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ABSTRACT

Hypergeometric class equations are given by second order differential operators in one variable whose coefficient at the second derivative
is a polynomial of degree <2, at the first derivative of degree <1 and the free term is a number. Their solutions, called hypergeometric class
functions, include the Gauss hypergeometric function and its various limiting cases. The paper presents a unified approach to these functions.
The main structure behind this approach is a family of complex four-dimensional Lie algebras, originally due to Willard Miller. Hypergeo-
metric class functions can be interpreted as eigenfunctions of the quadratic Casimir operator in a representation of Miller’s Lie algebra given
by differential operators in three complex variables. One obtains a unified treatment of various properties of hypergeometric class functions
such as recurrence relations, discrete symmetries, power series expansions, integral representations, generating functions and orthogonality
of polynomial solutions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0265766

I. INTRODUCTION
This paper is devoted to the family of equations of the form

(0(2)0? +1(2)0: + 1) f(2) =0, (1.1)

where 0(z), 7(z), n are polynomials with
dego <2, degr <1, degyn=0. (1.2)

Their solutions include some of the most useful special functions with many applications in physics and mathematics.

In the literature one can find several names for this family. In this paper, we will use the name hypergeometric class equations for equa-
tions of the form (1.1) satisfying (1.2). (In the book by Nikiforov-Uvarov,' and also in Refs. 2 and 3, this family is called equations of the
hypergeometric type. However, Slavianov-Lay’s book" suggests to use the term “type” for smaller families, such as the families (1)-(5) listed
below” calls this family the grounded Riemann class. The name Riemann class, following the suggestions of Slavianov-Lay, is reserved in Ref.
5 for a somewhat wider family, where 7(z) is allowed to be a rational function such that #o is a polynomial of degree <2. See Appendix B for
more comments.)

Let us start with a short review of basic nontrivial types of hypergeometric class equations. We will always assume that o # 0. Every class
will be simplified by dividing by a constant and an affine change of the complex variable z.

(1) The,F, or Gauss hypergeometric equation

(2(1-2)02 + (¢~ (a+b+1)2)d; —ab) f(z) = 0.
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(2) The,F, equation
(zzaﬁ +(-1+(1+a+b)z)0. +ab)f(z) =0.
(3) The |F; or Kummer’s confluent equation
(202 + (c - 2)d: —a)f(2) = 0.

(4) The (F, equation, closely related to the Bessel equation,

(202 + 8, -1)f(z) = 0.
(5) The Hermite equation

(0% - 220, - 2a)f(2) = 0.

In our work we collect various results about hypergeometric class equations that can be stated and proven in a unified way, with
as few restrictions on o, 7, 77 as possible. We believe that such an approach has a considerable pedagogical and theoretical value. The
pedagogical advantage of the unified approach is obvious: it reduces the need for repetitive arguments. From the theoretical point
of view, in this way we easily see the coalescence of various types. The properties of hypergeometric class equations that we describe
depend analytically on the coefficients o, 7,%. These properties include a pair of recurrence relations, a discrete symmetry, integral
representations, power expansions around singular points, generating functions, the Rodriguez formulas for polynomials and their
orthogonality.

The unified approach has its limitations. There are some properties that are not easy to formulate in a unified way. For instance, only
one pair of recurrence relations depends analytically on the coefficients. If we restrict ourselves to specific types, then we often find a bigger
number of recurrence relations (e.g., at least 12 in the case of the Gauss hypergeometric equation). Another family of important properties
not included in our presentation are quadratic identities, which link various types of hypergeometric class functions. Thus this work should
be compared to other studies of hypergeometric class equations, such as Ref. 2, where specific types are described one by one.

The central structure behind the properties described in this paper is a certain family of Lie algebras 11, g, described in Sec. I1, which we
propose to call Miller’s Lie algebra, since it was probably first introduced by Willard Miller in Ref. 6. Miller’s Lie algebra is defined as the span
of four elements N, A4+, A_, 1 satisfying the commutation relations

[N»A+] = A+,
[N,A_]=-A_, (1.3)
[As,A_] = 2aN + 1,

where a,  are complex parameters.
Let o be a polynomial of degree <2 [as in (1.1)] and x a polynomial of degree <1. Miller’s Lie algebra with a = ”7” and 8 =« can be
represented by the following first order differential operators acting on C>:

N :=t0; - s0s,
Ay =10, + 0" (2)0s (1.4)
A_ =50, + 0 (2)0 + @
The operators (1.4) can be restricted to functions on the quadric
o(z) —ts=0. (1.5)
Miller’s Lie algebra m, g commutes with
Cop = %(A,A+ +ALA_) +aN’ + BN, (1.6)

which will be called the Casimir operator of Miller’s Lie algebra. In the representation (1.4), the operator (1.6) restricted to the quadric 1.5 and
to the eigenspace N = 0 is a second order differential operator in z, which we denote H (o, ). Its eigenvalue equation

(H(o,x) +w)f =0 (1.7)
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is precisely the hypergeometric class Eq. (1.1), where

/
K

1(2) =k(z) +0'(2), 1= S T (1.8)

The operators A, and A_ can be treated as “root operators” w.r.t. the “Cartan algebra” spanned by N. They lead to recurrence relations
for ladders of solutions. The involution of the quadric (1.5) (,s,z) = (s,t,z) generates a “Weyl symmetry” of Miller’s Lie algebra. It leads to
a discrete symmetry of hypergeometric class equations.

We devote Sec. III to the properties of hypergeometric class equations and functions which follow directly from the action of root
operators and Weyl symmetry of Miller’s Lie algebra: the basic recurrence relations and the basic symmetry. Thanks to the recurrence relations,
once we know a solution of a certain hypergeometric class equation, we know its solutions for a whole ladder of parameters labeled by n € Z.

Certain ladders are special. One of them contains solutions which can be expressed in terms of elementary functions. We call it the
Chebyshev ladder, because it contains the well-known Chebyshev polynomials. It is described in Subsection 3.6. See also Ref. 7 Subsections 3.3
and 4.5, Ref. 8, Sec. 31.

Another ladder of solutions consists of polynomials. In the convention that we adopted, this ladder is descending—its elements are zero
for n > 0. We devote to this ladder the whole Sec. VII. The basic symmetry produces from the polynomial ladder an ascending ladder, which
needs no separate discussion.

For the Hermite equation the polynomial o does not have a zero. For other types, that is for equations reducible to the ,F,, | F;, ,Fy and
oF1 types, o has at least one zero. We devote Sec. IV to these equations, where without loss of generality we assume ¢(0) = 0. We can then
write a formal power series F(0, k, w; z) which solves the equation

(H(o,x) + w)F =0, (1.9)

normalized to be 1 at zero. This power series is convergent if o’ (0) # 0, that is for ,F,, |F,, and (F,. If ¢'(0) = 0, that is for ,F, it either
terminates and is a polynomial, or is divergent. Nevertheless, even in the divergent case this series is asymptotic to a well-defined function
,Fy, which we separately discuss in Appendix A. Thus we obtain a unification of four types of hypergeometric functions in a single function
F(0,x, w; z), which we call the unified hypergeometric function. It depends meromorphically on five complex parameters (two parameters for
0, two for x and one for w).

If 6(0) = 0 and ¢’(0) # 0, it is natural to assume ¢'(0) = 1 and to normalize the unified hypergeometric function by dividing it by

;‘,((%)). This is sometimes called Olver’s normalization. Thus we obtain the Olver normalized unified hypergeometric
function F(o, x, w; z), which depends analytically on four complex parameters (one parameter for g, two for x and one for w).

If ¢(0) =0 and ¢'(0) # 0, the hypergeometric class has an additional discrete symmetry, which we call the power symmetry. This
transformation involves gauging with the function x™, that is, (-) = x™(-)x™™. (In the literature this transformation is sometimes called
an F-homotopy.)

If 0(0) =0, and 0" # 0 or " # 0, that is for the ,F,, ;F; and ,F, equations, we have yet another discrete symmetry, which we call the
inversion symmetry. For the ,F) equation it involves the change of the variable z — é and the transformed equation is still of the form ,F,. In

I'(m+1), where m =

the confluent cases it interchanges the | F; and ,F; equations, and it involves z - — % It is however not defined for the (F, equation.
In Sec. V we describe a unified approach to representations of hypergeometric class functions in terms of integrals of elementary
functions. The ,F}, | F, ,F, and Hermite functions can be represented as Euler integrals, that is,

[p6) =27 as (1.10)
Y

where p is an elementary function, n € C and y is an appropriate contour. | Fy, F, and Hermite functions possess representations in the form
of the Laplace integral

fq(S)eZSds, (1.11)
y

where g is an elementary function and y is an appropriate contour.

As we mentioned above, some ladders of solutions of hypergeometric class equations consist of polynomials. These polynomials include
the famous classical orthogonal polynomials (sometimes called the very classical orthogonal polynomials). They allow for a very elegant unified
treatment, which includes not only recurrence relations, but also generating functions, the famous Rodrigues formula and the orthogonality
relations. All of this is briefly described in Sec. VII.

As we mentioned above, if 6(0) = 0 and 0’ (0) # 0, that is in the cases equivalent to types ,F;,  F;, and ¢F;, we have the power symmetry.

Because of that, these equations have two linearly independent solutions with a distinct behavior at zero: the unified hypergeometric function,
x(0)
' (0) "
both solutions are proportional to one another. This case is called degenerate and is discussed in Sec. VIII. The Olver normalized unified
hypergeometric function in this case has an additional integral representation and an elegant generating function.

which is analytic at zero, and another solution behaving as ~ Z", where m =

The linear independence breaks down for m € Z, when
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The present work should be used only as an “invitation” to hypergeometric class functions. It leaves out many of their properties,
which are difficult to describe in a unified way. For instance, as we mentioned above, various types of hypergeometric class functions possess
additional recurrence relations and additional symmetries. However only those derived directly from Miller’s Lie algebra can be described in
a fully unified fashion.

Almost all our discussion is algebraic, without functional analysis. We are aware that it is natural to view hypergeometric class operators
as closed (or self-adjoint) Sturm-Liouville operators on appropriate weighted L? spaces. It would be also interesting to consider representations
of Miller’s Lie algebra in Hilbert spaces. This would, however, require breaking our discussion into separate types. The only place where we
use some elements of functional analysis is Sec. VII about classical orthogonal polynomials. We show how to view them as eigenfunctions
of certain self-adjoint Sturm-Liouville operators on weighted L* spaces with appropriate boundary conditions—this can be done in a rather
unified fashion.

The literature on hypergeometric class equations is very large. Usually, each type is considered separately, without an attempt of a unified
treatment. Let us list some of the more famous treatises about these equations:” '

Under the name “equations of the hypergeometric type” they were considered in a unified way in the book by Nikiforov-Uvarov.' This
book was one of the two main inspirations for our article. A part of the material of our work is adapted from Ref. 1, notably the material of
Subsections 3.5, 5.1, 7.2, and 7.6.

We use also ideas of Miller, notably in Sec. II. As we mentioned above, Miller’s Lie algebra was defined in Ref. 6. Miller was an early
champion of the use of Lie algebras in the theory of special functions. To my knowledge, he was the first to note that various types of
hypergeometric class admit a larger symmetry algebra. This topic was further developed in Ref. 3.

There are many works that contain elements of a unified theory of hypergeometric class equations, the idea of recurrence relations and
factorizations. Among early ones let us mention the classic work of Infeld and Hull'® and of Truesdell.'” Later treatments include.'*"”

More complete analysis of various types hypergeometric class equations, including the Lie-algebraic interpretation of their recurrence
relations and discrete symmetries, can be found in the literature, notably in the works of Miller, and also in Refs. 2, 3, 20, and 21.

The family of hypergeometric class polynomials that form an orthogonal basis in an appropriate weighted Hilbert space consists essen-
tially of Jacobi, Laguerre and Hermite polynomials, often called classical orthogonal polynomials. It has an especially large literature, e.g., Refs.
1 and 13. In the more recent literature the name “classical orthogonal polynomials” is sometimes given to a broader family, given by the
so-called Askey scheme. Some authors proposed to use the name very classical orthogonal polynomials for the family consisting of Jacobi,
Laguerre and Hermite polynomials.

Il. MILLER’S LIE ALGEBRA

In this section we introduce a certain two-parameter family of four-dimensional Lie algebras, which to our knowledge was first intro-
duced by Miller. We will call it Miller’s Lie algebra and denote by m, g with «, 8 € C. We will also describe its Casimir operator Cqg, that is, a
quadratic expression in elements of ,g, which in any representation commutes with the whole Lie algebra. In other words, Cq s belongs to
the center of the enveloping algebra of m,s. We will also describe a family of representations of m, s by first order differential operators on
certain second degree surfaces in C°.

In appropriate coordinates the eigenvalue equation for the Casimir operator equation will have the form of a hypergeometric class
equation. A number of properties of hypergeometric class equations will have a simple interpretation in terms of properties of Miller’s Lie
algebra. They include the basic symmetry, basic factorizations and basic recurrence relations. They will be described in Sec. II1.

A. Three low-dimensional Lie algebras

Let us first introduce three low-dimensional complex Lie algebras.

1. sl(2,C).Itis spanned by N, A, A_ satisfying the commutation relations

01:50:G1 G20z 1snbny 20

N,A:| = £A,,
[N, 4] = 2. 2.1
[A+,A_] =2N.
The operator
C:=A_A; +N(N+1) (2.2)
=AA_+N(N-1) 2.3)
1
=2 (A_Ay +ALA ) +N* (2.4)
commutes with all elements of sI(2, C). It is often called the Casimir (operator).
Here is a typical representation of s/(2, C):
N := x0, — y0,, (2.5)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-4
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Ay i=x0), A_:=ylk (2.6)
2. The so-called complex oscillator Lie algebra, denoted osc(C). It is spanned by N, A;, A_, T satisfying the commutation relations

[N,A.] = +A.,
[AnA =1, 2.7)
[1,A.] = [1,N] =o.

The following operator commutes with osc(C), and will be called the Casimir of osc(C):

1
C=A_A; +N+ 3 (2.8)
1
=AA N (2.9)
- %(A_AJ, +A,A_) +N. (2.10)
Here is a typical representation of osc(C):
1
N:= E(—a§+x2), (2.11)
As = ——(x70) (2.12)
+ 0t \/5 % ) .

Note that N is the quantum harmonic oscillator, which justifies the name of this Lie algebra.
3. The Lie algebra of Euclidean movements of the plane, denoted C? x so(2,C). It is spanned by N, A, A_ satisfying the commutation

relations
N,AL| = +A,,
[N, 4] * (2.13)
[As,A_]=0.
The following operator commutes with C* x s0(2, C), and will be called the Casimir of C* x s0(2,C):
C=A_A, (2.14)
Here is a typical representation of C* x so(2,C):
N := x0, — yOh, (2.15)
Ay =0, £ 0, (2.16)

Thus N is the generator of rotations of the plane and A, generate translations.

B. The family of Lie algebras introduced by Miller

The three Lie algebras introduced in Subsection II A can be joined in a single family depending on two complex parameters a, 3. This
family will be denoted by 1. It was introduced by Miller in Ref. 6. We will call it Miller’s Lie algebra.
Mg is defined as the complex Lie algebra spanned by N, A+, A—, 1 satisfying the commutation relations

[N,Ai] = iAi,
[As,A-] = 2aN + 1, (2.17)
[1,A.] = [1,N] =0.

It is easy to see that

mep =sl(2,C)®C, a=0; (2.18)
mapg = 0sc(C), a=0, B#0; (2.19)
Mep~C* x50(2,C)®C, a=0, B=0. (2.20)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-5
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Define the linear map ¢ : m,g — m,,_g by
&(N):=-N, e(As):=A4A% ¢&(1):=1 (2.21)
Then ¢ is an isomorphism. The identity automorphism together with ¢ form a group isomorphic to Z,, which will be called the Weyl group of
ma‘ﬁ.Similarly, for n € C, the linear map 7, : myg — Mg p_2nq given by
m(N):=N+nl, m(As):=As, m(1):=1, (2.22)

is an isomorphism.

C. Casimir

Consider a representation of 1, on a vector space Z. Following Miller,” introduce the following operator C, called the Casimir of mg:

Cop=Ci=A_A, +aN(N+1) +B(N + %) (2.23)
— ALA_+aN(N—-1)+B(N - %) (2.24)
= %(A_A+ +A4A_) +aN” + BN. (2.25)

As Miller noted, C commutes with the whole Lie algebra:
NC=CN, A:C=CA;. (2.26)
Extend the isomorphisms ¢ and 7, defined in (2.21) and (2.22) to the algebra of operators on Z. Then

8( Ca,ﬁ) = Cot,—ﬂ’ (2.27)

n(Cap) = Caprana + (om2 + ). (2.28)

D. Ladders

By a two-sided ladder we mean a subset of C of the form ng + Z, where ny € C. A subset of the form 7o + Ng or 19 — No will be called a
one-sided ladder (ascending or descending). A subset of the form {n9,n9 + 1,...,n9 + n} for some n € Ny will be called a finite ladder.

It is easy to see that if the representation of 1, on Zis irreducible and N possesses an eigenvalue, then the spectrum of N is a ladder. In
fact this follows from

Nv=nv=NA,v=(nx1)A.v. (2.29)
For n € C we define
Z"={ve Z: Nv=nv} (2.30)
Let C", resp. A’ 2, be the operator C, resp. A, restricted to Z". (2.26) can be rewritten as

1
Yliz

1
Al = oA, (2.31)

An irreducible representation with a one-sided or finite ladder with the lowest, resp. highest element 0 will be called a lowest, resp.
heighest weight representation. It follows from (2.23), resp. (2.24) that

= g for highest weight representations, (2.32)
= —g for lowest weight representations. (2.33)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-6

Published under an exclusive license by AIP Publishing

01:50:G1 G20z 1snbny 20


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

E. Representation by first order differential operators

Let o be a polynomial of degree <2 and « of degree <1. Consider C* with elements denoted by (t,s, z). Define the operators
N := t0; - s0;,
Ay =10, +0'(2)0s (2.34)
A_ =50, + 0" (2)0 + &tz)
A4, A_,N, 1 span a Lie algebra with commutation relations

[N7A+:| :A+>
[NA_]=-A_, (2.35)
[A+,A_]=0"N+«'1.

Thus it is a representation of Miller’s Lie algebra m, g with

a=—, B=«. (2.36)

The operators (2.34) commute with the multiplication by o(z) — ts. Therefore, we can restrict them to analytic functions on €, the

universal cover of the manifold
{(s,2) €C® : 0(z) ~ts=0, t#0, s#0}. (2.37)

Let A(Q) denote the space of analytic functions on €. The Lie algebra m, g represented by (2.35) acting on A(Q) will be denoted m(o, «).
By (2.25), the Casimir of m(o, k) is following differential operator on A(Q):

C = std2 + 0’ (2) (s0s + t0; + 1), + k(2) 0,

o 5 5
+ 7 ((tat) + (585) - 2t8ts<3‘5 + t@t + 585) (238)

! 2 7
RCAC) PP O LA P x’(ta, 5o, + 1).
ts ts 2

Clearly, C commutes with m(a, k).
Introduce new coordinates on C:

v=o0(z)-ts, w=t Z=z (2.39)
The inverse transformation is
o(z)-v .
t=w, = ( ) R =
w

We have
0:=0:+0(2)0v,  Or=0uw—350y, Os=—t0y

Clearly, (2.37) is v = 0. Therefore the operators (2.34) in new coordinates, after restricting to the surface (2.37) (and dropping “checks”),
are
N = w0y,

Ay = w8, (2.40)
A= i(a(z)&z +0' (2)wdw +x(2)).

The Casimir operator is
a”’ 1
C=A_A, + —N(N+1)+«'(N+2)
2 2 "

= 0(2)22 + ((2) + 0'(2) (w0 +1))0. + % D (wDoy +1) + K’(waw + %)

01:50:G1 G20z 1snbny 20
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Consistently with (2.30), for n € C let
Z":={ge A(Q) : Ng=ng}
As in Subsection I1 D, C”, resp. A;&% denote the operator C, resp. A, restricted to Z". Clearly, in the coordinates (2.39)
2"={w"F(z) : Fe A(®)},

where © is the universal covering of C\{zerosof ¢}.

We have "
€'+ wi=0(2)02 + (K(2) +0'(2) (n-+ 1) + Zon(n+1) + K'(n + %) ro (2.41)
AT% =0, A" i = 0(2)0, + k(2) + no' (2).
F. Implementation of isomorphisms
Let us go back to C? in the coordinates s, £, z. An implementation of the isomorphism 7z, defined in (2.22) is simple:
mg(-) =t " (2.42)
Let us now describe an implementation of the isomorphism ¢. Let p(z) solve
(0(2)0; —x(2))p(z) =0, (2.43)
(which defines p(z) up to a coefficient). We introduce the following transformation on A(Q):
Te(t5,2) = p(2)g (s, .2).
Theorem 2.1.
INT ™' = -N, (2.44)
TALT ' = A, (2.45)
TA-T'=A (2.46)
TCT™' = C. (2.47)
where on the left we have the operators from m(o,«) and on the right from m(a, —x).
Proof. (2.44) is immediate.
Consider g(t,s,z) € A(Q). Then
T'g(t5.2) = p' (2)g(£:5.2),
AT 'g(t,s,2) = (tp (2)0; - E ;tpfl(z) +o (z)pfl(z)&)g(s,t z)
f, -1 ( ) 71 -1
=\tp (2)0: - (2) +0'(2)p™ (2)0: Jg(s.1,2)
TA.T 'g(t,5,2) = (s@z - @ + 0'(2)8t)g(t,s,z).
This proves (2.45). The proof of (2.46) is similar.
To show (2.47) we use the second line of (2.38), (2.44), (2.45), and (2.46). |
In the coordinates (2.39) the symmetry equals
o(z
Te(w.2) = p(2)g( 72 2)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-8

Published under an exclusive license by AIP Publishing

01:50:G1 G20z 1snbny 20


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

Let T" be T restricted to Z". Clearly,
c'Tt=C"TT (2.48)

We easily see that in the coordinates (2.39), for all F € A(Q),

T"F(z) = p(z)0" (2)F(z).

Ill. BASIC PROPERTIES OF HYPERGEOMETRIC CLASS EQUATIONS

In this section we introduce hypergeometric class equations. They will be presented as the eigenvalue equation of a certain second order
differential operator (o, x). We discuss a number of properties of these equations that can be described in a unified way: the basic symmetry,
basic factorization and basic recurrence relations.

The operator H(o, ) is essentially the Casimir C of Miller’s Lie algebra at N = 0, and all its properties discussed in this section follow
from the properties of Miller’s Lie algebra analyzed in Sec. I1. However, this section can be read independently.

A. Remark about notation

Let a, b, ¢ be complex functions. Instead of saying that we consider the equation
(u(z)az2 +b(2)0; + c(z))f(z) =0, (3.1)
we will usually say that the equation is given by the operator
A= a(2)0? + b(2); + c(2) (3.2)

Instead of A, we will sometimes use the notation .A(z, d;) to indicate the variable that is used in the given operator. This is useful when
we consider a change of variables.

B. Parametrization of hypergeometric class operators
As was described in the introduction, the main topic of the paper are equations given by operators of the form
0(2)0 +1(2)8; + 1, (3.3)

where 0, 7, 7 satisfy the conditions (1.2). However, the parametrization of these equations with o, 7, 7 is not always convenient. We will usually
prefer to use a different parametrization, described below.
Let 0(z), x(z), w be polynomials with

dego <2, degxk <1, degw=0 (inotherwordsw e C). (3.4)
Let us define the differential operator
H(o,k) = 0(2)02 + (U'(z) + K(Z))@Z + %K’ (3.5)
- 0.0(2). + %(&,K(z) + (2)0,).
Clearly, the class of operators (3.3) coincides with the class of operators
H(o, k) + w (3.6)

Note that #(0,x) coincides with C’, the Casimir operator for Miller’s Lie algebra restricted to the subspace N = 0, expressed in the
variable z, see (2.41).

C. Basic symmetry
Recall from (3.16) that p(z) is defined as a solution of

01:50:G1 G20z 1snbny 20

(0(2)0; —x(z))p(z) = 0. (3.7)
We have the identity
- 1
H(o,x) = p ' (2)D.0(2)p(2)D: + EK/' (3.8)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-9
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The following theorem describes a certain symmetry of the entire family of hypergeometric class equations. We will call it the basic
symmetry.

Theorem 3.1. We have
p(2) H(o,x)p ' (2) = H(o,—x). (3.9)

Hence,
(H(o,k) +w)F=0 = (H(o,-k)+w)pF=0. (3.10)

Proof. Using 6(2)d.p™"(2) = —«(2)p~"(2), we obtain

p(2)H(o,x)p " (2) = D.0(2)p(2)dp ' (2) + %K, (3.11)
- 0(2)02 + (o' (2) - x(2)) s %K’ - H(0, ). (3.12)
O

Applying twice the basic symmetry we get the identity. Hence we obtain a group of symmetries of the hypergeometric class isomorphic
to Z,.
Note that the basic symmetry of Theorem 3.1 corresponds to the symmetry ¢ of Miller’s Lie algebra, see (2.21) and Theorem 2.1.

D. Basic pair of factorizations

It is often useful to represent a second order operator as a product of two first order operators plus a constant. In this section we describe
a pair of such factorizations of hypergeometric class operators, which can be easily formulated in a unified way. It is convenient to formulate
them for a family indexed by n € C. These factorizations lead to recurrence relations for hypergeometric class functions.

Fix 0, a polynomial of degree <2, ko, a polynomial of degree <1 and w, € C. We set

kn(2) = 1o’ (2) + 10(2), (3.13)
U’,
Wy = n27 + 1K + . (3.14)
Note that (0, kn) + wn coincides with C” + wy, where C" is the Casimir for o, o restricted to N = n, see (2.41).

Theorem 3.2.

(1)  Factorization properties

"

H(o,kn) + wp = (0(2)0; + kns1(2))0; + n(n + 1)% + (n + %)K(l) + wo
= 0.(0(2)0; + kn(2)) + n(n - 1)% + (n - %)x(’) + wo.

(2) Transmutation properties

az(H(G; Kn) + wn) = (H((L Kn+l) + wn+l)8z;
(0(2)0; + knt1(2)) (H(0, kns1) + Wns1) = (H(0, kn) + ) (0(2) Oz + Knt1(2)).

(3) Recurrence relations

(H(o,%n) + wn)F =0 = (H(0,Kn+1) + wns1)0:-F = 0,
(H(0,Kn+1) + Wns1)F =0 = (H(0,%4) + wn)(0(2)0; + x441(2) )F = 0.

The argument used in the proof of the implication (1) = (2) is typical for the so-called supersymmetric quantum mechanics and is
described in the following lemma:

1 _1
Lemma 3.3. Suppose that for n € C, ATZ, A2, 1" are operators and .1 are numbers satisfying
2

J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-10
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n

n+l  n-1
A+ PA tH,—1,
n—1 ’
2

HVI
n+i

2
A+ Mo 1+

Then

AT =1 AT
AT = AT
Proof of Theorem 3.2. (1) follows by a direct computation. (1) implies (2) by Lemma 3.3 if we set

"
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AT% —o, AV 0(2)0: + Kkn(2)s g1 =n(n+ 1)% + (n + %)x' +w, (3.15)
H" = H(0,Kn) + Wn.
(2) easily implies (3). m]
E. Ladders of solutions
Let k4, w, be asin (3.13) and (3.14). Let p, solve (3.8) for 0y, ko, that is,
(00(2)0:; — ko(2))po(z) = 0. (3.16)
Suppose we have a solution
(H(o,%k0) +wo)f =0. (3.17)
Then from f we can construct a two-sided ladder of solutions. More precisely, for any n € Ny
H(o,%4) + w, annihilates a:f, (3.18)
H(0,k-n) + w—y annihilates " py ALpo f. (3.19)
To see (3.19), we note that
0(2)0: + x-j(2) = a(2) " po(2) "' o (2) T po(2), (3.20)
hence
(06(2)0; + x-n(2)) - - (0(2)8: + k(2)) = 3(2)"po(2) " . po(2). (3.21)
Consider now special cases wo = ?%"‘:
!
H(o,%o) - % =0(2)0? + (0’ (2) +x0(2)) -, (3.22)
U
H(o,x0) + % = 0(2)0: + (0" (2) + x0(2))0: + Ky (3.23)
They have elementary solutions:
!
H(o,x0) — % annihilates 1, (3.24)
!
H(o,xo) + % annihilates p . (3.25)
(3.24) is obvious. To see (3.25) we differentiate
(0(2)0: +10(2))py (2) = 0,
obtaining
0= (0(2)0Z + (0'(2) + k0(2)) 0z + k5 )po ' (2). (3.26)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-11
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Alternatively, we can derive (3.25) from (3.24) by the basic symmetry (3.10). Indeed, (3.24) and (3.10) imply that H (o, —xo) — %ﬂ annihilates

p,- Then we switch the sign of o, which corresponds to replacing p, with py .
The special solutions (3.24) and (3.25) lead to a pair of one-sided ladders: for any n € Ny

1 ! -
H(o,—na’ +xo) - (n + E)K(I) + nz% annihilates 0" pg ' 8% po (3.27)
' 1\, 20'” s n —1
H(o,no' +xo) +(n+ 3 Ko+ 1 > annihilates 0, p, . (3.28)

(3.27) consists of polynomials, which we will analyze in more detail in Sec. VII. The ladder (3.28) consists of functions of the form p, 157"p,,
where P, := 0" podZp,* are polynomials.

F. Chebyshev ladder

Let us fix o, as usual a polynomial of degree <2, and w € C. The equations given by the following two operators can be easily solved in
elementary functions:

7—[(0, —%,) +w+ %ﬂ =\/0(2)0:\/0(2)0; + w (3.29)

/
=0(2)0+ 2 gz) 8, +w, (3.30)
! "
’H(a, %) tw+ % = 9.:/0(2)0/0(2) + @ (3.31)
! "
R A GO AN (3.32)
2 2
In fact, set dx
y(2) = fo NGE) (3.33)
which solves the equation j—z = \/01(7) Then
al O_/I
7—{(0, —5) ot annihilates (A sin (wy(z)) + B cos (wy(2))), (3.34)
ol o’ 1
Hlo,— | +w+— annihilates ——— (A sin (wy(z)) + B cos (wy(z))). 3.35)
(%) e o (@) ¢ B os er(2)) (

We can embed the parameters of (3.29) and (3.31) into a single ladder as follows. We set ko = 0 and wy = w + %ﬂ, so that

1

1\o

Km=ma, Wm=w+ (m2 + 2)7, (3.36)
then

(3.29) = H(ove1 ) +w_s, (337)
(331) = H(ox1) + 1. (3.38)

By using the recurrence relations (3.18) and (3.19) we obtain elementary solutions for

2 / 1)*d”

H(o,km) + wm = 0(2)0; + (m+1)0 (2)0; + (m + E) S te (3.39)

withmeZ+ 1.

Remark 3.4. Chebyshev ladders are very special, since « is determined by 0. The only two nontrivial hypergeometric types where they appear
are ,F, and F\. However, they are quite important. One can note that Bessel functions of half-integer parameters are elementary functions because
they correspond to the Chebyshev ladder of the F, type.
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IV. SINGULAR POINT

Throughout this section we assume that
a(0) =0. (4.1)

We will discuss solutions of hypergeometric class equations given by power series around 0. We will also describe some symmetries which
exist if (4.1) holds.

A. Solutions around a singular point

(4.1) usually means that 0 is a singular point of the Eq. (3.6). In fact, rewriting the Eq. (3.6) as

1 T(z w
@ (0(2)2 +7(2)0: + ) f(2) = (83 + %@ + @)f(x) =0 (4.2)
we see that % or % will usually have a singularity at 0. Straightforward calculations (known under the name of the Frobenius method'”)

lead then to the following result
Theorem 4.1. There exists a unique formal power series F(z) solving
(H(o,k) + w)F(z) =0, F(0) =1 (4.3)

It is equal to

oo M w+ G+ +j(j+1)%
F(O',K,(U;Z):Z 10( J 2 AV 2)

2 T (s0) + G Doy (44)

If 0'(0) = 0 and ¢” # 0, then o(z) has a double root at zero and then the series (4.4) either terminates and defines a polynomial, or is
divergent. However, it is always asymptotic to one of the solutions of (3.6) defined on C\[0, oo [ (see Sec. 6.3 and Appendix A). In all other
cases the series (4.4) has a nonzero radius of convergence. The function F(g,x, w; z) given by (4.4) will be called the unified hypergeometric
function. It depends meromorphically on ¢'(0), 0", x, w.

Recall that x,, and w, were defined in (3.13) and (3.14). The basic pair of recurrence relations is as follows:

1. 7/
Wy + 5K,

O.F(0,Kny 03 2) = ———2F(0, Kns1, W1 13 2)5 (4.5)
Kn+1(0)

(0(2)0z + Knt1(2) )F(0, K415 @nt152) = Kn41(0)F(0, Kn, 03 2). (4.6)

B. Olver’'s normalization

x(0)

FOR Without sacrificing the generality we can suppose additionally that ¢’ (0) = 1. Thus

Assume now ¢’ (0) # 0. We set m :=

"
o(z)=z+ %zz, K(z) =m+«'z (4.7)

0 is a regular singular point and 0, —m are its indices, see Ref. 15 or Appendix B.
In this case often instead of the function (4.4) it is more convenient to use the function

F(o,x,w;z) _ i ?;01(“’*0* %)K/Jrj(j*l)%”)
r(1+m) 24 I'(m+n+1)n!

(-2)". (4.8)

F(o,x w;z) :=

Note that F is holomorphic in 6", &, w. Dividing by T'(1 + m), as in (4.8), is sometimes called Olver’s normalization, since it was made popular
by Olver’s textbook.”* Here is the basic pair of recurrence relations for the Olver normalized unified hypergeometric function:
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1
aZF(O': Kn, O)n;Z) = _(wn + EK;)F(O" Kn+1, wn+l;z); (49)
(0(2)0: + knt1(2) )F(0, Kn+1, Wns152) = F(0, Kn, 0n3 2). (4.10)
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C. Power symmetry

We keep the assumptions of Subsection 4.2. Let us introduce a certain transformation of the parameters. We keep o the same, and the

transformed x and w are "

K°(z) = -m+ (' —md")z, «°=w-mk +m’ > (4.11)
Consequently, m® = —m.
Theorem 4.2.
Z"(H(o,k) + @)z " = H(o, k") + w°. (4.12)
Proof. Using
m —m m —-m 2 1
o =0, e g My, mimt D) (4.13)
z z z
we compute
Z"(H(o, k) + w)z™" (4.14)
I !
= zm((z + %zz)aj +(1+m+ (0" +«')z)0. + % + w)z_m (4.15)
0_’/ 0_// 1
= (z+ 722)@2 + (1 -m+ ((1 -m)a” + K')z)(‘?z + Tm(m -1)- K'(m - E) +w (4.16)
= H(0,k°) + w°. (4.17)

Note that ¥°° = k¥ and w°° = w. Thus we obtain a Z, symmetry of the hypergeometric class. It is different from the basic symmetry of
Theorem 3.1.

As a consequence of (4.12), both F(o,, w; z) and z~™F(0,«°,w’; z) are annihilated by H(0,«) + w. If m ¢ Z they form a basis of
solutions of the corresponding equation. The situation for m € Z will be discussed in Sec. VIII about the degenerate case.

D. Inversion symmetry

We still assume ¢(0) = 0. Besides, we suppose that
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d"+0 or « %0 (4.18)
Suppose that { € C solves the equation
"
%(2+(o"+x')(+ g +w=0. (4.19)
Note that (4.18) guarantees that (4.19) has a solution. Set
4
o° = %w - o’(O)wz, (4.20)
x> = (k(0) +2(¢ + 1)0"(0))w - 0" (1 +{) - &/, (4.21)
1
w” = =0’ (0)(1+{)* - K(o)(( + E)' (4.22)
Theorem 4.3. Consider the substitution w = —%. Then we have
- 27(“(7-[(0, k2,0;) + w)z( = H(0®, k% 5w, 00) + 0°. (4.23)
Hence
H(o,x) + @ annihilates z_(F(aA, 05—z, (4.24)
Proof. Indeed, using 0, = w2y and 83 = w48i, + 2w Oy, we obtain
-z(H(0,%52,0;) + w) (4.25)
!
= o(-w W'l + (20(—11)71)102 +0' (~w Hw + K(—wfl)w)aw + (KE + w)wil. (4.26)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-14

Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jmp

Journal of ARTICLE _ o
Mathematical Physics pubs.aip.org/aip/jmp
Then we use wfaww“ = Ow — é and w(&iw_( = aﬁ, - %&w + ((;7?) to obtain
¢ -
w” (4.26)w (4.27)
" "
= (%w - a’(o)wz)ai + ((x(o) +200"(0))w - % -0 - x’)aw (4.28)
’ 2 «’ a’ 2 ’ -1
-0 (0)({+C) —x(0){ + 5+w+7(2(+()+x(w (4.29)
N
4
= 0% ()3, + (0% (w) + 1 () ) Do + "7 +w®. (4.30)
O
Note that 6°* = ¢,k°% =k, 0™ = w. Hence the inversion symmetry generates a group isomorphic to Z; acting on the hypergeometric

class.

. . . 1 . . .
Remark 4.4. It is easy to see that the substitution z — .- also generates a symmetry of hypergeometric class equations. This follows

immediately from Theorem 4.3 and the trivial fact that z — —z leads to a symmetry of the hypergeometric class as well.

V. INTEGRAL REPRESENTATIONS

Hypergeometric class functions possess useful integral representations. Most of them have the form of an Euler transform of an elemen-
tary function. In Subsection V' A we will show how to derive these representations in a unified way. Note that typically for a given equation
one can choose various contours of integration, obtaining various solutions.

Some important integral representations have a different form—they can be viewed as Laplace transforms of certain elementary
functions. They will be described in Subsection V B.

In this section we will often deal with multivalued functions s — f(s) defined on a certain Riemann surface. These functions are
analytically continued along a certain curve y contained in this Riemann surface. We will use the notation

FOL = f(s2) - F(s0), 5.

where s; and s, are the endpoints of the curve y.
As usual, we fix g, ko, and for n € C, as in (3.13), we set

Kn(2) := no’ (2) + xo(2).
In this section wy = %‘;, so that according to (3.14),

20 1
Wni= 1" — (n + E)K(l). (5.2)

A. Euler transforms

As usual, we assume that

(0(2)0; — x0(2))po(z) = 0. (5.3)
Theorem 5.1. Let n € C. Suppose that the curve [0,1] > T»ls(‘r) satisfies
a(s)(s—2) " ?po " (s) |5(1) =0 (5.4)

s(0) ~

and

fu(z) = fy(s -2) """ pg(s)ds (5.5)

is well-defined. Then f, is annihillated by
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H(o, %) + wy (5.6)
U’,
=0(2)8; + (r0(z) + (n+1)0" (2))8; + ko(n+1) + Tn(n +1). (5.7)
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Besides, if fu+1 is also well-defined, then
9:fu(z) = (n+1) fur1(2), (5.8)
(0210 + a2 o 2) = ~( 55+ )2, 9)

Proof. For simplicity, we will assume that both f, and f,,1 are well defined. (5.8) is obvious. Let us prove (5.9). Using the Taylor
expansion of the polynomials 0(z) and x(z) we obtain

(a(z)az +xo(z) + (n+ l)a'(z))fn+1(z) (5.10)
=(n+ 2)/y(0(s) +0'(s)(z—s) + "7 (z- 5)2)(5 ~2) " po(s) ' ds (5.11)
+ fy(xg(s) +(z- S)K, +(n+ 1)0'(5) +(n+1)(z- s)o")(s - z)fning(s)flds (5.12)
= 7(n%” + x('))fy(s —2) " po(s)Mds (5.13)
+ [((n +2)0(s)(s=2) " =o' (5)(s - 2) "+ xo(s) (s - 2) " )po(s) ' ds (5.14)

Y
- 7(7% + x('))fn(z) (5.15)
+ fy(@sa(s)(sfz)f “po(s)”")ds (5.16)
+ f(s - z)fn*z(a(s)apo(sfl + xo(s)po(s)fl)ds. (5.17)

Y
(5.16) vanishes because of (5.4). (5.17) is zero by (5.3). m|

It is sometimes useful to consider differently normalized Euler integrals:

f.(z) = F{;(f)l) = F(n1+ 0 /}:(s—z)_"_lpal(s)ds. (5.18)

Then the recurrence relations (5.8) and (5.9) are modified:

azfn (Z) = fn+1 (Z)>

;0 (5.19)
(0(2)0; + kn41(2) )us1(2) = =(n+ 1) | ko + - fq(2).
B. Laplace integrals
Suppose that 0" = 0. We still assume (5.2), which now can be rewritten as
1\,
Wy = (n + E)KO. (5.20)
Let
(0(=0s)s +x0(—05))do(s) =0, (5.21)
which defines up to a coefficient an elementary function .
Theorem 5.2. Assume that [0,1] 3 T s(7) satisfies
n n sz |s(1
(520" + 5" K)o (s)e” |$§0; =0, (5.22)
and the following integral exists:
gn(z) = f@g(s)snezsds. (5.23)
y
Then g, is annihillated by
H(o, %) + wy (5.24)
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=0(2)32 + (o' (2)(n+1) +x0(2)) 2 + (n+ 1)) (5.25)
Besides, if also g, ., is well defined, then
8zgn(z) = gn+1> (526)
(0(2)0; + knt1(2))gn+1(2) = —(n + 1)kogn(2). (5.27)

Proof. For simplicity, we will assume that both g, and g, ., are well defined, and we will prove the recurrence relations, which directly
imply (5.25).
(5.26) is obvious. Let us show (5.27):

(0(2)0; + (n+1)0" + x0(2))gnn1 (5.28)

- /y (000(5)5" 22 + (0) 8o (s)s"* + (n + 1)0" 8o (s)s"* )e*ds (5.29)

+ /y(rc(')éo(s)s"“z+ K0(0)80(s)s"*! )e*ds (5.30)

= fyds@;(a'&o(s)s””e“ + K000 (s)s" 2 e”) (5.31)

. fy (=0's8%(s) — 0"80(s) — khd(s) + 0(0)s80(s) + ko (0)8u(s) )5 e¥ds (5.32)

—(n+1)xg fao(s)s”e“ds. (5.33)

Now (5.31) vanishes because of (5.22) and (5.32) due to (5.21). m|

Sometimes it will be more convenient to present the integral representation (J.ZJ) in a different form, with the variable s replaced with
1
t=<:

N

an(2) = f So(r ) 2el dr, (5.34)
7
where the contour j is obtained by the change of variable and reversing the orientation.

VI. APPLICATIONS CASE BY CASE

Hypergeometric class operators can be divided into several types. By an affine transformation z — az + b and division by a constant, an
operator of each type can be reduced to its normal form. There are five nontrivial types, with normal forms listed in the introduction. For
instance, if o has two distinct roots, then the equation belongs to the ,F, type, if it has a double root, it belongs to the ,F, type, etc. The
hypergometric class contains also four “trivial types,” which can be solved in an elementary way. All these nine types are listed in the table in
Appendix B.

Strictly speaking, this table is devoted to types of the Riemann class, which is larger than the hypergeometric class. Therefore, this table
contains ten types. It includes one additional type: the Airy operator, which cannot be reduced to the hypergeometric class. However, all the
nine other types of the Riemann class are represented in the hypergeometric class.

In this section we describe the properties of all five nontrivial types of the hypergeometric class that are direct consequences of the unified
theory, discussed in the previous sections. We try to follow the same pattern. Here is the list of items that we will give for each hypergeometric
type, if available:

Operator that generates the equation, that is 7{(0, k) + w, expressed in the traditional form.
Parameters 0(z), x(z), w; see (3.4) and (3.5).

Weight p(z), see (3.16) or (3.7).

Basic symmetry, see (3.9).

Power symmetry (if available), see (4.12).

Inversion symmetry (if available), see (4.24).

Theorem about integral representations, see Theorems 5.1 and 5.2.

Standard solution annihillated by (0, x) + w [typically a special case of the unified hypergeometric function (4.4), but for the
Hermite equation we need to make an exception].

Olver normalized standard solution (if available), see (4.8).

Basic pair of recurrence relations for standard solutions, see (4.5) and (4.6) or (4.9) and (4.10).
Integral representations of standard solution (obtained by an application of Theorems 5.1 or 5.2).
Chebyshev solutions (if available), see Subsection 111 F.

01:50:G1 G20z 1snbny 20

J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-17
Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

We will often use the Pochhammer symbol

(a)j:==a(a+1)---(a+j-1), acC, jeN.

A. The ,F, equation

,F, operator:
F(a,b;c) = 2(1-2)0 + (c— (a+b+1)2)d. — ab.

Parameters:

1 1 1

0(z)=2z(1-2), x(z)=c-1-(a+b-1)z, w= 7(a7 E)(bf E) 0

Weight:
p(z) =27 (z - 1)
Basic symmetry:
N -1 F(abio)2 (- 1) = F(1-b1 -2 -c).
Power symmetry:
£ Flabio)z = F(b+1-ca+1-62-c¢).

Inversion symmetry:

(-2)""" F(a,b;6,2,0.)(~2) “ = Fa,a—c+ Lia—b+ Lw,dy), w=z "

Theorem 6.1 (about integral representations). Let [0,1] > T'Z>t(T) satisfy

b—c+1 c—a —b-1y(1) _
t 1-0)7"%(t-2) o) = O

Then
F(a,b;c) annihilates ftb_c(l 1) (- 2) e,
y

Proof. We check that
Flabo) ™ (1= (t-2) " ==bot" (1= )*(t-2) "7\,

,F, function: For |z| < 1 defined by the following power series, then analytically extended:

F(a,b;c;z) = i Mij

, 2zl < L
j=0 (0 j i

Olver normalized ,F, function:

F(a,bcz) S (a)j(b); 2
I(c) *]_:ZO T(c+j) j!

F(a,b;cz) =

Integral representation:
f (- 1) T (e - 2) e
1
=T(a)l(c-a)F(a,b;6z), Re(c—a)>0, Rea>0, z¢[1, 0.

Basic pair of recurrence relations:
O:F(a,b;¢;2) = abF(a+ 1,b+ 1;c+ 1;2),

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766
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(z(1-2)0:+ (c—(a+b+1)z))F(a+1,b+ 1;c+ 1;2) = F(a,b; 6 2).

Chebyshev solutions for k = 0,1,.. .:

2 )
3 1—w (l—wz)%+k . (w+1 wz) +(w—i\/1—w2)
F(1+k+/1,1+k—/\;f+k; ): + Ow ,
2 2 2¢/n(-2) 1-w’
A 2
1 1—w ok (w+1 wz) (w—i\/l—wz)
F(—k+)t,—k—/1;f—k; ):, aw .
2 2 V(A = K)ok 1—w?

B. The ,F, equation

F| operator
F(asc) =20 + (c - 2)0; - a.

Parameters
1
0(z)=2z, xk(z)=c-1-z, w=-a+ >
Weight:
p(z) =e %27,
Theorem 6.2 (about integral representations)
1. Let[0,1]> Tt (1) satisfy
9= c+1 t )—u 1|t(1)

£(0)
Then
F(a;c) annihilates ft“ ‘e (t—z)™"dt.
Y
2. Let[0,1]> T>—y>t(T) satisfy
Z —c c—a |t(1)
et (1-1t) |t(0) =0.

Then
F(asc) annihilates /eYFC(l - )t
¥

Proof.
Fla,e) t" e (t —2) " = —adpt” e (t-2)™"7",

Fla,c)eit “(1-1)""" = —freit “(1-1)""

Basic symmetry:
e Fa62,0,)7 ¢ = F(1 -2 - gw,0w), w=-z
Power symmetry:
£ Fao)Z = F(l+a-g2—-c).

Inversion symmetry:

(6.7)

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)
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2N F(a562,0.)2 " = F(a,1+a—-c—w,0u), w=-z".
(Thus the | F; equation is equivalent to the ,F; equation.)
1 F, function:
(a)J
F(a;cz) =
Z (c)j ]'
Olver normalized , F, function
Flasgz) & (a); 2
F(a;¢2) = = N
I'(c) j;) IT(c+j) j!
Basic pair of recurrence relations:
0. F(a;6z) =aF(a+ L;c+ 1;2), (6.15)
(0: +c—2))F(a+ 1;c+ 1;2) = F(a; 6 2). (6.16)

Integral representations: for all parameters

a—c t
P / e (t-z)"dt = F(a; ¢ 2);
J=00,(02)",—o0[

for Rea > 0,Re(c—a) >0

f e (t- 1) dt = T(a)(c - a)F(a; ;).

[ L4oo[
C. The ,F, equation
The ,F, operator:
F(a,b;—) =220 + (-1 + (1 + a+ b)2)d. + ab, (6.17)

Parameters:

0(z) =72, x(z)=-1+(a+b-1)z, w= (a—l)(b— l)+l

- - S R 2]y
Weight:
P(Z) _ Z—l+a+bei.

Basic symmetry:
g rerhe: F(a,b;—;z, 82)21_“_176_i = F(1-bl-a—w0y), w=-z
Inversion symmetry:
2" F(a,by—2,0,)2 " = - F(as 1 +a—-bw,8y), w=-2".
(Thus the ,F, equation is equivalent to the | F; equation.)
Theorem 6.3 (about integral representations). Let [0, 1]>7 KA t(7) satisfy

fo-a- 1 )—b 1‘t(1)

e (0)

Then
F(a,b;—) annihilates fe + e Y(t-z)tar (6.18)
y

A second integral representation is obtained if we interchange a and b.
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Proof. We check that
e §4bma-l -b _ ~1 b-a-1 —b-1
U - = —00: - . i
F(a,b;—)e 1t (t-2) boe 1t (t-2) (6.19)

»Fy function: It is defined for z € C\[0, +oo[,
F(a,b;—;z) == lim F(a, b;c; cz),
c—> 00
where |arg ¢| > ¢, € > 0. It extends to an analytic function on the universal cover of C\{0} with a branch point of an infinite order at 0. It is

annihilated by F(a, b; -).
Asymptotic expansion:

F(a,b;—z) ~ ). sz, |argz| > e
=
Basic pair of recurrence relations:
0.F(a,b;—z) =abF(a+ 1,b+1;-;2) (6.20)
(0. + (-1 + (1 +a+b)z)))E(a+1,b+1;~2) = F(a,b;—z). (6.21)

Integral representation for Rea > 0:
f e (b - 2) 0 dt = T(a)F(a by —2), z ¢ [0, o00[.
0

The function , F is in our opinion insufficiently known. Therefore, we devote Appendix A to a derivation of some of its properties.

Note that the equivalence of ,Fy and | F; equations is helpful in deriving properties of Subsection 6.2 from Subsection 6.3. For instance, the
integral representation (6.18) can be deduced from the integral representation (6.12) and the inversion symmetry. However, the relationship
between some of the properties is not so straightforward. For instance, the basic recurrence relations for ,F, equations do not follow directly
from the basic recurrence relations for the | F; equations. Besides ,F, equation does not possess the power symmetry, even though the | F,
equation has it. Instead, the ,F, equation is symmetric with respect to the parameter interchange a <> b.

D. The ,F, equation

oF) operator:

F(62,8;) =202 +cd, — 1.

Parameters:
0(z)=2z, x(z)=c-1, w=-1
Weight:
p(z) =27
Basic symmetry = power symmetry:
£ (o) = F(2-o). (6.22)

Theorem 6.4 (about integral representations). Suppose that [0,1] > 7 KA t(7) satisfies

01:50:G1 G20z 1snbny 20

t 2 —ct(l)
eett ‘: ) 0.
Then
F(cz,0;) annihilates fete?t_cdt. (6.23)
y
Proof. We check that
F(c)e'eit™“ = —freleit™. (6.24)
J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-21

Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jmp

Journal of
Mathematical Physics

oF, function

* 1 7
F(gz):=) ——.
j:zo (c); !
Olver normalized (F, function:
F(gz) & 1 7
F(gz):= = ~ .
I'(c) j;) I(c+j) j!

Basic pair of recurrence relations:
0.F(¢z) =F(c+ 1;2),
(0 + c)F(c+ 1;2) =F(a;62).

Integral representation for all parameters:
— / eleit“dt =F(gz), Rez>0.
27 | [
—oo,O*,—oo

Chebyshev solutions for k = 0,1,2,.. .:

F(; +k.z) ) 2% o sinh 2z

1 22 i cosh 2¢/z
B(- -kz)=Z o PR VE

E. Hermite equation

Hermite operator:
S(a) = 82 - 220, - 2a.

Parameters:

0(z)=1, x(z)=-2z, w=-2a+1
Weight:

p(z) = e

Basic symmetry:

e_z2 S(asz, (5’Z)ez2 =-S(1-aw,0w), w = iz

Theorem 6.5 (about integral representations)
1. Let[0,1]57 KA t(1) satisfy

etz(t -z)™! |;E?; =0.

Then ,
S(a) annihilates /e' (t-z)™"de.
y

2. Let[0,1] 5t~ y(t) satisfy

=2zt a |Y(1) _
e t b0y = 0.

Then ,
S(a) annihilates [eff A 12
y

ARTICLE
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(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)
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Proof. We check that
S(a) e (t-2)"= —adhe" (t-z)™"",
S(a) e—t2—2ztta—1 _ —28te_t2_2ﬂt“.
]
Hermite function:
S(a;z) := z_“F(g, - er ! 5= —2_2). (6.32)
Basic pair of recurrence relations:
9:S(a;z) = —aS(a + 1;z2), (6.33)
(0:-22)S(a+ 1;2) = S(a;2). (6.34)

Integral representation for z ¢] — c0,0]. For 0 < Rea:
fefttmtafldt =2"T(a)S(a;2);
0

and for all parameters:

—i / e (z-t)""dt = /7S(a 2).

]—ico,z7 ico[

F. Lie algebras of symmetries type by type

Miller’s Lie algebra is responsible only for one pair of recurrence relations of hypergeometric class functions. Some of types from the
hypergeometric class possess larger sets of recurrence relations, which were described e.g., in Refs. 2 and 3. These recurrence relations can be
interpreted in terms of roots of larger Lie algebras of symmetries, described e.g., in Ref. 3.

Miller’s Lie algebra possesses a Weyl group isomorphic to Z,. Some types of hypergeometric class equations possess larger groups of
discrete symmetries.

In the following table we list all nontrivial types of hypergeometric class equations. We include the Gegenbauer equation

((1 — )3, —2(1+ @) wde + A (oc . %)Z)f(w) ~ 0, (635)

treating it as a separate type. Strictly speaking, the Gegenbauer type is contained in the ,F, type. In fact, the transformation w 1"7“’ trans-
forms the Gegenbauer equation into a special case of the ,F; equation. The Gegenbauer equation has the special property of the mirror
symmetry w — —w. In the remaining part of this paper there is no need to consider it separately, however it has special symmetry properties.
The second and third column are based on Sec. II of this paper. In particular, the second column can be compared with (2.18)-(2.20).
The fourth and fifth column are based on Ref. 3. They describe a more complete Lie algebra of symmetries and the corresponding group
of discrete symmetries.

01:50:G1 G20z 1snbny 20

Equation Miller’s Lie algebra Surface O Lie algebra’ Discrete symmetries’
2F si(2,C)e C Sphere s0(6,C) Symmetries of cube
F osc(C) Paraboloid sch(2,C) T x
,Fy si(2,C)@ C Null quadric sch(2,C) Ty x 7y
oF C? xs50(2,C) @ C Paraboloid C? x50(2,C) Z
Gegenbauer si(2,C)@ C Sphere so(5,C) Symmetries of square
Hermite osc(C) Cylinder sch(1,C) Zs
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Above, sch(n,C) denotes the complex Schrodinger Lie algebra, the Lie algebra of generalized symmetries of the heat equation in
dimension n—see e.g. Ref. 3.

The group from the fifth column always contains various symmetries described in our paper. First of all, all types possess the basic
symmetry, which is the generator of the Weyl group of Miller’s Lie algebra. Some of the types possess additional symmetries.

The power symmetry is a property of the ,F,, | F; and F; equation. For the F; equation it coincides with the basic symmetry.

The inversion symmetry is a feature of the ,F) equation, and connects the | F, equation with the ,F; equation.

The ,F, and ,F, equations are invariant w.r.t. swapping a and b.

The Gegenbauer and Hermite equation are invariant w.r.t. the symmetry z — —z.

The Lie algebra of the fourth column always contains the corresponding Miller’s Lie algebra (possibly, without the trivial term ®C). By
applying discrete symmetries from the fifth column to Miller’s Lie algebra, we can enlarge Miller’s Lie algebra to a subalgebra of the Lie algebra
from the fourth column.

Vil. HYPERGEOMETRIC POLYNOMIALS

Polynomial solutions of hypergeometric class equations will be called hypergeometric class polynomials. In this section we describe these
solutions in detail.

We have already mentioned in (3.27) that there exist ladders of solutions of hypergeometric class equations consisting of polynomials.
Note that according to our conventions, these ladders are descending. This is related to the usual convention for parameters of various types
of hypergeometric functions: in order to get a polynomial of degree n € Ny, the parameter a takes the value —n.

In Subsections VII A and VII B we describe the algebraic theory of hypergeometric class polynomials. They are centered around the
so-called (generalized) Rodrigues formula.

Under some conditions on ¢ and «x hypergeometric class polynomials can be viewed as eigenfunctions of a certain self-adjoint Sturm-
Liouville operator acting on an appropriate weighted Hilbert space. Besides, they form an orthogonal basis of this Hilbert space. To explain
this point of view, we devote Subsections VII C-VII E to a few general remarks about orthogonal polynomials and Sturm-Liouville operators.
In particular, we find some useful conditions for the Hermiticity of Sturm-Liouville operators. These conditions yield the weight function p,
and also specify possible endpoints of the interval ]a, b[.

In the remaining subsections we return to the theory of hypergeometric class polynomials. We are convinced that the unified approach
to their theory, which we present, based partly on Ref. 1, has a considerable pedagogical value.

A. Second order differential operators with polynomial eigenfunctions

The following well-known and easy proposition shows that hypergeometric class operators have many polynomial eigenfunctions.
Actually, it is the property that characterizes this class among all second order differential operators.

Proposition 7.1. Let 0(z), 1(z), u(z) be arbitrary functions. Let P,(z), n = 0, 1,2, be polynomials such that deg P, = n and n, € C. Suppose
that

(a(z)&f +7(2)0: + p(z) + 1) Pu(z) =0, n=0,1,2.
Then o(z) is a polynomial of degree at most 2, T(z) is a polynomial of degree at most 1 and u(z) a polynomial of degree 0 (a complex number).

Note that for differential operators from Proposition 7.1, by replacing u + #,, with #,,, without limiting the generality we can assume that

u=0.
Let us describe some other simple facts about polynomial solutions of hypergeometric class equations:

Proposition 7.2. Let dego < 2,degr <1, €C,
1. Suppose that P is a polynomial of degree n solving

(0(2) +1(2)0: +1)P(2) = 0. (7.1)
Then .
n(n—l)%+n‘r'+f1:0. (7.2)
2. If
k% +7 %0, keNp, (7.3)

then the space of polynomial solutions of (7.1) is at most one-dimensional.

Proof. Differentiating n times (7.1) we obtain (7.2) xP™ = 0. This implies 1.
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Suppose the space of polynomial solutions of (7.1) is two-dimensional. We can assume that the degrees of these solutions are 0 < 11 < 1.
By (7.2),

1"

ni(ni—l)%+n,'1'+71:0, i=1,2 (7.4)

Subtracting (7.4) for 2 and 1 and dividing by n; — 1, we obtain

"

(n1+n2—1)%+‘r':0. (7.5)

Now possible values of k := 11 + n, — 1 are 0, 1,2, . . .. This contradicts (7.3). 0O

B. Raising and lowering operators. Rodriguez formula

The following theorem shows how to construct hypergeometric class polynomials and describes some of their properties, which are easy
to describe in a unified fashion. As usual, o denotes a polynomial of degree <2, k a polynomial of degree <1.

Theorem 7.3.

1. Suppose that w € C and a polynomial of degree n solves

0=(H(o,x) + w)P(z) (7.6)
4
- (a(z)af +(0'(2) + k(2))0: + "5 + w)P(z). 7.7)
Then
o’ 1\,
n(n+1)—+(n+7)ic +w=0. (7.8)
2 2
2. Suppose that
"
k%+l€,¢0, k=2,3,.... (7.9)
Then for any w € C the space of polynomial solutions of (7.6) is at most one-dimensional.
3. Define
1 -
Py(0,%;2) = P Y(2)8!d" (2)p(2) (7.10)
- Loy [ o+ opte =i (7.11)
2mi Lo

where [z"] denotes a loop around z in the counterclockwise direction. Then P, (0, x; z) is a polynomial of degree n or less, and we have
"’ 1
0= (’H(U,K)—n(n+1)7—(n+5)x')Pn(a,K;z) (7.12)

= (a(z)(‘?ﬁ +(0'(2) +1(2))0; — n(n + 1)%” - mc')Pn(o, K;2).

Proof. 1.and 2. are just a reformulations of Proposition 2, where instead of parameters 7, 5 we use , w.
To show 3. we note that the integral representation (7.11) satisfies the assumptions of Theorem 5.1 about Euler transforms. This
representation implies both (7.12) and (7.10). O

(7.10) is usually called the Rodriguez formula.
Consider the descending ladder starting at o (z) := x(z), wo = —"7’, that is,

k-n(2) = k(2) — nd’ (2), (7.13)
1\, 20_// , ( 1) (I”
W_pi=—|n+=-)x +n—=—-xk_y\n+-)-nn+1)—. 7.14
e (A ] LTt (R B ORI (7.14)
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Proposition 7.4. The polynomials P,(0,x—n; z) satisfy the corresponding hypergeometric class equation

(H(0,K=n) + 0—-n)Pn(0,%-p;2) =0, (7.15)
the recurrence relations
(0(2)0; + k-n(2))Pu(0, k—n; 2) = (1 + 1) Pps1 (0, k—p-152), (7.16)
"
O:Pni1(0,k_n-152) = (n% + K’_n)pn(a, K_n;2); (7.17)
and have a generating function
pz+t0(z) &
e A t"Pu(0, k-3 2). (7.18)
p(z) Z:(:)

C. Orthogonal polynomials

Consider —co < a < b < +oo. Suppose that ]a, b[5> x — p(x) is a positive measurable function. Define the Hilbert space

L*(Ja,b[,p) = {f measurableon  ]a,b[ | pr(x)|f(x)|2dx < oo}, (7.19)

with the scalar product
b
(f18) = [ Tgx)p(x)dx. (7.20)

Assume in addition

b
f p(x)|x]"dx < 00, meN. (7.21)

Then the space of polynomials is contained in L?(]a, b[, p). Applying the Gram-Schmidt orthogonalization to the sequence 1, x, %7, . .. we can
define an orthogonal family of polynomials p, p,, p,; - - .. The following simple criterion is proven e.g., in Ref. 23:

Theorem 7.5. Suppose that for some € > 0
b
f ePp(x)dx < oo. (7.22)

Then polynomials are dense in L*(]a, b[, p). Therefore, the family p,,p,.p,,. . . is an orthogonal basis of L*(]a, b, p).

D. Hermiticity of Sturm-Liouville operators

In most of this paper we avoid using functional analysis. However, for hypergeometric class polynomials we will make an exception. In
fact, often it is natural to view them as orthogonal bases consisting of eigenfunctions of certain self-adjoint operators.

Let us briefly recall some elements of the theory of operators on Hilbert spaces. Let H be a Hilbert space with the scalar product (-|-). Let
A be an operator on the domain D c H. We say that A is Hermitian on D in the sense of H if

(flAg) = (Aflg), f.geD. (7.23)

(Unfortunately, in most of the contemporary mathematics literature, instead of Hermitian the word symmetric is used, which is a confusing
misnomer.) We say that A is self-adjoint if it is Hermitian and its spectrum is real. We say that it is essentially self-adjoint if it has a unique
self-adjoint extension.

Let A be Hermitian. Suppose that f; € D,i= 1,2, and

Afi=nifi, fieD, i=12 (7.24)

Then it is easy to see that #, are real, and if #, # #,, then (fi|f;) = 0. Therefore, eigenfunctions of Hermitian operators can be arranged into
orthogonal families. If an operator is Hermitian and possesses an orthogonal basis of eigenvectors, then it is essentially self-adjoint on (finite)
linear combinations of its eigenvectors.
Second order differential operators on a segment of the real line are often called Sturm-Liouville operators. Let us make some remarks
about the general theory of such operators, which will be useful in the analysis of orthogonality properties of hypegeometric class polynomials.
Consider —oo0 < a < b < +00. Suppose that g, p are functions on ]a, b[ (not necessarily polynomials). Consider an operator of the form

A= 0(x)0% + 1(x) 8y (7.25)

01:50:G1 G20z 1snbny 20

J. Math. Phys. 66, 083503 (2025); doi: 10.1063/5.0265766 66, 083503-26
Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jmp

Journal of ARTICLE _ o
Mathematical Physics pubs.aip.org/aip/jmp
(Thus we consider an arbitrary Sturm-Liouville operator without the zeroth order term.)
Let p satisfy
o(x)p"(x) = (7(x) = o' (x))p (). (7.26)
Often it is convenient to rewrite (7.25) in the form
A = p(x) " 0ep(x)a(x) . (7.27)

Suppose that ¢, 7 are real and p is positive. It is useful to interpret A as an (unbounded) operator on the Hilbert space L*(]a, b[, p).
Indeed, the following easy theorem shows that A is Hermitian on smooth functions that vanish close to the endpoints of the interval.

Theorem 7.6. Let
Do={feC”(]ab[) : f=0 inaneighborhoodof a,b}. (7.28)

Then A is Hermitian on Dy in the sense of the Hilbert space L*(]a, b[, p).

E. Selecting endpoints for Sturm-Liouville operators

Unfortunately, the operator A is rarely essentially self-adjoint on (7.28). We will see that A4 is still Hermitian on functions that do not
vanish near the endpoints, if these endpoints satisfy appropriate conditions:

Theorem 7.7. Let —c0 < a < b < +o0 and
o(a)p(a) = a(b)p(b) = 0.
Then A is Hermitian on the domain C*([a, b]) in the sense of the space L*(]a, b[, p).

Proof. Let g, f € C*([a,b]).
@47 = [ pa(Ip() 0o (p(e)on f (1)
= [ 40:0(p()0 f(0)dx
= 2P0 )~ [ (08000 f (1)

’; b b
=g (x)p(x)a(x)f (x)], + fu (Oxp(x)0(x)Deg(x)) f (x)dx
= [P0 (009 o ()p (g () F () = (Agl),

Analogously we prove the following fact:

Theorem 7.8. Let

lim o(x)p(x)|x|" = lir+n o(x)p(x)|x|"=0, neN.
X—>—00 X—>+00

Then A is Hermitian on the domain consisting of polynomial functions in the sense of the Hilbert space L*(] — oo, oo[, p).

Obviously, statements similar to Theorems 7.7 and 7.8 hold if a = —co and b is finite, or 4 is finite and b = oo.
We will see later that in applications to hypergeometric class equations the conditions of Theorems 7.7 and 7.8 are often sufficient to
guarantee the essential self-adjointness of the operator A on the set of polynomials.

F. Orthogonality of hypergeometric class polynomials

In some cases hypergeometric class polynomials can be interpreted as an orthogonal basis of a certain weighted Hilbert space. They are
then often called (very) classical orthogonal polynomials.

Let us fix 0, k and p satisfying (3.7). Let o, k be real and p positive. Choose an interval ]a, b[, where —co < a < b < +o0 satisfy the conditions
of Theorem 7.7 or 7.8. By these theorems, the operator

H(o,x) = 0(x)0 + (k(x) + 0’ (x))0x + % = p(x) ' Oup(x)0(x)Dx + %, (7.29)
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is Hermitian on the space of polynomials in the sense of the Hilbert space L*(]a, b[, p). Therefore, polynomial eigenfunctions of H(a, k) are
pairwise orthogonal [at least if the corresponding eigenvalues are distinct, which is generically the case, see (7.8)]. The following theorem says
more: we compute the square norm of the polynomials obtained from the Rodriguez formula.

Theorem 7.9.

[l
I’l.]

fbPm(a,x;x)Pn(o,x;x)p(x)dx: Ormn 1= (—K'+j%”)fb0"(x)p(x)dx. (7.30)
a ~1 a

Proof. It is enough to assume that m < n. Write P,(x) for P, (0, x; x).

b

fu Py (x)Pu(x)p(x)dx (7.31)
b
- % [ P(0)00" (2)p()ax (7.32)
_1)* b
= %fa (05 Pm(x))0" (x)p(x)dx. (7.33)
This is zero if m < n and for m = n we use .
arPa(x) =[] (x’ - ]%) (7.34)
=1

O

G. Review of types of hypergeometric class polynomials

In the remaining part of the section we review various types of hypergeometric class polynomials. We will discuss only the properties
that follow directly from the general theory described in previous subsections. Here is the list of items that we will cover:

The choice of 0, k and the corresponding weight p.

The Rodriguez formula (7.10) defining the polynomial and its expression in terms of hypergeometric class functions.

The degree of the polynomial, see (7.2).

The differential equation, see (7.12).

The pair of recurrence relations that follow from the Rodriguez formula, see (7.16) and (7.17).

The generating function related to the Rodriguez formula, see (7.18).

The choice of endpoints for which the corresponding Sturm-Liouville operator is essentially self-adjoint on the space of polynomials
(if applicable), see Theorems 7.7, 7.8 and 7.5.

e The square norm (if applicable), see Theorem 7.9.

Hypergeometric class polynomials possess various useful features that will not be listed in the following subsections. For instance,
they typically have additional recurrence relations and generating functions. We list only those that follow directly from the general theory
described above.

H. Jacobi polynomials
Consider a, € C and

0(z) =1-7", «x(z)=a(l-2)+p(1+2), p(z)=(1-2)"(1 +z)ﬁ. (7.35)

Forne{0,1,...} set
PP (x) = (2‘,} ”)' (1-x)""(1+x) POl (1 - x)*" (1 +x)F*" (7.36)
_ 1+ ;!‘x)nzFl(—n,n+a+ﬁ+ Lo+ 1;%). (7.37)

Then P2* isa polynomial of degree at most n. More precisely:

1. Ifa+p¢{-2n,...,—n—1},thendeg P& = . Ttis then up to a coefficient the unique eigenfunction of the operator

H(a,x):(17x2)8ﬁ+([j’7¢x7(oc+ﬁ+2)x)8x+ﬁ;a (7.38)
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which is a polynomial of degree n.
2. Ifa+fe{-2n,...,-n-1},buta¢ {-n,...,—1} (or, equivalently, 8 ¢ {-n,...,-1}), then degPZ’ﬁ =—a-f-n-1
3. Ifa+Be{-2n,...,-n—1},butac{-n,...,—1} (or, equivalently, 8 € {-n,...,—1}), then P =0,
peF satisfy the Jacobi equation, which is a slightly modified ,F, equation
((1-x)82 + (B—a— (a+f+2)x)0+n(n+a+f+1))Pi(x) =0

Recurrence relations:

aPyF (x) = %Pﬁﬂ’ﬁ o, (7.39)
-_— 2 - -_—
0 P gty (e 1P ), (740
Generating function:
SYPEET(x0)2" " = (14 1(1+x)) (1 - 1(1 - x))P. (7.41)

n=0
If a, 8 > -1, then H (o, «) is self-adjoint on the space of polynomials in the sense of
(- L1L A -x)%1+x)P).

Jacobi polynomials are its eigenfunctions and form an orthogonal basis with the normalization

1 N r(1 r(1 20+h+1
f P () (1= x)*(1 + x)fdy = LA armEA+fm) : (7.42)
-1 (1+2n+a+pf)nl(1+a+p+n)
I. Laguerre polynomials
Consider « € C and
0(z)=z «x(z)=a-z p(z)=e72" (7.43)
For n € N set
o 1 X —Qnhn —X n+a
Lo(x) = —e“x “0fe %™
n!
1 n
_ (1+a)n VFr(-m1 + a;x).
n!
Then L;, is a polynomial of degree n. It is a unique (up to a coefficient) eigenfunction of the operator
1
H(o,x) = x07 + (@ +1-x)dx — > (7.44)
which is a polynomial of degree n. L;, satisfy the Laguerre equation, which is the | F; equation with modified parameters:
(xai +(a+1-x)d, +n)Ly(x) =0.
Recurrence relations:
(x8y + a—x)Lo(x) = (n+ 1) Loz (x), (7.45)
OLyy(x) = —Ly1 (x). (7.46)
Generating function:
e P (1+1)" =Y "Ly "(2). (7.47)
n=0

If a > —1, then H(a,«) is essentially self-adjoint on the space of polynomials in the sense of L*([0, co[, e *x*). Laguerre polynomials are its
eigenfunctions and form an orthonormal basis with the normalization

/ - L (x)*x"e “dx
0

_T(l+a+n)
N n! '
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J. Bessel polynomials
Consider 6 € C and .
0(z)=7% «(z)=-1+0z p(z)=e” 2’ (7.48)
Forn=0,1,...set
Bﬁ(z) = %z_eezi1 6;(3_2429%” (7.49)
= %zFo(fn, n+60+1;—z2) (7.50)
_ (—z)"L;e_Z"_l(—z_l). (751)

Then BY is a polynomial of degree 7. It is a unique (up to a coefficient) eigenfunction of the operator

H(o,k) =202 + (-1 + (2+60)2)0, + g (7.52)
which is a polynomial of degree 1. BY satisfy the ,F, equation with adjusted parameters:

2.2 1 0, N _
270+ (-1+(2+0)2)0; - En(l +0+n)|B,(z) =0.
Recurrence relations:
8:B)(2) = —(n+0+1)By1 (),
(£0. —1-02)Bi(2) = —(n + 1)By1 ().
Generating function:
0 —t - npb-2n
1+t —— ) =3 ¢B . 7.53
(1+t2) exp(1+tz) nZ:;) (2) (7.53)
Bessel polynomials do not form an orthogonal basis on any interval.

K. Hermite polynomials

Consider ,
o(z)=1, x(z)=-2z, p(z)=e". (7.54)
Forn=0,1,...set

-1)" _

Hy(x) = ( ') exzafe < (7.55)
n!
2”

= ES(—n;x), (7.56)

where S(a, x) is the Hermite function defined in (6.32). Then H, is a polynomial of degree n and is (up to a multiplicative constant) the only
eigenfunction of the operator
H(o,x) = 02 — 2x0y — 1 (7.57)

which is a polynomial of degree n. It satisfies the Hermite equation
(8% - 2x0y + 2n)H,(x) = 0.

Recurrence relations:

01:50:G1 G20z 1snbny 20

(=0x + 2x)Hu(x) = (n+ 1)Hys1(x), (7.58)
OxHy(x) = 2Hy—1(x). (7.59)
Generating function:
i " Hy(x) = &5 (7.60)
n=0
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The operator H(o,«) is essentially self-adjoint on the space of polynomials in the sense of L*(R, e_xz). Hermite polynomials are its
eigenfunctions and form an orthogonal basis with the normalization

foo Hn(x)zefxzdx = @

n!

Remark 7.10. The definition of Hermite polynomials that we gave is consistent with the generalized Rodrigues formula (7.10). In the

2 2
literature one can also find other conventions for Hermite polynomials, e.g., Hu(x) := (=1)"e* 9ye™ .

VIIl. DEGENERATE CASE
If two indices of a regular-singular (also called Fuchsian) point of a differential equation differ by an integer, then the usual Frobenius
method'” produces in general, up to a coefficient, only one solution. We call this case degenerate. In this section we will be discuss the
degenerate case of hypergeometric class equations. Without limiting the generality, the regular-singular point will be 0.
A. Unified hypergeometric function in the degenerate case
Suppose that we are in the setting of Sec. IV C. That means, 6(0) = 0, 6’ (0) = 1, and we set x(0) = m. Thus,
"

o(z) = %22 vz, xk(z)=m+«'z w (8.1)

are the parameters of the equation we consider, see (4.7). As in (4.11), we also introduce the transformed parameters:

K°(2) = -m+ (K =m0z, w°i=w-m + mz%, m’ =-m. (8.2)
We assume in addition that m is an integer. Using
] 0 m=...,-2,-1;
= 8.3
Tom+D) | =, m=01..., &)
m!
we obtain
co H’.L_Ol w+(j+l)K,+mo-"
Flo,kxwsz) = >, ! ( 2 - 2 )(—z)". (8.4)
pmas {0,-m} (n+m)n!
This easily implies the identity
m=1 1 0//
F(o,x°,0%2) =[] (w - x'(j + E) + 7](1 + 1))(—z)mF(0, K, w;z), me Ny (8.5)
=0

Therefore, for integer m the functions F(o, k, w; z) and z”"F(0, x°, °; z) are proportional to one another and do not form a basis of solutions.

B. The power-exponential function

In order to describe the theory of the degenerate case in a unified way, it will be convenient first to unify the power and exponential
function in a single function. More precisely, let a, 4 € C. Consider the function

alu
1 s +0,
Flau) = { (au+ pu) u
e

s u=0.

It is analytic for u # —u~". From now on we will write (1 + uu)®* instead of f(a, p; u).
Let us list some properties of this function.

Theorem 8.1.
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(1) (1 +uu)" is the unique solution of
((1+pu)0u = a) f (u) =0,

f(0)=1
(2) For |u| < |u|™" we have

(1 +!m)fl/# _ i a(a-p)---(a-(n-1u) u",

|
n=0 n.

(3)
(1 +[uu)a1/#(1 +‘uu)az/# — (1 +#u)(ﬂl+ﬂz)/}4.

C. Generating functions

pubs.aip.org/aip/jmp

Let us now fix 0(z) = ”7”22 +z,asin (8.1). Let a, b, y, v € C. Consider two families of hypergeometric class operators

1" 1
(0722 +z)8§ + (m+ 1+ (%(1 +m) —ub- va)z)az — mub — ab,

2

"’ "
(‘Tiz2 +z)822 + (m+ 1+ (%(1 +m) —ub - va)z)az — mva — ab.

(8.6)

(8.7)

(8.8)

(8.9)

(Note that the parameters we introduced are redundant—three would suffice instead of four. However they help us to describe the degenerate

case in a symmetric and unified way.)
In terms of our standard parameters, the operators (8.8) and (8.9) can be written as

H(0, km) + Wms

H(U, Km) + O,

where
o_//
km(z) =m+ (2(m -1)—ub- va)z,

1 O_I/

W = E(,ub+ va) — ab — mub - I(m— 1),
1 0_/’

@m = = (ub +va) —ab-mva— —(m-1).
2 4

Note that

Kmo = K-m> wmo = W_m, d)mo = W-m.
By [(a, 8)"] we will denote a counterclockwise loop around a, 8 € C. We define

b
1 _a vz\"v el

¥, (2) := —/ 1 (1 —) du,

(2) [(O,fzv))+]( +uu) w1+ » u u

2mi

. 1 “u R

Yo (z) ::—./ (1+&) “(1+w) " o,
2mi J[(0,~zu)*] v

Theorem 8.2.

1. For|zv| < |u| < |u™"| we have

(1 +‘uu)7§(1 + v;z)‘% =3 u"V¥u(2).

mez

(8.10)

(8.11)

(8.12)

(8.13)

(8.14)

(8.15)

(8.16)

(8.17)

(8.18)
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and for |zu| < |u| < [v™"| we have

(1 + %)_ﬁ(l +w) 7 = > 0" (2).

mez

2. Wn(z) =2 "V_u(2).
3. Form >0,

\Pm(O) _ (_l)ma(a+‘1,¢)...EZ!+#(m_ 1)))
b(b+v) - (b+(m-1)v)

,(0) = (-1)" o

4. The functions ¥, (z) and ¥V, (2) satisfy the following hypergeometric class differential equations:
(2(1 = uv2)7 + (m+ 1 = (uv(1+m) +av + bu)z)d: — (mub + ab) ) ¥u(z) = 0,
(z(l —uvz) + (m+1— (uv(1 +m) +av + bu)z)d, — (mva + ab))¥u(z) = 0.
5. The functions ¥, (z) and ¥,,(2) are proportional to the Olver normalized unified hypergeometric function:
Wu(z) = (-1)"a(a+p)---(a+u(m-1))F(0, km, 0m; 2);

Vu(2) = (=1)"b(b+v) - (b + (m = 1)V)E(0, km» @ms 2);

Proof. 1. follows immediately from the definitions (8.16), (8.17) and the Laurent expansion.
To show 2. we can rewrite (8.18) and (8.19) as

(1+pu) v (1 +v) 7 = > " (uv),

mez

(1 +‘uu)7§(1+vv)_% = > V" u(uv) = Y u " (uw) " (wv).

mez mez

3. follows by setting v = 0 in (8.26) and u = 0in (8.27).
Let us show 4. We have the identity

0 = (0uOy — uvuvd, 0y — pbud, — avvdy, — ab)(1 + yu)ﬁ (1+ vv)f%.
Besides,

(840 — puvdydy — pbudy, — avvdy — ab)u™ ¥, (uv)
= um(z(l —uvz)0 + (m+1— (uv + (mu + a)v +bu)z)d, — (my + u)b)\I’m(z).

Thus (8.28) together with (8.26) can be rewritten as

0= u"(z(1 —uvz)O + (m+ 1= (uv+ (mu + a)v+bu)z)d, — (mu + a)b)‘{/m(z),

mez
which implies (8.22).
5. follows from 3. and 4.

In the remaining part of the section we describe separately three types of degenerate hypergeometric class functions.

D. The ,F, function

For m € Z we have b
F(a,b;1+m;z) = Z Mzn

,
nemax (0,m) nl(m+n)!

(a=m)m(b-m)wF(a,b;1+mz) =z "Fla-mb-m;1—mz).

(8.19)

(8.20)

(8.21)

(8.22)

(8.23)

(8.24)

(8.25)

(8.26)

(8.27)

(8.28)

(8.29)

(8.30)

(8.31)
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We have an integral representation and a generating function:

Py f (1-1)" ( )_ _m_ldt=(a)mF(a+m,b;1+m;z),

[(02)7]

(1-1)" (1”) " S (@) E(a b1+ m).

mez

E. The ,F, function

If m € Z, we have
(a)" Zn

) nl(m+n)!

F(a;1+m;z) = Z

n=max (0,—m

(a-m)mF(a;1+m;z) =2z "Fla-m;1 - m;z).

We have two integral representations and the corresponding generating functions:

1 t FAN
— / el1-=) " dt=F(a,1+m2),
2mi t

[(0)*]
1 a —m 1 —-m
— t(1-t dt = F(a,1 -m;z2),
i f e ( ) z "F(a,1-m;z)
[(0.1)*]
et(l— E) = {"F(asmz)),
t mez
er (1-6)""=> "Z"F(a; 1 - msz).
mez
F. The ,F, function
If m € Z, then
F(l+mz)= S
’ peman (0—m) nl(m+n)!" "’

F(1+m;z) =z "F(1 - m;2).
We have an integral representation, called the Bessel formula, and a generating function:

1 z
—/ T e = F(1 4+ ms2),
2mi
[0%]
elel = > "F(1+ msz).

mez
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APPENDIX A: FUNCTION ,F,

The function ,F, seems to be rarely discussed in the literature. For convenience of the reader in the following theorem we state and prove
basic facts about this function.

Theorem A.1. For w € C\[0, oo [, there exists the limit

F(a,b;—w) = lim F(a,b;6cw). (A1)

It defines a function analytically depending on a,b € C and w € C\[0, oo].
We have the following asymptotic expansion:

F(a,b;—w) ~ Z (@)n(B)n (b)n . (A2)

More precisely, for any € > 0, n, there exists ¢, such that

F(a,b;—w) - Z (a)](b)] w!| < cuw|™,  |argw| e |w|< 1. (A3)
Moreover, for Re(a) > 0 we have an integral representation
1 4 ae b
F(a,b;—w :—/ e (1 — wi) 4t A4
(abi=sw) = o [ (1 wr) (A1)

Proof. Assume first that Re(a) > 0. For Re(c — a) > 0 and w € C\[¢™', +oo[, inserting ¢ = ¢s™' and z = cw into (6.5), we obtain

. _ r(c)c—a ¢ a—1 _ -1 \c—a—1 _ -b
F(a,b,c,cw)—71“(6{)1“@_“).[0 ST (1=cs) (1-ws)ds. (A5)

Using lim,— 0 % = 1 and the Lebesgue Dominated Convergence Theorem we see that (A5) converges to the right hand side of (A4). This
proves that F(a, b; —; w) is well defined for Re(a) > 0.
Now let a be arbitrary. We have
BZF(a,b;c;z):%F(a+n,b+n;c+ n;z). (A6)
C)n

Using Taylor’s formula with a remainder

- Zf(”(o)zf o [0

01:50:G1 G20z 1snbny 20

al
we obtain
b
F(a,b;c;z) = Z ( )J(a)]w (A7)
b 1 -
w'( ) (u)nf (1-s)" 1dsF(a+n,b+n;c;ws). (A8)
(n-1)!
Now, choose 7 such that Re(a + n) > 0. Then we can apply what we proved before to show the convergence
=1 (Y (a)iw’
lim F(a,b;c;cz) = ) M (A9)
c—+o00 i=0 ]!
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n 1
+ ) )n (B)n(@) (1-5)"""dsF(a + n, b+ n;—;ws). (A10)
(n=-1) Jo
Clearly, (A10) is O(w"), and n can be made arbitrarily large. O

If a or b is a negative integer, then the series (A2) terminates and functions ,F;(a, b; —;-) essentially coincide with Bessel polynomials,
see Subsection VII . Otherwise, ,Fy(a, b; —;-) have a logarithmic branch point at 0.

APPENDIX B: RIEMANN CLASS

We hope that we convinced our reader that the hypergeometric class studied in this paper is a natural family of equations. In this
appendix, following Ref. 5, we will describe a somewhat wider family, which appears in the literature in many sources, e.g., Refs. 4, 5, and 24.
According to the terminology used in Ref. 5, directly inspired by and partly borrowed from the monograph of Slavyanov-Lay,” this family is
called Riemann class.

Consider an equation given by the operator

A2+ b(2)0; + c(2), (B1)

where p(z), q(z) are rational functions. Let zo € C U { oo} be a singular point of (B1).

Recall that zo € C is called regular-singular or Fuchsian if b(z) = % and ¢(z) = 12

(z—= )2

AA-1)+p(z0)A+4g(20) =0 (B2)

with p, q regular at zo. The equation

is called the indicial equation of zo and its roots are called indices of zo.
We say that oo is regular-singular or Fuchsian if b(z) = @ and ¢(z) = qi—f) with p, g regular at co.

AA+1) = p(o0)L +q(o0) =0 (B3)

is called the indicial equation of oo and its roots are called indices of co.
It is easy to see that every equation having no more than three singular points in C U {o0}, all of them Fuchsian and at most two finite,
is given by an operator of the form

5 a a b b, c1 c
0; + ( + )8Z + + +
z

2 .
+ with by +b, =0, (B4
z-z21 z-27 -z z-z (z-z21)* (z-2) S )

where z1, z; are distinct points in C. Following Ref. 5, the family of equations (B4) is called the Riemann type. (Another name, introduced in
Ref. 4, is M,-type.)
Each finite singularity has at least one index equal 0 if and only if ¢; = ¢, = 0. Such equations are given by operators

b b i
a§+( “a_, @ )az+ Ly 2 with Y b= (BS)
zZ—2 zZ—22 zZ—21 zZ—22 j=1
Following Ref. 5, the family of equations given by (B5) will be called the grounded Riemann type. It is easy to see that by gauging with power
functions we can always transform a Riemann type equation into a grounded Riemann type equation.
We say that a differential equation belongs to the Riemann class (or the M»-class) if it is given by

01:50:G1 G20z 1snbny 20

w(2) , , &(2)
R+ =28, + , B6
“Ta(z) " a(2)? (B6)
where 0, 7, £ are polynomials satisfying
0#0, dego<2, degr<1, degé<2 (B7)
Thus the Riemann class comprises the Riemann type together with all its confluent cases.
We say that a differential equation belongs to the grounded Riemann class if it is given by
2+ ) 0, + L(z), (B8)
a(z) ~ a(2)
where o, 7, 1 are polynomials satisfying
0+0, dego<2, degr<1, degy=0. (B9)
Thus the grounded Riemann class besides the grounded Riemann includes all its confluent cases.
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The following proposition is proven in Ref. 5:
Proposition B.1.

1. The Riemann type is contained in the Riemann class. An equation of the Riemann class is of the Riemann type iff o possesses 2 distinct
roots.
2. The grounded Riemann type is the intersection of the grounded Riemann class and Riemann type.

In this paper instead of the grounded Riemann class we use the name hypergeometric class. We use this name mostly for brevity, besides
the word “grounded” may sound bizarre to some readers. Furthermore, we prefer to multiply these equations by o(z), so that we consider
operators of the form

0(2)0 +1(2)8; + 1 (B10)

with o, 7, v satisfying (B9).
One can ask whether the unified theory presented in this paper can be extended to operators of the form

0(2)02 +1(2)0; + % (B11)

where 0, 7, £ satisfy (B7). In other words whether the unified theory presented in this paper can be extended to the full Riemann class. We do
not know an answer to this question. However, let us remark that we do not gain much by considering the full Riemann class instead of the
grounded Riemann class.

By a division by a constant, transformation z — az + b and gauging with a power and exponential all operators from the Riemann type
can be always reduced to an ,F) operator. More generally, all operators from the Riemann class can be reduced to one of normal forms listed
in Ref. 4 or in Subsection 3.3 of Ref. 5:

The ,F, operator 2(1-2)02 + (c - (a+b+1)2)0, - ab;
The ,F, operator 2282 + (=1 + (a+ b+ 1)2)d, + ab;
The | F) operator 20+ (c-2)0; — a;

The (F, operator 202 + ¢0, - 1;

The Hermite operator BZZ - 220, - 2a;

The Airy operator 2 +z

The Euler operator I 2202 + cz0.;

The Euler operator IT 202 + ¢y

The 1d Helmholtz operator 822 +1;

The 1d Laplace operator o2,

In this list the first five are the normal forms listed in the introduction and described in Sec. VI. The last four are trivial operators that
can be solved in by elementary methods. They are also special cases of the grounded Riemann class.

The Airy equation is the only type within the Riemann class which does not belong to the grounded Riemann class and therefore is left
out from the unified theory presented in this paper.
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