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Abstract. In the first part of our paper we discuss linear 2nd order differential equations
in the complex domain, especially Heun class equations, that is, the Heun equation and
its confluent cases. The second part of our paper is devoted to Painlevé I-VI equations.
Our philosophy is to treat these families of equations in a unified way. This philosophy
works especially well for Heun class equations. We discuss its classification into 5 supertypes,
subdivided into 10 types (not counting trivial cases). We also introduce in a unified way
deformed Heun class equations, which contain an additional nonlogarithmic singularity.
We show that there is a direct relationship between deformed Heun class equations and all
Painlevé equations. In particular, Painlevé equations can be also divided into 5 supertypes,
and subdivided into 10 types. This relationship is not so easy to describe in a completely
unified way, because the choice of the “time variable” may depend on the type. We describe
unified treatments for several possible “time variables”.
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1 Introduction

There are many types of differential equations and special functions. Typically, within a given
class there is one generic type and many confluent types. This is the case of Riemann (hyper-
geometric) class equations, Heun class equations, as well as Painlevé equations. For instance,
the generic type of Riemann class equations can always be reduced to the Gauss hypergeomet-
ric equation, but there are also confluent types such as Kummer’s confluent equation, the Fj
equation, and the Hermite equation, see, e.g., [2, 3, 17, 24, 25].

One can try to understand the process of confluence by considering equations depending
holomorphically on parameters. Some properties of the whole class can be described in a uniform
way, without splitting the class into types. For instance, one can identify various transformations
(“symmetries”) that leave the class invariant.

In order to study the equations in more detail, one needs to split the class into types. Within
a given type one can simplify the equation by symmetries and convert it to a normal form,
thereby reducing the number of parameters. This has to be done case by case.
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In the case of hypergeometric class equations, this idea was successfully applied in the book
by Nikiforov—Uvarov [18]. It works especially well for hypergeometric polynomials, that is Jacobi,
Laguerre, Bessel and Hermite polynomials, which can be elegantly treated in a unified way.

In this paper, we try to apply this idea to the derivation of Painlevé equations from Heun class
equations by the method of isomonodromic deformation. We will see that each type of Heun
class equation corresponds to a (properly understood) type of Painlevé equation. The passage
from Heun class to Painlevé can be accomplished in a fairly uniform way, although one has
to consider several similar but distinct cases.

We start our paper by Section 2 containing basic theory of singularities of 2nd order scalar
ordinary differential equations. This is a classic subject with several well-known textbooks, such
as [9, 23]. We follow to a large extent the treatment described in the monograph by Slavyanov—
Lay [25] and the appendix to [24], written by Slavyanov. Sometimes we introduce new notation
and terminology to make precise some concepts which in [25] are implicit.

The central concept of the theory of linear differential equations in the complex domain is
the rank of a singularity. In our paper we introduce several kinds of the rank. In particular,
we distinguish between the usual rank and the absolute rank (the infimum over the ranks of all
possible transformed forms of a given equation). The rank can be an integer or a half-integer.
We also introduce the rounded rank, which has always an integer value. Thus if the rank is m
or m — %, where m is an integer, then we say that its rounded rank is m. In particular, the
rounded rank is 1 if the singularity is Fuchsian (also called regular). We believe that all these
concepts clarify the theory of ordinary differential equations. We also discuss formal power series
solutions of these equations (the so-called Thomé solutions). We introduce the concept of indices
of a singular point. This is of course well-known for Fuchsian singularities. For non-Fuchsian
singularities this concept is not so well known, although it is implicit in [25].

In Section 3 we discuss equations with rational coefficients. Such equations have a finite
number of singularities on the Riemann sphere. Following [25], the class of equations with n
singularities in C and a singularity at infinity, and their confluent cases are called M, class
equations. red It is easy to see that these equations can be written as

(0(2)83 + 7(2)0, + n(z))u(z) =0, (1.1)

where o is a polynomial of degree < n, 7 of degree < n — 1 and on of degree < 2n — 2.
We introduce also a closely related grounded M, class, for which one of indices of all finite
singularities is zero — hence the name “grounded”. (In [25] such equations are called canonical.
In our opinion, the word canonical is overused, hence not appropriate for this meaning.) They
can be written as (1.1) with the same conditions on o, 7, and with 7 a polynomial of degree
<n-—2.

The best known classes of equations with rational coefficients are the M, class and the
grounded M5 class. We call M5 the Riemann class, since its generic representative is the Riemann
equation with one singularity at co. The grounded M class is especially often encountered in the
literature. It is the main subject of the textbook by Nikiforov—Uvarov [18], where its elements are
called “hypergeometric type equations”. Note that the difference between the full and grounded
Riemann class is minor — the only type of equations contained in the full Riemann class but
not represented in the grounded Riemann class is the Airy equation.

One of the central objects of our paper is the M3 class, called also the Heun class, for which o
is a polynomial of degree < 3, 7 of degree < 2 and o7 of degree < 4. The main type within the
Heun class is the standard Heun type, that is the equation with 4 Fuchsian singularities in the
Riemann sphere, one of which put at co. It was first analyzed by Heun [8], see also [16] for
a recent study.

In the literature the name Heun class equations is employed in two meanings: the meaning
that we have just described is used in [24, 25]. Tt is also common to use it for what we call the
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grounded Heun class, see, e.g., [5]. The grounded Heun class (not counting types of the Riemann
class) is divided into 5 types: standard, confluent, biconfluent, doubly confluent and triconfluent.
The full Heun class, beside the above five types has five more types, which we call degenerate con-
fluent, degenerate biconfluent, degenerate doubly confluent, doubly degenerate doubly confluent
and degenerate triconfluent. ([25] uses the word “reduced” instead of “degenerate”.)

Sometimes a singularity of an equation does not lead to a singularity of its solutions. We call
such points non-logarithmic singularities. Non-logarithmic singularities play an important role
in the following construction.

Let us start with an equation (1.1). We introduce the deformed form of (1.1) to be the
equation

(a(z)az * <T<z> - Ufl)é’ (=) = 1) = pPo (V) = (V) = o' (V) + Wf?)

x v(z) =0. (1.2)

Note that all finite singularities of (1.2) are the same as in (1.1), except that there is an additional
non-logarithmic singularity with indices 0, 2. \ is the position of this singularity and p = %(A)
If (1.1) is a Heun class equation, then (1.2) is called a deformed Heun class equation [25].

Let us note that non-logarithmic singularities of an equation can be produced by a change
of gauge, that is by replacing the unknown v(z) with ¢o(2)v(2) + c1(2)v(2), where ¢y, ¢1 are
some rational functions. This procedure applied to grounded Heun class equations produces the
so-called derivative Heun class equations, see [5, 10, 26]. Kimura proved in [15] that in deformed
Riemann class equations one can remove all non-logarithmic singularities by a change of gauge.
We do not know if the same is possible for all kinds of deformed Heun class equations.

Painlevé equations is a famous class of nonlinear differential equations with the so called
Painlevé property-the absence of moving essential and branch singularities in its solutions. They
were discovered in the beginning of 20th century [7, 21, 22]. Traditionally, Painlevé equations
are divided into 6 types, called Painlevé I, II, III, IV, V and VI [12]. As noted by Ohyama~—
Okumura [19], it is actually natural to subdivide some of them into smaller types, obtaining
altogether 10 types. Each of them corresponds to one of types of the Heun class equations.
We obtain the following correspondence between types of the Heun class and Painlevé:

(1111) (standard) Heun Painlevé VI
(112)  confluent Heun Painlevé nondegenerate V
(Q%) degenerate confluent Heun Painlevé degenerate V
(22)  doubly confluent Heun Painlevé nondegenerate ITT
(%2) degenerate doubly confluent Heun Painlevé degenerate III’
(23)  doubly degenerate doubly confluent Heun Painlevé doubly degenerate I1I'
(13)  bi-confluent Heun Painlevé IV
(l%) degenerate bi-confluent Heun Painlevé 34
(4) tri-confluent Heun Painlevé 11
(%) degenerate tri-confluent Heun Painlevé 1

Above, the symbols such as (112) indicate the ranks of the singularities in the Heun class
equation. We use underline to indicate the rounded rank: thus

1 3
1 denotes either 1 or 3 (a Fuchsian singularity); 2 denotes either 2 or oL

)

3 denotes either 3 or g; 4 denotes either 4 or g
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Following the literature, instead of Painlevé III we prefer to use an equivalent equation
Painlevé IIT'.

Note that the Painlevé deg-V is equivalent to Painlevé III" and Painlevé 34 is equivalent to
Painlevé II by a relatively complicated change of variables.

As noted by Ohyama—Okumura [19], there also exists another, coarser classification of Pain-
levé equations into five supertypes. It corresponds to a coarser classification of Heun class
equations into supertypes, where we use rounded ranks instead of the usual ranks. We obtain
the following table, which is discussed in detail in Section 5:

(1111) (standard) Heun Painlevé VI
(112)  confluent Heun Painlevé V
(22)  doubly confluent Heun Painlevé IIT
(13)  bi-confluent Heun Painlevé IV-34

(4)  tri-confluent Heun Painlevé II-1

The main topic of our paper, described in Section 4, is a derivation of Painlevé equations
from Heun class equations. The first step of this derivation is a choice of a family of Heun
class equations depending on a parameter denoted ¢ and called the time. Then we consider
then the corresponding deformed Heun class equation, (1.2), which depends on two additional
variables: A, u. The conditions for a constant monodromy lead to a set of nonlinear differential
equation for A, p in terms of t. These equations can be interpreted as Hamilton equations
generated by H (t, A, pt), which we will call Painlevé Hamiltonians.

The most difficult ingredient of the passage from Heun class to Painlevé is the choice of the
time variable and of the so-called compatibility functions a,b, which control the isomonodromic
deformations. The main idea of our paper is to present this passage in a unified way. Our first
attempt in this direction is described in Theorem 4.1. The description of compatibility functions
and the corresponding Hamiltonian contained in this theorem is unified, however it is not very
transparent. Theorem 4.2, which can be viewed as the first part of the main result of this paper,
is more satisfactory. The method of isomodronomic deformation is here divided into two slightly
different ansatzes, called Cases A and B. The main condition on o, 7, n, t for the applicability
of Ansatz A is the existence of a zero of o, so that we can write o(z) = (z — s)p(z), where p is
a polynomial of degree < 2. Under these conditions there exists a function ¢ — m(t) such that

H(t, A, 1) = m(o(\)p® + (T(A) = (A =)' (A + (X)) (1.3)

is a Painlevé Hamiltonian.
Among the conditions on o, 7, 1, t needed for Ansatz B the most important is dego < 2.
Then we can show that there exists ¢t — m(t) such that

H(t A1) = m(a(i® + (1(3) — o' () +n(N) (14)

is a Painlevé Hamiltonian.

It seems impossible to implement Theorem 4.2 in a fully unified way, and one has to subdivide
Cases A and B into several subcases. Case A splits into Subcases Al, Ap, Aq and Case B splits
into Subcases Bp and Bq. We describe these subcases in Theorem 4.3. The main difference
between the subcases is the choice of the time variable t:

In Subcase A1 the variable ¢ is the position of one of Fuchsian singularities.

In Subcases Ap and Bp the variable ¢ is contained in 7.

In Subcases Aq and Bq the variable t is contained in 7.

In the following list we informally describe when we can apply various subcases.

Al. o(t) =0, 0'(t) # 0, deg(z — t)n < 2.
Ap. o(s) =0d'(s) =0, 7(s) # 0, on(s) = (on)'(s) = 0.
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Aq. o(s) = o/(s) = 0, 7(s) = 0, on(s) = 0, (om)/(s) £ 0.
Bp. dego <2, degT =2, degon < 2.
Bq. dego <2, degt <1, degon = 3.

Note that Subcase A1 works in the standard Heun type (1111), leading to Painlevé VI. Hence
it works in under generic conditions. However, it does not works for some confluent types.
For instance, for most degenerate types one needs to use either Subcase Aq or Subcase Bq.
Altogether, Theorem 4.3 works for certain normal forms of all types of Heun class equations.
This allows us to derive all types of Painlevé equations.

The derivation of the Painlevé VI equation from the Heun equation can be traced back to
a paper by Fuchs [6] from the early 20th century (written by the son of Fuchs from whose
name the adjective “Fuchsian” comes). The approach was generalized to other Painlevé equa-
tions by Okamoto [20] and refined by Ohyama—Okumura [19]. A discussion of the relationship
between the biconfluent Heun type and the Painlevé IV equation can be also found in [1].
Thus derivations described in Sections 4.5-4.15 are known. They are in particular described
by Ohyama—Okumura [19], where they were checked case by case. Our approach allows us to
automatize these derivations and view them as implementations of a unified algorithm. In fact,
our paper can be to some extent viewed as an explanation of the principles that underly the
results of [19].

Slavyanov and Lay devote in [25] a whole chapter to the Heun class — Painlevé correspon-
dence. In particular, they stress that Painlevé Hamiltonians can be viewed as “dequantizations”
of the corresponding Heun class equations. In fact, the symbol of Heun class operators, that
is the expression obtained from (1.1) by replacing 0, with p and z with A, is very similar
to (1.3) and (1.4). (The difference is a “lower order term”, which can be interpreted as a result
of an “ordering prescription”.) Nevertheless, to our understanding, [25] contains only a sketch
of a program. The details of this program are quite involved and [25] does not provide its full
description.

Clearly, every 2nd order scalar equation can be rewritten as a system of two 1st order equa-
tions. For instance, we can rewrite (1.1) as

N RN

(or in other ways). In particular, Heun class equations are essentially equivalent to certain
systems of 1st order equations called sometimes Heun connections. This suggests a different
approach to deriving Painlevé equations starting from Heun connections. This alternative ap-
proach was studied, e.g., by Jimbo and Miwa [13, 14]. A recent exposition of this approach can
be found in [11].

Note that in the above references each type of Painlevé equations were treated separately.
Besides, degenerate cases were usually left out. It would be interesting to investigate to what
extent a derivation of all types Painlevé equations from Heun connections can be treated in
a uniform way, in the spirit of Theorems 4.2 and 4.3. Anyway, in this paper we do not consider
this question and we stick to (scalar 2nd order) deformed Heun class equations.

2 Second order linear differential equations
in the complex domain
2.1 Differential equation and operator

Let us recall basic concepts of ordinary 2nd order linear differential equations in the complex
domain with holomorphic coefficients. They have the form (1.1), where o, 7 and 7 are holo-
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morphic functions. We will often describe the equation (1.1) by specifying the corresponding
operator

0(2)83 + 7(2)0, + n(2). (2.1)

Clearly, by multiplying an equation from the left by an arbitrary nonzero holomorphic func-
tion we obtain an equivalent equation. However, we change the corresponding operator. Speak-
ing of operators instead of equations, which we will often do, has two advantages. First it
saves a little space, since we do not need to write the function u. Besides, an operator contains
more information than the corresponding equation, therefore sometimes allows for making more
precise statements.

Divide (1.1) and (2.1) by o(z) and set

- T - 1)
p(z) T O'(Z), Q(Z> T O'(Z).
This leads to the so-called principal form of the equation and the corresponding principal oper-
ator:

(02 + p(2)0: + q(2))u(z) = 0, (2.2)
A= 0% +p(2)0, + q(2). (2.3)
The principal form is often used as the standard form. However, we will often prefer different
forms.
2.2 Singularities of functions

Let p be a function holomorphic on an open subset of the Riemann sphere C U {o0}. Let
zp € CU {oo} be its singularity, so that

oo
p(z) = Z Dok (2 — 20), |z — 20| < for some r >0, if z9€C,
k=—o0
oo
p(z) = Z Poo k2", |z| > R for some R >0, if zy=oo.
k=—o0

We define the degree of the singularity of p at zg by

deg(pu ZO) = _mln{k ‘ pz(),k 7é 0}7 20 € (C7
deg(p, 00) 1= max{k | poo r # 0}, 20 = 00.

(If p is a polynomial, then deg(p, co) = deg(p) is its usual degree.)
Note that if ¢ is a biholomorphic transformation of a neighborhood of zy onto a neighborhood
of ¢(zp), then

deg(pv ZO) = deg (p © ¢_17 d)(ZO))

2.3 Singularities of equations

Consider now the equation (2.2) (in the principal form) with holomorphic coefficients represented
by the operator (2.3), which we denote by A. We say that z is a regular point of A if

deg(pa ZO) < 07 deg(Qa ZO) < 07 Zp € (Ca
2

deg <p - 700) < _27 deg(q7 OO) S _47 20 = O0.
z

Otherwise we say that it is a singular point of A.
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We say that the singular point zg is reqular or Fuchsian if
deg(p, z0) < 1, deg(q, z0) < 2, 20 € C,
deg(p, o) < —1, deg(q, 00) < =2, 20 = 0.
It is standard to introduce two indices of a Fuchsian singular point:
the roots of A(A—1) +ps 1A+ qs,—2 are called indices of zp € C, (2.4)
the roots of A(A+1) — poo,—1A + ¢oo,—2 are called indices of zp = . (2.5)

The rank of A at zy is defined as follows. If 2y is a regular point, we set rk(A, zp) = 0. The
case of rank equal to % is somewhat special:

1

1
rk(A4, z9) := if  deg (p -

2
1
rk(A, o0) 1= 5

If rk(A, z0) # 0, %, then we set

1
I‘k(A, ZO) = max { deg(p, ZO)a 5 deg(Qa Zo), 1}7 Zp € (C7

1
rk(A, 0o) := max { deg(p, ) + 2, 3 deg(q, o0) + 2, 1}, 29 = 0.

The rank and indices of a singularity are invariants of biholomorphic transformations. For
instance, this is the case of homographies, that is w = gzzis, or z = _dg’ujfa, where ad — bc = 1.
We obtain

02 4+ p(2)0. + q(2) = (—cw + a)'0?,
- (QC(cw +a)+ p(dw_b> (—cw+ a)2> dw + q (dw_b> .(2.6)

—cw+a —cw+ a

In order to obtain the principal form we need to divide (2.3) by (—cw + a)*.

Note that the rank is always an integer or a half-integer. A singularity of rank m — % with
m € {1,2,...} can be often treated as a degeneration of a singularity of rank m. This motivates
us to introduce the rounded rank, denoted [rk]:

rk(A4, zp), if rk(A,z)€{0,1,2,...},
rk(A, z0) + 3, if rk(4,20) € {5,5,5,... }.

Equivalently,

K104, 20) = | ma { deglp. 0. g deg(az0) 0}, e,

k] (A, 00) 1= {max { deg(p, o0) + 2. %deg(q, 50) + 2, oH L =

Here [-] is the ceiling function, that is

[z] :=inf{n € Z | v < n}.

The singularity zo is Fuchsian if its rank is 1 or 1. Thus zy is a Fuchsian singularity iff its

rounded rank is 1. ’

According to our definition, a Fuchsian singularity has rank % if its indices are 0, % The
splitting of the Fuchsian case into two subcases, the rank % and 1, is quite useful, even if its
definition is not obvious. Nevertheless, in our paper we will not make much use of this splitting
and both will be usually treated as one case, denoted 1.
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2.4 Sandwiching with functions

The family of equations (2.2) is preserved by several kinds of transformations of the form

e "(2) (aer p(2)0,+ q(z))eT(z) = 8§+ (p(z)+ 2r'(z))8z+ q(2)+ p(2)r' (2)+ T'(z)2+ r(2)
=: 02 + p(2)0, + 4(z) = A. (2.7)

Sandwiching with powers. For r(z) = klog(z)

(z—20)" (83 +p(2)0; + q(z)) (z—20)" = 83 + (p(z) +2k(z — zo)_l)ﬁz +q(2)
+p(2)k(z — 20) "L+ (K% = K) (2 — 20) 2 (2.8)
If zp € CU{o0} is a singularity of (2.2) and rk(zp) > 1, then the transformation (2.8) preserves
its rank. If 2z is a Fuchsian singularity, then after the transformation it is also Fuchsian.

If p1, p2 are the indices of (2.2) at zg € C, then p; + K, p2 + k are the indices of (2.8) at z.
The same is true for oo, except that the indices of (2.8) at co are p; — K, p2 — K.

Sandwiching with exponentials. Let £k =2,3,.... We have
R(z = 20)FN o K(z — z9) FH!
exp < - (07 + p(2)0; + q(2)) exp 1
= 92+ (p(2) + 26(2 — 20) F) 0. + q(2) + p(2)K(z — 20)~
+ K2 (2 — 29) "2 — kk(z — 20)7F L (2.9)

k

Hence this transformation preserves rk(zg) if it is > k, and preserves or decreases rk(zp) if
it is = k. The transformation does not change the coefficients p., 1, ¢.y,—1, ¢zy,—2. Therefore,
it also does not change the indices of zg.

The same is true for oo under the transformation

ookt jor kit
exp (— E 1 > (8? +p(2)0, + q(z)) exp (k' 1 >

=02+ (p(z) + 2627) 0, + q(2) + p(2)k2* + K22 + Kk (2.10)

More generally, we have transformations of the form (2.7), where

-1
r@) = Y. - 20)F +wlog(z — 20), (2.11)
k=—m+1
0
so that 7/(z) = Z wi(z — zo)kfl if zpeC;

k=—m-+1
m—1 w
k _k
- _ ZEok _ nl 1
r(z) Z 2 T wo og(z), (2.12)
k=1
m—1
so that 1'(z) = — w21 if zp=o0.
k=0

We define the absolute rank of A at zg as
Rk(A, zp) := inf {rk([l, zg)},

where A are all possible transforms of A of the form (2.7) with r as in (2.11) or (2.12).
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2.5 Half-integer rank

In this subsection we discuss singular points with a half-integer rank. They are in a sense
exceptional and have special properties.

Suppose that the equation (2.2) has a singular point at zp and rk(A, zp) = m + %, where
m=20,1,.... It is easy to see that this implies

Rk(A, zp) = rk(A4, 2p).
Without loss of generality we can assume that the singularity is at 0. This is equivalent to
deg(p,0) < m, deg(q,0) =2m + 1, m > 1,
deg (p—;Z,O) <0, deg(q,0) <1, m = 0.
Let us make the substitution
z=1y?, Y=z (2.13)
Using 0, = %By we transform (2.3) into

1., 1

2
ply
120 T 30 T : )3y+q(y2)- (2.14)

2y

Multiplying (2.14) by 4y? we obtain an equation in the principal form

1
65 + 2y <p(y2) — 2y2>8y + 4y2q(y2). (2.15)

Now

1
deg <2y (p(yz) — 2y2>,0) <2m -1,
deg (44%q(y®),0) =22m+1) —2=4m,  m>1,
deg (4y2q(y2),0) <0, m = 0.

Thus the rank of (2.15) at zero is 2m.

Thus we have shown that by a quadratic substitution we can reduce a singularity of a half-
integer rank to a singularity of integer rank. The resulting equation (2.15) is in addition invariant
with respect to the substitution y — —y and the rank of the singularity is even.

Note that our definition of rank % has been chosen so that the above quadratic reduction
works for all half-integer ranks.

2.6 Simplifying the equation

Suppose that the equation (2.2) has a singular point at zg. Obviously, we have 3 exclusive
possibilities:

(0) Rk(A,zy) < 1;

(1) Rk(A, zp) is an integer and > 2;

(2) Rk(A, z9) is a half-integer and > 3.

We would like to simplify the equation around this singularity by sandwiching with e", where r
is given by (2.11) or (2.12). The transformed operator will be, as usual, denoted A. We will see
that the simplification will be quite different depending on Case (1) and (2). (Case (0) is simple
enough, therefore we do not discuss it in the following proposition).
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Proposition 2.1.
(1) If Rk(A, zp) is an integer and > 2, then there exist exactly two transformations such that

Rk(A, z9) = rk(A, z9) = deg(p, z0) > deg(§, o), 29 € C,
Rk(A, 00) = rk(4, 00) = deg(p, 00) + 2 > deg(§, o0) + 4, 20 = 00. (2.16)

(2) If Rk(A, zp) is a half-integer and > %, then there exists a unique transformation such that

= 1
deg(p,z0) <0 and Rk(A,zy) =rk(A,z2) = §deg((j, 20), z0€C,

deg(p,00) < =2 and Rk(A4,00) =rk(A, o) = %deg((j, 00)+2, zpg=o00. (2.17)

Proof. Without loss of generality we can assume that the singularity is at 0. We will use the
identity

00 min(—1,n+m) min(—1,n+m)
q(z) = Z Zn( Z Wh1Wn—kt1 + (1 + L)wpyo + Z Wkt 1Pn—k + qn> . (2.18)

n=-—2m k=max(—m,n+1) k=—m

We will apply one of the following three transformations, denoted I, IT and III.
Transformation I. Suppose that the rank of the initial equation is m — %, m=2,3,.... Then
deg(q,0) =2m — 1 and

oo
plz)= > pi.
Jj=—m+1
We choose 7(z) such that
1 < .
r'(z) = ~3 Z Pz
j=—m+1

Then deg(p,0) < 0 and deg(q,0) = deg(g,0). The transformed equation satisfies (2.17).
For transformations II and III we suppose that the rank of the initial equationism = 2,3, ....
Transformation II. Assume that

p2—m 7é 4q72m-
Let w_,,41 be one of two solutions of
0= wzmH + Wom+1P—m + 4—2m- (219)

Then ¢_2, = 0. Equating ¢4 = 0 for j = —m + 1,...,—1 we obtain from (2.18) the
recurrence relations

0= wj+1(2w—m+1 +p—m)

Jj—1 Jj—1
+ Z W1 Wt j—kt1 + (—m 4§ + Dw_ppjra + Z Wh1P—m+j—k T G—m+j-
k=—m-+1 k=—m

Using

2W_ g1 +Pom = p2—m —4q-2m ?é 0

we can solve the recurrence relations. The transformed equation satisfies (2.16).
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Transformation III. If

pZ—m = 4q-9m,
pomz_ ™!
2(—m+1)
m — 1 and deg(g,0) < 2m — 1. Thus after the transformation rk(O, fl) <m-— % If the resulting
rank is half-integer, then we apply I and stop. If the resulting rank is an integer, we apply 11
and stop, or III and we iterate.

We have thus two possibilities:

then we sandwich with e”, where r(z) = . The transformed operator A has deg(p, 0) <

Case (1) First a finite number of III, and then II. At the end we obtain equation satisfying (2.16).
Steps III are uniquely determined and II has two possibilities.

Case (2) First a finite number of III, and then I obtaining (2.17). All steps are uniquely deter-
mined. |

We will say that the operator A has a grounded form at zy if deg(p, zo) > deg(q, z0). If 2o is
Fuchsian, then this is equivalent to one of the indices being 0.

It follows from Proposition 2.1 that if Rk(A, zp) is an integer or %, then the equation can be
brought to a grounded form at zg.

2.7 Solutions in terms of formal power series

We consider the equation (2.2) and try to solve it in terms of a nontrivial, not necessarily
convergent power series

o0
S gt
k=0

As we will see, this is not always possible.
Proposition 2.2. Set m := deg(p,0) and [ := deg(q,0).

1. If m <0 and 1 <0, then for any vg, v1 there exists a power series solution.

2. If m <1 andl < 2, then there are no power series solutions unless for some n =1,2,...
we have

n(n—1)+np_1 +q_2=0. (2.20)

3. If m > 2 and l < m, then for any vy there is a unique power series solution.

4. If m > 2 and l = m—+1, then there is no power series solution unless for somen =1,2,...
P—mn + q-—m-1=0.

5. If m > 1 and | > m + 2, then there are no power series solutions.
Proof. By equating the terms at z" to zero in
o0 (o) oo
(83 + Z P20, + Z quj> kazk =0
j=—m j=—1 k=0
we obtain the following equations:

n+14+m n+l

(n+2)(n+ 1)vpgo + Z DPnt1—kkvr + Z Gr—pV% = 0, n € 7.
k=1 k=0
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Let us prove (5). For j:=n+1=0,...,l —m — 1 we obtain the equations

0=qvi—m-1+- "+ qg-m-1v0.

Thus 0 =vg = =v_sm_1.

If 5 > [ — m, there are additional terms coming from the 1st order derivative. vy with the
highest k£ contained in such a term has k = m — [ + j + 1. But because of | > m + 2 we have
k < j — 1. Thus v = 0 by one of previous recursion steps.

If j > [, there is an additional term coming from the 2nd order derivative, involving vy with
k=—-l+j+2 Butl > 3implies k < j — 1. Again, this vy = 0 by one of previous recursion
steps.

Let us prove (4). We have recursion relations

0= qg—1vo,
0 = (p—i41 + q-1)v1 + q—14170,

0= (jp_i41+q-)vj+---,

where dots denote terms depending on v;_1,...,vo. If (2.20) has no solutions, then we can solve
the recurrence obtaining 0 = vg=v; =---.
Let us prove (3). We have the recursion relations

0 = p_mv1 + g0,

0 = p—m2v2 + p—m+101 + ¢—mV1 + ¢—m+10, (2.21)
0= JP—m7Uyj + )
where - - involve vy, ...,vj—1. If m = 2, there is an additional term 2vg in (2.21). Note that

p—m # 0. Hence, for any vy we can solve the recurrence obtaining vy, vs,. ...

(2) follows immediately from the well-known theory of solutions around a Fuchsian singular
point.

(1) is the well-known fact about the Cauchy problem in the regular case. n

2.8 Thomé solutions

By the so-called Frobenius method, if zg is a Fuchsian singularity and p1, p2 are its indices such
that p1 — p2 € Z, then solutions of the equation (2.2) are spanned by two convergent power
series indexed by ¢ = 1,2 with v; o # 0:

o
Z%‘(Z — 20) ", 2 € C,
=0

0
g v; 20 P 20 = 00.

j=—00
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If p1 — p2 € Z this is not always true. One can then assume that p; — p2 > 0. There exists one
solution as above with ¢ = 1 and the second has the form

oo [o.¢]
D vai(z—20)7 +logz Y oz —20)" M, 2 €C,

Jj=0 J=0

0 0

Z ve,;2 P2 4 log 2 Z vy ;2P 2y = 00.
j=—00 j=—o0

If the singular point is not Fuchsian, then we can also look for solutions in a similar form,
however the resulting power series are usually no longer convergent. One obtains the so-called
Thomé solutions. Note that in some way the situation is simpler, because we do not have the
logarithmic case. On the other hand, half-integer ranks need to be treated separately and lead
to power series in /z.

Proposition 2.3. Let zy be a singular point of A with vk(A,zy) = n. Then there exist two
formal solutions of A, indexed by i =1,2.

1. If Rk(A, zp) is an integer > 2, they have the form

-1
o 3 == i”i (2= )"0t meC,
k, ) 5]

k=—n+1 =0
nflzk 0
exp | =) % Wik > w0 2 = oo,
k=1 J=—0o%

2. Let Rk(A, z9) be a half integer > % The two formal solutions have the form

k o0
!/ Z— 20 / ) .
o 5 E ) St e

[N

k=—n+1 7=0
n_ll Zk 0 !/ .
exp <— wi’k> Z v g2 W0t z0 = 00.
k=1 Jj=—00

Here Y denotes the sum where the index k within its range runs over both integers and
half-integers. We have

wo i = (—1)%wy , vo s = (—1)* vy . (2.22)

Proof. For simplicity, assume that zy = 0.

Suppose that Rk(A, 0) is an integer > 2. By Proposition 2.1(1) we can transform the equation
to a grounded form in two distinct ways. By Proposition 2.2(3), the grounded form has a solution
in terms of the power series.

If Rk(A,0) = m + % is a half-integer > %, first we reduce the equation to the form with
a half-integer rank, see Proposition 2.1(2). Then we apply the quadratic transformation, as
described in Section 2.5. We obtain an even equation in /z of the rank 2m, with p_g,, = 0 and

G—am # 0. We already know that it has a solution of the form described in 1:

-1 k o9 ~ )
exp( > (\//j) wi,k> > o (vz) et (2.23)

k=—2m+1 §=0
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Using 2m > 2 and (2.19) we obtain

U~)72m+1 =V —qf4m 7& 0. (2.24)

Clearly, (2.23) with /2 replaced by —4/z is also a solution. By (2.24) both solutions are not
proportional to one another. This proves (2.3). |

Note that Proposition 2.3 is also true in the Fuchsian case, except that for Rk(A, zp) = 1,
one has to make an obvious modification in the logarithmic case, and for Rk(4, 29) = 3 (2.3)
does not have to be true.

In the Fuchsian case w;g, i@ = 1,2, coincide with the indices of zp. In what follows, the
numbers w; o, ¢ = 1,2, will be called indices of zp in the general case as well. We also introduce
the alternative notation

Pzoi = U)Z'7(), 1= 1, 2. (225)

Proposition 2.4. Let zy be a singularity of A.

1. We have
Pzl + P2 = —Dz—1 + RK(A, 20), 20 €C, (2.26)
Poo,1 + Poo,2 = Doo,—1 — 2 + Rk(A4, 00), 20 = 00. (2.27)

2. If Rk(A,z) € {3,3,...}, then

pzo,l == ,020,2 == (_pzo,—l + Rk(Aa ZO)); 20 € Ca

Poo,l = Poo,2 = (poo,—l — 2+ Rk(A4, OO)), Zp = 00.

N = N

3. If zg € C is grounded, then
{pzo,lv pzo,Q} = {07 —Pzy,—1 + Rk(A, ZO)}-

Proof. (1) Without loss of generality we can assume that zp = 0. When we apply sandwich-
ing with e”, where r(z) has the form (2.11), then p_; and p; are transformed into p_; — 2wy
and p; + wg. This does not affect the identity (2.26).

Assume first that Rk(A4,0) is an integer. Then by a sandwiching transformation we can
reduce the equation to a grounded form at 0. The first m recurrence relations of (2.18) read
then

n+m

0= Z wk—‘rl(wn—k—l—l + pn—k)v n=-=2m,...,—m—2,
k=—m
—1

0= Z Wi 1 (W + Pom—1-k) — MW_p 1.

k=—m
Apart from the solution wgy1 =0, k = —m, ..., —1, this is solved by
W41 ‘= — Pk, k= _m7"'7_27
wp = —p_1 +m.

Thus {p1, p2} ={0,—p_1 +m}. Hence (2.26) is satisfied.
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Assume next that Rk(A,0) is a half integer equal m + % After an appropriate sandwiching
transformation we can assume that Rk(A,0) = rk(A,0). Then we can apply the quadratic
transformation (2.13) obtaining an equation

A=0924p(y)dy +qly).

Let p;, i = 1,2 be the indices of A at zero. Now rk(fl, O) = 2m, which is an integer. Hence we
can apply the formula (2.26)

p1+ p2 = —p-1+2m.

But the indices of A at 0 are p; = &, i =1,2 and p_; = 2p_; — 1. Hence

1, _ - 1 1
p1+p2 = 5(/01 + p2) = 5(—2]?—1 +14+2m)=—-p_1+m+ 3

This ends the proof (2.26).
To prove (2.27) we apply the transformation w = 1. We note that Rk(A, c0) is transformed
to Rk(A,0) and po ; are transformed to po i, ¢ = 1, 2. Besides, poo, —1 is transformed to —pg —1+2.
(1) and (2.3) imply (2).
(1) and (2.2) of Proposition 2.2 imply (3). [

2.9 Nonlogarithmic singularities

Let zp be a singular point of the equation (2.2). We say that zg is nonlogarithmic or apparent iff
all solutions of the equation are meromorphic around this singularity. If 2y is a nonlogarithmic
Fuchsian singular point, then both its indices are integers.

The following proposition shows how to deform a given equation so that one obtains an addi-
tional nonlogarithmic singularity with indices 0,2. This deformation depends on two parame-
ters A, u: the additional singularity is located at A, and solutions of the deformed equation
satisfy pv(A) = o/(N\). Tt will play the central role in the derivation of Painlevé equations from
Heun class equations in Section 4.

Proposition 2.5. Let o, 7, n be analytic at X and o(\) # 0. Let p € C. Then all solution of
the equation given by

(2092 + (7(:) = T )0 4 0(e) = 1) = ) = u(r ) - ) + 27z

are analytic at X\. Thus the equation given by (2.28) has a nonlogarithmic singularity at z = \.
The singularity is Fuchsian with indices 0, 2.

Proof. We look for a solution analytic around A:

v(z) = Zvn(z - )"
n=0

We obtain

(—=o(A\)v1 + po(N)wvo) (z — N0+ (c(N)2v2 + (T(A) = o' (A))v1 — a(A) 202 — (uT(N)
— po’ (N) + pPa(N)vo + po (o) (2 = A)*

+3 (e =2+ ) (z = Nt =0
n=3

We have o(\) # 0. Hence the first line implies v1 = pwvg. Then the second line is identically
zero, and vy is left unspecified. The next terms yield recurrence relations for v,, n =3,.... W
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3 Equations with rational coefficients

3.1 The M, class and the grounded M, class

Consider an equation given by the operator

A= 0%+ p(2)0. + q(2), (3.1)
where p(z), ¢(z) are rational functions.
If z1,...,2 € CU{oco} are its singularities and their ranks are my, ..., mg, then we will say

that the equation (3.1) is of type (mima---my)

Often we will need a more precise description of (3.1), which gives information what is the
rank of the singularity at co. We will then put it at the end of the sequence, so that z; = oo,
and precede it with a semicolon. We will write that (3.1) is of type (mima---mg_1;moso).

By writing m; instead of m; we will mean the rounded rank. We will use it especially often
for 1. Thus 1 means a Fuchsian singularity (1 or %)

Every equation having no more than n+ 1 singular points in the Riemann sphere, all of them
Fuchsian and at most n finite, is given by an operator of the form

n

n n n
2130 a; 3 b 3 ¢j ith S by =
8z+ Z—Zaz+ Y + m Wlth b] —0, (32)
j=1 J j=1 J j=1 J j=1

where z1,..., 2, are distinct points in C. The family of equations (3.2) will be called the M,
type. The corresponding symbol is ( 1---1 ;l).

n—1 times
Each finite singularity has at least one index equal 0 if and only if ¢y = -+ = ¢,—1 = 0. Thus
such equations are given by operators
0> J J i i =0. .
Z+ZZ_ZOZ+ZZ_Z with ij 0 (3.3)
j=1 J j=1 J j=1

The family of equations given by (3.3) will be called the grounded M, type.

Proposition 3.1. By sandwiching with powers, as in (2.8), we can always transform an M,
type equation into a grounded M, type equation.

We say that a differential equation belongs to the M, class if it is given by

s ), £)
e RTE

where o, 7, £ are polynomials satisfying

o #0, dego <mn, degT <n-—1, deg& < 2n — 2. (3.5)

We will often use the shorthand

where 1 does not have to be a polynomial.
We say that a differential equation belongs to the grounded M, class if it is given by

02 + maz + n(z) (3.6)

a(2) o(z)’
where o, 7, n are polynomials satisfying
o #0, dego < n, degt <n—1, degn <n—2.

The name “the M, class” is borrowed from Lay—Slavyanov [25].
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Proposition 3.2.

1. The M, type is contained in the M, class. An equation of the M, class is of the M, type
iff o possesses n distinct roots.

2. The grounded M, type is contained in the grounded M, class. An equation of the grounded
M, class is of the grounded M, type iff o possesses n distinct roots.

Proof. Let us prove (1). Consider (3.2). Set
o(z):=(z—21) (2 — 2zpn).

Then clearly o is a nonzero polynomial with n distinct roots. We easily see that (3.2) can be
rewritten as (3.4) with (3.5) satisfied.

Conversely, consider (3.4) such that o has n distinct roots, namely, z1,..., 2z,. Then we can
;8 and U((ZZ))Q into simple fractions, obtaining (3.2).

The proof of (2) is analogous. [

decompose

Proposition 3.3. Let (z1,...,2;) be the singularities of an equation A of the M, class. Then
[tk](A, z1) + -+ [rk](A4, zx) <n+1.
Proof. Without loss of generality we can assume that z1,...,2x_1 € C and 2z = oo. Let

mi mEg—1

o(z)=(z—2z1)™ (2 — 2-1)

with distinct z;’s. Then zi,...,2;_1 are the finite singular points. Clearly, [rk](4,z) < m;.
Therefore,

[tk](A, 2z1) + - + [tk (A4, zx—1) < dego. (3.7)

Now
1
[tk](A, 00) = [max<deg7—deg0+2,2(deg§—2dega)+2>—‘
1
< [max <n—1—dega+2,2(2n—2—2deg0)+2)—‘ =n+1—dego. (3.8)

Then we sum (3.7) and (3.8). [

We will often represent M,, class equations by operators obtained by multiplying (3.4) or (3.6)
from the right by o(z):

0(2)0% + 7(2)0. +n(2). (3.9)

Obviously, M, class equations and operators are defined by coefficients of the polynomials o,
7, &. Therefore, they form a complex manifold parameterized by

(C™\{0}) x C3¥3, (3.10)

The condition saying that o has n distinct roots defines an open dense subset in (3.10). Thus
the M, type is an open dense subset of the M, class. Hence the M,, class consists of the M,
type and its limiting points in the topology of (3.10). These limiting points are traditionally
called confluent cases.

Similarly, grounded M, class equations and operators are defined by o, 7, . Therefore, they
form a complex manifold parameterized by

(C™\{0}) x C*"3.

Clearly, the grounded M,, type is an open dense subset of the grounded M,, class. One can say
that the grounded M,, class consists of the grounded M,, type and its confluent cases.
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3.2 Generalized Fuchs relation

Recall that for any singular point zp of an equation A we defined its two indices p.,,1 and p., 2.
For Fuchsian singularities they were defined in (2.4), (2.5) and for non-Fuchsian singularities
in (2.25). If all singularities are regular then the well-known Fuchs relation says that the sum of
all indices equals the number of singularities minus 2. In the following proposition we describe
its generalization which is valid if some of the singularities are non-Fuchsian.

Proposition 3.4. Let z1, ...,z be the singular points of an equation A. Then
k

J

k
(pZ]',l + ij,Q) - ZR’k(A7 z]) - 2 (311)
1 j=1

Proof. Without loss of generality we can assume that z; = co. We have

Pzl T Pz 2 = —Dzj—1+ Rk(A, Zj), j=1...,k—1, (312)
Poo,1 + Poo,2 = Poo,—1 — 2+ Rk(A7 00)7 (313)

k—1
Poo,—1 = szj,—la
7j=1

where (3.12) and (3.13) follows from Proposition 2.4. Summing up the above three relations we
obtain (3.11). [

3.3 Riemann class equations

The simplest nontrivial M, class is the M class. We call it the Riemann class since it consists
of the Riemann equation with one singularity at oo and its confluent cases. Thus Riemann class
operators have the form (3.4), where

o #0, dego < 2, degm <1, deg& < 2.
The grounded Riemann class operators has the form (3.6), where
o #0, dego < 2, degt <1, n is a number.

Note that grounded Riemann class equations appear in the literature very often. They are
often called hypergeometric type equations, see [2, 4, 18].

It is well known that by a division by a constant, transformations z — az 4 b, sandwiching
with powers and exponentials all Riemann class operators can be transformed into one of the
following types:

the o F} operator (11;1) 2(1—2)02 + (c—(a+b+1)2)9. —ab
the o Fy operator (2;1) 2202 + (—1 +(a+b+ l)z)az + ab
the 1 Fy operator (1;2) 202+ (c—2)0, —a

the oF operator (L; %) 202 +c0, — 1

the Hermite operator ;63) 09?220, —2a

the Airy operator G3) 02+=z

the Euler II operator (1;1) 2202 + c20,

the Euler I operator (11 202 + ¢,

the 1d Helmholtz operator ~ (;2) 92 +1
1)

the 1d Laplace operator 0?
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Let us make some remarks.

The Euler IT and Euler I operators yield the same equations.
The last four equations from the table can be solved in elementary functions.

In this table, only the Airy equation cannot be brought to the grounded form.

W=

When we take into account the transformation z — 27!, then the types (2;1) and (1;2)
are equivalent.

5. There are more relations between various types when we consider more complicated trans-
formations.

3.4 Heun class equations

M3 type equations were studied by Heun in [8]. Therefore, it is natural to call the M3 type the
Heun type. Consequently, the M3 class will be called the Heun class. The grounded Ms class
will be called the grounded Heun class.

Our terminology is consistent with [24, 25]. However, in some publications the name Heun
class is used to denote what we call the grounded Heun class, see, e.g., [5].

We will represent Heun class equations by Heun class operators. More precisely, we will say
that

0(2)0Z + 7(2)0: +1(2) (3.14)

is a Heun class operator if n(z) = % and o, 7, £ are polynomials such that

o #0, dego < 3, degt < 2, deg¢ < 4. (3.15)
(3.14) is a grounded Heun class operator if o, T, n are polynomials such that
o #0, dego < 3, degtm < 2, degn < 1.

If in addition o has 3 distinct roots, then (3.14) is a (grounded) Heun type operator.

Clearly, the Heun class and the grounded Heun class are preserved by transformations z —
az +b.

The Heun class is also preserved by sandwiching with powers and exponentials, see (2.8), (2.9)
and (2.10).

Heun class operators are invariant with respect to swapping a finite singularity with the
infinity. More precisely, Heun class operators of the form (3.14) after the transformations

w = (z — z9) !, where z is one of finite singular points

remain in the Heun class. Indeed, without loss of generality, we can suppose that zg = 0. Thus

o(0) = 0, so that o(z) = 2p(2), where p is a polynomial with degp < 2. Substitute w = 271,

which transforms (3.14) into
ol )R+ (2p(u) = () + ). (3.16)

It is easy to see that

o(w) = w3p(w_1), (3.17a)
T(w) := w? (2p(w71) — T(wfl)), (3.17b)
i(w) == n(w™") (3.17¢)

still satisfy the condition (3.15).
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Note that we do not need to put any prefactor in (3.16). Remarkably, the analogous property
does not hold for the M,, classes with n # 3: for them after swapping a finite singularity with co
an additional prefactor is needed.

Swapping a finite singularity with oo is possible also if we want to stay within the grounded
Heun class, except that the transformation w = (2 — z9) ! needs to be followed by sandwiching
with a power, that is a transformation (2.8). Indeed, assume (3.9) is a grounded Heun class
operator and zy = 0 is a singularity. Let « satisfy the generalized indicial equation at z = oo:

/! "

P _T _

5 ala+1) 5 +7 =0.
Then

w*(6(w)0% + 7(w)dy + F(w))w® = &(w)dy + 71 (w)dy + i1 (w), (3.18)
where

71 (w) = 2(a + 1)w2p(w_1) —wr(w™),
i (w) := wa((a + 1)p(0) — 7(0)) + a((a + 1)/ (0) — 7'(0)) + n(0).

Clearly, (3.18) is a grounded Heun class operator.

3.5 Deformed Heun class equations

Consider o, 7, n satisfying the conditions (3.15), so that (3.14) is a Heun class operator. Let
A, i € C. The corresponding deformed Heun class operator is defined as

0(2)02 + <T(z) - Z"(_ZD 9. +n(2) —n(\) — oV = (r(A) — o' (V) + Z(f);‘. (3.19)

By Proposition 2.5, the equation defined by (3.19) has a nonlogarithmic singularity at z = A
with indices 0, 2. All the remaining finite singularities have the same type (the rank, the indices),
as for the original Heun class operator (3.14).

Thus to every Heun class operator (3.14) there corresponds a family of deformed Heun class
operators (3.19) depending on two new parameters: A and u. Note that one of the parameters
of n in the original operator (2.28) is lost — (3.19) does not depend on the free (zeroth order)
term of 7.

The family of deformed Heun class operators is preserved by the same transformations as the
family of Heun class operators. Clearly, it is preserved by z + az + b, division by a constant
and sandwiching with powers and exponentials, as described in (2.8), (2.9) and (2.10).

It is also invariant with respect to swapping the singularity at oo with finite singularities.
Thus assume that o(z) = zp(z). Then substitution w = z~! transforms (3.19) into

& (w)o2 + <%(w) — w&_(“;)l>aw +7i(w) — (A7) — (A7) p?
(At
s 2
where
o(w) == w3p(w_1), (3.20a)
7(w) = w? 3p(w71) — T(w 1)), (3.20b)
i(w) = n(w™), (3.20¢)
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Transformation w = z~! transforms a deformed Heun class operator satisfying o(0) = 0 into
another deformed Heun class operator satisfying (0) = 0, similarly as for undeformed Heun
class operators. Note however a subtle difference between (3.17b) and (3.20b).

The following proposition describes mapping properties of the above described transformation
in more detail:

Proposition 3.5.

1.

2. 0'(0)

3. /(0) =0 and 7(0) =0 < degd < 2 and deg 7 < 1.
4. o'(0)

3.6 Classification of Heun class equations

In this subsection we discuss two classifications of Heun class equations and operators.

The first is based on the rank of singularities. We classify half-integer and integer ranks
separately, except for the rank 1, where we use, as usual, the rounded rank. Not counting the
types reducible to the Riemann class, which are treated as “trivial”, it partitions the Heun class
into ten types.

There exists also a coarser classification, which uses rounded singularity ranks. It groups the
ten nontrivial types of the Heun class into five supertypes.

In the following list we give both classifications of the Heun class:

(standard) Heun or (1111).

confluent Heun or (112).

— non-degenerate confluent Heun or (112).
— degenerate confluent Heun or (Q%)

doubly confluent Heun or (22).

— non-degenerate doubly confluent Heun or (22).
3

— degenerate doubly confluent Heun or (52).

— doubly degenerate doubly confluent Heun or (%%)
biconfluent Heun or (Q)

— non-degenerate biconfluent Heun or (13).

— degenerate biconfluent Heun (l%)

triconfluent Heun (4).

— non-degenerate triconfluent Heun (4).

— degenerate triconfluent Heun (%)

In the above list we use names similar to those proposed by [25].

Some of the types in this list have two distinct varieties, which are equivalent by swapping
a finite singularity with infinity. The variety where the higher rank singularity is put at oo
is sometimes called the natural. For instance, (112) has the natural variety (11;2) and the
alternative variety (21;1).

For some varieties we give more than one normal form — they are labelled a) and b).

In the following theorem we describe normal forms of various types of Heun class operators.
Note that there is some arbitrariness in the choice of a normal form. We allow the following
transformations: z + az 4+ b, division by a constant, sandwiching with powers and exponentials.
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Theorem 3.6. Fach Heun class operator can be transformed into a Riemann class operator or
one of the following normal forms:

type o(2) 7(2) n(z)
biz+b
111;1 —1)(z - 2 @) biz + bo 1
( 57) Z(Z )(Z t) a2z” + a1z + ag b) b0+b_12 1 t7é07
b1z 4+ b
11; ~1 2 @) bz + bo
(11;2) z(z ) axz” + a1z + ag b) bo -+ b_12 1 az #0
b b
(21;1) 22(z—1) a2z’ + a1z + ag Z)) b;i_;_?z ) ag £ 0
(Q,%) z(z—1) a1z + ag biz +bo b1 #0
(%l; l) 22(z—1) asz® + a1z bo+b_1271t b1 #0
. 2 2 a) b1z + by _
(2;2) z asz* + a1z + ag b) by + b1z as #£0, a9 =¢
(%;2) 22 as2® + a1z bo+b_1271t b_1#0,a3=c
(2; %) 22 a1z + ag b1z 4+ bo b1 #0, a9 =c
(%,%) 22 0 b1Z—|—b0+b_1Z_1 b1 #0,by=c
(1; %) 22 airz b1z by =c
(3:1) 22 a2 boyz! by =c
(1;3) z as2® + a1z + ag a) b1z + bo as = c¢
= b) b() =+ b,lz’l
b1z 4+ b
1 3 2 a) by 0 -
3;1) z asz® + a1z + ag b) bo + byo! ag =c¢
(l7 %) z ap b222 + blz + bo b2 =cC
(%;l) 23 a92? bo4+b_127 1 4+b_9272 b_g=c
(;4) 1 as2? + ag biz +bo as =c
GZ) 1 0 bsz® + b1z + bo by =c

In the above table ¢ denotes an arbitrary nonzero constant.

Proof. If o has 3 distinct roots, it can be transformed to z(z—1)(z—t), t # 0,1. By sandwiching
with powers at each finite singularity we can make one of indices 0. Then 1 becomes a polynomial
and degn < 1. We obtain the normal form of (111;1).

Let o have degree 2 and 2 distinct roots. It can be transformed to z(z — 1). At each finite
singularity we can make one of indices 0. Then 7 becomes a polynomial and degn < 2. By the
transformation e™"% - "% with x solving

K2+ ask + by =0

we can make by = 0. If ag # 0 we obtain the normal form of (11;2).
Assume that ao = 0. If by = 0, we get the o F} operator, which belongs to the Riemann class.
Otherwise we obtain the normal form of (Q; %)

Let o have degree 2 and one root. It can be transformed to z2. We have

n(z) = boz? + b1z 4+ by +b_127 L+ b_gz 2

~RZ . e with k solving

By e
K2+ ask + by =0

we can kill by. By ef* . emr%

with k solving
K2+ agk +b_o =0

we can kill b_o.
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Let ag # 0. By scaling we can make ag = 1. Then by 2= 2* with A = —b_1 we can kill b_,
keeping ag = 1. If ag # 0, we obtain the normal form of (2;2). If ag = 0 and b; = 0, we
obtain 9 Fy or Euler II type, both of the Riemann class. If ao = 0 and b; # 0, we obtain the
normal form of (2; %)

Let ag = 0. If ag # 0, by scaling we can make as = 1 Then by 2~
kill b; keeping as = 1. We obtain the normal form of (%, 2).

Let ag = a2 = 0. If by = b_1 = 0, the operator is of the Riemann class. If b_; = 0, b; # 0, then
with 2= 2 we kill by and we obtain 2(282 +a10, —I—bl). The operator in brackets can be reduced
to the Fy operator. If by = 0, b_1 # 0, we similarly kill by obtaining %(2383 + a12%0, + b_l).
The operator in brackets, after the transformation z — % can be transformed to a F} operator.
If b_1,b1 # 0 we apply 27 - 2* with A = —% to kill a;. We obtain the normal form of (%, %)

Let o have degree 1. It can be transformed to z. One of indices at 0 can be made 0. Then 7

AL 2N with A = —by we can

becomes a polynomial of degree < 3. By applying e~ " L er?” with K = —V;b?’ we can kill b3.
If ag # 0, applying e "% - "% with xk = —2—2 we kill by. By scaling we can make a2 = 1 and we

KRz KRz

obtain the normal form of (1;3). If ag = 0 and be # 0, by applying e "% - "% with Kk = —a;
we kill a1. If b #£ 0, by scaling we can make bo = 1 and we obtain the normal form of (l; %)
If by = 0, by applying e™"% - "% with k solving

K24+ ak+b =0

we obtain an operator which can degenerate to the 1 F1, oF1 or Euler I type, all of the Riemann
class.

Let o have degree 0. We can assume that it is 1. 7 is a polynomial of degree 4.

By applying e *%" - e%%" with 9x2 + a3k + by = 0 we kill by.

Let as # 0. By applying e=r=" . e"* with K = —b—32 we kill b3. By applying e™"* - e** with

2a
K = —2—2 we kill by. After a transformation z — az + b we can assume that 7(2) = 22 + ao.
We obtain the normal form of (;4)

Let ao = 0. By applying e " L o with k = — we kill a;. By applying e™"* - e** with
K = —“2—0 we kill ag. Thus 7 = 0. If b3 # 0, then after a transformation z — az + b we can
assume that 7(z) = 2% + a1z + ag. We obtain the normal form of (; %) If b3 = 0, we obtain an
operator that can degenerate to the Hermite, Airy, 1d Helmholtz or 1d Laplace type, all of the
Riemann class.

In (11;2), (1;3) and (2;2) the transformation z* - z=* with A = —Z—; kills b1z and produ-
ces b_1z~ 1. Thus it makes the normal form b) out of the normal form a).

If o has degree 3 and 2 distinct roots, it can be transformed to z2(z —1). The transformation
z+ 2z~ leads to o(2) = z(z — 1).

If o has degree 3 and only 1 root, it can be transformed to z3. Then z + 27! yields
o(z) = z. [ |

3

Remark 3.7. The operators listed in the table of Theorem 3.6 as (1; %) and (%, 1) are strictly
speaking not of the Riemann class: they are z times an operators of the Riemann class. Hence
they yield equations of the Riemann class. So they can be considered as “trivial” and were
ignored in the table at the beginning of the subsection.

4 From Heun class to Painlevé equations

4.1 Method of isomonodromic deformations

Let us review the theory of isomonodromic deformations of linear second order differential equa-
tions following [12, 19, 20]. We shall use a notation similar to [19].
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Let p, ¢ be rational functions of z, depending on some parameters. Among these parameters
we single out a parameter t. We will write v’ for %v and © for %U. Consider a family of linear
second order differential equations of the form

V"(2) + p(2)v'(2) + q(2)v(z) = 0. (4.1)

We assume that when we deform the equation (4.1), we can also deform its certain solution v
so that the following condition is satisfied:

0 = a(z,t)v + b(z, t)v. (4.2)

This essentially means that when we deform the equation, its solutions “live” on the same
Riemann surface. In particular, if there are singularities, then one should expect that the
monodromy of solutions stays the same.

The compatibility of (4.1) and (4.2) imposes a strong condition on the deformation. Indeed,
differentiating (4.2) in z we obtain

' = (a —ap +b)v' + (—aq + b')v.

Differentiating (4.1) once in t and (4.2) twice in z we get

-/

v = (—p —pd’ + ap? — pb — qa)v’ + (paq —pb — ¢ — gb)v, (4.3)
¥ = (—2qa’ — aq’ + V" + apg — bq)v + (a” — 2pa’ — ap’ + 2V’ — ag + ap® — bp)v'. (4.4)
Equating (4.4) and (4.3) we obtain

p—ap +20 —pa' +a’ =0, (4.5)
g+ pb —2qa’ —aq +b" =0. (4.6)

When applying this method to a concrete family of equations one needs to divide its param-
eters into two categories. The first category should contain all parameters responsible for the
monodromy around singular points. For example, the coefficients p_; and g_o of the Laurent
series of p, resp. ¢ around singular points. In the second category we have parameters that
do not influence the monodromy, typically denoted u, A, t. The variable t is called the “time
variable”.

4.2 Isomonodromic deformations in presence of a non-logarithmic singularity

Let o, 7, n be rational functions. (At the moment we do not assume the conditions (3.15) for

the Heun class). Consider the differential equation given by
82 o — 62 T(Z)a 77(2) )

We assume that o, 7,  depend on a parameter t. Let A, u be additional parameters. Following

the prescription of (2.28), we introduce the deformed equation corresponding to (4.7):

(4.7)

92+ p(A, 2)0: + q(A\ p, 2) = 07 + <28 - Z_1A>az
R ) — —ulr(\) — o — W2 po ()
o5 (19 =000 = ) = ) = ey + 7)), (4.5)

The following theorem is devoted to monodromic deformations of (4.8). It unifies a large fam-
ily of cases in a single formulation. Unfortunately, this unification has one drawback: relatively
complicated conditions (4.9), (4.10) and (4.11) constraining the choice of the time variable ¢ and
the auxiliary polynomial ¢. Probably this drawback is impossible to avoid. The main results of
our paper, described in the next subsection, will be corollaries of Theorem 4.1.
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Theorem 4.1. Suppose that c(z) = c(t, A, z) is a t, A\-dependent polynomial of degree < 2.
Suppose that the following conditions are satisfied:

0= 7o) Tt FOEQ AN (19
0= ——(2)(n(2) = n(N) +(z) = 7(N)
TN (97 o)) -ty (250 - )
2c1(2) = 2en(A) = ((en)'(2) + (en)' (V) (2 = A)
) , (4.10)
GO T =N - () W=
0= ;(z) ——=(\) By (4.11)
Define the compatibility functions
a(t,\ z) == ZC(_Z))\, b(t, \, p, 2) = —Z(i)/; (4.12)
Then the following equations for A, p
A =2\ — ) + %(/\), (4.13)
==L - u( T - -5 ) -2 (1.14)

are equivalent to the compatibility conditions (4.6) and (4.5).

The proof of Theorem 4.1 is deferred to Appendixes A.1, A.2 and A.3.

4.3 Isomonodromic deformations of Heun class equations

This subsection contains the main results of our paper. We will suppose that ¢ is a polynomial
of degree < 3, 7 is a polynomial of degree < 2 and no is a polynomial of degree < 4. In other
words, we will assume that (4.7) is a Heun class equation. We will show that Theorem 4.1 can
be applied to a large family of Heun class equations, including normal forms of all its types.
As a result we obtain all types of Painlevé equation.

Our main results will be formulated in two theorems. In Theorem 4.2 we still try to give
a unified treatment. More precisely, we consider two closely related ansatzes, which we call A
and B. Ansatz A is applicable if ¢ has a zero. Ansatz B can be used if the degree of o is < 2.
The time variable is not specified, it is only constrained by certain conditions.

In Theorem 4.3 the time variable is always explicit. Unfortunately, it seems impossible to do
it in a unified way — we are compelled to consider 5 distinct cases. (Note that 5 is still less
than the number of types of Heun class equations. Besides, some of these cases are applicable
to more than one type).

Theorem 4.2. Case A. Assume thats € C and o(s) = 0, so that we can write 0(z) = (z2—s)p(2)
for a polynomial p of degree < 2. We assume that o, T, n depend on t. Let m be a function of t
satisfying the following conditions

atg(z) = (4.15)
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)01 1) i)+ i) = PEL DA )

+ ((;__;))2 (2on(z) = 20n(X) = (o) (2) + (o) (X)) (2 = N)),  (4.16)
Ty~ TN = mofs)—FN
S(2) = —(A) = mp( )(z—s)()\—s)' (4.17)

Define the compatibility functions

alt A ) = m(kz—_Sip(z) bt z) = ~m(A Z—j’))f\)()\)ﬂ’
and the Hamiltonian
H(t A1) = m(n\) + (7)) = (A= )0/ ) + o (V). (4.18)

Then A, p satisfy the Hamilton equations with respect to H, that is

d\  0H

A9

dt a,LL(’ 7M)7
du 0H
E:_a)\ (t'))\au)’

if and only if (4.6) and (4.5) hold.

Case B. Assume that dego < 2 and degon < 3. Suppose that 7, i, but not o depend on t.
Let m be a function of t satisfying

=m— 4.1
m’ (119

(z—A). (4.20)

Define the compatibility functions

alt, \, z) = T(i(i)’ b(t, \, z) = —W,
and the Hamiltonian
H(t, A 1) :==m(n\) + (1(X) — o' (N)) 4+ o(\)p?). (4.21)

Then X\, p satisfy the Hamilton equations with respect to H if and only if (4.6) and (4.5) hold.

Proof. We set

c(z) = m(\ — s)p(z), in Case A, (4.22)
c(z) =mo(z), in Case B. (4.23)

We apply Theorem 4.1. More precisely, we check that conditions (4.9), (4.10) and (4.11) are
equivalent to (4.15), (4.16) and (4.17), resp. to (4.19), (4.20). We also verify that equations (4.13)
and (4.14) coincide with the Hamilton equations for H (¢, A, ).

Details of computations are given in Appendixes A.4, A.5 and A.6. |
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Note that it is possible to unify the formulas (4.18) and (4.21) for the Hamiltonian in a single
formula using the polynomial ¢ from (4.22) and (4.23):

H(t, A 1) = ”(jzi(;) + “<T(22§(>A) - c’()\)> + uPe(N).

Ansatzes A and B of Theorem 4.2 will still be subdivided into several subcases that differ by
the choice of the time variable. All these subcases are described in Theorem 4.3 below, which
together with Theorem 4.2 describes the main result of our paper.

The main subcase of Ansatz A is A1, where the time variable is the position of a nondegenerate
zero of o. This is of course generically true, however there are situations when ¢ does not have
nondegenerate zeros. Subcases Ap and Aq can be applied when o has a degenerate (that is, at
least double) zero.

In Subcases Ap and Bp time is contained in the function py (the coefficient of the first order
term) of (4.7) and in Aq and Bq it is contained in gy. Subcases Ap and Bp are typically used
when the rank at oo is an integer. Subcases Aq and Bq are more appropriate for degenerate
types, when the rank at co is half-integer.

In the following theorem, first we describe o, 7 and n that belong to a given subcase, specifying
explicitly the dependence on ¢t. Next we write the corresponding (undeformed) Heun class
operator in the principal form. Then we give the corresponding compatibility functions a, b and
the Hamiltonian H.

By writing deg 8 < n we mean that § is a polynomial in z of degree < n. Unlike in Theo-
rem 4.3, the dependence on the parameter ¢ will be always explicitly given.

Theorem 4.3.

e Subcase Al. Let

o(z) = (z=t)p(2),  degp<2;
T(2) = (1 =r)p(2) +o(2)(z =t), ~eC,  degp<1;

n(z) = (:p_(tz + n0(2) a e C, degng < 1.
Consider
) (1=K o(2) ap(t) ()
%+ (S o) o T o

If p(t) # 0, then Theorem 4.2A holds with m = p(t)~!,

_O-De) ol
= me-n YT T me -y
p(OH = (A~ p(N)i? + (L= m)p(N) + (3= D) — )+ S (),

e Subcase Ap. Let

o(z) = (z = 8)°pi(2), s eC, degp1 < 1;
T(z) = tp1(z) + 70(2), degmy < 2;

¥(2)
p1(z)’

n(z) = deg ) < 2.
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Consider

, () e
é%+(@—6P+Xz—$%ﬂd>@+Kz—$%ﬂdT

If 1o(s) # 0 or pi(s) # 0, then Theorem 4.2A holds with m = (7o(s) + tpl(s))_l

o G=E—an) L
S B A5 T VRS

(10(s) + tp1(s)) H := (A — )2 p1(\)

+ (tor(A) + 1o(A) = (A = 8)p1(A) = (A = 8)*p) ) +

(A= s)2p(\
(7o(s) + tp1(3)) (= = A’

Y(A)
p1(A)

e Subcase Aq. Let

o(2) = (z — 5)*p1(2), seC, degp; < 1;

()= (- 9)8(),  degd<1;
M) = —— +m(e),  degpum <2,

Consider

02+ qbs(zg ot — ( ! +770(z)).

G \o—s
If (omo)/(s) # 0 or pi(s) # 0, then Theorem 4.2A holds with m = ((on0)'(s) + p1(s)t)
(A=) = s)pi(2) (A= 5201 (W

a(z) := ((om0)'(s) + p1(s)t)(z = N)’ b(z) = — (m0) () + m()8) (z — N)’
((om0)'(s) + pr(s)t) H := (A = 5’ (M) p” + (A = 8)(¢(A) — p1(X)) — (A — )% )

t

e Subcase Bp. Let

o(z), dego < 2;
T(z) =to(z) +10(2),  degmo <2
n(z), degon < 2.

Consider

82 + <t+ TO(z))aZ 40z

() ()

1-
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e Subcase Bq. Let

o(z), dego < 2;
7(2), degt < 1;
n(z) =tz +no(z), degongy < 3.

Consider

52 4 T(Z)a n tz N no(2)
ooz '

If " # 0 or (ono)"” # 0, then Theorem 4.2B holds with m = (t%ﬁ + (W'g) )71,

o o (2) Hg) e a(Np
SR o Yoy Y S A (- o Ty v
(15 + ) b= o + (1) = O+ 22+ )

Note that one can deduce Subcases Ap and Aq from Subcases Bp resp. Bq by applying the
symmetry described above Proposition 3.5. However, in Appendices A.4, A.5 and A.6, where
we prove Theorem 4.3, we will give independent proofs of all subcases.

Note also that the union of subcases of Theorem 4.3 does not cover the whole Heun class.
However, it covers all appropriately interpreted normal forms listed in Theorem 3.6. This will
be further discussed in the following subsection.

Remark 4.4. In our applications we will sometimes use rescaled versions of the above construc-
tions. In fact, if € # 0, we replace ¢ with et and multiply a, b, H with ¢, then the above theorem
remains true.

4.4 Correspondence between Heun class and Painlevé equations

Traditionally, Painlevé equations are divided into 6 types: Painlevé I-VI. However, one can
argue that some of their degenerate cases should be treated as separate types.

Thus Painlevé V (5.1) splits into the nondegenerate Painlevé V with § # 0 and the degenerate
Painlevé V with § = 0. We denote the former simply by ndeg-V and the latter by deg-V. One
can show that deg-V Painlevé is equivalent to Painlevé III', however it is natural to treat it as
a separate type. All that is explained in Section 5.2.

With Painlevé III (5.5) the situation is more complicated. First of all, following various
authors, we prefer to use the Painlevé III’ equation, which is equivalent to Painlevé ITI by a simple
transformation. Beside the nondegenerate case we have the degenerate case and the doubly
degenerate case. We denote them respectively, ndeg-IIT', deg-III" and ddeg-III'. (Ohyama—Oku—

mura denote them (Dél)), (Dgl)), (Dél)) ) One can also consider an alternative degenerate case

~v # 0, § = 0, which is however equivalent to deg-IIT'. (OhyamafOkumura denotes it (Dgl)) —2.)
All of that is explained in Section 5.3.

Finally, it is natural to consider the Painlevé 34 equation (4.40), which can be viewed as a
degenerate case of the Painlevé IV equation (5.10). One can show that Painlevé 34 is equivalent
to Painlevé II, however it is natural to keep it as a separate type. See Section 5.4 for more
comments.

This way we obtain 10 types of Painlevé equations. Recall that we also have 10 types of Heun
class equations. In fact, each type of Painlevé can be derived from one of the types of deformed
Heun. Here is the list of correspondences:
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(standard) Heun (111;1) Al a),b) Painlevé VI (1111)
11;2) Ala)b),Bpb
ndeg. confluent Heun (L1;2) 2)b), Bp b) Painlevé ndeg-V (112)
(2L;1) Ala), Ap a)
11;2) A1, B ,
deg. confluent Heun (11;5) d Painlevé deg-V (113)
(3L1) Adg
db. confluent Heun (2;2)  Apa),Bpb) Painlevé ndeg-IIT"  (22)
3.9)  Aq B
deg. db. confluent Heun (3:2) 4 PP Painlevé deg-I1T" (22)
(2:3)  Ap, Bq
ddeg. db. confluent Heun (%, %) Bq Painlevé ddeg-IIT" (%%)
1;3)  Ala)b),Bpa)b) _
ndeg. bi-confluent Heun (L:3) a),b), Bp a).b) Painlevé TV (13)
(3;1) Apb)
1;3) B
deg. bi-confluent Heun (;’ 2) d Painlevé 34 (l%)
(5:1)  Aq
ndeg. tri-confluent Heun (;4) Bp Painlevé 11 (4)
deg. tri-confluent Heun (; %) Bq Painlevé 1 (%)

In the first column we give the name of the Heun class type. For typographical reasons we
abbreviate “nondegenerate” to ndeg, “degenerate” to deg, “doubly degenerate” to ddeg and
“doubly” to db.

In the second column we give the symbol of the type in terms of the ranks of singularities.
We also indicate which singularity is at co. In several cases there are two possibilities — we give
both of them.

In the third column we indicate subcases of Theorem 4.3 which can be applied to certain
normal forms of a given type. Normal forms are taken from the table in Theorem 3.6. If in that
table more than one normal form is given, a) or b) indicates which normal form is considered.
(In some cases, the normal forms from Theorem 3.6 need to be slightly modified: When we
apply Al to the form b) of (111;1) we change the roles of the roots; for (11;2) and (1;3) we
shift one root from 0 to ¢; finally for (21;1) and (11;3) we shift a root from 1 to ¢.)

In the fourth column we give the name of the Painlevé type that can be obtained by the
isomonodromic deformation.

In the fifth column we list the symbol in terms of ranks of singularities without the indication
of the position of co. We will often use it in the sequel as the name of the given type of
the Painlevé equation. Thus, e.g., the Painlevé (%2) equation is an alternative name for the
degenerate Painlevé III' equation. We will actually prefer these names to the traditional ones,
similarly as Slavyanov—Lay in [25].

Occasionally, we will also use the names for Painlevé equation involving the position of co. For
instance, the Painlevé (%, 2) equation will mean the form of the degenerate Painlevé III' equation
obtained from the Heun (%7 2) equation. The Painlevé (2; %) equation will denote the equation
obtained from the Heun (2; %) equation. Both forms of Painlevé equation are equivalent.

We will discuss further the classification of Painlevé equations in Section 5, where we will see
how to group the 10 types into 5 supertypes, parallel to the grouping of 10 types of Heun class
equations into 5 supertypes.

In the following subsections we describe how to obtain all types of Painlevé equations from
deformed Heun class equations. First we give the functions o, 7, 1 describing one of possible
normal forms of a given type of the Heun class equation. We indicate explicitly the dependence
of o, 7, n on the time variable t. Then we present this equation in its principal form. Next we
give the corresponding deformed equation. Next we give the compatibility functions a, b and

the Painlevé Hamiltonian. Finally, we describe the resulting Painlevé equation.
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Note that the whole procedure is determined by o, 7, 77, by the choice of the time variable ¢
and the functions a,b. The latter are restricted by Theorem 4.3. We always indicate which case
of Theorem 4.3 we use.

In our derivations we follow the paper of Ohyama—Okumura [19]. We have slightly changed
their notation for some of the parameters. We parametrize the equations by the differences of
indices at singular points of the deformed equation. In particular, if the rounded rank at zg
is 1, the parameter is called k,,, if the rank is 2, it is called x,, and if the rank is 3 it is
called 0.

One of the parameters of the initial Heun class equation — the free term in 1 — does not
enter in the deformed equation, and therefore is not used by [19]. We denote it simply by c.

Note that there is some arbitrariness in the choice of Hamiltonians, where a term depending
on t, but not on A, u, can always be added. We always choose Hamiltonians coinciding with
those of [19].

If in a given type o has a root of multiplicity 1, one can usually use Case Al of Theorem 4.3.
Following [19], we use it only for Heun (1111)—Painlevé VI. For the other types we use Ap, Aq,
Bp, Bq.

In general, for each type of Heun class we give one derivation. The exception is the type
(2%), where, following again [19], we give two versions of derivations of deg-IIT": one in the form
of (2; %), the other in the form of (%, 2).

4.5 From Heun (111;1) to Painlevé VI
Set

z—1)(z — 1),
—ko)(z—1)(z=t)+ (1 —k1)z(z—t) + (1 — kp)z(z — 1),
Ko+ K1+ ke — 1)2 — k)2

n(z) = 1 —c.

—~
—

Heun (111;1) equation

1— ko 1—k1 11—k 1 ((ko+ K1+ Ke— 1)? = K2Z)
02 0 —c).
= < PR i A 2(z—1)(z—1t) 4 e

Deformed Heun (111;1) equation

1—ko 1—r 1- 1
a§+< L AL >az
z A

z—1 z—t Z—

(2= X) = PAA = (A~ 1)

A= 1)\ — t),u>
(2= A) '

_l’_

1 <((/~$0—|—/£1+/£t—1)2—/<20)
2(z—=1)(z —1t) 4

+ (koA = 1)(A =) + KIAA =) + ke AA = 1)) +

Type Al compatibility functions

B AN=1t)z(z—1) B
o) = e = e RSV

Painlevé (111;1) Hamiltonian

tt—1)H = XA =1\ —t)p? — (koA = DA =) + k1A — ) + (5 — DAN = 1))
(ko + k14 ke — 1)2 = K2 ) (A — 1)
* 4
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A1 1\
dt t t—1 X—t/)dt
B— +

Painlevé (111;1) equation

eA_1011 1
dez2 2\ N A—1 M-t
A 1

A=1)(A—1) t t—1 t(t—1)
+ 2 1) o) 32 7()\71)2—%5()\702 , (4.24)
where
Lo L o L o 1 2
Q= Sk = 550 7= 551 525(1—/{).

The standard name of (4.24) is Painlevé VI equation.

4.6 From Heun (21;1) to Painlevé V
Set
o(2) = (z — 1)%,
7(2) = (2= x1)2(z = 1) + (1 = ko) (2 — 1)? + ¢z,

C ((ko+x1— 1) —kKZ)(z—1)
n(z) = 1 —c.

Heun (21;1) equation (with the singularity of rank 2 put at 1):

2—x1  1—kg t 1 (ko +x1 — 1)% — K2
8Z+<z—1+ z +(z—1)2)aZ+(z—1)2z< 4 (z=1)—c

Deformed Heun (21;1) equation:

t 2—x1  1—kg 1
o2 — 0,
Z—i-(( 5 + + A)

z—1) z—1 z z—
K —1)2 — g2
+(z—11)22<( RS 41) 2z =) — (A= 1M\
_1)2
— (—Fao()\ — 1)2 —xiNA=1)+ D\),UJ + W) .
Type Ap compatibility functions

(A =1z(z—1) (A=)

="y Py

Painlevé (21;1) Hamiltonian
EH = (A — 1)\ — (mo(A — 1) + (x1 — DA — 1) — £\)
L (ot =12 =)0 -

. 4.2
1 (4.25)
Painlevé (21;1) equation:

d2x 1 1 dA\?  1dx (A —1)2 B A AA+1)

@ (2)\+)\—1) <dt> Tia TP (O‘HA) MR Ts e TR )
where

1 1
a= ke, B=-gAn  Y=x1

According to the standard terminology, (4.26) is the nondegenerate case of the Painlevé V
equation.
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4.7 From Heun (gl; l) to degenerate Painlevé V
Set

o(z) = (z— 1)z,

7(2) = (z — 1)z + (1 — ko) (2 — 1)%,

K/Z—K? z
U(Z)——(Zil)_i_(o 400) — e

Heun (%1; 1) equation (with the singularity of rank 2 put at 1):

92+ <11+ 1;”°>8Z+Z(211)2 (—(Ztl) + (“3;Kg°)(z—1)—c>.

Deformed Heun (%1; l) equation:

_ 2 .2
3§+< 1 +1 Ko 1)\>8z+( 1 (_( t N t +(/~io KOO)(Z—A)

z—1 z z— z—1)%z z—1) (A—1) 4
A —1)2\
A =122+ (A = 1) + ko(A = 1))+ w>
Type Aq compatibility functions:
A=1)z(z—1) AN —1)2u
= b(z)= 2
al2) P V) tz—\)
Painlevé (%;; l) Hamiltonian:
2 k2)A—1) tA
EH = A — 192022 — rg(A — 1)2p + 0~ ool - . 4.2
A =1)7p" — koA = 1) + 4 o-1) (4.27)
Painlevé (%l; 1) equation:
A 1, Ly 2—1Q+(A*1)2 ar+ 2} 292 (4.28)
de2 — \2x  A—1)\dt tdt t2 A t’ '
where
1 1
o=t  --id

According to the standard terminology (4.28) is the degenerate Painlevé V equation.

4.8 From Heun (2;2) to non-degenerate Painlevé IIT’

Set

o(z) = z7, 7(2) :t+(27X0)2722, 5

—c.
Heun (2;2) equation:

t . 2-Xo (ot X0 —1) ¢
2L 1), 4 W0t X m D) €
Z+<22+ z )Z+ 2z 22
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Deformed Heun (2;2) equation:

t 2 — X0 1
P+ (= —1- d,
(5 y

z Z —

+;(0m+§”‘”@»A22ﬁxﬂA%“+@€ﬂQ’

Type Ap compatibility functions:

Az B A
a(z) = ) b(z) = BTEESYE

Painlevé (2;2) Hamiltonian:

1

tH == N2 — (N + (xo — DA — )+ 5 (X0 + Xoo = DA (4.29)

Painlevé (2;2) equation:

2r 1 (dA)Q 1dh  aX? A B8 1
-5

= + - (4.30)

@) ta e te Ty n
where

a = —4Xoo, B = 4xo.

According to the standard terminology (4.30) could be called the nondegenerate Painlevé IIT'
equation.

4.9 From Heun (2; g) to degenerate Painlevé IIT’
We set
a(z):=2" 1()=t+z22-x0), 0=

Heun (2; %) equation:

t  2—xo0 1/1
2
o; + <22 +— >8Z+22 <2z—c>.

Deformed Heun (2; %) equation:

2 t 2—Xo 1 L((z=A) 22 Ny
az+<z2+ )%t T_)\M_(t_XO)\)M“‘ :

Type Ap compatibility functions
Az P
= b(z) =— .
)=y Ty

Painlevé (2; %) Hamiltonian:

A
tH = 2N2p? 4+ (1 — xo)A + )+ X (4.31)

Painlevé (2; %) equation:

A2y 1/dA\? 1dx A2 3 1

A _LfdAy tdA o AT b L 4.32

dt? A(dt) VAT I TR (4:32)
where

B = 4xo.

According to the standard terminology (4.32) is one of the forms of the degenerate Painlevé 11T
equation.
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4.10 From Heun (§'

>3 2) to degenerate Painlevé IIT’

Set

Heun (%, 2) equation:

1 1/t Xoo
2

Deformed Heun (%, 2) equation:

Xoo

1 1 1/t t
2 2,2 2
o+ | -14-— O+ =S|l +5GEF=A) =X+ N+ A)p+
N ( z Z—>\> z2<2z 2\ Z(Z ) ( )

Type Aq compatibility functions:

2

alz) = t(z)\—z N e = _t(z)\ —N)\)’
Painlevé (%7 2) Hamiltonian

tH:AQ,ﬂ—A%wX%“JF%.
Painlevé (%, 2) equation:

A2 1/dA\? 1dx a2 A1

dt2:)\<dt> T T ety
where

o= —4Yo-

<ZM—A2A>> |

(4.33)

(4.34)

According to the standard terminology (4.32) is one of the forms of the degenerate Painlevé IIT'

equation.

4.11 From Heun (g, g) to doubly degenerate Painlevé IIT’

We set

2 1/1 t
2 “ I v
az+zaZ+22(22 C+2z>'

Deformed Heun (%, %) equation:

2 1 1/t t 1
2, (4Lt N L I PN
6Z+<z z—A>8Z+22 (22 2)\+2(2 A)

N2 +

(ZM—AZA) )
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Type Aq compatibility functions:

Painlevé (%, %) Hamiltonian

A t
H = )22 Z4 = 4.
t A +)\,u+2+2/\ (4.35)

Painlevé (%, %) equation:

A2\ 1 /d\\? 1dx A2 1
AR e T A N 4.
a2 A(dt) ta 2t (4.36)

Following the standard terminology (4.36) could be called the doubly degenerate Painlevé IIT'
equation.

4.12 From Heun (1;3) to Painlevé IV

Set
o(z) =z, T(2)=1— Ko —tz — —, nz) = ——c.
Heun (1;3) equation
1—-k z 176
2 0 _4_ =2 e,
3Z—|—< . t 2>8Z+z(22 c).

Deformed Heun (1;3) equation

11—k z 1 1/ 0x(z—A) 1 AL
2 [ U 2 Joo\eT Ay, 2 2
az+< et g Z—A>8Z+z< 5 At +<2A +t/\+/<co>u+ (Z_)\)>.

Type Bp compatibility functions:

Painlevé (1;3) Hamiltonian:
H = 20% — (A% + 2t\ + 250) 1t + O\ (4.37)

Painlevé (1;3) equation

A2\ 1 /d\\? 3 5
dt2:2)\<dt> +§)\3+4t)\2+2(t2—a))\+x, (4.38)

where
a=—kKo+ 20 —1, B:—Z%g.

In the standard terminology (4.38) is called the Painlevé IV equation.



38 J. Dereziniski, A. Ishkhanyan and A. Latosinski

4.13 From Heun (l; g) to Painlevé 34

Set
1, 1

o(z) =z, 7(2) = 1 — Ko, n(z) = —52 — §tz —c.

Heun (l; %) equation:

1—& 1 1 tz
2 0 1f L o 2
o; + ; 3Z+Z< 5% 5 c>.

Deformed Heun (l; %) equation:

1 — kg 1 1 22 N2t AL
&2 4 (10 (R Y GRS W A
Z+< z z—)\>+z< 2 T 2(Z ) e ROl Y

Type Bq compatibility functions:

z AL
a)= 2 b=
Painlevé (l; %) Hamiltonian
AEA
H =M% — kop— = — =. (4.39)
2 2
Painlevé (l; %) equation:
d®2X 1 sda\2 o
—Z =) +22+tA— — 4.40
7~ ola) TR g (4.40)
where a = k3.
According to [19], the standard name for (4.40) is the Painlevé 34 equation.
4.14 From Heun (;4) to Painlevé 11
Set
o(z) =1, 7(z) = —22% — t, n(z) =—-2a+ 1)z —c.
Heun (;4) equation:
92 — (222 +1)0. — 2a+ 1)z —c.
Deformed Heun (;4) equation:
1
%+ (—2z2 —t— _A>az —2a+1)(z=A) =@+ (2N +t)u+ %
Type Bp compatibility functions scaled with e = —1:
1 Iz
= = b = —-——
o(2) = 5=y &) =—5z-n
Painlevé (;4) Hamiltonian:
1 t 1
H==-4%— 2.7 — Z 4.41
S <)\ —|—2>u <a—i—2>)\ (4.41)
Painlevé (;4) equation:
d2\ 3

According to the standard terminology (4.42) is called the Painlevé II equation



From Heun Class Equations to Painlevé Equations 39

4.15 From Heun (; g) to Painlevé 1
Set

o(z)=1, 7(2)=0, n(z)=-42 -2z —c
Heun (; %) equation:
02 — 423 — 2tz —c.

Deformed Heun (; %) equation:

1 p
07 — ———0, — 42° — 2tz +4N* + 2t — pi? :
p (Z—)\)Z z z+ + /L-l-(z_)\)
Type Bq compatibility functions scaled with € = —6:
1 15
=—— b(z2) = ————.
=5y M=oy
Painlevé (; %) Hamiltonian:
1, 3
H = M- 207 —tA. (4.43)
Painlevé (; %) equation:
d?\
— = 6A% + ¢ 4.44

In the standard terminology (4.44) is called the Painlevé I equation.

5 Five supertypes of Painlevé equation

5.1 Overview of five supertypes

Recall that the ten types of the Heun class equation can be grouped into five supertypes,
as described in Section 3.6. The ten types of Painlevé equation can be also grouped into five
supertypes. There is an exact correspondence between the supertypes of Heun class and Painlevé
equations:

e Painlevé VI or (1111).
e Painlevé V or (112).

— Painlevé ndeg-V or

(112).
— Painlevé deg-V or (L%)
e Painlevé 1T’ or (22).

— Painlevé ndeg-I1T or

2).

(2
— Painlevé deg-III' or (% ).
(53)-

— Painlevé ddeg-IIT" or
e Painlevé IV-34 or (13).

— Painlevé IV or (13).
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— Painlevé 34 or (15).
e Painlevé I-1I or (4).

— Painlevé IT or (4).
— Painlevé I or (%)

In what follows we discuss this classification. We describe the minimal set of parameters that
can be used in a given type and various equivalences. In our discussion we try to include the
Hamiltonian aspect, whenever it is possible.

The above classification of Painlevé equation was pointed out by Ohyama—Okumura, see the
beginning of Section 2 of [19]. (In that reference the authors use the word “type” both for what
we call “supertype” and “type”.) The discussion in [19], however, concentrated on the second
order equations. Less space was devoted to the Hamiltonian form of the five supertypes.

The first supertype is Painlevé VI or (1111), which contains only one type. All the four
remaining supertypes contain at least two types. We discuss them in the following subsections.

In each of the following subsections we start with a general form of the given supertype of
the Painlevé equation. It will be indicated by ¢. It always has the form

42 dA
= F(t, 2.
de? <’dt’)

The corresponding differential (nonlinear) operator will be denoted

dZ\ dA

We also introduce the corresponding Hamiltonian H (¢, A, ). Both P(t, ) and H (¢, A, 1) depend
on several parameters, put as subscripts. Next we give the scaling properties of the equation
and the Hamiltonian.

Then we list various nontrivial types that belong to a given supertype, marking them with x.

Finally, we discuss the relationship between various types. In particular, show how to reduce
the number of parameters using scaling.

Each supertype contains one generic type, which we call non-degenerate. Besides, it may
contain one or more degenerate types. The Hamiltonian that covers the non-degenerate type,
does not always allow us to describe all types that belong to a given supertype. This can be
viewed as a drawback of the Hamiltonian approach.

5.2 Painlevé V or (112)

As noted in [19], the usual form of the Painlevé V equation, depending on 4 parameters, should
be treated not as a single type, but as a supertype. It is invariant with respect to a scaling
transformation. It includes two nontrivial types: nondegenerate V depending on 3 parameters
and degenerate V depending on 2 parameters. There exists also a trivial type, solvable in
quadrature.

In this subsection we discuss the supertype Painlevé V in detail. Note that we prefer to
denote it by (112), since it corresponds to the supertype (112) of the Heun class.

o Painlevé V or (112) equation and Hamiltonian

d2x 1 1 dA\?  1dx  (A—1)? B A AN+

@ <2)\+ 1 1> <dt> ta e (O‘“ )\) 1o G
L = (A= 1202 — (koA — 12+ (x1 — DA — 1) — tA)
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N ((HQ +x1—1)2— ﬂgo)(A -1)

2
4 ) (5 )
where o = 5r%,, B = =355, 7 = X177, 0 = = 377"
Scaling properties
62Pa,5,%5(6t7 )‘) = Pa,ﬁ,e'y,ezd(t7 )‘)7
€HHO,Hoo7X1777(€t’ /\7 M) - Hno,noo,xhg (t7 )‘7 :u)
« Painlevé ndeg-V or (211) equation and Hamiltonian recalled from (4.26) and (4.25):
d2x 1 1 dA\?  1dx (A—1)2 8 A A+
bl AR (N bl I A+ 2 2
a2 <2)\ * Al)(dt) fa TR <O‘ + A) Y T o)
tH = (A —1)" 2 — (koA = 12+ (x1 — DA = 1) —t\)p
N ((Ho +x1—1)% - /{Zo)()\ - 1)
4 Y
where o = 212, B = —1rd, v = x1.
+ Painlevé deg-V or (311) equation and Hamiltonian, recalled from (4.28) and (4.27):
A2\ 1 1 dA\?  1dx (A —1)2 3 A
—5 = | 57 — ) -+ ——(ar+ | —2-
a2 (2A+A—1)(dt> pat T e (O‘ * /\> ¢
2 .2
- —1
tH = A\ —1)%2u2 — koA — 1)%pu + (rh = Keo)A=1) 1A (5.3)

4 A—1)

Let us discuss special cases:

e Let 6 # 0. In the Hamiltonian form it corresponds to n # 0. By scaling we can set
§ = —3, and in the Hamiltonian form 7 = 1. We obtain the Painlevé (112) equation and
Hamiltonian.

e Let § =0, v # 0. By scaling we can set v = —2. We obtain the Painlevé (Q%) equation.

However, on the Hamiltonian level this reduction does not work: we cannot directly
use (5.2) to obtain the Painlevé (112) Hamiltonian.

e Let § =0, vy =0. On the Hamiltonian level, = 0. The Hamiltonian becomes
tH = (A —1)°20” — (koA = 1) + (1 — DAA = 1))

RCETEI VLT SEEs

This case is solvable in quadratures by the method of Section B.3.

. (5.4)

Note that the corresponding 2nd order equation does not depend on the parameter x;. On
the Hamiltonian level it can be seen by using the canonical transformation i = p— 2’8\7:}),

which transforms (5.4) into
Ko —Ks)A—1)  (a—1)

tH = ()\—1)2)\;12—/4;0()\—1)2/1—#( L i

where the dependence on x; remains only in the free term.
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Remark 5.1. It is well known that the Painlevé deg-V or (Q%) and ndeg-IIT" or (22) equations
are equivalent [19]. Below we will show this by describing a canonical transformation that
connects the corresponding Hamiltonians.

Let us insert the canonical transformation

5 1 1 . (xo = Dp
)\:1—*7 = =, frd 2)\_7’
M=o A= 5

into the (22) Hamiltonian (5.6). We obtain

A= (1—:\)2ﬂ+(X02_1)(1—5\),

v n2a2, XotXeotlos 2o XeolXo— 1) 5 tA  (xo— 1)?
tH = A(A\—1 + (-1 - (A=1)—— — +t,
(1t 2O Gt O Gy b
which after appropriate identification of parameters coincides with the (ﬂ%) Hamiltonian (5.3)
up to a free term.

5.3 Painlevé III' or (22)

As noted in [19], the usual Painlevé III" equation, depending on 4 parameters, should be treated
as a supertype. It is invariant with respect to two distinct scaling transformations. It includes 3
nontrivial types: nondegenerate III' depending on 2 parameters, degenerate III' (in two forms)
depending on 1 parameter, doubly degenerate III’ with no parameters. There are also trivial
forms solvable in quadratures.

In this subsection we discuss Painlevé II1’ in detail. We prefer to denote it by the symbol (22),
because it corresponds to the supertype (22) of the Heun class.

o Painlevé IIT" or (22) equation and Hamiltonian:

d2) 1(d)\>2 Ldx  aX24+4X g 6

@ a\at) Tra T e Tutov
1
tH = X2 — (oo A + (xo — DA — not) p + 3o (X0 + Xoo = DA, (5.5)

where a = —47100 X o0, 3 = 4M0X0, ¥ = 41%,, § = —477%. Scaling properties

2
¢ Paﬁmg(et,w)\) =P 2 (t, )\),

w wa, 5 Bw?y, S50
eH et,wh, 2 ) = He (t, A, )
M05700:X0,Xee | €1 WA | = H S0 wnoo,x0,x00 1 Ay -

* Painlevé ndeg-1IT" or (22) equation and Hamiltonian, recalled from (4.29) and (4.30):
2N 1 (d)\)2 1dx  aX2 X 3 1

dt

dez A *

tatwmEteTa

1
tH = )\2,u2 - (/\2 + (XO - 1))\ - t)ﬂ + §(X0 + Xoo — 1))‘7 (5'6)

where o = —4xo0, 8 = 4x0.

+ Painlevé deg-IIT-1 or (2;2) equation and Hamiltonian, recalled from (4.32) and (4.31):

dt

Tra 2 Tww

2N 1/d\\? 1d\x A2 3 1
dez — A

A
tH = X + (1= xo)A +t)u+ >

where 8 = 4xo.
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* Painlevé deg-IIT-2 or (2;2) equation and Hamiltonian recalled from (4.34) and (4.33):

) (dA>2 1dx  aX2 A3 1
DY

e &t ‘55*@*?*?
o t
tH = N2 — )2 Ao0”
H pot 5 Ton

where o = —4xo-

* Painlevé ddeg-1I1' or (%%) equation and Hamiltonian, recalled from (4.36) and (4.35):

EA_ LN 1d N
dt? )\ dt) tdt 2t

A t
)\22 A v
W M S o

Let us discuss special cases:

o Let 6§ # 0, v # 0. On the level of the Hamiltonian it means 7y # 0, 1 # 0. By scaling
we can set on the Hamiltonian level 19 = 1, 7o = 1, which corresponds to v =4, 6 = —4.
We obtain the Painlevé ndeg-IIT" or (22) equation (4.30) and Hamiltonian (4.29).

e Let §,a # 0, v = 0. By scaling we can make § = —4, « = —4. We obtain the Painlevé

(2; 2) equation. This reduction does not work for the Painlevé ( ; 2) Hamiltonian.

e Let 6§ =0, 7,8 # 0. By scaling we can make v =4, 8 = 4. We obtain the Painlevé (%, 2)
equation. This reduction does not work for the Painlevé (%, 2) Hamiltonian.

3.

27

e let ) =~ =0, a,6 # 0. By scaling we can make a = —4, § = 4. We obtain the
Painlevé (23) equation (4.36). This reduction does not work for the Painlevé (23) Hamil-
tonian (4.35).

The equations ( ) and ( ; 2) are two equivalent forms of (2%) see Proposition 5.2.

e Let a =7 = 0. On the Hamiltonian level, n,, = 0. The Hamiltonian is
tH = Np% — ((xo — DA — mot) . (5.7)

We can apply to (5.7) the time-dependent canonical transformation

=
I
=
|
|
>

i = tu, (5.8)
obtaining
tH = N[i® = (oA — no) fi

It is solvable by quadratures by Section B.3.

e Let § =6 =0. On the Hamiltonian level it corresponds to 79 = 0. The Hamiltonian is

1
tH = X2 — (oo A + (xo — DA + 5710 (X0 + Xoo = DA,

It is solvable by quadratures by Section B.3.

Proposition 5.2. The Painlevé (2; %) and (%;2) equations are equivalent.
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Proof. First we apply to the Painlevé (2; %) Hamiltonian the time-dependent canonical trans-
formation (5.8) obtaining

L - )
tH = N2+ (—xor + 1) fi + -

Next we apply the time independent canonical transformation

~ 1 - Xo)\
A= — = )24+ 222
N H HA™ + 5
obtaining
~ A t X2
L =222 — N2+ X2 & XD
A R S
2
which is the Painlevé (%7 2) Hamiltonian for x.o = xo minus %. |

Remark 5.3. The standard Painlevé III equation is given by

dt

d2X 1/dM\\? 1dN aX2+3
dez A

N
7 di i TR (59)
The Painlevé III' equation is obtained from (5.9) by A = t\, = 2.

5.4 Painlevé IV-34 or (13)

It has been noted in [19] that it is natural to consider Painlevé IV together with the so-called
Painlevé 34. The latter is equivalent to Painlevé 11, and therefore is not so well known. Together
they can be treated as special cases of a supertype, which in [19] is denoted 4_34, and we denote
by IV-34, or preferably by (13), since it is related to the supertype (13) of the Heun class. In this
subsection we discuss this supertype of Painlevé in detail.

Painlevé 1V-34 depends on 3 parameters. It is invariant with respect to a scaling transfor-
mation. It contains Painlevé IV depending on 2 parameters and Painlevé 34 depending on 1
parameter, as well as a trivial type solvable in quadratures.

o Painlevé IV-34 or (13) equation and Hamiltonian:

2x 1 /da\? B
2 -1
H =M% — (032 + nth — OA + ro)pu + <94 + (”02)"> A (5.10)

where 8 = —2k3, p= —nf, v = %772. Scaling properties
€Pg (€t €N) = Pﬁ7€3p7647(t, A),
6H77797/’v0 (6t7 €, 671:“’) = H6277,€9,K0 (ta A, N)
« Painlevé IV or (13) equation and Hamiltonian, recalled from (4.38) and (4.37):

2X 1 AN\ 34 ) ) B
dtz—%<dt> +§/\ + 427+ 2(t —a))\JrX,

H =2)% — (A2 4 2tA + 260) b + O A,

where o = —kg + 200 — 1, B = —21@3.
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+ Painlevé 34 or (15) equation and Hamiltonian, recalled from (4.40) and (4.39):

d2A 1 7dA\2 8
——=_—(= A% 4N+ —
=) T
A2 A
H:)\/ﬂ—/ﬁou—?—?, (5.11)

where 5 = —2/{3.
Let us discuss special cases:

e Let v # 0. By scaling we can set v = %. We change the time ¢ = %t + p. We obtain the
Painlevé (13) equation with o = 4p2.

The equivalent reduction on the Hamiltonian level: For n # 0, by scaling, we can make
n= % We multiply the Hamiltonian by 2 and change ¢ to 2¢:

92+I€0—1

2H (2t, A, p) = 22p® — (A% + 2¢X — 20X\ + ko) pu + 5

A

which is the Painlevé (13) Hamiltonian with 6, = ©+50=1 and { = ¢ — 6.

e Let v =0, p # 0. By scaling we can make p = 1. We obtain the Painlevé 34 or (lg)
equation. This reduction does not work for the Painlevé 34 or (l%) Hamiltonian.

e Let v = p = 0, which on the Hamiltonian level corresponds to n = 0. We have the
Hamiltonian

2

9
H = M\i? — (=X + ko) + T

which is solvable by quadratures (see Section B.3).

Remark 5.4. Note that Painlevé 34 or (13) is equivalent to Painlevé II or (4).
Let us show this on the Hamiltonian level. After an application of the canonical transfor-
mation

p=A, XZ_M’

the Painlevé (12) Hamiltonian (5.11) becomes

~2 ~
B” 5o th N
H=-" 325" 4 goX
5 1% 9 + Ko
Then we change ¢ into —t and multiply the Hamiltonian by —1, obtaining the Painlevé (4)

Hamiltonian (5.12) with ko = o + 3.

5.5 Painlevé I-II or (4)

Usually Painlevé I and II equations are treated separately. However, it has been noted already by
Painlevé and elaborated in [19] that it is natural to join them in a single supertype. [19] denotes
it 1_2, we denote it I-1I, or preferably (4), since it corresponds to the supertype (4) of the Heun
class. In this subsection we discuss this supertype of Painlevé in detail.

Painlevé I-1I depends on 2 parameters. It is invariant with respect to a scaling transformation.
It contains Painlevé II, depending on 1 parameter, Painlevé I with no parameters and a trivial
type solvable in quadratures.
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o Painlevé I-1I or (4) equation and Hamiltonian:

d2\ 3 9
Gz = Y@ H1A) + 56X +1),
1, 5 1 3 1
H=—p"— [0\ + -nt |u—28X° —t8A— —nA,
2 2 2
where v = 7.

Scaling properties:

63P’7:5 (Gzt’ 6/\) - P567,55B(ta )‘)7
€2H7775 (e2t, €N, e_l,u) = He37],65,3(ta A, ).

« Painlevé II or (4) equation and Hamiltonian, recalled from (4.42) and (4.41):

d2\ ,
—Z =2\ +th+a,

412
_ Lo (2t 1
=y ()\ + 2>u <a~|— 2>>\. (5.12)

% Painlevé I or (%) equation and Hamiltonian, recalled from (4.44) and (4.43):

d2x
— > =6\ 4t
dt? th

1

Let us discuss special cases:

e Let n # 0, in both the equation and the Hamiltonian. By scaling we can set n = 1.
We apply the canonical transformation

t=1+6062 A=)-—3, = ji— 28X+ 452

‘We obtain

~2 -
H=r _ <;\2+;>u— <263+;>X+;8—62£.

Thus up to free terms we obtain the Painlevé (4) Hamiltonian with o = 233, and hence
also the Painlevé (4) equation.

e Let n =0, 5 # 0. By scaling we can set 5 = 1. The Hamiltonian becomes

2

H:%—2)\3—t>\.

Thus we obtain the Painlevé (%) Hamiltonian, and hence also the Painlevé (%) equation.

e Let n=0, 8 =0. The Hamiltonian becomes H = %ug, which is trivial.
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A Proof of Theorems 4.1, 4.2 and 4.3

A.1 Preparation for the proof of Theorem 4.1
Recall from (4.7), (4.8) and (4.12) that we set
1 (%)

p) =po(z) = ——,  po(z) = ()

/ po(A) n(z)
4(2) = 0o(2) o(2) < N(A) = p(r(A) = o' (N)) = pPo(A) + = )\)), qo(2) := o(2)’
a(z) = 2L (e A

where ¢(z) is a t, A-dependent polynomial of degree < 2. Recall that the prime is synonymous
with 9, and the dot with 0;.
We will find conditions on ¢ and the time variable ¢ so that the compatibility conditions (4.5)
and (4.6), that is,
p—ap +20 —pd +d" =0, (A1)
Gg+pb —2qa’ —aqd +b" =0, (A.2)
are satisfied.
The following simple identities will be useful in our calculations:

Lemma A.1.

A—s)/ 1 1 o 1
(z—)\)<z—s—)\—s+()\—s)2)_)\—S_Z—s’

2 2 1 1 - (z—A)3
St et o) e (49
Let ¢ := ﬁ(_zg If £ be a polynomial with deg& < 2, then
() — 600 — (: — NE(D) = 5 (- = W),
! o 5(5)(2 B )‘)2
If € is a polynomial with deg& < 3, then
26(2) = 26(N) — (2 = M) (€'(2) + € (V) = —%(2 -\, (A.5)
/ / - A 3
20(2) = 26(3) ~ (= ) (W) + V) = €0 o (A6)
A.2 First compatibility condition
Proposition A.2. Suppose that the following equation of motion for A holds:
A=2e(Np— () + %(A), (A7)
and we have the condition
T TG (2) — T(A) — (2 = N (L) (2)

Then (A.1) is satisfied.
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Proof.
0 =p(2) — a(2)p'(2) + 2V (2) — p(2)a’(2) +a"(2)

A ez , 1 2¢(A
po(z) — CES\E (_))\<p0(2) + (z_)\)2> + (Ziil;z

(O ) (5 60 * T R

1 1
= 2 / - / 1/
o (A 20— ) () 3) + g () — ) )+ ()
+ Po(2).
We rearrange this as
1 .
BREESYE (=X +2c(MN)p — (X)) + (epo)(N)) (A.9)
—d(z)+ N+ (2)(z = N)
Al
+ CES\E (A.10)
epo)(2) — (epo)(A) — (2 — A) (epo)' (2
L ) = @)~ N @) o
(z=2A)
(A.9) is proportional to = )\)2 and the last two lines are regular at z = A. Therefore, (A.9) has
to vanish separately, yielding the condition (A.7). (A.10) vanishes automatically, because c¢ is

a polynomial of degree < 2 in z. (A.11) yields the condition (A.8). [

A.3 Second compatibility condition

It is much more difficult to analyze the second compatibility condition.

Proposition A.3. Suppose that the equation for X (A.7) holds together with the equation for p

=i - u(”'w A ) PRATN (A12)

o o 20 2

Then (A.2) is true.

Proof.
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o (0 ) = o) - o+ £ AT

= 35 (761 = ) = ) = o) = o) + 7))
(i G5 (G- ) o
505 (10 =00 ko =) s+ 255 ) (55 - )
B (z—c%)a(z)( )= (fi(iiz) - 2(5(_%3

Next we collect the terms that contain an inverse power of z — A\. These terms are grouped
in several categories. In these terms we also insert (A.7). We obtain

= L) — 2o ()it U(lz)(—n'u) C (A — 0"(N)) — 120 (M) A
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L (2en(z)=2en(N) = ((en) (2)+(en) ) (z=2) (=) =0 (0",
+0(2)< (z—/\)2 (Z—)\) < U( ) ( )))
+ 0(2)(5 — )\)c()\)T/()\) + Ué) <(a(2\z :)S(Z))T()‘) +en T +c"7'()\)>
L _C”O'()\) c )\)01/()\)
+(z—A)cr<z>< 2 > )
+ gg( ooy RO -C N0,
(%‘/(Z) C%/()\)) / a”c(N)
* z—\ (A - 9 )
2 9 oe(y_ ol
+ mcu)a'm + % <c”a()\) e =" W))
The singular term equals
1 1 1

a(2)(z =) <”(A)"‘ + e (V) + p(eN)7' (V) = 5eMN)o”" () = 5

It yields the equation for fi, that is (A.12). After inserting (A.7) and (A.12) the first two lines
become

0(2)10( 537 N (e ) + Ao V)
+ U(Z)‘fj (A)< ") (—e(N)o' (A) + (Na(N) + T(\) <_C”U2(A) C(A);”(A)»
- )/f, - <c”a/()2‘)0(/\) C(/\)a’(;\)o”(/\) L ()‘)U()\)U”()\)>
a(;)i( 3 cN)a'(N)? + ¢ (Na(A)o'(A) = "a(X)? + c(A)o" (N)a (V)

o(z) o .
() (UU/C()\) _ ,()\)> 2en(z) — 2en(X) — (((2071) )(\,)22) + (en)' (W) (2 — /\)>
K " / o'c ,
+ ) (—T(A) +te(N) 5 =7 <G(>\) —c ()\))
(G + L SN () — SE)
+r)(Z+ 5 + L )% ))
a —o’ i z ol — 0 (%(Z) — (%()‘))
"o ( N2 +6'0) =) = =
— iHJ/(A) i c(A) ' (N) 0'”()\) B c’()\)o-”()\) B o e(\)
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R

2 (Al +aZm + 350 - (5w, (A.13)

We have

1

lim 1= 0, (3) = 5 (—)"(V), (A.14)

117 o' l(a’c

lim —— = 8,2 (\) — =
g

2 (Z — )\) 2%V o )”()\) (A'15)

Therefore, if I and I11] vanish, then so do (A.14) and (A.15), and hence also (A.13) [

Propositions A.2 and A.3 prove Theorem 4.1.

Next we would like to prove Theorems 4.2 and 4.3. The proof will be divided into three
subsections. In the first two we consider Cases A and in the third Case B.

From now on we assume that o, 7, n correspond to a Heun class equation, that is dego < 3,
degT < 2 and degon < 4.

A.4 Case A, Part I

Assume that o has a zero at z = s so that o(z) = (z — s)p(z). Clearly, degp < 2.
We make the ansatz

c(z) == m(\ — s)p(z), (A.16)

where m is a function only of ¢.
The equations (A.7) and (A.12) can be rewritten as

A=m(2eNp— A —38)p'(\) +71(N), (A.17)
fo=—m('(\) + pu(r' (V) = P'(\) = (A = 5)p"(N) + o’ (). (A.18)
It is easy to check that (A.17) and (A.18) are the Hamilton equations for the Hamiltonian
H= m(n()\) + (T()\) — ) )
Another consequence of (A.16) is

Cl(z) _ m(\ — S)T(Z)‘

o (z—s)
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Therefore, using (A.4) we obtain

) - SN - E=N(F) () mr(s)

(z— \)? T (z—s)2
Hence,
AT . mr(s)
I= 8ta( ) (z — )%
Using
C;‘/(Z) _ C/(Z) — m()‘ — S),O(Z)’
we obtain

= PSSRSO (p()
Therefore,
11 = =) (n(z) = 1) + =) = () + m““i;"ﬁg“ ;)SW) = (N)p(3)
+ T()\_A; (2on(2) = 2pn(A) = ((pn)' (2) + (p)' (V) (2 = X))
Finally, we have
co'(z) _ m(\ = 8)(p(2) + (2 — 9)0/(2))
o(2) (z —s) '
Using (A.4) with {(z) = —p(z) — (2 — $)p/(z) and the interchanged role of A and z we obtain
2 (z) = TN~ ()N - N . (2=
(z— N =M T
Therefore,
Y o (z—A)
1] = ;(2) - ;()\) - mp(s)m.

Subcase Al. We assume that the root s is single and the time variable is chosen as t = s.
We can write o(z) = (z — t)p(2), p(t) # 0, deg p < 2.
We assume degny < 1, deg¢ <1, k,a € C,

r() = (- e+ —1), @)=Y e, k=p=d=io=a=0

We have
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Therefore,

11—k

I= m(l —mp(t)).

Using degnp < 1 and 79 = 0 we obtain

=22 () = m) + () = ) = (== ).
()= WONO D) _ sy o OE =) sy

(z =Mz —1) (z —1)

Using degnop < 3 and (A.5) we get

H(ano(z) —2pm0(A) = ((p10)'(2) + (o) (M) (= = X))

_mA= ()" (z = A) _ mA = 1)p"n(z = A)

6 2

_g<z>(¢<z> —p(N) +(2) —P(N) = (p(t) * p'(t)) (1 B Alt)

t z—1t

1 1
o0t~ )
~ (0 = = 22 (ste) + /01 - )+ 5 - )

/!

L me(d) <,0(t)+p’(t)()\—t)+ p2()\—t)2>.

Using (A.6) we get

m(A\ — . 20, _
<z(A A)Z) (200(2) = 200(0) = ((09)'(2) + (p) W) (= = V) = W

o omp(t)? 1 1
-t \z—t A—t)
Combining the above identities we obtain

II = <<—()\—t)?76+:(_t)t +p’(t)> (Zit - Al_t> +p(t)<(z_1t)2 B A—lt)2>>
x (1 =mp(t)).

We have

I 1ere Ol(i,

Thus m = ﬁ implies I = II = I11 = 0.
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A.5 Case A, Part 11

Assume that the root s is at least double. Then p(s) = 0 so that the normalization m = )
does not work. We have to change the time variable.

Thus we assume o(z) = (2 — 5)?p1(z), where deg p; < 1. We also assume § = p; = 0. Then
we have

1=2)- 20

. . m(A —s)
IT =9(z) —n(A) + NEESYE

(o209 = ) = un ) = 20 = L5 02)

We consider separately two subcases: in the first the time variable is contained in pg and in the
second in qp.

Subcase Ap. We assume that 7o = 1 =0, deg 9 < 2, on(s) = (on)'(s) =0,

(2) = 10(z) + tor(2),  7o(s) 20 or pi(s) £0.

We have

Lo = o T =) +inls) 20
Hence,

I = = (L= )+ ta(s)

Thus m = (7o(s) + tpl(s))_1 implies I = 0.

: on(s) = S%n '(s) = 0 implies that p1n is a polynomial of degree < 2. Therefore, (pn)” =
pin)(z —s))" = 3(p1n)" and
m(\—s "
11 = "2 (10(a) = ) = (o W = %) = L - 2) =0,

Subcase Aq. We assume that 7(s) =0, ong(s) =0, degongy < 4,

t
p— . p— r p— . p— 0
n(z) P + no(2), c=T7=1) ,

p1(s) #0 or (omo)’ # 0.

Clearly, I = 0.
Now

ano(z) = (z = s)(om)'(s) + (= — 8)*(2),
where deg 1 < 2. Therefore,

mon(2) = Ty,
(om)'(5) + pr ()t

zZ— S8

pn(z) = +(2) + pit.

"

Now (np)"” = ((z = s)pin)" = ((z — 3)1/1)/” = 3¢". Therefore,

pinfz) = o) — () )z = 3) — LDz )2
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= 0z ) — (2= M) — (2~ NP

+ ((ono)'(s) + p1(s)t) (z i by i ~+ ((;:3)2> (A.20)

(A.19)

(A.19) vanishes, because degvy < 2. Using (A.20), (A.3) and

we obtain

II:< L )(1—m((ono)’(S)er(S)t))a

z—s A—s
where (o10)’(s) + p1(s)t # 0. Hence if m = ((ono)'(s) + p1(s)t)_1, then IT = 0.
A.6 Case B
We assume that dego < 2, degon < 3 and ¢ = 0. We set
c(z) =mo(z),
where m is a function just of ¢. The equations (A.7) and (A.12) can be rewritten as

A=m2oc(\p— o' (\) +7(N), (A.21)
fr=—m(n'(N) + p(r'(X) = 0" (N) + 1’ (N)). (A.22)

We easily check that (A.21) and (A.22) are the Hamilton equations for the Hamiltonian
H(t, A p) = m(n(A) + (1(A) = o' (N) + o (\)p?).
Using deg 7 < 2, we get
7(2) —T(A) = (2 =N7'(2) 7"

(z —\)2 2
Therefore,
I = () — mT—H
o(z) 2

Using degon < 3 we obtain

201(2) — 20m(A) — ((on)'(2) + (on) (V) (z = A) _ (on)"”
(z—=)N)? 6

Therefore,

n

(on)
6

17 = ij(z) = j(3) = m T (= ),

1117 is clearly 0, because ¢ = 0 and %’l is a polynomial of degree < 1.
This ends the proof of Theorem 4.3B.
Again, we consider two subcases, with ¢ contained in pg and in ¢q.
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Subcase Bp. dego < 2, degmy < 2, degon < 2,

7(2) = to(z) + 10(2), c=17=n=0,
dego =2 or deg 19 = 2.

IT = 0 is automatic. Moreover, 77 = to” + 7/ # 0 and

O.// 7_//
I=1-m(t=+_).
"(5+%)

Hence m = (t%ﬁ + %{’/)_1 implies I = 0.

Subcase Bq. dego <2, deg7 <1, degony < 3,

n(z) =tz+mo(z), 6=7=10=0,
dego =2 or deg ony = 3.

I = 0 is automatic. Moreover, (on)"” = t3c” + (on)" # 0 and

II=(2—)\) (1 - m<t02” + (‘”760)/” ))

Therefore m = (t%ﬁ + (gan)”’)—l implies IT = 0.

B Hamilton equations

B.1 From Hamilton equations to second order equations

We devote this appendix to a few remarks about Hamilton equations.
Suppose that H (¢, A, p) is a time-dependent Hamiltonian. The equations

A\ OH

d OH
di: =~ S (A, (B.2)

are called the Hamilton equations generated by H.
All Painlevé Hamiltonians have the form

H(t,\ p) = f(t, >\)M22 + ug(t, \) + h(t, \).

For such Hamiltonians it is easy to eliminate p from the Hamilton equations. One obtains
a second order differential equation for A of the form

d2) d\) 2 d\
= A(t, ) <dt) + B(t, A)E +C(t,N),

_19f _19f _ _9*0f gof 99 0g .0
Soran P T Fae 9T Taran Far Yan Tar Tan



From Heun Class Equations to Painlevé Equations 57

B.2 Invariance of Hamilton equations
The Hamilton equations are invariant with respect to various transformations.
e The equations generated by eH (et, \, u) are equivalent to (B.1) and (B.2).

o Let (A, u) — (5\, fi) be a (time-independent) canonical transformation, that means

oo oo _,
ONOp  Ouox

Then the Hamilton equations in the new variables
A\ _oH  di_ _oH
dt  op’ dt o)’

are equivalent to (B.2).

e The Hamilton equations are invariant with respect to the following time-dependent trans-
formation:

A=t"'\,  a=ty, H=H-—t"'\

B.3 Hamiltonian solvable in quadratures

Let us now consider a Hamiltonian of the form
2
(e ) = (o) SOV -+ 9 + Y ). (8.3

We will show that it is solvable in quadratures.
First we change the time from ¢ to s, by solving

ds
-— = t).
3 = m)
Using the time s we can replace (B.3) by the time-independent Hamiltonian
12
H(A, p) = fFA) % + ng(X) + h(A).

Now

B o= OV + g3 + (Y

is a constant of motion, hence we can express u in terms of A:

N £ Vg2 = 2f(N (N - E)

:LL =
f)
We insert this into the first Hamilton equation
dA
— = A A
3 = M) +9(N)

obtaining

*—i\/g )2 = 2f(A)(h(X) — E).

This is clearly solvable in quadratures.
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