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MODULI SPACES FOR LINEAR DIFFERENTIAL
EQUATIONS AND THE PAINLEVE EQUATIONS

by Marius VAN DER PUT & Masa-Hiko SAITO (*)

ABSTRACT. — A systematic construction of isomonodromic families of connec-
tions of rank two on the Riemann sphere is obtained by considering the analytic
Riemann—Hilbert map RH : M — R, where M is a moduli space of connec-
tions and R, the monodromy space, is a moduli space for analytic data (i.e., or-
dinary monodromy, Stokes matrices and links). The assumption that the fibres of
RH (i.e., the isomonodromic families) have dimension one, leads to ten moduli
spaces M. The induced Painlevé equations are computed explicitly. Except for the
Painlevé VI case, these families have irregular singularities. The analytic classifi-
cation of irregular singularities yields explicit spaces R, which are families of affine
cubic surfaces, related to Okamoto—Painlevé pairs. A weak and a strong form of
the Riemann—Hilbert problem is treated. Our paper extends the fundamental work
of Jimbo—Miwa—Ueno and is related to recent work on Painlevé equations.

RiESUME. — Une construction systématique des familles isomonodromiques de
connections de rang 2 sur la sphére de Riemann est obtenue de I’application ana-
lytique de Riemann—Hilbert RH : M — R, ou M est un espace de modules de
connections et R est un espace de modules pour les données analytiques (i.e.,
la monodromie usuelle, les matrices de Stokes et les “links”). La condition que les
fibres de RH (i.e., les familles isomonodromiques) sont de dimension un meéne a dix
espaces de modules M. L’équation induite de Painlevé est calculée explicitement.
A Dexception du cas Painlevé VI, les familles ont des singularités irrégulieres. Uti-
lisant la classification des singularités irréguliéres, on obtient les espaces R comme
familles explicites de surfaces affines cubiques liées aux pairs de Okamoto—Painlevé.
Une forme faible et une forme forte du probléeme de Riemann—Hilbert sont démon-
trées. Notre article est une extension du travail fondamental de Jimbo-Miwa-Ueno
et est en relation avec des travaux récents sur les équations de Painlevé.
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Introduction

The theme of this paper is a systematic construction of the ten isomon-
odromic families of connections of rank two on P! inducing Painlevé equa-
tions. They are obtained by considering the complex analytic Riemann-—
Hilbert morphism RH : M — R from a moduli space M of connections
to a categorical moduli space of analytic data (i.e., ordinary monodromy,
Stokes matrices and links) R, here called the monodromy space. The fi-
bres of RH are the isomonodromic families. One requires that an isomon-
odromic family has dimension 1, since it is then (locally) parametrized by
one variable ¢t and some combination ¢(t) of the entries of the connection is
a potential solution of some second order Painlevé equation. This condition
leads to the ten families. Our method extends the work of Jimbo, Miwa and
Ueno [17, 16], since we allow all possible irregular singularities including
ramification and resonance.

There is a natural morphism R — P, where P is a parameter space build
from traces of matrices. For each of the ten families, the morphism R — P
turns out to be a family of affine cubic surfaces with three lines at infinity.
We will give explicit equations of R for these ten families in § 2 and § 3.
The equation for Painlevé VI is classical [5, 14], and the equations for the
other nine families seem to be new.

Since many aspects of the well known family with four regular singulari-
ties leading to Painlevé VI, has been studied in great detail ([2, 12, 13, 11,
14]), our emphasis will be on families with irregular singularities. Of the
nine families with irregular singularities, six are again classical [16, 4]. The
three remaining ones were also recently discovered in [21, 20]. The corre-
sponding Painlevé equations appear already in [27] from the viewpoint of
the Okamoto—Painlevé pairs.

The moduli spaces of connections M are strongly related to the Okamo-
to—Painlevé pairs (S,Y) of non fibre type [27, 25]. The latter determine
uniquely each type of Painlevé equation [25]. We will give a brief description
of this relation.

The surface S is the blow up of nine points (allowing for infinitely near
points) in P? (or equivalently eight points in the Hirzebruch surface ¥5)
which lie on an effective anti-canonical divisor of P2 or ¥5. Let Y be the
unique effective anti-canonical divisor of S. The Okamoto—Painlevé condi-
tion on Y implies that Y has the same configuration as a degenerate elliptic
curve in the classification by Kodaira—Néron [22, 27, 25].
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MODULI FOR DIFFERENTIAL AND PAINLEVE EQUATIONS 2613

The configuration of the irreducible components of Y for the Okamoto—

Painlevé pairs are given by the eight extended Dynkin diagrams

D4, D5, D67 D7, D87 Eﬁ’ E7, ES.
Each Dynkin diagram gives rise to a (uni)versal global family provided with
a unique vector field which induces a Painlevé equation [25].

One conjectures that a relative compactification of each of the ten fami-
lies of connections 7w : M — T x A with parameter space T' x A, is isomor-
phic to one of the above global (uni)versal families. As a consequence of this
conjecture, the fibres of 7 are the complement S\Y for a certain Okamoto—
Painlevé pair (S,Y) of the given type. The conjecture has been proven for
Okamoto—Painlevé pairs of type D,, which corresponds to Painlevé VI
(For the construction of the moduli spaces of linear connections with only
regular singularities and the Riemann-Hilbert correspondence for these, see
[12, 13, 10)).

There is an explicit analytic morphism A — P, given by exponentials,
which is compatible with the Riemann—Hilbert morphism RH : M — R.
The monodromy space R — P can have, as fibre, a singular (affine) cubic
surface R,. As is conjectured and proved for the PVI case, the Riemann—
Hilbert morphism yields an analytic resolution (S\Y) — R,. The singular
points of type A1, As, Az, D4 on the cubic surface yield 1, 2, 3 and 4 excep-
tional curves on S\ 'Y which are called Riccati curves. The latter are related
to Riccati solutions of the corresponding Painlevé equation. Since the Ric-
cati curves on the Okamoto—Painlevé pairs are known ([26]), one can now
link each of the ten monodromy spaces R to an Okamoto—Painlevé pair
and an extended Dynkin diagram (see Table 2.1). We remark, as done in
[21], that for the case Dg there are two types of isomonodromic families
corresponding to PV e and PITI(Dg). The same holds for Fr.

In Section 4, a Zariski open set of the moduli space M of connections is
described for each of the ten families. The corresponding isomonodromic
equation produces an explicit Painlevé equation, confirming the statements
of Table 2.1.

The contents of this paper is the following. The first section deals with
the formal and analytic data attached to a differential module M over C(z).
The connections on P! inducing given formal and analytic data are studied.
A weak and a strong form of the Riemann-Hilbert problem is treated. This
result is also obtained by [3] in a slightly different setting.

In Section 2, “good” families of connections on P! are described and
studied. The monodromy space R is defined as a categorical quotient of
the analytic data.
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2614 Marius VAN DER PUT & Masa-Hiko SAITO

Then the ten families where the fibres of RH : M — R have dimen-
sion 1 are computed. The third Section contains the computation of the
ten monodromy spaces R — P and the singularities of the fibres.

A theory of apparent singularities ¢ is developed in Section 4. This is
essential for the computation of the second order equation ¢” = R(q,¢’,t)
(where R is a rational function of ¢’,q,t) of the Painlevé type and of a
corresponding symplectic structure with canonical coordinates p,q and a
Hamiltonian equation. We obtain explicit Hamiltonian systems and explicit
Painlevé equations for the nine families (see Subsections 4.3-4.11) which are
natural from the view point of the Okamoto—Painlevé pairs. The explicit
forms of equations depend on the choice of a cyclic vector, the choice of the
parameter ¢ and choices for the constants in the monodromy space. Though
we will not tune up these data such that our explicit forms coincide with
the classical Painlevé equations as in [7, 23, 16], one can transform one to
the other by some birational transformation of coordinates. Most of these
computations in Section 4 were made using Mathematica.

1. Singularities of a differential module
1.1. Summary

Let M be a differential module over K = C(z). The formal data (gener-
alized local exponents, formal monodromy), and the analytic data (mon-
odromy, Stokes matrices, links) of M are described. The weak form of the
Riemann-Hilbert problem for arbitrary singularities has the positive an-
swer:

THEOREM 1.1. — For given formal and analytic data, there exists a
unique (up to isomorphism) differential module M inducing these data.

A strong form of the Riemann—Hilbert problem is:

THEOREM 1.2. — Suppose that M is irreducible and has at least one
(regular or irregular) singular point which is unramified. Then there is a
connection (V,V) on P! representing M, such that V is free (i.e., a direct
sum of copies of Op1) and the poles of the connection V have the minimal
order derived from the Katz invariant.

Results concerning invariant lattices are developed for the proof of The-
orem 1.2. That the strong Riemann—Hilbert problem has a negative answer
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if all the singularities of M are ramified, is shown by families of examples
related to Painlevé equations.

Bolibruch’s work [1] on the strong form of the Riemann-Hilbert prob-
lem is extended in the paper [3] to the case of irregular singularities. Our
Theorems 1.1 and 1.2 clarify and supplement [3], by introducing links.

For the convenience of the reader, the useful compact way to describe
the formal and the analytic singularities of differential modules (see [24] for
more details) is explained in the next subsections. Explicit examples are
given which will be used in the calculations for the monodromy spaces and
the Painlevé equations.

1.2. The formal classification

This is the classification of differential modules M = (M, ) over the
differential field of the formal Laurent series C((¢)) (here ¢ is the local
parameter) , due to M. Hukuhara [9] and H. Turrittin [30]. For notational
convenience we will use the derivation ¢4 on C((t)). The C-linear map
d : M — M has, by definition, the property 6(fm) = t% -m+ f-§(m) for
fecC((t), me M.

The module M is called regular singular (this includes regular) if there
is an invariant lattice A C M, ie., A C M is a free C[[t]]-submodule
containing a basis of M such that 6(A) C A. A regular singular M has a
basis ey, . . ., eq such that the vector space W := @%_, Ce; is invariant under
d and such that the distinct eigenvalues Aq,...,As (with 1 < s < d) of §
acting on W satisfy A\; — A; &€ Z for i # j. Using this basis the operator
0 on M obtains the form t% + A, where A is the matrix of J operating
on W. The )\; are called the Iocal exponents. These are only unique up to
integers. The (formal) monodromy matrix is (up to conjugation) e?™*4.

Clearly A := @% | C[[t]]e; is an invariant lattice. The non resonant case
is defined by s = d, i.e., the matrix A is diagonalizable and its eigenvalues
AL, ..., Aq satisfy A; — A; € Z for ¢ # j. In the non resonant case the
collection of all invariant lattices is {®%,C[[t]]t"e; | n1,...,nq € Z} and
the formal monodromy has d distinct eigenvalues.

The solutions of a regular singular module M, say, represented in matrix
form t4 + A, are vectors v with (t2 + A)v = 0. One needs the following
differential ring extension Univ,s := C((¢))[{t*}aec, £] of C((t)) to obtain
the vector space V of all solutions. The symbols t*, ¢ are defined by the rules
t@ b = ¢2+% ¢! coincides with t € C((t)). Further t41% = at?, t4¢ = 1.
The intuitive meaning of these symbols is rather clear: t* stands for e®1°8*
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and ¢ for logt. Because these functions are multivalued, they are replaced
by symbols.

Then V consists of the vectors v with coordinates in Univ,s satisfying
(t4L + A)v = 0. In other words, V = {v € Univ,, ®c(u)M | §(v) = 0}.
The ring Univ,s has a C((¢))-linear differential automorphism ~, defined
by yt* = €79, ~y¢ = { 4 2mi. Now ~ induces on automorphism v ® id
on Univ,; @ M, commuting with 6. Then V is invariant under ~ and the
restriction of v to V, again written as = or «y, is the formal monodromy.
From the pair (V,~y) one recovers the differential module (M, das) as the
C((t))-vector space of the y-invariant elements of Univ,; ®cV. On the last
space the operator § is defined by d(u®v) = 0(u)®wv for v € Univ,s, v € V.
The restriction of this § to M is the §,;. The above describes an equivalence
between the category of the regular singular differential modules and the
category of the pairs (V,~y) consisting of a finite dimensional vector space
V and an v € GL(V). This equivalence respects all constructions of linear
algebra, in particular tensor products.

This maybe somewhat abstract way to deal with regular singular differ-
ential modules extends to the case of irregular singular differential modules.
It greatly simplifies the various classical classification results.

A typical example of an irregular singular module is the one-dimensional
module M = C((z))e with de = (a +q)e with ¢ € t71C[t™1], ¢ # 0, a € C.
We call a + ¢ the (generalized) local exponent and ¢ the eigenvalue. One
observes that ¢ is unique and « is unique up to a shift over an integer.

A more complicated example is the following. For any integer n > 1
we consider the field extension C((t'/™)) of degree n and an element a +
q € C+ (t~Y/»C[t~'/"]). Then we define the differential module C((t'/™))e
of rank one over C((t'/™)) by §(e) = (a + g)e. Now M is equal to this
object, seen as a differential module over the field C((¢)). This module
has dimension n. From these examples and the regular singular differential
modules one can build, by constructions of linear algebra, all differential
modules. In order to have solutions for all differential modules over C((t))
we have to introduce new symbols e(q) for ¢ € Q 1=, t~/"C[t~1/"].
The rules are t£e(q) = q-e(q) and e(q1)e(g2) = (g1 +¢2). One obtains the
differential ring extension Univ := @4ego Univ,s -e(q), equipped with the
differential automorphism -+, extending the v on Univ,; by ve(q) = e(yq).
The meaning of v(q) is already defined since v(t*) = €?79¢% for any a € C.

dt
The intuitive meaning of e(q) is rather evident, namely ef 9T Since the
latter is a multivalued function we avoid its use and use the symbol e(q)
instead.

ANNALES DE L’INSTITUT FOURIER
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The solution space V' of a differential module M, say, represented by
the matrix equation t% + A where A is a d x d-matrix with coeflicients
in C((t)), is defined as V = {v € (Univ)? | (t& + A)(v) = 0}. In other
words V' = {v € Univ®c()M | d(v) = 0}. As before, there is an action of
v on V. Moreover V' has a direct sum decomposition V' = @©4coV, where
Vy := {v € Univ,s-e(q) ®c(ry) M | 6(v) = 0}. As the dimension of V is
finite (equal to dimg()) M), almost all Vg are 0. Clearly v(Vy) = V,(g)-
Thus we have attached to M a tuple (V,{V,},v) consisting of a finite
dimensional vector space V over C and subspaces V; with V = ©4c0oV; and
an element v € GL(V') such that (V) = V() for all . From this tuple one
can recover (M, dpr) as the C((t))-vector space of the y-invariant elements
of ®geo Univ,; -e(—q) ®c Vy. By definition § acts as zero on V and thus
induces dp7. In fact, M — (V,{V,},~) defines an equivalence of categories
commuting with all operations of linear algebra, and in particular with
tensor product. Our formal classification is that of the tuples (V, {V,},7).

The elements g with V;, # 0 are called the eigenvalues and v, acting on
V, is called the formal monodromy. The Katz invariant r(M) of M is the
maximum of the degrees in ¢t =1 of the eigenvalues g.

Example 1.3. — We illustrate the above by classifying all differential
modules M of dimension 2 such that A2M is isomorphic to the trivial
module 1 := C((t))e with de = 0. The possibilities for the tuple (V,{V},7)
are:

(i) V =V and v € SL(V). This is the regular singular case. By taking
a logarithm 27iA of « one obtains the matrix equation t% + A.

(i) V=V,®V_, withg=ait ™" +--- +a,t"! and a; # 0.This is the

unramified irregular case with eigenvalues +¢q and Katz invariant r.

Give the spaces V,;, V_, a basis e; and ez. Then the matrix of v has

the form ( o agl). A corresponding matrix differential equation
q+a 0

0 —q—a

(iii) For the ramified irregular case V =V, @ V_, with Katz invariant r,

one must have r = %—i—m, m&EZ, m>0andqg= t1/2(a1t’“1/2 +

- +a.t™ 1), a; # 0. This follows from v(¢) = —q. Consider a basis

by and by for V; and V_, such that y(b1) = ba. Then v(b2) = —b;

since v € SL(V). For the computation of the corresponding dif-

ferential module, it is easier to compute first the invariants un-

der 2. This yields a differential module N = @2_,C((t/?))e; over

C((tY/?)) with d(e;) = qeq, d(ea) = —gea. The element 7 acts on N

can be written as t% + ( ) with €27 = (.

TOME 59 (2009), FASCICULE 7
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by ve1 = es2, ves = e; and ’yt1/2 = —t1/2. The module M of the in-

variants under  has the basis f; = e;+ea, fo = t'/%(e;—e3). Write

g = t*/2h. Then 6 on the basis f1, f yields the matrix differential

equation t-4 + ( 0 th >
dt h 1

2

DEFINITION AND EXAMPLES 1.4. — Invariant lattices.

Let the differential module M = (M, ) have Katz invariant r and let
r* denote the smallest integer > r. A free submodule A C M over C[[t]],
containing a basis of M is usually called a lattice. We say that A is an
invariant lattice if, moreover " §A C A. There exists an invariant lattice,
in fact the standard lattice defined in [24], p. 307 and p. 311, is an invariant
lattice. For later use we will compute all invariant lattices for the items of
Example 1.3.

(i) If the regular singular module M is non resonant, then M has a basis
e1,eo with de; = gel, deg = —geg and 6 ¢ Z. The notation g is
chosen for historical reasons. The invariant lattices are C[[t]]t"1e; +
C[[t]]t"eq for any ny,ng € Z.

A typical resonant case is M = C((t))e; + C((t))es with de; =
ez, dea = 0. The invariant lattices are C[[t]]t" ey + C[[t]|t"2e2 with
ny,ne € Z and ny > no.

(ii) M has a basis e, ex with de; = (¢+a)er, dea = —(q+a)es. In this
case 7t = r and the invariant lattices are C[[t]]t"*e; + C|[[t]]t"2e2
for any ni,ny € Z.

(111) M has basis f17 f2 with (Sfl = h,fg, (5]02 = thfl + %fg Now T'Jr =7r-+
1. The invariant lattices are only the lattices t" - (C[[¢]] f1 + C[[t]] f2)
and t" - (C[[t]]tf1 + C[[t]] f2) where n € Z.

We omit the easy proofs for (i) and (ii). The proof of case (iii):

Consider the operator A = h=16 on M. Thus Af; = fo, Afo = tfl—l—ﬁfg
and A(fm) = (A" tL) - m+ f- A(m).

A lattice A is invariant if and only if AA C A. If A is an invariant lattice
then also t"™- A for any n € Z. The lattices generated by f1, fo and by tf1, f2
are clearly invariant. Let A be any invariant lattice. After multiplication
by some power of ¢t we may suppose that A C (C[[t]]f1 + C[[t]]f2) and not
contained in ¢ - (C[[¢]]f1 + C[[t]]f2). If A = C[[¢]]f1 + C[[¢]] f2, then we are
finished. If not we consider the invariant lattice A + ¢ - (C[[t]] f1 + C[[t]] f2)-
Since A induces on (C[[¢t]] f1+C[[t]] f2)/t- (C[[t] f1+C][[t]] f2) a nilpotent map
with only one proper invariant subspace, namely generated by the image of
f2, we have that A+¢- (C[[t]] f1 + C[[t]] f2) = (C[[t]]tf1 + C[[t]] f2)- It follows
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that A contains an element of the form af; + f2 for some a € tC[[t]]. Now
1 _1,da 1
Aafi+f2) = (a+ 5 ) (afs + f2) = (t+ 07450 = (a+ 5 )a) fr € A

Thus ¢f; € A and also fo € A. Then A = C[[t]]¢f1 + C[[t]] fo-

Comment. Two lattices A1, Ay in C((¢))? are called equivalent if there exists
an integer n with Ay = ¢" - Ay. Two classes of lattices [A1], [A2] form an
edge if the representatives A1, Ay can be chosen such that there are proper
inclusions ¢ - A7 C Ay C Aq. One obtains a tree with vertices the classes
of lattices and edges as above. If one replaces C by a finite field then this
object is the well known Bruhat-Tits tree.

The classes of the invariant lattices form a subset of this tree. This subset
is a line for the first case of (i) and a half line for the second case of (i).
In case (ii), it is again a line and in case (iii) this subset consists of two
vertices which form an edge.

1.3. The analytic classification

This is the classification of the differential modules M over the field of
the convergent Laurent series C({t}). Again we use the derivation t-£. One
associates to M the formal differential module M = C((t) @ M. If M is
regular singular, then one calls M also regular singular. In that case there
exists also a basis e1,...,eq of M such that W := @le(Cei is invariant
under ¢ and the distinct eigenvalues of the matrix A of 6 on W do not
differ by an integer. Then M is isomorphic to the module corresponding to
the matrix differential operator t% + A. The usual topological monodromy
around ¢ = 0 coincides with the formal monodromy and that ends the
classification.

If M is irregular singular, then it induces a tuple (VAV}, 7). The sin-
gular directions d € R of M depend only on M and are defined as fol-
lows. Let q¢p,...,qs denote the eigenvalues of M. A direction d € R is
singular for ¢; — ¢; (with i # j) if the function exp([(¢; — qj)%) has
“maximal descent” for 7 — 0 on the half line t = re'd. More explicitly, if
¢ —q; = apt ™+ +at!, ap # 0, then d is a singular direction if and
only if agre ¥ is a positive real number. The collection of the singular
directions is the union over i # j of the singular directions of ¢; — g;.

If a direction d is non singular, then there is a functorial map multsg,
the multisummation in the direction d, which maps the (symbolic) solution
space V' to the space of the actual solutions V(S) in a certain sector S

TOME 59 (2009), FASCICULE 7
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at t = 0 around d. For every v € V the element multsy(v) has v as its
asymptotic expansion.

For each singular direction d, there is an analytic object, namely the
Stokes map Sty € GL(V). The Stokes map Sty is defined by comparing
the multisummation at directions d~ < d < dT close to d. More pre-
cisely multsy+ oSty = mults,;—. The map St, is unipotent and has the form
Id+ Z” L; ; where the sum is taking over all pairs 4, j such that d is singu-
lar for ¢; —q; and where L;; is a linear map from V,, to Vg, . The isomorphy
class of M induces a tuple (V,{V,},v,{Stq}), where the St; are described
above and where moreover the relation y~'Styy = Stg4o, holds.

The main result of the asymptotic analysis of irregular singularities is:

The category of the differential modules over C({t}) is equivalent to the
category of the tuples (V,{V,},v,{Staq}), satisfying the above properties.
This equivalence respects all constructions of linear algebra, in particular
the tensor product.

An important property that we will use is:

Let 0 < dy < -+ < dg < 27 denote the singular directions in [0, 27).
Then the topological monodromy around the singular point is conjugated
toyo Stg, 0---0Stq,.

We note that this conjugation depends on the way the solution space
at a point close to the singular point ¢ = 0 is identified with the (formal)
solution space V. Now we illustrate the above by continuing Examples 1.3.

Example 1.5. — Let M be an irregular differential module of dimen-
sion 2 over C({t}) such that A>M = {1}.

(ii) If M is unramified with Katz invariant r, then V = Ve®V_g, q €
t~1C[t!] has degree 7 in t~!. We recall that v has the matrix ( & %)
on any basis eq, ez of V such that V, = Cey, V_, = Cey. For ¢— (—q) there
are r singular directions (in [0,27)) and the same holds for (—¢) — ¢. The
two pairs of singular directions intertwine. For the first ones the Stokes

matrices (w.r.t. the basis ej, e3) have the form ((1) ’1‘), and for the second
10
* 1
¢; and the topological monodromy around ¢ = 0 is up to conjugation (and

ones the form is ( ) Thus the Stokes matrices are given by 2r constants

we may choose the order) equal to
a 0 10 1 co 10 1 cop
0 a~! C1 1 01 Cor—1 1 01 '
The basis e, ez is not unique, whereas the 1-dimensional spaces V, and

V_, are. If we want Stokes data, independent of the choice of e;, ez, then
we have to divide the space A%" of the tuples (ci,...,c2,) by the action of
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the group G,,. For this action the co; can be given weight +1 and the cg;_1
weight —1.

(iii) If M is ramified, then there are again 2r singular directions in [0, 27)
and Stokes matrices of the form ((1) ’{) and (i ?) The singular directions
intertwine. We choose now a basis e1, ez of V' with V, = Cey, V_; = Cey
and ve; = ez, yes = —e;. The topological monodromy around ¢ = 0 is

conjugated to the product

0 —1 10 1co 10
10 el 01 cor 0)°
In this case one may change the basis e, eo only into Aej, e with A € C*.

This does not have an effect on the Stokes data (c1, ..., ¢2,) and no division
by G, is needed.

1.4. The data for global differential modules

By a global differential module we mean a differential module M over
the field K = C(z). We investigate the data that will describe M.

The first case that we consider is classical, namely:

The position of the singular points {p1,...,p,} of M is fixed and all the
singular points are supposed to be regular singular.

One introduces the monodromy for M in the usual way. That is, one
chooses a base point b € P\ {py,...,p,} and loops a, ..., a, around the
singular points, generating the fundamental group 71 :=m1 (P'\{p1,...,p,},
b). There is only one relation, namely aj ---a, = 1. Then M induces a
monodromy homomorphism

mon,y : m1 — GL(V(b)),

where V(b) denotes the solution space at b. We note that monps(c;) is
conjugated to the local monodromy at p; (formal or topological). A weak
solution of the Riemann—Hilbert problem reads ([24], Thm 6.15):

PROPOSITION 1.6. — The functor M — mony, from the category of the
differential modules with regular singularities at {p1,...,p,} to the cate-
gory of the finite dimensional complex representations of 7, is an equiv-
alence of categories. This equivalence respects all constructions of linear
algebra, in particular tensor products.

Notation. — For any point p € P! we introduce the local parameter t,,,
which is z — p if p € C and 27! for p = oo. The field K, is the field of the
meromorphic functions at p, i.e., C({t,}) and K, is the completion of K,
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ie., C((tp)). Further O, C K, and O, C K, are the valuation rings, ie.,
Op = C{tp} and O, = CI[t,]].

One associates to a global differential module M with fixed singulari-
ties {p1,...,pr}, the data: the isomorphy classes of the {K,, ®x M} and
the monodromy representation mony; as above. Now we give an example
showing that this is not sufficient for the reconstruction of M.

Example 1.7. — Two singular points 0 and oo, both irregular.

At both points we prescribe local analytic data for the differential module
M. In other words, we prescribe the two analytic differential modules My =
Ko® M and My, = Koo ® M. As we will see in Observations 1.10, this
leads to a connection (M,V) on P!, where M is a vector bundle and
Vi M — Q(k[0] + k[oo]) ® M (for some k > 0). The restrictions Ty and Ty
of this connection to the two open sets P!\ {0} and P!\ {oo} are known
from the given data My and M.,. We suppose now that the topological
monodromies of My and My are trivial. Thus the restrictions 7y ; and
Tio of Ty and Ty to the open set P!\ {0,000} are trivial. The glueing is
given by an isomorphism 7y — 77 ,0. Let m denote the dimension of M.
Then an isomorphism is given by a linear bijection L : C"™ — C™. Further
L is unique up to multiplication (on the left, respectively on the right) by
an automorphism of My and Ms,. One can easily produce My and M,
which have only C* as group of automorphisms. Therefore the possible
connections (M, V) and also the possible differential modules M are in
bijection with PGL(m, C).

DEFINITION 1.8. — Links and the formal and analytic data.

What is missing is a “link” between the solution space V (b) at the base
point b with the (symbolic) solution spaces V (p;) at the singular points.
This idea goes back to the work of Jimbo-Miwa—Ueno [17]. We make the
following construction to remedy this.

As before, a,...,q, are loops starting at b around the singular points.
For each p; we choose a point p] on the loop close to p; and a line segment

¥, pi] which is a non-singular direction at p;. The “link” L; : V(b) —
V(p;) is defined by analytic continuation from V' (b) to V(p}), followed by
the inverse of the multisummation map mults : V(p;) — V(p}) in the
direction [p},p;] (seen as an element in R). The role of the monodromy
map mony, is taken over by links, i.e., the linear bijections L1, ..., L.. The
multisummation mults : V(p;) — V(p}) (in the direction [p;,p}]) is used to
identify the two vector spaces. Then the local topological monodromy top,,
along a circle starting in p7, is expressed as a product of the Stokes maps
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and the formal monodromy at p;. The relation a; - - - i, = 1 translates into

Lto top, oL, ... L;l otopy oLg 0 Lfl otop;oLl; = 1.

The “formal and the analytic data” for M are defined as:

(1) The position of the singular points py, ..., p.;

(2) for each 4, the formal structure (V(p;),{V(pi)q}, Vi) at p;;
(3) for each i, the Stokes maps at p;;

(4) the links L; : W — V (p;).
()

5) These data are supposed to satisfy the relation

L' otop,oL,... L2_1 otopyolg o0 Ll_1 otop;oLl; = 1.

T

Here W stands for the space V(b). The formal part of the data is (1) (the
position of the singular points) and the eigenvalues ¢ at each singular point.
The analytic part of the data is the direct sum decompositions @,V (p;)4
of the spaces V(p;), including the permutation of the V(p;), induced by
«v; further (3) and (4), since this combines the links and the Stokes maps.
We observe that these “formal and analytic data” are considered up to the
automorphisms of W and of the V(p;).

One might use L; to identify W with V(p;) and then one is only left
with links L; : V(p1) — V(p;) for i = 2,...,r. Another way to reduce the
number of links by one, is to choose as base point b the singular point p;
and define links L; : V(p1) — V(p;) fori=2...,r.

THEOREM 1.9. — For given “formal and analytic data”, as above, there
exists a differential module M over K = C(z) inducing the data. Moreover
M is unique up to isomorphism.

OBSERVATIONS 1.10. — Global differential modules and connections.

Before giving the proof of Theorem 1.9, we have to make the relation
between differential modules M over K = C(z) and connections (M, V)
(with singularities) on P! explicit.

Let a connection (M, V) (with singularities) be given. We note that we
may regard this connection either algebraically or analytically, because of
the GAGA theorem. On proper Zariski-open subsets of P! we sometimes
see M as an analytic vector bundle. The generic fibre M of M is a vector
space of finite dimension over K, equipped with a V : M — Qg /c ® M.
After identifying Qg /¢ with Kdz, this gives M the structure of a differential
module.

On the other hand, let a differential module M be given. This is written
as a (generic) connection V : M — Qg ,c®M. Consider a set {p1,...,p,} C
P! of points including the singular points of M. For each i one chooses an
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6pi—lattice A;in IA(pi @M and let k; satisfy V(A;) C t;7*dt; @ A; (where t; is
the local parameter at p;). For p & {p1, ..., p,}, the module I?p ® M is non
singular and there is a unique O,-lattice A, with V(A,) C dt, ® A,,, where
t, denotes the local parameter at p. Then there exists a unique connection
(M, V) on P! having the following properties (see [24], Lemma 6.16):
(1) M(V) C M for all, non empty, Zariski-open V C P
(2) There is a basis e1,...,e, of M and a non empty Zariski-open
subset U C P! such that the restriction of M to U is the free
algebraic vector bundle Ope; & -+ - ® Opyen,.
(3) For each p; one has M\pi =A;.
(4) For p & {p1,...,pr} one has M\p =A,.
(5) Vi M — QS kilpi]) @ M.

We still need another ingredient for the proof of Theorem 1.9. Let a
differential module N over K, = C({t,}) be given and be written in the
form V : N — K,dt,®N. Choose any C{t, }-lattice A C N and let k > 0 be
such that V(A) C t;kdtp ® A. Then the latter map extends to a connection
(NV,V), defined on a suitable small disk around p and has the property
V: N — Q(k[p]) ® N. We note that this extension depends on the choice
of the lattice A or more precisely on the unique lattice A’ in C((t,)) ® N
with AN N = A.

Proof of Theorem 1.9. — We use the notation of Definition 1.8. For
r = 0, the data set is empty. The only module M corresponding to this is
the trivial differential module (of the required dimension, say m).

For r = 1, the data at p; determines a differential module M; over
K,,. We choose a lattice A C M; (say the standard lattice) and then the
connection Vq : A — Q(k - [p1]) ® A (some k > 0) extends to a connection
(M1, V1) on a small open disk D around p;. The topological monodromy
around p; of this connection is trivial. We consider the trivial connection
(Mo, Vo) (of the required rank m) on P!\ {p;}. The two connections can
be glued over D\ {p1}, because of the triviality of top;, and there results a
connection (M, V) on P!, Tts generic fibre M is a differential module over
K, inducing the given complete data.

Let N be another differential module over K inducing the given (formal
and analytic) data. Then K, ® N is isomorphic to K, ® M and we choose
in K, ® N the lattice which maps to the lattice A C K, ® M. This
yields a connection (A, V) with only p; as singularity. Outside p; the
two connections are isomorphic and the same holds above a small enough
disk D around p;. The two isomorphisms above D \ {p;} will differ by an
element in GL,,(C) (where m = dim M). The isomorphism between the
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connections above P \ {p;} can be changed by any element in GL,,(C).
Then, after this change, the two connections are isomorphic and then N is
isomorphic to M.

Now we suppose that r > 2. The monodromy determines a connection
(Mo, Vo) on P\ {p1,...,p,}. The analytic data at p; determine a differen-
tial module over K,,. For this differential module we choose the standard
lattice as before. This extends to a connection (M,, V;) on a small disk D;
around the point p;.

Since top, is conjugated to the monodromy of the loop A;, we have that
the restrictions of (Mg, Vo) and (M;, V;) to D; \ {p;} are isomorphic. A
priori, many isomorphisms are possible. However, the link L; determines
the isomorphism. Namely, one takes the isomorphism such that the map
V(b) = V(p}) LA V(p:) is equal to the given L;, where «a is the analytic
continuation for the connection (Mo, Vo) and f is the inverse for the mul-
tisummation V' (p;) — V(p}) for the connection (M;, V;). Glueing yields a
connection (M, V) on P! and its generic fibre has the required properties.

Consider another differential module N which produces the same (formal
and analytic) data. Then N yields a connection (N, V). This connection
is chosen such that the local connections at the points p; are standard, as
above. This connection is, above P! \ {p1,...,p,} and above each of the
small enough disks D;, isomorphic to the same items for (M, V). The links
L; imply that these isomorphisms glue to a global isomorphism between
(N,Vy) and (M, V). Thus N is isomorphic to M. O

OBSERVATIONS 1.11. — (1) In the construction in the proof of Theo-
rem 1.9 from the given formal and analytic data to a connection (M, V)
on P!, one can change the lattices A; at the points p;. We note that this
corresponds to an elementary transformation in [12], Section 3. This will
change the connection on P'. However the corresponding differential mod-
ule does not change.

(2) By Proposition 1.6, the links are superfluous in case all the singular-
ities are regular singular. Another way to see this is to take the standard
lattice at each point p;. Then the glueing of the connection (Mg, V) to the
connection (M;, V;) on a small disk D; around p; is unique, since the con-
nection (M;, V;) on D; and its restriction to D; \ {p;} have the same group
of automorphisms, namely the elements in GL(m,C) commuting with the
topological monodromy.

(3) Theorem 1.9 is the weak solution of the Riemann-Hilbert problem
for differential modules with any type of singularities.
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DEFINITION AND EXAMPLES 1.12. — The strong Riemann-Hilbert pro-
blem.

This problem can be formulated as follows:

Let M be the weak solution for the given formal and analytic data.

Does there exists a connection (M, V) with generic fibre M and free
vector bundle M such that V : M — Q(3_ (r*(p) + 1)[p]) ® M?

In the above, the sum Zp is taken over the singular points p of M, r(p)

is the Katz invariant of I?p ® M and r*(p) is the smallest integer > r(p).

One observes that in case that all the singularities are regular singular
(this means that r(p) = 0 for every singular point p) the above is the
classical strong form of the Riemann—Hilbert problem.

In the proof of Theorem 1.9 one can choose at each singular point an
invariant lattice which exists according to Definition and examples 1.4.
One arrives at a connection (M, V) which satisfies all conditions with the
exception that the vector bundle M is possibly not free. Under the as-
sumptions of Theorem 1.2, the invariant lattices can be changed to obtain
a free vector bundle. Now we give families of examples, closely related to
the Painlevé equations, where the strong Riemann—Hilbert problem has a
negative answer.

(1) The differential module M is given by the matrix differential equation
44 (¢ g), where f € C|z] has degree 3. For M there is no solution for the
strong Riemann—Hilbert problem.

Proof. — The only singular point oo of M has Katz invariant r = 5/2
and r* = 3. Suppose that M can be represented by a connection (V,V)
with V free and V : V — Q(4[o0]) @ V. Write V = H°(V). Then V : V —
H(Q(4[<]))®V and 9 := V.o has, with respect to a basis of V, the form

d% + B where B is a polynomial matrix of degree < 2.
For computational convenience we may suppose that f = f323+ fiz+ fo

with f3 # 0. There exists A € GLy(C(2)) with A~'(L + (1 /)A= L +B.

One easily verifies that A € GL2(C[z]) and we may assume that A has
determinant 1. We use the notation (a b)t = (‘i _b). Write A = A +

cd ca

A1z + -+ + A z® with constant matrices A; and A, # 0. Then A~ =
Ab+---+ Alz® and A7TA' + A71(9 /) A = B has degree < 2.
Suppose first that s > 2. We compute the coefficients of z-powers in the

expression A71A’ + A_1<? {;)A. The coefficient of 22513 is A! (OOJS‘)AS is

zero and thus A, has the form (3 8) The coefficient of 22512 is then also

zero. The coefficient A% (OO’Ef)AS,l of z225t1 is zero and then A,_; has the

form (j 5). The coefficient of z?* yields that A% ((1) 8) A, = 0. This implies

As =0 in contradiction with the assumption.
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In the case s = 1 one finds again A (/*) A; = 0 and observes then that
the term (f323+ f12)A~1 (8 é)A has degree < 2. This implies that the term
is 0, contradicting that A is invertible. O

Comments.

(a) The scalar equation (<£)2 — f, obtained from M by using the first
basis vector as cyclic vector, has only oo as singularity, i.e., there is no
apparent singularity (see 4.2).

(b) In the above negative answer for the strong Riemann—Hilbert problem
one can replace f by any polynomial of odd degree > 3.

(¢) Consider a differential module M of dimension two which has only
oo as singular point and with 7(0c0) = 5/2 and A2M = 1. Suppose that
M can be represented by a connection (V,V) with V =2 O @ O(—2). Write
more explicitly V = Oe; & O(—2[oc])ez. Then 0 := Va has the form
d% + (? 5) One computes that the invariant lattices at co have generators
{z"e1,2" Lea} or {2"e1, 2" 2ey} over C[[z71]] (with any n € Z). The con-
nections (V, V) with V : V — Q(4[o0]) ®V representing M are of two types,
namely V=2 O(n) ®O(n — 1) and V = O(n) ® O(n — 2).

(d) Consider again of differential module M of rank two, A?M = 1,
only co as singular point and r(co) = 5/2. Suppose now that the strong
Riemann-Hilbert problem has a positive answer for M. Then M can be
represented by a matrix differential equation of the form d% 4+ Ag+ A1z +
(8 (1)) 22. Using the invariant lattices at co one finds that the vector bundles
of the connections V : V — Q(4[c0]) ® V, representing M, are of two types
namely isomorphic to O(n) & O(n) or O(n) & O(n — 1) (for any n € Z.
Further M has a cyclic vector (essentially unique) which produces a scalar
differential equation with precisely one apparent singularity (see 4.2).

(2) Let M be a 2-dimensional differential module over C(z) with A2M =
1, 7(0) = r(oc0) = 1/2 and no singularities # 0,00. Suppose that there
exists a connection V : V — Q(2[0] + 2[oc0]) ® V with generic fibre M
and V =2 O @ O(—2). Then M can be represented by a matrix differential
equation of the form

zd +( 0 c_1z7l+eog+az

= 1 m )W1thcl7é07éclandm€Z.

In particular, the strong Riemann—Hilbert problem has a positive solution
for M. The special phenomenon is that the scalar equation, associated to
this matrix differential equation w.r.t. the first basis vector reads 6(6 —
m) — (c_127 1 + ¢ + ¢12), with § := zd—dz, and therefore has no apparent
singularities!
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Proof. — Identify V with Oe; & O(—2[cc])es. The operator § := V.a
satisfies:

de; € (Cz7t + C+ Cz)e; + Cz7teg and

dez € (C271 + C+ Cz + Cz2 4+ Cz3%)ey + (C271 + C + Cz)ea.

Since the module is irreducible, we can change es into /\62+(*+*z+*z2)61
with suitable A\ € C*, * € C and obtain de; = z 'es. The condition
A2M = 1 implies that des = (a_1271 + ag + a1z + a22® + azz>)e; + mes
with m € Z. Conjugation of the corresponding matrix differential equation
with ((1) 2) yields the matrix differential equation

d 0 a1z 2+apz ' +ai +asz+ azz?
z— + :

dz 1 m—1
The assumptions r(0) = r(co) = 1/2 imply a—1 = a3 = 0 and ag #
0 # ag. This is the required form. The formula for the scalar equation is
obvious. g

THEOREM 1.13. — Suppose that the differential module M over K =
C(z) is irreducible and has a (regular or irregular) singularity which is un-
ramified. Then the strong Riemann-Hilbert problem has a solution for M.

Proof. — We will adapt the proof of Theorem 6.22, [24] to the present
more general situation. As shown in the proof of Theorem 1.9, there exists
a connection (M, V) such that V: M — Q3 (k; + 1)[ps]) ® M, where the
p; are the singular points of M and k; is the smallest integer > the Katz
invariant at p;. The irreducibility of M implies that the defect of any M
is bounded by a number only depending on M, see Proposition 6.21, [24].

Let p = p; be an unramified singular point. Then we want to prove the
equivalent of Lemma 6.20, [24], namely for any integer N > 1, there exists
a lattice A for IA(p ® M such that A has a basis ey, ..., e,, with the property
ty, - Ve, =dt, ® ((¢; + ai)e; + Zi# a; je;), with ¢; € C; the a; € t;lC[tljl]
belong to the set of the eigenvalues of M at p and a;; € t)'C[[t,]].

It suffices to show the above for an indecomposable direct summand of
I?p ® M. This direct summand has only one eigenvalue and the formal
monodromy v has only one Jordan block. Then the proof of Lemma 6.20,
[24], yields the required lattice for this indecomposable direct summand.

Finally, as in the proof of Theorem 6.22, [24], one can change the lattice
A step by step to obtain a connection (M, V) where M has defect 0. Taking
the tensor product with O(k[p1]) for a suitable k& makes M free. O
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2. Families of differential modules
2.1. Good families and the monodromy space R

The aim is to study the formal and analytic data of a family of dif-
ferential modules M (u) depending on some parameters u. Of course, this
notion has to be made explicit. A rough approximation would be a matrix
differential equation % + A(z,u) where each entry of the m x m-matrix
A(z,u) is a rational function in z with coefficients depending analytically
on the parameters u. We recall that for a point p, the local parameter is
tp (equal to z — p or z71). Further we use the notation of Subsection 1.2:
V = V(p) for the formal solution space at p, the eigenvalues are ¢, and
correspond to subspaces V;, of V. The singular directions at p are defined
in Subsection 1.3.

In order to have meaningful analytic data (as functions of u) one has to
make some assumptions. A good family is defined by the properties:

(1) The number r of the singular points is fixed. The position of these
points {p1,...,p,} may vary, but only slightly.

(2) For every singular point p, the degrees in ¢, L of the eigenvalues g;
and the degrees in tp_1 of the differences ¢; — gq;, @ # j is fixed.

(3) For every singular point p and every eigenvalue ¢;, the dimension
of the space V,, is fixed.

(4) The top coefficients ¢; ; of the ¢;—¢; may vary in a certain restricted
way. Namely, we impose that any singular direction for the singular
point p is a singular direction for a unique difference ¢; —q;, ¢ # j of
the eigenvalues at p and that these singular directions vary slightly.
As a consequence, the order of the directions at p does not change
in the family.

COMMENTS 2.1. — (a) From (1) it follows that one can take a base
point b and loops ayq, ..., «, around the singular points, valid for all M (u).
From a point p; on «; and close to p;, the direction of the line segment

¥, pi] is non singular and lies between the “same” singular directions for
the family M (u). This follows from (2), (3) and (4). Suppose that the family
M (u) satisfies (1)—(3), and that for M(0Q) every singular direction of each
singular point belongs to a unique difference ¢; — g;, ¢ # j of eigenvalues.
Then condition (4) is valid for the restriction of this family to a suitable
neighbourhood of u = 0.

(b) Let a differential module M over K = C(z) be given and assume that
every singular direction of each singular point belongs to a unique difference
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of eigenvalues. We sketch the proof of the statement that there exists a local
analytic family M (u), satisfying (1)—(4), such that M(0) = M.

Write M as a matrix differential equation diz + 21:1(2221 (jﬁz:l))n)7
with constant matrices A(i,n). Here, the singular points py, ..., p, are for
notational convenience different from oo (and thus >, A(i,1) = 0). We

do not impose a condition on k; in relation with the Katz invariant at the

point p;. One considers the family

r ki . .
jz+A<z,v>::jz+z<ZfWW>,

S\ Eopiw)n

where the V'(i,n) are matrices of indeterminates and the v; are also indeter-
minates. Let v denote the collection of all indeterminates. We consider this
family in a small enough polydisk D around 0 € CV. The conditions (1)
(3) on L + A(z,v) define a Zariski closed subset Z C CV. The subfamily
d% + A(z,u) with u belonging to the locally closed set U = DNZ # () satis-
fies conditions (1)—(3). Further condition (4) is satisfied for this subfamily
since D small enough.

A priori, 0 is a singular point of U. If needed, one can, by resolution of
singularities, return to the case that U is a small open polydisk around the
point 0.

(¢) The statement in (b) justifies the naive way of writing a family,
satisfying (1)-(4), locally as - + A(z,u). As mentioned in the introduction,
the theory of Okamoto—Painlevé pairs has the aim to improve on this. In
this paper however, we will deal with the naive local situation.

Let M(u) be a good family of dimension m for u, close to 0. According
to Definition 1.8, the formal data of the family are the position of the
singular points {p;};_; and the eigenvalues g at the singular point p;. Now
we describe the items which do not vary in the family:

(a) V(j), the formal solution space at p;.

(b) The direct sum decomposition V(j) = @1,V (j,1), given by the
eigenvalues.

(¢) The dimension of the spaces V(j,1).

(d) The permutation 7; of the V (j,14), satisfying dim V' (j, 7;4) = dim V'
(4, 1), induced by the action of v on the eigenvalues.

(e) The order of the singular directions for any p;. This yields a se-
quence of Stokes maps {Stx(4)}2 ;.

(f) Each Sti(j) has the form 1+ Ry, with Ry := i, 0 M(j, k) o prs with
prescribed s,t € I, s # t (depending on k) and pr; is the projection
V(j) — V(J,s) (with kernel @£,V (j,h)) and i : V(j,t) — V(j)
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is the canonical injection. Moreover, M (j,k) : V(j,s) — V(j,t) is
a linear map which is not constant in the family.

(g) A vector space W of dimension m, representing the solution space
V(b) for a given base point b.

The analytic data of M (u) are tuples ({v;},{L;},{Stx(j)}) satisfying:

(1) For each j, a map v; € GL(V (j)) with v,;(V(4,1)) = V(4,154 for
all 4.

(2) Str(y) € GL(V(4)) of the form described in (f), determined by the
linear map M (5, k) : V(4,s) — V(j,1).

(3) Linear bijections Lj : W — V(j) for j =1,...,7.

(4) Define top; := ; 0 Sty (j) o -+ 0 Sti(j). The data should satisfy
the relation L' otop, oL, ---o LT! otop, oL; = 1.

Let AnalyticData denote the set of all tuples. This has a natural struc-
ture of an affine variety over C. Two tuples ({v;},{L;},{Stx(j)}) and
({7i} AL} {Ste(4)'}) are called equivalent, if there exists o; € GL(V (7)),
j=1,...,r, 0 € GL(W) such that each o, preserves the direct sum
decomposition ©V'(j,i) and further o 0 L; = L} o0, j = 1,...,r and
gjo0; = ’y} ooj, j=1,...,r. In other words, the equivalence relation on
AnalyticData is given by the action of the reductive linear algebraic group
G := GL(W) x HH GL(V (j,1)).

The monodromy space R is by definition AnalyticData//G, the cate-
gorical quotient. This is again an affine variety. In general this quotient is
not a geometric one. In particular, a closed point of R can correspond to
many equivalence classes. One may use L to identify each space V(1) with
W to reduce the space AnalyticData and the group G acting on it.

The map, which associates to u in D (a small polydisk around 0) the
tuple ({7,},{L;},{Stx(4)}), is analytic. Indeed, it is rather clear that an-
alytic continuation depends in an analytic way on u. That the same is
valid for multisummation follows from [24], Proposition 12.20, p. 314. Thus
D — AnalyticData is analytic and hence D — R := AnalyticData//G
is analytic. The next example illustrates the above for a relatively simple
case.

Example 2.2. — The monodromy space R for the local family M (u)
with M (0) given by the matrix equation

d 271+ a 0 0
0 + 0 wz™l +ay 0 , where w = ¢2™/3,
* 0 0 Wizl +ag
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A good choice (compare [24], 12.3) for the family M (u) is

d (14+u1)z™ +ar+up u3 Uy
Z2— + us (1 + ug)wz=t 4+ ag + uy ug .

dz ug u10 (I +u1)w?27 + ag + ui2

The singular points are z = 0, oo and 7(0) = 1, r(co) = 0. The space
AnalyticData consist of the formal monodromy and six Stokes matrices at
0, the link between 0 and co and the formal (=topological) monodromy at
oo. This link and the topological monodromy at oo are determined by the
data at 0 up to an automorphism of the solution space at oco.

The eigenvalues at z = 0,u =0 are q; = 271, ¢ =wz" ', g3 = w22z~ L

The order of the six singular directions in R/27Z is given by the dif-

ferences q1 — q2,q1 — 43,92 — 43,92 — q1,93 — q1,93 — q2. The topological
monodromy top, at z = 0 is then the following product of matrices

a1 0 0 0 O 1 c 1 ¢y
0 [ 0 1 Ce . 0 1 0 1
0 0 a3 0 0 0 1 0
0 1 0 0 1 0 O
. 0 1 0 c1 1 0 .
c3 1 co 0 1 0 1

The entries (al, o, a3) of the first matrix, the formal monodromy, are

OO

(al’ 042,0[3) _ (627rz(a1+uz)’ 627rz(a2+U7), 627rz(a3+u12)).

The ¢y, ..., ce are analytic functions of u, produced by multisummation
(in this case just Borel summation). The topological monodromy top., at
oo is conjugated to topy. Under the condition that a; — a; & Z for i # j,

one has that top,, is equal to e?™4 with

a1 + u2 u3 U4
A= us az + uy7 ug .
u9 uU10 a3z + ui2

The group
ty, 0 O
G := 0 tQ 0 | t1t2t3 =1 C GL(V(O))
0 0 t3
acts, by conjugation, on the data (a1, as, as, c1,. .., cs). Thus R is the affine
space with coordinate ring Clay, a;17 ..., Q3, agl, Cly..- 7C6]G. A computa-
tion shows that this ring is Clay, af17 o, Ckgl,$14,x25,$36,$1357$246]

where the only relation is x1352246 — £14T25¢36 = 0. Here x14 = c1¢4, T25 =
caCs, T135 = c1c3¢s et cetera. It is natural to see the eigenvalues (o, s, ag)
of the formal monodromy as a parameter space P. The fibers of R —
P are isomorphic to the 4-dimensional affine space with coordinate ring
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C[$14, 25,236, L135, 17246] with relation T135T246 — L14T25T36 — 0. The sin-
gular locus of this space has three components, they are the image of the
locus where the differential equation is reducible {u| M (u) is reducible}.

The group G also acts on the local family M (u) and we obtain a local
Riemann-Hilbert morphism RH : {u € C'?| ||u|| < €}//G — R. This map
does not depend on the coefficients (14-u1), (14+ug)w, (1+u11)w? of g1, g2, q3-
The fibres of RH are, by definition, the isomonodromic families. They are
parametrized by the three variables t; =: uy, t2 := ug, t3 := uj;. Using
z — Az, one may normalize to (1 + wu;1) = 1 and thus the isomonodromic
family is parametrized by t1,t5. One expects that a suitable expression in
the other wu; satisfies a Painlevé type of partial differential equations w.r.t.
the variables t1,t5. In fact it is possible to convert the situation into a one
variable case for PVI (cf. [2]).

Remarks 2.3. — The papers of M. Jimbo, T. Miwa and K. Ueno.

The above introduction of families of differential modules and their for-
mal and analytic data can be seen as an extension of the papers [17], [16],
which we will describe now, using our terminology.

In [17], [16] the base point b is taken to be co and this point is supposed to
be (irregular) singular. Further the irregular singularities p are of a simple
kind, namely all the eigenvalues (generalized exponents) g; are in ¢, ' C[t; ],
and all ¢; and ¢; — ¢; for i # j have the same degree in ¢, L (there is one
exception, related to the Painlevé I equation). We note that Example 2.2
is of the type considered in [17]. In particular, Borel summation or, better,
k-summation is sufficient for the asymptotic analysis of the singularity.
A theorem of Y. Sibuya [28] gives the required input from asymptotics.
The “links”, that we defined, are present in their work and the family of
linear differential equations is presented as a matrix differential equation
d% + A(z,u). The origin of the examples, in the appendix of [16], of families
related to Painlevé I-VI, is probably classical (discovered by R. Fuchs [6],
P. Painlevé [23], R. Garnier [8] et al.). Another source for similar examples
are the ones discovered by H. Flaschka and A.C. Newell [4]. Later work of
B. Malgrange [18, 19], clarifies and extends the papers [17], [16].

The new tool “multisummation” and the precise construction of the
Stokes matrices, enables to generalize the work of Jimbo, Miwa and Ueno.
Especially, as we will show in the next subsection, a “complete” list of the
equations related to Painlevé I-VI can be derived. Further, the monodromy
spaces R for the analytic data can now be computed and studied in detail.
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2.2. Finding the list. Tables for connections and R

We consider a local family M (u) of differential modules, represented by
a matrix equation - + A(z,u) where A(z,u) is a 2 x 2-matrix with trace
0 and u lies in a small polydisk D around 0. The possibilities of the formal
structure at the singular points is given in Example 1.3. The local Riemann—
Hilbert map RH : D — R forgets the formal data, namely the position of
the set of singular points S and the coefficients of the eigenvalues at the
irregular singular points.

The position of the points S contributes max(—3+ #5,0) to the dimen-
sion of the fibre, because of the automorphisms of P'. A singular point
p with Katz invariant r(p) contributes to the fibre the dimension r(p) if
r(p) € Zzo and 77 (p) = § + r(p) if r(p) € 3 + Zxo. Further, in the space
D one divides by the action of a subgroup of the automorphisms of P!,

The requirement that the fibres of RH have dimension 1 produces the
list:

#S > 4 is excluded.

#S = 4, then S = {0,1,00,t}, only regular singular points, i.e., all
r(p) = 0.

#S = 3, then S = {0,1,00} and only one irregular point with r(p) €
{1,3}. #S = 2, then S = {0, 00}, the contribution of the singular points
to the dimension of the fibre is 2, since we divide by the group z — az.

#S =1, then S = {oo}, the contribution of the singular point to the
dimension of the fibre is 3, since we divide by the group z +— az + b.

Columns 3-6 of the next table present the ten resulting cases. In the
second column one finds the classification of the related Painlevé equation
(some classes are divided into subclasses). The first column gives the ex-
tended Dynkin diagram of the corresponding Okamoto—Painlevé pair (see
the Introduction). The space R is mapped to a space of parameters P
(related to the parameters spaces of the Painlevé equations) consisting of
traces or eigenvalues of the matrices involved in the construction of R.

We will not number these ten families, but indicate them by their Katz
invariants, e.g., (0,0,0,0), (0,0,1),..., (0,—,3/2), (—,—,3), (—,—,5/2).
For a differential module M corresponding to one of the types, the strong
Hilbert-Riemann problem has a positive answer, except possibly for (1/2,
—,1/2) and (—,—,5/2) (see Definitions and examples 1.12). For these two
types we only consider the modules M (u) for which the strong Riemann—
Hilbert problem does have a positive answer. The strong Riemann-Hilbert
problem for a family M (u) is more subtle. It seems that connections on the
vector bundle O & O(—1) is better adapted to families. For the Painlevé VI

ANNALES DE L’INSTITUT FOURIER



MODULI FOR DIFFERENTIAL AND PAINLEVE EQUATIONS 2635

Dynkin | Painlevé equation || 7(0) | 7(1) | r(co) | r(t) | dim P
Dy PVI 0 0 0 0 4
Ds 1% 0 0 1 - 3
Dg | PVaeg= PIII(D6) || 0 0o | 12| - 2
Ds PIII(DG6) 1| - I | - 2
D7 PIII(D7) 1/2 | - 1 - 1
Dg PIII(DS) /2 - | 1/2 | - 0
By PIV 0 - 2 - 2
E; PII 0 - 3/2 - 1
E- PII S 3 ; 1
Eg PI - - 5/2 - 0

Table 2.1. Classification of Families

case this is type of vector bundle is considered in [12, 13]. Here however we
will represent a family M (u) by connections on O @ O. This defines, in gen-
eral, an affine Zariski open subset of the space of all connections. However,
the monodromy space R classifies the analytic data (modulo some equiv-
alence) for the complete space of all connections. For each type there are
many possibilities. We will make choices that are helpful for the computa-
tion of the Painlevé equations and are moreover close to classical formulas.

It turns out that R — P is a family of affine cubic surfaces. There are
two sources for the singularities of the fibres. The first one is reducibility
of systems and is connected with the singularities of R itself. The other
source is resonance, i.e., at least one of the matrices involved in the con-
struction of R has a difference of eigenvalues belonging to Z\ {0}. Section 3
provides the computations of the families R — P. We will also describe
the corresponding one-dimensional families of differential modules M ().
This subsection ends with a list indicating the families of connections and
presenting the families R — P of affine cubic surfaces by an equation. The
monodromy space R for (0,0,0,0) is classical(cf. [5, 15]), the others seem
to be new.

(0,0,0,0). PVI. 4+ 4o A A ] tr(A,) = 0.

z z—1 z—1?

S~

T1x2x3 + m% + x% + m§ — 81T1 — Sox9 — S3x3 + sS4 = 0, with
s; = a;aq + ajag, (i, k) = a cyclic permutation of (1,2, 3),
S4 = a1a2a3a4 + a% + a% + a% + ai — 4 with a1, as,as,a4 € C.
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(0,0,1). PV. 44 do g AL 4 4/2.(7),0), all tr(A,) = 0.

12273+ 23 + 13 — (514 5283) 71 — (S2+ 5183)T2 — S323 + 53+ 515283 +1 =0
with s1,s9 € C, s3 € C*.

(0,0,1/2). PVee. 4oy Ao g A (08 all tr(A,) = 0.

z z—1
12273 + 23 + 23 + sox1 + s122 + 1 = 0 with s, s, € C.
(1,-,1). PIII(DG). 2 Mgz 4+ A+ (2 9)2, all tr(AL) =0
2
r12273 + 23 + 2% + (1 + aB)z1 + (o + B)z2 + af = 0 with a, 3 € C*.

(1/2,-,1). PII(D7). 24 Mgzl 4 A+ (70) 2, all tr(AL) =0.

[SIE

12273 + 23 + 23 + azy + 22 = 0 with a € C*.

(1/2-,1/2). PIII(DS). 2+ (G (2D + (00
T179m3 + 23 — 25 — 1 =0.
(0,-,2). PIV. Zh 4+ Ao+ Az + (3 9%

12023 +17 —(8345182) w1 — 8500 —s5w3+55+5155 = 0 with s; € C, s, € C*.
(0,-,3/2). PIIFN. 2+ Ao+ (172 + (5 o)
T1T223 + 21 — X9 + 3 + s =0, with s € C.

(--,3). PIL 44 Ag+Arz+ (] 5)22 all tr(A,) = 0.
T1Tox3 — X1 — axy — T3+ a+ 1 =0 with a € C*.

(--+5/2). PL A+ () QD2+ (o)

T1Tox3 +x1 +x2+1=0.

Table of the equations of the monodromy spaces for the 10 families.
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3. Computation of the monodromy spaces
3.1. Family (0,0,0,0) and Painlevé PVI

For completeness we describe this classical family. The family of differ-
d

ential modules is represented by d% + A(z,t) = -+ % + ZATH + ZA_ft with
constant 2 x 2 matrices having trace 0. Dividing by the action, by conju-
gation, of PSLy one finds a moduli space M (say the categorical quotient)
of differential modules with dimension 7.

The monodromy data are given by the tuples (M, My, M3, My) € SLj
satisfying M; --- My = 1. This defines an affine space of dimension 9. The
categorical quotient R of this space under the action, by conjugation with
PSLy, has dimension 6. The fibres of RH : M — R are parametrized by
te P\ {0,1,00}.

The coordinate ring of R is generated over C by x1, x3, T3, a1, a, a3, aq
with a; = tr(Bi) and Tr1 = tI'(BQBg), To = tr(BlBg,), r3 = tr(BlBg).
There is only one relation ([5, 14]), namely (as in the list)

2 2 2
T122%3 + 2] + T5 + T35 — $121 — S22 — S3%3 + 54 = 0.

The morphism R — P := C*, given by (z1,...,a4) — (s1,...,84), is a
family of affine cubic surfaces with “three lines at infinity”. For information
concerning the singularities of R and of the fibres we refer to [[15], [14],
[11]].

3.2. Family (0,0,1) and Painlevé PV

For a differential module of type (0,0, 1), the strong Riemann-Hilbert
problem has a positive answer. Indeed, the lattices at 0 and 1 can be chosen
arbitrary. By tradition one supposes that the corresponding local exponents
are +6p/2 and +6,/2. From Definition and examples 1.4 one concludes
that there exists a unique lattice at oo leading to a free vector bundle.
By tradition, the generalized local exponents at co are +(tz + 6,)/2. The

module is then represented by the matrix differential equation % + % +

d
ZAjl + A, for certain constant matrices Ag, A1, Ase with trace 0. A

is normalized by A = ¢/2- (")) with ¢t € C*. Further —62/4 is the
determinant of A; for i = 0,1 and, 6 is the (1,1) entry of Ay + A;.
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3.2.1. The moduli space R for the analytic data

The symbolic solution space V' at oo is written as V, & V_,. Let e, ez
be basis vectors for V; and V_,. Starting at co one makes loops around 0
and 1, producing monodromy matrices My, My, with respect to the basis
{e1,e2}. Let M be the topological monodromy at oo, then we have the
relation My MsM., = 1. Further M, = (Oa a,ol)(fl1 01) (10 ff), where the
first matrix is the formal monodromy and the others are the two Stokes
matrices. In the sequel, we will eliminate the choice of the basis vectors ey,
ep of V; and V_, for the matrix equation. One considers the isomorphism

C*xCxC— {(*}) €SLy | a# 0}, given by

a 0 10 1 fo _ « afo
(@, f1, f2) = (O a_1> (f1 1)(0 1> N < a i a1+ fif2) >

One concludes that the matrices M; = (z; 2? ) € SLy, for j = 1,2 determine
M, and that ¢1by +dids = « is non zero. Therefore, the pairs My, M> that
occur define an affine variety with coordinate ring
1

2 Clbg + d1 d2
The group Gy, = {({ )| ¢ € C*} acts on V and thus on the matrices
M, Ms. For this action the weights are: +1 for by,b9; —1 for ¢1,co and 0
for ay,dy,as,ds. The subring Ry of R, consisting of the invariants under

R:(C|:a17...,d }/(aldl—blcl—1,a2d2—b202—1).

the action of G, is the subring consisting of the elements of weight 0. The
moduli space R for the analytic data is Spec(Ry).

For the calculation of Ry we may at first forget the localization at the
degree 0 element c1bs + d1ds. Now, using the two relations, we find that R
has a basis over C, consisting of the monomials

ajasdidybi by ¢y with nymy = 0, nams = 0 and any integers * > 0.

It follows that Ry is equal to Cla1, dy, ag, da, by ca, bacy, m], where the
six generators have only one relation namely bico-bac; = (—1+a1dy)(—1+
aods). The singular locus of R is given by the additional equations 0 =
bicog = bocy = a1dy — 1 = asdsy — 1. One observes that this describes the
reducible analytic data, given by by = by = 0 or ¢; = ¢ = 0 (or equivalently
the corresponding reducible differential equations). The coordinate ring of
the singular locus of R is C[dy,d; ", do, dy'].

Introduce new variables s := a1 + di, S2 := as + da, S3 := bycy + dido,
i.e., the traces of My, Ms and the eigenvalue « of the formal monodromy at
oo and the new variable d3 := bico+dids —sady — s1da+ 5152+ s3. Exchange
these variables against a1, as, bacy and bice. Then the ring Ry obtains the
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form Ry = (C[dl,dg,d3,51,32,53,s§1]/(R(51,82753)), where R(s1, s2, 83) is
equal to

didads + d% + d% — (81 + s2s3)d1 — (s2 + s183)da — s3ds + s% + 518983 + 1.
In the sequel we will write x; = d; for i = 1,2, 3. The inclusion
C[s1, 52, 83, sgl] C Clzy, x2, x3, 81, S2, S3, sgl]/(R(sl, $9,83))
induces a surjective morphism
T:R— P =CxCxC*=Spec(C[sy, 52, 53,55 ']),

which maps a given tuple (M;, Mo, M) to (s1,52,s3). Thusm: R — P is
a family of affine cubic surfaces with equation F' = 0 with

2, .2 2
F = xjxows+a]+a5— (81 +5283)x1 — (S2+8183) T2 — S35+ 85+ 818283+ 1.

We note that this equation (or the cubic surface) has a symmetry, given
by interchanging (z1, s1) and (z9, s2) (i.e., interchanging My, Mo).

3.2.2. The singularities of R and the fibres of R — P

The inclusion of the singular locus Spec(Clz1, 27!, 20,25 ']) of R into R
has the explicit form

(z1,22) € ((C*)2 — (wl,xg,x1x2+x1_1x2_1,w1+x1_1,x2+x2_1,x1:£2) € R(C).

The image of the induced morphism Spec(Clz1, 7", 29, 25 ']) — P lies in
Prea := Spec(C[sy, s2, 83,551]/(1%1)), where R; is the irreducible element
Ry = (s3+53 )% —5182(s3+55 1) +57+53—4. More precisely, since R; is irre-
ducible, one has an inclusion C[81,5278378§1]/(R1) — (C[xl,xfl,mg,mglL
given by s; — z1 + acfl, So > Tg + m;l, 83 — x1x9. This identifies the
first ring with the subring Clzy 4+ x7 %, 20 + 25 1, 2129, 27 'z5 '] of the sec-
ond one. Tt easily follows that Clzy,z; ", x2,25'] is the normalization of
C[s1, 52, 83,55 ']/(R1) in its field of fractions.

The singular locus of P,eq itself is easily computed to be the union of two
disjoint components given by the ideals (s3—1, 1 —$2) and (s3+1, 81+ $32).
The map 7 : Spec(Clzy, 27", 22,25 "]) — Prea is an isomorphism outside
the singular locus of Peq and further satisfies:

= { (3o ) 2 )

for 51 # 42 and 7 1(£2, £2,1) = +(1,1);
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e (o )

for s; # 42 and 7 1(£2, ¥2, —1) = (£1, F1).

If for a fixed point p € P, the fibre 7=1(p) has a singular point, then
the ideal (%F(l’l,lﬁ, x3,D), ﬁF(xl, To,T3,D), %F(xl,xg,mg,p)) is not
the unit ideal and it follows that the ideal I := (F,-%F, -4 F -4 F)n

Ydxy1” Y dre” 7 dxs

(C[sl,32,53,5g1] lies in the maximal ideal of C[51,52,53,53_1} defined by
the point p. Using a Grobner basis one verifies that I is generated by
(s2 — 4)(s3 — 4)Ry(s1, 82, 83). Thus singular points in 7=*(p) occur for p
lying on one of the five divisors on P defined by s;1 = £2, so = +2, R; = 0.
The first four divisors correspond to resonance for the matrices My, My
and the last one to reducibility. A singular point in 7~!(p), with p lying on
only one of the divisors has type A;. If p lies on more than one divisor, the
singularity type can be different. The following table, of importance for the
comparison with the Okamoto-Painlevé pairs, gives the rather complicated
structure of the singularities of the fibres (see Table 3.1).

3.3. Family (0,0,1/2) and Painlevé PV yeq

A differential module of this type is irreducible and by Theorem 1.11
can be represented by a matrix differential equation of the form % + % +

ill + Ao with tr(Ag) = tr(4;1) = 0 and Ay nilpotent. The generalized

eigenvalues at oo are &t - 2//? and t € C*. One may normalize by A, =

(%5)
00/

For the computation of monodromy space R we give the solution space
V at oo a basis e1, ez such that V, = Ce1, V_4 = Cea,ve1 = ez, vea = —ey.

Let My, M, M, denote the topological monodromies at 0, 1,00 on the ba-
sis eq, ea. Then Moo:(o1 _01) (i (1)) and one finds MyM; (_1‘) _01)2 1. Changing
the basis at oo does not effect these data. Therefore R has dimension
3+341—3 =4 (for My, M1, M and the 3 equations). One considers the

map R — P := Cx C which sends the tuple to (sg, s1) := (tr(Mp), tr(M7)).

Write M7 = (zll 31) The equation MogM;M,, = 1 determines M, in
terms of My, M. In particular, so = —c1 + b1 + a1e. Thus R is the space,
given by the 5 variables a1, b1, c1,d1, e and the equation a;dy — byc; = 1.
Use sg and s1 = a1 + di to eliminate ¢; and dy. Then the single equation
between b1, a1, e€, sg,s1 reads aibie + a% + b% —a181 — b1sg +1 = 0. With

the choice x1 = —b1, 2 = —a1, T3 = e this equation is

T12T2L3 + x% + 33% + sgx1 + s122 + 1 = 0 and shows that R — P
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s1 S92 Ry Singular points Type of the
(x1,22,23) singularities
2 #X2 [ #0 (1, 3, s2) Ay
2 2 [#0 (1,53,2), (53, 1,2) AL T A;
2 2 0 (171?2) As
2 -2 #0 (—83,—1,—2),(1,53,—2) A+ A
2 —2 | 0 (1,-1,-2) A3
2 42| 0 (1,53,83 +5s5") Ao
=2 [Z22[Z0 (=1, —s3,—s2) 4
2 | 2 [Z0| (—L—-53,-2),(53,1,—2) | Ai+A
=) 2 0 (—1,-1,-2) A3
-2 -2 #0 (—17—83,2),(—53,—17—2) Al +A1
—2 [ =2 | 0 (—1,-1,2) A3
-2 |#£2]| 0 (=1, —s3,53 +53") A,
# +2 2 #0 (53,1, 8 Ap
7 2 2 0 (s3,1,53 + 55 Asy
#* +2 —2 #0 (—s3,—1,—51) A
FE2| -2 0 (—s3,—1,53+5; ) Ay
Fx2 | 42| 0 (a1,a2,a3) Ay
;éiQ 51 0 (ayﬁvz)v(ﬁvo‘vQ) A1+A1
;é +2 —S51 0 (047757 2)v(7:87 «, 2) Al +A1

This table of the singularities of the fibres uses the notation

s2—1  s3(s2s3—s1)

(a17a27a3) = (

8283—81, s%—l

, 83 +s;1) and

a=%<51+\/3%7_4)75:%(51_\/5%7_4)'

As usual, the symbol A, n > 1 stands for the surface singularity given by the local

equation z2 + y2 + 2"+l = 0.

Table 3.1. Singularities for the monodomy spaces for PV.

2641

is a family of affine cubic surfaces. We note that there are no reducible cases
and that R is nonsingular. The singularities of the fibres occur only for the
loci s = +2 and/or s; = £2, corresponding to resonance. The fibres for
(s0,81) = (£2,# +2) and (s, s1) = (# £2,£2) contain one singular point
and the fibers for (sg, s1) = (+2, £2) contain two singular points. All these
surface singularities are of type A;.

3.4. Family (1,—,1) and Painlevé PIII(D6)

Due to the ample choice of invariant lattices at 0 and at oo, any dif-
ferential module of this type can be represented by a matrix differential
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equation zd% +Agz~ '+ A; + Ayz. By a transformation z — Az one arrives
at eigenvalues :I:%z’1 at 0 and :I:%z at oo with ¢ € C*. Moreover one can
normalize such that Ay = %(01 701)' There are more normalizations possible.
The affine space AnalyticData is described as follows.
The formal solution space V' (0) at 0 is given a basis e1, e2 such that the
formal monodromy, the Stokes matrices and the topological monodromy

topy have the form

a 0 1 0 1 as a aas
0 ot )’ a; 1)’ 0 1 "\ atay a (14 agar) )7

z; zi) It is characterized by my # 0, mymy

—maoms = 1 and it determines «, a1, as. Moreover, e; A es is a fixed global

The last matrix is written as (

solution of the second exterior power.

The formal solution space V' (00) at 0o is provided with a basis f1, f2, such
that f1 A fy is again this fixed global solution and the formal monodromy,
the Stokes maps and the topological monodromy top,, have the matrices

80 1 0 1 b I6] (bs
<O ﬁ_l),<b1 1>7(0 1 ),<ﬁ_1b1 ﬁ_l(l"‘v‘blbg))'

The link L : V(0) — V(00) satisfies:

(i) tops oL = L o topy, this follows from My My, = 1.

(ii) L maps e; A ey to fi A fa. Thus the matrix (2 2) of L w.r.t. the
given bases has determinant 1.

One uses (i) to forget the data for co. The coordinate ring for Analytic
Data is the localization of Clmy, ..., my4, 1, ..., 44)/(mimg—momsz—1, €14y
—lols — 1), given by 0 # o« = mq and 0 # 3 = €104mq + lalymg — L1€3my —
€2€3m4.

The monodromy space R is obtained by dividing AnalyticData by the
action of the elements (v,d) € G,, x G,,, which is induced by the base
change ey, ez, f1, fa = ve1,7 ea,6f1,6 7" fa.

™ tricos ( m y2myg ) d ( yLol 6l )

e new matrices are v2ms ma an 5y ~ale, )

The ring of invariants for the action of G,, x G, is computed to be (a
localization of) Clmy,my, €14y, malils, m3laly]. We note that moms and
lol3 are omitted because of the determinant =1 relation. There is only one
relation between these five generators namely (recall @ = m;)

(mgflég) . (m3€2€4) + (—am4 + 1) . (€1£4) . ((1(4 — 1) =0.
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Writing y1 := 0144, yo := malils, ys := mslsly and using the formula
for B one obtains the equation and the formula
Yoyz + (—amy + Dyi(y1 — 1) =0 and 8 = ay1 +y3 — y2 — (y1 — 1)ma.

Using the formula for 5 one eliminates y3 and obtains the equation

Y2(B —ay1 +y2 + (y1 — ma) + (—amy + Dya(yr — 1) = 0.

For fixed «, 8 this is a cubic equation in y1, Y2, my4. After a series of simple
transformations, one obtains the following equation for R — P = C* x C*

r170x3 + 25 + 22 + (1 +af)zy + (a + B)as + B = 0.

The discriminant of R — P has the formula (a—3)?(a3—1)? and therefore
the fiber above (o, 3) with a # 3, 37! is non singular. The singular locus
of R consists of the two non intersecting lines

Li: a=p0, (r1,22,23) = (0,—a, & + a1 and

Ly: a=p8""Y (x1,22,23) = (—1,0,a +a™ ).
They correspond to the reducible connections (or equivalently reducible
monodromy data). All the singularities of the fibres are obtained by inter-
secting with L1 or Lo. The corresponding surface singularities are of type
Ay If @ # 41 and B = o', then there is only one singular point in the
fiber. If @« = 8 = +£1, then the fiber has two singular points.

3.5. Family (1/2,—,1) and Painlevé PIII(D7)

By Theorem 1.2, any differential module of this type is represented by a
matrix differential equation zd% + Agz~! + Ay + Ayz. One may normalize

t
Ay = (g 7?) After a transformation z — Az one may suppose that the

eigenvalues at 0 are +2~1/2 and :i:% -z at 0o. Assuming that Ag and A,
have no common eigenvector leads to the explicit family
d Lo
2— 4+ Agz P+ A+ [ 2 ;)2
For the description of the space AnalyticData, the formal solution space

V(0) at 0 is given the basis e, es for which the formal monodromy, the
Stokes matrix and topological monodromy top, have the matrices

() G ()
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The formal solution space V(o0) at oo is given a basis fi, fo for which the
formal monodromy, the Stokes maps and the topological monodromy top_,
have the matrices

a 0 1 0 1co « Qco
0 at) \e11)\0 1) \atle al(l+ece) )’
One writes top,, = (Z S) with a # 0 and determinant 1. It is assumed

that e; Aes and fi; A fo are the same global solution of the second exterior
power of the differential equation. The link L : V/(0) — V(o0) has therefore

a matrix (2 2) with determinant 1.
The equation top, - L~ *top,, L=1 can be written as (Z Z) = L(j)l ie)L_l.

This eliminates (g 2) (and thus a, ¢1, ¢2). The coordinate ring of Analytic

Data is therefore C[ly, ..., 0y, €]/ (€14 —¥203—1). The elements p € G, act
on AnalyticData by the base change f1, fo — pfi, ' fo. The elements
£1,0o, 03,4 have weights —1, —1,1, 1 for this action.

The coordinate ring of R is generated by the variables e, £13, £14, £23, f24
where ¢;; := £;{;. There are two relations, namely ¢14—f23 = 1 and {14023 =
f13024. R has dimension 3. The map R — P = C* is defined by: an element
in R is mapped to a = —fo4 —#13—{23e€, one of the eigenvalues of the formal
monodromy at co. Eliminate ¢14 = f23 + 1. Then we have the equation
(a5 4+ 1)lag + l13(cv + £13 + laze) = O (here foy is eliminated). We obtain
a family R — P = C* of non singular affine cubic surfaces given by the
equation f13fo3¢e + 6%3 + f%g) + af13 + fa3 = 0.

3.6. Family (1/2,—,1/2) and Painlevé PIII(D8)

We consider differential modules of this type for which the strong Rie-
mann-Hilbert problem has a solution (see Definition and examples 1.12,
part (2)). Then a matrix differential equation z% + Agz7! + Ay + Asz,
with nilpotent Ay and As, represents the module. Further assuming that
the eigenvectors of Ay and As are distinct one can normalize to an equation
of the form (see 4.7)

LA (00 L L (01,
dz —q 0 1 - 2—7 00/
The space AnalyticData is build as follows. The formal solution space

V(0) at 0 is given a basis e, es, unique up to multiplication by the same
constant, such that V(0),-1/2 = Cey, V(0)_,-1/2 = Cey, such that the
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0 -1
10
The topological monodromy at 0 is the product, i.e., (_1“ _01).

At oo, one has similarly a basis fi, fo for V(oo) with topological mon-
odromy (01 _01) (11) (1)) = (_1b 61). The matrix of the link L : V(0) — V(o0)
with respect to these basis satisfies L : e; A ey — f1 A fa, because we as-
sume, as we may, that e; Aes and f1 A fo are the same global solution of the

second exterior power. Thus L =: (2 2) has determinant 1. The identity

flgz —a —1 o -b —1 5152

20 1 0/ \1 0 )\t
describes the generators and relations of the coordinate ring of Analytic
Data. The only admissible bases change is e1, ea, f1, fo — Aep, Aea, Af1, A fa
with A € C* acts trivially on AnalyticData and thus this space coincides
with R.

After elimination of b, £1, £3 one is left with the variables a, {5, £4 and one
equation, namely afoly + ¢2 — /3 — 1 = 0, or in other variables

). There is one Stokes matrix (i 0).

formal monodromy has matrix ( 1

T129x3 + 27 — x5 — 1= 0.

This defines a non singular affine cubic surface.

3.7. Family (0, —,2) and Painlevé PIV

The singularity at co of a module of this type guarantees that the strong
Riemann-Hilbert problem has a solution. There is a corresponding matrix
differential equation which can be normalized to z% +Ag+A1z+ (01 701) 22.
Using the transformation z — Az one may suppose that the eigenvalues at
oo are (22 + % - z). The ingredients for AnalyticData are the following.

The symbolic solution space at oo is written as V,; @ V_, and one takes a
basis {e1} and {ez} for V; and V_,. With respect to the basis {e1, ez} the
topological monodromy top,, at oo has the form

t0_on 1 0 1 ao 1 0 1 ay
Poo =\ g o1 a1 0 1 as 1 0 1 )

where the first matrix is the formal monodromy and the others are the
4 Stokes matrices. Let top, denote the monodromy at 0 written on the basis
e1,e2. The condition topg -top,, = 1 implies that top,, determines top.
The coordinate ring of AnalyticData is Cla,a™t,ay,. .., a4]. An element
X € G,,, acts on AnalyticData by the base change e, es — Aep, A ltes. The

weights of «, a1, as, as, as for this action are 0,+1, —1,+1, —1. Therefore R
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has coordinate ring Cla, @™, a2, a4, ass, asa), where a;; := a;a;. There is
only one relation namely aj2a34 — a14a23 = 0.

The singular points of R are given by the equations ai2 = a14 = ag3 =
agy = 0. This coincides with the locus where the monodromy data (or
equivalently the differential modules) are reducible (namely a1 = ag = 0 or
a2 = Q4 = 0)

The morphism R — P := C x C*, where P is a space of parameters, is
given by (a,aq,...,a4) — (tr(top;), ). Now tr(top;) = tr(top,,) and

tr(tope) = a(l + azs) + o~ '(a1q + azs + a1z + arzazg + 1).
Write so = @ and s7 = tr(top,,) and exchange ass with s; by the formula
a3 = 55181 — 85 2(a14 + azq + ara + ajpazy + 1) — 1.
Then the coordinate ring of R has the form C|[sq, sa, 851, a12, 014, azq4) and
there is one relation, namely
a12a14a34 + (s3a12a34 + a3, + araa12 + araass) + a4 (1 + 5 — s1s2) = 0.
One makes the following substitutions

a1y = X1 — sg, aj2 = x2 — 1, azg = x3 — 1 and the relation R reads

2 2 2 2 2 3
12223 + &7 — (85 + S182)T1 — S3%2 — S5T3 + 55 + $155 = 0,

and thus R — P = C x C* is a family of affine cubic surfaces.

3.7.1. Singular loci of R and the fibres of R — P

We have already remarked that the singular points of R correspond to
reducibility and are given by z1 = 82, 2o =1, 13 =1, 51 = s9 + 52_1.

For a fixed s = (s1,82) € P, the singular locus of the fibre is given by
the (relative) Jacobian ideal, generated by R,OR/0x1,0R/0xq,0R/0x3. A
Grdobner basis for this ideal produces the following results.

The fiber has singular points if and only if s satisfies the equation

A(s) = (51 —2)(s1 +2)(553 — 5150 + 1) = 0.

We define three divisors of P by Df = {51 = 2}, Dyoq = {53 — 5182 +
1 = 0}. We have seen that D,q corresponds to the locus of the reducible
differential equations. Further s; = e™% 4+~ where +6/2 are the local
exponents at z = 0 of the differential equation. Thus s; = 42 corresponds

to the resonant case 0y € Z. The table gives the singularities and their type
of the fibres.
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s = (s1,582) (z1, 22, 23) Type
Df not Dieq (2,82),80 # 1 (82, S2,52) A
D7 not Dyeq (—2, 82), s9 # —1 (—82, —So, —82) Ay
D,eq not DI—L (s2 + 52_1, S2), 82 # +1 (s2,1,1) Ay
DY N Dyea (2,1) (1,1,1) Ay
Dl_ N Dred (_27_1) (1’151) Ay

3.8. Family (0,—,3/2) and Painlevé PIIFN

A module of this type can be represented, by Theorem 1.2, by a matrix
differential equation zd% + Ao+ A1z+ Az Ay with As nilpotent. One can use
the transformation z — Az and choose a basis such that the explicit form is
2L ( 2 )+(5 t+(§’)z+ (8 é) z%. The eigenvalues at oo are &(2%/2+1.21/2).

The space AnalyticData is formed as follows. The formal solution space
V at oo is given a basis e, es such that the formal monodromy and the

three Stokes maps have the matrices

0 —1 10 1 as 10

(3 70) (o) () (1)
The topological monodromy top,, is the product of these matrices and top,
is the inverse of top.,. Further, the base change e1, ea — Aeq, Aea does not
effect the matrices. It follows that the coordinate ring of R is Clay, az, as].
One computes that the trace s of the topological monodromy at 0 is s =
—ajasaz — a3 + az — az. The map R — P is given by (a1,a2,a3) — s.
Thus R — P is a family of affine cubic surfaces given by the equation
aijasa3 +ay —as +az+s=0.

The singularities of the fibres occur only for the resonant case 6y € Z,
where 46, /2 are the local exponents at z = 0. Since s = ™% 4- ¢~ this
corresponds to s = +2. For s = 2 one finds one singular point (a1, as,as) =
(—=1,1,-1) and for s = —2 one singular point (a1,as,as) = (1,—1,1). The
type of the singularity is A; in both cases.

3.9. Family (—, —,3) and Painlevé PII

The family of connections. A differential module of this type can be
represented by a matrix differential equation d—dz +Ag+ A2+ Ay2?, because
of the singularity at co. Using a transformation z — Az+ pu and by choosing
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a suitable basis one arrives at the explicit form, having eigenvalues 4 (23 +

% - z) at 0o, namely

d a0+ 22 as1z+a
a4 ( 10 21 2;) and t = ajg + az1as1 /2.
dz az1z+azy —ap — 2

The group G,,, acts by conjugation, in fact by as;z + asg — A(a12z + azo)
and az;z + azg — A '(az1z + azg). In general, this cannot be used to
normalize the equation even further. (See Subsection 4.10).

The space AnalyticData consists of the formal monodromy and six
Stokes matrices. The formal solution space V' at co is given a basis eq, ey
such that the formal monodromy and the six Stokes maps have the matrices

a 0 1 0 1b2 lb(;
0 at )" \b 1)\ 0 1) Lo 1)

The product of all of them is the topological monodromy at co and hence is
equal to ((1) ?) The coordinate ring of AnalyticData is therefore generated
by a, a1, by, ..., bs and the matrix identity defines the ideal of the relations
I C Cla,a™1,by,...,bg]. The basis eq, es is unique up to the action of the
elements A € G,,, given by eq,es — Aep, A es.

Call the six Stokes matrices My, ..., Mg. Then M3sM4MsMs is equal to

a (14 biby) —aby
—a~ b «

which is the inverse of n 9 M M.
0 ot

We note that the product of the three matrices determines «, b1, bo. Further
one computes that o = b3bg+ (1+bszbs)(1+bsbg). Thus the coordinate ring
of AnalyticData is C[bs, by, bs, bg, b3b6+(1+b31b4)(1+b5b5)]. For the group G,,
the variables by, b3, bs; have weight —1, the variables bs, by, bg have weight
+1 and o has weight 0. Write b;; := b;b; for i < j. Then the coordinate
ring of R is the ring of the G,,-invariant elements and this is

1

C
bse + (1 + bsa)(1 + bse)

b34, b36, bas, bse,

There is only one relation, namely bssbsg = bsgbss. We use the identity
a = bgg+(1+b34)(1+bs6) to exchange bsg with a.. Then the coordinate ring
of R has the form Cla, a1, by, bys, bsg) and there is only one relation now.
Define 1 = bgg + 1 = tr(MsMy) — 1, xo = bys + 1 = tr(MyMs) — 1, x5 =
bsg + 1 = tr(MsMg) — 1. Then this relation reads x1x2x3 — 1 — axs — 3+
a4+ 1 =0 and defines a family R — P = C* of cubic surfaces.

The locus in the affine space AnalyticData of reducible data has two
components. The first one is given by a = 1, by = b3 = bs = 0 and the
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second one by o = 1, by = by = bg = 0. These loci are mapped to the
unique singular point « =1, 1 =22 = x3 =1 of R.

For o # 1, the affine cubic surface, given by the above equation, has no
singularities. The infinite part of the cubic surface consists of three lines.
The three intersection points of these lines are the infinite singularities.
The cubic surface for a = 1 has one extra singular point, namely x; =
29 = x3 = 1. (This cubic surface is the Cayley surface). The type of the
surface singularities is Aj.

3.10. Family (—, —,5/2) and Painlevé PI

According to Definition and examples 1.12, a differential module of this
type need not have a solution for the strong Riemann-Hilbert problem. We
deal here with the modules for which there is a solution, i.e., are represented
by a matrix differential equation d% + Ag + A1z + Ayz? with nilpotent
A which can be normalized into (8 (1)) The map z — Az + p is used to

t

normalize the eigenvalues at oo to £(2%/2 + £ - 21/2). Conjugation with a
1 %
01

d p t+q? 0 ¢ 0 1Y\
a7 ( ¢ —p JT\10)* 0o 0)F
The space AnalyticData is given by the formal monodromy and 5 Stokes

maps which are on a basis ej, eo of the formal solution space at oo given
by the matrices

0 -1 10 1 as 10 1 ay 10

1 0 ’ aq 1 ’ 01 ’ as 1 ’ 01 ’ asg 1 ’
Their product is the topological monodromy and thus equal to ((1J (1)) The
base change ej,es — Aep, Aeo does not effect these matrices. Hence the

constant matrix of the form ( ) leads to the normalization

coordinate ring of R is generated by a, ..., as and their relations are given
by the above matrix identity.
After eliminating as by as = 1+ a4as and a1 by a3 = —1 — azay, one

obtains for the remaining variables ag, a4, as just one equation and R is
a non singular affine cubic surface with three lines at infinity, given by
aszaqas +as +as+1=0.
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4. The Painlevé equations
4.1. Finding the Painlevé equations

For each of the ten families of Section 3, with the exception of (0,0, 0, 0),
which is the well known classical case leading to PVI, we want to derive a
corresponding Painlevé equation ¢” = R(q,q¢',t).

We choose one of the other nine cases. A Zariski open part M? of the
corresponding moduli space is represented by a suitable matrix differential
operator. Recall that there is a morphism pr : M% — T x A, where T de-
notes the space of the “time variable” ¢ and the parameter space A consists
of the local exponents for the regular singular points and the constant term
of the generalized local exponents at the irregular singular points.

Choose A € A, let a € P be the image of A in the parameter space of
R. Write MQ = pr=}(T x {\}) and R, for the fibre of R — P at a. Then
the Riemann-Hilbert map restricts to RHy : MY — R, and the fibres of
RH), are parametrized by ¢. In particular, M{ has dimension 3. This space
is represented by an explicit family of differential operators d% + A, where
the entries of A are rational functions in z with coefficients depending on
three explicit variables, say f,g,t. Later on we will make a rather special
choice for f,g.

An isomonodromic family d% +A= d% +A(z,t) on P!, parametrized by t,
is a fibre of some RH ). The earlier variables f, g are now functions of ¢. Let
S denote the singular locus. On P!\ S there exists a multivalued fundamen-
tal matrix Y(z, t), i.e., (- +A(z,t))Y (2,t) =0, normalized by det Y (2, ¢)=1.
By isomonodromy, %Y (z,t) and Y (2, t) have the same behaviour for Stokes
and monodromy and thus B(z,t) := — %Y (2,t) Y (2,t)~! is univalued and
extends in a meromorphic way at the set S. Moreover B := B(z,t) has
trace 0 since det Y (z,t) = 1. Therefore the entries of B are rational func-
tions in z and are analytic in ¢. It follows that the operators d% + A(z,t)
and % + B(z,t) commute. This is equivalent to the identity

%A = di,lzB + [B, A] and tr(B) = 0.
This equality is seen as a differential equation for matrices B, rational in
z and with trace 0. Assume (as we will in the examples) that = + A is
irreducible, then B is unique. Indeed, the difference C of two solutions is
rational in z and satisfies -£C = [C, A]. Thus C(£ 4+ A) = (£ + A)C and
C is an endomorphism of d—(i + A. By irreduciblity, C' is a multiple of the
identity and C' = 0 because tr(C') = 0.

ANNALES DE L’INSTITUT FOURIER



MODULI FOR DIFFERENTIAL AND PAINLEVE EQUATIONS 2651

For the actual computation of B for the cases of Subsection 2.2, the
following remarks are useful. If z = ¢ is a regular, or regular singular
point (without resonance), then B has no pole at ¢. If the Katz invariant
r = r(c) > 0 is an integer, and the top coefficient of the eigenvalues at ¢
do not depend on ¢, then ord.(B) > —r + 1. If however this top coefficient
depends on ¢, then ord.(B) > —r. If the Katz invariant r(c) = m + 1 with
integer m > 0, then ord.(B) > —m — 1. The above matrix equation yields
explicit differential equations for f, g as functions of ¢, and an explicit B.

The symbols p, ¢ denote a preferred choice for the variables f, g. To define
and find them we consider a pair (¢, A) € T'x A and the 2-dimensional space
M\ = pr ' ({(t, M)} Let 4 1 A be the corresponding matrix differential
operator and let a cyclic vector e be given. The monic scalar differential
operator L := (%)Q—Fald% +aq defined by Le = 0 has, in general, a number
of new singularities, called apparent singular points. In Subsection 4.2, we
will find good cyclic vectors e, defined by the condition that there is only
one apparent singular point. This singular point, varying in the family
M?t’)\), is the choice for ¢. To make this explicit, suppose that A = (‘CL f’)

a
and that the first basis vector is the cyclic vector e. Then

d, ¢ d PR d da
— —_—— e — — —_ —_ .- —_ 4 = — .
Z) i i bc+a o where a . etc

L=(
Thus c¢ has as rational function in z a simple zero at ¢ and this yields a
pole at ¢ with residue 1 in the coefficient of d% in L. Now p is defined
as the residue at ¢ of the “constant term” —a’ — a®> — bc + a - % of L,
multiplied by a factor F € {1,q,q?, q(q — 1)} depending on the family M.
This factor is introduced for geometrical reasons in connection with the
Okamoto—Painlevé pairs [25, 29] (see the formulas of 4.3).

A Zariski open, dense part of the space M?t, ) is now parametrized by
p,q. On this space we introduce the symplectic structure by the closed
L}A?dq (with F € {1,q,¢%,q(qg — 1)}) and thus p,q are canonical
coordinates. The Zariski open subset of the space M9 is parametrized by
p,q,t. This space has a foliation given by the isomonodromy families, i.e.,
the fibres of RH . There is an Hamiltonian function H = H (p, q,t), rational
in p,q and t, such that this foliation coincides with the foliation deduced
from the closed 2-form 2 = % — dH A dt on M{. More precisely, the
vector field v = % +vpa% Jr”qa% describing ismonodromic families satisfies
v-Q =0 (see [25], Section 6 and [29], Subsection (2.3)).

The important fact is that for an isomonodromic family, ¢ as function
of t satisfies the Painlevé equation ¢” = R(q,¢’,t) that we are looking for.

2-form
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The functions p, q of ¢ satisfy the Hamiltonian equations, modified with the
factor F € {1,q,¢% q(q — 1)}, thus p’ = F - %—I;, qg=-F- %—IZ.

2. Apparent singularities

Let M denote a differential module over C(z) of rank 2 with det M =1,
with singular points 0, 1, co and represented by a connection (V, V) with V
free and V : V — Q(ng[1] +n1[1] + neo[oc]) ® V for integers ng, ni, neo > 1.
Put V := HO(P',V). Then M = C(z) ® V and d := Vo = 4 + By +
By + By with By, By, By polynomials in 271, (2 —1)7!, 2 of degrees
< no, nl, —1+ no and with coefficients in End (V). The free module N :=
Clz, ;- 1)}®V over C[z ,ﬁ

as a differential module over C|z, Z(%l)][d%]

] is invariant under 0 and can be considered

Let e € M = C(2) ® V be a cyclic vector, producing the scalar equation
(0%*+a10+ag)e = 0. The poles of ay, ag, different from 0, 1, co are called the
apparent singularities. Let s # 0,1, co have local parameter u = z — s. The
elements e € C((u)) ® V' are written as formal Laurent series -, -, vyu”
with all v,, € V. Now ord,(e), the order of e # 0 at s, is defined to be the
minimal integer d with vg # 0.

We will use the second exterior power A2N = C|z, Z(Z 7 ] ® A%V, Let
e € N be a cyclic vector and N° C N the submodule generated by e
and de. Then A2N® = b - AN for some monic polynomial b with b(0) #
0, b(1) # 0. The following lemma is an explicit calculation corresponding

o [13], Subsection 4.2.

LEMMA 4.1. — The zero’s of b are the apparent singular points.

Proof. — We fix a point s # 0, 1, oo and show that ords(b) > 0 if and only
if s is an apparent singularity. First we consider the case that ords(e) = 0.
Since s is non singular, C[[u]] ® V has a free basis w1, wy over C[[u]] with
Owy = dws = 0. Write e = cywy + cowy with min(ord(cq), ord(ce)) = 0. We
may suppose that ord(c;) = 0 and ord(cz) = m > 1. The equation for the
(ccfeatercy) - (=cfchtercy) 1

(crch—clea) 7 0 (c1ch—cfca)

m = 1, then ord,(cich — ¢jcz) = 0 and s is not an apparent singularity. If
m > 2, then

cyclic vector is 0% + a0 + ag with a; =

ordg(cich — cjea) =m — 1, ordg(—cfca + c1¢5) = m — 2,
ordg(—cych + cichy) = m — 2.

Thus ordg(a;) = —1,0rds(ap) > —1 and s is an apparent singularity.
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Suppose now that e = " f, n > 1,ords(f) = 0. The equation for e is
obtained from the scalar equation 9% 4+ a10 + ag for f by the substitution
0 — 0 —nu~! and reads 8% + (—2nu"! +a1)0+ (n* + n)u=2 —nayut + ao.
This introduces a pole if there was no pole before and a pole of order 2 if
there was already a pole.

For e with ords(e) one has e A e = (¢1¢5 — ¢} ca)wy Awsg and ordg(e1ch —
cica) =m —1 and for e = u™f one has e A de = u?" f A Of. From this the
statement follows. O

By multiplying a given cyclic vector e with HS#OJ(Z — 5)orde(©) | the
number of zero’s of b (counted with multiplicity) goes down. The cyclic
vectors with minimal degree for b have the form e € C|z, ﬁ] @V (or
even, after multiplying with z*(z—1)* one has e € C[z]®V') and ords(e) = 0
for all s # 0, 1. We note that the condition ords(e) = 0 is equivalent to b has
at most simple zero’s. We call a cyclic vector e good if the corresponding b
has degree one (and thus there is only one apparent singularity).

Application of Lemma 4.1 for finding good cyclic vectors v € V.

Family (0,0,1), 0 = d% +27 A+ (2 —1)7tA + A and Ag, Ay, Ay €
End(V). We only consider good cyclic vectors v € V. The operator 0 is
multiplied by z(z — 1). The condition that v produces only one apparent
singularity is equivalent to v A (2(z — 1) Ao (v) + (2 — 1) Ag(v) + 2A1(v))
(as element of C[z] ® A%2V) has only one zero # 0, 1. This is equivalent to v
is an eigenvector of A, or Ag or A;. Thus in total there are 6 good cyclic
vectors, in general.

Family (0,0,1/2), same formula for @ but with A, nilpotent. The good
cyclic vectors are the eigenvectors of the matrices Ag, Ay, Aso. There are,
in general, 5 good cyclic vectors.

Family (1,—,1). Now we work with a module over C[z, z7!]. Here 220 =
224 4 Ay + Ay 2+ Ag22. The condition on v is vA(Aa(v)+ A1 (v) 2+ Ao (v)2?)
has only one zero # 0. Thus v is an eigenvector of A or of Ay. In general,
there are total 4 good cyclic vectors and they come in pairs.

Family (1/2,—,1). As before, but now A, is nilpotent and, in general, there
are in 3 good cyclic vectors.

Family (1/2,—,1/2). As before, but both Ay and Ay are nilpotent. Thus,
in general, 2 good cyclic vectors.

Family (0, —,2). z0 = Zd% + Ao + zA; + 22 A,. Then a good cyclic vector
is eigenvector of Ag or of Ay. Thus, in general 4 good cyclic vectors.
Family (0,—,3/2). As before, but now, in general, 3 good cyclic vectors
because As is nilpotent.
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Family (—, —, 3). Now we work over the ring C[z] and J = % +Ag+2A +
22 Ay. The possible v are eigenvector for A,. Thus 2 good cyclic vectors.
Family (—,—,5/2). As before, but only one good cyclic vector, since As is
nilpotent.

Remarks 4.2. — (1) In general there are more complicated good cyclic
vectors, than those in V. However for (—, —,5/2) there is only one good
cyclic vector.

(2) If a cyclic vector v € V is eigenvector of two of the matrices, then
the corresponding scalar equation has no apparent singularity.

4.3. Family (0,0,1) and Painlevé V, PV(Ds)

In terms of the parameters (p, ¢) of Subsection 4.1, the family reads

The singularities z 0 1 00
Katz invariant 0 0 1
generalized local exponents :I:%O :l:% :i:(%z + 07*)
d Ao Ay d 1
4.1 Vi=—+— A= —+ ——A with
(41) &= dz+z+z—1+ > dz+z(z—1) b
) (qfl)((p+%q(qt7t+9m))27§)
Ag=| —p—3a(at —t+0) 7 :
-5 p+3q(qt —t+6s)
_ 2 _
| p+ 4 1)(gt+9oo) () - (p+ (q 1)(gt+0x) 2
1 =

1 _ (p n (q—l)(gtwm))

)

N
3
I
7N
o |
IS
N+ O
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Write A = 2(2 — 1)(Auo + Ao/ + A1 /(2 — 1)) = ( Z(Z) b(Z)z) ) with

a) = bty (2t 4t 0) (= a) — Ltz ),
o Z((p+%(qfl)q)27§+(qfl)(@*?*%))
q
@@= (p+3((a=1gt =0 + b)) (p+ 5 (= Dat + 6o + ab))
q ’
_ (=9
c(z) = 1

The first basis vector is chosen as cyclic vector and following Subsec-
tion 4.1, ¢ is the unique zero of ¢(z) and p = a(q).

The parameter (p, ¢) gives canonical coordinates on an affine Zariski open
set Up =2 C x (C\ {0,1}) of the moduli space My  of the connections with
fixed t and fixed generalized local exponents A. The symplectic form on Uy,

which is natural from the view point of Okamoto—Painlevé pair, is given
b dpAdq
q(qg—1)"
The matrix different operator % + B, commuting with V a, has the form

> and

1 z_ 6] % %
(p+3a-Dqt) = F+(q-1) | L2-F-5=

_1
2

1
B = ZBO + ZBl where Bo = ( 0

N O

-4 Zr+glg-t+ %
From [% + B, V%] = 0 one deduces the following.
Painlevé V, PV (Ds)

(4.2)
dg  _ 2p
a ot
dp (2¢—1)p* | 65(a—1)*-67¢* 1
b —(g—1)q(2qt — t + 2000 — 2).
dt (g —1)gt * 4q(q — 1)t +4(q Ja (% * )

The equation (4.2) is equivalent to the second order differential equation
of ¢
(4.3)
"_ (261—1)(q’)2_g’+(q—1)Q(2qt—t+29w—2) 03 i
2(q — 1)q t 2t 2qt2  2(q — 1)t2°
By a rational transformation of (p,q), this can be transformed into the
classical Painlevé V in [16].
Now we compute the Hamiltonian function Hy = Hy (p, g,t,0) for (4.2),
which is a rational function of (p,q,t). It is defined by the property that
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the foliation given by the 2-form Q = A% — dHy A dt on Uy x (C\ {0})
coincides with the foliation given by isomonodromy. The latter is given by

the vector field v, equivalent to (4.2), satisfying v - Q = 0 and of the form
0 0 0 dp _dg

V=g +vpa—p +vqa—q, with v, = VT g
dq dp . .
Now 0=v-Q=dHy +v - , is equivalent to
Palg—1)  Tqlg—1)
dp oH
— = qlg—-1)%FHr
4.4 t I
(4.4 o
a q\q p *
Comparing this with (4.2), one obtains the following expression for Hy
v’ 03 01

1
+-q (gt —t+200 —2).

(45) Hv(p.at) = =30~ g T ag— 1t T 4

4.4. Family (0,0,1/2) and degenerate Painlevé V, PV 4., (Ds)

PV 4eq stands for “degenerate PV” (cf. [21]) which turns out to be equiv-
alent to Painlevé equation of type PIII(Dg). The first basis vector is chosen
as cyclic vector, the (p, q) are as in Subsection 4.1 and the family reads

The singular points z 0 1
Katz invariant 0

o

o1 8

. 9 9 1
generalized local exponents | = | £35 | £tz2

d Ay A d 1 .
Asw = — + — A with
= dz+z z—lJr derz(z—l) A

_, -’ 4p*—07 2
Ag=| P "4 A= P ae Ay = < 8 f) >
q p IL—q¢ -p

— 1)p? —1)02 2
A:< p L>7L::(q+z ) Gt L

(q—1)q g 4lq = 1) -1
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The operator g + B with [ +B,V 4] = 0 satisfies B = 2By + By, where

0 2t
Bo—(o 0 >7Bl—

Solving [% + B, Vdi] = 0 with Mathematica yields the following.
Degenerate Painlevé V, PVdeg(f?G)

(q—1)gt = 2qt  2(qg—1)t
0

+2(g—1)t

+ N O

dg _ 4p

dt — t
(4.7) dp 22¢-1)p*  (¢—1)63 q63

- = + - +2q(qg— 1)t

dt (g —1)gt 2qt 2(g— 1)t

29-1)(¢)° ¢ | 2(q¢—-1)63 2q0%

48) =G D@) o 0 _ 2461 1
48 q 2(q—1)q it qt? (g —1)t2 T8a— 1

The 2-form on C x (C\ {0,1}) x (C\ {0}), natural for the Okamoto—
Painlevé pair of type Dg, is given by
_ dpAdq

q(q—1)

—dHay Adt, where Hgy = Hay (p, q,t,0) is equal to

I A R o
(g—1)gt 2qt  2(q— 1)t
2 — (%)) 20° — (%))

(49) HdV (pv q, tv 9) = + 2qt7

4.10 = - + 2qt.
o T o~ 1)
We note that equation (4.7) is equivalent to the Hamiltonian system
dq OHgv
— = —q(g—1) ;
(4.11) dt Op
(Al
dt dq

4.5. Family (1,—,1) and Painlevé III, PIII(Dy)

As before, the first basis vector is chosen to be the cyclic vector, (p, q)
are as introduced in Subsection 4.1 and the operator % + B commuting
with V% has the form B = zBy + B; + %Bg. We present now the data.

d 1

d 1 1
4.12 =—+—A “A+ A= —+ =
( ) V% dz+22 O+z 1+ A2 dz+22
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The singular points z 0 o0

Katz invariant 1 1

generalized local exponents | (%271 + %0) +(Lz+ 0;)

t2¢* +2t0.. ¢°+602_ g% —4ptq® —4pb . g+-4p? —t>
Ay = %(—tqQ—Qooq—FQp) q q q 4qpq p0ocq+4p
—q 5 (t¢* + 0o0q — 2p)
oo t2q4—Gchz—4ptq2—2t90q+4p2—t2 t O
A = 2 4g? , Ax = ( 2 t )
1 —g?” 0 -5 )’
Ao p+i(z—q) (gt + 2t +6s) L
N — —p—i(z— t+ 2t +0s) )’
(z—q) p—35(2—q) (gt + 2t + 0
Lo q (tq® + 0ocq — 2p + t) (tg? + Oooq — 2p — t)
= ye
z (t2 4_ (Ggo + 4pt) q? — 2thoq + 4p2 — t2)
4q2 ’
1 oo t2q479;q274ptq272t90q+4p27t2
B():<(2) 01>731=<Q+12t g7t >7
2 0 AT

2t 4qt

B p—
2 q —tq® —0o0q+2p
2

( t?+000q—2p  —4P°+(1—0*)t*+2¢t(2p— 4000 )+ 0000 (4P—q00c) )

t
Solving the equation [% + B,V a | = 0 yields the following.

Painlevé III, PIII(Dg).

dg _— 4p+gq

dt t
(4.13)

dp 2

4 t
Lo i - -~ o+ ¢
gt t q
The system (4.13) is equivalent to the following second order equation.

7 ¢ 49 40 +1)g2 4
(4.14) q”:%—?—7+%+4q3—5.
The equations (4.13) or (4.14) are defined on C x C\ {0} x C\ {0} and the
2-form €2 on this affine open set is
dp A dq

Q= 7

—dHyr Ndt
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where Hyrr = Hyrr(p, g,t,0) is a Hamiltonian function for PIII given by

20> p ¢t t b

4.15 H t,0)=—-=2_ L oy v .
(4.15) 1(p,q,t,0) i SR v R L
As before, the equation (4.13) is equivalent to the Hamiltonian system:

dg g OHi1

at op ’
(4.16) dp _ ,0Hi

dt 4 dq

4.6. Family (1/2,—,1): Painlevé III1D;, PIII(D;)

This family can be written as

d d 1

1 1
4.17 =—4+ A+ -A1+A=—+ SA
(4.17) Vi dz+22 O+z L A2 dz+22
The items p, q, B are as before and the form of B is zBy + B;. We give
now the explicit data and the results on the Painlevé equation and the

Hamiltonian.

The singular points z 0 00
Katz invariant 1/2 1

generalized local exponents | +271/2 i(%z + &)

tq%>+0o0q—2p)2
—q 1 (tq® + 0oq — 2p)

0 tq*—02 ¢°—4ptq® —4dq+4p® t
A1= i 431 s A2:< (2) _ ) and

t
2 2

2 2 2.4 p2 2 2 2
= <p+é(z—q) (gt + 2t + 0o0) q(—tq® —0o0q+2p) 2 +2(t a 02_q* —4ptq® —4q+4p?) )

4q
(z—q) —p—3(z—q) (gt + 2t + 0o)
Boz(
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Painlevé II1D;, PIII(D;)

dg 2
at t

(4.18) , ,
dp 2p tq 1 5 1
- = 44 (0 +1) -
dt tq+2+2( MK

The system (4.18) is equivalent to the following second order equation.

@) ¢, (tD)® 5 2

4.19 M= — =
2 2
P gt 1 1
4.20 H t,) = ——+—+4+ —q(0 1 —.
(4.20) 1110, (p, 4,1, 0) q2t+ 1 +2Q(oo+ )+qt
dg 5 0Hiup,
at op
(4.21) dp _ ,0Hip,
dt 1 dqg

4.7. Family (1/2,—,1/2): Painlevé III1Dg, PIII(Dy)

We present the data and the results of the computation.

d 1 1 d 1
4.22 =— 4+ =Ag+-A1+ A4 =—+ S A.
(4.22) Va 5 Tttt Ait A=
The singular points z 0 o0
Katz invariant 1/2 1

generalized local exponents | v/t - z71/2 | £21/2

=y

A0<_Oq8>,A1< ),A2<gé>,

pz z(qz—t) 1
A= a q , B = By + —B; where
— z
0o 1 0
B = q B - .
0 ( 00 ) ! ( 0 )
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Painlevé ITIDs, PIII(Ds).

dg _ 2p+q
d t
(4.23)
bW e
dt gttt qt '
The system (4.23) is equivalent to the following second order equation.
"2 / 2
2q 2
124 O U S
(4.24) q . T E
dp A dg ¥ p, 1 ¢
(425) Q= —dHyipg Ndt, Hiripg = =5, — — + -+ .
¢ ’ ¢t gt gt
The equation (4.23) is equivalent to the following Hamiltonian system:
dg  _ g OH11Dg
(4.26) dt op
) dp _ 9O0H 11D
dt 1 dq

4.8. Family (0,—,2) and Painlevé IV, PIV(FE;)

The family of connection with this data can be written as

d 1 d 1
4.27 Va= ~Ap+ A Ay = — + = A,
( ) i dz * 20 At aA dz * z
¢ 4443 ¢ _gp2 2 _ 0
—q2—£+p q +tq° + ——- —2pq pq +p°— 3
AQ = 2 q )
—q 2+9p
2
L2 +tqg—2p+0 1 0
(e ) =(5 5)
The singular points z 0 00
Katz invariant 0 2
generalized local exponents | £% | £(z22 + Lz + =)

q 1 2 tqg _ foo
B =2B1+ By, B = 2 0 ,Ba = 2J1r4 T pj2 :
0 —1/2 1 “got

TOME 59 (2009), FASCICULE 7



2662 Marius VAN DER PUT & Masa-Hiko SAITO

Painlevé IV, PIV(Eg)

dqg
a P
(4.28) dp 3¢ o 1, 4p* — 65
D 2 P S (P, +4) g+ 2L T
b7 2+q+8(+ +4)q+ %
_ 12¢* + 8t + 12¢% + 400> + 4¢° + 4p? — 02

8q
The system (4.28) is equivalent to the following second order equation.

"2 3 2

3q 1 0

4.29 n_ @), 3¢ tg®> + = (2 + 40 +4) g — 2.
(4.29) q 2q+2+q+8(+ +4)q %

2 3 2 2 2
p° ¢ tg? (P +40+4)q O
4.30 H ) tH=—"—+—F =4+ —
( ) IVE(,(pa% ) ) 2 D) 2 S 8¢

Equation (4.28) is equivalent to the following Hamiltonian system:

dg _anIVEg,
at op
(4.31) & oml,
a 1 0q

4.9. Family (0,—,3/2) and Painlevé II, PIIFN(E;)

PIIFN(E>) stands for the Flaschka-Newell equation [4] which is equiv-
alent to the Painlevé equation PII. A family of connection with this data
is

(4.32)
2 2 2 2
d 1 d 1 p +qz"—05+q 2—2qtz
V4:—+7A0+A1+ZA2:—+7A, A= b a :
= dz oz dz =z z—q —p
pQ—ﬁ 0 g+t 0 1
AO = p q ) Al = 1 0 ) A2 = 0 0
—-q —-p
. (01 (0 2q+t
B := By + zBjq, Bl—(o 0) By (1 0 )
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The singular points z 0 00
Katz invariant 0 3/2
generalized local exponents j:%“ (232 + £21/2)

Painlevé II, PIIFN (E;)

d

A
(4.33) dp (2q3 g 4t — ?) 2 02

— = =2¢° +tq+ 4,

dt q

The system (4.33) is equivalent to the following second order equation.
"2 2
0
4.34 v ) e O
(4.34) q og T H2a— g,
dpNd
Q = u—(11111171\1}57/\Clt with
q
-
(4.35) Hrrpnte, = *74 +¢* +1q.
Equation (4.33) is equivalent to the following Hamiltonian system:
dg _ OHirne,
dt op
(4.36) dp _ OHurye,
dt ¢ Oq ’

4.10. Family (—, —,3) and Painlevé II, PII(E;)

We present the data and the results of the computation.

d d
(437) Vd% = % + AO + ZA1 + Z2A2 = % + A where
A p—q> 2¢°—2pq+tq+ 0 A — 0 2¢>—2p+t
0 — 2 ) 1 — )
—q ¢ —p 1 0
_(1 o _(p+22 = (@+Dt-2(p—¢*)(z+q)z + 0
A2_<O 71>’A_(Z—q —p— 224 ¢? )

B := By + zBq, BOZ<

NN

2 _ 13
q ( P+ 3 B = 1/2 0 .
g 0 —1/2

2
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The singular points z 00

Katz invariant 3

generalized local exponents | (2% + £z + %")

Painlevé 11, PII(E;)

@ = P
(4.38) qt
7% .
T 2¢° +tq + Pt
O +1
(4.39) " =2¢3 +qt + ;

Q=dpANdq—dHrg, Ndt, where

1
(4.40) Hirp, (p.a,t,0) = 5 (=0 + ¢" +t¢* + (0o + 1)9)-
Equation (4.38) is equivalent to the following Hamiltonian system:
dg _ O0Hug,
at op
(4.41) @ _ OH1p,
dt dq

4.11. Family (-, —,5/2) and Painlevé I, PI(FEy)

The family of connection with the data can be written as

The singular points z

roten| 8

Katz invariant

generalized local exponents | £(2%/2 + £21/2)

(4.42) VL:i-f-Ao-FZAl-FZ?AQ:i—FA, where
= dz dz
2
_( p g+t (0 ¢ (0
wi A= (2T am (0 1) am !
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4

—q -p
0 2¢q 0 1
B:=B B By = B = .
0 1+ 251, 0 (10),1 (00)
Painlevé I, PI(Ey)
dgq
— = 2
dt P
(4.44)
dp
— = 3¢+t
dt @t
The system (4.44) is equivalent to the following second order equation.
(4.45) q" =6¢> +2t
(4.46) Q2 = dp Ndg — dHrg, Adt, Higy(p,q,t,0) = —p°+¢°+1q
Equation (4.44) is equivalent to the following Hamiltonian system:
dg _ _OHip,
at op '’
(4.47) dp _ OH /g,
dt dq
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