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Abstract

The third, fifth and sixth Painlevé equations are studied by means of the weighted
projective spaces CP3(p, q,r, s) with suitable weights (p, ¢, r,s) determined by the
Newton polyhedrons of the equations. Singular normal forms of the equations,
symplectic atlases of the spaces of initial conditions, Riccati solutions and Boutroux’s
coordinates are systematically studied in a unified way with the aid of the orbifold
structure of CP3(p, ¢, 7, s) and dynamical systems theory.
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1 Introduction

The first to sixth Painlevé equations written in Hamiltonian forms are given by

dx 8HJ dy OH,;

J = 1,111V, 111(Ds), I11( D;), I11(Dg), V, VI, with the Hamiltonian functions defined
as

1
H = 5302 — 2% — 2y,
1 1 1
Hy = §$2 - 594 - Ezyz - ay,
Hy = —ay® + 2%y — 22yz — 2ax + 20y,
1
H _ 22 2 1
ZH111(Dg) Yy 2 23/7
zHmp,) = 2’y® + 2z 4y + axy,
zHuypyy = 2%y° —ay® + 2o+ (a+ B)zy — oy,

zHy = z(z+2)y(ly — 1) + avyz — agzy — az(y — 1),
2(z—=1)Hy = yly—1)(y— 2)2* + ag(as + ao)(y — 2)
—(aa(y =Dy —2) +asyly —2) + ay(y — 1)) z
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where «;, € C are arbitrary parameters. Parameters of Hyy satisfy the constraint
o+ aq + 2a9 + az + a4 = 0. The third Painlevé equation is divided into three cases
[I1(Dyg), IT1( D7), II1( D) due to the geometry of the spaces of initial conditions [8, 7].
See [9] for the list of Hamiltonians and Bécklund transformations written in these
coordinates, although Hiiyp,) here is obtained by putting « — x — 1/(2y) for that
in [9].

Among these Hamiltonians, only (Pr), (Pr1) and (Pry) are polynomials with re-
spect to both of the dependent variables z,y and the independent variable z. In
Chiba [2, 3], (P1), (Pn) and (Pry) are studied by means of a weighted projective
space CP3(p, q,r, s), whose weight (p, q,, s) is one of the invariants of the equation
determined by the Newton polyhedron. In particular, the Painlevé property, the
spaces of initial conditions and Kovalevskaya exponents are investigated in detail.
The purpose in this paper is to extend the previous result to the third, fifth and
sixth Painlevé equations, whose Newton polyhedrons are degenerate.

According to [2, 3], let us recall the definition of the Newton diagram of a poly-
nomial differential system. Consider the system of polynomial differential equations

dl’i
dz

= filx1, T, 2), =1, ,m. (1.2)

The exponent of a monomial z{" - z¥m2" included in the right hand side f; is
defined as (1, -+, pi—1, i — L, fiv1, -+ - phm, n+1). Each exponent specifies a point
of the integer lattice in R™*!. The Newton polyhedron of (1.2) is the convex hull
of the union of the positive quadrants RTH with vertices at the exponents of the
monomials which appear in the system. The Newton diagram of the system is the
union of the compact faces of its Newton polyhedron.

We also consider the perturbative system

d.fCi
dz

= filxr, - s xm, 2) +gi(Tr, - T, 2), i=1,---,m, (1.3)

where f; and g; are polynomials. We suppose that

(A1) the Newton polyhedron of the truncated system (1.2) has only one compact
face and all exponents of monomials included in (1.2) lie on the face.

In this case, there is a tuple of relatively prime positive integers (pi,- - ,pm, T, S)
and a hyperplane piz1 + - - - + P + 72 = s in R™*! such that all exponents lie on
the plane; i.e. any monomials z{" - - - z#m 2" included in f; satisfy

pipa+ - pilps — 1)+ Pt (0 +1) = 5. (1.4)

In [3], we further suppose that s —r = 1 though it is not so essential. To regard g;
as a perturbation, we suppose that

(A2) any monomials x4" - - - x#m 2" included in g; satisfy

pipr+ - pilps — 1)+ Pl (0 + 1) <08, (1.5)



(this implies that the exponents of g; lie on the lower side of the hyperplane).
Due to the property of the Newton diagram, it is easy to verify that the truncated
system (1.2) is invariant under the Z,-action given by

(T1, T, 2) = (WP, - - WP, W'2),  wi= e2mi/s (1.6)

We require the same for Eq.(1.3):
(A3) Eq.(1.3) is invariant under the Zg-action (1.6).

A tuple of positive integers (p1,- -« ,Pm, 7, ) is called the weight of the system
(1.3). It is known that there is a one-to-one correspondence between nondegenerate
Newton diagrams and toric varieties. If exponents lie on the unique plane pyx; +
o+ P&y + 1 = s (assumption (Al)), then the associated toric variety is the
weighted projective space CP™(py,- -+ ,p,r,s), which is an m + 1 dimensional
orbifold, see Sec.2.1 for the definition.

The first, second and fourth Painlevé equations satisfy the above assumptions.
For the first Painlevé equation 2’ = 6y*> + z, v/ = z, put f = (6y* + z,2) and
g = (0,0). The Newton diagram is determined by three points (—1,2,1), (—1,0,2)
and (1,—1,1). They lie on the unique plane 3z+2y+4z = 5. For the second Painlevé
equation ¥’ = 2y3+yz+a, y = x with a parameter «, put f = (2y*+yz,7) and g =
(cr,0). The Newton diagram is determined by points (—1,3,1),(—1,1,2),(1,—1,1),
which lie on the plane 2x + y + 22 = 3. For the fourth Painlevé equation, put
[ = (=24 22y + 2x2, —y* + 22y — 2y2) and g = (=283, —2a). The Newton di-
agram is given by the unique face on the plane = + y + z = 2 passing through
the exponents (1,0,1),(0,1,1) and (0,0,2). Hence, the weighted projective spaces
associated with them are given by CP3(3,2,4,5),CP3(2,1,2,3) and CP3(1,1,1,2),
respectively. Note that g consists of terms including arbitrary parameters «, § for
these systems.

The orbifold CP™(py, -+, pm,7,s) is regarded as a compactification of the
phase space C™"! = {(z1,-+ ,2m,2)} of the system (1.3). In [2, 3], the system
(1.3), in particular the first, second and fourth Painlevé equations, are studied with
the aid of the geometry of CP™ ! (py, -+ ,pn,r,s). In this paper, the third, fifth
and sixth Painlevé equations will be investigated, for which the Newton polyhedrons
are degenerate and do not satisfy (Al).

The third Painlevé equation of type Dy is explicitly given by

(P ) 2! = —22%y + 22y — (o + Bz + o,
M) 2y = 209 =y + 2 4 (a + B)y.

Put f = (—22%y+2xy, 2zy* —y*+2) and g = (—(a+ B)z +«, (a+ B)y). Exponents
of f are given by (1,1,0),(0,1,0),(0,—1,1). The Newton polyhedron generated by
them has no compact faces because the positive quadrant Ri”r with a vertex at (0, 1,0)
includes (1,1,0); the Newton diagram is empty. Nevertheless, these three points lie
on the plane y 4+ 2z = 1. Hence, we define the weight of (Pr(pg)) by (0,1,2,1) and
use the weighted projective space CP3(0,1,2,1), which is not compact because of
the nonpositive weight.

(1.7)



The third Painlevé equation of type Dy is given by

za = —22%y — 1 — ax,

2y = 2xy® + 2 + ay. (1.8)

(Puipn) : {

Put f = (—22%y — 1,22y* + 2) and g = (—az,ay). Exponents of f are given by
(1,1,0),(—1,0,0),(0,—1,1). The Newton diagram is again empty, however, these
three points lie on the plane —x+2y+3z = 1. Thus we define the weight of (PIH(D7))
by (—1,2,3,1) and use the weighted projective space CP3(—1,2,3,1).

The third Painlevé equation of type Dsg is given by

/ 1 2 2 z
2 = = = 2x%y — —,
(Prirps)) 2 Y 292 (1.9)
2y = 2zy?.

There are no parameters and put ¢ = (0,0). Exponents of the system are given

by (1,1,0),(—=1,0,0),(—1,—2,1). The Newton polyhedron is degenerate, however,

these three points lie on the plane —z + 2y + 4z = 1. Thus we define the weight of

(Prii(pg)) to be (—1,2,4,1) and use the weighted projective space CP?*(—1,2,4,1).
The fifth Painlevé equation is given by

1.10
2y’ = 2ay” = 2ry —yz + y*2 — (o1 + az)y + o (1.10)

2z = —22%y + 2 + 1z — 22yz + (o + a3)T — oz,
(Pv) . {
Put f = (—22%y + 2% + 22 — 2zyz, 22y* — 22y — yz + y%2) and g = ((a1 + az)z —
asz, — (a1 + a3)y + «a1). Exponents of f are (1,1,0),(1,0,0),(0,0,1) and (0,1, 1).
Although there are four exponents, they lie on the unique plane x + z = 1. Thus
we define the weight of (Py) by (1,0,1,1) and use the weighted projective space
CP3(1,0,1,1).
The sixth Painlevé equation is given by

D = —30242 2 2, 2
(Pv1)3{2<2 1)z 3zy” 4 22y + 2x°yz — 2%z + g1, (111)

2(z — 1)y = 20y® — 20y* — 22y°2 + 20y2 + g,

where (g1, g2) consists of terms including parameters. Exponents of the other terms
are given by (1,2,0),(1,1,0),(1,1,1) and (1,0, 1), which lie on the unique plane
x = 1. Thus we define the weight of (Py1) as (1,0,0,1) and use the weighted
projective space CP3(1,0,0,1).

In this paper, the third, fifth and sixth Painlevé equations are studied with the
aid of the weighted projective spaces CP3(p, q,r,s) and dynamical systems theory.
The weighted projective space is decomposed into the disjoint sum CP3(p, q,r,s) ~
CP?(p,q,r) UC3. This implies that the natural phase space C* = {(x,y, z)} of the
Painlevé equations is embedded in CP3(p, q,, s) and the two dimensional manifold
CP?(p,q,r) is attached at infinity. We regard the Painlevé equation as a three
dimensional autonomous vector field defined on CP3(p,q,r,s). Then, the vector
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’ H (p,q,7,8) ‘deg(H) ‘Ii‘/\l,Ag,/\:g‘ l ‘c‘
P, 3,2,4,5) 6 6] 645 [1]2
Pr | (21,2,3) 4 4] 423 (23
Pnv | (LLL2) 3 (3] 3,12 (3|4

Puog | —L241) | 2 2| 241 (23
Puon | (—1,2.3.1) | 2 | 2| 23,1 |23
Puiog | (0,L,2,1) 9 |21 22,1 |34
Py | (1,0,1,1) 2 (2| 21,1 4|5
Pvi || (1,0,0,1) 3 (2] 2,01 |5]6

Table 1: deg(H) denotes the weighted degree of the Hamiltonian function with re-
spect to the weight deg(x) = p, deg(y) = ¢,deg(z) = r. k denotes the Kovalevskaya
exponent defined in Sec.2.2. (A1, Ay, A3) is the weight for the weighted blow-up,
which coincides with the eigenvalues of the Jacobi matrix at the singularity. In
Chiba [3], it is proved that deg(H) = k = Ay and 7 = Ay, s = A3. [ gives the number
of types of Laurent series solutions given in Sec.2.2, and ¢ is the number of local
charts for the space of initial conditions. We always have ¢ = [ + 1.

field has several fixed points on the infinity set CP?(p,q,r). These fixed points
describe the asymptotic behavior of solutions. Some of these fixed points correspond
to movable singularities, and the other correspond to the irregular singular point.

The dynamical systems theory is applied to these fixed points to investigate the
Painlevé equations. The singular normal form of the Painlevé equation [2, 6], which
is a local integrable system around a movable singularity, is obtained by applying
the normal form theory around fixed points. The space of initial conditions and
its symplectic atlas are constructed by the weighted blow-up at these fixed points.
The weight for the weighted blow-up, which is also an invariant of the Painlevé
equation related to the Kovalevskaya exponent [2, 3], is determined by eigenvalues
of the Jacobi matrix of the vector field at the fixed points. It is known that the
Painlevé equations are reduced to the Riccati equations when the parameters take
certain specific values. Such Riccati solutions are characterized as a center (un)stable
manifold at the fixed point on CP3(p, q,r, s). Although some of these results are well
known for experts, our new approach based on the weighted projective space and
dynamical systems theory provides a systematic way to investigate them. From our
analysis, it turns out that the weights and the Kovalevskaya exponents are important
invariants of the Painlevé equations. In particular, the Painlevé equations may be
classified by these invariants, which will be reported in a forthcoming paper.

Our method will be explained in detail for the third Painlevé equation of type Dg
in Section 3. Since the strategy for the other Painlevé equations (Pri(p.)), (Piiny)),
(Py) and (Pyp) is completely the same as that for (Piyp,)), we only show a sketch
and several formulae for them after Section 4. See [2] for (P;), (Py) and (Pry).



2 Settings

2.1 Weighted projective spaces

For a tuple of integers (py,- -+ ,pm,7,s), consider the weighted C*-action on C™*?
defined by

(Il"” ,xm,z,g) = ()‘plxh”' a)‘pmxm7Arzy>\55>) A E C*:= C\{O} (21)
The quotient space
(ij)m—i-l(p17 e D T S) — Cm+2\{0}/C*

gives an m + 1 dimensional orbifold called the weighted projective space. In this
paper, we only use a three dimensional space. When (p, ¢, , s) are positive integers,
the orbifold structure of CP3(p, q,r, s) is obtained as follows:

The space CP3(p, q,r, s) is defined by the equivalence relation on C*\{0}

(,y,z,6) ~ (Nx, Ny, A"z, X%e).
(i) When z # 0,
(z,y,2,€) ~ (1, 2= YPy, a7"/Pz 27/Pe) = (1,Y1, Zy,€1).
Due to the choice of the branch of /P, we also obtain
(Yi, Zi,e1) ~ (e~ 2miIPY, o=2rmilp 7, o=2smifp, ).

by putting z + e*™'z. This implies that the subset of CP3(p, ¢, , s) such that z # 0
is homeomorphic to C*/Z,, where the Z,-action is defined as above.
(ii) When y # 0,

(xayv 275> ~ (?J—p/q% 17 y—r/qz7 y_S/qe) = (X2a ]-7 22752)-
Because of the choice of the branch of y'/?, we obtain
(XQ, 22782) ~ (6—2p7ri/qX2’ 6—27’7rz'/q227 6—2s7ri/q€2)'

Hence, the subset of CP3(p,q,r,s) with y # 0 is homeomorphic to C*/Z,.
(iii) When z # 0,

(z,y,z2,€) ~ (z_p/’"x, z_q/ry, 1, 2_5/7"5) =: (X3,Y5,1,e3).

Similarly, the subset {z # 0} € CP3(p, q,r, s) is homeomorphic to C3/Z,.
(iv) When ¢ # 0,

(2,1, 2,€) ~ (7P, 75y, 72 1) = (X4, Yy, Zu, 1).

The subset {e # 0} € CP3(p, q,r,s) is homeomorphic to C3/Z,.

6



This proves that the orbifold structure of CP3(p, q,r, s) is given by
CP(p,q,r.5) = C¥/Z, U C¥/Z, U C*/Z, U C¥/Z,.

The local charts (Y1, Z1,¢e1), (Xo, Zo,e9), (X3, Ys,e3) and (X4, Yy, Z4) defined above
are called inhomogeneous coordinates as the usual projective space. Note that they
give coordinates on the lift C3, not on the quotient C3/Z; (i = p, q,r,s). Therefore,
any equations written in these inhomogeneous coordinates should be invariant under
the corresponding 7Z; actions.

In what follows, we use the notation (x,y, z) for the fourth local chart instead of
(X4, Ys, Z4) because the Painlevé equation will be given on this chart. The trans-
formations between inhomogeneous coordinates are give by

r= 7= X" = Xaei??
y= Y = 57 = Yy (2.2)
r= ZieP = Zye = T

The same transformation rule holds even if p,q,r, s include negative integers. If
there are 0 among them, for example if p = 0, then we have CP3(0,q,r,s) =~
C x CP%*(q,r,s). CP3(p,q,r,s) is compact if and only if all p, ¢,r, s are positive.

2.2 Laurent series solutions and Kovalevskaya exponents

To construct the space of initial conditions, we need the expressions of the Laurent
series of solutions. Let (p,q,r, s) be the weight of a given system determined by the
Newton polyhedron. Suppose that the system has a Laurent series solution of the
form

v =3 Az — )",
n=0 (2.3)

Yy = Z Bn(z - ZO)qurna
n=0

where (Ag, By) # (0,0) and zy is a movable pole. Such a Laurent series solution is
called regular. A Laurent series solution is called exceptional if it is not expressed in
this form; i.e. (Ao, Bo) = (0,0) or the order of a pole of either = or y is larger than
p or q, respectively. If a regular Laurent series represents a general solution of the
system, it includes an arbitrary parameter, which depends on initial conditions, other
than zy. The smallest integer k such that (A,, B,) includes an arbitrary parameter
is called the Kovalevskaya exponent. In [3], it is proved that the Kovalevskaya
exponent of the regular Laurent series solution is invariant under a certain class
of coordinates transformations including the automorphism group of CP3(p, q,r, s).
For the first, second and fourth Painlevé equations, all Laurent series solutions are
regular because they satisfy the assumptions (A1) and (A2). The third, fifth and
sixth Painlevé equations have exceptional Laurent series solutions, however, they
can be converted into the regular series by the Backlund transformations. Hence,
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the Kovalevskaya exponents x of exceptional Laurent series solutions are well-defined
and given as in Table 1. In what follows, denote T":= 2z — 2.

(Pri(pe)): The third Painlevé equation of type Dg has three types of Laurent
series solutions given by

:c:1+£-T+A2-T2+O(T3),

(i) 0 1
y = —zO-T‘1+5(—1—a+5)+BQ-T+O(T2),

=0T — S T4 Ay -T2+ O(T%),

(i) 0
y:zo-T_1+§(1—a—}—ﬁ)+Bg-T+O(T2),
x=—2-T?+0-T'+ Ay + O(T),

_9

(iii) y:_T++—a+5-T2+Bg-T?’+O(T4),

22’0
where A, is an arbitrary constant and By is a certain function of Ay. Since (p,q) =
(0,1), the first two series are regular, while the last one is exceptional. The Ko-
valevskaya exponents of all series are kK = 2.
(Prri(pyy): The third Painlevé equation of type D7 has two types of Laurent series
solutions given by

1 -1
.CIZZ—-T—i—a

CT? 4 Ay - T3+ O(T?

() % 2 T A4 T+ O,
y=—20-T 2= 2 -T '+ By +O(T),
v=—2-T2+0-T '+ Ay +O(T),

(if) y=-T"+ 2214 B, TS 4 O(TY),
20

where A is an arbitrary constant and By is a certain function of Ay. Since (p,q) =
(—1,2), the former series is regular, while the latter one is exceptional. The Ko-
valevskaya exponents of both series are Kk = 2.

(Prri(pg)): The third Painlevé equation of type Ds has two types of Laurent series
solutions given by

1 1 2By — 1
t=—r T4 — -T2 2

. : ST3 4+ 0(TY),
(i) 220 422 422 +0)
y=222-T2+22 T+ By, + O(T),

r=22 -T?4+22-T>4+0-T '+ 0(1),

) :
(i) y:2—%T2+0-T3+Bg-T4+O(T5),

where By is an arbitrary constant. Since (p,q) = (—1,2), the former series is regular,
while the latter one is exceptional. The Kovalevskaya exponents of both series are
K= 2.



(Py): The fifth Painlevé equation has four types of Laurent series solutions given
by

1
() xIZO'Til—i-5(1—204-061—&3)+A2'T+O(T2),
1
y=1+2.7 4 B, - T+ O(T%,
<0

1
ZE:—ZO'T_1+§(—1—Z()+061—043)+A2'T+O<T2),

yzO-TO—%-T+Bg-T2+O(T3),
0

v=—2+ (a1 +ay+az—2)- T+ Ay - T* + O(T?),
9 i
(iii) y:T_1+Zo+Oé1+ oo + Qg —|—BQ~T—|—O(T2),

(i)

220
2=0-T +ay - T+ Ay-T* + O(T?),
i 2
<1V) y = —T_1—|— 20 + _2|—Z Qg + Qi3 +B2T+O(T2),
0

where A, is an arbitrary constant and By is a certain function of Ay. Since (p, q) =
(1,0), (i) and (ii) are regular, while (iii) and (iv) are exceptional. The Kovalevskaya
exponents of all series are kK = 2.

(Pv1): The sixth Painlevé equation has five types of Laurent series solutions
given by

- T_l 1 2 — 420 —f-Oé() — 2200[0 + 2003 — Oy + 2004

(1) 220&20—1)
y=20+2+4+a) T+By-T +O(T3),

1— 2y — ag+ 203 — zgau3 — Qg + 2oty

+ Ay - T+ O(T?),

r=—z T '+
(i) 4 N 2(z0 — 1)
y=1——="T+ B, - T?+O(T?),

\ 20

x:(zo—l)-T_lJrZ

+ Ay - T 4 O(T?),

0 — Qp — 2003 + Qg + 2ZpQuy

+ A, - T+ O(T?),

(iii) 220
yzo-T°+Zi-T+BQ-T2+O(T3),
\ 0 —
3 :_al(a1+a2) T+O(T2>,
(IV) 20(201— ].)
y = 20(20=1) 7'+ 0(1),
\ aq
( x:ﬂ-T—I—O(TQ),
(V) ) Zo(ZO — 1)1
y = _@ T+ 0(1),
\ 1

where A, is an arbitrary constant and By is a certain function of Ay. Since (p,q) =
(1,0), (i), (ii) and (iii) are regular, while (iv) and (v) are exceptional. The Ko-
valevskaya exponents of all series are k = 2.
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For all Painlevé equations, the number of types of Laurent series solutions is

smaller than the number of local charts of the space of initial conditions by one, see
Table 1.

3 The third Painlevé equation of type D

3.1 PIII(Dg) on CP?)(O, 1, 2, 1)
The orbifold structure of CP3(0,1,2,1) is given by

CP?*(0,1,2,1) = CxCP?*(1,2,1)
= Cx (CPuC?/Z,uC?)
= C*U(CxC?1Zy)uC?

Thus, the space is covered by three inhomogeneous coordinates (Xs, Zs, €3), (X3, Y3, £3)
and (z,y, z) related as
r =Xy = Xj,
y=c¢," = Yae; ', (3.1)
2= Zye;? = €32,
(the first local chart (Y7, Z1,e1) does not appear because p = 0).
We give the third Painlevé equation of type Dg on the local chart (z,y,2). On
the other local charts, (Pryp,)) is expressed as

( dXz . 2X2 — 2X22 + 52(0& — OZXQ — BXQ)
dSQ 82(]_ — 2X2 — Zg — Q€9 — 662) ’ (3 2)
dZQ . QZQ — 4XQZQ — 2222 + €2Z2(]_ — 20 — 25) '

L d€2 B 52(1 — 2X2 — ZQ — €9 — 652) ’

(dX; 2 )
-V =3 (2X3Y:9) — 2X31/3 + 83(0& — OéX3 — ﬁXg)) s
A ! 33
—3 = - <1 — Y7 +2X3YF +e3Ya(—= +a+ 5)) :

| des €3 2

In order to apply dynamical systems theory later, it is convenient to rewrite them
as 3-dim autonomous vector fields of the form

XQ = 2X2 — 2X22 + 52(@ — OCXQ — ﬁXQ),
Ty = 27y — 4XoZy — 272 + €9 75(1 — 2a — 283), (3.4)
éQ = 52(1 — 2X2 — ZQ — Q€9 — 562),
and
Xg = 2X3}/3 — 2X§}/3 + 83(0& — OéXg — ﬁXg),

. 1
Y= 1= V5 +2X5Y) + e3Vs(—5 +a+ ), (3.5)
. __d

3 — 27
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where (') = d/dt and t € C parameterizes each integral curve.
We also have the decomposition

CP*(0,1,2,1) = CP?0,1,2)UC® (disjoint).
Since CP?(0,1,2) = C x CP(1,2) and CP'(1,2) is the usual projective line,
CP?*0,1,2,1) = (CxCPYHuC? (3.6)

where C? = {(x,y,2)} and C x CP' = {(X», Z,,0)} U {(X3,Y3,0)} in coordinates.
This implies that the set C x CP! is attached at infinity of the natural phase space
C3 = {(z,y,2)} of (Pui(pg)), and the asymptotic behavior of solutions can be studied
by the limit e — 0 or €3 — 0.

The vector fields (3.4) and (3.5) have exactly four fixed points on the infinity set
{go = 0} U {e3 = 0} given by

(X, Z2,e2) = (0,0,0), (1,0,0), (0,1,0), (1,-1,0). (3.7)

The Jacobi matrices of (3.4) at the fixed points are

2 0 a 2 0 8 2 0 a 2 0 B
020),-(o2o0f,|-4 —2~],-[-4 -2 ~], (3.8)
00 1 00 1 0 0 0 0 0 0

respectively, where v = 1 — 2a— 2. The latter two points, for which Z; # 0 = z =
00, correspond to the irregular singular point. Since the Jacobi matrix has a zero
eigenvalue, there exists a one dimensional center manifold at each fixed point. The
asymptotic expansion of the center manifold [5] yields the asymptotic expansion of
(z(2),y(2)) as |z] = .

On the other hand, the former two fixed points correspond to movable poles.
Indeed, it is easy to verify by using (3.1) that the regular Laurent series solutions (ii)
and (i) given in Sec.2.2 converge to the points (Xs, Z2,e2) = (0,0,0) and (1,0,0),
respectively, as z — 2zp. The exceptional Laurent series solution (iii) does not
converge to some point on CP3(0,1,2,1) as z — 2o; the space CP3(0,1,2,1) is not
compact.

To treat the Laurent series (iii), we use the Backlund transformations. See [9]
for the complete list of the Backlund transformations of two dimensional Painlevé
equations. It is known that the transformation groups of the Painlevé equations are
isomorphic to the extended affine Weyl groups. For a classical root system R, the
affine Weyl group and the extended affine Weyl group are denoted by W (R®) and

—~

W(RW), respectively. Let G = Aut(R") be the Dynkin automorphism group of

the extended Dynkin diagram. We have W(RW) = G x W(RW). For the third
Painlevé equation of type Dg, R = 2A; and

W((24:)M) = G x W((24,)D),
W((2A1)(1)) = <807 S1, 867 Sll)v
G = Aut(D) = Aut((241)D) = (mry, 7, 01).
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1—a 1—a)(fs —2y) (1—a)*z
So |[2—a| [ + T — — z
" TR N1 ?
&)
s1 | —« 6] Y+ — x z
1— 1— 1— B)?
S0 a 2-06ly+ b x—( Bfs _{ 26)7; z
fO f2 2
sy a | —f y—l—x?l x z
nlial 5| = Yoy yem it | -
m || a [1-0 : —g($y+04) z
Y z
o1 B Q —y 1—x —z

Table 2: The action of the extended affine Weyl group for (Puypy)) -

The action of each element is given in Table 2, where fy =z + (a+ 5 —1)/y +
2fyY fi=By+ (-1 +z fo=ay+ay’+zand fs =22y +a+ 4 -1

Let us consider another space CP3(0,1,2,1) with inhomogeneous coordinates
(X3, Z5,8), (X3, Y3,8) and (7,7, 2) satisfying the same formula as (3.1). We glue
two copies of CP3(0,1,2,1) by the transformation

(§a37727&7ﬁ) = ’/TQ(ZB,y,Z,Oé,ﬂ)
— (—%(azy—l—a), g, z, o, 1 — B) , (3.9)

which defines a manifold denoted by M. Since (Pryp)) is invariant under the

action of my, the system written in the (Xy, Zs, &)-chart also satisfies Eq.(3.4), in
which (a, ) is replaced by (a, f) = (a, 1 — 3). By the formula (3.9) or

Xy = —(z? + ay)/2,
Zy =y?/z, (3.10)
g2 = Z//Z7

it is easy to show that the exceptional Laurent series (iii) is converted to the regular
series (i) in the (7,7, 3)-chart, and it approaches to the fixed point (Xs, Zs, ) =
(1,0,0) as z — z.

We have proved that Laurent series solutions (i), (ii) and (iii) of (Pp,)) con-
verge to the fixed points (X, Z5,25) = (1,0,0),(0,0,0) and (XQ, ng, g9) = (1,0,0) on
M, respectively, as z — z5. Hence, the study of movable poles are reduced to the

12



study of the fixed points and dynamical systems theory is applicable to investigate
them.
As a simple application, we can prove the next theorem.

Theorem 3.1. There exists a local analytic transformation (X, Zs,€2) +— (u, v, w)
defined near (Xy, Zs,e2) = (0,0,0) such that Eq.(3.4) is transformed into the lin-
earized system

u = 2u + aw,

0 = 2, (3.11)

W= w.

Similarly, the vector field is locally linearized around (X5, Zs,e5) = (1,0,0) and
(X27 Za, g?) = (17 0, O)

This result implies that (Pryp,)) is locally transformed to the integrable sys-
tem around each movable singularity. A proof is a straightforward application of
Poincaré’s linearization theorem [5] in dynamical systems theory. See [2] for the
detail, in which a similar result is proved for the first, second and fourth Painlevé
equations, and also [3], in which it is proved that any differential equations having
the Painlevé property is locally linearizable. Such a local integrable system for the
Painlevé equation is called the singular normal form in [2, 6].

3.2 The space of initial conditions

A purpose in this section is to construct the space of initial conditions for (P(py))-
On the manifold M, there are three singularities of the foliation of integral curves;
(Xo, Zs,e9) = (1,0,0),(0,0,0) and (X3, Z,&2) = (1,0,0). They correspond to mov-
able poles of the Laurent series solutions (i), (ii) and (iii), respectively. We will
resolve these singularities by weighted blow-ups. On the blow-up space, (Pr(py)) is
again written in a Hamiltonian system, whose Hamiltonian function is polynomial
in dependent variables. This implies that singularities of the foliation are resolved
and the space of initial conditions is obtained by three times blow-ups of M. This
strategy is applicable to the other Painlevé equations, even for higher dimensional
Painlevé equations.

(i) blow-up at (Xs, Zs,e2) = (0,0,0).
For the vector field (3.4), put

U:X2+C¥€2,
U:ZQa
w = &9.

Then, the linear part is diagonalized and we obtain
u = 2u — 2u* + w(au — av — fu),

0 =2v+v(w—4u — 2v + 2aw — 2pw),
w=w—w2u+v—oaw+ fw).
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The origin (u,v,w) = (0,0,0) is a singularity of the foliation of integral curves. To
resolve it, we introduce the weighted blow-up defined by

u =ul  =vduy = wiug,
v =ulvyy =vs = wivs, (3.12)
w =UuUiw; = VW = Ws3.

The weight (2,2, 1), the exponents in the right hand sides, is taken from the eigenval-
ues of the Jacobi matrix at the singularity. The exceptional divisor {u; = 0} U{ve =
0} U{ws = 0} is the weighted projective space CP?(2,2,1). The relation between
the original coordinates (x,y, z) and the new coordinates (us, vs, ws) is given by

xr = u3w§ — Qws, Uz = ny + oy,
y = 1/ws, ws = 1/y, (3.13)
Z = Vs, Vg = 2.

Note that eventually the independent variable z is not changed and (3.13) defines
a fiber bundle over z-space, whose fiber is a (x,y)-space and (us,ws)-space glued
by the above relation. In the new coordinates, (Pryp,)) is transformed into the
Hamiltonian system

duy __0Hy duy _ OHy
dz

B 8U3 7 E N GU)37
with the Hamiltonian function
zHy = —u + v*w® + uvw?z — awz — (a — B)uw, (3.14)

(here, the subscript is omitted for simplicity). Since H; is polynomial in (us,ws),
there are no singularities of the foliation in this chart; the singularity associated
with the Laurent series solution (ii) is resolved. Furthermore, we can verify that

dz N dy = dws A dug, de Ndy + dH N\ dz = dws A dus + dH, A dz. (3.15)

(ii) blow-up at (X, Z,€2) = (1,0,0).
Putting X — 1 = X5 and u = X5 + fea,v = Zy, w = &5 for the vector field (3.4)
results in

= —2u — 2u® — w(au — Bu + Pv),
U= —2v+v(w —4u — 2v — 2aw + 2fw),
W =—w—w2u+v+aw— fw).

To resolve the singularity at (u,v,w) = (0,0,0), we introduce the weighted blow-up
with the weight (2,2,1)

u =ul =vdus = wiug,

_ .2 2 a2
voo=ujvy =g = W Ve, (3.16)
w = usgw4 = VsW; = Wg.
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The relation between the original coordinates (z,y,z) and the new coordinates
(ug, vg, we) is given by

x:qug_ﬂw(S—i_lu U6:37y2+53/_y27
y = 1/we, we = 1/y, (3.17)
Z = Vg, Vg = %,

which defines a fiber bundle over z-space. In the new coordinates, (PIH( Da)) is written
as the Hamiltonian system

dws __OMp — dus _ O,
dz  Oug’ dz  Owg’

with the Hamiltonian function
zHy = u + v*w? + uvw?z — fwz + (a — B)uw, (3.18)

(here, the subscript is omitted for simplicity). Since Hs is polynomial in (ug, wg),
the singularity associated with the Laurent series solution (i) is resolved. As before,
we can verify the symplectic relation (3.15).

(iii) blow-up at (X, Zs,8) = (1,0,0).

This singularity is resolved by the same way as above by the weighted blow-
up with the weight (2,2,1). The final result is easily obtained by the Bécklund
transformation (3.9) as follows. Define the new coordinates (ug, vg, wg) by

Ug = %’@“2 + Bg_ ?727
wy = 1/, (3.19)
Vg = E,

which is the same formula as (3.17). Substituting (3.9) yields

ug = =22 fy* —xz — (a+ B —1)z/y,
wy = y/z, (3.20)

Vg = Z.

By this coordinates change, (Pry(pg)) is transformed into the Hamiltonian system of
(ug, wy), whose Hamiltonian function has the same form as (3.18), though («, ) is

replaced by (a, ) = (a,1 — ).

In this manner, all singularities are resolved and we have

Theorem 3.2. The space of initial conditions E(z) of (Pi(p,)) is given by C? U

(zy
(C%us’wS) U C%uﬁ,wﬁ) uC? glued by the symplectic transformations (3.13), (3.17)

(ug,wo)
and (3.20). The space F(z) is a nonsingular symplectic surface parameterized by

z € C\{0}, on which (Prir(pe)) is expressed as a polynomial Hamiltonian system.
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3.3 The Riccati solutions

It is known that when the parameter « is an integer or [ is an integer, there exists a
one-parameter family of solutions of (Pyy(py)) satisfying the Riccati equation, which
is equivalent to the Bessel equation. For example, when o = 0 (resp. = 0), the
Riccati equation is given by

dy 9 dy 2
=y + Py +z, (resp. =Y +ay + 2). (3.21)
The Backlund transformations yield the Riccati equations for a general case a € Z
or 8 € Z. Let us prove this fact from a view point of dynamical systems theory.
Recall that there are two fixed points (Xs, Zs,62) = (0,1,0),(1,—1,0) of the
vector field (3.4) corresponding to the irregular singular point. The Jacobi matrices
at these points are shown in (3.8), and eigenvalues of them are 2, —2, 0. Hence, there
exist a center-stable manifold and a center-unstable manifold at these points. Let
us calculate them explicitly. R
For the point (X3, Zs,22) = (0,1,0), put Zy = Zo — 1 and

A 1
U:X2+Z2+§€2(Oé+26—1>,
1
v=—X9 — 50482,

w = &9.

Then, the linear part of Eq.(3.4) is diagonalized around (0, 1,0) and we obtain

( 1 a 1 1 6]

= —2 —u — —w — — 1— - —w? — Zw?

U u—i—u( U= G 2w+ﬂw>+( a)<2vw+4w Qw),
) Q 1 1, 9
v:2v—|—v<21j+§w—ﬁw>—l—§a uw+§w — pw* ),

. 1

w=wl|lv—u—-w)|.
\ 2

(3.22)

The stable, unstable, center subspaces are u, v, w-directions, respectively. In partic-
ular, the center-unstable manifold (resp. the center-stable manifold) is expressed as
the graph of some function v = ¢(u, w) (resp. u = (v, w)).

It is obvious that when a = 0, the center-unstable manifold is exactly given by
v = 0. This implies Xo = 2 = 0. When o = 0 and = 0, Eq.(1.7) is reduced to the
Riccati equation (3.21). Similarly, when o = 1, the center-stable manifold is exactly
given by u = 0. This implies

0=Xo+ Zo+PBes=x+z/y* + B/y — L.

Substituting this relation to Eq.(1.7) yields the Riccati equation for o = 1, though
it is also obtained by the Backlund transformation to that for a = 0. The same
argument at the point (Xy, Zs,e5) = (1,—1,0) provides the Riccati equation for

16



5 =0.
Theorem 3.3. When o € Z or § € Z, there exists a one-parameter family
of solutions of (Pyyp,)) governed by the Riccati equation of Bessel type. The

one-parameter family of solutions forms a center-(un)stable manifold of (3.4) in
CP3(0,1,2,1).

The same argument is applicable to the other Painlevé equations, even for higher
dimensional Painlevé equations. For two dimensional equations, it is well known that
when parameters take certain specific values, the Painlevé equations are reduced to
Riccati-type equations except for (Pr), (Puyp,)) and (Puyp,)). For such specific
values of parameters, center-(un)stable manifolds in CP3(p, q,r,s) are exactly cal-
culated and the Riccati equations are obtained by restricting the equations to the
center-(un)stable manifolds.

The result is summarized in Table 3. The third column shows one of the param-
eters for which equations are reduced to the Riccati equations. The other possible
parameters are obtained by the Backlund transformations. The fourth column de-
notes the name of the Riccati equation when it is written as a second order linear
equation. Note that the weight of the Riccati equation is also defined through the
Newton polyhedron. For example, the Riccati equation of Airy type is defined by

2
= + 2. (3.23)
The exponents of monomials in the right hand side are (1,1) and (—1,2). Since
they are on the line y + 2z = 3, the weighted projective space for the equation is
CP?(1,2,3). See [4] for the analysis of the Airy equation by means of the weighted
projective space. The last column of Table 3 gives the weight of each Riccati equa-
tion. It is interesting to note that these weights are obtained by deleting the first or
second numbers from the weights of the corresponding Painlevé equations.

’ H weight \parameter\ Riccati \ weight ‘

Pn | (2,01,23) | a=1/2 | Any | (123
Prv (1,1,1,2) a=0 Hermite | (1,1,2)
Pipe) || (0,1,2,1) a=0 Bessel | (1,2,1)
Py | (L0,L,1)| a,=0 | CHG |(LL1)
Pvi || (1,0,0,1)| a1 =0 HG | (1,0,1)

Table 3: The type of Riccati equations and their weights. CHG and HG denote the
confluent hypergeometric and hypergeometric equations, respectively.

3.4 Boutroux’s coordinates

For the first and second Painlevé equations, the third local chart (X3, Y3, e3) of
CP3(p, q,r,s) defined by Eq.(2.2) is equivalent to Boutroux’s coordinates introduced

17



in [1] to investigate the irregular singular point z = co. For the other Painlevé
equations, the chart (X3, Y3,e3) plays the same role as Boutroux’s coordinates; as
g3 — 0, Eq.(3.5) is reduced to the autonomous Hamiltonian system

Va=1-Y7+2X,Y7,

which is often called the autonomous limit. Since a generic integral curve given by
Hrrrpe) = X??Yg2 — X3Y},2 + X3 = const. is an elliptic curve, a general solution can
be expressed by Weierstrass’s elliptic functions. Then, the system (3.5) with small
€3 can be studied by a perturbation method. s

Let us calculate the action of the extended affine Weyl group W((24;)M) re-
stricted on the set {e3 = 0}, which leaves the autonomous limit (3.24) invariant.

Proposition 3.4. The birational transformation group W ((24;)®) is extended
to the birational transformation group acting on CP3(0,1,2,1). The transforma-

tion group which leaves the autonomous limit (3.24) invariant is given by Z,
AUt((QAl)(l)) = Zz X <7T1,7T2,0'1>.

Proof. The first part of Proposition is verified by a straightforward calculation. To
show the second part, we should write down the actions in the (X3, Y3, e3)-chart.
For example, the action of s; in the (X3, Y3, e3)-chart is given by

e-
(X3;}/237€3aaa/6) = (X?nYE’) + Og%,g?ﬂ —O[,/B).
3

On the set {e3 = 0}, it is reduced to
(X37 Y37 «, 6) = <X37 )/37 -, B)

Since the autonomous limit (3.24) is independent of the parameters «, 3, the action
of s1 to (3.24) is trivial. Similarly, the actions of sg, s, and s} to (3.24) are reduced
to the trivial one. On the other hand, it is easy to confirm that the restriction of
the actions of 7y, mo, 0y are not trivial, which are explicitly given by

T (X3, V) = (X3Y2 — Y2+ 1, —1/Y3),
Tt (X5, V3) = (—X3Y5, 1/Y3),
o1 (Xg,YE;) —> (1 — X3, \/—1YE),).

Furthermore, (3.24) is invariant under the Zy action Y3 — —Y3 due to the orbifold
structure of CP3(0,1,2,1). Since r = deg(z) = 2, (X3,Y3,e3) are coordinates on
the lift C* of the quotient C3/Z,, where Zy action is defined by (X3, Y3, e3)
(X3, —Y3, —e3). This is reduced to the action Y3 — —Y3 on the set {5 = 0}. O

A similar result also holds for the other Painlevé equations except for (Pyp) and
summarized in Table 4. If r = deg(z) = 1, the symmetry group of the autonomous
limit is given by the Dynkin automorphism group G' = Aut(RM) because the action
of W(RW) on the set {e3 = 0} is reduced to the trivial action as above. If r > 1, the
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H weight \ Hy \ symmetry ‘

P (3,2,4,5) X2 4y 2y Za

Py (2,1,2,3) X2—yi_y? Zy x Aut(AM)

Prv | (1,1,1,2) X2 — XY? - 2XY Aut(ADY)
Pripgy || (—1,2,4,1) X°Y? -1y — 7y X Zo
Pripsy | (—1,2,3,1) X224+ X +Y Zs x Aut(AM)
Piipg || (0,1,2,1) X%Y?2 - XY?+ X Zy x Aut((2A4,)M)

Py (1,0,1,1) | X2¥2— X2Y + XY2 — XY Aut(ADY)

Table 4: Hamiltonian functions of the autonomous limit defined on the set {3 = 0}.
(X3,Y3) is denoted by (X,Y) for simplicity.

autonomous limit is further invariant under the Z, action arising from the orbifold
structure of CP3(p, q,7, s). The autonomous limit on the set {3 = 0} is not defined
for (Py1) in this way because r = 0.

In the rest of this paper, the other Painlevé equations (Piyp,)), (Ping)), (Pv)
and (Pyp) are studied with the aid of the weighted projective spaces and dynamical
systems theory (see [2] for (Pr), (Pn) and (Pry)). Since the strategy is completely
the same as that for (Pry(pg)), we only show important steps and formulae.

4 The third Painlevé equation of type Dy

The orbifold CP?*(—1,2,3,1) for (Pii(p,)) is covered by four inhomogeneous coordi-
nates (Y1, Z1,¢1), (Xo, Z2,€9), (X3,Y3,¢3) and (x,y, z) related as

r = &1 = XQEQ = X3€3
y= Yier'= & = Yy’ (4.1)
z = ZI€I3 = 22853 = €§3.

We give the third Painlevé equation of type D7 on the local chart (z,y,z). On
the other local charts, (PHI(D7)) is expressed as rational differential equations. By
rewriting them as 3-dim autonomous vector fields, we obtain

Yy = 2Y, 4 2Y2 — Zy + as, Y7,
Z1 = 3Zl + 6Y1Z1 — 5121 + 30&8121, (42)
él = 51<1 + 2}/1 -+ &81),

Xz =2+ 2X22 - XQZQ + OzEQXQ,
Ty = 6Xo 7y + 373 + 3aeyZy — 26975, (4.3)
ég = 62(2X2 + ZQ + OZ€2),
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and

: 1
X3=—1-2X2Ys + 53(5)(3 — aX3s),

. 2
Yy =1+2X3Y7 + es(—3 Y3 +aYs), (4.4)
_ 1

E3 = —58?)).

We have the decomposition
CP*(-1,2,3,1) = CP?*(—1,2,3)UC?® (disjoint).

where C* = {(z,9,2)} and CP?*(—1,2,3) = {e; = 0} U{ey = 0} U {e3 = 0} in
coordinates. This implies that the set CP?(—1,2,3) is attached at infinity of the
phase space C3. Thus, the asymptotic behavior of solutions can be studied by the
limit ey — 0 or g9 — 0 or €3 — O.

The autonomous limit is a Hamiltonian system obtained by putting €3 = 0
for Eq.(4.4). On the set e5 = 0, the action of the extended affine Weyl group
W(Agl)) ~ Aut(Agl)) X W(Agl)) is reduced to the action of Aut(Agl)) ~ Zo defined
by (X3,Y3) — (Y3, X3). Further, the autonomous limit is invariant under the Zs
action (r = 3) induced by the orbifold structure, see Table 4.

The vector field (4.2) has fixed points on the infinity set CP?(—1, 2, 3) given by
(Y1, Z1,¢1) = (—1,0,0) and (—1/2,—1/2,0). The Jacobi matrices of (4.2) at the
fixed points are

a/2

01
C — (30 @Ga-1)2], (4.5)
0 0 0

|
o O

1
3
0

=)

respectively. The latter fixed point having a zero eigenvalue corresponds to the
irregular singular point, and the former one corresponds to a movable singularity
associated with the regular Laurent series solution (i) given in Sec.2.2; The Laurent
series (i) converges to the point (Y3, Z1,61) = (—1,0,0) as z — zp. The exceptional
Laurent series solution (ii) does not converge to some point on CP3(—1,2,3,1) as
Z —r 29.

Remark 4.1. These fixed points are also included in the chart (X, Zs,&5). How-
ever, it is better to use the first chart (Y7, Z;, 1) because the second chart has to be
divided by the Zs action due to the orbifold structure.

To treat the Laurent series (ii), we use the Bécklund transformation o defined

by
(Z,y,z,a) =o(x,y,z,a) = (—y, zx, —z, 1 — a) . (4.6)
2

We consider another space CP?(—1, 2, 3, 1) with inhomogeneous coordinates denoted
by (Z,7,2) etc. We glue two copies of CP3(—1,2,3,1) by the transformation o.
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Then, it is easy to show that the exceptional Laurent series (ii) is converted to
the regular series (i) in the (7,7, z)-chart, and it approaches to the fixed point
(Y1, Z1,5) = (—1,0,0) as z — 2.

To construct the space of initial conditions of (Pr(p,)), we perform the weighted
blow-ups at the points (Y;, Z1,e1) = (—1,0,0) and (Y3, Z,8,) = (—1,0,0).

(i) blow-up at (Y7, Z1,e1) = (—1,0,0).

For the vector field (4.2), put Y; = Y; + 1 and

u:Yl—Zl—l—aal, v=/Z1, w=Ee,.
Then, the linear part is diagonalized around (—1,0,0) and we obtain
U = 2u — 2u? + 2uv + 4v% — vw + a(uw — 2vw),
0 = 3v+ v(w — 6u — 6v + 3aw),

W =w—w(2u+ 2v — aw).

The origin (u,v,w) = (0,0,0) is a singularity of the foliation of integral curves. To
resolve it, we introduce the weighted blow-up defined by

u =u} =v3uy = wius,
v o=udvyy =l = wivs, (4.7)
w =UuUiw; = VW = Ws3.

The weight (2, 3, 1) is taken from the eigenvalues of the Jacobi matrix at the singular-
ity. The relation between the original coordinates (x,y, z) and the new coordinates
(us, v3,ws) is given by

T = ws, uz =y —xz +ajr+1/2%
Y = u3 + vsws — afwz — 1 /w3, wy =z, (4.8)
Z = Vs, Vg = 2.

In the new coordinates, (Prp,)) is transformed into the Hamiltonian system

dg __OH du _ O,
dz  Ous’ dz  Ows’

with the polynomial Hamiltonian function

2

1
2H) = —u+ wrw? — Zw?z + uw’z + wy? — O‘(uw + UJQZ)’ (4'9)

2

(here, the subscript is omitted for simplicity). Furthermore, we can verify the sym-
plectic relation (3.15).

(ii) blow-up at (Y1, Z1,81) = (—1,0,0).
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This singularity is resolved by the same way as above by the weighted blow-up
with the weight (2,3,1). The result is easily obtained by the Bécklund transforma-
tion o as follows. Define the new coordinates (ug, vg, wg) by

ug = — 33+ &/ + 1/32,
we = 7, (4.10)
Vg = zZ.

Substituting (4.6) yields

ug =z +ay — (1 —a)z/y + 22y,
we = —Y/z, (4.11)
Vg — —Z.

By this coordinates change, (Puyp,)) is transformed into the Hamiltonian system
of (ug, we), whose Hamiltonian function has the same form as (4.9), for which « is
replaced by a =1 — a.

In this manner, all singularities are resolved and the space of initial conditions of
glgn)( D& ) 11i )given by €, ) UC s 1) UC T ) 81U by the symplectic transformations

5 The third Painlevé equation of type Dy

The orbifold CP?*(—1,2,4,1) for (Pi(py)) is covered by four inhomogeneous coordi-
nates related as

T = g1 = XQEQ = X3€3
y= Yieg’= = Y3 (5.1)
2= Ziett= Zyest= et

We give the third Painlevé equation of type Dg on the local chart (z,y,z). On
the other local charts, (PHI(Dg)) is expressed as rational differential equations. By
rewriting them as 3-dim autonomous vector fields, we obtain

(Vi =Y -2V —ViZy,

7, =2Y2Z, — 27} — 8V 2, + e Y2, (5.2)
' 1 1

L &1 = 81(§Y12 - 2Y13 - §Z1)7

. , 11 1
X3 = —2X3Yé + 5 — —2}/;)2 + ZSSXB’
. 1
Yy = 2X5Y — JeaVs, (53)
.1,

We will not use the vector field written in (Xy, Zs, £9)-chart.

22



The autonomous limit is a Hamiltonian system obtained by putting €3 = 0 for

Eq.(5.3). It is known that (Prypy)) is invariant under the transformation 7 defined
by

2 22y

(7,7,3) = 7z, y, 2) = (—x—yQ+i Z z). (5.4)

On the set €3 = 0, this action is reduced to the Zs action given by (X3,Y3) —
(—X3Y2, 1/Y3). Further, the autonomous limit is invariant under the Z, action
(r = 4) induced by the orbifold structure, see Table 4.

The vector field (5.2) has the fixed point (Y3, Z1,¢1) = (1/2,0,0). The Jacobi
matrix of (5.2) at the fixed point is

(5.5)

|

|
o O N
O =
_ o O

The regular Laurent series solution (i) given in Sec.2.2 converges to this point as
z — zp, while the exceptional Laurent series solution (ii) does not converge to
some point on CP3(—1,2,4,1). To treat the Laurent series (ii), consider another
space CP3(—1,2,4,1) with inhomogeneous coordinates denoted by (7,7, 2) etc. We
glue two copies of CP3(—1,2,4,1) by the transformation (5.4). Then, it is easy to
show that the exceptional Laurent series (ii) is converted to the regular series (i) in
the (7,9, z)-chart, and it approaches to the fixed point (Yl,Zl,sl) (1/2,0,0) as
Z — 2p-

To construct the space of initial conditions of (PHI( Ds)) we perform the weighted
blow-ups at the points (Y, Z1,¢1) = (1/2,0,0) and (Y1,2,,81) = (1/2,0,0).

( ) blow—up at (}/17 Zl7€1) (1/2 0 0)

For the vector field (5.2), put ¥; = Y3 — 1/2 and

U:{/l—221, 'U:Z1, w = &9.

Then, the linear part is diagonalized around (—1,0,0). To resolve the singularity
(u,v,w) = (0,0,0) of the resultant equation, we introduce the weighted blow-up
defined by

u =ul  =vduy = wiug,
v o=ufvyy =v) = wivs, (5.6)
w =UuUiw; = VW = Ws3.

The relation between the original coordinates (z,y,z) and the new coordinates
(us, v3,ws) is given by

= 1
T=Us us =y — 2%z — —,
Y = us + 2u3ws + — 22 (5.7)
3 2w§7 w3 = T, )
Z = U3, Vg = 2.
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In the new coordinates, (Pryy Ds)) is transformed into the Hamiltonian system with
the Hamiltonian function

2
U 2 w*z
2Hy = — + v?w® + 0wz — Zwdz + duwz + 4822 —

5.8
2 3 1 + 2uw? + 4wz’ (5-8)

(here, the subscript is omitted for simplicity). Furthermore, we can verify the sym-
plectic relation (3.15).

The blow-up at (Y7, Z1,€1) = (—1,0,0) is done in the same way and the Hamil-
tonian function is easily obtained by applying the transformation (5.4) to the above

H,. In this manner, we can obtain the space of initial conditions.

6 The fifth Painlevé equation

The orbifold CP3(1,0,1,1) for (Py) is covered by three inhomogeneous coordinates
(Y1, Z1,¢e1),(X3,Ys3,e3) and (z,y, ) related as

T = 61_1 = Xgégl
y= Y= Y; (6.1)
r= Zie]t= &3t

The second chart does not appear because ¢ = 0. We give the fifth Painlevé equation
on the local chart (x,y, z). On the other local charts, (Py) is expressed as rational
differential equations. By rewriting them as 3-dim autonomous vector fields, we
obtain

}%'1 = —21/1 -+ 2}/12 — YiZl -+ }/1221 + 161 — (a1 + Oég)YiEb

Zy=—Iy+ 27 — Z7 + e1Zy + 2V Z7 — (oq + a3) Ziey + awei Z7, (6.2)
él = 51(—1 -+ 2}/1 — Zl + 2}/121 — (061 + 063)51 -+ CY2Z1€1),

X3 = X3+ X2 — 2X3Y5 — 2X2Vs — ases + (ay + a3 — 1)e3 X,

Yo=Yy + Y2 - 2X5Y5 + 2X5Y2 + aney — (cu + a)eaYa, (6.3)
. 2
83 — _83.

The autonomous limit is a Hamiltonian system obtained by putting 3 = 0 for
Eq.(6.3). On the set {e3 = 0}, the action of the extended affine Weyl group
W(Agl)) ~ Aut(Agl)) X W(Aél)) is reduced to the action of Aut(Agl)) generated
by (Xg,YE),) — ()/3 -1, —Xg) and (X3,YE),) — (Xg, 1— )/3)

The vector field (6.2) has fixed points on the infinity set CP?(1,0, 1) given by

<Y17ZI7€1) = (070’0)7 (1’070)7 (07_170)7 (1/2’_2’0)7 (1’_1’0)‘ (64)

The Jacobi matrices of (6.2) at these fixed points are
20 —ay 2 0 —as 10 o 0 —1/4 x 1 0 —ay
“{o1 o . o1 o |, o 1 «]. (4 0o x|, [0 -1 =«
00 1 00 1 0 0 O 0 0 0 0 0 0
6.5)
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respectively, where * denotes certain long numerical expressions. The latter three
fixed points having zero eigenvalues correspond to the irregular singular point. The
center-(un)stable manifolds at these points can be exactly calculated for certain
specific values of parameters, which give the Riccati equations of confluent hyperge-
ometric type (Table 3). The former two points correspond to movable singularities
associated with the regular Laurent series solutions (ii) and (i) given in Sec.2.2. The
Laurent series (ii) and (i) converge to the points (Y3, Z1,¢1) = (0,0,0) and (1,0, 0)
as z — 2g, respectively. The exceptional Laurent series solutions (iii) and (iv) do
not converge to some point on CP3(1,0,1,1) as z — z.

To treat the Laurent series (iii) and (iv), we use the Backlund transformation 7
defined by

(5)@)’2‘“’ 62176227&3) = 71-(xay7za04170[27cv3)

= (z(y —1), —g, 2, o, a3, 1 — g — g — ag,) . (6.6)
z

We consider another space CP3(1,0,1,1) with inhomogeneous coordinates denoted
by (7,7,2) etc. We glue two copies of CP3(1,0,1,1) by the transformation .
Then, the exceptional Laurent series (iii) and (iv) are converted to the regular series
(i) and (ii), respectively, in the (Z,y, z)-chart. They converge to the fixed points
(Y1, Z1,€1) = (1,0,0) and (0,0,0) as z — zp, respectively.

To construct the space of initial conditions of (Py), we perform the weighted
blow-ups at these four points.

(1) blOW—up at (}/1) Zl,El) = (07070)
For the vector field (6.2), put u = Y] — ayey, v = Zy, w = ;. Then, the linear

part is diagonalized. For the system of (u, v, w), we introduce the weighted blow-up
defined by

U =u? = vsuy = wiug,
Vo= uv; = Uy = w33, (6.7)
w =uUiw; = V2w = Ws3.

The weight (2, 1, 1) is taken from the eigenvalues of the Jacobi matrix at the singular-
ity. The relation between the original coordinates (x,y, z) and the new coordinates
(us, v3,ws) is given by

r=1/ws, ug = %y — oy,

_ 2 _
Y = usw; + aws, ws = 1/x, (6.8)
Z = Vs, V3 = 2.

In the new coordinates, (Py) is transformed into the Hamiltonian system, whose
Hamiltonian function is

2 2.3

2H) = u—v*w? —u?w’z + (2 — ay + az)uw — (201 + ag)uw?z — ay (ag +az)wz, (6.9)
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(here, the subscript is omitted for simplicity). Furthermore, we can verify the sym-
plectic relation (3.15).

(ii) blow-up at (Y1, Z1,e1) = (1,0,0).

For the vector field (6.2), put Vi=Y,—landu=Y, — 381, v = 21, w = £7.
Then, the linear part is diagonalized around (1,0, 0). For the system of (u, v, w), we
introduce the weighted blow-up defined by

u =u? = vius = wiug,
Vo= Uy = Us = WgVs, (6.10)
w = UgW4 = VsWy = Wg.

The relation between the original coordinates (x, y, z) and the coordinates (ug, vg, wg)
is given by

r =1/wg, ug = x%y — 2% — s,
Y = ugwi + azwg + 1, we =1/, (6.11)
Z = Vg, Vg = 2.

In the new coordinates, (Py) is transformed into the Hamiltonian system, whose
Hamiltonian function is

zH = —u — v*w? —v*w’z + (=2 + a1 — az)uw — (203 + ap)uw?z — asz(ay + az)wz,

(6.12)
(here, the subscript is omitted for simplicity). Again, we can verify the symplectic
relation (3.15).

The singularities (Y1, Z1,21) = (1,0,0) and (0,0, 0) are resolved by the same way
as above by the weighted blow-up with the weight (2,1,1). The result is easily ob-
tained by the Backlund transformation 7 as in the previous sections. In this manner,
all singularities are resolved and it turns out that the space of initial conditions of
(Py) is given by five copies of C? glued by the symplectic transformations.

7 The sixth Painlevé equation

The orbifold CP3(1,0,0,1) for (Pyy) is covered by two inhomogeneous coordinates
(Y1, Z1,¢e1) and (z,v, 2) related as

Tr = 61
y= " (7.1)
zZ = Zl-

We give the sixth Painlevé equation on the local chart (z,y,z). On the other local
chart (Y7, Z1,¢1), (Pvi) is expressed as a rational differential equation. As before,
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we rewrite it as a 3-dim autonomous polynomial vector field, whose expression is
too long and omitted here. This vector field has fixed points

(Y1, Z1,e1) = (0,¢,0), (1,¢,0), (c,¢0), (7.2)

where ¢ € C is an arbitrary constant. The Jacobi matrices at these fixed points are

2 0 —Qy 2 0 —Q3 2 =2 1-— (7))
cl0 0 c—1|, (1-=¢){0 0 —c |, clec=1)10 0 1 , (7.3)
00 1 00 1 0 0 1

respectively. These fixed points correspond to movable singularities associated with
the regular Laurent series solutions (iii), (ii) and (i) given in Sec.2.2. The Laurent
series (iii), (ii) and (i) converge to these points as z — zj, respectively. The ex-
ceptional Laurent series solutions (iv) and (v) do not converge to some point on
CP3(1,0,0,1) as 2 — z.

To treat the Laurent series (iv) and (v), we use the Bécklund transformation m
defined by

($7 Y, 2z, g, O, A2, O3, 044) = 7T1<CC, Y, 2z, g, O, Q2, O3, (14)

z
= (—%@y—FO&), ;a <, O3, Oy, a27a07a1) . (74)

We consider another space CP3(1,0,0,1) with inhomogeneous coordinates denoted
by (7,7, 2) etc. We glue two copies of CP3(1,0,0, 1) by the transformation ;. Then,
the exceptional Laurent series (iv) becomes the regular series (iii) in the (Z,7, 2)-
chart. It converges to the fixed point (}71, Zl, £1) = (0,¢,0) as z — 2p. On the other
hand, the exceptional Laurent series (v) is expressed as 7(z) ~ O(1), y(z) ~ O(T) in
the (7,9, z)-chart. Since the solution is holomorphic at z = zy, we need not resolve
the singularity.

To construct the space of initial conditions of (Pvyy), we perform the weighted
blow-ups at four points.

(1) blOW—up at (1/17 Zl7€1) = (0707 0)
For the vector field written in (Y7, Z7,e1)-chart, put u = Y] — auey, v = 21, w =
1. Then, we introduce the weighted blow-up with the weight (2,0, 1) defined by

u = u = wiuy,
vo=1 = Uy, (7.5)
w =uU1w; = ws.

This is a blow-up along the line {v = const}. The relation between the original
coordinates (x,y, z) and the new coordinates (ug, va, ws) is given by

= 1/ws, Uy = T2Y — o,

_ 2 _
Y = Ugws + Wy, wy = 1/x, (7.6)
Z = Vg, Vo = Z.
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In the new coordinates, (Pyp) is transformed into the Hamiltonian system, whose
Hamiltonian function is

22— 1)H, = vww*+uz—v*w?(l +2)
+(1 — ap — a3 + 2a4)u*w® + (ag — ay + za3 — 2oy — Vuw
+ay (anas + a3 + (1 — ag — az)as) w
+ (oo + a3 + 20y — 2000 — 2030 + ) uw.
(here, the subscript is omitted for simplicity). Furthermore, we can verify the sym-
plectic relation (3.15).

The other singularities (Y1, Z1,¢1) = (1,¢,0), (¢,¢,0) and (Y7, Z1,21) = (0,¢,0)
are resolved by the same way as above by the weighted blow-up with the weight
(2,0,1). In this manner, all singularities are resolved and the space of initial con-
ditions of (Pyp) is obtained by six copies of C? glued by the symplectic transfor-
mations; i.e. (x,y),(Z,y) and four charts arising from blow-ups at four points. We
need (z,y)-chart for the exceptional Laurent series (v).
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