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Abstract. In this paper, we review and derive hyperbolic and trigonometric double sum-
mation addition theorems for Jacobi functions of the first and second kind. In connection
with these addition theorems, we perform a full analysis of the relation between symmetric,
antisymmetric, and odd-half-integer parameter values for the Jacobi functions with certain
Gauss hypergeometric functions that satisfy a quadratic transformation, including associ-
ated Legendre, Gegenbauer and Ferrers functions of the first and second kind. We also
introduce Olver normalizations of the Jacobi functions, which are particularly useful in the
derivation of expansion formulas when the parameters are integers. We introduce an ap-
plication of the addition theorems for the Jacobi functions of the second kind to separated
eigenfunction expansions of a fundamental solution of the Laplace-Beltrami operator on the
compact and noncompact rank one symmetric spaces.
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Dedicated to Dick Askey whose favorite
function was the Jacobi polynomial.

1 Introduction

Jacobi polynomials (hypergeometric polynomials) were introduced by the German mathematician Carl Gustav

Jacob Jacobi (1804-1851). These polynomials first appear in an article by Jacobi, which was published

posthumously in 1859 by Heinrich Eduard Heine [28]. Jacobi polynomials, P,Sf‘ﬁ ) (x), are polynomials which
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for Ra, RB > —1 are orthogonal on the real segment [—1,1] [29, (9.8.2)] and can be defined in terms of a
terminating sum as follows:

I'a+14mn) - (a+B8+1+n+k) .
plesb) = 2k
n " (cosf) F'n+1)T'(a+B+1+n) Z <> MNa+1+k) sin(

0), (1)

D=

=0

where I' is the gamma function [48, (5.2.1)], and (}}) the binomial coefficient [48, (1.2.1)]. The above definition
of the Jacobi polynomial is equivalent to the following Gauss hypergeometric representation [48, (18.5.7)]:

o a+1), -n,n+a+pf+1 1-x

where z = cos. We will return to the notations used in (2) in the following section.
Ultraspherical polynomials, traditionally defined by [48, (18.7.1)]

TA+HTE@A+7n) _(a-1a-1)

C)(cos ) == FENTO+ L —|—n)Pn 2772 (cos 0), (3)

are symmetric o = Jacobi polynomials. These polynomials are commonly referred to as Gegenbauer poly-
nomials after Austrian mathematician Leopold Gegenbauer (1849-1903). However the Czech (Austrian) as-
tronomer and mathematician Moriz Allé discovered and used many of their fundamental properties including
their generating function and addition theorem [2] almost a decade prior to Gegenbauer [19, 20|, and Heine
[24, p. 455]. See the nice discussion of the history of the addition theorem for ultraspherical polynomials by
Koornwinder in [38, p. 383]. The addition theorem for ultraspherical polynomials is given by [48, (18.18.8)]

CQ (cos 01 cos O3 £ sin 6 sin O cos @)

n!l ¢ (FDFN)r2N) 2k : o Nk Ak Atk A-3
= (sin @y sin )" C " (cos 01)C i (cos §2)C * (cos ). 4
OV 2 nle(h = Dner s £ (cos 1) O (cos 62 (4)
This result is quite important all by itself. In the special case A = , it becomes one way of writing the

addition theorem for spherical harmonics on the two-dimensional sphere

n

— k)
P, (cos 61 cos B2 £ sin 0y sin 05 cos ¢) = k:Z_n(il)k EZ n Z;‘ P (cos 01)P¥ (cos 0s) cos(ko), (5)

where the P are Ferrers functions of the first kind [48, (14.3.1)]. See the foreword of Willard Miller (1977)
[44] written by Richard Askey for a beautiful discussion (on pp. xix—xx) of addition theorems (see also [1,
§2.7]).

Given the addition theorem for ultraspherical polynomials (4), it was a natural problem to extend this to
Jacobi polynomials for a # 5. It was a good match when Richard Askey, on sabbatical at the Mathematical
Centre in Amsterdam during 1969-1970, met Tom Koornwinder there, who had some experience with group
theoretical methods and was looking for a good subject for a Ph.D. thesis. Askey suggested to Koornwinder
the problem of finding an addition theorem for Jacobi polynomials, and he also arranged that Koornwinder
could attend a special year at the Mittag-Leffler Institute in Sweden. There Koornwinder obtained the desired
result [35, 34, 36, 37]. He later found that his group theoretic method and the resulting addition theorem in a
special case were anticipated by two papers in Russian: Vilenkin and Sapiro [51] realized that disk polynomials
[48, (18.37.1)] and in particular the Jacobi polynomials P}LO"O), « an integer, can be interpreted as spherical
functions on the complex projective space SU(a +2)/U(ar+ 1) [6, 7] or as spherical functions on the complex
unit sphere U(a +2)/U(a+ 1) in C**2 as a homogeneous space of the unitary group U(a +2) (see references
by Tkeda, Kayama and Seto in [34, 35]). Sapiro obtained from that observation, the addition theorem for
Jacobi polynomials in the 5 = 0 case [52].
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Koornwinder initially presented his addition theorem for Jacobi polynomials in a series of three papers in
1972 [34, 36, 37]. Koornwinder gave four different proofs of the addition formula for Jacobi polynomials. His
first proof focused on the spherical functions of the Lie group U(d)/U(d — 1), d > 2 integer, and appeared
in [36, 37]; his second proof that used ordinary spherical harmonics appeared in [30]; his third proof was an
analytic proof and it appeared in [4, 31, 32]; and a short proof using orthogonal polynomials in three variables
which appeared in [33].

Let us consider the trigonometric context of Koornwinder’s addition theorem for the Jacobi polynomials.
Let n € Ng, a > 8 > —%, cosfy = %(em1 + e 1) cosfy = %(ew2 +e ), w e (-1,1), ¢ € [0,7]. Then
Koornwinder’s addition theorem for Jacobi polynomials is given by

n

n!l(a+1) Z (a+Dg(a+B+n+1)
I(a+n+1) (a+k)(B+ Dr(—n)

Pflo"ﬁ) (2| cos 01 cos Oy + €'®w sin 6 sin 6, \2 — 1) =
k=0

k41

3 (it DEB =)

(cos 1 cos B2)* ! (sin 0; sin 0)

. . N B (B _ k-1
XPr(LJ;kH’BJrk 0 (cos(201))Pnj,;k+l’5+k 1) (cos(292))wk zPl( B—1,8+k z)(2w2 _ 1)6+5

As we will see in Section 3 below, this addition theorem and its various counterparts for Jacobi functions
of the first and second kind are deeply connected to a 2-variable orthogonal polynomial system sometimes

CP_(cos ¢). (6)

referred to as parabolic biangle polynomials P,g?;’ﬁ ) (w, @).

In the case of ultraspherical and Jacobi polynomials, the sum is terminating, as one would expect since
the object of study is a polynomial. However, as Flensted-Jensen and Koornwinder realized [17], the addition
theorem for Jacobi polynomials can be extended to Jacobi functions of the first kind by formally taking the
outer sum limit to infinity. While Jacobi polynomials P,ga’ﬁ ) have n discrete, the Jacobi functions @&a,ﬁ ) have
A continuous (see (109) below). When one starts to consider Jacobi functions, then many new questions arise
which must be understood for a full theory of the separated eigenfunctions expansions of Jacobi functions. First
of all, one must consider two separate contexts, the trigonometric context where the arguments of the functions
are analytically continued from the segment (—1,1) and also the hyperbolic context, where the arguments of
the functions are analytically continued from the segment (1,00). On top of that, one must also consider the
particular expansions of Jacobi functions of the second kind. Gegenbauer and Jacobi functions are solutions to
second-order ordinary differential equations. Therefore there are two linearly independent solutions, namely
the functions of the first kind and the functions of the second kind. The separated eigenfunction expansions
of the Gegenbauer functions of the first and second kind were treated quite extensively in a paper by Durand,
Fishbane and Simmons (1976) [14]. Durand extended Koornwinder’s addition theorem to Jacobi (and other)
functions of the second kind in [13].

The study of multi-summation addition theorems for Jacobi functions of the first and second kind seems
not to have moved forward since the advances by Durand and by Flensted-Jensen and Koornwinder. In the
remainder of this paper, we give the full multi-summation expansions of Jacobi functions of the second kind
and bring the full theory of the expansions of Jacobi functions to a circle.

Addition theorems, such as the addition theorem for Jacobi polynomials, is intimately related to separated
eigenfunction expansions of spherical functions (reproducing kernels) on Riemannian symmetric spaces. For
instance, the special argument of Gegenbauer’s addition theorem (4) is easily expressible in terms of the
geodesic distance between two arbitrary points on the d-dimensional real hypersphere. One is often interested
in eigenfunction expansions of a fundamental solution of Laplace’s equation because this allows you to perform
a multipole expansion of arbitrarily shaped mass distributions. When you perform a global analysis of the
Laplacian (Laplace-Beltrami operator) on rank one symmetric spaces, a fundamental solution of the Laplacian
is given in terms of radial solutions of a second order differential equation and since the solutions are singular
at the origin, the solutions are given in terms of the functions of the second kind. In the particular case of rank
one symmetric spaces beyond the real case (complex, quaternionic and octonionic), then these fundamental
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solutions are given in terms of Jacobi functions of the second kind. This is the motivation of the work for
the present paper. We were originally motivated by the symmetric spaces. They show up in the solution to
the problem we were trying to solve and the project evolved from the singular part which arises within the
function of the second kind.

2 Preliminaries

Throughout this paper we adopt the following set notations: Ny := {0} UN = {0, 1,2,3,...}, and we use the
set C which represents the complex numbers. Jacobi functions (and their special cases such as Gegenbauer,
associated Legendre and Ferrers functions) have representations given in terms of Gauss hypergeometric
functions which can be defined in terms of an infinite series over ratios of shifted factorials (Pochhammer
symbols). The shifted factorial can be defined for a € C, n € Ny by [48, (5.2.4), (5.2.5)] (a), := (a)(a +
1)---(a +n — 1). The following ratio of two gamma functions [48, Chapter 5] are related to the shifted
factorial, namely for a € C\ —Np, one has

(a)n = W (7)

which allows one to extend the definition to non-positive integer values of n. Some other properties of shifted
factorial which we will use are (n,k € No, n > k)

_ (=D)"T(a)
F(a — n) = W, (8)
—1)kn!
(- = o)

One also has the following expression for the generalized binomial coefficient for z € C, n € Ny [48, (1.2.6)]

()= e )

n n!
Define the multisets a := {aj,...,a,}, b := {b1,...,bs}. We will also use the common notational product
convention, a; € C, [ € N, r € Ny, e.g.,
@)k = (a1, .-, a)r := (a1)r(a2)r - - - (ar )k, (11)
I'(a) :==T(a,...,a;) :=T(a1) --T(a,). (12)

Also define the multiset notation a + ¢ := {a1 +¢,...,a, + t}.

For any expression of the form (22 — 1)@, we fix the branch of the power functions such that

(22 = 1) := (z+ 1%z - 1)%,

for any fixed @ € C and z € C\ {—1,1}. The generalized hypergeometric function [48, Chapter 16] is defined
by the infinite series [48, (16.2.1)]

(a;kZ (13)

rFs(a;b; z) = TFS(E;Z) =2 by Ij

[e.o]

k=0

where |z| < 1, bj € =Ny, for j € {1,...,s}; and elsewhere by analytic continuation. Further define the Olver

normalized (scaled or regularized) generalized hypergeometric series , Fs(a; b; z), given by
a 1 a 2 (ar, ... an)g 2"

F,(a;b;z2) := F(;)::—F(;): — 14

T S(a Z) r+s b z F(b)r S b z kz_o F(b+k> k" ( )
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which is entire for all a;,b; € C, 1 € {1,...,7}, j € {1,...,s}. Both the generalized and Olver normalized
generalized hypergeometric series, if nonterminating, are entire if r < s, convergent for |z| < 1 if r = s+ 1
and divergent if r > s 4+ 1. The special case of the generalized hypergeometric function with r =2, s = 1 is

referred to as the Gauss hypergeometric function [48, Chapter 15|, or simply the hypergeometric function. It
has many interesting properties, including linear transformations which were discovered by Euler and Pfaff.
Euler’s linear transformation is [48, (15.8.1)]

b — —-b
2F1<a’c ;z) =(1 —z)cab2F1(C a,cc ;2) (15)

and Pfaff’s linear transformation is [48, (15.8.1)]

a,b —a a,c—b 2z _ b,c—a =z
2F1<C;z>:(1—z) 2F1< ¢ ;z—1>:(1_2) b2F1< ;z—1>' (16)

Cc

2.1 The Gegenbauer and associated Legendre functions

The functions which satisfy quadratic transformations of the Gauss hypergeometric function are given by
Gegenbauer and associated Legendre functions of the first and second kind. As we will see, these functions
correspond to Jacobi functions of the first and second kind when their parameters satisfy certain relations.
We now describe some of the properties of these functions, which have a deep and long history.

Let n € Ny. The Gegenbauer (ultraspherical) polynomial which is an important specialization of the Jacobi
polynomial for symmetric parameters values, is given in terms of a terminating Gauss hypergeometric series

[48, (18.7.1)]

1,1 — _
O1(e) = e pp bR Bl (A T2, (7)
2

Note that the ultraspherical polynomials satisfy the following parity relation [48, Table 18.6.1]
Ch(=2) = (=1)"CL(2). (18)

Gegenbauer functions which generalize ultraspherical polynomials with arbitrary degrees n = A € C are
solutions w = w(z) = w\(z) to the Gegenbauer differential equation [48, Table 18.8.1]

dw(z)
dz

(22-1) o T @A)z — A\ +2u)w(z) = 0. (19)
z

There are two linearly independent solutions to this second order ordinary differential equation which are

referred to as Gegenbauer functions of the first and second kind C¥/(z), D (z). A closely connected differential

equation to the Gegenbauer differential equation (19) is the associated Legendre differential equation which
is given by [48, (14.2.1)]

211} z wlz 2
(1_22)ddz(2 ) _ zzddi) + (u(u+ -7 f z2> w(z) = 0. (20)

Two linearly independent solutions to this equation are referred to as associated Legendre functions of the first
and second kind P/'(z), QU(2). In the following subsection we will present the definitions of these important
functions which are Gauss hypergeometric functions which satisfy a quadratic transformation.


http://dlmf.nist.gov/15
http://dlmf.nist.gov/15.8.E1
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2.1.1 Hypergeometric representations of the Gegenbauer and associated Legendre functions
The Gegenbauer function of the first kind is defined by [48, (15.9.15)]
T\ +2 “AN2u4+A 1—2
Cl(z) = 2\5 ( ) o Fy Ml ; .
22— () (A + 1) p+ 5 2
where A\ + 2 ¢ —Ny. It is a clear extension of the Gegenbauer polynomial when the index is allowed to
be a complex number as well as a non-negative integer. Two representations which will be useful for us in

comparing to the Jacobi function of the second kind are referred to as Gegenbauer functions of the second
kind which have hypergeometric representations given with A + 2u & —Ny, [14, (2.3)]

(21)

e T (N + 2u) It irtp+ri o1
D¥ = — 2 > 2 2. 929
(0= TR (2 A (22)
DN + p + %)F(/\—&-Zu) P <)\+17)\+u+%‘ 9 ) 3)
= 2I1 ; ,
VD) (2= D)ME4E (24 1)1 3 A+2u+1 11—z

and in the second representation A+ ,u—l—% ¢ —Np. The equality of these two representations of the Gegenbauer
function of the second kind follow from a quadratic transformation of the Gauss hypergeometric function from
Group 3 to Group 1 in [48, Table 15.8.1]. The associated Legendre function of the first kind is defined as [48,

(14.3.6) and §14.21(i)]
- () on(17775).

where |1 — z| < 2, and elsewhere in z by analytic continuation. The associated Legendre function of the
second kind Q) : C\ (—o0,1] — C, v + pu ¢ —N, has the following two single Gauss hypergeometric function
representations [48, (14.3.7) and §14.21], [43, entry 24, p. 161],

N |=

Weiﬂ-ul—‘ y+ +1 22_1 %,U‘ L/Hl’w 1

Y2 o \/> M F 2 2 . 2

Qy(2) = ot L yrtpt L 281 v+3 ) (25)
2% (y 4 DD + 4 1)(2 + 1) 2 p(vtlvratl 2 (26)
N (2_1)%u+u+1 201 v+ 2 "1—z)

and for the second representation, v ¢ —N. The first and second single Gauss hypergeometric representations
are convergent as a Gauss hypergeometric series for |z| > 1, respectively |z — 1| > 2, and elsewhere in
z € C\ (—o0, 1] by analytic continuation of the Gauss hypergeometric function.

Remark 1. The relations between the associated Legendre functions of the first and second kind are related
to the Gegenbauer functions of the first and second kind by [/8, (14.3.22)]

o TG=pl+p+l) i
P#()_2“\/7?F(l/—,u,—|—1)(22—1)%“01/+#()7 (27)
0 2= 1) /T (3 — (v + p+ 1)D§;5(z), (28)

2T (v — pu+ 1)(22 — 1)2~
which are valid for p € C\ {%, %, ...}, v+ p € C\ =N. Equivalently, the inverse relationships are given by

Ct(2) vaLA+ 2 Pt (2),

ST+ 1)(22 — 1) M

(29)

1
1

2= DT (X + 24 1
Di(z) = —— Wt2n)  gbe (), (30)
V2P () DA+ 1) (22 — 1)2H 74 =3

which are valid for all A+ 2u € C\ —N.
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Remark 2. By comparing Gauss hypergeometric representations of the various functions, one may express
oFi(a,a + %;c; z) in terms of associated Legendre functions of the first and second kind P, Q. and the
Gegenbauer functions of the first and second kind Cl, Dl wusing the following very useful formulas. Let
z€ C\[l,00). Then

1
2 Fy <a’a ik ; Z) = 20713029 (1 - z)zea3 ple ( ! ) (31)
C

22¢72(c — HYI'(2(a — ¢+ 1)) -1 1
- ﬁF(QQa)(l _ Z)a C2a720+1 < > ;

where 2¢ ¢ {1,—1,-3,...}, 2a —2c ¢ {—2,-3,...}, and

1

a,a+ 1 eiﬂ(c—Za—%)Qc—% 1— 2 %c—a—z 2a—ct 1 1
2F1< 2§Z> = ( 1 ,;) Qciéc = (33)
c VrT(2a)227 1 2 vz

ei7r(2a—c)220—2a—1r(c _ 2a)(1 _ Z)c—2a—% Dc—?a (1>
I'(2¢ —2a — l)zc_“_% 2at ’

NE,

where ¢,c — 2a ¢ —Ny.

2.1.2 The Gegenbauer functions on-the-cut (—1,1) and the Ferrers Functions

We will consider Jacobi functions of the second kind on-the-cut in Section 2.2.3. As we will see, for certain
combinations of the parameters which we will describe below, the Jacobi functions of the first and second
kind on the cut are related to the the Gegenbauer functions of the first and second kind on-the-cut and the
associated Legendre functions of the first and second kind on-the-cut (Ferrers functions).

The Gegenbauer functions of the first and second kind on-the-cut are defined in terms of the Gegenbauer
functions immediately above and below the segment (—1,1) in the complex plane. These definition are given
by [12, (3.3), (3.4)]

Ch(x) := DY (z +140) + e 2™ Dl (x —i0) = C{(x £i0), z € (—1,1], (35)
DX (z) := —iD}(z +i0) +ie ™ D{(x —i0), =z € (—1,1). (36)

Note that C§(z) and DY are real for real values of X and .

The Ferrers functions of the first and second kind are defined as [48, (14.23.1), (14.23.2)]

. e . .
PH(z) 1= e PH (2 £ §0) = (e—%“f“@*;(:c +i0) — 2 THQH (5 — iO)) , (37)
eI oy . 1 .
Q) = — (e BTHQI (2 4 70) + e3THQH (2 — 10)) : (38)

Using the above definition one can readily obtain a single hypergeometric representation of the Gegenbauer
function of the first kind on-the-cut, namely

() VT (2u+ N) F(—)\,Q,u+/\.1—:n>’

T2+ 1) T p+ s 2

(39)

which is identical to the Gegenbauer function of the first kind (21) because this function analytically continues
to the segment (—1,1), see (35). For the Gegenbauer function of the second kind on-the-cut, one can readily
obtain a double hypergeometric representation of by using the definition (36) and then using the interrelation


http://dlmf.nist.gov/14.23.E1
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between the Gegenbauer function of the second kind and the Legendre function of the second kind and then
comparing to the Ferrers function of the second kind through its definition (38).

However, first we will give hypergeometric representations of the Ferrers function of the first and second
kind which are easily found in the literature. The first author recently co-authored a paper with Park and
Volkmer where all double hypergeometric representations of the Ferrers function of the second kind were
computed [11]. Using (37) one can derive hypergeometric representations of the Ferrers function of the first
kind (associated Legendre function of the first kind on-the-cut) P4 : (=1,1) — C. For instance, one has a
single hypergeometric representation given by [48, (14.3.1)]

%@g:<i+i>”25<‘“”+14‘$>, (40)

1—p 2
Let ve C, u € C\Z, v+ p ¢ —N, then a double hypergeometric representation of the Ferrers function of the
second kind is given by [48, (14.3.2)]

iu
By s 14+2z)\2 F v+l 1—x
@ (@) 2sin(mp) (cos(ﬂ,u) <1 -z I 1-p 72

N|=

_ g 2H _ _
Tv+p+1)1-x\>2 JF, 1/,1/—}—1;1 AN (41)
Fv—p+1)\1+2 1+p 2
Lemma 3. Let z € C\ ((—o0, 1] U (1,00)), \,v,u € C. Then
L'(A+2 1_
D";(x) = 3 ( M) T 1 Q)2\+#7l($)75 (42)
2472 /m () T( A+ 1)(1 — a2)2k73 ~TH72
such that A+ 2u & —Ng and
Tl — (v +p+1 1_
Qi) = VILGTITW AT Y pic) (43

21D (v — i+ 1)(1 — 22) 2
such that p & {3,3,...} and v+ p & —N.

Proof. Start with the definition (36) and use the interrelation between the Gegenbauer function of the second
kind on-the-cut and the Ferrers function of the second kind (30). Then applying this relation to the double
hypergeometric representation completes the proof. |

Theorem 4. Let z € C\ ((—o0,1] U (1,00)), A\, i € C, such that X+ 2u ¢ —Ng. Then

DA(z) = VT sin(mplA+20) o (A+ptyz-A-pl-g
M cos(m2 T \ PO (1 0 bea 2
A Ll x—p1-
LR (T poloz)) (44)
—2 3 9
(1 —a)"> 2 M

Proof. Start with the definition (36) and use the interrelation between the Gegenbauer function of the second
kind and the Legendre function of the second kind (30). Then comparing with the double hypergeometric
representation given by (41) completes the proof. |

Note that we also have interrelation between the Ferrers function of the first kind and the Gegenbauer
function of the first kind on-the-cut [48, (14.3.21)]

e LGl +ptl) Ao
P/Ij( )— 2“\/7?F(l/—,u,—|—1)(1—a:2)%”cy+u( )v (45)



http://dlmf.nist.gov/14.3.E1
http://dlmf.nist.gov/14.3.E2
http://dlmf.nist.gov/14.3.E21

Double summation addition theorems for Jacobi functions of the first and second kind 9

where p & {%, %, ...}, v+ p € =N, or equivalently

() = VTT(A+2p) p

K
AT (DA + 1)(1 — 22) 34 @) (46)

+uf%

> ol

Finally we should add that the Legendre polynomial (the associated Legendre function of the first kind P}
and the Ferrers function of the first kind P with y = 0 and v = n € Z) is given by [48, (18.7.9)]

Po(x) = P(z) = PO (x) = C2 (z) = POV (z),

which vanishes for n negative.

2.2 Brief introduction to Jacobi functions of the first and second kind

Now we will discuss fundamental properties and special values and limits for the Jacobi functions. Jacobi
(ev,8)

functions are complex solutions w = w(z) = w, "’ (2z) to the Jacobi differential equation [48, Table 18.8.1]
o d?w dw
(1—z)@—i-(B—a—z(a+ﬂ+2))@—l—’y(oﬁ—ﬁ—i-’y—kl)w:0, (47)

which is a second order linear homogeneous differential equation. Solutions to this differential equation satisfy
the following three-term recurrence relation [15, (10.8.11), p. 169]

Bga,ﬁ)wga,ﬁ)(z) +A(ya’ﬂ)(z)w§i’?)(z) + wf/cig)(z) -0, (48)
where
Amm@y__m+5+27+$@ﬁ_ﬁl+m+ﬂ+2v+%m+6+27+®@ )
v B 2y +2)(a+ B+ +2)(a+ B+2y+2) ’
gl _ @1+ 1D)B+v+1)(a+8+2y+4) 0

7 (Y+2)(a+B8+7+2)(a+B+27+2)

This three-term recurrence relation is very useful for deriving various solutions to (47) when solutions are
known for values which have integer separations.

2.2.1 The Jacobi function of the first kind

The Jacobi function of the first kind is a generalization of the Jacobi polynomial (as given by (2)) where the
degree is no longer restricted to be an integer. In the following material we derive properties for the Jacobi
function of the first kind. In the following result we present the four single Gauss hypergeometric function
representations of the Jacobi function of the first kind.

Theorem 5. Let o, 3,7 € C such that a« +~v ¢ —N. Then, the Jacobi function of the first kind P,ga’ﬁ) :
C\ (—o0,—1] — C can be defined by

p@m@%:HgiljD,F —ya+B+y+1 1-2 o
! T(y+1) a+1 )
_F(Oé-l-’Y-f-l) 2 B . _5—7,04-1—74-1'1—2; (52)
T T+ \z+1) P a+1 D)
Ta+y+1) (z+1)7 By 21
I(y+1) 2 a+1 z2+1
_Tlaty+1) (2 T ety b et Byl 2] -
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Proof. Start with (2) and replace the shifted factorial by a ratio of gamma functions using (7), the factorial
n! = I'(n + 1) and substitute n — v € C, x — z. Application of Euler’s transformation (15) and Pfaff’s
transformation (16) provides the other three single hypergeometric representations. This completes the proof.

[ |

There exist double Gauss hypergeometric representations of the Jacobi function of the first kind which can
be obtained by using the linear transformation formulas for the Gauss hypergeometric function z +— 27!,
z (1—2)"Y 21—z 2 1—271 [48, (14.3.1)—(14.3.5)], respectively. However, these in general will be
given in terms of a sum of two Gauss hypergeometric functions. We will not present the double hypergeometric

function representations of the Jacobi function of the first kind here.

One has the following connection relation for the Jacobi function of the first kind.

Corollary 6. Let v,a, € C, z€ C\ (—o0,1], v ¢ —N, g+~ & Ny. Then

L= +D)  pas)

(a,8) _
r B = F o —a =B aty 5D

S (2). (55)
Proof. This connection relation can be derived by using (51) and making the replacement v — —vy — o —
B — 1 which leaves the parameters and argument of the hypergeometric function unchanged. Comparing the
prefactors completes the proof. |

Remark 7. One of the consequences of the definition of the Jacobi function of the first kind is the following
special value:

Ma+~v+1)
pleb) (1) = , 56
7 () a4+ 1)I(y+1) (56)
where a +v & —N. For v =mn € Z one has
1n n
peoy= @D pen gy = (L 57

which is consistent with (56) and the parity relation for Jacobi polynomials (see [48, Table 18.6.1]). From
(51) we have

PP (z) =1, (58)

and P,ga’ﬁ)(z) =0 for all k € —N.

2.2.2 The Jacobi function of the second kind

The Jacobi function of the second kind an’ﬂ ) (z), v € Cis a generalization of the Jacobi function of the second
kind Q%a’ﬁ)(z), n € Ny (as given by [15, (10.8.18)]), where the degree is no longer restricted to be an integer.
In the following material we derive properties for the Jacobi function of the second kind. Below we give the
four single Gauss hypergeometric function representations of the Jacobi function of the second kind.


http://dlmf.nist.gov/14.3.E1
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Theorem 8. Let v, a, 3,2z € C such that z € C\ [-1,1], a+,8+~ ¢ —N. Then, the Jacobi function of the
second kind has the following Gauss hypergeometric representations

0 () im 2T Y+ DEB+7+1) o (v+laty+1 2 (59)
o ' (z — D)otr+i(z + 1)B at+f+2y+2'1-z
_2Pat v+ DB+ +1) LByt Latftytl 2 (60)
B (z — 1)atBl 20 atf+2y+2  Tl-z
_ 22T (a4 + DI(B+ 7+ 1) Y+1LB+y+1 2 (61)
(z — 1)2(z 4 1)f+r+1 a+pf+2y+2"1+2
_ 24y + DT+ +1) o (aty+latBty+l 2 (62)
N (z + D)atAta+l 251 a+B+2y+2 ltz)

Proof. Start with [15, (10.8.18)] and let n + v € C and x — z. Application of Pfaff’s (z — z/(z — 1)) and
Euler’s (z — z) transformations [48, (15.8.1)] provides the other three representations. This completes the
proof. |

One has the following connection relation between Jacobi functions of the first kind and Jacobi functions
of the second kind.

Corollary 9. Let v,a, € C, 2z € C\ (—o0,1], a+7,8+~v¢& —-N, a+ B+ 2y &Z. Then

P(a,ﬁ)(z) - —2sin(n(8+ 7))
K wsin(m(a+ B+ 2y + 1))
: : Ma+y+DEBE+7+1) o
(@B) () — (a,8)
« (sin(r)Q(e) —snr(a-+ M T RGN, ). ()
Proof. This can be derived by starting with (51), applying the linear transformation [48, (15.8.2)] z + 21
and then comparing twice with Theorem 8. |
Remark 10. Using (63) one can see that for v = n € Ny, that Q(_af_)ﬂ_v_l(z) 15 a Jacobi polynomial, namely

F<_a)F(_B) n!(a + B+ 1)71 P(a,,@)(z)

2l(—a=B) (a+ Du(B+1)n "

7 sin(m(a+ B)) n!T(a+B8+1+n) plas)
2sin(ra) sin(nf) M(a+1+n)I(B+1+n) "

QY 2 =

(2)- (64)

Remark 11. From Theorem 8 one can derive the following special values for Q(_al’ﬁ)(z)and Q(()a"g) (z), namely

204071 ()T (8)

(@h) .y —

Q,l (Z) - F(O[ +,8)(Z — 1)0‘(2 + 1)//377 (65)
(@g), 20T (a+1)T'(B+1) at+la+pB+1 2

QO (Z)_ (Z+1)a+ﬂ+1 2F1< a+6+2 71+Z> (66)

Using the three-term recurrence relation (48) one can derive values of the Jacobi function of the second kind
at all negative integer values. For instance, one can derive

208220 (a — 1)I'(B — 1)
(a+p—-1)(z—1)2z+1)

Q) = ¢ sla—F+(a+p-2)2), (67)

and also expressions for Jacobi functions of the second kind with further negative integer values of .
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If one examines the Gauss hypergeometric representations presented in Theorem 8 one can see that they
are not defined for certain values of vy, «, § since we must avoid o+ v and § + v being a negative integer. In
fact, these singularities are removable and one is able to compute the values of these Jacobi functions. One
can evaluate the Jacobi function of the second kind when the parameters «, 3, and degree v is a non-negative
integer in the following result, which was inspired by the work in [53].

Theorem 12. Let n,a,b € Ny, z € C\ [-1,1]. Then

(~1)r+n " (—2)F

A ="F X o w (R e e Vi B ©
Zn
+(_21 "o (Z - 1) P (2). (68)

Proof. Start with the integral representation for the Jacobi function of the second kind [49, (4.61.1)]

(69)

(@B _ 1 La—s)otr(1 + 1)t
Qv (2) = 2"/+1(z —1)2(z + 1)6 /_1 (z — t)“/+1 dt,

provided R(a +7), R(B + ) > —1 [53, (2.5)] and identify (v, «,3) = (n,a,b) € N3. Then consider

k
(a,b) — d n+a n+b
Iy g (2) = o (1—2)"""(1+ 2)

— (_1)k2kk!(l o Z)a—l—n—k(l + Z)b-i,-n_kplga—i-n—k,b—&-n—k)(Z)’

where we have used the Rodrigues-type formula for Jacobi polynomials [48, Table 18.5.1]. It is easy to show
that
2n+a+b k
b_ () (t—2)
a—orreagrt= 3 )
k=0

(70)

and the right-hand side is valid for all z € C. Now start with (69) and insert (70) into the integrand and
perform the integration over t € (—1,1) using

(z + 1)k_” —(z— 1)"“‘_”

1 — it k #n,
/ (z—t)F " lat = ]f "
-1 log(z+ ) if k= n,
z—1
which completes the proof. |

By using (61) we find that if 2] ~ 1 + € then as ¢ — 0T one has the following behavior of the Jacobi
function of the second kind near the singularity at z = 1, namely

20710 ()T(B+ v + 1)

(@B (1 4 ¢) mo 71
Q1+ Ila+B+vy+1)e ’ (71)
where Ra > 0, 8+ v ¢ —N. By using (61) we see that as |z| — oo one has
208+ nr 1
an,ﬁ)(z) ~ (a +7+ ) (/8 +7+ ) (72)

D(a+ B+ 2y +2)20480 1

where a + v+ 1,6 +~v ¢ —N.
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2.2.3 Jacobi functions of the first and second kind on-the-cut

We now refer to the real segment (—1,1) as the cut and the Jacobi functions of the first and second kind

on-the-cut as P(,ya’ﬁ ), Q(Wa’ﬁ ). The natural definitions of these Jacobi functions are due to Durand and can be

found in [12, (2.3), (2.4)] (see also [5]). These are given as follows:

1 ; . —iTQ « . [e] ;

P (@) 1= = (emggaﬂ> (2 4 i0) — e QL) (¢ — 20)) — PP (2 + i0), (73)
1/, A

QYA () = 3 (™ Q ) (@ +i0) + QA (& — i0) ). (74)

Note that the Jacobi function of the first kind on-the-cut (73) is simply an analytic continuation of the Jacobi
function of the first kind (see Theorem 5) since the complex-valued function is continuous across the real
interval (—1,1]. On the other hand, the Jacobi function of the second kind is not an analytic continuation
of the Jacobi function of the second kind (see Theorem 8). This is because an"g ) is not continuous across
the real interval (—1,1). Hence, an ‘average’ (74) must be taken of the function values with infinitesimal
positive and negative arguments in order to define it. Originally, in Szegd’s book [49, §4.62.9] (see also
[15, (10.8.22)]) a definition for the Jacobi function of the second kind on-the-cut was given by Q(f’ﬂ ) (x) :=
: < E,a’ﬁ) (x +10) —%—anﬁ) (x — iO)), but as is pointed out by Durand [12], Szegé’s definition destroys the

analogy between Pga’ﬂ ) (cos @), an’ﬂ ) (cos @) and the trigonometric functions. Hence with the updated Durand

definitions for the Jacobi functions of the first and second kind on-the-cut (73), (74), one has the following
asymptotics as n — oo, namely [12, p. 77|

[\

1
Q' (cos O +i0) ~ % (%) : (sin(16)) a3 (cos(lﬂ))_ﬁ_% eﬂNejFi%(aJr%)?

whereN::n—i—%oH—%B—i—%.

There are many double hypergeometric representations of the Jacobi function of the second kind on-the-cut
an’ﬁ ).c \ ((—o00,1] U [1,00)) — C. These hypergeometric representations follow by applying the definition
(74) to Theorem 8 which provides the Gauss hypergeometric representations for the Jacobi function of the
second kind. The application of (74) takes the argument of the Gauss hypergeometric functions just above
and below the ray (1, 00) in which it is known that the Gauss hypergeometric function is discontinuous. The
values of the Gauss hypergeometric function z above and below this ray may then be transformed into a
region where the Gauss hypergeometric function is continuous in a complex neighborhood of the argument
of the Gauss hypergeometric function by utilizing the transformations which one can find in [11, Appendix
BJ]. These transformations, which map from Gauss hypergeometric functions with argument z + 0 to sums
of Gauss hypergeometric functions with arguments given by 1/z, 1 — 2, 1 — 2z~ ! and (1 — 2)~!. Eight Gauss
hypergeometric function representations of the Jacobi function of the second kind on-the-cut can be obtained
by starting with (59)-(62), applying the transformation [11, Theorem B.1] z ++ z~! and by either utilizing
the Euler (15) or Pfaff (16) transformations as needed. There are certainly more Gauss hypergeometric
representations that can be obtained for the Jacobi function of the second kind on-the-cut by applying [11,
Theorems B.2-B.4], but the derivation of these representations must be left to a later publication. We will
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give two of these here for v, a, 8 € C such that o, 8 € Z, a + 7,5 + v € —N, namely

0 N Pla+ty+l) o (—va+B+y+l 1-2
QY (x)_2sin(7ra)< cos(ma) NCESY o Fy e =
LB+y+1) 2 \" (2 Y —a—B-yy+1 1-x
F(a+ﬁ+'y+1)<1—x> (1+x> 2F1< 1-a 72>> (75)
_ T MNa+v+1) —y, =B z—1
= ey () gy ()

(3t +1) (Hx)“”ZFl(—a—ﬁ—%—a—”-f””)). (76)

MNa+p8+~v+1) (1—-x)* -« "r+1
Just as we were able to compute the values of the Jacobi function of the second kind with non-negative

integer parameters and degree, the same evaluation can be accomplished for the Jacobi function of the second
kind on-the-cut which we present now.

Theorem 13. Let n,a,b € Ng, v € C\ (—o0,1]U[1,00). Then

n a+b+2n k
(a,b) _ (_1) (_2) n—k _ (,._1\n—k (a+n—k,b+n—k) 1 I+ (a,b)
Q) ()= kz_o o ((+2)* = @=1)"*) P} (2) + 5108 ( 1 ) P (@). (77)
k;z_én
Proof. Start with Theorem 12 and use the definition (74) which completes the proof. |

Note that by setting a = b in the above result we can obtain an interesting finite sum expression for the Ferrers
functions of the second kind with non-negative integer degree and order given as a sum over ultraspherical
polynomials.

Corollary 14. Let n,a € Ny, Let n,a € Ny, z € C\ (—o0,1] U [1,00). Then. Then

(1) (1—a?)3

a _ -1 n+a2n |
aaa) = S (( Y2+ a)
kF n —k+ ) k k n—k+1
n—a—k _ 1\n—a— 2
x Z 2k2n_ (n_a_k)((1+a:) (z = 1) F) 2 (@)
k;én a
a 14+ at+1
+2T(a + 1) log <1 :c) C,_2 (x)) (78)
Proof. Start with (13) and set a = b. Then utilizing (100) below with (80) completes the proof. [ |

By using (75) we see that as x = 1 — € one has as e — 07,

20710 ()T (B + v + 1)
Fla+B+y+1)e ’

Q1 =€) ~

where 8+ v+ 1 ¢ —Ngy and Ra > 0.
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2.3 Specializations to Gegenbauer, associated Legendre and Ferrers functions

Here we discuss some limiting cases where the Jacobi functions reduce to more elementary functions such as
Gegenbauer, associated Legendre, and Ferrers functions.

These identities involve symmetric and antisymmetric Jacobi functions of the first kind. The relation
between the symmetric Jacobi function of the first kind and the Gegenbauer function of the first kind for
z € C\ (—o0,—1] is given by

F2a+1)I(a+v+1)
Ma+1)I2a+~vy+1)

Pee)(z) = i (2). (80)

This follows by starting with (51) and then comparing it to the Gauss hypergeometric representation of the
Gegenbauer function of the first kind on the right-hand side using (21).

Remark 15. The relation between the symmetric Jacobi function of the first kind and the Ferrers function
of the first kind is

2T (a + v+ 1)
T(y+1)(1 — 22)2®

Pi)() = Pots (@), (81)

a+y
where x € C\ ((—oo0, —1] U [1,00)) and the relation between the symmetric Jacobi function of the first kind

and the associated Legendre function of the first kind is

2T (a+v+1)
T(y+1)(22 - 1)2°

Pl (z) = P Y (2) (82)

o+

where z € C\ (—o0, 1]. These are easily obtained through [48, (18.7.2)] and [48, (14.3.21), (14.3.22)].

Remark 16. The relation between the antisymmetric Jacobi function of the first kind on-the-cut and the
Ferrers function of the first kind and the Gegenbauer function of the first kind on-the-cut is

(c,—a) T _F(a+’7+1) l+z %a —a(,
Pyie) = L(y+1) (1—::;) Pyt(e)
_ F2a+ D'y —a+1) 1+ x)aca—k%(x) (83)
y—a\*)

20T (y+ DI + 1)

where x € C\ ((—oo, —1]U[1,00)) and the relation between the antisymmetric Jacobi function of the first kind
and the associated Legendre and Gegenbauer function of the first kinds is

P CTla+v4+1) (241 20 _a
Pm(e) = T(y+1) (z—l) B o)
F'a+1I'(y—a+1)

= e+ ety CHY°

1
a+3

e} (34)

where z € C\ (—o0,1]. These are obtained by comparing (51) with (40) and (24).

Remark 17. One has the following quadratic transformations for the symmetric Jacobi functions of the first
kind which can be found in [49, Theorem 4.1]. Let z € C\ (—o0,1], v,a € C, a+ v ¢ —N. Then

_1
B (e) = VLG pleio ), )
g 22T (y + 5)T(a+v+1)


http://dlmf.nist.gov/18.7.E2
http://dlmf.nist.gov/14.3.E21
http://dlmf.nist.gov/14.3.E22

16 H. S. Cohl, R. S. Costas-Santos, L. Durand, C. Montoya, G. Olafsson

where a4+ 2v ¢ —N, v & —N—i—%, and

(a, @) ﬁr(a + 27 + 2)Z (047%)
P2 +1 ( ) = 3 Pv
! 27T (y + )l (a+v +1)

(222 — 1), (86)

where o +2y+1 ¢ —N, v ¢ —N — % The restrictions on the parameters come directly by applying the
restrictions on the parameters in Theorem § to the Jacobi functions of the first kind on both sides of the
relations.

Below we present some identities which involve symmetric and antisymmetric Jacobi functions of the second
kind
Theorem 18. Two equivalent relations between the symmetric Jacobi function of the second kind and the

associated Legendre function of the second kind are given by

(a,) p 2a Zwar(a+,y+ 1)

Q»y ’ F(’y 4 1)(22 B 1) QaJr'y(z) (87)
an,a) (Z) _ oce—MrOéI‘(a +v+ 1) Qa+,y( ) (88)

I'(2a+v+1)(22 - 1)

where o+ v € —N. Also, two equivalent relations between antisymmetric Jacobi functions of the second kind
and the associated Legendre function of the second kind are given by

QE(2) = e”?g;s +1) <z i 1) T Qo). (89)
(—oa)(, _e*imf(’y—a—l—l) z—1 2@ af,
Q) = It (220 g, (90)

where v — o ¢ —N.
Proof. By comparing (59) and (62) with (26) and by using the Legendre duplication formula [48, (5.5.5)]

one can obtain all these formulas in a straightforward way. |

See [9, Section 3, (A.14)] for an interesting application of the symmetric relation for associated Legendre
functions of the second kind.

Remark 19. Observe that by identifying (87) and (88) and for z € C\ [—1,1] one has

Q£/+a2aa (2), if 2 € C\ [-1,1] such that Rz > 0,
22a
Q(ya’a)(z) = -1 QW’aQﬁ/féa @) (2), if z € C\ [-1,1] such that Rz < 0 and 3z < 0,
_QWWQW”Q ( ), if z€ C\ [-1,1] such that Rz <0 and Iz > 0,

where the principal branches of complex powers are taken.

Theorem 20. Let a,y € C, z € C\ [-1,1], a +v & —N. Then the relations between the symmetric and
antisymmetric Jacobi functions of the second kind to the Gegenbauer function of the second kind is given by

Do+ Dl +7+1) ot

(a,@) _ —in(a+3) 2a
QY (2) =e 2) /2 TR0t i 1) D, *(z), (91)
where a € C\ {—%,-3,-3,...} and
. 1 F(a+7+1) (l a)l“(wr;) 1o
(a,—av) _ oim(a )227 a+1 2 2’ D2 9
whereae@\{%,%,%, 3, 76@\{—7 —7, }
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Proof. Start with the definition of the Jacobi function of the second kind (59) and take § = «. Then
comparing (23) using Euler’s (z +— z) transformation [48, (15.8.1)] produces (91). In order to produce (92),
start with (59) and take 5 = —a. Then compare (23) using Euler’s (z + z) transformation [48, (15.8.1)].
This completes the proof. |

One has the following quadratic transformations for symmetric Jacobi functions of the second kind.
Theorem 21. Let z € C\ [-1,1], v,a € C, a+~v & —N. Then

(a,) B Vrl(a+2y+1) (a=1) o o B
Q2 = 29T (v + )M+~ +1) G e, 83)

where o +2y ¢ —N, v ¢ —N+ 1, and

(o, ) \/7>TF(O£ + 2y + 2)Z
Q2,41(2) = o5 3
247 F(’Y—|—§)F(Oé+'7+1)

wherea+2fy+1€—N,'y€—N—%.

Proof. Starting with the left-hand sides of (93), (94) using the Gauss hypergeometric definition (59), the
oF1’s become of a form where ¢ = 2b. Then for both equations we use the quadratic transformation of
the Gauss hypergeometric function [48, (15.8.14)]. This transforms the 2} to a form which is recognizable
with the right-hand sides through (62), (59), respectively. This completes the proof. The restrictions on the
parameters come directly by applying the restrictions on the parameters in Theorem 8 to the Jacobi functions
of the second kind on both sides of the relations. |

QL (2.2 1), (94)

There is also an interesting alternative additional quadratic transformation for the Jacobi function of the
second kind with a = :I:%. Note that there does not seem to be a corresponding formula for the Jacobi
function of the first kind since in this case the functions which would appear on the left-hand side would be
a sum of two Gauss hypergeometric functions.

Theorem 22. Let x € C\(—o00,1]U[1,00), 8,7 € C such that B+ v + % ¢ —Ngy. Then

2HT(B+ v+ 1) (-4 p4241) (1422
C§7+1($) - 1 ) 2)8+7+3 @ <1 - 2) ’ )
D(— — HT(2y + 2)0(B)(1 — 22)P7+3 v
o8 ) = 227D (B+ 7+ L)a Qsran (1422 (96
5 (7) = 1 2)+y+y 1 1—a2)" )
D(—=y+ $)T(2y + DI(B)(1 — 22)P T+ !

Proof. The results are easily verified by starting with (59), (61), substituting the related values in the Jacobi
function of the second kind and comparing with associated Legendre functions of the first kind with argument

(z —1)/(# + 1) and utilizing a quadratic transformation of the Gauss hypergeometric function which relates
the two completes the proof. |

Remark 23. Note that in Theorem 22, if the argument of the Jacobi function of the second kind has modulus
greater than unity then the argument of the Gegenbauer function of the first kind has modulus less than unity.

Corollary 24. Let z, 3,7 € C such that z € C\ [-1,1]. Then
5
Q) () = 20T (—2y — DI (v + 3)T(B + 27 + 2) Py [z-1 (o7)
1 — — 9
T(B+7+3)(z—1)7(2 + 1)f+r+1 ! z+1
where =2y — 1,7 + %,5 +2v+2¢ —Np, and
1
Q(fé’ﬁ)(z) _ 203 e (—29) (v + DB+ 27+ 1) of v [z —1 (98)
! T(B+7+3)(z+1)77"2 Ve
where —2v,v + %,B +2v+1¢ —Np.
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Proof. Inverting Theorem 22 completes the proof. |
Note that the above results imply the following corollary.

Corollary 25. Let z, 3,7 € C such that z € C\ [-1,1], v+ %,ﬁ +~v+1¢ —Ny. Then

1
15 Py + 9B+ +1D) (2 \2 (13
Q) = 2 . O (99)
Fy+ LB +y+35) \z—1/ "*
Proof. Equating the two relations in Theorem 22 completes the proof. |

Theorem 26. Let x € C\ ((—o0, —1] U [1,00)). Then the relation between the symmetric and antisymmetric
Jacobi functions of the second kind on-the-cut and the Ferrers function of the second kind are given by

2°T(a+~v+1) .,

(0) (1) = x
Q’y ( ) F(7+1)(1_w2)%a "y—‘rOé( )7 (100)
Qi) = L ETED (12 T g e, (101
where o + v & —N,
Qo) = 0D (120) gra), (102)

where v — a ¢ —N.

Proof. The result follows by taking into account (75) and cf. [11, Theorem 3.2]

Fv+p+1)(1+x 2# —v,v+1 14z
Tw—p+H)\1—2) '\ 14p4 7 2

1—2z 2k —-v,v+1 14z
— cos(mv) T2 o Fy L i

where v € C, u € C\Z, such that v+ ¢ —N. The formula (100) is obtained by taking 8 = «, then comparing
(75) with (103). The other identities follow by applying an analogous method taking 5 = —ca. This completes
the proof. |

Q) = 5 [coswu + 1)

, (103)

3 Addition theorems for the Jacobi function of the first kind

The Flensted-Jensen—Koornwinder addition theorem for Jacobi functions of the first kind is the extension of
the Koornwinder addition theorem for Jacobi polynomials when the degree is allowed to be a complex number.
This addition theorem has two separate contexts and some interesting special cases. We will refer to the two
separate contexts as the hyperbolic and trigonometric contexts. The hyperbolic context arises when the Jacobi
function is analytically continued in the complex plane from the ray [1,00). The trigonometric context arises
when the argument of the Jacobi function is analytically continued from the real segment (—1,1). First we
will present the addition theorem for the Jacobi function of the first kind in the hyperbolic context. As we
will see, the Jacobi function in the trigonometric context can be obtained from the Jacobi functions in the
hyperbolic context (and vice versa). We now present the most general form of the addition theorem for Jacobi
functions of the first kind in the hyperbolic and trigonometric contexts.
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Remark 27. The addition theorem for Jacobi polynomials was originally derived using group theoretical
methods as mentioned in [3/] using the representation theory for SU(a+2)/U(a+1) and U(a+2)/U(a+1)
combined with standard methods discussed, for example, in [50]. The Lie group theoretic setting (and in much
more detail for SO(p) x SO(q) ) is carefully described in [30] and is as follows. Let X be a compact symmetric
group of rank one which is two-point homogeneous for the isometry group U. Normalize the metric such
that the lengths of the closed geodesics is 2m. The choice of a base point in X gives an identification of X
with U/K. The function space on X decomposes multiplicity free as @A™, and if d denotes the geodesic
distance between two points x,y € X, then the elementary spherical function on F™ is the Jacobi polynomial
P,Sa’ﬁ) (cosd(z,y)) with o, B suitable ‘group values’ of the parameters, depending on the choice of X. This
observation was first made by Elie Cartan in 1929 [6]. For an orthonormal basis s(x) of ™ it is clear that
the real point-pair function (x,y) — >, sp(x)sk(y) only depends on the distance d(x,y), which in turn implies
that

Y su(@)si(y) = cn P (cos d(x,y)), (104)
k

for suitable constants c,. This identity is the Lie group theoretic meaning of the addition formula for Jacobi
polynomials. Picking a suitable basis for €™, this leads to an explicit summation formula for the Jacobi
polynomials with an argument depending on 61,605, ¢, as a sum. Koornwinder rederived the addition theorem
analytically in [32] without relying on group theory, and Flensted-Jensen and Koornwinder extended it to
general n (A\) and o« > B > —1/2 in [17]. In fact, it should be pointed out that there is no group theoretic
argument in order to obtain addition theorems such as for Jacobi functions for general values of the parameters.
Group theoretic arguments rely on the completeness and orthogonality of the (unitary) representations of the
group in question. The case of general parameters may be obtained by appropriate analytic continuation in
the group parameters.

Theorem 28. Let 77057/8 € (C; Y g Z7 O[,ﬁ g _NOy Z1,%22 € C \ (—OO,l], T1,T2 € C \ ((—OO,—]_] U [1500)),

z,w € C,
+ + 2 1, 9 1
ZF = 7% (21, 2o, w, 1) = 22323 + 2wP(22 — 1)(25 — 1) £ 4z zowa (2 — 1)2(23 — 1)2 — 1, (105)
XE = XE (21, 29, w, 2) = 22323 + 202 (1 — 23) (1 — 23) + 4o vowa (1 — xl) (1-— x%)% -1, (106)

such that the complex variables v, a, 3, 21, 29, T1, T2, T, w are in some yet to be determined neighborhood of the
real line. Then

[e.e]

Fla+1DI(y+1) Z (a+Dpla+B+v+1)
Fla+v+1) (a+E)(B+1)r(=)k

a, +\
Pfg 5)(2 ) —
k=0

k k+1
e SRR
=0

« - « - — a—p— - k—1
x PUHEHLIHED (9,2 1) POTRHEITTD (9,2 1)kt plo Pk l)(2w2—1)5+ﬁ Cp_(x), (107)

Ia+1)T 7+1 Je(a+ B+ v+ 1)
«, +y
PlA)(X*) = §

=0

D(a+vy+1) a—i—k (B4 Dr(=)k

k ot bt D) B
XZ% v +0‘—:"3(+f)1 7)l(wlx2)k_l (1 =af)(1—23)) *

plorthl,fthk— l)( 202 )P(a+k+l,ﬂ+k l)(ng_1)wk_1Pl(a—B—l,B+k—l)(ng_l)54—/{—[05 (). (108)

X'yk
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Proof. Start with the form of the Flensted-Jensen-Koornwinder addition theorem in [17, Theorem 2.1]
(see also [40, (24)]). Define the Flensted-Jensen-Koornwinder—Jacobi function of the first kind [17, (2.1)]
(Flensted-Jensen-Koornwinder refer to this function as the Jacobi function of the first kind)

N 1 14+i)\), L 1—1
AP0 = R < @+ BN glatBH1=id) oo t) 7 (109)
a+1
and express it in terms of the Jacobi function of the first kind using
(o + 1)T(—3 —1+iA
SOE\a,,B) (1) = (a+DI'(—5(a+ 8 +1 ))P(a,ﬁ) (cosh(2t)), (110)

I(A(a—B+1-iN) —L(a+B+14iN)

which follows by comparing the Gauss hypergeometric representations of the functions. Replacing A\ = i(a +
B+ 2y + 1) and setting z; = coshty, 22 = coshty and w = cos® produces the form of the addition theorem
(107). Then analytically continuing (107) to X* € (—1,1) using (73) produces (108). This completes the
proof. |

In the limit as v — n € Ny, then Koornwinder’s addition theorem for the Jacobi function of the first kind
becomes the addition theorem for Jacobi polynomials and the double infinite sum becomes truncated as in
(6).

Remark 29. It is worth mentioning that in the definitions of Z* (105) and X* (106), the influence of the
+1 factor on the addition theorems in Theorem 28 and elsewhere in this paper is simply due to the influence
of the parity relation for ultraspherical polynomials (18) upon the reflection map x — —x.

Remark 30. Note that there are various ways of expressing the variables Z* (105) and X* (106), which are
useful in different applications. For instance, we may also write

2
ZE =222 —a2b) —1+20 - 1)(25 - 1) [w+ T
V(-1 - 1)

22923(1 — 2?) — 1

2
TZ129
22 -D(HE-1) <w . V(= 1) - 1>> ’

=2(2f — 1)(23 — 1)

2
XE = 22222(1 — 2%) — 1+ 2(1 — 22)(1 — 22) [ w £ LI
V(1 —af)(1 - a3)

92222(1 — 22) — 1 TT1T i

First we will develop some tools which will help us prove the correct form of the double summation
addition theorem for the Jacobi function of the second kind. Consider the orthogonality of the ultraspherical
polynomials and the Jacobi polynomials with the argument 2w? — 1.

Lemma 31. Let m,n,p € Ng, u € (—%,oo)\{O} a,fB € (—1,00), a > B. Then the ultraspherical and Jacobi

polynomials satisfy the following orthogonality relations

" . D(2u +
/0 CH (cos ¢)CH(cos ¢) (sin $)* dp= 22#_?@ +Mn)n?12(u)2 Omms

(111)

1
/ PLoB184D) (9,2 1) pla—B-LB+D) (942 _ 1)p25120+1 (1 _p2)0B1 4y
0

Mla-B+n)l(B+1+p+n)

= Om.n- 112
20@+p+2n)(a+p+n)n! (112)
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Proof. These orthogonality relations follow easily from [29, (9.8.20), (9.8.2)] upon making the straightforward
substitutions. ]
3.1 The parabolic biangle orthogonal polynomial system

Define the 2-variable orthogonal polynomial system which are sometimes referred to as parabolic biangle
polynomials [39]

P,i?z’ﬁ) (w, p) = wk_lﬂ(a_ﬁ_1’6+k_l)(2w2—l)Cg_l(cos b), (113)

where k,l € Ny such that { < k. These 2-variable polynomials are orthogonal over (w, ¢) € (0,1) x (0, 7) with
orthogonality measure dm(®#) (w, ¢) defined by

dm @ (w, ¢) := (1 — w?)* P 1w (sin ¢)% dw dg. (114)

The orthogonal polynomial system P,gozﬁ) (w, @) is deeply connected to the addition theorem for Jacobi func-
tions of the first and second kind. Using the orthogonality relations in Lemma 31 we can derive the orthogo-
nality relation for the 2-variable parabolic biangle polynomials.

Lemma 32. Let k,l,k',l' € Ny such that | <k, ' <K, a,8 € (—1,00), a > 8. Then the 2-variable parabolic
biangle polynomials satisfy the following orthogonality relation

1 T
(,8) (@,8) (@,8) DB+ 1+E)C28+k-DT(a—B+I) 5
/0 /0 Pk,l (wﬂb)fp 1 (w7¢) dm (w,¢) = QQBF(,B)Q(O[—Fk—i—l)(ﬁ+k—l)r(a+k)(k—l)!l!5k’k 51,1 . (115)

Proof. Starting with the definition of the 2-variable parabolic biangle polynomials (113) and integrating over
(w,®) € (0,1) x (0,7) with measure (114) and using the orthogonality relations in Lemma 31 completes the
proof. |

The following result is a Jacobi function of the first kind generalization of [32, (4.10)] for Jacobi polynomials.

Theorem 33. Let k,l € Ny with | < k, y,o,8 € C, 21,29 € C\ (—00,1], Z* defined in (105), such that
x = cos¢ and the complex variables v, «, B, z1, z2 are in some yet to be determined neighborhood of the real
line. Then

1 pm
/0/0 Pv(aﬁ)(Zi)wk_lPl(a_ﬁ_l’BJrk_l)(ZwQ—1)0571((:05@ dm(*B) (w, ¢)

(0% — 1 6% - o —
= ([FUMH ALY (120)F (22 —1) (22 1)) s (O PLEHITED (9,2 1) plOrHAH 09,2 1), (116)

where

AT (y + 1)(a + B+ + Dil(26 + k —Da =+ (= — 1)

A(a7677)
2250 (B)(— )k (k— DI T(a+ v+ 1+ 1)

k.l

(117)

Proof. Start with the addition theorem for the Jacobi function of the first kind (107) and consider the (k,1)-
th term in the double series. It involves a product of two Jacobi functions of the first kind with degree v — k
and parameters (a+k+1, 3+ k —1). Replace in (107) the summation indices k, [ by &/, 1’, multiply both sides

of (107) by Pli?;’ﬁ) (w, ¢) dm P (w, ¢), and integrate both sides over (w, ¢) € (0,1) x (0, 7) using (111), (112).
This completes the proof. |

We will return to the parabolic biangle polynomials in Section 4.
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3.2 Special cases of the addition theorem for the Jacobi function of the first kind

In the case when z1, 29, x1, T9, w,x = cos ¢ are real numbers then the argument of the Jacobi function of the
first kind in the addition theorem takes a simpler form convenient form and was proved in Flensted-Jensen—
Koornwinder [17].

Remark 34. In the case where the variables z1, zo, 1, T, x,w are real then you may write Z* and X* as
follows

ZF =2|z2129 + 0w 22— 14/z3 -1 (118)
' 2
XE =2|zw9 + ePwy /1 — 224 /1 — 23| — (119)

We now give a result which appears to be identical to Theorem 28, but it must be emphasized that it is only
in the real case that we are able to write Z*, X* using (118), (119). Otherwise one must use (105), (106).

Theorem 35. Let v,o,0 € C, v € Z, a,f & —No, 21,22 € (1,00), z1,22 € (—1,1), w € R, ¢ € [0,7], and
Z*, X* is defined as in (118), (119) respectively. Then

o0

['(a+ 1) 7+1 Z (a4 B+ v+ 1)
Fla+~v+1) a—i—k V(B + V(=)

P a,f Z:t
=0

k k+1
<Y e (G v )

N

« - « - — a—p— - k-l
XP’g_‘IL’k+l»B+k l)(QZ%—].)P,g_Zk+l’6+k l)(QZg_l)wk lPl( 6 1,54’]? l)(2w2_1)/3+ﬁ C]f_l(cos¢) (120)

[e.e]

Fa+1)I'(y+1) Z (a+Dpla+B+y+1)
Fla+v+1) (a+E)(B+1)r(=)k

a,f +
k=0

k
XE: kla+k+0(ﬁ VNWMﬂM%Q_xﬁﬂ—x@f#

. (a+y+1)
_ _ B _ k—1
XP(Va_JI;kH,BM ”(zxf 1)P(7“4,;k+l’ﬁ+k l)(2x§_1)wkflpl(a B—1,6+k l)(2w2_1)ﬁ+ﬁ C;f_l(cos ¢). (121)
Proof. Starting with Theorem 28 and restricting such that the variables z1, 22, 1, 2, w,x = cos ¢ are real
completes the proof. |

As in Theorem 28, in the limit as v — n € Ny, then Koornwinder’s addition theorem for the Jacobi function
of the first kind becomes the addition theorem for Jacobi polynomials and the double infinite sum becomes
truncated as in (6). Note for all results below, the double or single infinite sums on the right-hand side will
always be truncated when the left-hand side is a polynomial (Jacobi polynomial or ultraspherical polynomial).
We will not mention this again. Next we have a specialization of Theorem 35 when w = 1.

Corollary 36. Let vy, o, €C, v € Z, o, & =Ny, 71,12 € [0,00), 01,02 € [0,5], ¢ € [0,7],
: 2
ZF =2 ‘COSh r1 coshry & € sinh rq sinh 7“2‘ — 1 = cosh(2ry) cosh(2ry) £ sinh(2r) sinh(2r2) cos ¢, (122)

. 2
X+ =2 ‘cos 01 cos By + €' sin 6 sin 92’ — 1 = cos(261) cos(262) £ sin(26,) sin(262) cos ¢. (123)
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Then
r 1) & (% + 1
P,ga,ﬂ)(zzt) _ (a+ DI'(v+ Z 2 k(=B = Mrla+B+v+ )k(sinhrl SinhT2)2k
Mat+y+1) = (9h 5+1) (=rla+7+ 1
k
(FDH o = Bp—i(—a — v — k)(—a — 2k + 1) I
X cothry cothr
2 e B ey p ) (threothr)
o — e - l
x PP (cosh(2r,)) LT l’ﬁH)(COSh(QrQ))B;Cf(cos@. (124)
I'(a+1)r 7+1 - k(=B —ela+B+y+ D .
Pl (X*E) = 01 sin 62)%
O A v Py kzzo B+ Drrla 1), ombisinds)
k
:Fl Oé— k l( a—’y—k)l(—a—Qk—i—l)l I
X t 61 cot 6
D (e 7o 7 e )
a+2k— a+2k— l
x PLTHTD (cos(201)) LT l)(cos(292))ﬁ;_0f(cos ®). (125)
Proof. Start with Theorem 35 and let w = 1 using (56) and substituting [ — I’ = k — [ followed by relabeling
" — 1 completes the proof. [ |

By letting o = 8 in Corollary 36 we can relate the above result to associated Legendre and Gegenbauer
functions of the first kind. This is mentioned in [34], namely that Koornwinder’s addition theorem for Jacobi
polynomials generalizes Gegenbauer’s addition theorem (4). Similarly, the extension to the Flensted-Jensen—
Koornwinder addition theorem for Jacobi functions of the first kind generalizes the addition theorem for
Gegenbauer functions of the first kind. First we define the variables

Zt .= Zi(rl, r9,®) := coshry coshry £ sinh r sinh ry cos ¢, (126)
Xt = Xi(el, 02, @) := cos B cos b £ sin 0} sin O3 cos ¢. (127)
Corollary 37. Let v,a € C, 2a # 1,0,—1,..., v € —N, 1,15 € [0,00), 01,02 € [0,3], ¢ € [0,7], and 2%,

X* as defined in (126), (127), respectively. Then

C;"(Zi) _ P(QO[)F(’)/ + 1) i (:Fl)k 22k(a)k(a)k (sinh(27“1) Sinh(27“2))k

[Q2a+7) = (=)pCa+)
otk atk a—5+k a=3
xC7y (cosh(2ry)) O (cosh(2rp)) —=7—C *(cos ¢), (128)
=3
LRa)l(y+1) §- 2% (k@ .
o' +\ _ k
Co(x*) = 2a+7 kzo @t 1) (sin(20;) sin(263))
o o Oé—l—i-k a—3
XC,yj,f(cos(Qﬂl))wa]f(cos(292))Ti%C’k % (cos ), (129)
or equivalently
L paggty— 20T (ar + 1)
(1- z+%)ze ” ~ (sinh(26;) sinh(26;))>
XZ Vila+y+ 1) P k(cosh(?rl))P aT k(cosh(Qrg))a—i_kC,?(cosqb), (130)

k=0
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L ey Tt
mﬂy (X5) = (sin(26;) sin(267))

«

X Z(il)k(a — Vel +v+ l)kP;“_k(cos(Qﬁl))P;a_k(cos(%g)) ;_ kC’,?(cos b). (131)

k=0

Proof. Start with Corollary 36 and let & = (3 using (80), (81) respectively for the Jacobi functions of the
first kind on the left-hand side and on the right-hand side. Then mapping (227 — 1,222 — 1) +— (21, 22),
(222 — 1,222 — 1) > (w1, 72), where 21 = coshry, 29 = coshrg, 21 = cos b, T3 = cos s, and simplifying using
(80)—(82) completes the proof.

Another way to prove this result is to take § = —%, w =cos® =1,y — 27 in (120) and use the quadratic
transformation (85). After using (80), this produces the left-hand side of (128) with degree 4 and order given
by a + % Because we set w = 1, the sum over [ only survives for [ = 0,1. By taking 4y +— v and expressing
the contribution due to each of these terms one can identify Gegenbauer’s addition theorem through repeated
application of (80) on the right-hand side and that

> (for + forir) = > o
- k=0

k=0

for some sequence {f}ren,, one arrives at (128). This other proof is similar for (129). [ |

4 Addition theorems for the Jacobi function of the second kind

Now we present double summation addition theorems for the Jacobi functions of the second kind in the
hyperbolic and trigonometric contexts.

Remark 38. There is no direct group-theoretical derivation for an addition formula for the Jacobi functions
of the second kind. Howewver, those functions satisfy the same differential recurrence relations as the functions
of the first kind, and the actions of those operators and the Jacobi differential equation (47) on functions of
either kind for gemeral parameters give realizations of the Lie algebras of the groups considered. One would
therefore expect the Jacobi functions of the second kind to satisfy addition formulas with the same structure
as those for the functions of the first kind. This is known to hold, for example, for the Gegenbauer functions
of the first and second kind [14, §8].

4.1 The hyperbolic context for the addition theorem for the Jacobi function of the
second kind

Define

min

22 7= ax 120 22} (132)

where 21, 25 € (1,00), and in the case where 21, zo € C, then if one takes without loss of generality z; = 2z~ to
lie on an ellipse with foci at £1, then z9 = z. must be chosen to be in the interior of that ellipse.
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Theorem 39. Let v,a,8 € C, 21,20 € C\ (—00,1], z,w € C, ZF defined in (105), such that the complex
variables v, a, B, z1, zo, x,w are in some yet to be determined neighborhood of the real line. Then

o0

F(a+'y+1 a+k B+1) (1— Yk

Qe (7%) =
k:0

k+l1

k
XZ (£1)* a4+ k4 1) (2120)* l(( %—1)(*5%_1)) :
1=0

atktl,B+k—1 kA1, B4k— 1 (a—B—1,8+k—1 B+k—I
PLTEHLIED (9,2 _ 1) QIR (9,2 1)k lpe TP (92 1) 5 c? (). (133)

X

Proof. Start with the addition formula (107) for the Jacobi functions of the first kind in (107). The series
was shown to converge by Flensted-Jensen and Koornwinder [17, Theorem 2.1]. Now use the connection
relation (63) which relates the Jacobi function of the first kind to two Jacobi functions of the second kind,
one on the left-hand side of (63) and again on the right-hand side for the function of the first kind with
argument 223 — 1 on the right, assuming without loss of generality that z; = z~. This gives an expression in
which the asymptotic behavior of the two terms on the left for zo — oo matches the term-by-term asymptotic
behavior of the two corresponding series on the right, suggesting that they should be identified and that
the series converge separately. To exploit this, use the projection of the left- and right-hand sides by the
parabolic biangle polynomials, Theorem 33, with the same substitution of the connection formula for the
Jacobi functions of the first and second kind ((63) once in the integrand).  This results in the following
equation

1 pm
BV“AAQ?WZWM”ﬁaﬁMM”@W—WﬁAwWMWMWm@

a, — a+k+la+k—I a+k+1l,a+k—I
+C ) (2 = 1) (2 — 1)U Pl 922 _qyqlaittarilp2 )

=Dl / / QY (ZE) R ITE D (0 1) (cos ) dm @D (w, ¢)

FEG (z122) 7 (2 — 1)(23 — 1)) 2D plaTiFbeatio 9,2 _nQlarttetitD(2:2 — 1), (134)

—a—fB—y—k—1 —a—fB—y—k—1
where

(a,8) .. —2sin(my)sin(r(8+ 7))

By = msin(r(a+ B+ 2y + 1))’ (135)

o) _ sl sin(e(B+ DO+ 0t A4y + DI+ E=DN@=B+DEB=) (0
RECU 2281 sin(m(a+ B+ 2y + 1)L (B)(—Y)k(k = D' T(a+~v+1+1) ’

i) _ ~2sin(m(o 7)) sin(r(8 + ) (o -y + DI(E+7 +1) )
L msin(m(a+ B +2y+ 1) (y+ Dl (a+B+v+1)

o) _ sin(r(a +7)) sn(x(8 + I+ + DD8 + &~ Dl ~ §+1) )
vhE T 920 Tgin(r(a+ B+ 2y + D)D(B)D(a+B+y+ D)k —D

Now consider the asymptotics of all four terms as zo — oco. The asymptotic behavior of Z* as zo — oo is
Z* ~ 22. The behavior of the Jacobi function of the second kind as the argument |z| — oo is (72)

1
(B () o —
Q7(2) SatBry L
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Therefore, one has the following asymptotic behavior considered as functions of { = z- with z. fixed,

QP (Z%) ~ ( ZE)yT1me AL | 220262 (139)
QU (ZF) ~ (25 ~ (P, (140)
QUFTHAITI() v ¢rmanih, (141)

k41, B+k—1 _
QU () ~ O, (142)
The above relation (134) with leading order asymptotic contribution as za — oo taken out can be written as

a function of two analytic functions f(z; ') := fg i 1)(2’1, ), gz t) == g&,ﬁ)(zl, 2 1), as

2 SO IE ) = 22g(2 ). (143)

For 4Ry ¢ —2(a+ B+ 1) + Z, the only way the equation can be true is if f and g vanish identically. The case
of general v then follows by analytic continuation in «. Therefore we have now verified separately all terms
in the double Series expansion of the Jacobi function of the second kind given in (133), and the corresponding
series for Q . 5 Y (Z jE). The two series do not mix, have different asymptotic behaviors for zo = 2z~ — 00,
and must converge separately given the overall convergence proved by Flensted-Jensen and Koornwinder [17,
Theorem 2.1]. This completes the proof. |

Remark 40. If you apply (64) to the Jacobi functions of the second kind on the left-hand side and right-hand
side of (133), then it becomes the hyperbolic context of the addition theorem for Jacobi polynomials.

Corollary 41. Let k,1 € Ny with | < k, v,o,8 € C, 21,29 € C\ (—00,1], Z* defined in (105), such that
x = cos ¢ and the complex variables v, a, B, 21, z9 are in some yet to be determined neighborhood of the real
line. Then

1 T
/0 /O QR (Z%) wht P I TBHRD 22 _1)CP_ (cos ¢) dm @) (w, ),

= EDM AL (212) (G 1) 1) 2RI 22 QI (222 1), (144)

where A,(CO’;’B’A/) is defined in (117).

Proof. This follows directly from (143) since in the proof of Theorem 39, we showed that f = 0. The result
g = 0 is equivalent to this result under the transformation vy — —y —a — 8 — 1. |

Remark 42. The above integral representations Theorem 33 and Corollary 41 are equivalent to the double
summation addition theorems for the Jacobi function of the first kind (107) and second kind, Theorem 39.

Remark 43. One has the following well-known product representations which are the k = 1 = 0 contribution of
the integral representations Theorem 33 and Corollary 41. Let x = cos ¢, v, a, B € C, 21,2 € C\ (—00,1], ZF
defined in (105), such that the complex variables v, o, 3, z1, 22 are in some yet to be determined neighborhood
of the real line. Then

P§“’ﬁ)(2Zf—1)P§“’5)(2Z§—1)=f (virl()a?wl / / PO (zE) dm @ (w, ¢),  (145)
PR (222 —1)Q47 (222 1)=ﬁr<7i2(>0‘?7+1 //QW) (Z5) dm @D (w, ¢).  (146)

For independent verification of these product representations, see [16, Theorem 4.1] for the product formula
(145) and [16, p. 255] for the product formula (146).
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Remark 44. As pointed out by one of the referees, our proof of the addition theorem for the Jacobi function
of the second kind was chosen so that it was the most economical, following as it does from the role of Jacobi
functions as spherical functions on symmetric spaces [3/] extended to general parameters as in [17]. However,
this does not mean that our chosen method is the most insightful method of proof overall. In fact, Flensted-
Jensen and Koornwinder (1979) [17], derived the addition theorem for the Jacobi function of the first kind
from the product formula (145) which the same authors had obtained earlier in [16, Theorem 4.1]. Inspection
of the proof of the product formula (145) in [16] shows that this really comes from the product formula (146),
for Jacobi functions of the second kind [16, Proof of Theorem 4.1, p. 252]. In this proof, the authors expand
the Jacobi function of the first kind using [16, (4.6)], which is simply the connection formula (63) which
expresses the Jacobi function of the first kind as a linear combination of two Jacobi functions of the second
kind with different degrees. So, as the referee pointed out, a more informative proof of the addition theorem
for the Jacobi function of the second kind, Theorem 39, would be to derive it from the product formula (146)
in the same way as Theorem 28 is derived in [17] from the product formula (145).

In the case when z1, z9,w,z = cos ¢ are real numbers, then the argument of the Jacobi function of the
second kind in the addition theorem for the Jacobi function of the second kind takes a simpler and more
convenient form. This is analogous to the Flensted-Jensen—Koornwinder addition theorem of the first kind
(120). We present this result now.

Theorem 45. Let v,«, B, w € R, such thaty € Z, o« € —N, € (—%,oo)\{()}, a+y,B+v¢—-N, ¢€[0,n],
21,29 € (1,00), and Z%, 2<, as defined as in (118), (132), respectively. Then

QNZ*) =

['(a+ DI(y+1) i (a+ Dpla+B+v+1)

Na+y+1) & (a+k)(B+1Dr(=)k

k k4l
S e ()
=0

y Pv(g;gkﬂ,ﬁﬂﬁfl) (QZi B 1)Q(7a_2k+l,ﬁ+k4) (222 _ 1)wk—lpl(afﬁfl,ﬂ+kfl) (2w2 —1) ﬂ+§ —1 C/f_z (cos ¢). (147)

Proof. This follows from Theorem 39 by setting the variables v, «, 8, 21, 22, w, * = cos ¢ to real numbers. W

4.2 The trigonometric context of the addition theorem for the Jacobi function of the
second kind

In the trigonometric context for the addition theorem for Jacobi functions of the second kind, one must then
use the Jacobi function of the second kind on-the-cut Q(a’ﬁ () (74), which are defined in Section 2.2.3 and
have a hypergeometric representation given by (75). Note that this representation is not unique and there
are many other double Gauss hypergeometric representations of this function. For more about this see the
discussion immediately above (75). Define

T< = g;r}l{ {z1, 22}, (148)

where z1, 29 € (—1,1), and in the case where x1,x9 € C, then if one takes without loss of generality z; = z~
to lie on an ellipse with foci at +1, then z9 = z. must be chosen to be in the interior of that ellipse.

Theorem 46. Let k,l € No, | <k, v,a,8 € C, x1,29 € C\ ((—00,—1JU[1,0)), «a € Z, a + v, + v & —N,
X+, r< as defined in (106), (148) respectively, such that the complex variables vy, i, B3, 1,22 are in some yet
to be determined neighborhood of the real line. Then

1 T
/ / QU (XF) wh PR (902 10 (cos ) dml @) (w, §)
0 JO

= (FUFIAL (@122) 7 (1-23) (1-23)) s BHOQUAIFITETD (952 _ )plat A (952 1), (149)
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where A,(C?}”B’v) is defined in (117).
Proof. Starting with Corollary 41 and directly applying (74) completes the proof. [ |

Corollary 47. Let v,a,3 € C, x1,79 € C\ ((—00, —1]U[1,0)), a € Z, a+, B+~ & —N, X*, r< as defined
n (106), (148) respectively, such that the complex variables v, «, 5,21,z are in some yet to be determined
neighborhood of the real line. Then

1 pm 1 —

Proof. Starting with Theorem 46 and setting k = [ = 0 completes the proof. |

Theorem 48. Let v,a,3 € C, x1,29 € C\ ((—o0, —1JU[1,00)), a € Z, a+~,B+~v &€ —N, x,w € C with X*,
r< as defined in (106), (148) respectively, such that the complex variables v, o, 3,21, 22, x, w are in some yet
to be determined neighborhood of the real line. Then
QD) (X*) = e+ 1I(y+1) i (a+ Dpla+ B+~ + 1)y
v MNa+~v+1) (a+k)(B+ Die(—7)k

k=0

k k+1
X lz; 1)k- (o + Z:g& f) g0l (z122)" (1 = 2} (1 - 23)) =

[ — [¢] - - a—p— - k—1
X QUURHLAT (9,2 _ )platkaloth—l) 9,2 _ gy, bt pla—fLBth 9,210 +ﬁ Cp_ (). (151)

Proof. The result follows by starting with the addition theorem for Jacobi functions of the second kind (147)
and applying the definition (74) completes the proof. [ |

In the case when z1, z9,w,r = cos ¢ are real numbers, then the argument of the Jacobi function of the
second kind on-the-cut in the addition theorem for the Jacobi function of the second kind takes a simpler and
more convenient form. This is analogous to the addition theorem (120). We present this result now.

Corollary 49. Let v,a, [, w € R, such that v € Z, a,a + 7,8+ v € =N, z1,29 € (—1,1), ¢ € [0, 7], with
X*, x< as defined in (119), (148) respectively. Then
[e.e]
F(a+7+1 a+k )(B+ 1)(— fy)k

k=0

k a4kl .
xlz; 1)kt +(O‘T“7)(+f) V)l(l‘lm)k—l ((1_951)(1_333)) 2

Q(a+k+l,ﬁ+k4)(

o — — a—pD— — k—l

B

Proof. This result follows from Theorem 45 by setting the complex variables to be real. |

X

4.3 Olver normalized Jacobi functions and their addition theorems

Koornwinder’s addition theorem for Jacobi polynomials with degree n € Ny (6) is terminating with the k

sum being over k € {0,...,n}. One can see this by examination of (120), (121) by recognizing that both

Jacobi polynomials P(a+k+l AHE=D Sanish for v=mn € Np and £k > n + 1. However, considering the limit as

~v — n for all values of k € Ny in Koornwinder’s addition theorem, the factor 1/(—)x blows up for k > n+ 1.
On the other hand, this factor in the limit when multiplied by the Jacobi function of the first kind prefactor
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containing 1/T'(y — k 4+ 1), while considering the residues of the gamma function, the product will be finite,
namely

: 1 o I'(—) _(=F
TG —F 4D T+ R — k1D Al (153)

for k > n+1. But when this finite factor is multiplied by the second Jacobi polynomial P,ET,;B FRHLETED Ghich
vanishes for k > n + 1, the resulting expression vanishes for all these k values which results in a terminating

sum over k € {0,...,n}.

Unlike Koornwinder’s addition theorem for Jacobi polynomials, the addition theorem for the Jacobi func-
tions of the second kind (see §4) is not a terminating sum. One can see this by examination of (151), by
recognizing that the Jacobi polynomials Péﬁ;kﬂ’ﬁ =0 Ganish for v=mn € Ng and £ > n + 1. However,
considering the limit as v — n for all values of k € Ny in Koornwinder’s addition theorem, the factor 1/(—~)x
blows up for £ > n 4+ 1. On the other hand, this factor in the limit is multiplied by the Jacobi function of
the first kind prefactor containing 1/T'(y — k + 1), while considering the residues of the gamma function, the

product will be finite, namely (153), for & > n+ 1. This finite factor is then multiplied by the Jacobi function

of the second kind Q(VOLJ;’BMH’BJrk_l)(?zi — 1) which does not vanish for k& > n + 1 for «, 5 ¢ Z, unlike the
case for Jacobi polynomials.

4.4 Olver normalized Jacobi functions

We previously introduced Olver’s normalization of the Gauss [48, (15.2.2)] and generalized hypergeometric
function (14) (see also [48, (16.2.5)]) which results in these functions being entire functions of all of the
parameters which appear including all denominator factors. Olver applied this concept of special normalization
previously to the associated Legendre function of the second kind [48, (14.3.10)] (see also [45, p. 170 and 178]).
We now demonstrate how to apply this concept to the Jacobi functions of the first and second kind.

In the above description, instead of carefully determining the limits of the relevant functions when there are
removable singularities due to the appearance of various gamma function prefactors, an alternative option is to
use appropriately defined Olver normalized Jacobi functions and recast the addition theorems correspondingly.
The benefit of using Olver normalized definitions of the Jacobi functions is that one avoids complications due to
gamma functions with removable singularities. Typical examples of these benefits occur in the often appearing
examples when one has degrees v and parameters «, 5 given by integers. In these cases, using the standard
definitions such as those which appear in Theorems 5, 8, the appearing functions are not defined and careful
limits must be taken. However, if one adopts carefully chosen Olver normalized definitions where only the
Olver normalized Gauss hypergeometric functions are used, then these functions will be entire for all values
of the parameters. As we will see, by using these definitions, we arrive at formulas for the addition theorems
which are elegant and highly useful! First we give our new choice of the Olver normalization and then give
the relations of the Olver normalized definitions in terms of the usual definitions. Our definitions of Olver
normalized Jacobi functions of the first and second kind in the hyperbolic and trigonometric contexts are


http://dlmf.nist.gov/15.2.E2
http://dlmf.nist.gov/16.2.E5
http://dlmf.nist.gov/14.3.E10
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given by
POA(2) 1= QFI(—%aZ—/@;%l-’Y—Fl;l;z)’ (154)
anﬁ)(z) = (z — 1;?;?:(1 +1)8 2P (1115123121’ 1 3 z) ’ (155)
PA) () = 2F1<—7,a2f41r7+1;1;x)7 (156)
Q0 a) = dr(a+ 1) (12) (eIt D o (7P )
B (e ()

Therefore one has the following connection relations between the Jacobi functions of the first and second kinds
and their Olver normalized counterparts, namely

Ma+~v+1)
(@8) () = 2 FTT ) pap)
Py*7(z) T+ 1) Py (z), (158)
QA (2) =T(a+~+ DB+ + 1) QL (2), (159)
L(a+vy+1)
(@8) () — TV F )
Py (2) T+ 1) Py (z). (160)
Note that
Pf)(z) = PlF) (z £ i0), (161)

as in (73). Furthermore in the special case v = 0 one has

(@8), \ 2a+h La+1 2
Q=)= (z—1)oF1(z + 1)B 2F1<a+ﬂ++2’ 1-z)° (162)

Remark 50. As of the date of publication of this manuscript, we have been unable to find an Olver nor-
malized version of the Jacobi function of the second kind on-the-cut an’ﬁ) (z). However we did find a special
normalization of this function which works well when v = 0 and the B parameters take integer values which

is of particular importance because they appear in a very important application (see Section 5 below). Let
b € Ng. Define

Q(ak+k+l,b+k—l) (@)

L a (a+k+1,8+k—1)
-—Hl(l)fg%( B=hiQ, % (), (163)

which is a well-defined function for all a, b, z,k,l in its domain.

4.5 Addition theorems for the Olver normalized Jacobi functions

Now that we’ve introduced the Olver normalized Jacobi functions of the first and second kind in the hyperbolic
and trigonometric contexts, we are in a position to perform the straightforward derivation of the corresponding
addition theorems for these functions.
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Theorem 51. Let v,a,3 € C, 21,22 € C\ (—00,1], 21,72 € C\ ((—00, 1] U [1,00)), z,w € C, and ZF, X*
as defined in (105), (106), respectively, such that the complex variables v, o, B, z1, z2, 1, T2, T, W are in some
yet to be determined neighborhood of the real line. Then

o CDla+DI(a+741) = (a+ Dpla+ B+ + Di(—7)k
PP(Z%) = T(y+1) z;] (a+k)(B+ 1)k
k
Y (FUDF e+ k+D(a+ v+ D=8 = yi(z122)F (27 — 1)(25 — 1)
=0

XP’E/Q +Ek+1,8+k—1) (22%_ 1)Pégzk+l,ﬂ+k71) (223_1>wk—lPl(O{*ﬁ*1,5+kfl) (2w2 o 1)%0}? l(x)’ (]_64)

(a+Dg(a+B+y+ 1
(a+k)(B+ 1)

Q(ZE) =T(a+ )T(a+y+T(B+y+1))
k=0

k41

XD (FOF a+k+D(a+y+ Dilzz2)* (= D=5 - 1) =

M=

l

Il
=)

% Qf(yor;k#*l,B‘HCfl) (22% _ 1)P’522k+l,ﬁ+k71) (ZZi _ ].)wk_l_Pl(aiﬁiLBJrkil) (2w2 . 1) ﬁ_‘_g_l C’f l(x)’ (165)

(@.8) (yt Tla+D)'(a+y+1) > pla+ B8+ +De(—7)k
Py) = I'(y+1) kZ:O oz+k‘)(5+ D)k

k+1

k
<Y (FOF N+ k+ Do+ 7+ 1)i(=8 = i) (1 =2 (1 - 23)) 2
1=0

) . - Bt B k—1
><P(7 +h+,B+k— l)(zx%_wp(v_—i];k-&-lﬁ—i-k D (222 — 1) le( B—1,8+k l)(2w2_1)5+ﬁ C? (z), (166)

(08) () (D (@ B4+ Di(a+ 1)
Q) =T(a+1 Z (a+k)(B+1)k

=0

k+1

(FO* @+ b+ (=8 —i(erz) (1 - af) (1~ 23)) 2

M»

X
l

Il
=)

a a — — a—p— — k—1
x QU HITLITR (942 _1)plAAFHLITETD (9,2 _qyy kot plom ATtk l)(2w2—1)5+ﬂ CP (x). (167)

Proof. Substituting (158)—(160) into (107), (108), (133), (151) as necessary completes the proof. [ |

There are also the corresponding expansions that are sometimes useful with the [ sum reversed, i.e., making
the replacement I’ = k — [ and then replacing I’ — [ in Theorem 39. These are given as follows.

Corollary 52. Let v, o, 3 € C, 21,29 € C\ (—00,1], 21,22 € C\ ((—00, =1]U[1,00)), z,w € C, with Z*, X*
as defined in (105), (106), respectively, and the complex variables 7, «, B, z1, z2, X1, T2, T, w are in some yet to
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be determined neighborhood of the real line. Then

P(a,,@) (Zi) — F(Oé + 1)F(Oé +7+ 1) Z (a + 1)k(a + 0+ v+ 1)k(_7)k
g T(y+1) i (a+k)(B+ 1)
k
Y (FD a+ 2k = Do+ 7+ Dp-i(=8 = Vr-i(z122) (27 — 1)(5 — 1))
1=0
va(kaf%*l’ﬁH) (222 1)P’5i22k—l,6+l)(223 _ 1)wlpk(ﬁlfﬁfl,6+l) (2w?— 1)5;le($), (168)

(a+Dpla+B4+7+ 1)
(a+E)(B+ 1)k

QPA(Z%) =T(a+ )I(a+y+ TB+y+1) )
k=0

k-1

(F1) (a + 2k — D)o+ 7 + Dp_i(z122) (22 — 1) (23 — 1)) T

™=

X
=0
Q(a+2k LB+1) (2Zi . 1)P’5i22k7l,5+l) (222 _ 1)wlf)l(a*571,5+l) (211)2 _ 1)66—1_lclﬁ (2), (169)
T(a+D(a+75+1) o= (@ + Dg(a+ B+ v+ Dr(=)k
pleB) (xE) —
X5 F'(v+1) kzz;) (a+k)(B+1)
k
k—1
< S (FD a4 2k = Do+ v+ Dpoa(=8 = Pimilmrz) (@3 = D) (ad - 1) 5
=0
<P 2t - R - Dt PP 2t - ) PG, (o)
(8) (X2 — S (Lppr et Dilat B+ + 1)
QPO =Tla+ 1) ) (DR 50,
k
x 3D (@t 2k = (=8 = Yk-s(wrw2) (@F = 1)(@] — 1)
=0

XQ’(Ya_+k2kfl,,3+l) (2$2< . 1)Pfya+1€2k 1,B8+1) (2x2> B 1)wlplggl*5*1ﬁ+l) (2w2 . 1)62_1015 (LB) (171)

Proof. Making the replacement [ — k — [ in Theorem 51 completes the proof. |

Remark 53. It should be noted that moving the factors I'(ac + v + 1)/T'(y + 1) for the P series and T'(a +
v+ DB+~ +1) for the Q series converts the P and Q on the left to P and Q so the whole expressions are
in terms of the Olver normalized functions.

By examining the expansion of the Jacobi function of the first kind, one can see that the (—v); shifted
factorial in this alternative expansion is moved from the denominator to the numerator, so it is more natural for
Jacobi polynomials where the sum is terminating. One can see the benefit is that all the functions involved in
the expansions are well-defined for all values of the parameters, including integer values. These expansions are
extremely useful for expansions of fundamental solutions of rank-one symmetric spaces where all the degrees
and parameters are given by integers. One no longer has any difficulties with the various functions not being
defined for certain parameter values. This is completely resolved. One example is that in the integer context
for the Jacobi function of the second kind, the functions appear with degree equal to v — k for all k£ € Ny.
These quickly become undefined for negative values of the degree. However, since the Olver normalized Jacobi
functions are entire functions, there is no longer any problem here. These alternative expansions are highly
desirable!
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5 Eigenfunction expansions of a fundamental solution of the Laplace-
Beltrami operator on non-compact and compact symmetric spaces of
rank one

As an application of the addition theorem for the Jacobi function of the second kind, we now give an
introduction to the motivation of the material which has thus far been presented in the previous sections.
It is a study of the global analysis of the Laplace-Beltrami operator and solutions to inhomogeneous elliptic
equation given by Poisson’s equation on the Riemannian symmetric spaces of rank one.

Let d = dimg K, where K is equal to either the real numbers R, the complex numbers C, the quaternions
H or the octonions @. For d = 1, namely the real case, these are Riemannian manifolds of constant curvature
which include Euclidean R™ space, real hyperbolic geometry RHY (noncompact) and real hyperspherical
(compact) geometry RS, in various models. For d € {2,4,8}, it is well known that there exists isotropic
Riemannian manifolds of both noncompact and compact type which are referred to as the rank one symmetric
spaces, see for instance [27]. These include the symmetric spaces given by the complex hyperbolic CH,
quaternionic hyperbolic HH?, and the octonionic hyperbolic plane @H% and the complex projective space
CP?%, quaternionic projective space HP%, and the octonionic projective (Cayley) plane @P%, where R > 0 is
their corresponding radii of curvatures. The complex, quaternionic and octonionic rank one symmetric spaces
have real dimension given by 2n, 4n and 16. For a description of the Riemannian manifolds given by the rank
one symmetric spaces, see for instance [25, 26, 27| and the references therein.

Riemannian symmetric spaces, compact and non-compact, come in infinite series (4 corresponding to
simple complex groups and 7 corresponding to real simple groups) and a finite class of exceptional spaces,
see [25, p. 516, 518]. Each of those come with a commutative algebra of invariant differential operators and
correspondingly, a class of eigenfunctions, the spherical functions. In the case of the rank-one symmetric
spaces, these are just hypergeometric (Jacobi) functions with specified parameters. This has been used as
motivation for several generalizations of the classical Gauss hypergeometric functions that are beyond the
scope of this paper, for example the Heckman-Opdam functions on root systems [22, 23, 46, 47] and the work
of Macdonald [41, 42].

Due to the isotropy of the symmetric spaces of rank one, a fundamental solution of the Laplace-Beltrami
operator on these manifolds can be obtained by solving a one-dimensional ordinary differential equation
given in terms of the geodesic distance. Laplace’s equation is satisfied on these manifolds when the Laplace-
Beltrami operator acts on an unknown function and the result is zero. In geodesic polar coordinates the
Laplace-Beltrami operator is given in the rank one noncompact (hyperbolic) symmetric spaces by

1 (92 ) 1

= 5 {87“2 + [d(n — 1) cothr 4 2(d — 1) coth(2r)] o + sir1}12rAK/M} (172)
1 [ 02 o 1

A [(dn — 1) cothr 4 (d — 1) tanhr] ot e A/ (173)
1 1
RQ Ar + Slnh2 AK/]V[ (174)

and on the rank one compact (projective) spaces it is given by

1 [0 0 1
=77 {892 + [d(n — 1) cot 6 + 2(d — 1) cot(26)] 26 sinZGAK/M} (175)
S a72—&—[(d —1)cotd+ (d—1)t 0]2 ——A (176)
R\ oe? TN T antl 55+ G 9 K/M

1 1
= — (A 1
R? < o7 sin2e ) ’ (177)
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where r and 0 are the geodesic distance on the noncompact and compact rank one symmetric spaces re-
spectively (see [25, Lemma 21]). For a spherically symmetric solution such as a fundamental solution, the
contribution from A/, vanishes and one needs to solve Laplace’s equation for radial solutions, namely

Ayu(r) =0, Agv(d)=0. (178)

For the solution to these equations, the homogeneous solutions to the second order ordinary differential
equation which appears are given by Jacobi/hypergeometric functions (see [27, p. 484]). It can be easily
verified that a basis for radial solutions can be given by

u(r) = a P (cosh(2r)) + b QY (cosh(2r)). (179)
v(f) =c P(()O"ﬁ) (cos(20)) + dQ(()a’B) (cos(20)), (180)

where on the complex, quaternionic and octonionic rank one symmetric spaces one has a € {n —1,2n — 1,7}
and 8 € {0, 1,3} respectively [18, Table 1, p. 265]. Furthermore, for a fundamental solution, the solutions
need to be singular at the origin and match up to a Euclidean fundamental solutions locally. This requires
that the solutions should be irregular at the origin (r = 0 and # = 0). Therefore fundamental solutions must
correspond to the solutions which are the functions of the second kind. Hence for a fundamental solution of
Laplace’s equation a = ¢ = 0 and we must determine b and d which will be a function of d, n and R.

Remark 54. Note that the general homogeneous solution as a function of the geodesic coordinate includes
contribution from both the function of the first kind and function of the second kind. However, the function
of the first kind with v = 0 is simply the constants a and c since Po(a’ﬁ)(z) =1 (58) (same for the functions
on-the-cut). On the other hand, in the case of non-spherically symmetric homogeneous solutions there will
be contributions due to the function of the first kind because then the contribution to the Ay term will be
nON-2€ro.

Let x,x" € R®, then a Euclidean fundamental solution of Laplace’s equation is given by (see for instance
[21, p. 202])

I'(s/2
25/2?/)2HX—X,H2_8 if s=1ors>3,
75/2(s

g°(x,x') = -2 (181)

1
o log [|x — x/||~* if s =2.

For a description of opposite antipodal fundamental solutions on the real hypersphere see [8]. The above
analysis leads us to the following theorem.

Theorem 55. A fundamental solution and an opposite antipodal fundamental solution of the Laplace-Beltrami
operator on the rank one noncompact and compact symmetric spaces respectively, n > 1, given in terms of the
geodesic radii v € [0,00), 8 € [0,7/2] on these manifolds are given by

(n = 1!

GHE(r) = WQOTL 10) (cosh(Qr)), (182)

GHH (1) = 22(3}%@2” LY (cosh(2r)), (183)
2 302 400

GOk (r) = SRl Q 73)( osh(2r)), (184)

GEPR(9) = MQE&‘LO’(COSQG)), (185)
. 2n)! e

GPi(0) = W&Z,L@_QQ(Q Y (cos(20)), (186)

GO (9) = 202290 0(73) (o5 26)). (187)

T8 R14
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Proof. The complex, quaternionic and octonionic rank one symmetric spaces all have even dimensions,
namely s € {2n,4n, 16}, respectively. It is easy to verify that the homogeneous spherically symmetric solutions
of Laplace’s equation on the complex, quaternionic and octonionic rank one symmetric spaces are given by
Jacobi functions of the first and second kind for the noncompact manifolds and are given by Jacobi functions
of the first and second kind on-the-cut for the compact manifolds, both having v =0, « € {n — 1,2n — 1,7}
and € {0,1, 3} respectively. Furthermore, one requires that locally these fundamental solutions match up
to a Euclidean fundamental solution. Using (71), (79), assuming v =0, « = a, § = b, a € N, b € Ny, one
has the following behaviors near the singularity at unity for the Jacobi function of the second kind and the
Jacobi function of the second kind on-the-cut, for e — 07,

207 a — 1)!0!
(a+0b)er

Referring to the geodesic distance on the hyperbolic manifolds as r € [0,00) and on the compact manifolds
as 6 € [0,7/2], one has

QWY (146 ~ QY (1 - €) ~ (188)

cosh(2r) ~ cosh(2%) ~ 1+ R2 , (189)
cos(26) ~ cos( LYy ~1— ﬁ, (190)
where p is the Euclidean geodesic distance. Matching locally to a Euclidean fundamental solution (181) using
the flat-space limit (see for instance [10, §2.4]), one is able to determine the constants of proportionality which
are multiplied by the Jacobi functions of the second kind. This completes the proof. |

Since fundamental solutions on the rank one symmetric spaces all have v = 0, we first present the expansions
in these cases. For the Jacobi functions of the first kind the v = 0 case just corresponds with unity. However,
for the Jacobi functions of the second kind, these functions are quite rich, and the expansions are quite useful
in that they allow one to produce separated eigenfunction expansions of a fundamental solution of Laplace’s
equation on these isotropic spaces.

Remark 56. The reader should be aware that the addition theorems presented below for the Jacobi functions
of the second kind with v = 0 are well-defined except in the case where the a and B parameters on the left-
hand sides are non-negative integers. In that case, special care must be taken (refer to Theorems 12, 13), even
though the functions at these parameter values may be obtained by taking the appropriate limit.

Corollary 57. Let a,5 € C, B € Z, z1,22 € C\ (—00,1], x1,29 € C\ ((—00,—1]U[1,0)), z,w € C, with
Z*%, X* as defined in (105), (106), respectively, such that the complex variables o, B, 21, 22, 1, T2, T, w are in
some yet to be determined neighborhood of the real line. Then

(a8t _ = (@ + il + B+ 1)
QU7 (%) = Tla+ DN+ DI +1) Y B E T m

k=0
k
S FD k4 D+ Dizz) (=2 - 1)(2 - 1)
=0
XQ(_ak-l-k-&-l,B-i-k—l)(in_1)P£ol¢€+k+l,ﬁ+k—l)(zzi_1)wk—lpl(a—ﬁ—l,,3+k—l)(2w2_1),8+k3_lclf_l(m)’ (191)
(05) () — oy (@t Di(a + 8+ Dy
Q la+1 Z;) (a+k)(B+1)

2 k+1

< (FD) N a+ b+ D(=Bu(erw) (1 —aP)(1 - 23))

Mw

l

I
o

o - o - L pamB-1,5+k- +h—1
X QUTHFLARD) (2 | )Ptk AtkD 9,2 ) et plo-f=titkDig,2 ) ITRZL o () g9y
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Proof. Substituting v = 0 in Theorem 51 for the Jacobi functions of the second kind completes the proof. W

Next we give examples of the expansions for complex and quaternionic hyperbolic spaces where 8 € {0, 1, 3}
respectively. First we treat the complex case which corresponds to complex hyperbolic space and complex
projective space. In order to do this we start with Corollary 51 and take the limit as § — 0 using [3, (6.4.13)]

lim ntp
p=0

CH(z) = , T (), (193)

where €, := 2 — 0, is the Neumann factor commonly appearing in Fourier series.

Corollary 58. Let a € C, 21,20 € C\ (—00,1], z1,29 € C\ ((—00, —1] U [1,00)), z,w € C, with Z*, XT as
defined in (105), (106), respectively, such that the complex variables «, z1, 22, X1, T2, T, w are in some yet to be
determined neighborhood of the real line. Then

Q((]a,O)(Zj:) =T(a+1'(a+1) kzo (« t;{i(;;r, 1)k

k
xS (FDFa kDl + Di(zz2) (2 - 1)(:3 - 1)'F
=0

~

xQUTFHA= (9,2 _ ) plathtbh=l 9.2 _ 1yt p D002 _1)ep  Thy(z),  (194)
oo
(a,0) Xi 1 Oé + 1 ( + )k
Q" lat z(:) (a4 k)K!
k
- - k+l
X (FDM a+ k4 D)) (1 - 2f)(1 - 23)) 2
1=0
x QUFFHLE=D (922 _ 1)PLOHFHEE=D 922 _ 1wkt P D (92 1) e Ty (). (195)
Proof. Take the limit as § — 0 in Corollary 51 using (193) completes the proof. [ |

Now we treat the case corresponding to the quaternionic hyperbolic and projective spaces which correspond
to = 1.
Corollary 59. Let a € C, 21,29 € C\ (—o0,1], 21,29 € C\ ((—00, —1] U [1,00)), z,w € C, with Z*, X* as
defined in (105), (106), respectively, such that the complex variables «, z1, z2, X1, T2, T, w are in some yet to be
determined neighborhood of the real line. Then

QE(2%) = D(a 4 V(e + 1) Y @ FDrla+ 2

2 (a+ k)2
k
S FDF L 4 k= D+ b+ 1o+ Di(z122) (23 - 1)(z3 — 1)) 5
=0
x QTFHITE=D 9,2 _ 1) plaththith=0 9,2 _1)uk-1p 21 D (902 1)Uy _y(x),  (196)
a = + Dg(a+2)k
Q( 1) xi a+ 1 Oé
o z(:) (a+k)(2)x
k
XY (FO A+ k= D+ k+ D (z) (1 - 2) (1 - 23)
=0

Xank+k+l,1+k—l)(2x2<_1)P£ock+k+l,1+k—l)(2x2>_1>wk_lpl(a—2,1+k—l)(2w2_1)Ukil($)' (197)
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Proof. Take the limit as § — 1 in Corollary 51 using [48, (18.7.4)] which connects the Chebyshev polynomial
of the second kind to the Gegenbauer polynomial with parameter equal to unity, namely C!(z) = U,(x). This
completes the proof. [ |

Now we treat the case corresponding to the octonionic hyperbolic space and octonionic projective space.
This corresponds to 8 = 3.

Corollary 60. Let a € C, 21,20 € C\ (—00,1], 21,29 € C\ ((—00, —1] U [1,00)), z,w € C, with Z*, X* as
defined in (105), (106), respectively, such that the complex variables «, z1, 22, X1, T2, T, w are in some yet to be
determined neighborhood of the real line. Then

(a,3) . s (a -+ 1)k(a + 4)k
o N(ZF) =2+ D (a+ 1)) PERNTN

k=0

(FDF B4+ k= D(a+k+D(a+1)(z120)" (27 = 1)(23 - 1))%

M=

X

T
=

xQUTEFHLIED (9,2 _q) plathttdth=0 (9.2 _ 1)kt ple=t3thD (92 _1)C3  (x),  (198)

(@,3) v+ (o = o+ Dp(a+4),
Q" (XT) = +1ZO (a+ k) (@)

k+1

k
<D FD Bk Dotk + D (mre) (1 - a1 - a) T
=0

« Q(_ak+k+l,3+k—l)(2x2< _1)P(_ak+k+l,3+k—l)(2x2> _ l)wk_lPl(ale’gijfl)(2w2—1)C,§_l(x). (199)
Proof. Setting 5 = 3 in Corollary 51 completes the proof. |

The above calculations look almost trivial in that they are simply substitutions of the values of 8 € {0, 1, 3}
and v = 0 in the addition theorems given by Theorem 51. However, it should be understood that ordinarily
these computations would be extremely difficult, particularly if one was to use the standard normalizations
of the Jacobi functions. With standard normalizations of Jacobi functions these particular values, and in fact
for values of integer parameters (o, ) and degrees 7, the Jacobi functions are not even defined. It is only
because of the strategic choice of the particular normalization that we have chosen that the evaluation of these
particular values becomes quite easy. We will further take advantage of these expansions in later publications.
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