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Abstract

Quantization of Calogero-Painlevé system
and Multi-particle quantum Painlevé equations 11 — VI

Fatane Mobasheramini, Ph.D.
Concordia University, 2021

In this dissertation, we implement canonical quantization within the framework of the so—
called Calogero-Painlevé correspondence for isomonodromic systems. The classical systems
possess a group of symmetries and in the quantum version, we implement the (quantum)
Hamiltonian reduction using the Harish-Chandra homomorphism. This allows reducing the
matrix operators to Weyl-invariant operators on the space of eigenvalues. We then consider
the scalar quantum Painlevé equations as Hamiltonian systems and generalize them to multi-
particle systems; this allows us to formulate the multi—particle quantum time-dependent
Hamiltonians for the Schrédinger equation ho, ¥ = H;V, J =11,...,VI.

We then generalize certain integral representations of solutions of quantum Painlevé
equations to the multi-particle case. These integral representations are in the form of special
[ ensembles of eigenvalues and can be constructed for all the Painlevé equations except the
first one. They play the role, in the quantum world, of rational solutions in the classical
world.

These special solutions exist only for particular values of the quantum Hamiltonian
reduction parameter (or coupling constant) x. We elucidate the special values of the
corresponding parameters appearing in the quantized Calogero—Painlevé equations I7 —V'I.
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Chapter 1

Introduction

The six Painlevé equations were discovered by [33, 14, 15] as a result of the search for
second—order nonlinear ordinary differential equations in the complex plane with Painlevé
property which implies the only movable singularities are the poles (a very rare property of
nonlinear equations). These equations are only solvable in terms of special functions, and it
has been proven that they admit exact solutions such as hypergeometric solutions, algebraic
or rational solutions. Ever since their discovery, these equations were extensively studied
by mathematicians and physicists, and still, they are of great importance because of their
applications in different areas. These equations can be regarded as completely integrable
equations due to the fact that they arise as reductions of the soliton equations [12], which
are solvable by inverse scattering. Their other applications include quantum gravity and
string theory [5, 16, 6], topological field theories [7], random matrices [35, 13], f—models [4],
and stochastic growth processes [25].

Historically, the Hamiltonian structure of the Painlevé equations was studied by [27, 8, 32]
as they all can be written as a time-dependent Hamiltonian system

G=—-V(gt).

For some potential function V' of dependent and independent variables.

This perspective makes the study of Painlevé equations as a classical integrable system
slightly complicated. However, these equations admit a natural generalization in terms of a
canonical transformation to the case of multi-particle with an interaction of Calogero type
[26] (rational, trigonometric, or elliptic). This work which is finalized by K. Takasaki [34]
yields a new system of multi-component Hamiltonian operators named Calogero-Painlevé
correspondence. This system was obtained by applying a change of variable to Painlevé
equations that converts them to differential equations of the form



Here, we list the Hamiltonian operators in this system:
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where @ is the Weierstrass function, «, (3, v, § are arbitrary constants, g, ..., g4 are the

coupling constants, and the coefficients w;, [ = 0, ..., 3 take the following values
(WOa Wi, Wa, (,U3) = (07 1/27 _(1 + 7—)/27 T/2)

for 7 being the modular parameter that is considered to play the role of the independent
time variable t.
The integrability of the system (1.1.1) is proved in [3] as the isomonodromic formulation in
terms of a 2N x 2N Lax pair matrices, where NN is the number of particles.

This means there are 2 x 2 block (of N components) matrices * A and B, such that the
system

0
ho @(xit) = Alz1¢,p,) (% t)

hgt (2;t) = B(z;¢,p,t)®(2;t)

is compatible and hence has a joint fundamental solution W(z;¢). This implies that the

*Each of the components of the matrices A and B are N x N matrices themselves.



matrices A, B satisfy the zero-curvature equation:
ho,A — ho,B+ [A,B] =0

for A a formal parameter in C. Through this isomonodromic formulation, a system of
multi-component Hamiltonian operators corresponding to the Calogero-Painlevé equations
is obtained. These equations are presented in chapter 3 together with the full detail and the
result of the work of [3].

On a parallel track, the integrability of the classical Calogero-Painlevé equations has
brought an ever-increasing curiosity about their quantization. As a result, the discussion
about the integrability of such a system and their corresponding solutions has appeared in
the work of mathematicians and mathematical physicists such as H. Nagoya [31], K. Okamoto
[32], A. Zabrodin and A. Zotov [37].

In [37], Zabrodin and A. Zotov show that Calogero-like Painlevé equations I-VI can be
represented in the form of the non-stationary Schrédinger equation in imaginary time.

The statement of their theory proceeds as follows. For all the six Calogero-Painlevé
equations I-VI in the classic form with the standard Hamiltonian operators H (p, q,t) , there
is a system of linear problems

8,2\1/ = U(Zv t7 q, Q>\I/

oV =V(z,t,q,q)V

where ¥ = <Zl>, and U, and V satisfy the zero-curvature equation
2

U —-0.V+[UV]=0
and the function ¥ = e/ H(@at)dy, - gatisfies the non-stationary standard Schrédinger
equation

oV =HVY

with

H:(§F+V@w) (1.1.2)

27 ’

The equation (1.1.2) should be viewed as a natural quantization of the classical Calogero-like

Hamiltonian operator
2

p
Hm%ﬂ=5+v@ﬁ

By extending the Calogero-Painlevé correspondence to the auxilary linear problems
associated to the Painlevé equations, the authors of this paper [37] formulate the Hamiltonian
system that has the interpretation as "quantized" Hamiltonian system in one particle



case. One of the motivations of this thesis is to provide the Hamiltonian system
corresponding to the quantum Calogero-Painlevé correspondence (a canonical quantization
of the Hamiltonians in [3]) in the case of N particles.

The logic that we follow is similar to [3]: we start from the formulation of the multi-
particle Hamiltonians in loc. cit. where the classical position and momenta are non-
commutative symbols (i.e. matrices) with a canonical Poisson bracket. The canonical
quantization is then of the form

qij — ¢Gj , Dij — haq]'i
in terms of the canonical coordinates p and gq.

The construction of the Hamiltonians is subordinated to the requirement that the
resulting non-commutative isomonodromic equations that express the compatibility of
the matrices remain the same. This implies a certain ordering of the operators in the
Hamiltonians which is not the same as the one presented in [3] (where the matrices were
classical). Through these computations, we adopt the definition of the Harish-Chandra
homomorphism that plays an important key in the theory of quantum Hamiltonian reduction.
As a result of this quantization, we obtain a multi-particle quantized Hamiltonian system
that satisfies the Schrodinger equation of a similar form to (1.1.2).

Further in this project, we compare the result of this quantization to what H. Nagoya
[31] introduces as quantum Painlevé Hamiltonian system for a single particle wave function
with coordinate z.

We generalize these Hamiltonian operators to the case of N particles with coordinates
2p, p=1,...,N.

We also extend the integral representation of solutions in [31] to the multi-component
integral solution of the Schrédiner equation for N-particle quantum Painlevé equations.
These integral representations are defined only for quantum Painlevé equation 11—V I; these
solutions should be understood as the quantum counterpart of rational solutions and it is well
known that the first Painlevé equation does not admit rational solutions, which heuristically
explains the absence of integral representations for solutions thereof. Intriguingly, these
integral representations are presented as some type of § integrals that appear in other areas
such as conformal field theory [22], S-ensembles [2], the theory of orthogonal polynomials,
and hypergeometric functions.

Finally, we show that under some constraints on the parameters of the Hamiltonian
operators obtained in chapter 3 and chapter 4, these generalized Nagoya integrals provide
solutions for the quantization of the multi-particle Hamiltonian systems described in the first
part.



Outline

o The abstract theories and fundamental definitions required to understand this work
will be presented in chapter 2.

o In chapter 3 we first present the isomonodromic formulation (3.1.6) for Calogero-
Painlevé system. Moreover, we introduce the quantization that later on, will
be applied to the Hamiltonian operators corresponding to the Calogero-Painlevé
correspondence. Furthermore, the definition of the Harich-Chandra homomorphism
[10] will be presented to help us simplify the quantization in terms of the eigenvalues
of the matrix operators. At the end of this chapter, we state the quantized Hamiltonian
system for Calogero-Painlevé correspondence.

o At the beginning of the chapter 4, the single-particle Hamiltonian system corresponding
to the quantum Painlevé equations will be presented. This system that is defined by
H. Nagoya [31], satisfies the Schrodinger equation R0, ¥ = HW with ¥ an integral
solution. We succeed in generalizing this system to IV particles and construct the new
Hamiltonian system with integral solutions corresponding to each equation.

« In chapter 5, we conclude that the two systems from the previous chapters are equal
under some constraints on the parameters of the Hamiltonian operators from both
systems.

o Finally, in chapter 6, we provide a summary of the works that have been done in
the same stream, and we discuss the connections, overlapping topics, and comparisons
between these works and our project.



Chapter 2

Abstract theory

2.1 Painlevé equations

2.1.1 Singularities of ODEs

In general, there are two types of singular points for ordinary differential equations (ODEs):
fixed and movable. Consider the nth order equation in the complex plain

dny dn—ly dy

SY . il ~0 92.1.1

Epe +p 1($)d$n,1 + +P1($)d$ + po(z)y ( )
If all the coefficients po(z), ..., p,—1(x) are analytic in the neighbourhood of a point x¢, and

xg is a regular point of the ODE, then there exists a unique solution of the equation (2.1.1)
such that this solution, and its first (n — 1) derivatives take arbitrarily assigned values at
x = xo. This solution is expressible as a Taylor series in (z — ), convergent at least within
the circle centered at zy and passing through the singular point of the coefficients lying close
to zg. Hence, the singular points of the unique solution can be located only at singularities
of the coefficients, which are fixed singularities as they only depend on the equation, not the
particular solution.

This well-known consideration shows that solutions of linear ODEs possess only fixed
singularities and they are located (at most) only at the points where the coefficients of the
equation have a singularity (typically the singularities of the coefficients are poles). However,
nonlinear ODEs do not have this property. The solution of a nonlinear ordinary differential
equation can have both movable and fixed singularities. The “movable” singularities are
those that depend on the representative in the general solution (i.e. their location depends
on the initial data).



2.1.2 Second order ODEs

Consider ordinary differential equations of the form
Ty _ g (W (2.1.2)
— = .Y, x 1.
dz? dz

d
where F is a rational function of =2 and y, and an analytic function of z.

Picard posed the problem of finding equations of the form (2.1.2) with solutions whose
only poles are the movable singularities, i.e., the location of singularities of any of the
solutions other than poles are independent of the particular solution chosen and depends
only on the equation.

This problem was solved by Painlevé and this property of ODEs is called the "Painlevé
property". Ordinary differential equations possessing this property are called "Painlevé type".
Painlevé and his students (and then followers) showed there are only fifty types of equations
of the form (2.1.2) having the Painlevé property. Within a few years of research, they
found out that all but six of these equations are genuinely “transcendental”, while the rest
are integrable in terms of the previously known functions or could reduce to one of the
remaining six nonlinear ODEs.

These fifty equations are generalizable by the Mobius transformation

a(z)y + b(x)
Y(X) = @)y +d@) X = ¢(x) (2.1.3)
where a(z), b(z), c(z), d(z), and ¢(x) are analytic in x.

The new six nonlinear ordinary differential equations with solutions having singularities
only at poles, define new transcendental functions (i.e. analytical functions which are,
generically, not expressible in terms of the algebraic operations such as addition, subtraction,
multiplication, division, raising to a power, and extracting a root, and generally, not
obtainable from applying any of these operations on the solutions of linear differential
equations with rational coefficients). They are called Painlevé equations I-VI and are defined
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(2.1.4)
where «, 3, v, and § are arbitrary constants. In the above list, the third equation is slightly
modified and the original one can be obtained by a simple change of variable (z,y) — (22, zy).
The solutions to these equations are called Painlevé transcendents.

Later we show that the Painlevé equations are irreducible in general, but for special values
of the parameters the equations P;; — Py have rational solutions and admit one-parameter
families of solutions expressible in terms of the classical transcendental functions:

o Painlevé 11 Airy functions

o Painlevé 111 Bessel functions

o Painlevé IV Weber-Hermite functions
e Painlevé V Whittaker functions

o Painlevé VI hypergeometric functions

2.1.3 Physical application

Painlevé equations were discovered from a mathematical point of view. Nonetheless, they
later have been proven to have several applications in physics such as: spin-spin correlation
function of the two-dimensional Ising model [36], quantum gravity [5], the asymptotic
behaviour of solutions of the mKdV equation [1], the one-particle reduced density matrix of
the one-dimensional Bose gas [20], general relativity, and nonlinear optics.



2.2 Calogero-Painlevé correspondence

The Painlevé equations were the result of the research by Painlevé himself, Gambier and
Fuchs [14] who gave the general form of the sixth Painlevé equation. To do so, Fuchs
proposed two different approaches:

e isomonodromic deformations: In this approach, Py, is interpreted as a differential
equation describing isomonodromic deformations of a linear ordinary differential
equation on the Riemann sphere.

o elliptic integrals: In this approach, a new expression of Py is derived in terms of the
Weierstrass p-function.

Painlevé took the second approach. Later, Okamoto [32] uncovered the Hamiltonian aspects
of the six equations and discovered the underlying affine Weyl group symmetries of Py ;.
Manin [28] revived the almost forgotten work of Fuchs and Painlevé after almost ninety
years. Manin’s remarkable idea is to use the elliptic modulus 7, rather than ¢, as an
independent variable. The outcome is a Hamiltonian system with a Hamiltonian in the

normal form )

P
H:7‘|‘V(Q)

where V' is the potential function which is a linear combination of the Weierstrass g-function
and its shift by three half periods. This is a nonautonomous system because the Hamiltonian
depends on the “time” 7 through the 7-dependence of the p-function.

Levin and Olshanetsky [26] pointed out that Manin’s equation resembles the so called
Calogero-Moser systems (we study this system in more detail in the next section).
More precisely, the Hamiltonian operator H is identical to the rank-one elliptic model
of Inozemtsev’s integrable generalization of the Calogero-Moser system [19]. Levin and
Olshanetsky called this relation the “Painlevé-Calogero correspondence.”

Later, K. Takasaki [34] shows that this correspondence can be extended to the other
Painlevé equations and it comes from the important principle of degeneration cascade of the
six Painlevé equations:

Takasaki shows that the Painlevé side of this correspondence for all the six equations is
a multi-dimensional extension of the Painlevé equations and therefore, they are called the
multi-component version of P;-Py ;. The Hamiltonian system generating these equations was
introduced in the previous chapter in equation (1.1.1).

The crucial problem proposed by Takasaki is whether one can find an isomonodromic
description of the multi-component Calogero-Painlevé correspondence.



2.2.1 Isomonodromic description

In [3], the authors answer Takasaki’s question by introducing the isomonodromic formulation
of the six Calogero-Painlevé equations in Takasaki’s list.

Theorem 2.2.1. All the Hamiltonian systems in (1.1.1) have an isomonodromic formulation
in terms of 2N x 2N Lax pair, where N is the number of particles.

In each of the systems corresponding to this isomonodromic description, the dynamical
variables appear as the eigenvalues of an N x N non-commutative matrix q. The Hamiltonian
operators in [3] are obtained by Kazhdan-Kostant-Sternberg [24] Hamiltonian reduction on
the Lax system for the matrix Painlevé equations introduced by Kawakami [23], except
for P;; which possesses Lax system closer to the standard Flaschka-Newell Lax pair [12].
One important result of the isomonodromic formulation is that all the equations satisfy
the Painlevé property, i.e., the solutions q(t) have only movable poles when considered as
functions of the complex time .

Another important result of this paper is that the space of the initial data of each equation
can be identified with a suitable manifold of monodromy data, which is an algebraic variety.

This work is explained in more detail in chapter 3.

2.2.2 Hamiltonian reduction

In this section, we provide the definitions and the basic idea of Hamiltonian reduction that
plays a key role in the construction of the isomonodromic description in chapter 3. First, we
need to review some definitions related to Poisson manifolds [9].

Definition 2.2.2. Let A be a commutative algebra over a field F'. Then A is a Poisson
algebra if it is equipped with a Lie bracket {,} satisfying the Leibniz’s law

{a,bc} = {a,b}c+ b{a,c}.

Definition 2.2.3. M is a 2N -dimensional Poisson manifold if its structure algebra C*°(M)
is equipped with a Poisson bracket.

Definition 2.2.4. A morphism of Poisson manifolds M and N, is a map ¢ : M — N that
induces a homomorphism of Poisson algebras C*°(M) — C*(N). Precisely, it is a map that
preserves structure.

If M is smooth, then a Poisson structure on M is defined by a Poisson bivector II. In
particular, when M is symplectic with a closed and nondegenerate 2-form w, then it is
Poisson with IT = w1

For any Poisson manifold M, there is a homomorphism
v:C®(M) — V(M) (2.2.1)

10



from the Lie algebra of functions on M to the Lie algebras of the vector fields on M preserving
the Poisson structure.

Example 2.2.5. Let M = T*X where X is a smooth manifold. A 1-form n on T*X 1is
defined as follows: Let m : T*X — X be the projection map. Then given v € Ty, (T*X),
then the action of the one—form n on v is computed by first projecting it into the tangent
bundle using dr : T(T*X) — TX, and then applying the two—form on X on the projection.
Therefore, if x;’s are local coordinates on X, and p;’s are the linear coordinates in the fibers
of T* X with respect to the basis dx;, then n = >, p;dx;.

Now if we suppose w = dn, then w is a symplectic structure on M and in local coordinates
we have

w = dei/\ dx;.

Let M be a Poisson manifold and G a Lie group acting on M by Poisson automorphisms. Let
g be the Lie algebra of G, hence there is a homomorphism of Lie algebras ¢ : g — Vi (M).

Definition 2.2.6. A moment map (or momentum map) is G-equivariant map p : M — g*,
if the pullback map p* : g — C°(M) satisfies the equation

v (4 (a)) = 0la) (2.2.2)
where v is given by (2.2.1).

Theorem 2.2.7. Let M be a Poisson manifold with the action of the Lie group G preserving
the Poisson structure. Then the algebra of G-invariants C*=(M)% is a Poisson algebra.

Definition 2.2.8. The manifold
M//G = 1(0)/G (2.2.3)

which is obtained by, first, restricting to a fixed point and then quotienting by the group
action, is called the Hamiltonian reduction of M with respect to G.

Remark 2.2.9. Both C>*(M//G) and M//G are Poisson manifolds.

Corollary 2.2.10. In the setting of Definition 2.2.8 if M is symplectic, then so is M//G.

2.2.2.1 KKS reduction and Calogero-Moser system

Definition 2.2.11. Let G be a Lie group with g the Lie algebra on G, and g* the dual
space to g. Also, let ad® denote the representation of the Lie algebra g on g* induced by the
coadjoint representation of the Lie group G that is defined by

Ad" : G — Aut(g"). (2.2.4)

11



Then for v € g* the coadjoint orbit O, is a submanifold of g* that carries a natural
symplectic structure. In fact, on each O, there is a closed, non—degenerate two-form w
inherited from g so that

w(adyv, adyv) := (v, [X,Y]), ve€O,, X, Y eg (2.2.5)

where (,) represents the angular bracket.

Definition 2.2.12. Suppose M is a Poisson manifold with a Hamiltonian action of the Lie
group G and moment map p : M — g*. Let us choose a closed coadjoint orbit O of G.
Then u=*(0)/G is called the Hamiltonian reduction on M with respect to G. We denote this
scheme by R(M,G,O).
Remark 2.2.13. Hamiltonian reduction can be defined along any closed G-invariant subsets
of g*.
Example 2.2.14. This example is quite central to the development of the theory of
(classical) Calogero-Moser systems (and their generalization to Painlevé case). Suppose
M = T*Matyn(C), and G = PGLN(C) acting on M (so g = sly(C)).

Using a trace form we can identify g* with g, and M with

MCLtN ((C) D MatN((C) .

By conjugations:
9-(X,Y) = (9Xg " gYg™").

Given a point p = (X,Y) € M and an element L € g the corresponding vector field
L € T,M is then given by the formula

L(X,Y) = ([L, X], [L, Y]). (2.2.6)

To find the moment map we need to find the Hamiltonian, Hj, that generates the above
vector field. Since the symplectic form w on M is Tr(dY A dX) and its corresponding
symplectic potential is § = Tr(YdX), we deduce that the Hamiltonian associated to the
element L is

Hy(X,Y) =Tr(L[X,Y]) = (L, u(X,Y)). (2.2.7)

Then equation (2.2.7) implies that the moment map is given by p(X,Y) = [X,Y]. To see
this we need to verify that the above Hamiltonian generates the equation (2.2.6). Indeed

0 0

Yoo, Hi) = ———H; = — XY, Ll =[L,Y 2.2.
{ ba» L} aXab L aXabg bc[ 3 ]cb [ ) ]ba ( 8)
and similarly
0 0
X, Hp} = H; = YielL, Xy = [ L, Xpa. 2.2.9
{Xba, Hr} v, 6Yab% bel Ly Xlep = [L, X]s (2.2.9)

12



The zero-level set of the moment map = *(0) is then defined by the equation [X,Y] =0
and it is a commuting scheme, denoted by Comm(N ). Hence M//G = Comm(N)/G with
the ring of functions being A = C[Comm(N)]¢.

Concerning the above definition of the quotient Comm(N)/G the following theorem is
proven in [10]:

Theorem 2.2.15. The quotient Comm(N)/G is reduced and it is isomorphic to C*V /Sy,
where Sy denotes the symmetric group. Therefore

A = C[Comm(N)]¢ = Clz1,..., 25, Y1, .., yn]V. (2.2.10)

Accordingly, the Poisson algebra is induced from the standard symplectic structure on C?.

A more general Hamiltonian reduction can be defined on a different level set of the
moment map; one can fix yy € g* and consider u~!(ug); the stabilizer in G' of gy acts on
this level set and one can construct the quotient. Denoting the stabilizer by G, then the
“point” symplectic reduction is the statement that the quotient

Tuo = 1 (110)/ Gl

is naturally a symplectic manifold.

An equivalent, but different, construction is called the “coadjoint orbit” symplectic
reduction. In this case one considers the co-adjoint orbit O,, passing through the same
value po and quotients p~1(0,,) by the whole Lie group G.

The proof can be found in Thm. 1.2.4 of [29]; here it is sufficient to make some simple
dimensional considerations. If dim M = m, dim G = s and p is a regular value then

dim O,, + dimG,, = dimG. (2.2.11)
On the other hand, the dimension of a fixed level set is
dim 1~ (j10) = dim M — dim G (2.2.12)
and therefore the dimension of the inverse of the whole orbit is
dim = (0,,) = dim M + dim O,,, — dim G = dim M — dim G, . (2.2.13)
Then the dimension of the quotient of u~*(uo) by G,, and that of u=(0,,) by G are equal:
dim p~ (o) — dim G, = dim M — dim G — dim G, = dim = (0,,) — dim G.  (2.2.14)

It is this point of view which is more amenable to a quantum description (later on).
Now consider M and G as defined in Example 2.2.14, and O be the orbit of the matrix
proportional to diag(—1,—1,...,—1, N — 1). This can be described more invariantly as the
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set of traceless matrices T in sly such that T + 1 has rank 1. In the original paper [24] the
matrix is presented as

o 1 ... 1

1 0 1 ... 1
Mo = C

1 ... 1 0

Definition 2.2.16. [2/] The scheme Cy := R(M, G, Q) is called the Calogero-Moser space.

Thus, Cy is the space of conjugacy classes of pairs of N x N matrices (X,Y’) such that the
matrix XY — Y X + 1 has rank 1.

Corollary 2.2.17. The action of G on u=*(O) is free, hence Cxn is a smooth symplectic
variety of dimension 2N.

2.2.3 Hamiltonians and integrable systems

In a classical mechanical system, the phase space is a Poisson manifold M that is usually
symplectic and equal to T* X, where X is another manifold that is called configuration space.
The dynamics of such systems are defined by Hamiltonians H € C*°(M) whose flow is that
attached to the vector field v(H). If ¢;’s are the coordinates on M, then the Hamiltonian
equations are defined as

dg;
={H.q

where t is time.

If M is symplectic, then Darboux theorem assures us that there are coordinates ¢;, p;
locally defined on M for which the symplcetic form is w = >, dp; A dg;. These coordinate
are called canonical coordinates with the property

{pis a5} = 04, {pispi} = 14,4} = 0.
In these coordinates the Hamiltonian equations are written as

Conservation laws and symmetries. On a 2-dimensional manifold M, the conservation
of energy says that the Hamiltonian is constant along the trajectories of the system. So they
can be explicitly solved. However, for 2 N-dimensional symplectic manifold with N > 1 this
becomes complicated. Hence, we take advantage of the symmetries in classical mechanics.

If a classical system has a symmetry, then that symmetry can be used to reduce the order
of the system and that, basically, is the Hamiltonian reduction.

14



The scheme. Let a Lie group G act freely on M preserving the Hamiltonian H, and let
i M — g* be a moment map. We also assume the vector field v(H) is transversal to the
G-orbits.

If y = y(t) is a solution of Hamiltonian equations then u(y(t)) is constant. Therefore,
the Hamiltonian flow descends to the symplectic manifold R(M,G,0) = p~1(0)/G. Here
O runs over orbits of the coadjoint representation of G, with the same Hamiltonian. These
manifolds have smaller dimensions than the dimension of M.

On the other hand, knowing v.(t) in R(M, G, O), an image of a trajectory, we can find
y(t) explicitly.

Definition 2.2.18. An integrable system on a symplectic manifold M of dimension 2N
is a collection of smooth functions Hy, ..., Hy on M such that they are in involution:

{H;,H;} =0, V1<i,j<N

and the differentials dH; are linearly independent on a dense open set in M.

Knowing the Hamiltonian flow given by H on M, and assuming that H can be included
in an integrable system H = Hy,...,Hy (Hy,...,Hy are the first integrals of the flow),
one can use the involution and use Hy to reduce the order of the system from 2N to
2N — 2. Repeating this scheme, eventually we reduce the 2N-dimensional system to a 2-
dimensinal one which can be integrated in quadratures, therefore, so does the flow of the
original manifold.

How to construct an integrable system by Hamiltonian reduction: Let M be a
symplectic manifold, and let Hy, ..., Hy be smooth functions on A such that {H;, H;} =0
and dH;’s are linearly independent everywhere. Suppose G is a structure preserving Lie group
acting on M, with the moment map p : M — g*. Moreover, let O be a coadjoint orbit of G.
Consider the assumption on the action of G' on p~!(O) such that the symplectic manifold
R(M,G, Q) carries a collection of functions H, ..., Hy with the property {H;, H;} = 0
and dH;’s linearly independent everywhere. One assures that for N = %dimR(M ,G,0) the
collection Hy,..., Hy is an integrable system on M. Therefore, the Hamiltonian flow can
be solved in quadratures.

Example 2.2.19. The integrable system called "Calogero-Moser system" is an example of a
system constructed by the Hamiltonian reduction, by Kazhdan, Kostant, Sternberg [24].

In this case M = T*Maty(C), regarded as the set of pairs of matrices (X,Y') with the usual
symplectic from w = Tr(dY A dX). Let

H; = Tr(Y"), i=1,...,N. (2.2.15)

One can easily show that {H;, H;} = 0 (where {,} is the Poisson bracket), but since there
are few of them, they do not form an integrable system.
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Now, let G = PGLy(C) acting on M by conjugation, and let O be the coadjoint orbit
of G consisting of the traceless matrices T' such that T + 1 has rank 1 (i.e., the orbit of the
matriz diag(—1,—1,...,—1,N —1)).

Then by Hamiltonian reduction, the system Hq, ..., Hy reduces to a system of functions
on the Calogero-Moser space Cy = R(M,G,Q), such that they are in involution. Since
the space Cy is 2N -dimensional, Hy, ..., Hx form an integrable system on this space. This
system is called the (rational) Calogero-Moser system.

On Cy, the flow corresponding to Hamiltonians H; from the equation (2.2.15), can be
described by the formula

dN(X,Y) = (X +iY4,Y). (2.2.16)

This is a consequence of the set up for Cy, as it is in the space of matrices, and in general,
the motion of a free particle on such spaces is defined by g;(X,Y) = (X +2Y¢,Y).

To be able to represent the explicit Hamiltonians, we need to understand the coordinates

on Cy.

Cyn, coordinates and Hamiltonians. To introduce the coordinates on Cy, we restrict
our attention to the open set Uy C Cy consisiting of conjugacy classes of pairs (X,Y") for
which the matrix X is diagonalizable with distinct eigenvalues. This set is dense in Cy. A
point P € Uy can be represented by (X,Y), with X = diag(z1,...,zn), x; # ;. In this
case, the entries of T':= XY — Y X are (z; — z;)y,;;, which means the diagonal entries are
zero. Since T'+ 1 has rank 1, its entries x;; have the form a;b; for some numbers a;, 0;.
j_l, SO Kij = aiaj_l. By conjugating (X,Y) by the matrix
diag(ay,...,an) we can reduce the situation to the case a; = 1, so k;; = 1, therefore the

Also, since k;; = 1, then b; = a

entries of the matrix 7"+ 1 have the form 1 — ¢;;.
This representation for P is unique up to the action of the symmetry group Sy. So, we
get
(%’ - l"j)yij =1, i # J.

Therefore

As a result we have the following proposition:

Proposition 2.2.20. Let CY  be the open set of (z1,...,xx) € CN such that x; # x;, for

reg
1 # j. Then there exists an isomorphism of algebraic varieties

¢:T*(Ch,/Sn) = Un

given by the formula (z1,...,xN,p1,...,08) = (X,Y), where X = diag(zy,...,zyN), and
Y = Y(x,p) = (%j);

Yi; = ) i?’éja Yii = Di-
xi_l‘j
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The Hamiltonians of the Calogero-Moser system in the defined coordinates have the

following form
1

Eomrnet (2.2.17)

H=Te(Y(2,p)") =>_p{ = >

Z iZj

The reduction procedure that was explained, guarantees the complete integrability of H,
and gives an explicit formula for the first integral:

H; = Tx (Y (,p)")

Furthermore, the explicit form of the solution is provided by this procedure; assume x(t),
p(t) is the solution with the initial condition z(0), p(0), and let (Xo,Yy) = &(x(0), p(0)).
Then x;(t) are the eigenvalues of the matrix X; := Xy 4 2tYy and p;(t) = x}(¢).

2.2.4 Quantum version of the Hamiltonian reduction

The quantized version of the Hamiltonian reduction is very similar to the classical version.
First, we need to quantize the concept of the moment map.

In the quantum setting one cannot expect to “fix” the value of the moment map since in
general, the moment operators do not commute: hence the “fixed moment” description of
the Hamiltonian reduction is inadequate. The point of view that best translates is that of
“co-adjoint orbit reduction”. However, in the co-adjoint orbit point of view this is possible
because of the following considerations. A coadjoint orbit is characterized by the value
of the Casimir elements of the universal enveloping algebra U(g); these, by definition, are
commuting elements. When quantizing a phase space that carries a Hamiltonian G action,
the action of the Lie algebra g is represented by, typically, quantum (differential) operators.
The Casimirs commute by definition and hence there is a common joint eigenspace in the
Hilbert space where the quantum system is set up. In other words, the quantum version of
the Hamiltonian reduction should be thought of as a Hilbert space carrying a representation
of the group G and with fixed values of the Casimirs of the group.

In algebraic terms the above ideas are translated in the following setup:

Definition 2.2.21. Let g be a Lie algebra, and A be an associative algebra so that there
exists a Lie algebra map

¢:g— Der(A)

where Der(A) is the Lie algebra of derivations of A.  Then the associative algebra
homomorphism p : U(g) — A is quantum moment map for (A, o) if for any L € g and
a€A:

In the above definition [, ] indicates the commutator operator.
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Remark 2.2.22. Suppose that A is a deformation quantization of a Poisson algebra Ag
equipped with a g-action ¢g and a classical moment map y. Suppose that ¢ = ¢pgmodh.
A quantization of o is a quantum moment map u : U(g) — A[R™] such that for a € g we
have

p(a) = A tug(a) + O(1). (2.2.18)

Hamiltonian reduction. Considering A, g, and the quantum moment map p as in the
previous definition, the space of all elements a € A for which [u(L),a] =0 for all L € g, is a
subalgebra of A denoted by A%. To see this consider a,a’ € A?. Then, for all L € g

(L), ad) = [u(L), ala’ + alp(L),a') = 0. (2.2.19)

Then for J C A the left ideal generated by u(g), J9 := J N A9 is a 2-sided ideal of A9 whose
elements have the form a = Y, a;u(L;), a; € A, and L; € g.
Indeed, suppose ¢ € A% a € J9 where a = >, a;uu(L;) for a; € A, L; € g. Then:

ac =Y _a;p(Li)e =Y aep(L;) € J°,

ca =cY_ a;u(L;) = caip(L;) € J°,

Moreover, for d = >, d;u(L;) € J9, with d; € A, it is obvious that a — d € J°.

Then algebra A//g := A9/.J9 defines a quantum Hamiltonian reduction of A with respect
to the quantum moment map .

Computing a quantum Hamiltonian reduction is usually difficult. For example, consider
A = D(g), namely, the algebra of differential operators on a reductive Lie algebra g acting
on A by the adjoint action on itself. To describe A//g we need to construct the Harish-
Chandra homomorphism [17] HC : D(g)® — D(h)", with h a Cartan subalgebra, and D(h)"W
indicating the Weyl-invariant differential operators. This is done through the following steps
[10]:

« Consider the classic Harish-Chandra isomorphism ¢ : C[g]® — C[h]" which provides
an action of D(g)? on C[h]" that is given by Weyl-invariant differential operators,

e To avoid the poles on the reflection hyperplane, take the homomorphism HC' :
D(g)* — D(hyeg)", with bee the complement of h or the set of its regular points
(this homomorphism is called the radial part homomorphism),

« by twisting the map HC" by § = [[,so(@, z),z € h and « running over the positive
roots of g,
HC(D) := 3o HC'(D) 0 " € D(hreg)"”

the poles will disappear.
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Theorem 2.2.23. The homomorphism HC : D(g)® — D(H)" defines an isomorphism
D(g)//8 = D(h)".

Similar to the Hamiltonian reduction along a closed orbit (or any closed G-invariant
subset) of g*, the quantum analog of the reduction must be constructed with respect to
a 2-sided ideal I C U(g): Let pu : U(g) — A be the quantum moment map, and J(I) =
Au(I) C A, so J(I)? is a 2-sided ideal. As previously was explained, the algebra

R(A, g, 1) := A%/J(I)"

is the Hamiltonian reduction with respect to the ideal I.

The quantization of Kazhdan-Kostant-Sternberg Hamiltonian reduction plays a key role
in the next chapter of this dissertation. Therefore, as an example of the application of
the Harish-Chandra homomorphism in quantum Hamiltonian reduction, we look at the
quantization of the Kazhdan-Kostant-Sternberg construction of the Calogero-Moser space.

Example 2.2.24. Let g = gly, A = D(g) as described above. Let k be a complex number
and V,, be the representation of sly on the space of functions of the form

where (x4, ...,zN) are the coordinates in C™, and f is a Laurent polynomial of homogeneity
degree 0. Under the natural projection map g — sly and a pullback to g, we regard V,; as a
g-module. Let I,; be the annihilator of V. in U(g). Then the homomorphism

HC, : D(g)* — R(A,g,1)

is called the deformed Harish-Chandra homomorphism.
The algebra R(A, g, I,) acts naturally on the space E, (space of g-equivariant functions
with values in V) on the neighbourhood of Byeg in greg, the set of matrices with different
eigenvalues. An equivariant function on such a neighbourhood with values in V,, is completely
determined by its values in b, and the only restriction for these values is that they lie in
V. [0] the zero-weight subspace of V.

Note that the space V,[0] is 1-dimensional spanned by the function (xy,...,xN)".
Therefore, E is isomorphic to C[hyeg|-
The algebra R(A, g, I,) with the above description, is a quantization of the Calogero-
Moser space.

In the following section we introduce the quantum Hamiltonian operator corresponding

to this space.
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2.2.5 Quantum integrable system

The phase space in quantum mechanical systems is a noncommutative algebra A; in our
case, concretely in the next chapter, it will be the algebra of operator of multiplication by a
matrix () and differentiation with respect to its entries. The Hamiltonians H are operators
defined on an Hilbert space H with a representation of the noncommutative algebra A. For
a given Hamiltonian H the Schrodinger equation describes the dynamics of such systems for
wave function ¢ (t) € H

hip = H)
where A is the Planck constant which we will consider as a formal parameter®
In general, assume that the algebra A is a deformation quantization of the phase space M,
and the Hamiltonian H € A is a deformation quantization of a classical Hamiltonian H e
A = C*(M). Considering these, the quantum mechanics can be regarded as a deformation
of classical mechanics.
Supposing M = T*X with X a Riemannian manifold, we have

H="-+U(x) (2.2.20)

g
2

where x € X, p represents the momentum and U(z) is a function on X that defines the

potential. Under the necessary assumptions, the quantization operator takes the form

H—h2a—§+U(x) (2.2.21)
=S 2.

which converts the Schrodinger equation to

o B

1)), (2.2.22)
Construction of quantum integrable system by quantum reduction. We recall the
counterpart construction from the classical integrable system: Let A be the function algebra
on a symplectic manifold M, and suppose i : M — g* be the classical moment map.

Now suppose the functions Hj, ..., Hy that are in involution, reduce to a classical
integrable system R(M, G, O).
Now suppose A is a deformation quantization of A, and p: g — h~*A defines the quantum
moment map.
Also, suppose I C U(gy) is an ideal which is the deformation of I an ideal of A that vanishes
on the closed orbit O. Assume Hy, ..., Hy is a commuting system of g-invariants which is a
quantization of the system Hi, ..., Hy. Suppose the algebra R(A,g,1) is a quantization of

*To be precise, h in this Thesis will denote the Planck’s constant mutliplied by the imaginary unit. This
is only for convenience reason in the writing of the formulae. We will still call it “Planck” constand without
further note.
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the symplectic manifold R(M, G, O). Then the system Hy, ..., Hy descends to commuting
elements in R(A,g,I), that quantize Hy,..., Hy. Hence, they are a quantum integrable
system that is called the quantum reduction of the system Hy,..., Hy.

Continuation of example (2.2.24): Consider again g = gly and M = T*g =
{(X,Y)|X,Y € g}. Recall that the reduced phase space is the space of matrices X,Y
whose commutator is a rank—one perturbation of the identity, modulo conjugations. In
this case the orbit is of dimension 2N and it is uniquely determined by the value of just
one Casimir function, for example the fundamental one Tr(u?), with u(X,Y) = [X,Y] (all
other Casimirs are then uniquely determined by the rank-one condition). In this case the
commuting Hamiltonians are H; = Tr(Y”), j = 1,... N, with the Calogero Hamiltonian
being Hs (see definition (2.2.17)).

The quantization proceeds as follows: one replaces the algebra of functions of X,Y by
the algebra of differential operators on g. Denoting now by @ the point of g (i.e. a matrix)
then X — q (the matrix of multiplication operators by the entries of Q) and Y — p, where
Pap = hﬁ-

The Hamiltonians are correspondingly quantized simply by replacing Y by p and become
the differential operators with constant coefficients given by H;, = Tr(p'),7=1,...,N. The
group PG Ly acts on the functions of Q by g¥(Q) := ¥(gQg~ ') and hence the L1e algebra
acts by sending the elementary matrix E,, € sly to the operator

N 1 N
P(Eop) = Eqp = g <Qae 90, — Qp aQ&) 7 Z; (qazpep - qupgg> = (2.2.23)
= ili[q, Plop + 0po- (2.2.24)

Hence for L € sly we have the simple formula for the quantum operator that is formally the
same as the classical one:
hHL = TI'(L[q, p])7

on account that TrL = 0.
This is a homomorphism of Lie algebras, namely

[Hy, Hi) = hiHy, x, VLK € g, (2.2.25)

which can thus be extended to the universal enveloping algebra U(g). In this case the algebra
A% is simply the algebra of differential operators that are invariant under conjugation action.
In practical terms, this is the associative algebra generated by the differential operators of
the form

Tr(q"pq” ),

which are clearly conjugation invariant.
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To construct the ideal I which is appropriate to the quantization of the Kazhdan—
Kostant-Sternberg scheme, Etingof has shown [10] that we should proceed as follows; define
a representation of g (called the “Cherednik representation”) as in the Example 2.2.24, of
which we now flesh out the details. The g module V,, consists of rational functions of &, ... &N
of homogeneity degree zero, multiplied by the factor []§F, with « a formal parameter (hence
these are now functions of homogeneity xN). The representation, v : g = sly — End(V,)
is the natural infinitesimal action of SLy on the variables 5 and can be pulled-back to the
reductive algebra gly; in concrete terms this means that the matrix unit E,, € gly is sent
to the operator (of homogeneity degree zero)

0 0

’Y(Eab) = faaigb - fba£ .

(2.2.26)

This representation is then extended to the universal enveloping algebra U(g). The kernel
of this representation is the ideal
I, := Ker(7).

Then the quantization of the Hamiltonians ﬁj = Tr(p’) consists in considering them as
acting on the image in A of the quotient (U(g)/l,)? which can be shown to be equal to
A9/(1,)8.

Again, in practical terms it is then more expedient to consider directly the action of U(g)
on the representation space V,; then it is shown in [10] that the action of the g—invariant
operators on A?/¢(1,)? is isomorphic to an action of the operators in the Cartan subalgebra
b of diagonal matrices on the zero—weight subspace

V,.[0] := () Ker(¢(H)). (2.2.27)

Heb

These Hamiltonians descend to a quantum integrable system in the algebra R(A,g, 1)
because they commute.

We will show how to perform practically this reduction and obtain simple differential
operators on b in the next chapter. For example, if we apply the above scheme, the Calogero-
Moser Hamiltonian reduces to

H=Y -y Aet) 2.2.98
i=1 i.j (231 - xj)2 ( )
i#]

and the higher Hamiltonians H ; = Tr(p’) become differential operators of the general form

N
> 82, + lower order terms. (2.2.29)
=1

In the lower order terms, in general, there are expressions that exhibit a pole along the
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mirrors of the fundamental reflections of the Weyl group, which in our case simply means
the diagonals z; = x;, i # j.

In Chapter 3 of this dissertation, we explicitly compute the Hamiltonian reduction of all
possible operators up to order 2 with terms of the form Tr(q*p?), a = 0,1,.... The logic
of the computation can be extended in principle to operators of higher order but we did not
pursue the issue because it was not instrumental to our goals. To our knowledge, there is no
explicit formula for this reduction, or the Harish—-Chandra homomorphism in the literature,
even at the level of the second-order operators that we have computed for this thesis.
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Chapter 3

Isomonodromic system and the
quantization

3.1 Isomonodromic Formulation

In [3] the authors provided the answer to a conjecture postulated by K. Takasaki in [34].
Takasaki considered the de-autonomization of the Calogero systems proposed by Inozemtsev
[19] by observing that for Painlevé VI the rank-one Inozemtsev system reduces to the
autonomous version of the Hamiltonian form of Painlevé VI. This leads to the postulation
of the deautonomized version and the conjecture that these deautonomized Hamiltonians
should be describing the isomonodromic deformations of an appropriate system. For this
reason Takasaki coined the term “Painlevé-Calogero correspondence”.

The core idea of [3] is as follows; they consider a (complexified) phase space consisting
of pairs of N x N matrices p,q, identified with the cotangent bundle of X = Matyn(C).
The starting point of these computations is a Lax system of type

0

%‘P(Z;t) = A(z;q,q7 1, p, t)P(2;t),

(3.1.1)

D 0(0) = Blza,a ™ p )R,

In the above representation, A and B are 2 x 2 block matrices with blocks of arbitrary size
N. These matrices depend rationally on parameter z € CP', called the spectral parameter,
and they are polynomials in matrices q,p of size N x N. The matrices q,p depend on ¢
both implicitly and explicitly.

The compatibility condition on the system (3.1.1) results in the zero-curvature equation

represented by
A —0,B+[A, B] =0. (3.1.2)

Remark 3.1.1. The original work of [3] consists also of a type of Laz system for Py in
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terms of {q,q ', p}. This exceptional case is excluded from the computations in this project.

Considering the set up as above, the (complex) symplectic form is then

w=Te(PAQ) =D _pijANGi < {Pabsea} = Sadlpe- (3.1.3)

,J
Consider a Hamiltonian H(p, q) which is conjugation invariant
H(p,q) = H(CpC™",CqC™")

with C' € GLy(C), then Noether’s theorem guarantees the conservation of the associated
momentum M = [p,q]. This allows us to fix a particular value of the momentum A and
investigate the reduced system on the leaf of this value. If the momentum M is fixed to be
of the form

M = [p,q] = ig(1 — v"v), with v : = (1,...,1) (3.1.4)

then one can apply a theorem used in the classical theory of Calogero system and due to
Kazhdan, Kostant, and Sternberg [24] which allows us to diagonalize q = CXC~! with
X = diag(z1, ..., zy) and in such a way that the matrix Y = C~'pC'is of the form

. N

: i

Y = diag(yi, ..., yn) + [ J ] . (3.1.5)
Tj— Tk k=1

The variables y;’s are the momenta conjugated to the eigenvalues z; in the reduced system.
Then the first result of [3] was that all the Calogero—Painlevé systems of [34] are the reduction
on the particular value of the momentum (3.1.4) of a list of conjugation-invariant hamiltonian
systems:
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p —_— — —
2
p 1 t 2
— - = -0
( gl
(p a’ = (o + (60 — 61)a — t)p — 91q>
Hyy =Tr (pq(p q—t) + 6op — (60 + 91)@1) (3.1.6)
tHy =Tr (p p+t)a(a—1)+ (0o — 02)pq + O2p + (0 + 91)tq>
t(t—1)Hy; =Tr (qpqpq —tpq’p + tpap — papq — fapq + t(0y + 01)pa+
Lo
+ (60 + 6.)pa — botp — L (K = 6%)q ).

where 6y, 01, 05, 0,, k, are arbitrary parameters in C and for the case VI, 8 = 0y+60,+6,. These
Hamiltonians should be thought of as non—commutative polynomials in p, q generalizing the
Okamoto Hamiltonians for the six Painlevé equations.

They showed that these Hamiltonians describe the isomonodromic deformations of a
ODE in the z—plane for a matrix ®(z) of size 2N x 2N, which reduces, for N = 1 to the

classical Lax pair formulation for Painlevé equations (see, e.g. [21]).

Painlevé VI. We start the explanations corresponding to the details of these computations
by the Painlevé VI case; the starting point is the Lax system given as

o (Ao A,
-~ 204 +
0z

z z—1 z—t
0o B A, B
a - —<Z_t+B)CI)—B(Z)(I),

where the matrices are explicitly given by

)@ A(2)d,
(3.1.7)
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1 -
—1—0 34 —qp+§(k;—|—0) 1
AO — t ; Al = 1 1 ,
0 0
(0 —ap)ap + (¥ = 6°) ap+5(k—0) |
1 (3.1.8)
_9 _a t([q,ph—%) +0a —[ap, g+
qp 0 ; 0
At = , B = t(t - 1)
t(=0o +pa)p —pq up + pap .

The expression [X, Y], stands here for the anti-commutator of the noncommutative symbols
X,Y, namely [X,Y]; = XY + Y X. The partitioning is in N x N block, and all scalars
are automatically considered mutliple of the identity matrix of size N. The isomonodromic
equations consist in the “zero-curvature” equations for the pair

0A(z) 0B(2)

= - +[A(),B(=)] = 0 (3.1.9)

and, with some elementary algebra, they become the following evolutionary system for the
operators p, q:

q = Aq,p)
. 3.1.10
{ p = Blq,p) ( )
where the non-commutative polynomials A, B are given by
t(t —1)A(q,p) := — fot + (6o + 0:)a + (6 + 01)ta — 0a” — 2apq + t[p, ql+

— [tp, %]+ + [apq, q]+

1
t(t —1)B(q,p) ::Z<k2 —60%) — (6o + 0,)p — (6o + 01)tp + O], pl+ — tP*+
+tlq, p]+ + P(2a — @*)p — [q, pap:-

The key observation, which is the initial thrust of our project, is the following: in the above
derivation of the zero curvature equations the symbols p, q can be taken in some arbitrary
non-commutative algebra. In the case of [3] where p, q are matrices, the above equations
turn out, by inspection, to be Hamiltonian equations with respect to symplectic structure
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(3.1.3) with a Hamiltonian given by

t(t—1)H =Tr (qpqpq — tpq’°p + tpap — papq — faqpq + t(0 + 61)pq + (0o + 0,)pa—

~ 6utp — 1~ #)a).
(3.1.11)
Analogous considerations apply to each of the other cases, and the result of these
computation is summarized bellow.

Painlevé V. The initial consideration of this computation is the Lax system

0 _ (—tE+AO+ A )CD,

E z z—1

(3.1.12)
od

5 - B,

where the matrices are given by

[ AR AL RVAVA S1 515
s A(] = 5 Al = )
t—tq tZsy tq tqS;

0 0
0

E =

1
¥<2122+5152) (3.1.13)

tq+[p,al +1—6p — 26, — 6,

1 —z+
© t

where

_4’P—9qp + (0o +01)q — 0,
t Y
ap —p + 6o + 0
; .

Zl ::qp+00+6’1, ZQZ

Si=apq—pd+ (0o +01)g+ 0z, Sy:=—
The resulting equations of motion are obtained as the following

p.d%+ — [p,dl+ + t(a® — q) + (o — 02)q + 6>
t

q pr—
(3.1.14)
—[p% dl+ +p* —t([p.aly + 0 +61)+ (6 — 6+ 1)p
t
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which results in the Hamiltonian operator
tHy =Tr <p(p +t)a(a—1) + (6o — 02)pa + O2p + (6 + 91)tq> (3.1.15)

Painlevé IV. The computation starts with the Lax system

I +0
. _% qp+90+91_pqu op
9. ®
z
0
1+3 L BT
Lz 2 (3.1.16)
. 0 —qp—6,— 6
il P,
ot
I —1 z—q—t
with the following equations of motion for p and q:
4 = [p.d+—a*—tq+b
(3.1.17)
P = [p,al+ —p* +1tpb + 6
and the Hamiltonian operator
Hpy =Tr (pQ<P—q—t> + 6op — (90+91)Q) (3.1.18)
Painlevé III. The Lax system to start with is given by
qp + 0, ,_ 9pa+0iq
o z—1 z—1
92 %
: p-1_ p b pa
J— _|_ -
L z z—1 z z—1
(3.1.19)
[ pa— b
0P t :
e %
L _apth
L t t

29



which yields the following equations of motion:

P, 9’y —a*+ (01 — Oo)g + ¢

q = ;
(3.1.20)
p = —[p*,d]s +[p,dls — (61 —6o)p + b
t
resulting in the Hamiltonian operator
tHy = Tr <p2q2 — (q2 + (6o — 01)q — t)p — 91q> (3.1.21)

Remark 3.1.2. The Hamiltonian (3.1.21) is one of the Hamiltonian operators corresponding
to the Calogero-Painlevé 111 equation. Depending on the choice of the spectral type we either
can obtain the above operator or one of the below operators:

Type DT . tH = Tr(pgqpq — fpq + tp + q),

Type D8 : tH = Tr(pqpq + pq — q — tq ).

Painlevé II. The Lax system to begin with is given by

[ 22t 0
1— +1q° + 1 zq —1p — —
o 2 2 z
- %
~ , 0 22 , .t
zq+1p — — —25—1q —25
i (3.1.22)
- 2 q
7/7
P 2
il P,
ot z
I BN
resulting in the following equations of motion:
qQa = p
(3.1.23)
P = 2¢°+tq+0
and the Hamiltonian operator
7 P’ 1 o, ty

30



Painlevé 1. For the first Painlevé equation, the Lax system to initiate the computation is

given by ]
0P P -
il P,
0z ) 5 1
2+ zq+q° + 5 —Pp
(3.1.25)
_ . 1
0P 2
T P,
= 0
R
which gives the following equations of motion:
qQ = p
3.1.26
e (3.1.26)
P = 97y
resulting in the Hamiltonian operator
2 3
77 P> a9 iq
H=Tr——-—=——— 3.1.27
! r( 2 2 1 ) (3:1.27)

3.2 Quantization

In view of the considerations above, we want to consider the canonical quantization of the
symplectic structure (3.1.3). The main logic is that we keep equations (3.1.10), (3.1.14),
(3.1.17), (3.1.20), (3.1.23), and (3.1.26), and seek a Hamiltonian formulation with quantum
Hamiltonians. The canonical quantization in “Schrodinger” representation amounts to
considering the entries of q as multiplication operators and the entries of p as corresponding
differential operators as follows:

¢j — qi; and p;; — hi. (3.2.1)
0qji

The effect of this canonical quantization is that we cannot simply take the expressions
(3.1.6) as Hamiltonians generating the relevant equations of motions like (3.1.10), (3.1.14),
(3.1.17), (3.1.20), (3.1.23), and (3.1.26), because there are issues of normal ordering. To
explain the issue we point out that in the classical case the expressions Tr(pq) and Tr(qp)
coincide, but if p,q are quantum operators (3.2.1) then these two expressions differ. This
should explain why the quantum version of the Hamiltonians (3.1.6) will be slightly different
due to the fact that the correct scheme depends on the non-commutativity of the traces in
this case. Note that the commutation relations that lead to these Hamiltonian operators
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read the following equations for each of the Calogero-Painlevé equations:
hq=[H;,q] and hp = [H,,p] Je(,...,VI) (3.2.2)

Therefore the correct Hamiltonian operators to which we apply the quantization, are the
following operators

2.2 2.2 2 2
—~ p’d* +d’p> d’p+pg
tHrr = TT( 5 — 5 — (6 — 01)ap +tp — 9101>7
—~ pa’ + ¢’p
Hry =1Tr PQP—#—U)Q+90P—(90+91)Q ,
2.2 2.2 2 2 2 2
—~ + + t +
tHV:TT<pq qu _pq2qp L tpg . qp)+(90_92_t)pq+

+ 0op + (O + 91)7501>,

PdpPq + qpqp
2

t(t — 1) Hyp = Tr <qpqpq — tpg’p + tpgp — — Oqpq + (6 + 61)pa+

1
+ (6o + 0;)pa — Ootp — Z(kz - 92)@[)-

(3.2.3)
whereas the Painlevé I and Painlevé II Hamiltonians remain formally the same. Note that
we use p, q here and below to denote the quantum operators, without further notice.

Example 3.2.1. We compute the both quantum and classical commutator of p and
Tr(pgpq) to show the origin of the difference in the quantum Hamiltonians (3.2.3). We
start with the classical computation where {pi;, qre} = 6ieSjk:

{p,Tr(papa)} = 2pap. (3.2.4)

In computing this we have used also the cyclicity of the trace.
Vice versa, considering the quantized operators, the same expression yields

[paTr(quQ)] :Z Z [pimpcxﬂq@,upuu(ba} -

i7j a7/37l’l‘7y

= Z Z DPap (pijQﬁ,up,uVQz/a - Qﬁupw/%/apij)

ihj a767#7l/

(3.2.5)

we add and subtract qz.pijPuua to the expression inside the bracket, combining the terms
and using the commutation relation [pij, qre) = hdiedjk:

[p7 Tr(pqpq)] :hz Z Pap (5iudjﬂpuu%a + 5ia5jVQBupW) =
ij By (3.2.6)
=hp’q + hpgp = 2hpgp + A’p.
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Since the desired term in the equation of motion is 2hpqp we need to replace the term

Tr(pgpq) in the Hamiltonian with a “symmetrized” version §Tr(pqpq + qpqp). Indeed,

one then similarly computes:

1
p, iTr(pqpq + qpgp)] = 2hpqp (3.2.7)

which is one of the terms that appears in the expression of A in equation of motion (3.1.11).

3.2.1 Quantization in radial form

Having established the correct context of the quantization of the isomonodromic equations,
we proceed now to the quantum version of the Kazhdan-Kostant-Sternberg reduction (3.1.4).
The first step is to express the quantum Hamiltonians (3.2.3) in terms of the eigenvalues. The
fact that this is at all possible is simply a consequence of the invariance of the Hamiltonians
under conjugations. To do so, we need to use the Harish-Chandra homomorphism [10].

Definition 3.2.2. Let M be the manifold consisting of the diagonalizable matrices and
denote
D(M)® and D(Diag(GL,))"

the adjoint-invariant subset of differential operators over M and the Weyl-invariant subset
of differential operators over diagonal matrices, respectively.
The canonical isomorphism

H. : D(IM)Y — D(Diag(GL,))" (3.2.8)

is called the Harish-Chandra map.

This means the following; for a character function ¥(Q) (i.e. ¥(Q) = ¥(GRG™!),
G € GL,) and L a differential operator invariant under the adjoint map we have

(E\I]) |Diag - HC([') (qj ’Diag)

where H.(L) is a differential operator on the eigenvalues.

Our goal now is to make this isomorphism completely explicit and subsequently express
all Hamiltonians in (3.2.3) as differential operators acting on the eigenvalues when applied
to character functions or pseudo-character functions, namely ¥(q) = ¥(GqG~")e?(@9 | with
0 an appropriate cocycle.

Explicit construction of the Harish-Chandra isomorphism. To make the Harish-
Chandra homomorphism (3.2.8) explicit, we write the matrix Q = Z + M with Z diagonal
and M off-diagonal: we then act with an infinitesimal conjugation up to order two in M to
diagonalize it. Concretely this means the following; we conjugate the matrix ) = Z + M by
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a matrix of the form G := eA”+4® where A is assumed to be of first order in the entries
of M and A® of second order and both are off-diagonal matrices.
We then impose that the conjugation of () by G is diagonal up to order 2. Then

1
" A(Z + M) = Z + M+ [AD + A®, Z 4 M] + S[AD, [AD, Z]) + O(3) =

= 24 M+[A®, 2] + [AD, M] + [A®, 2] + J[AD, [A), Z]] + O(3)
(3.2.9)
where O(3) denotes terms of order 3 or higher in the entries of M. We need to impose
that the result is a diagonal matrix up to the indicated order. Separating the equations
according to their order in M we obtain

(2, AV =M at order 1, (3.2.10)
1
(2, A®] =[AD M+ 5[A<1>, [AD . Z]] at order 2. (3.2.11)

The matrices A2 are off-diagonal, and the ady operator is invertible on the subspace of
off-diagonal matrices, so that we can solve the two equations above to obtain
1 [A(l)u [A(1)7 Z]]ab o 1 [A(1)7 M]ab o MacMcb

— A® - _Z — — .
Za — 2b ab 2 P 2 Z,— 2 (za — 2¢)(24 — 2)

(3.2.12)
Substituting (3.2.12) into (3.2.9) we obtain a diagonal matrix Z which is a shift of the

marix Z as follows

~ 1 1 M. M,
_s . o ORI e ar o ap Mo _
7 =7+ J[AY, Mp + 0(3) = A +2dlag<ZCjZ*_ZcMc* M*CZC_Z*>+(’)(3)
Mg My,
:Z—l—diag(ZM).
d Zy — 24

(3.2.13)
We now show how to use the above diagonalization to second order (3.2.13) to construct
the Harish—Chandra homomorphism; we anticipate that the reason why we expand up
to order 2 is that all the operators we consider are at most quadratic in the momenta p
and hence translate to differential operators of order 2. If we had to consider the Harish-
Chandra homomorphism for operators of higher order, we would have to perform the above
diagonalization up to the corresponding order.

Space of radial functions. When considering the quantum version of the Kazhdan-
Kostant-Sternberg reduction, as explained in chapter 2, the choice of the special value of
the momentum M (3.1.4) is replaced by the requirement that the quantum operators act on
specific representations. We start with a general discussion on equivariant functions.

Let V be a vector space carrying a representation vy of G = GLy and let W : Maty«n(C) =
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Lie(G) — V an y—equivariant function in the sense that

U(Q)=7(g7")¥(9Qg™ ") (3.2.14)

where g € GLy(C) and v : GLy(C) — Aut(V) is a representation. Let us denote
H, = {\I/ : Matyxn(C) — V, vequivariant}. (3.2.15)

For simplicity we denote by the same symbol v the representation of SLy, the corresponding
representation of the Lie algebra g = sly as well as its natural extension to the universal
enveloping algebra U(g). We recall that the zero—weight subspace of the SLy—representation
Vis

V(0) := [ Kery(H) (3.2.16)

Heb

where b is the Cartan subalgebra of sly (traceless diagonal matrices).

Lemma 3.2.3. Let D C Maty.n(C) consist of the subspace of diagonal matrices. Then any
equivariant function W restricts to a function from D to V(0).

Proof. Consider a matrix g = e“! with H € bh; then ¥(Q) = (e H)U (e Qe ).
Restricting Q = Z € D we have ¥(Z) = v(e"“")¥(Z). We now take the derivative with
respect to € at € = 0 and we obtain v(—H)¥(Z) = 0. Since H is arbitrary in b it follows
that W(Z) € V(0). n

Following [10], the quantum Hamiltonian reduction that correspond to the Kazdan-
Kostant-Sternberg orbit, consists in taking a particular representation v of sly; the main
feature of the g—module (which we denote by V,) is that the zero weight space V,(0) is
unidimensional. We denote with ¢ a spanning element. Specifically, V,, consists of the space
of functions of the form

F(&,... ) = (H @) £(€) (3.2.17)

—

where f(§) is a rational function with zero degree of homogeneity. The representation of the
Lie algebra sl is then the one obtained by restriction of the following gl, representation

9
o€,

It is easy then to see that V,.(0) = C{II}L, &}
Keeping this in mind we illustrate the type of computations needed to compute the

Y(Ewp) = & a,b=1,..., N. (3.2.18)

extended Harish—Chandra homomorphism in the following example.

Example 3.2.4. To illustrate the type of computations necessary, we consider the quantum
radial reduction of the operator Tr(q*p?). Using the form of the quantum operators p,q we
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obtain

Tr(q"p®)¥(Q) =< > (q’“)popmpm> <h2 > (@")po00., qpf>\lf (Q). (3.2.19)

P,0,T P,0,T

Since the function U is vy—equivariant and the operator is Ad—invariant we can write
U(Q) = (g HV(Z) where g is the matriz diagonalizing Q and Z is the diagonal matriz of
its eigenvalues (this can be done on the set of diagonalizable matrices () whose complement of
non—diagonalizable matrices is of zero measure and hence inessential to our considerations).
We then consider matrices of the form Q = Z + M with Z diagonal and M off-diagonal
and its diagonalization up to order 2 as in (3.2.9). We then need to perform the derivatives
and, at the end of the computation, restrict them to the locus of diagonal matrices Q) = Z.
Using equation (3.2.13) and the matrices A2 introduced in (3.2.11) we can continue the
above computation by noticing that the terms involving the multiplication operator q can be
directly evaluated at () = Z setting M = 0:

Tr(qp)u (fﬂ S 6,025, ) (A=A ) (7) =
P,0,T

(3.2.20)
(ﬁ?Zz’“aqmaqw) (e A w(2).

The second order operator 3=, , 2;0,,,0,,, written in terms of Z, M becomes the operator

dop~Adpo

Z zk82 + Z szMgpﬁMpc, the part involving the derivatives with respect to z, can be directly
P,

pto
evaluated at () = Z while we postpone the evaluation of the part involving the derivatives in
M,,:
(3.2.20) =h? Z P W(Z) + Z on On, (e A W(2)
ot (3.2.21)

*

Zx—2q

where Z = 7 + dz’ag(Zd M*de*> as in (3.2.13). Consider now the term marked with an

asterisk: since Z — Z is a quadratic expression in the entries of M, if we differentiate once
U or«y by M,,, by the chain rule there will be a multiplication by entries of M in the result.
Thus, subsequent evaluation at M = 0 will eliminate these terms. Therefore we need to
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consider the second order operator acting on v or VU separately. When acting on ¥ we have

~ M, ,0. \I/ M;,0.,¥

ZiaMa aM U\IJ(Z) - g ( ) |

% o0, . % My \ 20— 2, 2p—20 ) Ly
pFo pF#o

L — 0,

_Z (

2 — Zp
psﬁo

(3.2.22)
) U(2).

For the computation of the second term involving the representation v we note that

EO'T
8MO’TA(1) = Z ? 8MTO'aMO'TA(1) = O
o,T Ro — 2t
OFT
M., FE, M, E
aMMA(Q) _ Tvlov po =~ ut , aMT(,aMMA(Q) —0.
2 o a2 T 2 G )= )
VEOTFET UFoFET
(3.2.23)
Therefore the action of these differential operators on the group element e~ AW -A® gives

(retaining the terms up to order 2 in M in the expansion of the exponential, since all higher
order terms will give zero contribution when evaluated at M =0)

1 1
aM eiA(l) A(Q) a A(l) 8MGTA(2) + [aMarA( )7 A( )]+

oT 2
3.2.24
5 5 e-AD-A®) _ [Eroy Eorl+ ( )
MY Moyr M0 2(20_ _ 27')2 ’

Here E,, denote the elementary matrices. Note also that E,,E,, = E., are diagonal matrices
and [Ero, Egr|y = Err + Es. Hence, the equation (3.2.21) yields

Tr(q"p?) ¥ =h? Z zk02
2 [ETCH EUT] ) ~ az(, - azT e,A<1),A(2> =
; z ( N L A T
(3.2.25)

To complete the computation, we recall that under the assumption for the representation
space V. (see (3.2.18) ) we easily see that v(Ey;Er;) = k(k + 1)Idy, o). Recall also (Lemma
3.2.3) that V¥ evaluated on diagonal matrices takes values in the zero weight space V. (0).
Therefore we conclude that ([E,oE,.]:) reduces simply to the multiplication by 2k(k + 1).

This leads finally to the result
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k ka _ k
Tr(q*p?) ¥ <h2 S 202 —Br(k+ 1) Z"Z)Q + Ry M) W(Z)—

o,T ( o~ AT s o T Rt
oFET O#ET
— h? Z >z Z 2719, W(Z) = RA(N — k)Y 25710, 9(2).

j=1 o

(3.2.26)

Throughout the following section, we use this method to obtain the quantized Calogero-
Painlevé I-VI Hamiltonian operators.

3.3 Quantized Calogero-Painlevé 1-VI

We apply the quantum Hamiltonian KKS reduction explained in the previous sections to
the list of Hamiltonians (3.2.3).

Moreover, note that unlike the classical case, in the quantum case we have non-
commutative operator-valued matrices p and q so that Tr(pq) is not equal to Tr(qp). For
example, we have the following

Tr(pq) =Tr(qp) + AN?
Tr(pap) =Tr(qp®) + ANTr(p)
Tr(qpq) =Tr(q’p) + AN Tr(q) (3.3.1)
Tr(pq?) =Tr(q’p) + 2ANTr(q)
Tr(p*q®) =Tr(q*p?) + 2ANTr(qp) + 2ATr(q) Tr(p) + AN (1 + N?) .

Calogero-Painlevé I. We start from the Hamiltonian operator corresponding to Calogero-
Painlevé [ and we apply it to the y—equivariant wave function ¥(@)), and then we apply the
quantization (3.2.1) to the result.

2 3
—~ 9] q tq 1 1 t
HI\D(Q> =Tr | & — - —— ‘IJ(Q) =135 prapap - 5 Z QpUQUTQTp - 7 Zapoq/oa v
2 2 4 255 2 4
(3.3.2)
applying the quantization yields
—AM_ 4@ A _A(2) >
Z qu A A )\IJ( 2 Z 6,0(720 UTZ'réTpr’y( A )‘II(Z)_
0,0,T
t
~1 > 2,¥(2)
P
(3.3.3)
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Zx—Z

where Z = Z + d1ag<z *de*) as in (3.2.13). Note that the terms involving only the

multiplication operator q can be directly evaluated at () = Z setting M = 0. The second
in terms of Z, M becomes the operator Z 97 + Z o, ,0M,, as

p#ﬂ
illustrated in the example of the operator Tr(q*p?); according to the general result of the

order operator -, ; 9,,,0,

dop~dpoc

Example 3.2.4, we substitute the following for the term (x)

—AM_A®@)
Z 40 e(Z) =

2 2 1 2 a _ azr
(ﬁ > o — “H);i(zg—%) + R ;T—ZT U(Z)
OFT 0767'

(3.3.4)
Therefore, the quantized Hamiltonian operator corresponding to Calogero-Painlevé I will be
the following

~ R? 9, —O0 R’k 1 h? 23 tz

H = — o — N 9% — e 3.3.5
! 2;%_% _Zp)2+2;% ;<2+4> ( )
pF#o

(o

(k+1)
2 ,)Zg (z
pF

Calogero-Painlevé II. Similar to the previous case, we apply the Hamiltonian operator
corresponding to Calogero-Painlevé 1 to the y—equivariant wave function ¥(Q), and then
we apply the quantization (3.2.1) to the result:

HH\I’(Q) :Tr<p22 - ;(qz + ;)2 - 9(1>‘I’(Q) =

( Z dop ‘Ipfr - ;Z <<52PqPU) ;)2 - gégﬂqﬁff)q/(Q)‘

Following the same logic used in the example (3.2.4) we can continue the computation

(3.3.6)

=~ 1 _A@ = 1
HII\I] Z Qop ‘IPU - A )\II(Z) - 52(2 + 2 _GZZP

p

(3 3.7)
The term including the derivatives with respect to q will result in differential operators with
respect to z and M, hence

2 D_oa@y gm0 L t
(33.7) Z 2) 40 S Oy O (AU L T2 (2
ey p
p#o

-0 2,9(2)

(3.3.8)
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The term indicated by the asterisk is dealt with in complete analogy to the similarly
marked term in (3.2.21). We thus obtain

Hyw(Q) =
h? 9 h? E E ] (1) _ 4(2) 0, — 0 =
v \1/ o = poy Hopl|+ AL _A Zp 2o \I/ Z o
2 zﬁ):azp 2 Zt;( 7( (20 — 2p)? e ) “p T %o (2)
pF#o
1
-3 zpj(zﬁ - 5)2\11(2) —0 zpj 2,U(7)
(3.3.9)
Hence, putting these all together, we obtain
—~ h? k(K + 1) 1 h? 0, — 0,
Hiv(Q)=— 83\112)— U(Z)+ — ———=2Y(Z)—
¥ 2%: » ( 2 ;(ZP—ZU)Q ) Q;zp—zg )
p#o p#o
1
— > (2 + E)Q\IJ(Z) — 0> 2,0(Z
2% 2 P
(3.3.10)

The equation takes a more convenient form if we apply to the wave function a gauge
transformation of the form

W(Z) = exp [—711 > (25 + ;zaﬂ B(2). (3.3.11)

(67

As a result, the Schrodinger equation hd,¥(Z) = H;;¥(Z) is transformed into the one with
the new Hamiltonian

~ W0, —0 R?k(k+ 1) 1 h? t
)i Zo Zp + — az_h <22+>8z+
e Q;zg—zp 2 ;(ZU_ZP)Z 2%: v zp: pg)
p#o p#o
1
+<—9—hN>Zzp
2 P

(3.3.12)

Calogero-Painlevé III. In this section, we apply the Hamiltonian operator corresponding
to Calogero-Painlevé I1] to the y—equivariant wave function ¥(Q), and then we apply the
quantization (3.2.1) to the result:

r’d’ +d’p*  o’p +pq’
2 2

tﬁIU\IJ(Q) = T?"( — (0o — 01)ap +tp — 91Q> U(Q) (3.3.13)
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by applying the quantization and permuting the operators p and q we obtain

tﬁIII\IJ(Q) = (hz Z QpUQUTaanaqpn + h2N Z QJpaqu + h2 Z 5p0Qp0 Z 0 T
p,o P,o T

p?U7T7,r]

=7 > Gpotor0yyr — (AN +01) D Spotoo — (00 = 0)h D Gpo0ape+  (3.3.14)
P,o po

P,0,T
2 2
+h 0, W)‘I’@)'

Following the same argument as the example (3.2.4) and combining the similar terms the
quantized Hamiltonian operator for Calogero-Painlevé III is obtained as following

— 220, — 220,
tHIII :h2 Z % + Z <h22/2)83p — h(2§ + (—2h—|— 90 — 91)2,) - t)azp—
p,o o p p
p#o
(3.3.15)
k(K + 1) 2+22  R2N(1+ N?)
— (AN + 6 — L2 )
( " I)Zp) 2 ; (25 — 2p)? " 2
pF#o

Calogero-Painlevé IV. Similar to the previous cases, we apply the Hamiltonian operator
corresponding to Calogero-Painlevé IV to the y—equivariant wave function ¥ (@), and then
we apply the quantization (3.2.1) to the result:

2+2

HpyV(Q) =Tr (pqp - w —tpq + 6op — (0o + 91)01>‘P(Q) (3.3.16)

by commuting the operators and combining the similar terms we obtain

Hpy¥(Q) :( > GorPoolrp — D, GpolorPrp — tz GopPpo + (00 + AN) D 0poDpo—
0,0,T 0,0,T 0,0

(3.3.17)
— (00 + 01+ AN) D 6,0qp — thN2> ¥(Q)
0,0

we apply the quantization and the same procedure as in the example (3.2.4) is considered,
therefore the computation continues as the following

HIV\IJ (hZ Z qO‘T op qp-r —h Z chrquaqu thz QUpaqu + h 90 + hN) Z aqpp_

Ps0,T P,0,T p

— (0o + 61+ AN)D gy — thN2> U (Q).
’ (3.3.18)
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Note that, according to equations (3.2.23), the first derivatives with respect to q will vanish
as we reduce to the eigenvalues and put M = 0, the multiplication operator q will be
substituted by z directly, and the second derivatives follow the same pattern as the example
(3.2.4); putting all these together results in the quantized Calogero-Painlevé IV to be the
following operator

2,0

Hpy =h? Z Z"a;v:z% + Z (hzzpazzp — h(zi +tz, — 6y — h)(?zp>
o~ “p

Po P
ad . (3.3.19)
—Wr(k+1)Y ——L—= — (AN + 0y +01) Y z, — thN?.
p;f (25 — Zp) 0
pFo

Calogero-Painlevé V. To start the computation of the quantum Calogero-Painlevé V,
we apply the Hamiltonian operator corresponding to this equation in the list (3.2.3) to the
~v-equivariant wave function W(Q), and then we apply the quantization. The computation
reads the following procedure:

tﬁV\D<Q>:
2q2 4 q%p? 2+ ap?  #(pg? L 2
TT<pq 2qp _pq2qp + (pq 9 qp)+(90—92—t)pQ+92P+(90+91)tQ>‘I’(Q)
(3.3.20)

using the proper permutations of the multiplication operator q and the differential operator

p and applying the quantization (3.2.1) we obtain

(3.3.20) = (h2 Z QpoGorOqy, Og,n + h? Z dpolpo Z O7nOqr — K2 Z U004, 0q,. +
.o ™

pP,0,T,N PO, T
F 11 Gpotord,,, + (fﬂN + (6 — 6, — t)h) > Qoo+
p,0,T p,o

RN (1 + N?)
f_|_

+ (025 = B2N) 3" 0p005,, + (ANt + (00 + 01)t) 3 Gp0p + 5
P, po

+ (0 — 02 — t)hN2>\II(Q).
(3.3.21)
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Applying the same logic as in the example (3.2.4) for multiplication operator q and the first
and second derivative terms, the computation continues as follows

(3.3.21) =h? Z 2282 )+ Ry zi@MgpaMwy(e_A(l)_Am)\II(Z) + 12 2,> 0., 9(2)—
7z 7
-y zpaszp(Z) — > z,,@Map&wpa”y(e’Am’A(2> )+ thz 250.,%(Z
’ oo
+ (BN + (60 — 02— )h) > 2,0.,W(Z) + h(0; — hN) Z
p

+ (AN + 00 +61) > 2,W(Z) + ((90 — 0y — t)Nh + W) U(Z).

(3.3.22)

Finally, applying the result of the computations for the example (3.2.4), combining similar

terms, and rearranging, we obtain the quantum Calogero-Painlevé V Hamiltonian operator
to be the following

_ o —1)0., — 2)(2, — 1)0,
iy =y 2o =0 2 2 s, - 002, — it 1) Y )
B o 4 pP,o
p#o p#o

+h> (tzﬁ + (2h+ (Bp — 0y —t))zp+«92 — h)&zp +t(AN + 60 + 61) > zp+
P

p

p)

2 2
+ ((90 — 0y —t)N?*h + Nﬁ(l;N)) .

(3.3.23)

Calogero-Painlevé VI. In order to compute the quantized Hamiltonian operator
corresponding to the sixth Calogero-Painlevé equation, similar to the previous cases, we
apply the Hamiltonian operator in the list (3.2.3) assiciated to Calogero-Painlevé VI to the
v-equivariant wave function ¥(Q), so the computation starts with the following equation

PapPq + qpqp
2

t(t — 1) Hy 9(Q) =T'r (qpqpq — tpq°p + tpap — — fapq + t(6y + 61)pa+

+ (6o + 0:)pa — Ootp — i(kZ - 92)(1)‘11(62)‘
(3.3.24)
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Then using the permutation relations and applying the quantization (3.2.1) one obtains

(3.3.24) = (h2 Z QPUQanypaQ‘raaqyn + I Z dpslpo Z qmaqnf‘i‘
00 ™

p7U7T’/l77l/

1
+ h(2AN — 0) Z Qp047p0q., + <h2N2 OhN — Z ) Zépgqu

p,0,T
— Rt +1) Z Uo7 %r10q,,04,, — th? Z S popo Z 67n0g,,—
P,o,T,1 P,

—h(hN(t—l)—t(90+91)—(90+9t>)2qp08 +th* > Gor0y,, 0, +
P,0

dpo Qop ~dpt
p,0,T

+th(EN = 00) Y 6,00,,, + EN? (t(eo +00) + (60 +6,) — hév > T(Q).
P,

dpo

(3.3.25)
We apply the reduction instructions for q terms and the partial derivative term, the
computation continues as

3.3.25) =h* Z 2382 ) + A Z 2> 2500,,00,,7 (€ —A- A(z))\I/(Z)—i-
pséa
+h222p220820\11 ) + h(2AN — 2228 v(Z
p o

L
+ <h2N2 ORN — (K ) S (2) — i 320, (7
— th? Y 2200,,0m,, (e~ A(Q) — th* Z Z, Z 0.,V (Z
P,
p#o

— R(tAN + AN — (6o + 61) — (60 + 61)) D 2,0.,U(Z) + th* Y 2,07 W(Z)+
p p

+ 0" 2,00, 0507 (€4 TADVU(Z) + th(BN — 0) " 0, W(Z)—
p,o p

p#o
— 1 Z 2,02, 9(Z) = I? Z 202000, Onr,, v (e M AU Z) 4
p#c
AN
+ hN? (t(eo +61) + (00 + 6;) — 5 ) U(Z).

(3.3.26)
The rest of the computations follows the instruction of the example (3.2.4), and the
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Hamiltonian operator corresponding to the quantum Calogero-Painlevé VI is obtained as
t(t — 1) Hy; =

_h2 Z

p#cr

+hz ( (3h — 0)22 + (= h(1+1) + (0 + 61) + 60 + 0 ) 2,

~ D0 =00 =20z = DG =00 | oy (o, e

2 — Zp

— tz + 1z, — 2p20
(ZU - Zp)

3h2
+ thN?(0y + 61) + hN?*(6y + 6,)

+t(h—90)>6 —PPr(k+1) > 7k
p,0
p#o

1
+ (N?h? — ONT — Lk — 0%)) Xp: 2, —

(3.3.27)
To have a symmetric representation for the second term of the third line, we use the following
equality

S 222, — 12 + 12, — 2% _y 2p(2p — 1)(2, — t) + 25(20 — 1) (25 — t)+
P, (20 — 2p)? 0,0 (20 — 2p)?
pto pta (3.3.28)
N(N — 1)R?
Vo YD
o

which is obtained by adding and subtracting the symmetric compensate of each monomial
in the numerator.

Therefore, the final representation of the Hamiltonian operator for the sixth quantum
Calogero-Painlevé equation is the following operator

t(t—1)Hy; =
=h>>" olzr = Dieo = t)(‘)zzo —Zzp(zp — V(& =), Ry 2,(2, = 1)(2, — 1)D2 +
p,o o ~p
pFo

+hz<3h 0)22 +( h(1+t)+t(90+91)+60+9t)z,)+

Pr(E+1) « 2p(2, — 1)(2p — t) + 20(20 — 1) (25 — 1)
+t(h— 90)>azp — 5 ; o2 -
p#o
+ (NQHQ — ONh — i(k@ — 0%+ (N — Dr(k + 1)h2> >z,
p
352 2 _
N N0 + 01) + N2 (G + ) — Y 21)“(“ Y.
(3.3.20)
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Chapter 4

Integral solution of the multi-particle
quantum Painlevé equations

4.1 Quantum Painlevé system

Nagoya in [31], introduced the Hamiltonian operators corresponding to the quantum Painlevé
equations in the case of a single particle, satisfying the Schrodinger equation

h;@(z, t) = Hy(z, haa, )®(z,t) J=II,II1,IV,V,VI (4.1.1)
y4

where Hamiltonian operators H; are obtained from the polynomial Hamiltonian operators of

the Painlevé equations by substituting the operators z, ha— into the canonical coordinates.
z

These operators are defined as

Hip :;(h&,;)2 — (2 + ;)h@z +az
tHyr =2%(hd,)? — (2% + bz + t)hO, + az*
Hpy =2(h0,)* — (2* + tz 4+ b)hd, + a(z + 1)
tHy =2(z — 1)(hd.)* + (t2* = (b+ c+ 1)z + b) ho, (4.1.2)
+alb+c—a+h+t—tz)
t(t — V) Hyr =2(z = 1)(z = £)(hd:)* = ((a +b)(z = 1)(z — ) + c2(z — 1)
+dz(z = 1))hd. + (b+ ¢+ d + h)a(z — 1)

He showed that the quantum Hamiltonians (4.1.2) admit special solutions in integral
form when the parameters take certain specific values: in fact, the wave function ® in Eq.

*The coefficient of z in [31] is shifted by the parameter b, however, based on our generalization, the
generated coefficient of z is a itself.
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(4.1.1) can be taken in the following form

o7 (2,1) :/ T (i —u)* [[(z — u)O(us, t)du;. (4.1.3)

Di<i<i<m i

Here I' = ][, v; is a cartesian product of “admissible” contours u; € ~y; that can be chosen
on the Riemann surface of the “master” function ©;. By this we mean that

e 0,(u,) is single valued along ~;;

-/, u5© s(u;)du; is a convergent integral and not identically zero (as an expression in
k € N);

o The contours are pairwise non-intersecting if A & %N

For example for J = II the contours can be taken as contours starting from infinity along

2
one of the three directions arg(u;) = %k, k =0,1,2 and ending at infinity along any of the

remaining ones. We could also take a circle, but then the Cauchy theorem would imply that
the integral [u"©;(u)du is zero. The requirement that the different 7,’s do not intersect
is due to the fact that if A ¢ %N then the power of the Vandermonde term in the integrand
(4.1.3) yields a non-single valued function.

The master functions © ;(u;,t) (J = II,1I11,IV V,VI) are the weight functions defined
below:

2
@[1 = exp(—(uit + 311,?))
t
O = uiblexp( — ul)

2

Ov = u; (1 — w;) " texp(uyt)

@VI = U_a_b_1<1 — Ui)_c_l(t — Ui)_d.

i

2)) (4.1.4)

@[V = uiblexp<—(uit -+ Ul

With the positions (4.1.4) and formula (4.1.3) the functions ®/ satisfy the Schrodinger
equations (4.1.1) provided that the parameters a, b, ¢, d satisfy the following condition

a=mh and b+c+d=(m—-1)h J=VI
(4.1.5)

a=mh J=I1,1I1,IV,V

We want to generalize this result of Nagoya’s to our multi-particle quantum Hamiltonians
(3.3.12, 3.3.15,3.3.19, 3.3.23, 3.3.27) by providing a multi—particle extension of the integral
formulee (4.1.3).
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4.2 Integral representations for the quantum Painlevé—
Calogero Schrodinger wave functions

We now explain the general approach behind the extension of Nagoya’s formulse. We start
from an Ansatz of the form

\Ij(zp; t) = / H (Uz - Uj)Qh H H(Zp - ui)Q](ui, t)duz (421)

Observe that, similarly to Nagoya’s result, these are polynomials in the z,’s of total degree
Nm and of degree m in each of the variables z,. With the Ansatz (4.2.1) in place we
verify, by a direct calculation on a case-by-case basis, that they satisfy a multi-variate
generalization of (4.1.1) and identify the corresponding Hamiltonian operator. The result
of these computations, whose details are reported in the following sections, are summarized
in the following table (for readability, the range of greek indices is assumed to be 1,..., N
without explicit mention):

Quantum Calogero—Painlevé 11

h0,, — 5
HH:§;;_7% *Za —hZz + 5 azp+mh2zp (4.2.2)
p#o
Quantum Calogero—Painlevé 111
tH hZM +>° <h2z282 — (22 4+ (b+ N — 1)z, + )0, +mhz )
e po  Fp T o P peze r ’ Zp r) (4.2.3)

pFo

Quantum Calogero—Painlevé IV

Hyy = hzw £ 30 (202, = (=] + t2, 4 0)0, + mhz,) + ANmt (4o
e
Quantum Calogero—Painlevé V
tHy =hY 2ol = 1)8;” :Z"(Z" — 0, | ANm(b+ e+t —fi(m — 1) = N +1)+
ol S (4.2.5)
—l—z ( 1)0? +h<tz - (b+c+t)zp—|—b>8 mhtzp)
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Quantum Calogero—Painlevé VI

t(t — ]-)HVI =
— 2,(2 — 1)(25 — )0

—1 — Z
:hz 2(%p )(2p =+ Z hQZp(Zp —1)(z — t)@fp—
< p

pFo
—hY ((a+b)(z— 1)z, = t) + czp(2, =) + (d+ N = 1)z,(2, — 1)) 0., —

—hm(N —1—hm)>_ z,—hmN(hm+1— N)t
p

(4.2.6)
We claim that the generalized wave functions (4.2.1) are indeed solutions to the
quantum Calogero Hamiltonians (3.3.12, 3.3.15, 3.3.19, 3.3.23, 3.3.27) constructed by
canonical quantization of the non-commutative Hamiltonians of the classical isomonodromic
noncommutative equations of [3]. The identification requires to choose the parameters in a
special way. The details of these result are presented in the next chapter.

Planck constant 7 = 1. According to the result that will be presented in the next chapter,
when 2 = 1 and some of the other parameters including s take some specific values, our
claim regarding the generalized wave functions being solutions to the Schrodinger equation
for quantum Calogero-Painlevé system holds true. (For details see chapter (5))

We now briefly comment on the value of the Planck constant A = 1: observing the
original integral representation of Nagoya (4.1.3) and the generalized one (4.2.1), we see that
for h = 1 the integrand contains the square of the Vandermonde determinant of the variables
u;. This type of expression is very familiar in the context of Random Matrices [30]: it is the
Jacobian of the change of variables from the Lebesgue measure on Hermitean matrices (or
normal matrices) to the unitary-radial coordinates. Specifically, if M is a Hermitean matrix
of size m x m and we write it at M = VDV with D = diag(uy,...,u,) and V € U(m,C),
then the Lebesgue measure (up to inessential multiplicative constant) is

dM = A(u)2dV [] du; , (4.2.7)
J

where A(u) = [1;;(u; — u;). This expression is also valid if the u;’s are allowed to take
complex values along specified curves (but now dM is the measure on m X m normal
matrices). This allows us to rewrite the integral formulee as matrix integrals; for example
for Painlevé II we have

ol (7,1) = / [] det(z, — M)e "GV +M) gy, (4.2.8)
p

which expresses the wave function as the expectation value of the product of characteristic
polynomials. Similar expressions hold for the other cases. Therefore it appears that the class
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of generalized Nagoya solutions (4.2.1) and the wave—functions of the quantum Calogero—
Painlevé Hamiltonians intersect on the class of solutions that are related to matrix integrals
of the form (4.2.8) only (and their similar expressions for the other master functions (4.1.4)).
During the coming sections, we provide the detailed computations of generalizing the
quantum Hamiltonian operators (4.1.2) to several particles.
The starting point of all the following computations is to take the integral representation
(4.2.1)

U(zp;t) /F u; — u;j) 2hl_[ — ;)0 s (u;, t)du; (4.2.9)

1<z<]<m

and apply to it the direct sum of the second—order parts in the quantum Hamiltonians (4.1.2).
For the sake of simplicity of the notation in the following computations, we denote by
<\I/(u1, s um)> the un-normalized expectation value as follows:

(W(ur, o /F =) TT O )W (ur, o ) (4.2.10)

1<z<]<m

4.2.1 Quantum Painlevé II
Define P(2) = [1,,(2, — u;) and A = [T1<;<j<m(us — u;), then
2ZP=) P — =
R e ey
1

_ZPZ( ) NG uj)>

o i (B ) (u—ug) (Z — ) (us -

This yields
A h2<PZZ( : S uj))>:

iz (B ) (i —wy)  (F = ug) (i —

_2h2<PZZ ! )> = (4.2.12)

0 17&] ul)(ul — Uy
1

_h/Zau ANY =

We now use integration by parts in the integrand and obtain:

h/A%ZZ&u(H Pl;[@(uk)>dui:

_uZ

h/AQhZZ< B %“3+tp) T1 O s

—w)? - w Z,—u, .

(4.2.13)
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After simplifying we obtain

2 —
ng:agp\y_—; & :’\If+hz agpxl/ ﬁmZzp\I/—i—ﬁNat (4.2.14)

p#o

Rearranging the terms appropriately, we obtain the Schrédinger equation with the
Hamiltonian (4.2.2):

h«0z — 0z h?
e R DYDY 3Zp+mhz,zp (4.2.15)
P

o 2p— 2
p#o

4.2.2 Quantum Painlevé 111

The initial set up matches the previous case, except that we need to consider the direct sum

of the operators 2502 acting on the wave function. To this end we observe that:

SAEPD =T PY et =

p z;éj — U P uj)

_ZPZ(1+( Ui S J uj)).

P ity —wi)(ug —uy)  (Z —uy)(wi —

This yields

W2y 20Ew h2<PZZ(1+ U Yy )>:

; > (Zo —wi)(ui —uy) (2 — uy)(ui — uy)
=h’Nm(m — 1)U + ANmU + AN*m¥ — AN > Z,0: 0 —hY_ 2, 0z, ¥+
o P o
+hY (224 b2, + )05,V — AbNmV¥ — ANmU + hz 02,0 — hmZzqu—
P

720z, — 220z,

—hN<ZuZP> R Y Y 0~ h Y 500

N
|
q

(4.2.17)

51



Rearranging the terms we obtain the following expression
20,
U+ hY (2 +bZ,+ )0,V —mh)_ Z,U+
p

nzzzw v __nz 2% ~ 20s
Zp = Zg
— 1) + AN*m¥ — bNmh¥ — b 7,05 U—
p

07&0
+thNO,V + h* Nm(m
t
i Wi
(4.2.18)
In order to handle the remaining expectation value we need to derive some further identities:
consider the Euler differential operator
E:=> 0, (4.2.19)
Applying this operator E to the integrand of ®17,
H o U] QEH —b 16(*.*711) (4220)
1§z’<j<m
gives the following expression:
Z ulﬁul ( H (Ul — Uj)QhH(gp — ui)u;b_le(if 1)> =
i 1<i<j<m pi
1 S b1 (L—u
=2 [H —u)” (<2h> 20 ) [16z = wu et
i<j ity Wi U5 ) o (4.2.21)
—1 o o
+ I =) 116 — (Z g ) w ey
i<j p cp Wi
t_uy [ —b—1 t
o s (34
i<j i i
1 b+1 ¢
P ICIEDD oy 2t 1| a* P o)
w5 U uz
(4.2.22)

—1)P+ NmP —>_ Z,0,P — (b+ 1)mP — Z +uz
P

=A*"| hm(m

Then we observe that

/ Zuj (A%PH@ " duz> - / ;auj (ujA%P];[@(ui)dui> —mU(Z)  (4.2.23)
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and the first integral is zero because it is a divergence of a vector. Therefore

/]E (A%PH @(ui)dui> =hm(m — 1)U + NmU — > 2,0; ¥ — (b+ 1)m¥—
i P

t
_ ~ 4w)P
()
—
t
<Z( + ul)P> =hm(m — 1)V + NmV¥ — > 7,0; U — b¥. (4.2.25)
i Wi p
Substituting the left side into the equation (4.2.18) results in the following conclusion
22492 5285 — 750z,
thNOW = 3" (K202 — h(Z2 + (b+ N — 1), + )0z, + mhz,) ¥ + by 22— 22
P ’ pso “p T Fo
p#o
(4.2.26)

hence, the general Hamiltonian operator for quantum Painlevé III equation is given by

(b+ N = 1)2, + )0, +mhz,) . (4.2.27)

20; — 220z
tHy = hz%%—z (712»5%3%) — h(iﬁ +
P

4.2.3 Quantum Painlevé IV

We follow the same general scheme and consider the sum of the zp82 term applied to P

ZZ,ﬁZ P = ZZPPZ _u)l(z _u‘) =
o 2 u ) — U . (4.2.28)
—ZPZ( (2o — wi) (ui — uy) - (%‘“j)(ui_uﬂ'))‘

p i#£]
This yields

7122 0z, 52<PZZ( ul;b(zu, —uy) (5, - U;)LZUZ - Uj))>

poi#g

—2h2<PZZ u?(u _ uj)> (4.2.29)

P 175]
PH@ uy ) du;

:h/Z@ui (A™) 3 2
- h/Athpj;&h ((—1 + 7, }u)Pl;[@W) du;
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which gives

4 aaz
fﬁzzpa? P —_nz%—wpmz (22 + 15, + )=, D—
Zp — 2o

ok (4.2.30)
— ANmt® + hiNO,® — hm Y 7,.
p

Rearranging the terms in the above expression, the general Hamiltonian operator for
quantum Painlevé IV equation is given by

_}Uaz” - - -
Hyy = hZ# + 3 (2,02 — B2 + 2, + )05, + mhz,) + ANmt.  (4.2.31)
p

Z,— Zg
p#U

4.2.4 Quantum Painlevé V

We start from the same set up as previous operators

ng(gp - 1)837}]3 :ZPZ (Z ip
p

p P it

:ZPZ<1+(~ w1 = 1) uj))

Py Zo —wg)(ui —uy) (% —uy)(ui —

% — 1)
u;)(Z, — uj)

This yields

hZZZp 82 U — h2<PZZ( Uz(u;(;21> ) - 3]'(1/4' _‘1_> u]))> (4233>

P i#j (’ZP Us

=h*Nm(m —1‘If+2h2<PZZ wi(u; — 1) >

o iz (o — wi) (ui — uy)
—RNm(m — 1) \11+h/20u1 (A2 ZUZ(LPH@ (u) s

o Zp— Uy

_‘_’_185__‘0-_‘0——1 G
Y 55— Do w = — py 2l = 105 = G D0y,

P o Zp %o
pFo

—hy (tZ2 — (b+c+1)Z, 4+ )0z, ¥ — ANm(b+ c + t) U+
P

+mht > 2,0 + hNtO, ¥ + i*Nm(m — 1)¥ + hNm(N — 1)¥
14
(4.2.35)
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Therefore, the general Hamiltonian operator for quantum Painlevé V equation is given by

Z(Z, — 1 82' - _‘O' _‘O' —1 82 > -
tHy =h) %% = 105, = Z(2 )9z, +> <h2,zp(zp — 1)8§p+
P, p

pFo

+ h(ti,% —(b+c+t)Z,+ b)agp — mht5p> +hANm(b+c+t)—

Z, — Z,
(4.2.36)
— R*Nm(m — 1) — ANm(N — 1)

4.2.5 Quantum Painlevé VI

The Laplacian operator applied to P yields

ng(gp B 1>(zp B t)af?pp - ng(gp B 1)(20 B t)PZ >

P) p i#j (Zp - UZ)(Z/J - U’j)

This yields

nYy - z,(Z, = 1)(Z, — )02 W h2<PZZ<(Z t+1)+ui+uj)+

pi#j

Couy(uy — 1)(uy — )>>
(wi —u) (2, —u;) ) |

(4.2.38)
Upon rearranging of the terms we obtain the equation
(2 — 1) (7 _ta? __'0' _'0_1 _;g—tag
Y 52— 1)z, - notw = Yy 2 = DG =005 = 2 = D = 0s
P Zy — Zy

p,0
pFo
+H(t = DR + 7Y ((a+b)(Z, — 1)(5, — 1) + ¢5,(5, — 1) + dZ,(5, — 1)) 0z, U—
P
— B 20: 0 + B 5,050 + (2hNm — hm — I2m?) Y 2,0+
p p p

+ (A*Nm — htN*m — AN*m + m*h* Nt — dhNmt + hNmt + (b + d)hNm) U+

+(hN2—h2N<ZuZ >+tt—1)hN<Zt d P>.

L

(4.2.39)
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Now, instead of applying the Euler operator, we consider the operator
L= 0, (w1 - w)). (4.2.40)

We apply L to the integrand

J(@,2) = ][] (w—uw) 2fl_[ — ) u; T = ) T (= ) T (4.2.41)

1§i<j<m

After some calculations we obtain

LJ(U, E) _ Z [(1 . 2Ui) H o U] QhH o Uz ure b— 1(1 ui)fcfl(t o ui)*d—{—

3 1<j

+ ui (1 — ) [ ] (ws — u; 25(2712 ) 11z — wi)uy 7M1 — )™t — ) ™%+
1<j i#£j Ui — Uj Pyl

+ i (1 — ) [](ws — uy) 2ﬁl_[ — uy ( 4_1 )Hu;“’b’l(l—ui)’c’l(t—ui)fd—i—
i<j p cp T Wil

—f—ui(l—ui)H(ui—Uj)%H atbt1 (fp_UZ) A (

i<j pi Wi (1

—a—-b—-1  c+1 d )

(4.2.42)
:AQﬁlmP QZu, —2h(m — 1) ZuP mZsz NZuP—i—NmP—

—Zip(l—zp)('?gpP+(—a—b—d—1)mP+tde+(a+b+c+d—|—2 ZuiP—
P i

—t(t—l)zt

i U W

] o)
(4.2.43)

Integrating (4.2.43), one obtains zero beacause the integrand L.J can be viewed as the
divergence of a vector field. Therefore,

t(t — 1)<Z

i

d

t—ui

P> =(—hm+ Nm+ (=b—d)m + tdm)¥+

+(=2r(m—1)—N+a+ b+c+d)<ZuiP>— (4.2.44)

I ST
P p

56



Substituting the LHS into the equation (4.2.39) yields the following result:

Y 55 - )i - g w - -y 2= G =00 = S e UG 200y,
P ’ P, Zp — %o
p#o

+ (t—1)h8t\lf+hz<a+b( —1)(Z, —t) + cZ,(Z, — t)+

+dz,(Z, ))8 U+ h(l-N Zzp Z)0z, W+
—l—hm(N—1—hm)Zzp\If—i—th(hm+1—N)t\IJ
p

(4.2.45)
Therefore, the general Hamiltonian operator for quantum Painlevé VI equation is given by

t(t — 1) Hy; =

—py o = DG =00 = 5 (e = DEr = 005y 5 )z g2
P

Zy — Zy Zp

pho
—hZ(a—Fb —1)(Z, —t)+cZ(Z, —t) + (d+ N —1)Z,(Z, —1))8
—hm(N —1—hm)>_ Z,—hmN(hm+1— N)t
’ (4.2.46)
Remark 4.2.1. All these operators reduce to the Hamiltonian operators in (4.1.2) for N = 1.

Remark 4.2.2. The reason why quantum Painlevé [ is excluded from the calculations in this
section is that no transcendental function is proved to be close to expressions for the solution
of Painlevé I. Therefore, there is no integral representation for the wave function satisfying
the Schrédinger equation for quantum Painlevé I.

In the next chapter, we proceed with a comparison between the Hamiltonian system
obtained in Chapter 3 as a quantization of the Calogero-Painlevé system, and the generalized
Hamiltonian operators that we computed in the current chapter.
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Chapter 5

Results

5.1 The equivalence of the two systems

We now claim that the generalized wave functions (4.2.1) are indeed solutions to the
quantum Calogero Hamiltonians (3.3.12, 3.3.15, 3.3.19, 3.3.23, 3.3.27) constructed by
canonical quantization of the non-commutative Hamiltonians of the classical isomonodromic
noncommutative equations of [3]. The identification requires to choose the parameters in a
special way. Consider for example (3.3.12) and (4.2.2):

- R0, —0 k(K + 1) 1 h? t
H;r =— Zp Zo e 2 —h < 2 ) 3
17 2; Zp—zo— 2 ;(Za_zp)Q—‘rQZD:aZp Zp: ZP+2 ap+
p#o pFo
1
—|—<2—9—hN>Zzp,
p
h 8Zp—aza FL2 2 2 l
Hy =g Y e+ 5 RO kY (4 g) 0 e mh Y,
2
pFo

The first observation is that in the two Hamiltonians the second and first-order differential
parts have different powers of h; they coincide only for & = 1 (we exclude the trivial case
h =0). We commented on this in Section 4.2.

Then there is the Calogero-like potential term in (3.3.12) which is absent in (4.2.2); this
forces us to choose k = 0. These values mean that the GL,, representation in V is the trivial
one in the quantization scheme. These constraints determine the value of 8 and it turns out

tobeQZ;—N—m.

The other observation for Calogero-Painlevé II is summarized in the following Lemma:

Lemma 5.1.1. Considering A = [l1<,<p<n(2a — 23) be a Vandermonde polynomial in Z,
then the action of quantum Hamiltonian operator Hrr on the generalized wave functions, is
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equivalent to the action of A~RH; AR on the integral representation of the wave function:
APH AR (Z) = Hi¥(Z) (5.1.1)
for R and the scalar k determined as each of the following pairs

1 1 1 1
(R=r-1 w=s-1), (R=s-1 w=—), Bf0 (12

Under this circumstances, the parameter 6 is determined by

9= h(1—m)+ N(1—28)— . (5.1.3)

Proof. Considering A = [[1<,<p<n(2a — 28), and the Hamiltonians Hyp and Hyj as (3.3.12)
and (4.2.2), the direct computation of (5.1.1) gives

PO Zp - Zo
p<o

_ 2
(hZ s =0 | f;zagp By (z§ + ;) 2., +thzp)\If(Z)_
P P N

afo=0: — 0s ) 1 h? ) ,
_A nzﬂ_m(ﬁﬂ)z+220Zp_nz<zp+2>azp+
p P

po “p T Fo o (20 — Zp>2

(5.1.4)

Note that 1
0., (A%) =RAR Y ,

a#p PP T Fa

(5.1.5)

a#p ZP — Ra a#p (’ZP - Za)z .

afp(AR)ZRQAR(Z 1 )Z—RARZ :
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Therefore, the equation (5.1.4) continues

O'

e

p<o

fzaQ —hZ(z 4 >8Zp+thzp> 7)—

(#za epiny (gt )

I Zp T %o p<o T R0 \agp fp T Fa gzg R0 T Ra

—Prk+1)> — ! +—Z&2 +RRY > —— (5.1.6)
e (20 — 2,)? pa;épzp—zg
p<o

s R2<Z ! ) “RY o —hz<z + )

25 ap “p T P asép ~ Za)?
—hRZ(z§+t>Z ! +(—9—EN)ZZP W(Z) = 0.
; 2/ ody %p ~ Za 2 ;

By straightforward manipulation of indices one can show that the following relations are

true: 5
pz,c; Zp — %o - pzc; Zp = ZU
Rl o< (5.1.7)
Z(zﬁ—i—)z =(N-1)) =z,
P 2 a#p “p T *a P

Also, one can prove (done in the next Lemma)

1 1 1 1 1
3 3 -y =23 ¥ +2%
P;f Zp T Fo (ogép “p T o aFo fo ZO‘) P9 a#p,o (ZP - fo)(za P> pP%U (ZP 20)2
pFo o

p<o
(5.1.8)
putting all together, and simplifying the similar terms, equation (5.1.6) yields
(5.1.6) = (h —h? - h?R) > M\II(Z) +RPe(k+1)> ! SW(Z)—

e % — 2o o= (20 — 2,)
p<o p<o
1

—2W*RY ———V(Z) — - 1HR*Y Z U(Z)+ (5.1.9)

pp&% (ZO' - ZP) P a;ép Zo‘)

+<mh—hR(N—1)—;+6+hN) W(Z) = 0.

To have the equation (5.1.9) satisfied, we need to have the following relations to be true for
R, k, and the parameter 6:
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o We either get

1
-1
R=_ -1
1 (5.1.10)
I{—h y 1.
1
6= h(1—m)+N(1-2h) 7
e Or 1
R=-—1
h )
__1 (5.1.11)
KR = h’ 1.
1
0= h(1—m)+N(1—2h) — .
]

Lemma 5.1.2. For an arbitrary a, and z,, o = 1, ..., N the following equality holds true:

0 a=0,1
DI I ﬁ — = NN-DWNV=2) _, (5.1.12)
& jzartap (2o = 2r)(Za = 28 3

(N=1)(N—=2)>p2a a=3

Proof. Consider the term P(z) = [[2_,(z — z.). We compute the following residue

a=1
P(2)\°
Tos 2 (P((j))> dz. (5.1.13)
/
This can be done in two ways; first note that we can express — as the sum of Logarithmic
derivatives P2) q .
z
A | —2z,) = 5.1.14
P(z) ;dz n(z = z) ;z—za ( )
using the geometric series expansion one obtains
1 1 2q 22
> :Z<LF+3+O@0
o F TR Za S (5.1.15)
N >z
=— 2 +0(3
z + z2 +00)
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Hence, for the computation of the residue, we have

P'(z) s N3 3N2Y, 20 3N (Zaza)
a a « a 5.1.16
res z ( ) ) dz =res z ( o + i + > + O(6) ( )

depending on the value of a, the final answer of this computation varies, concerning the
proof of this Lemma, we only compute the result for a = 0,1, 2, 3.
Computing the residue at infinity one obtains

P 3 a=0,1
res 2 (P((§>)> dz={ —N3 a=2 (5.1.17)
—3N?Y,2a a=3

from complex analysis, we know that the sum of residues at poles plus the residue at infinity

N
is zero, since the poles of 2¢ (P) are located at z,’s, we have
Py’ Py’
%:Zr:ezsaz“ (P) dz + res 2° <P> dz=0 (5.1.18)

To compute the the first term in equation (5.1.18), we proceed via a different approach; we
first compute the exponent which results in the following expression:

7\ 3 3
erezsz <P> dz—zzrezsz (Z 1 )

el

1
_ 3
erezsaz Z (z — 23 5 ZT: (z = 2)(z — 2)? 2 <Zr:6 (2 = 20)(z = 27)(2 = 2p)

(5.1.19)
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Applying Cauchy’s residue theorem for the poles at z,’s with different orders, one gets

(5.1.19) =Y (a(a; 28" 2+32 zT) +3)° ( - %a >+

o 77&@ o B#a Ra (Zﬂ - za>2

B#
5¢a,pp¢a (5.1.20)
ala—1) , , az®! 28
= 2o "+ 3 = 3 <
2175 DA D DI e [
B#p
BF#a,pFa

P?
= _ Zr:eosoza (P) dz.

From equation (5.1.17) we have the following observations:

(5.1.21)

e For a=0:

> = 0. (5.1.22)

B#p
BFa.p#a
e Fora=1: ;
3 + 3 - = 0. (5.1.23)
DD i P VR ey
p#a a#f,p

is

By a simple manipulation of indices or using the fact that the function
Za T R

anti-symmetric, one gets the first term of the equation (5.1.23) to be zero, therefore:

> o —0. (5.1.24)

aﬁ,p (Za - zﬁ)(za - ZP)
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e For a=2:

2
z
N+6 +3 2 = N, (5.1.25)
A N e e
BF#o a#B,p
B#p.pFa
For the second term of the equation (5.1.25) consider the following; let S =
Y, Zi , by adding and subtracting z3 in the numerator we get
ﬁ#a “a T ZB
Z V4 2—0425 Z + Z Zo — Zﬂ
a,f T« o, a,f T
Ba Ba Ba (5.1.26)
=5
hence NN — 1
25 = N(N — 1) . g=M 2_ ) (5.1.27)
Therefore, the equation (5.1.25) gives
3 22 _N*—N—-3N(N—-1)
a.B,p (20 — 28)(2a — 2p) 3
a#fs,
s b (5.1.28)
N(N —1)(N —2)
3
e Fora=3:
3
z
3 2, +9 +3 & =3N?) "z, (5.1.29)
AL M oern e R
B a#B,p
B#p:pFa
with the same analogy as the previous case, for the second term we get
22
= —1) - 5.1.30
a}% a— Z z (5.1.30)
Ba
Hence, the equation (5.1.29) gives
Yo ( )
- =(N*—3N +2
a,B,p (Za - ZB)('Z - ZP) «
aFf,
P (5.1.31)
=(N-1)(N-2)> =z
[ |
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The Lemma 5.1.1 is actually the manifestation of a more general result which is contained

in the following theorem:

Theorem 5.1.3. Define the two sequences of differential operators

z - aaz
DYDY 20 = 0% Z ——
p<a’ 7
— 220 22+ z
_ hQ aaQ 2h2 P ZP o h 1 _Tp ' "o
Zz + Z . (k + );(ZP_ZU)Q
p<a p<o
O a — 07 1 (5.1.32)
fo1—py) NAN-DIN=2)
3
(N=1)(N—-2)>,2, a=3.
Then we have the following identity
H,=A"foH,oA" (5.1.33)
'ddthtR—l—l d —1—1 _ 1
provided that R = - and k= orK=—2.
Proof. Define
L, zz,zgafp
220, (5.1.34)

M, szp_

Zp T Ro
p<0

To start the proof of this theorem we apply both operations H, and H, on a wave function
Note that, following the instruction of computations for the Lemma 5.1.1, and using the
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equations in (5.1.8), the action of the operators AL, A% on and A~ M A" on U(Z) gives

A RLARY(Z) =L, V(Z) + 2RM, U (Z) + R(R—1) > 20> :

P a#p (ZP - ZCV)Q

U(Z)+

1
+2R*) 2 v (2),
2% 2 G
azp
pFa,B
(5.1.35)
AR M ARY(Z) =M, U(Z2) + 2RSS % V(Z2)+
p Q0 (ZP - ZU)(ZP - ZQ)
a#o
pFa,o
Za
+4R —L V(7).
pZ': (2p — 25)? 2)
p<o
Therefore, the equation (5.1.33) yields
OH(AR + h— YMU(Z) + B2 (R(R + 1) — £(k + 1) 3. —2—W(Z)+
b (2p — 20)
1R R(R+2)Y % % v(7) (5:1.36)
0 O;U (20 — 20)(2p — 2a) '

pFa,o

To obtain zero for the above computation, first we must have the following pair of equalities
for the first two terms to vanish

1 1 1 1
=—--1 =—--1 =—— =—-—1/. 1.
(:‘i w1 R h ) or </€ ) R : ) (5.1.37)
In order to discuss the different determinations for the remaining terms in equation (5.1.36)
depending on the value of a, we recall the result of the Lemma 5.1.12. [

Note 5.1.4. For h =1 the values of R, k, and 0 reduce to result of the first observation.

Using Theorem 5.1.3 in the various cases of the Hamiltonian Calogero—Painlevé operators
and direct computations, allows us to express the Hamiltonians (4.2.2-4.2.6) as special cases
of (3.3.12-3.3.27), and identify the parameters 6y, 01, 02, 0;, 0, k, a, b, ¢ and d.

The result of these computations results in two observations. Similar to the case of the
Calogero-Painlvé 11, one observation forces the values of /i to be equal to 1 and x = 0 in order
for the mentioned Hamiltonians to represent the same systems. The second observation,
which is the general case including the special case of the first observation, determines the
value of parameters for arbitrary non-zero A, and results in the value of  to be an expression
in terms of A.
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The details of the case by case study of Calogero-Painlevé II1-VI is stated in the following
sections:

5.1.1 Calogero-Painlevé III

Similar to the case of second Calogero-Painlevé, the first result of the comparison between
(3.3.15) and (4.2.27) forces h = 1 and k = 0, that determines the value of other parameters
as

bp=b—m+1 0y =—N—m. (5.1.38)

The result of the second observation is the following Lemma:

Lemma 5.1.5. Considering A = [l1<o<p<n(2a — 23) be a Vandermonde polynomial in Z,
then the action of quantum Hamiltonian operator tHyr; on the generalized wave functions, is
equivalent to the action of A~ftH ;AR on the integral representation of the wave function:

tH 9 (Z) = A ftH AT (2) (5.1.39)

for R and the scalar k determined as

1 1
—1 = —= =—--1 h . 1.4
or K - R F L #0 (5.1.40)

K =

1
h
Under this circumstances, the parameter 6y and 01 are determined by

Proof. The proof of this Lemma is a conclusion of Theorem 5.1.3 for a = 2. We have:

tH[[] :tHQ hz< b+N—1)zp+t)8zp+thzp,

_ _ _ (5.1.42)
tHp =tH — hZ (224 (=20 + 60 — 1)z, + ) 0., — (AN +61) Y 2, + ©
P

where O is a constant. from the computations of the proof of theorem (5.1.3), we obtain
(AFtH A" — tHypp) U(Z) =2h(hR + h— )Mo (Z)+

+ R (R(R+1) — k(k+1)) ; mm(Z)—

—hY (=2h+6y— 6, —b—N+1)z,0, ¥(2)+
p

+ (N —m) — 6, — hR(N — 1)) Zzp Z)+0v(Z).
(5.1.43)
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Where O is a constant that can be easily disregarded as a simple gauge transformation can
be applied to omit it.
Equation 5.1.43 will be equal to zero if we have the following relations for the parameters:

| 1 1
-1 — -, R=--1, h#0
TR T P TTR ho 7 (5.1.44)

0o =b+h(1—m), 6 =—h(m+1)—N+1.

5.1.2 Calogero-Painlevé IV

In the case of Calogero-Pinlevé IV, the constraints of the values of A = 1 and k = 0, which
comes from the comparison between the first-order differential parts in (3.3.19) and (4.2.31),
and the Calogero-like potential term in (3.3.19) which does not appear in (4.2.31), determines
the value of the other parameters by

The second observation, reads the same relations for R and « as in the equation (5.1.40)
according to the following Lemma:

Lemma 5.1.6. Considering A = [l1<,<p<n(2a — 23) be a Vandermonde polynomial in Z,
then the action of quantum Hamiltonian operator Hp, on the generalized wave functions, is
equivalent to the action of A~EH AT on the integral representation of the wave function:

HpyU(Z) = A" Hpy AR (2) (5.1.46)

for R and the scalar k determined as

1 1 1

K =
Under this circumstances, the parameter 6y and 6, are determined by

Proof. The proof of this Lemma is also a conclusion of Theorem 5.1.3 for a = 1. We recall
the equation (5.1.36):

Hp =H; — hz (2[2, +tz, + b) 0., + thzp + mNht,
o p

o (5.1.49)
Hyy =H, — by (22 +tz, — 00 — h) 0., — (AN + 05+ 61) > 2, — tN*h
p

p
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from the computations of the proof of theorem (5.1.3), we obtain

(A "H AR — Hpy ) (2) =

z

2h(hR+ h— D)MW (Z) + > (R(R+1) — k(k+ 1)) Y m\yw)—
— (AN 4+ 0o+ 61 + RR(N — 1) + hm) > 2,U(Z) + h(0p + h+ ) 0., 9 (Z) + T (h,t)¥(Z)

(5.1.50)
where T (h,t) is a constant that can always be gauged away from the operators. According
to the result of the Lemma 5.1.12, this expression vanishes for the following determinations
of R, K, thetay, and 64:

1 1 1
:——1 = ——, R:——];7
TR TR h (5.1.51)
eoz—b—h, 91:b+1—N—mh

5.1.3 Calogero-Painlevé V

For Calogero-Painlevé V, to have the relation tHyU(Z) = tHy,¥(Z) satisfied, we have to
consider A =1 and x = 0 which yields

However, to have the equation
tHyU(Z) = A RtHy ARD(Z) (5.1.53)

to be true, we prove that the constant A remains arbitrary (and non-zero). The statement
of these computations is the following Lemma:

Lemma 5.1.7. Considering A = [l1<o<p<n(2a — 23) be a Vandermonde polynomial in Z,
then the action of quantum Hamiltonian operator tHy on the generalized wave functions, is
equivalent to the action of ABtHy AR on the integral representation of the wave function
for the values of R and the scalar k to be

1 1 1
n:ﬁ—l or K=-g, R:ﬁ—l, h # 0. (5.1.54)

Subsequently, the parameters 6y and 61, and 0y are determined by

(90:0—77/, 91:c+1—N—mh, ngb—l—ﬁ (5155)
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Proof. According to the result of the theorem (5.1.3) and the instructions of the proof of the
Lemma (5.1.5) and (5.1.6), we have the following:

tHy =t(Hy — Hy) +h>_ (tz§ —(b+c+t)z, + b) Q., —mhty  z, 4+ 7(t) +n,
p p

tHy =t(Hy — Hy) + by (t22 + (2h+ 0 — 05 — )2, + 0 — h) 0., + t(AN + 60 + 01) > 2+
P P

+7(t) + 1.
(5.1.56)
where 7(t) and 7(t) are constant functions of ¢, and n and 7} are arbitrary constants.
Therefore, one gets

(AFtHy AR — tHy ) W(Z) =

2h(hR 4+ h— D)MoU(Z) + > (R(R+1) — k(k+ 1)) ) mxp(m—

= 2h(hR + h= DMI(Z) + 1B (RE+ 1) = w(k+1) Y ——

+hz (2h+ 6y — 03+ b+ c) 2,0,V (Z +hz (0o —h—10)0.,¥(Z)+

(Nh+00+01+mh+Rh — 1)) 2,0 TV (Z)+0V(2)
P

For T (t) a constant function of ¢, and © a constant, both of which can be gauged away. If
the parameters of the equation 5.1.57 take the following values, then the equation 5.1.53 is
satisfied: . ] 1
k=——1 or k=——, R=--1, h+#0
h h h 7 (5.1.58)

GOZ—C—FL, 91=c—|—1—N—mh, 92:b+h
[

5.1.4 Calogero-Painlevé VI

Finally, for Calogero-Painlevé VI with the conditions of A = 1 and x = 0 we have the same
Hamiltonian operators from equations (3.3.29) and (4.2.46), with the following determination
of the other parameters:

(90:&+b+1 91:C+1 9t2d+N

k:i\/(e—QN)2+4m(N_1_m) (5.1.59)

The second observation in this case results in the following Lemma:

Lemma 5.1.8. Considering A = [l1<,<p<n(2a — 23) be a Vandermonde polynomial in Z,
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then the action of quantum Hamiltonian operator Hy on the generalized wave functions, is
equivalent to the action of A~RHy A" on the integral representation of the wave function

ARH  ARY(Z) = Hy 9(2) (5.1.60)
for the values of R and the scalar k to be the same as

k=——1 or K=—

1
- =—-—1 h 1.61

1
h
and the other parameters determined by

0o =a+b+h, 01 = c+ h, 0p=d+ N+ h—1,

k= %/(0 — 2NR)2 + 4hm(N — 1 — fim) + 4(N — 1)(1 — i) + N(N — 1)(1 — h)(3h — 6).
(5.1.62)

Proof. Adapting the definitions 5.1.34, we have the following definition for the operators
HVI and HV[I

t(t —1)Hyr =t(t —1)(Hs — (L + t)Hy +tHy) — h) ((a+b+c+d+ N — 1)z +t(a+b)—
—((14+t)(a+b)+tc+d+ N — 1)zp>8zp —hm(N —1—hm)> 2z, + 7(t) +n,
t(t — 1) Hyy = t(t — 1)(Hs — (1 +t)Hy + tH) + h> ((3h — 0)22 + t(h— 0p)+

+ (=Rl +1) + (0 + 61) + 0o + 0, zp) ., + <N2h2 —ONh — i(kQ —6*)+

+ k(k+1)(N — 1)h2> >z, +T(t)+ 1

(5.1.63)
where 7(t) and 7(t) are constant functions of ¢, and n and 7 are constants. By substituting
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the equation 5.1.63 into the equation 5.1.60 we obtain:
(AR Hy AR — Hy)U(Z) =

2h(hR+h— D)M3U(Z) + 1> (R(R+1) — k(k+ 1)) Y —L—V(Z)—

o5 (2p — 25)?

+ 2th(AR+h— )My (Z) + th® (R(R+1) — k(s + 1)) 3

o5 (20— 25)?
p<o

+hy ((3h—6+a+b+c+d+N—1)z§+t(hN—00+a+b)+

P
+ (—ﬁ(1+t)+t(90+91)+90+9t—(1—|—t)(a—|—b)—tc—d—N—l—l)zP)azp‘ll(Z)—i-
+ (Rh(3h—9)N(N— 1)+ N?h* — AN — i(k? —0%) + k(K + 1)(N — )R>+

4 hm(N —1— hm)) S 2,0(Z) + T(6)W(Z) + 0U(Z)

(5.1.64)
where T (t) = 7(t) — 7(t), and © =7 — .
Equation 5.1.64 will be equal to zero if the parameters in the equation take the following
e /@:l—l or K:—l R:E—l h# 0. (5.1.65)
h R’ h ’
This determines the value of the rest of the parameters

bp=a+b+h O =c+h 6O =d+N+h—1,
k= 4/(0 — 2NR)2 + 4hm(N — 1 — him) + 4(N — 1)(1 — k) + N(N — 1)(1 — h)(3h — )

(5.1.66)
where 0 = 6y + 61 + 6;. Note that 7(¢) and © can be omitted by choice of suitable
transformations. [

Remark 5.1.9. In all the cases the parameters obtained from the second observation reduce
to the corresponding ones from the first observation when h = 1.
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Chapter 6

Conclusion and Related Works

6.1 Concluding notes

In recent years, there have been different approaches to "quantum Painlevé equations' using
as starting point, the linear differential equation of rank 2 classically associated to the
Painlevé equations, or the theory of topological recursion associated to semiclassical spectral
curves.

In [37], the authors start from the system of linear equations (Lax system) associated to
the Painlevé equations I-VI written in the form

0.V =U(z,1)¥
(6.1.1)
oV =V(z,t)¥
where U = <21>, and the complex-valued matrices U, and V' are considered in general to
2

have the forms

U= (Z Z) V= (g g) (6.1.2)

Since the matrices U and V are traceless, the zero-curvature equation of the form
0.V —-o,U+[V,U] =0 (6.1.3)

yields
ag=A,+bC —cB=0

b — B, + 2aB — 2bA =0 (6.1.4)
¢ —C, +2cA—2aC = 0.

After applying a suitable change of variables and gauge transformation, they obtain a
pair of compatible PDEs for a scalar wave function ¢ (obtained from the (1,1) entry of the
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matrix V)
(302 — 1(0:logh)d. + W (z,1))v = 0
(6.1.5)
o = (302 +U(z 1)y

where W and U are the potentials that are described explicitly in terms of the entries of the
matrices U, V.

The first equation in (6.1.5) has apparent singularities but otherwise exhibits the same
(generalized) monodromy associated to (6.1.1) (in PSLsy), while the second equation describes
the isomonodromic deformation of the former and is presented in the form of a non-stationary
Schrodinger equation with imaginary time.

The Hamiltonian operators corresponding to each Painlevé equation I-VI from the
second equation of the system (6.1.5) are, in particular, a natural quantization of those
corresponding to the Calogero-like Painlevé equations (those obtained from the first equation
of the system (6.1.5)). These operators that are called the quantum Calogero-Painlevé
Hamiltonian system, are obtained in single variable representation.

The question then arises as to whether a similar description is possible in the multi-
particle case; the naive approach of considering the matrices as 2 x 2 blocks does not lead
to equations of the same type as (6.1.5). The quantization of the Hamiltonians from [3]
does not seem to be the direct analogue of (6.1.5) because it is an equation where the wave
equation plays the role rather of the (scalar) “quantum tau function”.

Also, in [11], the authors use the topological recursion on spectral curves of different
genera which results in wave functions that satisfy a family of partial differential equations.
In fact, these PDEs are the quantization of the original spectral curves. As an application
of their theorem, they introduce a system of PDEs corresponding to Painlevé transcendents
whose assigned Hamiltonian system has significant similarities to the system of Hamiltonian
operators that we introduced in this paper for the quantum Calogero-Painlevé system.

Finally, we comment on the possible relationship with equations of the Knizhnik-
Zamolodchikov (KZ) type. For the single-particle case, in [31], H. Nagoya provides a
representation-theoretic correspondence between the Schrodinger equation for quantum
Painlevé VI (single-particle) and the Knizhnik-Zamolodchikov (KZ) equation, and between
the Schrodinger equation for quantum Painlevé II-V(single-particle) and the confluent KZ
equations that are defined in [22]. We also mention the work of J. Harnad [18] where the
author proposed a quantization of the Schlesinger system; this is a generalization of the sixth
Painlevé equation to include more than four Fuchsian singularities in the corresponding Lax
pair. It is reasonable that our current work corresponds to a reduction thereof for the case
of Painlevé VI.

As an example, we mention the case of quantum Painlevé VI and the KZ equation. To do
so, we briefly review the definition of the confluent KZ equation and the usual KZ equation.

74



Verma modules. [22] Set g = sl, and g[z] = g ® C[z]. Suppose e, f, h to be the standatd
basis of g, For non-negative integer r, denote by gy and 9/(7») the truncated Lie algebra
06y = ole)/="*gl=) and gf,) = zg[2]/="'gl=]. For an (r + -tuple 7 = (10, %1,7%).
a confluent Verma module M () of Poincaré rank r is a cyclic g()-module generated by 1,
such that

(e®2z")1, =0, (h®2")L, =pl, O<p<r).

For the Lie subalgebra g(,y = zg[z]/2"*'g[2], a confluent Verma module M’(v) of Poincaré
rank r with parameters v = (Yo,...,7%-1,7) is a cyclic g,) & C(h @ 2%)-module generated
by 1, such that

(e®2")1, =0, (h®2")1l,=l, O0<p<r), (h& 20)17 =0,

and e ® 2" and f ® 2" act as zero operators on M'(7).
Let differential operators Dy, (0 < k < r — 1) be defined as

ppra.
Dy =) e+
p:l P afyp

acting on M () as
Di(z®2") =plz @)  (r€g.0<p<r),  Di(l,)=0

Here z ® 2 is regarded as an operator on M (7).
Let z1,..., z, be distinct points in C and let r,...,r,, ro be non-negative integers. Set
a= (@?Zlg(i)) @ g, where g =g, (i = 1,...,n) and g™ = 9(,..)- Consider now a

family of a-modules
M) =MY®. ... M™ g M),

parametrized by v = (v, ...,y ~4(>)) where
A I e G

Set 17 = 17(1) XX 17 = 17(71) &® 1,y = 17(00).
The confluent KZ equations in [22] are differential systems for unknown functions ¥(z, y)
taking values in M () with respect to the following differential operators
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If r;, =0 and ro, = 0, then the confluent KZ equations are equal to the usual KZ equations.
It was shown in [22] that the confluent KZ equations have integral formulas of confluent
hypergeometric type of solutions.

Case of PVI. Letn=3,r, =0,21 =0,29 =t,23 =1 and %()i) ¢ 7 (1 <i<3). Then

M = M(’y(()l)) ® M(’y((f)) ® M(v((f)) and the KZ equation for an unknown function ¥(t) taking
values in M is defined by

K

ou(t) (Qw Q)

5 — 1) () (6.1.6)

Here & is a complex parameter and Q) are the Casimir operators:

Q12 = M @ 4 p1)e) 4 lh(l)h@) O®3) = @ f6) 4 2e06) 4 lh(2)h(3)
2 ’ 2
where £ : M — M is the linear operator acting as x on ith tensor factor and as identities
on the others. (for the rest of notes # ® 20 is abbreviated to = for z = e, f, h.)
Let W, (m € Zso) be the space of singular vectors of the weight 32 7(()1) —2m in M,
namely

Wm:{UEM

i e®(v) =0, il h0 (v) = <§3; - 2m> U}

i=1
In order to write down a basis of ,,,, the authors take the differential realizations C[z;|(1 <
i < 3) of g, that is the act of the basis e, f, h on C[x;] as follows:

0 0 0
) h:_le +’Y(g)7 f:_ 12 +7(())£Z

e =

Note that if 47 ¢ 7, then Clz;] are isomorphic to Verma modules M (’y ) So the assumption
is M(% ) = Clzy).

The space of singular vectors W, can be written by

m
Wm @C ZEl—JZQ IL‘l—l'?,) m—i
1=0

9(172) Q( is denoted by HKZ; now let HKZ( ) be defined as

EKZ(m) = I’ (HKZ)\1>\2 - acils m)) .

The linear isomorphism 7,,, : W,,, = @, C (m € Z>) is defined as
T ((1'1 — x5)' (21 — 933)m_i) =z’ (0 <i<m).
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The result of these scheme is the following theorem:

Theorem 6.1.1. For ~" ¢ Z(1 < i < 3) and m € L, the action of Hkz on the space
of singular vectors of weight Z?_I’y(()l) — 2m is equivalent to the action of the quantized
Hamiltonian Hyp (as in (4.1.2)) on the subspace @, Cx* with a = mh or b+c+d = (m—1)h.

In particular

Tm o ﬁKZ(m) = <HVI<J:7 hﬂv a, b7 &) d7 t) +

a(b+c+d+h)> T
ox

t—1
defines linear maps from W,, to @7, Cz' with some relations between the parameters.

As is written above (and similarly for the rest of the operators in (4.1.2)), the correspondences
are proved directly by showing relations between the integral representations for the solutions
to the quantum Painlevé equations and solutions to the (confluent) KZ equations. In this
case, our work in this project should play a similar role for sl, special solutions of the KZ
equations. We plan to address this possible relationship in further researches and our future
works.
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