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Antiquantization of the Double Confluent
Heun Equation. The Teukolsky Equation

A. A.Salatich, S.Yu.Slavyanov

Different forms of the double confluent Heun equation are studied. A generalized Riemann
scheme for these forms is given. An equivalent first-order system is introduced. This system can
be regarded from the viewpoint of the monodromy property. A corresponding Painlevé equation
is derived by means of the antiquantization procedure. It turns out to be a particular case of P3.
A general expression for any Painlevé equation is predicted. A particular case of the Teukolsky
equation in the theory of black holes is examined. This case is related to the boundary between
spherical and thyroidal geometries of a black hole. Difficulties for its antiquantization are shown.

Keywords: double confluent Heun equation, antiquantization, Painlevé equation P3, Teukol-
sky equation

1. Introduction

The idea of antiquantization as a tool of generating Painlevé equations from Heun equations
had been proposed by one of the authors of this paper in the publication [1]. Further, the
presentation was extended and corrected (unfortunately with several typos) in the book [2].
However, there still remain some gaps where considerations were purely heuristic. These gaps
were partly covered in the recent publications [3, 4]. In view of the fact that only the basic Heun
equation was studied there in detail additional particular computations for confluent and other
particular cases of Heun equations are needed. Below we just put one brick in this direction.

The double-confluent Heun equation may be the most mysterious in this set. On the other
hand, it is applied to many physical problems: in optics, hydrodynamics and gravity. Here
we give different forms of this equation, the corresponding first-order linear system with the
isomonodromic property, we choose the normalization of the accessory parameter and derive the
corresponding Painlevé equation which turns out to be a specific P3.
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As the most fascinating example the particular Teukolsky equation for the specific geometry
of the boundary surface of the black hole is examined.
2. The double confluent Heun equation
The double-confluent Heun equation (DHE) reads [2]
(H(z,D) — thyw(z) := (2°D* + (=2* + cz —t)D + (—az — th)) w(z) =0, D =d/dz. (2.1)

Its corresponding generalized Riemann scheme reflecting the asymptotic behavior at irregular
singularities z = 0 and z = oo is [2]

2 2
0 o0 12
0 a ;h
2—cc—a (22)
0 0
t 1

Here ¢, a are parameters related to the above-mentioned singularities, ¢ is a varying parameter
and h is a nonlocal parameter known as the accessory parameter. The latter parameter is
normalized by factor t in front of it. Our goal is to justify the choice of normalization for needs
of antiquantization [3] and to connect the equation under study to the linear first-order system
of Schlesinger type. Below we use the following notations:

U(Z) = 22’ T(Z) = —22 + cz — t, W(Z) = —az,

which simplify the intermediate calculations.

There is a broad field of applications of DHE in physics, for instance, in the Kerr solution
of the Einstein equation [5] in some hydrodynamics problems etc.

We start with

Lemma 1. With the chosen normalization of the accessory parameter h the DHE reduces
att =0 to a confluent hypergeometric equation.

Proof. Let t =0 in (2.1) and divide it by the common factor z. Then we obtain
2w (2) +w'(2)(c — 2) — aw(z) = 0,

which turns out to be a confluent hypergeometric equation.
Equation (2.1) is known as DHE in canonical form. In addition to this form the self-adjoint
form is often considered, namely,

(Hso(2z, D) — th)u(z) := <D22D — (E — i>2 — (a — E) z— He/2=1) th> u(z) =0 (2.3)

z

with relation to the canonical form as

y(Z) _ 2170/262/2+t/(2z)u(2).

E __ RUSSIAN JOURNAL OF NONLINEAR DYNAMICS, 2019, 15(1), 79-85



Antiquantization of the Double Confluent Heun Equation. The Teukolsky Equation 81

Equation (2.3) simplifies to
Do(z)Du(z) + Q(z)u(z) — tAu(z) = 0. (2.4)

The corresponding generalized Riemann scheme is

2 2
0 o0 2
—1+c¢/2 a+1—-c¢/2 ;h 2.5)
1—¢/2 1+4+¢/2—a
—t/2 ~1/2
t/2 1/2

3. Linear 2 X 2 first-order system

Here we follow the recipe proposed for the Heun equation in [4]. This recipe explains the
antiquantization procedure to the isomonodromic property.
Consider a linear 2 x 2 first-order system

- Z—p z - - zZ e\ o
RY' = Y' =AY = Y, (3.1)
—-p =z €3 €4

with det A = eqz — eges and det R = z2. Note that det R = 0 at z = 0. The matrix R(z) can be
regarded as a polynomial rotation.
It can be transformed to the system

Y =TY (3.2)

T(2) = (z —z )A:< z(z — e3) z(ea — ey) )
pzZ—p pz —(p—z)es pes — (p— 2)es

The linear second-order equation for the first component y;(z) can be derived as follows:

where

zzy'{ + i (cz — 22— t) —y1(az +th) =0,

which coincides with DHE (2.1) under the conditions

T /
cz—22—t=—trT — 2> (hl%) =22+ 2(e3—es+ 1)+ ples — e2) —az — th =
z
T /!
=det A+ 119 (—11> = 2(64 + 1) — ege3.
Tz

These equalities lead to the following relations between the parameters of DHE and the param-
eters of the system:

t = —ples — e2),

c=e3—eq+ 1,

a=—(es+1),

€oe3
h=—-——""2"—_.
ples — e2)

__ RUSSIAN JOURNAL OF NONLINEAR DYNAMICS, 2019, 15(1), 79-85 _E



82 A. A. Salatich, S. Yu. Slavyanov

Being inverted these equalities give

(a+1) 5 _
es =—(a eg3=c—a— ey =
4 3 3 3 2 C—CL—2’
t
pP= )
—th a1
c—a—2

2(z =) z<tc—]}+a—i—1>

where ¢ = ¢ —a — 2.

The matrix formulation of the double confluent Heun equation enables one to find different
symmetries typical of its solutions [6]. Moreover, the isomonodromic condition for it gives
a Painlevé equation.

Two types of linear first-order system are studied in relation to Heun class equations.
Matrices for the first type have zero determinants at singularities, matrices for the second type
have zero trace at singularities. Here the first case is considered.

4. Antiquantization for DHE

According to the general antiquantization procedure (see, for instance, [4]), the Hamiltonian
for classical movement with variables ¢, p (¢ being the coordinate and p the momentum) in the
case of canonical DHE is

H(gq,p) = %(U(q)p2 +7(q)p +w(q))- (4.1)
Turning to velocity ¢ according to
o O _ 2ola) +7(o)
dp t
the Lagrangian £(q,¢) can be obtained as

: t w(q)
L=gp—H=——(¢— )2 — =22, 4.2
qp 0@ (¢ —7(q)/t) ; (4.2)
Hence, the Euler — Lagrange equation reads
d (1q 21+ q¢(2a—c¢ c—1 t
—<ﬁ>:q a2a—c) - (4.3)
dt \ q t q q
This equation is a particular (however, genuine!l!) case of the equation
2 2
.4 g ag"+p5 9
j——+5 -7 - —=-=0, (4.4)
q t t q

which is known as the Painlevé P3 equation in general form. The proof of it is obtained by
substitution for new variables ' = t2, ¢ := tq, which does not violate the integrability of the
equation. Existence of a larger number of parameters in (4.4) in comparison with (4.2) is
explained by the fact that (4.4) includes also results of antiquantization for two reduced DHE’s.
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In the case of a self-adjoint form of DHE (2.4) we also arrive at P3, which could be predicted.
We formulate a general conjecture related to the link between the Heun class equations and
the Painlevé equations.

Conjecture. FEvery Heun class equation in a canonical form can be written as

a(z, )y (z,t) + (2, 1)y (2, ) + w(z, )y(z,t) = f(t)hy(z, 1) (4.5)

where o(z), 7(z), w(z) are polynomials of degree not higher than three and the normalization
factor f(t) chosen from the condition that at its zeros equation (4.5) simplifies to an equation
of hypergeometric class.

Then, after the antiquantization procedure, Eq. (4.5) generates the Painlevé equation in the
following general form.:

i2 dIn(o n(o n
- LA g (Sniotad) LD g, (46)

where F(q,t) is a rational function of its arguments.
In the case of the Heun equation this conjecture has been proved in [7].

5. The Teukolsky equation in gravitation theory

In the Kerr model of gravity equations for black holes the Teukolsky equations [5, 8-11]
are often studied. Omitting the angular equations, we turn to the radial equation which under
certain assumptions (namely, in the case of the so-called extremal model) can be presented as
a particular DHE. Firstly, consider the following quantity:

A =7r?—2Mr+a? (5.1)

where r is the radius for the observation point, M is the mass of the black hole and a is a specific
parameter characterizing the geometrical shape of a black hole. For a < M the ergosphere
(exterior domain) of the black hole is topologically equivalent to a sphere and for a > M it is
topologically equivalent to a torus. We are studying the boundary case a = M below (Fig. 1).
Other cases are investigated in a series of papers of other authors. The Teukolsky equation in
the general case for radial function Ry, (r) reads

d’Ry,, dRym
4 9(s + 1) (r — M)—

A

3 + V(r) Ry = 0, (5.2)

Fig. 1. A plot of the ergo surface for the extremal case: a = M [9].
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with
W?rl(r? + a?) + 2wMr(wa? + 2am) + m2a?

X .
Here s is a parameter denoted as spin. We set s = 0 for simplicity. Index m which takes non-
negative integral values arises from the angle equation along the ¢ variable. Index [ enumerates
eigenvalues A;,, with respect to the angular equation along the 6 variable. Taking the particular
units of mass, we also set M =1/2.

V(T) = _Alm +

Then, when a = 1/2, we arrive at a simplified Teukolsky equation

0 422510 4 Qa) Ry =0, (5.3)
with ,
1 11
Q(z) = w?2? + 2w z—}—?—i—zw—Z—}——wQ—Alo.

In order to compare (5.3) with DHE in self-adjoint form, the following scaling transform is
needed:

wz=1C(/2, w?=1t/2,

which does not change the differential part of (5.3) but leads to

C/4+\/_C+t\/—+——th

4¢2

The relation between the Teukolsky equation and the self-adjoint form of DHE is established.
However, the parameters ¢ and a turn out to be dependent on parameter ¢, namely, ¢/2 —a =
= \/t/_Q, l—c/2 = \/t/_Q — a = 1—+/2t, ¢ = 2—+/2t. That makes the antiquantization procedure
ambiguous. Further studies on this issue are needed. An algorithm for calculation of the above-
mentioned eigenfunctions can be found in [12]. To conclude, we would like to mention the
paper [13], where Painlevé transcendents are directly used for scattering off black holes.
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Fig. 2. A plot of the eigenfunction of the Teukolsky equation for t =1, a =1 -2, c =2 — /2.
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6. Conclusion

==

The summary of the results obtained in the article is:

A lemma for normalization of the accessory parameter is proved.
A first-order system equivalent to DHE is derived.
The general form of the Painlevé equations is formulated.

The Teukolsky equation for the particular geometry of the Kerr model is presented in terms
of the self-adjoint form of DHE.

The preliminary version of the paper has been presented as a talk at the Russian-Chinese

conference on integrable systems and geometry, EIMI, Saint-Petersburg, Russia. The authors
are thankful to referees for valuable comments.
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