being a solution of
the second Painlevé equation. Similarly as to several occasions above, also here the
fourth Painlevé equation may be obtained. Indeed, (49.26) also admits a solution

u(x, ) = 2w +22) 2072 vx, 1) = —(w(2) + 2zw(z) — 2a)21) 7,

1/2

where 2z = x(2t)71/2, 242 = 1, A = 1 such that w(z) is a solution of (P4) with

parameters « and B.
C. Sine-Gordon type equations

The sine—Gordon equations were originally discovered in differential geometric con-
siderations related to the theory of surfaces of constant negative curvature. Moreover,
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the idea of Bécklund transformations was also discovered in relation to these con-
siderations. Although sine—-Gordon equations come out from a purely mathematical
background, it has later appeared that they admit numerous physical applications.
These include applications in nonlinear optics, solid state physics, ferromagnetism
and elementary particle physics.

1. In some sense, the mathematical prototype for the sine-Gordon equations is the
Liouville equation
Uy; = EXpU. 49.27)

This equation appears in a variety of physical problems and may be applied in differen-
tial geometry and in the theory of automorphic functions, see Vekua [1]. In particular,
as has been shown by Barbashov, Nesterenko and Chervyakov [1], several nonlin-
ear models, e.g., in the general relativity with the constant curvature, the Born—Infeld
scalar field and the relativistic string, can be described in terms of the equation (49.27).

The general solution of (49.27) is known. In fact, if w(z) is a solution of the
equation

w)? 1 1
w = Ly —w?, (49.28)
w Z Z
then the function u determined by the transformation u = Inw(z), z = xt is a

solution of (49.27). Clearly, (49.28) is exactly the third Painlevé equation in the case
of parameters « = 1, 8 = y = § = 0. We recall that in this case, (P3) can be
integrated in terms of elementary functions, see §29.

2. The sine—Gordon equation

1 .
UXx — FUTT = sin(u) (SG)

may be expressed, in terms of the transformation
! (X —cT), t 1 (X +cT)
x=—-(X—cT), == cT),
2 2

in the form
Uy = SINU. (49.29)

Clearly, the sine—-Gordon equation is invariant under u +— u + 2nm. Applying the
transformation

op(t,n) =u(x,t), 2x=t+n, 2=1-—n7,
we observe that (49.29) may be also represented in the from
e — Pyy = sin . (49.30)

The transition from (49.29) to (49.30) may be understood as the transition from the
“light cone” (x, t) to the laboratory coordinate system (t, 1).
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Looking now at the third Painlevé equation

w)? 1 1
w’ = W) ——w + —W?—1)

w z 2z
with the equation parameters « = —f = 1/2, y = § = 0, it is an elementary
computation to see that whenever w(z) solves this equation, then the function u(x, ) =
—ilogw(z), z = xt, i%2 = —1 is a solution of (49.29), see Ablowitz and Segur [1].

3. Similarly as to the sine—Gordon equation (49.29), the hyperbolic sine-Gordon
equation
Uy, = sinhu (49.31)

also relates to the third Painlevé equation (P3). In fact, if w(z) is a solution of (P3)
with the same parameter values as in the case of the sine-Gordon equation above, the
function u(x, t) = In w(z), z = xt is a solution of (49.31).

4. The sine—Gordon equation may also be considered with an additional term in the
form
Uyy = VSinu + puxt sin2u, (49.32)

where v, u are arbitrary parameters, see Gromak [6]. Of course, the sine—Gordon
equation (49.29) follows from (49.32) when v = 1, u = 0. If v = 0, & # O in
(49.32), then (49.32) may be reduced to the sine—Gordon equation (49.29) by the
transformation

up =2u, x| = x2, 1 = tz(/,L/Z).

By a linear transformation of the independent variables, we may assume that u = 2
in (49.32) without loss of generality, provided i # 0. Denoting z := xt, letu = u(z)
be an arbitrary solution. Then the function w(z) = exp(—iu(z)) is a solution of the
equation (P3) with the parameter values 2o = —28 =v,y = -6 = 1.

5. An even more generalized variant of the sine—Gordon equation is the equation

1 1 1 1
Uy = — sec> [ =u ) (acot® | =u) +btan( =u ) )+csinu+d xt sin 2u, (49.33)
xt 2 2 2

where a, b, ¢, d are arbitrary parameters. Indeed, ifa = b = d = 0, ¢ = 1, then
we obtain the sine-Gordon equation, while if a = b = 0, then (49.33) reduces back
to (49.32). The case b = d = 0 when xt = z has been considered by Jimbo [1]
in relation to nonlinear field theory and Salihoglu [1] considered the connection of
(49.33) with nonlinear field theory, providedd = 0,c = —1, xt = z. The general case
of (49.33) has been treated by Gromak and Tsegelnik [1]. They showed that whenever
w(z) is a solution of (Ps) with parameters «, B, ¥, §, then the function u(x, t) :=
2 arccot /—w(z), z = xt is a solution of the equation (49.33) with parameters a =
—a,b=—p,2c = —y,4d = —4§. Using this transformation, special classes of exact
self-similar solutions for the equation (49.33) may be easily constructed.
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6. We are closing this part of §49 by looking at the two-dimensional sine-Gordon
equation in the form

Upp — Uyxx — Uyy +vsinu + pf(x,y,t)sin2u =0, (49.34)

where v, u are arbitrary parameters and f(x, y, t) 7 0 is an additional function to be
fixed to obtain self-similar solutions, i.e. solutions depending on the variable z = xt.
Of course, the three-dimensional sine—-Gordon equation follows from (49.34) by fixing
v = 1, p = 0. In this case, exact self-similar reductions to (P3) were obtained by
Lakshmanan and Kaliappan [1]. The form of the additional function f(x, y,t) for
which the equation (49.34) produces self-similar solutions generated by solutions of
(P3) has been offered in Gromak [7]. In particular, if

h=C?>—A>—B>#£0, ¢ =1>—x*>—y
2 =Ct—Bx—Ay, f,y,0=¢, ¢=c1—¢i/h,

then u(¢) = i In w(¢) is solution of (49.34), provided w(¢) is a solution of (P3) with
parameter values « = —f8 = —v/8, y = —§ = —u/8. See also Clarkson, Mansfield
and Milne [1] for the exact self-similar reductions of two-dimensional system of sine—
Gordon equations to ordinary differential equations of Painlevé type.

D. Nonlinear equations of Schrodinger type

1. The basic form of the nonlinear Schrodinger equation is
iy + tyx + yuic =0, (NS)

where u stands for the complex conjugate of u, and i is the imaginary unit. The non-
linear Schrodinger equation (N S) is one of the fundamental equations of the nonlinear
mathematical physics, being applied to describe the evolution of the hydrodynamic
waves in deep water, optical waves in the nonlinear crystals and fiberglass, plasma
waves and thermal waves in solids. In particular, the emergence of the laser technol-
ogy in 1960’s even increased the fundamental role of the equation (N S) and of its
solitary solutions in nonlinear optics.

To describe the connection of the equation (N S) with Painlevé equations, we may
seek, following Boiti and Pempinelli [1], solutions of (N S) in the form

u(x, 1) = 2o expliQ(r)), tT=xt""%)2
with real functions v(t) and Q(7), to obtain the equations
Qv+20V0 =2t —2v=0, v —(Q)v+2tQv+2yv’=0.

Substituting now
QW) =t+g/gr, v’ =28
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and integrating, we get for g the equation
(8")? +4(rg' — )7 +8y(g)* + 2y u’g =0, (49.35)

where p is an arbitrary parameter of integration. Fixing now y = —1 in (49.35), as
we may do without loss of generality, and substituting

g=ww —1)?/2+ w? = 2w, + 1 — u?)/(8w),

the nonlinear Schrodinger equation (N S) is finally transformed into a Painlevé equa-
tion (Py4) of the form

1
ww' = 2 @)’ — 6wt +8rw’ — 27w’ — (u— /2.

2. We next consider the nonlinear Schrédinger equation with an additional term in the
form
iy + ey + i WPi) + p/(tui®) =0, (49.36)

where €2 = 1 and p is an arbitrary parameter. If 4 = 0, then u = =14 ),
f = oel?, wn) = o2, n = xt~1/2 satisfies (Ps), see Ablowitz, Ramani and Segur
[1]. Moreover, if u # 0, then w(z) = 02/A, z = n/k, \* = —1, k = —2¢A satisfies
(P4) with parameter values o = 2y6k2, B = 8()/2 — ), while 8(n) satisfies the
equation 020’ = o21/4 — 3g0* /4 + y, see Gromak [10].

3. The equation of the form (Kawamoto [1])
iuy + uyy + (—20x + 2|u|2)u =0 49.37)

is connected with (N S). The equation (49.37) may be reduced by the transformation
u(x,t) = f(x)exp(iKt) to a slightly modified form of (P): f” — Qax + K)f +
2f17f =0.

E. Equations of Einstein type

There are a number of cases where equations of Einstein type are known to reduce to
some of the Painlevé equations, see Wils [1] and Schief [1]. We are restricted ourselves
to presenting an example of the complex Ernst equation

V2u = 2i(Vu)?/(uii — 1), (49.38)

where

.. V2 9%u L1 (ou +82u Wi — (2" 2+ du\?
u=u(p,z2), U=—+—| — —_, u)-=[— — ] .
poz 2p  p \dp 027 dp 0z

This equation appears when investigating axially symmetric vacuum solutions of the
equations of the general theory of relativity. If now w(p) is a solution of the equation
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(Ps), wherea = —f8 = —%bz, y=0,6 = —2a2, and a, b are real numbers, such that
w > 0 on some set of values T € E C R, then the function u = exp(iaz+is)w(p)1/2,
where s is a real solution of the equation ds/dp = b(1 — w)?/(2pw), is a solution of

the equation (49.38), see Léauté and Marcilhacy [1].

F. Equations of Toda type

The Toda lattice is a model of the particles on the line interacting with their closest
neighbors only and with unit mass. The equation of their motion takes form Q) =
exp(Qn—1 — On) — exp(Qn — On+1), wWhere Q,(¢) is the distance from the point
of equilibrium to the n'" particle. If we now define Q, — Q,—1 = — In p,, then p,
satisfies the equation

dz(log Dn)

dr2 = Pn+1 — 2pn + pn-1, (49.39)

which may be written, equivalently, in the form

4y = Pn—1— DPn: Py = Pn(qn — Gn+1)s (49.40)

where g, = g, (t), pn = pn(t), n € Z. Both of the equations (49.39) and (49.40) are
called as the Toda equation.
Let now
1, 5 1
H = H)(q.p.k)=5p" - (q +§)p—kq

be the Hamiltonian for the second Painlevé equation ¢” = 2¢> +1q +k — 1/2, where
k is a complex parameter, see §43. Writing the variables as g (k) and p(k) and the
Hamiltonian as H (k), the Bicklund transformation and the corresponding change of
the Hamiltonian can be presented as follows:

k—1
k—1)=—qgk ,
ak =D =g+ g =

plk—1) = —p(k) +2q(k)* +1,
H(k — 1) = H(k) + q(k).

The t-function of the second Painlevé equation will now be defined as
d log (k) = H (k)
—logt(k) = ,
dt &

up to a multiplicative constant. It is known that the 7-function satisfies the Toda
equation
d? t(k— Dtk + 1)

£ logt(k) = ,
a2 logt®) (k)2

see Okamoto [3].
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If we eliminate the function p,, from the system

Prn = Pn(Pn+2qn +36) +3n — 1,

/ (49.41)
gy, = —qn(2pn +qn +3t) —3n —1,

then the function y, (x) := (2/3)1/ an (+/2/3x) satisfies the Painlevé equation (Py)

withae =n, B = —2(3n + 1)%/9. The pair (49.41) may be rewritten in the form

P = Pn(Gn — Gn-1),

/ (49.42)
q, = qn(Pnt1 — Pu)-

Substituting r, = puqn, Sn = —Pn — Gn—1> Un = Pn+1qn> Vn = —Pn — qn INtO
(49.42), we see that the pairs (7, s,), (4, vy) are solutions of the Toda equation

’ ’
Sy =Tn—1 —In, Iy, = T (Sn — Sp41)-

§50 Discrete Painlevé equations

This final section is devoted to offering the reader a short overview of discrete Painlevé
equations as the second aspect of applications. However, by lack of space, we have no
possibility of striving to completeness here either. For a more detailed exposition, we
propose an interested reader to consult the excellent survey article due to Grammaticos,
Nijhoff and Ramani [1]. Within of our limited scope, we first proceed to explain how
discrete Painlevé equations may be constructed, and how their continuous counterparts,
Painlevé differential equations, may be obtained from the discrete ones by a suitable
limiting process. From the several possible methods applicable into this direction,
we select the singularity confinement method, being perhaps the most natural from
the complex analytic point of view. Having found examples of discrete Painlevé, we
are going to look at their properties as complex difference equations. Unfortunately,
this field has called little attention recently, although two excellent books covering
the basic theory may be found, written by Norlund [1] and Meschkowski [1]. Indeed,
since their publication, very few studies exist devoted to meromorphic solutions of
difference equations.

We now proceed to describe, in rough terms, how the singularity confinement
method, see Grammaticos, Ramani and Papageorgiou [1], applies to construct complex
difference equations corresponding, in some sense, to Painlevé differential equations.
The idea here, corresponding to the Painlevé property that all singularities of solutions
outside of the fixed singularities are poles only, is that a singularity of solution of a
discrete equation does not propagate, i.e. it disappears after finitely many iterations.

As the first concrete example, let us consider the following complex difference
equation

f@+ D+ f@)+ fe—=1) =a(@)+b()/f(2), (50.1)
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leading by some computations to a difference equation corresponding to (Py). Observe
that the argumentation of these computations is by no means strict in mathematical
sense, being rather of heuristic nature. Therefore, clearly, the process to construct
discrete counterparts of Painlevé differential equations is far from being unique. For
convenience, we now assume that the coefficients a(z), b(z) are polynomials. The
idea, as presented in Grammaticos, Nijhoff and Ramani [1], is to assume that f(z — 1)
takes a finite, non-zero value, while f(z) = ¢, and then to select the coefficients to
meet the requirement that after finitely many iterations, the dependence of f(z + n)
does not contain negative powers of €. To this end, let us assume that b(z) # 0. A
direct computation now results in

f(z+1)=@+a(z)—f(z—l)—s, (50.2)
f(z+2) = —? +aiz+1)—al)+ fz—1)+ b([i;—)l)s + 0@ (50.3)

and

b(2) —bz+1)—b(z+2)

2
b @) e+ 0(9). (504)

fz+3)=a(z+2)—az+ 1)+

If we now continue from (50.4) to the next iteration step

f(z+4)=@+a(z)—a(z+2)—|—a(z+3)—f(z—1)

b(z+3)
a(z+2)—a(z+1)

(50.5)

+ O (¢),

diverging as ¢ — 0. To avoid this, we assume that a(z + 2) — a(z + 1) = 0, which
means that a(z) has to be a constant, say a. Under this assumption, reapplication of
(50.4) now results in

b()(b(@) —bz+ 1) —b(z+2)+b(z+3)) 1
— 1. )
b(z) —b(z+1) —b(z +2) o toM).  (50.6)

flz+4) =

To avoid divergence of (50.6), we now require that
b(z) —b(z+1) —b(z+2)+b(z+3)=0. (50.7)

Denoting c(z) := b(z) — b(z 4+ 1), we conclude from (50.7) that the polynomial c¢(z)
has to periodic, c(z) — c(z + 2) = 0, hence a constant, say c¢(z) = —«. Therefore,
b(z+1) = b(z) + «, and so b'(z + 1) = b'(z) implies, by periodicity again, that b’
is constant, hence b(z) = oz + B. So, we obtain the following candidate

az+ B

fG+D+f@Q+fz-D=a+ 0

(dP1)
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as for a discrete counterpart of the first Painlevé differential equation (Py).

To show now that (dP;) may be understood as a discrete counterpart of (Py), we
apply a transformation of type z = ¢t, striving to the continuous limit through ¢ — 0.
More precisely, we define f(z) = —% +&%u(t),a = -3, at+ B = —%(3 + 26%),
expressing f(z+ 1), f(z—1)in (dP1) as Taylor series around z in terms of €. Letting
now ¢ — 0, one may immediately see that u(t) satisfies the first Painlevé differential
equation (Pp), see e.g. Fokas, Grammaticos and Ramani [1].

To continue, a rather similar reasoning may be applied to show that for a suitable
choice of polynomial coefficients, the equation

a(z) +b(2) f(2)
1= f(2)?
appears to be a discrete counterpart of (P,). Indeed, assuming that f(z — 1) does not

imply a singularity, and that f(z) = o + ¢ with 0 = =+1, the first steps of iteration
result in

fG+D+fz—1D= (50.8)

Fe41) =20 J;:C’(Z) + 4B _40[’@ — fG=1)+0() (50.9)

and

2b(z+1) = b(z) —0a(2) 2
2 — . 1
fz+2)=—0+ b Foad e+ 0(e) (50.10)

To obtain (50.9) and (50.10), one may expand the expressions for f(z + 1), f(z +2)
in Taylor series of ¢ around ¢ = 0. While continuing, we obtain

b(z) —=2b(z+ 1)+ b(z+2) +0o(az) —a(z+2)) =0. (50.11)

Therefore, a(z) — a(z + 2) = 0, hence a(z) = § has to be a constant by periodicity.
Moreover, b(z) — 2b(z + 1) + b(z + 2) = 0, and writing this as b(z) —b(z + 1) =
b(z+1)—b(z+2), we easily conclude that b(z) = az-+ S has to be a linear polynomial.
Therefore, (50.8) reduces to

S+ (az+B)f(2)
1— f(z)?

Again, the simple transformation f(z) = cu(r), az + f = 2 + €%t, 8 = &> results
in the second Painlevé equation (P,) with parameter (.

Similarly as presented in §42 for Painlevé differential equations, their discrete
counterparts permit a similar coalescence property, which we now demonstrate by
showing that (dP) may be obtained from (dP») by a simple limiting process. Indeed,
substituting in (dP3) f(z) = 1+vg(2),a = —2Av2, B=—-4-2Cv,5 =44+2Cv—
2Bv?, a straightforward computation results in

f@+D+ flz—1 =

(dP2)

B+ Az + Cg(z) + Avzg(z) — g(2)g(z — 1) — g(2)?

1 1
— 5vg<z)2g<z —1)—g@)gz+1) — 5vg(z>2g<z +1)=0.
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Letting now v — 0, we immediately get (dP1) in the form

B+ Az
g2
We are not going to continuing further in detail, restricting ourselves just to list
here the basic discrete counterparts of the remaining Painlevé equations (P3) to (Ps),

see Ramani, Grammaticos and Hietarinta [1] and Grammaticos and Ramani [1] for
their construction and downward coalescence:

(a+ f@)bB+ f(2)
(cqg*f(z) + D(dg* + 1)’

_ @ -a)(R - b)
(f () — (@z+ )2 — 2’

(fe+Df@-1)(f@fz—1—1)
L@+ a)(f(@)+ 1/a)(f(2) +b)(f(2) + 1/b) (dPs)

gz+D+g()+gz—1H=C+

fe+Dfz-D= (dP3)

(fe+ D+ f@)(f@+ fz=1D) (dP4)

= @2+ Prq (f@ +1a)(f @) +g°)
(fC+ D@ = V¢ (f@F =D — vPa7q)
(fe+Df@-D)(f@f—D—1) (dPé)

_ (f(@) —vq a)(f(2) —yq*/a)(f(2) — yq*b)(f(z) —vq*/b)
(f@—o(f@) = 1/c)(f() —d)(f(z) — 1/d)

where a, b, ¢, q, o, B, y, § are constants.

From the general point of view of this book it would be interesting to find out
purely complex analysis arguments for constructing the discrete Painlevé equations.
By Chapter 2, the first natural idea would be to insist that the difference equations in
question, at least in the case of (dP1), (dP2) and (dP4) admit at least some solutions
in the complex plane of finite order of growth. Observe that for complex difference
equations, in a very general sense, replacing for a solution f(z), the argument z by a
suitable periodic entire function, one may always construct another solution of infinite
order of growth. Therefore, in this situation, one has to look at the minimal growth of
solutions, or perhaps the minimal growth for certain classes of solutions. This kind
of investigations have started very recently, see Ablowitz, Halburd and Herbst [1],
Heittokangas et al. [1] and Grammaticos et al. [1]. However, the case is that this topic
is in its very beginning.

By the preceding list of basic discrete Painlevé equations, we immediately see
that all of them are special cases of the following general type of complex difference
equation: Let ¢y, ..., ¢, € C be distinct complex numbers, and J be a collection of
non-empty subsets of {1, 2, ..., n}. We then consider a difference equation of type

N _a@+a@)f+-+ap@)f7’
;“’(Z)Ql fre) =R D= g o7 +o by @) f1

(50.12)

’
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where the coefficients ay, a;(z), by (z) are meromorphic and of small growth S(r, f)
in the Nevanlinna theory sense, see Appendix B. We also assume that a,, b, and at
least one of «; are non-vanishing functions, such that the corresponding product [ | jeJ
contains at least one f(z + ¢;) with ¢; # 0. Moreover, we assume that the right hand
side is irreducible with respect to f over the field of meromorphic functions small in
the sense of S(r, f), and we denote d := max(p, ¢). We then obtain

Theorem 50.1. Let f be a meromorphic solution of (50.12). If d > n, then the lower
order u(f) = oo

Proof. Takee > 0small enough tosatisfy y := ﬁ > 1. Combining Lemma B.14,
Theorem B.16, Theorem B.17 and recalling Lemma B.10, we immediately obtain from
the equation (50.12),

d <dT(r, f) = T(r, R) + S(r, f)
=7(r, Yeasa[lrere )+ )
jeJ

< Z f@+c¢)+ S f) (50.13)

< n(l +e)T(r+C, )+ M+ S, f)
<n(l+e&)T(cr+0C,f),
forall »r > rg = ro(o) > 1/¢, where M = M (¢e) and C are some positive numbers,

and o is an arbitrary number such that ¢ > 1. Inductively, for any £ € N, we obtain
from (50.13),

k ot —1 k
T|(o"r+ 1 C,f)=vy"T(r f) (50.14)
O‘ —
for all r > ry. Take now r € [rg, org + C) and denote

ok —1
o—1

s=s(k,r)=akr+ C.

Observe that s = s(k, r) covers each value in [org + C, oo], provided (k, ) covers
N x [rg, org + C). But then

1 sc—1)+C
k= log
logo rc—1)+C

( s(c —1)+C )
> log
logo (cro+C)o—-1)+C

1
<logs — log <0r0 + —C))
logo 1

v
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Hence, we may use (50.14) to see that forall s > org + C,
lo
log T (s, f) > 287 <logs — log <0r0 + LC)) +log T (ro, f).
logo o—1
Dividing now through by log s and letting s — 0o, we observe that

lo
u(f) = 1 gv.
ogo

Letting now 0 — 1+, we are done. O

As shown in Grammaticos et al. [1], the requirement that (transcendental) mero-
morphic solutions exist for a complex difference equation, may perhaps be used, by
a suitable reformulation of the equation in question, to obtain other restrictions than
what has been indicated in Theorem 50.1 above. Unfortunately, there does not exist
presently, according to our knowledge, purely complex analytic requirements which
would force a difference equation to reduce into the discrete Painlevé equations listed
above, or into some other existing versions of the counterparts to Painlevé differential
equations. A potential idea, not yet explored, might be to try some requirements related
to the value distribution of the solutions, see Heittokangas et al. [1], Theorem 3.1.



Appendix A

Local existence and uniqueness of solutions of complex
differential equations

In this appendix, we have collected, for the convenience of the reader, some basic
results concerning the local existence and uniqueness of analytic solutions of com-
plex differential equations. We are restricting ourselves to such local existence and
uniqueness results only, which are explicitly needed in the actual chapters of this book.
Essentially, two types of results have been included: We first offer some very basic
local existence and uniqueness results usually proved by the Picard successive ap-
proximations or by the Cauchy majorant method. Although basically familiar, there
are not so many standard references actually proving these results in the complex
plane case. Secondly, we include a couple of important results for the local existence
and uniqueness of solutions for complex differential equations in a neighborhood of
a singularity of regular type.

We omit most proofs in this appendix. However, for the convenience of the reader
again, we have included explicit references for complete proofs in standard books.

To start with, we first fix some notations in the n-dimensional complex space C",
equipped with the standard euclidean topology obtained by identifying C” with R?",
as well as in an open set @ C C". For a point (z1,...,2,) € 2, we denote by
Zj = Xxj1 +ixj2, j = 1,...,n, the corresponding real coordinates. Looking at a
function f : Q — C, continuously differentiable with respect to all corresponding
real coordinates, we may define the complex partial derivatives of f by

af._1<af .af) o
=L = _ — , Jj=1,...,n,

3Zj 2 8x]"1 lax]"z

%:%( of +i of ), j=1,...,n.

0z 0x; 1 0xj 2

Then we may define analyticity in several complex variables by

Definition A.1. A continuously differentiable function f : Q2 — C is analytic (holo-
morphic) in €2, if

= _ N\~ .
if =Y 52 (@31 = idxj2) =0
j=t "

in .
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It is now well-known that an analytic function f : Q — C may be uniquely
represented, locally, in a power series

o]

fGLm) = ) a2 = BN e = B

converging uniformly in compact subsets of a polydisc B(8,r) = ]—[}1:1 B(Bj, rj).
Moreover, if | f(z1,...,z,)| < M in B(B, p) for every p such that 0 < p; < rj,

Jj =1, ..., n, then the Cauchy estimates
k K,
|ak1 ..... k,,|§M/(Vll...rn")

follow. For the practical applications of the following basic existence and uniqueness
results, it is important to recall the classical theorem, due to Hartogs, that when-
ever f : Q — C is analytic in each of its variables z1, ..., z, separately, while all
other variables have arbitrarily given fixed values, then f is analytic in the sense of
Definition A.1.

Starting with the most elementary first order differential equation

w' = f(z, w),

we may recall the following local existence and uniqueness theorem. For a complete
proof (by the Cauchy majorant method), see e.g. Herold [1], Satz 2.1, or Hille [2],
Theorem 2.4.1.

Theorem A.2. Suppose [ : Q2 — C is analytic in a domain Q C C? and (zo, wo) €
Q. Also assume that

B(zo, wo; r) := B(z0,7) X B(wg, r) C Q
and that | f(z, w)| < M for all (z, w) € B(z0, wo; r). Then the initial value problem
w' = f(z,w), w(zo) = wo
admits a unique analytic solution w(z) in a neighborhood U of zg such that
B(zo, r(1 —exp(—1/(2M))) C U.

By a slight modification of the proof referred to above, Theorem A.2 may be
extended to corresponding systems of first order differential equations in the complex
plane, see Herold [1] or Hille [2] again. Actually, the following theorem is the key

result to proving that all solutions of the Painlevé differential equations (P;)—(Ps),
suitably modified for (P3) and (Ps), are meromorphic functions, see Chapter 1.
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Theorem A.3. Suppose that f; : Q@ — C, j =1,...,ninadomain Q C Crntl gre
analytic and that (2o, w1,0, ..., Wp,0) € 2. Also assume that for some r > 0,

n
B(z0, 1,0, -+, wa05 ) = B(z0,7) x [ [ Bwj0,7r) C

j=1
and that
| fiz,wr,...,w)| <M, j=1,...,n,
forall (z,wy, ..., wy) € B(zo, W1,0, - .-, Wn,0; ¥). Then the initial value problem
w}(z) = fi(z, w1 (@), ..., wa(2), wj(z0) =wjo, j=1,....n,
admits a unique analytic solution (w1(z), ..., w,(2)) in a neighborhood U of zq such
that

B (ZO,I" (1 — eXp (ﬁ))) cU.

Corollary A.4. Consider the system of differential equations

w}:fj(z,wl,...,wn), j=1,...,n, (A.1)
where f; are functions satisfying the same suppositions in B(z0, W10, .-, W05 7)
as in Theorem A.3. Let y be a curve terminating in z = zo and let {a;};2, C y be a
sequence such that a — zy as k — 00. Suppose that a solution (w1(z), ..., wy(2))
of (A.1) is meromorphic along y \ {zo}, and that wj(ar) — wjo, j =1,...,n, as

k — oo. Then, the solution is analytic at z = zg as well and satisfies w;(zo) = wj 0.

Proof. By Theorem A.3, if ay, satisfies |ay — zo| + |wj(ax) — wj ol < r/2, then w;(z),
j = 1,...,n are analytic in B(ak, (r/Z)(l — exp (m))) From this fact the
corollary immediately follows. O

Another slight modification of the Cauchy majorant proof, see e.g. Herold [1],
Satz 3.1, results in the following basic existence and uniqueness result for linear
differential equations:

Theorem A.5. Let bj i (z),a;(z), j,k = 1,...,n, be analytic functions in a disc
B(zo, r). Then the initial value problem

n
wJ/ :ij,k(z)wk_{’a](z), ]:1,,71,
k=1

w;j(zo) =wjo, Jj=1,...,n,

admits a unique solution (w1(z), ..., w,(z)) analytic in B(zg, r).
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Writing an n™ order linear differential equation as a system of first order linear
differential equations, we obtain an immediate

Corollary A.6. Let p1(z2), ..., pn(z), a(z) be analytic in a disc B(zg,r). Then the
initial value problem

w™® + pr@Qw"V + . p(@Dw = a(z),

w (@) = w0, j=0,....n—1,
admits a unique solution w(z) analytic in B(zg, ).

Corollary A.7. If all the coefficients in Corollary A.5. are entire functions, then the
solution w(z) is entire as well.

In several occasions of our actual chapters, Painlevé differential equations appear
to be closely connected with Riccati differential equations. Therefore, we close the
first part of this appendix by

Theorem A.8. Suppose the coefficients ag(z), a1(z), a2(z) of a Riccati differential
equation
w' = ap(z) + a1 (Q)w + arQw? (A2)

are analytic in a disc B(zg,r). Then all local solutions of (A.2) in a domain Q2 €
B(zo, r) admit a meromorphic continuation over the whole disc B(zg, r).

For a proof of Theorem A.8, see e.g. Laine [1], Theorem 9.1.3, and Jank and
Volkmann [1], Satz 20.2.

Corollary A.9. If all the coefficients of (A.2) are entire functions, then all local
solutions of (A.2) admit a meromorphic continuation over the whole complex plane C.

We now proceed to the second part of this appendix, the local behavior of solutions
in a neighborhood of a singularity of regular type of the differential equation, resp.
a system of differential equations, in question. To this end, we consider a system of
differential equations with a singular point of regular type at z = 0, i.e. a system of
the form

Zyj/=fj(2,y1’a)’n)a j=1""’n’ (AS)
where the right hand sides f;(z, y1, ..., y,) are analyticatz =0,y; =0, ..., y, =0
and satisfy the initial conditions f;(0,...,0) =0 for j = 1,...,n. Such a system

is called a Briot—Bouquet system. The equation (A.3) can be written in the vectorial
form:
Y =F(z,7), (A4)

where Y := (y1, ..., yu) € C" is the unknown vector and

F(z,Y)="(fiz. Y),..., faz, ¥))
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is a vector-valued function. F(z, Y) may be expanded into a power series

Fz,Y)= Y Aiady¥ (A.5)
JHIK[>1

convergent, hence bounded, in some domain around the origin:
lz| <ro, Y[ <r1. (A.6)

Here K := (k(1),...,k(n)) € NU{0})", |[K| := k(1) 4+ - - - + k(n), the coefficient

1 k(1 k
Ajk = ajg.....al) e T ||Y| = max]y; | and YK = i ke,

Theorem A.10. [f none of the eigenvalues of the matrix

i .. A
3y1 (07 0) ayn (Os 0)
A= : : (A7)
Afn ofn
is a positive integer, then the equation (A.4) admits a solution of the form
w .
Y@) =) Ci/, CjeC, (A8)

j=1

convergent at 7 = 0. Furthermore, there is a unique solution analytic around 7 = 0
and satisfying Y (0) = 0.

Proof. See Iwasaki, Kimura, Shimomura and Yosida [1], p. 259-263. O

Corollary A.11. [f ) € C\N, then the differential equation

oy =ry+poz+ Y piradyt

Jtk>2

with constant coefficients admits a unique solution analytic around z = 0 such that
(0) =0.

Proof. For a proof by using the majorant method, see Herold [1], p. 55-56. O

To compare two multi-indices K = (k(1),...,k(n)) and L = (I(1),...,1(n)),
we define a relation K > L, if either (a) or (b) holds:

@ k) +---+knr) >I11)+---+1(n);

(b) k(1) + -+ k() = 1(1) + -+ +1(n),



272 A Local existence and uniqueness of solutions of complex differential equations

and, for some j satisfying 1 < j <mn,
k(i) =1@G) forall i < j and k(j) > I(j).

We alsowrite K > Lif K > LorK=L,and K < L,if L >~ K.

If it happens that the assumption concerning the eigenvalues of the matrix (A.7)
in Theorem A.10 fails, we can anyway prove the convergence of a formal solution as
follows:

Theorem A.12. Suppose that the system (A.4) with (A.5) and (A.6) admits a formal
solution of the form (A.8). Then (A.8) converges around z = 0.

Proof. The proof may be reduced to Theorem A.10. Indeed, for the eigenvalues
AL, - .., Ay Oof the matrix A, take a positive in_teger Jjosuchthat jo > max(Aq, ..., Ay)+
1. By the change of variables Y = W + ]jozl C;z/, the system (A.4) transforms into

W' = H(z, W) (A9)

with H(z, W) = Y i k= Hixz/ WX satistying Hig = --- = Hj0 = 0 and
% = A. Moreover,
(1 (n)
Hix = '(hjg. ... hj})

is a column vector in C". Then the system (A.9) admits a formal solution W(z) =
Zj’i o+l Cjzj . The further change of variables W = 70V reduces (A.9) into the
system of the form (A.4) with the Jacobian matrix (0 F/dV)(0,0) = A — joI, which
admits a formal solution V. = Y 72, C j0+ka . If jo is sufficiently large, then all
eigenvalues of A — jo/ are negative numbers. From this fact the conclusion follows.

O

Let us finally consider a more general case of the matrix A, assuming that the
eigenvalues A1, ..., A, of the matrix A satisfy the following two conditions:
(A1) For every (j, L) > (1,0) where L := (I(1),...,I{(n)),andforv =1,...,n,

JHMIA) 4+ Apl(n) — &y #O.

(A2) (Poincaré condition) The convex hull of the points 1, A1, ..., A, in the complex
plane does not contain the origin, i.e. we can draw a line / through the origin so that
1, A1, ..., A, are situated on one side of /. Equivalently, we may say that there exists
a complex number ¢ such that e/, e*!/, ..., ¢*' are all small simultaneously.

Theorem A.13. Under the assumptions (A1) and (A2), the equation (A.4) admits a
solution of the form
Y = d(z,240)

with the following properties:
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(1) The series

D(z,7) := Z PjLZjZL,
JHILI=1

where Pip € C', Z = "z1,....20), Pogp = ey = “0,...,0,1,0,...,0),
with 1 on the v place, converges for |z| < r, || Z|| < r, where r is a sufficiently
small positive constant.
(2) Z = zC is a solution of the equation
77 = AZ,

where C = Y(cy, ..., c,) € C".

Proof. See Iwasaki, Kimura, Shimomura and Yosida [1], p. 278-289. O



Appendix B
Basic notations and facts in the Nevanlinna theory

This section is devoted to reviewing those basic facts in the Nevanlinna theory, which
are necessary in the actual chapters devoted to Painlevé equations. For more material,
for proofs omitted here and for most of the notations, the reader may consult Hayman
[1], Jank and Volkmann [1] and Laine [1]. In addition, we frequently apply the
following notations: Given ® : [rg, +00) — R4, ¥ : [rg, +00) — R, we denote
d(r) K W(r), resp. ¥(r) > O(r), provided for some ro > 0, &(r) = OV (r)) as
r — 4o00,and ®(r) x W (r),if ®(r) € ¥(r)and ¥ (r) < & (r)hold simultaneously.
Let f(z) be an arbitrary meromorphic function in C. For r > 0, denote by n(r, f)
the cardinal number of the poles of f(z) in the disk |z| < r, each pole being counted
according to its multiplicity. Then the counting function of f(z) is defined by

r
NG, f) :=/0 (n@. ) =n(©. ) dt +n(©, f)logr, (B.1)

which measures the average frequency of poles in the disk |z| < . For x > 0, we
write log* x = max{log x, 0}. The proximity function of f(z) is defined by

1 2 )
m(r, f) := —/ log™ | £ (re'”)1do, (B.2)
2 0
which measures the average magnitude on the circle |z| = r. Then we put

T, f) :=m(r, f)+ N, f), (B.3)

which is called the characteristic function of f(z).Itis easy to see that, for meromor-
phic functions f(z), g(z), formulas such as
m(r,af +Bg) =m(r, f) +m(r,g) + O(1),
m(r, fg) <m(r, f) +m(r, g),
T(riaf +Bg) =T(r, /H+T(r,g)+ 0(),
T(r, fe) =T(r, )+T(r8)
(o, B € C) are valid. Let (a;) and (by), respectively, be the zeros and the poles of g(z)

in the disk |z| < r, each repeated according to its multiplicity. By the Poisson—Jensen
formula, for every z satisfying |z| < r,

1 2 0 I"2 _ |Z|2
loglg(2)| = 5= log|g(re™”)| - —F———>db
0

2 [rei? — z]
B.4)
r(z —a)) r(z —by) (
+ lo 'kl - log | ————|.
> e E) 3 [
laj|<r |br|<r
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Substituting g(z) =277 f(z) = ¢p + 0(2) (cp # 0, p € Z) into (B.4) with z = 0,
we have

m(r, f) + N(r, f) =m(@r, 1/f) + N(r, 1/f) + log|cp|. (B.5)
Replacing f(z) by f(z) — a, a € C, we obtain the first main theorem:

Theorem B.1. For an arbitrary meromorphic function f(z) and an arbitrary a € C,
I(r,1/(f —a)=T(r, f)+ O0().

The characteristic function 7 (r, f) measures the complexity of the behavior,
namely the transcendency of f(z). For example, T'(r, €*) < r, T(r, exp(zz)) = r2.

Proposition B.2. A meromorphic function f(z) satisfies T (r, f) = O(logr), if and
only if f(2) is a rational function.

The order of f(z) is defined by

log T(r,
p(f) := lim sup %Zf). (B.6)

For example, p(e?) = 1, p(exp(zz)) = 2, and p(g) = O for any rational function
¢ (z). From an identity due to H. Cartan,

1 27 )
nnﬁ=§;0 N(r, 1/(f — €9))d6 +log™ | £(0)],

we obtain

dT (r, 1 [ ,
géQZEAnmmpﬂwa

provided that | f(0)| # oco. Combining this with the relation T'(r, f) = T(r, 1/f) +
log |c,| in the remaining case f(0) = oo, we derive

Proposition B.3. T (r, f) is increasing and convex with respect to logr.
Furthermore, we have

Proposition B.4. A meromorphic function f(z) is transcendental if and only if
logr/T (r, f) =o0(1) asr — oo.

Proof. Suppose that f(z) is transcendental. We regard 7' (r, f) = T, (r) as a function
oflogr. IfdT,(r)/dlogr < B forsome B > 0, then T, (r) < Blogr+0O(1) < logr,
which contradicts the supposition. Since dT(r)/d logr is increasing with respect to
r by Proposition B.3, dT.(r)/dlogr — oo as r — oo. For any ¢ > 0, there exists
re > Osuch that dT,(r)/dlogr > 1/e, r > r. and hence T, (r) > g1 logr + O(1),
r > re, which implies that logr/T (r, f) — Oasr — oo. O
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Define, for an arbitrary a € C,

m(r, 1/(f —a))

s B.7
T ) ®.7)

8(a, f) := liminf
r—0o0

and

5(c0. f) = liminf ")
r—oo T(r, f)
These quantities are called the deficiency of a, and that of oo, respectively. For a
transcendental meromorphic function f(z), by Theorem B.1, if §(a, f) < 1 then
f(z) admits infinitely many a-points. If f(z) admits a finite number of a-points in C
only, then §(a, f) = 1.
To count the multiple poles, we put n{(r, f) = Z\r|5r(“(f) — 1), where u(t)
denotes the multiplicity of a pole 7 and erl  denotes the summation over all poles
in the disk |z| < r. Then

(B.8)

"1
Ni(r, ) 2=/0 ;(nl(t,f)—n1(0,f))dt+n1(0,f)10gr (B.9)

measures the frequency of the multiple poles. We then define, for a € C,

o Ni(r 1/(f —a))

Y(a, f) = lirn_l)gf T ) , (B.10)
and N
wwfwﬂgg7%%l B.11)

which are called the ramification index of a, and that of 0o, respectively. If all a-points
are simple, then ¥ (a, f) = 0, and if they are double, then ¥ (a, f) < 1/2.
Let ¢ (r) be a function defined on an interval [rg, +00), where ro > 1. We write

¢(r) =S, f)

if ¢(r) = o(T (r, f)) asr — 400 outside of a possible exceptional set of finite linear
measure. Applying the differential operator (9/dx — id/dy) to (B.4) (with g = f),
we obtain

/ 2 i0
fQ)—lf log | £ (re'®)] - ——dp
0

fl@ =« (rei? — z)2

1 aj 1 by )
+ +t—) - +—
2 (Z—aj r2—ajz> Ila;c%r (z—bk r2 — bz

laj|<r

for |z| < r. By this inequality, we get the basic estimates for logarithmic derivatives:

Proposition B.5. For an arbitrary non-constant meromorphic function f(z), and for
an arbitrary k € N, m(r, f®/f) = S(r, f). In particular, if p(f) < +oo, then
m(r, f©/f) = O(logr).
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If zo is a pole of f(z) with multiplicity s, then zq is a pole of f® (z) with
multiplicity po + k. Hence, N(r, f(k)) < (k + 1)N(r, f). By Proposition B.5,
m@r, fO) < m@, f) + m@, fO/f) = m(@r, f) + S, f). Hence T(r, f®) <
(k+1DT(r, )+ S(r, f). Thus we have

Corollary B.6. For everyk e N, T(r, f®) < (k + DT (r, f) + S(r, f).
Observing that

g—1
m(r, fOLfP) < “mir, fIVFD), g >p, pgeN,
j=p
and that m(r, fUTD /Dy = §(r, fU)) = S(r, f), see Corollary B.6, we obtain

Corollary B.7. For arbitrary positive integers p and q such that p < q, we have

m(r, f@/fP)y =S, f).

Remark. In Proposition B.5, Corollaries B.6 and B.7, S(r, f) can be replaced by
0] (log(rT(r, f ))) as r — 400 outside of a possible exceptional set of finite linear
measure.

The second main theorem in the Nevanlinna theory, which is another basic result,
is stated as follows:

Theorem B.8. For an arbitrary non-constant meromorphic function f(z) and for an
arbitrary number of distinct points ay, . .., a4 € C, g € N, we have

q
m(r, f) +ZM(F, 1/(f =—ap) + N, 1/f) + Ni(r, f) <2T(r, f) + S(r, f).

j=1

From this theorem, we immediately obtain

q
8(co, f) + (00, w) + Y (8(aj, f) + P(aj, f)) < 2.

j=1

This implies that, for each n € N, the number of the points a € C such that §(a, f) >
1/n (resp. ¥ (a, f) > 1/n) does not exceed 2n, and hence all points with a non-zero
deficiency (resp. a non-zero ramification index) constitute a countable set. Thus we
have

Corollary B.9. For an arbitrary non-constant meromorphic function f(z),

> (8@, f) + 9@, f)) =2, T=CU oo},

aeC

where the summation ranges over all points in C such that 8 (a, f) >0orv(a, f) > 0.
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To eliminate the exceptional set, the following elementary lemma sometimes ap-
pears useful:

Lemma B.10. Let ¢ (r) and v (rr) be monotone increasing functions on (0, +00) sat-
isfying ¢(r) < ¥ (r) outside of an exceptional set of finite linear measure. Given
o > 1, there exists a number ro > 0 such that ¢ (r) < Y (ar) on (rg, +00).

The following lemma is due to Clunie [1], see also Laine [1]:

Lemma B.11. Let f be a transcendental meromorphic function such that fPt! =
0z, f), p € N, where Q(z, u) is a polynomial in u and its derivatives with mero-
morphic coefficients a,(z), @ € M. Suppose that the total degree of Q(z,u) as a
polynomial in u and its derivatives does not exceed p. Then

mer, ) =0( Y mr.a)) + S ). (B.12)

neM

Moreover, if p(f) < 400, the error term S(r, f) can be replaced by O (logr) with
no exceptional set.

Proof. For r > 0, consider the subinterval defined by
1(r)=1{0 €[0,27] | |f(re'®)| > 1}.

It is easy to see that

m(r, ) = i/ log* | f(re'?)|do. (B.13)
27 Joer(r

We write Q(z, f) in the form

0@z, )= Z GM(Z)in(M)(f/)il(“) L (f Oy

neM

Then,
f= Z au(z)f[(“)_l’(f//f)il(#) o (fO i),

neMm

Hence, for » > 0 and for 6 € I(r),
log® | f(re')]

!
<> (1og+ la, (re®)| + p lelog+ |f<-i>(re"9)/f(rel’")|) + o).
j:

neM
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Substituting this into (B.13), we get

l
m(r, f) < Y m(r,a,) + Y m(r, fO/f). (B.14)
pneM j=1
By Corollary B.7, we obtain (B.12), which completes the proof. O

The following lemma, due to Mohon’ko and Mohon’ko [1], see also Laine [1],
gives an estimate for the proximity function of the reciprocal of f(z) — c:

Lemma B.12. Let F(z, u) be a polynomial in u and its derivatives with meromorphic
coefficients b, (z), k € K. Suppose that f is a transcendental meromorphic function
satisfying F(z, ) = 0, and that c is a complex number. If F(z, ¢) # 0, then

m(r 1/(f =) = 0( Y T(.b0) + 50, ). (B.15)

kekK

Moreover, if p(f) < 400, the error term S(r, f) can be replaced by O (logr) with
no exceptional set.

Proof. Put g = f — c. Then F(z, g + ¢) = 0, namely
G(Z’ g) = F(Zv 8 +C) - F(Zv C) = _F(Za C). (B16)

Since G(z, 0) = 0, we may write (B.16) in the form

G(z.9) =Y Bi@g"P (g™ ... g")1™ =—F(z.c) £0, (B.17)
rEA

Lijx) e NU{0} (j =0,1,....D), io() +i1(A) +---+i(A) =1, (B.18)

where B; (z) (A € A) and —F'(z, ¢) are linear combinations of b, (z), k € K, with
complex coefficients. For r > 0, consider the subinterval

J(r) =10 €[0,27] | |g(re')| < 1}.
From (B.16) and (B.18), we derive that, for 8 € J(r),
log* [1/g(re'®)| <log" |1/F(re', o)
i : i i0 i0 (B.19)
+ Z(log+ |B,.(re')| + > i) log" [ (re?) /g (re )|> +0(1).
AEA j=1
Observe that

1 .
mir1/9) = 5 /9 o 08" 1/se" o,
€ r
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and that
m(r, 1/F(z,¢)) < T(r, F(z,0)) < Z T (r, by).
keK
Then, from (B.19), it follows that
l .
m(r,1/g) < Y T(rbo)+ Y m(r.g"/g). (B.20)
kekK j=1

Combining (B.20) with Proposition B.5, we obtain (B.15). O

Remark. In Lemma B.11 or B.12, S(r, f) can be replaced by O(log(rT(r, f))) as
r — 400 outside of a possible exceptional set of finite linear measure.

We also give here another version of the error term in Lemma B.11 or Lemma
B.12 for a special class of meromorphic functions.

Lemma B.13. Suppose that f is a transcendental meromorphic function such that
log T(r, f) = O(r). Then m(r, f®/f) = O@r) and log T (r, f®) = O(r) with no
exceptional set for every k € N. Furthermore, the error term S(r, f) in Lemma B.11
or Lemma B.12 can be replaced by O (r) with no exceptional set.

Proof. Tt is not difficult to see that m(r, f'/f) < log T 2r, f) + logr = O(r) with
no exceptional set. By the same argument as in the proof of Proposition B.5, we can
inductively show that m(r, f (k)/f ) = O(r) with log T (r, f &y = O(r) for every
k € N. From this estimate the conclusion immediately follows. O

We close this appendix by giving some results from Nevanlinna theory needed
in our considerations related to discrete Painlevé equations in Chapter 10. Basically,
these results are elementary. However, their proofs usually don’t appear in standard
references of value distribution theory.

Lemma B.14. Given ¢ > 0, ¢ € C and a meromorphic function f, then
T(r,fz+c) =(A+Tr +|c|, f(2)+M
forallr > r., for some constant M = M (c, €).

Proof. This follows by a slight modification of the proof of Lemma 1 in Ablowitz,
Halburd and Herbst [1]. O

Proposition B.15. Given three distinct meromorphic functions f, g, h,

T(r,fg+gh+hf) <T@ f)+T(r g +T(r h)+0().
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Proof. Looking at pole multiplicities, summing over |z| < r and integrating logarith-
mically, we immediately get

N(r,fg+gh+hf) <N, f)+ N(r,g) + N, h).
To estimate log™ | fg + gh + hf|, we first observe that
logt | fg + gh+ hf| <log™ 3 =1log" |f| +log" |g| + log™ |h]| + log3

whenever | f| < 1,|g| < 1, |h| < 1. If, on the other hand, all of f, g, h are > 1 by
modulus, then

n i 1 1 1
log™ |fg +gh+hf|=log" | |fghl\ -+ — + =
LFL gl Al
<log™|f| +log" |g| + log™ || + log3.
If one of f, g, h only is < 1 by modulus, say f, then we have

log® | fg +gh + hf| <log"(lg| + Ighl + |h]) <log*(3|gh)
<log™|f| +log* |g| + log™ |h| + log3.

Finally, if exactly two of f, g, h are < 1 by modulus, say f and g, then

log* | fg + gh + hf| <log" (1 +2|h|) < log™ (3|hl)
<log™|f|+log" |g| 4+ log™ |h| + log3.

Therefore, by integration,
m(r, fg + gh+hf) <m(r, ) +m(r, g) +m(r, h) +log3,

and the assertion follows. O

A slight modification of the proof above immediately results in

Theorem B.16. Given distinct meromorphic functions fi, ... fu, let {J} denote the

collection of all non-empty subsets of {1, ..., n}, and suppose that oy € C for each
J € {J}. Then

(Y e (T14)) = S 76, f + 00,
J k=1

jeJ

Remark. It is a straightforward modification to obtain the corresponding estimate
as in the preceding theorem, if the constant coefficients «; are replaced by small
meromorphic functions « (7).
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Theorem B.17. Let f be a meromorphic function and

ap(z) +a1 () f +---+ap) f?
bo(z) +b1() f + -+ by(2) f4

R(z, f) =

beirreducible rational in f with meromorphic coefficients a;(z), b (z) of small growth
S, f). Then

T(r, R(z, f(2))) = max(p, )T (r, f(2)) + S, f).

Proof. This is usually known as the Valiron—Mohon’ko theorem. For a proof, see
Laine [1], Theorem 2.2.5. O
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