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Dedicated to Dick Askey whose favorite function was the Jacobi polynomial.

ABSTRACT. In this paper, we review and derive hyperbolic and trigonomet-
ric double summation 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 (i) Jacobi functions with symmetric, antisym-
metric, and half odd integer parameter values, and (ii) certain Gauss hyperge-
ometric functions that satisfy a quadratic transformation, including associated
Legendre, Gegenbauer and Ferrers functions of the first and second kind. We
also introduce Olver normalizations of the Jacobi functions, which are par-
ticularly useful in the derivation of expansion formulas when the parameters
are integers. We apply the addition theorems for Jacobi functions of the sec-
ond kind to separated eigenfunction expansions of fundamental solutions of
Laplace—Beltrami operators on compact and noncompact rank-one symmetric
spaces.

1. Introduction

Jacobi polynomials (hypergeometric polynomials) were introduced by the Ger-
man 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 [29]. Jacobi polynomials, Py(La’ﬁ )7 which for Ra, R8 > —1
are orthogonal on the real segment [—1, 1] [30, (9.8.2)], and can be defined in terms
of a terminating sum by

IM'a+14+n)
I'n+1)T(a+B8+1+n)

n w(M\T(a+B84+1+n+k) . o
21 (k) Matiih G0

PP (cos ) :=

(1.1)
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where T'(+) is the gamma function [I1} [(5.2.1)] and (}) is the binomial coefficient
11l (1.2.1)]. This definition of the Jacobi polynomial is equivalent to the Gauss
hypergeometric representation [11],/(18.5.7)]

(a+1), —n,n+a+pf+1 1—x
— 21 ; ;
n! a+1 2

where x = cosf. We will return to the notations used in ([2) in the following

section.
Ultraspherical polynomials, traditionally defined by [11], |(18.7.1)]

L(p+ 3T (2u+n) pliu=d)
T2u)(p+ 3 +n)

are symmetric (a = () Jacobi polynomials. These polynomials are commonly re-
ferred to as Gegenbauer polynomials after the Austrian mathematician Leopold
Gegenbauer (1849-1903). However the Czech (Austrian) astronomer and mathe-
matician Moriz Allé discovered and used many of their fundamental properties in-
cluding their generating function and addition theorems [1I] almost a decade prior to
Gegenbauer [191[20] and Heine [24] p. 455]. See the nice discussion of the history of
the addition theorem for ultraspherical polynomials by Koornwinder in [39] p. 383].
The addition theorem for ultraspherical polynomials is [11] |(18.18.8)]

CF(cos by cos b £ sin 0y sin b5 cos ¢)

(1.2) PP (z) =

(1.3) CH(cos ) := (cosb),

n

ol (FD*(1)x(212) 25
(1.4) " (2. ];) (=n)k(k = 3)k(20+n)k

X (sin 6 sinf)*C ¥ (cos 6, )CHF (cos 92)05_% (cos ).

This result is quite important by itself. In the special case y = %, it becomes one

way of writing the addition theorem for spherical harmonics on the two-dimensional
sphere (Legendre polynomials), namely

P, (cos 0 cos by £ sin 61 sin 05 cos @)

n

(1.5) = Z (+1)* EZ _T_ Z;: Pk (cos 1)P¥ (cos 62) cos(ko),

k=—n

where the PX are Ferrers functions of the first kind [111[(14.3.1)]. See the foreword
of Willard Miller (1977) [45] written by Richard Askey for a beautiful discussion
(on pp. xix—xx) of addition theorems (see also [28], §2.7]).

Given the addition theorem for ultraspherical polynomials (I4]), it was a nat-
ural problem to extend it to Jacobi polynomials for o # 3. 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 [35H38]. He later found that his group-theoretic method and the
resulting addition theorem in a special case had been anticipated by two papers in
Russian. Vilenkin and Sapiro [51] had realized that disk polynomials [1T},(18.37.1)]

and in particular the Jacobi polynomials P,(LO"O)7 for « an integer, can be interpreted
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as spherical functions on the complex projective space SU(a + 2)/U(a + 1) [5.6],
or as spherical functions on the complex unit sphere U(a + 2)/U(a + 1) in C*+2
a homogeneous space of the unitary group U(a + 2). (See references by Ikeda,
Kayama and Seto in [35,[86].) Sapiro obtained from that observation the addition
theorem for Jacobi polynomials in the 8 = 0 case [52].

Koornwinder initially presented his addition theorem for Jacobi polynomials
in a series of three papers in 1972 [35/[37,38]. 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 an integer, and
appeared in [37,[38]; his second proof, which used ordinary spherical harmonics,
appeared in [31]; his third proof was an analytic proof and appeared in [3[32133];
and a short fourth proof using orthogonal polynomials in three variables appeared
in [34].

Let us consider the trigonometric context of Koornwinder’s addition theorem
for the Jacobi polynomials. Let n € Ng, a > 5 > — , costy = %(ew1 + e~
cosfy = £(e2 +e72) and w € (~1,1), ¢ € [0,7]. Then Koornwinder’s addition
theorem for Jacobi polynomials is

Pr(f"ﬁ) (2|cos 0, cos 05 + e*®w sin 6, sin 6, |> — 1)

n!T(a+1) i(a+1)k(a+ﬂ+n+1)k

- F(a+n+1) (a+E) B+ 1)r(—n)k
k
(1.6) X Z yet (a +(Z—:_2(+ f)l n) (cos By cos B) "~ (sin 6y sin 6, )* T

I=
y Pécj;k-ﬁ-l,ﬁ-i-k—l) (cos(261)) Péti-};kﬂ-lﬁ-i-k—l) (cos(265))

B Bk k—1
whLplef=LAk=D g2 _ 1)54—7054(00%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 system
of 2-variable orthogonal polynomials, sometimes referred to as parabolic biangle
polynomials and denoted by 73(0‘ #) (w, @).

In the case of ultraspherlcal 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,&‘*’ﬁ) have n discrete, the Jacobi
functions wg\a’ﬁ ) have A continuous (see (B6) below). When one starts to consider
Jacobi functions, many new questions arise which must be understood for a full
theory of separated eigenfunction expansions. 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 the hyperbolic context,
where the arguments of the functions are analytically continued from the segment
(1,00). On top of that, one must consider the expansions of Jacobi functions of
the second kind. Gegenbauer and Jacobi functions are solutions of second-order
ordinary differential equations. Therefore there are two linearly independent so-
lutions, namely the functions of the first kind and those of the second kind. The
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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]. Since one should refer to ultraspherical polynomials as op-
posed to Gegenbauer polynomials, it would be prudent in future publications to
refer instead to ultraspherical functions. 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 ones for Jacobi polynomials, are intimately
related to separated eigenfunction expansions of spherical functions (reproducing
kernels) on Riemannian symmetric spaces. For instance, the argument on the left-
hand side of Gegenbauer’s addition theorem (4]) is easily expressible in terms of
the geodesic distance between two arbitrary points on the d-dimensional real hy-
persphere. One is often interested in eigenfunction expansions of a fundamental
solution of Laplace’s or Poisson’s equation, because this allows one to perform a
multipole expansion of arbitrarily shaped mass distributions. When one performs
a global analysis of the Laplacian (Laplace-Beltrami operator) on rank-one sym-
metric spaces, one finds that a fundamental solution is given in terms of radial
solutions of a second-order differential equation, and since the solutions are singu-
lar at the origin, the solutions are given in terms of functions of the second kind.
For rank-one symmetric spaces beyond the real case (complex, quaternionic, and
octonionic), the fundamental solutions are given in terms of Jacobi functions of the
second kind. This is the motivation for the work in 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 a study of 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 C 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 as infinite series of ratios of shifted factorials (Pochhammer symbols). The
shifted factorial can be defined for a € C, n € Ny by (a),, := (a)(a+1)---(a+n—1)
1] (5.2.4),((5.2.5)]. For a € C\—Ny, it is related to a ratio of two gamma functions
by [11l Chapter 5]

(2.1) (a)n = W

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 (for n,k € Ng, n > k)

(=1)"T'(a)

(2.2) I'la—n) = 0=’
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and

(2.3) (—n) =

One also has an expression for the generalized binomial coefficient for z € C, n € Ny
11l |(1.2.6)],

(2.4) () _ D=2

n n!

Define the multisets a := {a1,...,a,}, b := {b1,...,bs}. We will adhere to the
common notational product convention that when a; € C, [ € N, r, k € Ny,

(2.5) (a)g == (a1,...,a:)k = (a1)g(a2)g - - - (ar)g,

(2.6) I'(a) :=T(a,...,a,) :=T(a1)---T(a,).

Also, in the multiset notation a + ¢ := {a; +¢,...,a, +t}.

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

(22 = 1) = (2 + 1)z = 1),

for any fixed « € C and z € C\ {—1,1}. The generalized hypergeometric function
[11] Chapter 16] is defined as the infinite series [11] (16.2.1)]

a > (a), 2F
(2.7) +Fs(a;b; z) i= TFS(b;Z) ::;Eb%ﬁ’

where |z| < 1, b; ¢ —Ng, for j € {1,...,s}; and elsewhere by analytic contin-
uation. The Olver-normalized (scaled or regularized) generalized hypergeometric
series . Fy(a;b; z) is defined by

2 mwna = m() = () - S

which is entire for all a;,b; € C, 1 € {1,...,r}, j € {1,...,s}. Both the gener-
alized 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 + 1.

The special case of the generalized hypergeometric function with r =2, s =1
is referred to as the Gauss hypergeometric function [11, [Chapter 15], or simply the
hypergeometric function. It has many interesting properties, including linear trans-
formations which were discovered by Euler and Pfaff. Euler’s linear transformation
is [11}, [(15.8.1)]

(29) 2F1 (a’cb7z) = (1 — Z)Ciaib 2F1 (C_ a’cc_ b,Z) 5

and Pfaff’s linear transformation is [11], |(15.8.1)]
(2.10)

a,b a a,c—b =z _ bc—a =z
2F1<C;Z>_(].—Z) QFl( c ,Z_l)—(l—z) b2F1< c ;Z—1>'
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2.1. The Gegenbauer and associated Legendre functions. The Gauss
hypergeometric functions which satisfy quadratic transformations are 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 with
parameters satisfying certain relations. We now describe some of the properties of
these functions, which have a deep and long history.

Let n € Ng. The Gegenbauer (ultraspherical) polynomial, which is an impor-
tant specialization of the Jacobi polynomial for symmetric parameters values, is
given in terms of a terminating Gauss hypergeometric series by [11],/(18.7.1)]

20) —la-1 204)p, —n,2u+n 1—=z2
211 O = b D = Bl (TR AT,
,U+§ 2

Note that the ultraspherical polynomials satisfy the parity relation [11]

(2.12) Ch(=2) = (=1)"CL(2).

Gegenbauer functions, which generalize ultraspherical polynomials in having ar-
bitrary degrees n = A € C, are solutions w = w(z) = w)(z) of the Gegenbauer

differential equation [1T] Table 18.8.1]

d?w(z)
dz2

dw(z)

(2.13) (2 —-1) .

+2A+1)z

— MM+ 2p)w(z) = 0.

There are two linearly independent solutions of this second-order ordinary differen-
tial equation which are referred to as Gegenbauer functions of the first and second
kind: C¥, DY. A differential equation closely connected to the Gegenbauer dif-
ferential equation (2I3) is the associated Legendre differential equation, which is
11l (14.2.2)]

2

+ <u(y+1)— K )w(z)—O.

2
d*w(z) szw(z)
1—22

(2.14) (1—2?) o =

Two linearly independent solutions of this equation are referred to as associated
Legendre functions of the first and second kind: P, QY. In the following sub-
section we present the definitions of these important functions, which are Gauss
hypergeometric functions that satisfy a quadratic transformation.

2.1.1. Hypergeometric representations of the Gegenbauer and associated Le-
gendre functions. The Gegenbauer function of the first kind is defined by [11
(15.9.15)]

piy . VTLO+20) ALz
(2.15) A= mrror P urr T2 )

where A+2u ¢ —Np. It is a clear extension of the Gegenbauer polynomial, with the
index allowed to be a complex number as well as a non-negative integer. Gegenbauer
functions of the second kind, which will be useful to us in comparing to Jacobi
functions of the second kind, are the following. They have two hypergeometric
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representations: for A 4+ 2u & —Ny [14] (2.3)]

(2.16)

T (p)(22) 2 2! At p+1 " 22
(217) = AT\ + i+ 5)T(A + 24) F(A+1,A+u+; 2 )
' VAD()(z - D4 13 I A4 2041 T1-2)7

and in the second representation A + p + % ¢ —Ng. The equality of these rep-
resentations follows from a quadratic transformation of the Gauss hypergeometric
function from Group 3 to Group 1 in [11} Table 15.8.1].

The associated Legendre function of the first kind is defined as [11], |(14.3.6)
and [§14.21(1))

(2.18) P(z) = ('z“) m(‘”’”“;l‘Z),

z—1 1—p 2

for |1—2z| < 2, and elsewhere in z by analytic continuation. The associated Legendre
function of the second kind Q¥ : C\ (—o0,1] — C, v + p ¢ —N, has the two
single Gauss hypergeometric function representations (see [11],(14.3.7) and [§14.21],

[44] entry 24, p. 161])

(2.19)
TPt URTR Gt LY o e 2l
v\%) = QU1 o tptl v+ 3 3 2
Wit (1 4+ T (v + _|_1 Z—I-l% v+1l,v+u+1 2
ooy = ZETTl ULl 1 zﬂ( k)
(2—1)2“+”+ 2v+2 =2

where for the second representation, v ¢ —N. These 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 2.1. The associated Legendre functions of the first and second kind
are related to the Gegenbauer functions of the first and second kind by [11], (14.3.22)]

by I —pT(v+p+1) =,
(2:21) PO = o /mr o — w1z = 1yt o ()
e2mi(u—1) /mT(L — v 1_

(2.22) Qb (z) = VTG = Wi +”+1)D3+[f(z)7

T (v — p 4 1) (22 — 1)2#

which are valid for u € C\ {%, %, ...}, v+ p € C\ =N. Equivalently, the inverse
relationships are

i) — V(A +2p) TH
(2.23) C( )4’2#*%F(uﬂxx-%1xz2——1)%*%}3+“‘%()’

2= (X 4 2)
VA2 AT GOT O 1) (22 — 1) ]
which are valid for A + 2 € C\ —Np.

(2.24) Dl(z) =
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REMARK 2.2. By comparing the Gauss hypergeometric representations of the
various functions, one may express o F (a, a—i—%; ¢; z) in terms of associated Legendre
functions of the first and second kind P*, %, and the Gegenbauer functions of the
first and second kind C¥, DY, by using the following very useful formulas. Let
z € C\ [1,00). Then

CL,CL—Fl c—1_%(1-c le—a—1L pl—c 1
2F1< . 2;2):2 2207 (1 - )2 2P2a—c< /—1_Z>

(2.25) _ 22¢-2(¢ — T (2(a — ¢+ 1))

2 CC_% L
VarT(2a)(1 — 2)@ 2a—2etl 1—2)’
where 2¢ ¢ {1,—1,-3,...}, 2a — 2c € {—2,-3,...}, and
(2.26)
a,a+ 1 eiﬂ'(c72a7%)207% 1— 2 te—a—7% et 1
2F1< 2 ;z) = ( T 73 Qi,; i <—>
VrT(2a)z2¢ 1 2
_ eiw(2a70)22072a711"(0_ 2@)(1 _ Z)cf2a7% Dc—2a <i)
[(2c—2a —1)z¢72 Part\vz )’

where ¢,c — 2a ¢ —Nj.

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 P23
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 [12], (3.3), (3.4)]

2.27)  CH(x):= D*(z +i0) + e 2™ DI (x —i0) = C¥(x £140), =€ (—1,1],
A A A A

(2.28)  Di(x) := —iDY(x +40) + ie 2" D (x — 40), r e (=1,1).

Note that C§(z) and DY are real for real values of A\ and pu.

The Ferrers functions of the first and second kind are defined as [17] /(14.23.1),
(14.23.2)]
PH(x) == ™1 PH (2 +40)
(2.29) — , ,
= S (e H QL +0) — F QL (@ ~ 10))
7r
—iTp

(230)  QU(x) =S (e*%”ﬂQIJ(x 4 i0) 4+ eFTEQE (g — iO)) .

Using the above definition one can readily obtain a single hypergeometric rep-
resentation of the Gegenbauer function of the first kind on-the-cut, namely
VTT(2u+ X) —)\,2/1—1—)\.1—;10)

(2.31) C’i(w)ZQQMlp(H)r(AH)?Fl( pty 2

which is identical to the Gegenbauer function of the first kind defined by (215,
because this function analytically continues to the segment (—1,1); see [227]). For
the Gegenbauer function of the second kind on-the-cut, one can readily obtain
a double hypergeometric representation by using the definition ([Z28]), using the
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interrelation 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 (230).

However, first we will give hypergeometric representations of the Ferrers func-
tion 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 dou-
ble hypergeometric representations of the Ferrers function of the second kind were
computed [10]. Using (Z29]) one can derive hypergeometric representations of the
Ferrers function of the first kind (associated Legendre function of the first kind
on-the-cut) P#: (—1,1) — C. For instance, one has a single hypergeometric repre-

sentation [11] |(14.3.1)]
K —-v,v+1 1-x
2F1< 1 ) —> .
—u 9

1+
2.32 P =
(2.32) o) = (1)
Let v € C, p € C\Z, v+ p ¢ —N; then a double hypergeometric representation of
the Ferrers function of the second kind is [11] |(14.3.2)]

1
3h
u _ s 14+x)\?2 7 -vv+1 1-x
Q () 2sin(7ru)<cos(ﬂ-u)<l—x R 1—p 72
Tv+p+l)(1-2 %#F —v,v+1l 1—z
Fv—p+1)\1+z R 14 72 '
LEMMA 2.3. Let x € C\ ((—o0, —1]U[1,00)), A\, v, u € C. Then

I _ F(/\+2/L) K T
(2.34) Di(z) = 2”73\/%11(/011()\4- )(1— x2)%”*% Q)\Jr,u*%( )

when A+ 2u & —Np, and

=

(2.33)

r(t—prlv+p+1 1
(2.39) Q) = ML IIE ALY i
201D (v — p 4 1)(1 — 22)2H
when p & {%,3,...} and v+ p & —N.
PROOF. Start with the definition ([2:28)) and use the interrelation between the
Gegenbauer function of the second kind on-the-cut and the Ferrers function of the

second kind, given by (Z24]). Applying this relation to the double hypergeometric
representation completes the proof. O

(z)

THEOREM 2.4. Let © € C\ ((—o0,—1] U [1,00)), and A, u € C, such that
A+2u & —Ng. Then

Di(z) = VT

~ cos(mp)24 2T ()
" ( sin(mp) (A + 2u) P ()\—l—u-l—%,%—)\—u. 1—x>

PA+1)(1+az) 2 14+u T2

1 Atp+ii-A—p1-z
—7_121?1 3 ] .
1)tz 2 H 2

(2.36)
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PRrOOF. Start with the definition ([2:28)) and use the interrelation between the
Gegenbauer function of the second kind and the Legendre function of the second
kind, given by (224). Then comparing with the double hypergeometric represen-
tation (233 completes the proof. O

Note that we also have an interrelation between the Ferrers function of the first
kind and the Gegenbauer function of the first kind on-the-cut [11], /(14.3.21)]:

won o PE-wP+p+l) 1o,
(2.37) Ph(x) = 2/‘\/7_TP(V—/L+1)(1—$2)%” vtp

(z),

where u & {%, %, ...}, v+ p € —N; or equivalently
T'(A+2
(2.38) Ch(x) VT + 20)

1
— 2
2 ID(GODA + 1)(1—a2) it At

©w
w—

1(2).

2

Finally we should add that the Legendre polynomial (the associated Legendre func-
tion of the first kind P# and the Ferrers function of the first kind P# with g =0
and v =n € Z) is given by [11], (18.7.9)]

Pu(x) = P(x) = PY(x) = C# () = PO (a),

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 functions are complex solutions w = w(z) = wga’ﬁ) (2)
of the Jacobi differential equation [11] Table 18.8.1]

d?w

(2.39) (1—z2)@+(ﬂ—a—z(a+ﬂ+2))j—t+7(a+ﬂ+7+1)w:0

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

(2.40) BEAw(@D (2) 4+ AP (2wl (2) + wl%) (2) = 0,
where
(2.41)
AleP(2) = (et B+2y+3) (0® =B+ (a+ B+2y+2)(a+ B +27+4)2)
v 2y +2)(a+ B+v+2)(a+8+27+2) ’
(2.4) Bgaﬂ):(a+7+1)(6+7+1)(a+6+27+4)

Y+2)(a+B+v+2)(a+B+2v+2)

This three-term recurrence relation is very useful for deriving various solutions of
[239) 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])) when the degree is
no longer restricted to be an integer. In the following material we derive properties
of 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.
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THEOREM 2.5. Let a, 8,7 € C such that a+~ € —N. Then, the Jacobi function
of the first kind Pfsa’ﬁ): C\ (=00, —1] = C can be defined by

(2.43)
o Na+~v+1 —v,a+pf+y+1 1—2
(2.44)
::Na+7+U< 2 y:ﬂ(—ﬁ—%a+7+Ll—z>
I(y+1) z+1 a+1 T2
(2.45)
_Tla+y+1) (241\ o (=7, =B—7 2—1
C(y+1) 2 ) PP a1 a1
(2.46)

CDla+y+1) [ 2 “”*HIF at+y+la+B+y+1 21
T I(y+1) \z+1 2t a+1 a4 1)

PROOF. Start with (2] and replace the shifted factorial by a ratio of gamma
functions using (2.1)) and n! = I'(n+1), and substitute n — v € C, z — z. Applica-
tion of Euler’s transformation ([2:9) and Pfaff’s transformation (2I0) provides the
other three single hypergeometric representations. This completes the proof. (I

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 based on z — (1 — 2717} 2 = 271, 2
1-2)"Y 21—z 2~ 1-2"1 [11](15.8.1)-(15.8.5)], respectively. However,
these in general will involve 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 2.5.1. Let y,a,8 € C, z € C\ (—00,—1], v € —N, 8+~ & Ny.
Then

. (=8 = 9)T(y+ 1)
2.47 pleh) - plesB) ().
(247 Sees ) = R T TN D )
PROOF. This relation can be derived from (2.43) by making the replacement

v — —y—a—[F—1, which leaves the parameters and argument of the hypergeometric
function unchanged. Comparing the prefactors completes the proof. O

REMARK 2.6. One of the consequences of the definition of the Jacobi function
of the first kind is the special value

Ma+~y+1)
2.48 pleh) (1) = ,
(248) 7 () T(a+ D)T(y+1)
where o + v ¢ —N. For v = n € Z one has
(a+1),
n!

(B+1),

(a,8) _
(2.49) P (1) = —

P (=1) = (1)

Y
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which is consistent with ([2.48]) and the parity relation for Jacobi polynomials (see
[11] Table 18.6.1]). From (Z43) we have

(2.50) PP (z) =1,
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 sec-
ond kind Q(f’ﬁ ), v € C is a generalization of the Jacobi function of the second
kind Q”, n € Ny (as given by [15] (10.8.18)]), where the degree is no longer re-
stricted to be an integer. In the following material we derive properties of 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.

THEOREM 2.7. Let v,a, 8,z € C such that z € C\ [-1,1], a4+ 7,8+ 7 ¢
—N. Then, the Jacobi function of the second kind has the Gauss hypergeometric
representations

(2.51)
Qe (2 = EZPTt y+ DIB 7+ o (y+Latytl 2
v ' (z — 1)otr+1(z +1)8 N a+B+2y+2'1-2
(2.52)
200N (a+ v+ DE(B+y+1) Bty+la+f+y+1 2
= 2 Fy ;
(z — 1)otphtr+l a+B+2y+2 1—2z
(2.53)
29T (a+y+ DI(B+ v+ 1) . Yy+1,8+v+1 2
a (z = 1)2(z + 1)BHH1 PHlatB+2y+2 142
(2.54)

20 (a+y+ )I(B+v+1) at+y+la+pB+v+1 2
= 1 2 Fy ) .
(z + 1)a+B+r+ a+B+2y+2 1+z

PRrROOF. Start with [15] (10.8.18)] and let n — v € C and = — z. Application
of Pfaff’s (z — z/(z — 1)) and Euler’s (z — z) transformations, (29) and (2I0),
provides the other three representations. This completes the proof. O

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

COROLLARY 271 Let ’Y’Oé’ﬁ € (C7 z € (C \ (_0071]7 (6% +77ﬁ + Y g _N7
a+B+2y¢7Z. Then
—2sin(m(8 4+ 7)) .
(@.B8)(,) — )
P’y (Z) ’]'('Sin('ﬂ—(a + B +2v + 1)) (Sln(Tl")/)C?,Y (Z)
Claty+ DB +y+1)
Py +1l(a+ 5 +7+1)

(2.55)
— sin(m (e + 7))

Q_a,f_)g_y_l (Z)) .

PROOF. This can be derived by starting with (2:43]), applying the linear trans-
formation based on z +— 27! [11], [(15.8.2)], and then comparing twice with
Theorem 27 O
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REMARK 2.8. Using (2.53]) one can see that for v = n € Ny, Q(—af—)ﬁ—y—l is a
Jacobi polynomial, namely
(2.56)

QU () =

N(—a)T(=B) nlla+5+1), P(a,ﬁ)(z)
20(—a—=B) (a+1)(B+1)n "
7 sin(7(a + 3)) n!T(a+B+1+n) plas)

2 sin(ra) sin(7B) T(a+14+n)I(B+1+n) ™

(2)-

REMARK 2.9. From Theorem 2.7 one can derive special values for Q(fl’ﬁ )(z)
and Q(()a’ﬁ) (z), namely

(@), 207D (a)D(B)

(257) QY (Z) - Fla+ B8)(z—1)*(z+ 1)5’

220 (a+ DT(B+1) atlatf+l 2

T (pt e 2 1( a+f+2 ’1+2).

(2.58) )

Using the three-term recurrence relation (Z40) one can derive values of the Jacobi
function of the second kind at all negative integer values of the parameter . For
instance, one can derive

at+B=217(q — _
259) QY2 = F(Z - —Fl()(z j)lr)((lﬂ(z :i)ﬁ (= B+ (a+B-2)z),

and expressions for Jacobi functions of the second kind with further negative integer
values of .

If one examines the Gauss hypergeometric representations presented in Theo-
rem [2.7] one can see that they are not defined for certain values of ~, «, 3, since
one must avoid a+y and 5+~ being a negative integer. In fact, these singularities
are removable and one is able to compute the values of these Jacobi functions. The
Jacobi function of the second kind is evaluated when the parameters «, § and the
degree ~ are non-negative integers in the following result, which was inspired by
the work in [53].

THEOREM 2.10. Let n,a,b € Ng, z € C\ [-1,1]. Then

(2.60)
a+n a+b+2n
lea’b)(z) _ (_i)Jr;_ Z (_2)k ((Z + l)n—k _ (z _ 1)n—k) P]EaJrnfk,bJrnfk)(Z)
2 5;2 (n—k)
(=1)¢ z+1 (a.b)
+ 5 10g(z—1)P" Y (z).

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

(261) QY ! /1 (L= ) (L+ 87

B = e neerr ) Gopm
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where R(a +7), R(B+7) > —1 [53] (2.5)], and identify (v,«,8) = (n,a,b) € N3.
Then consider

WD (2) = L= oL
mk dzF

— (—1)k2kk!(1 _ Z)aJrnfk(l + Z)bJrn—kP]Ea-i-n—lab-i—n—k)(z)

)

where we have used the Rodrigues-type formula for Jacobi polynomials (see [11],
Table 18.5.1]). It is easy to show that

2n+a+b k
n+a n ,b (t - Z)
(2.62) A=t @a = Y7 ()
k=0

and the right-hand side is valid for all z € C. Now start with (2.61)) and insert
(262)) into the integrand and perform the integration over ¢t € (—1,1), using

(z+ 1)k — (2= 1)k

1 — if k # n,
/ (z —t)Fnldt = f "
-t log<z+ ) if k=n,
z—1
which completes the proof. O

By using (Z53) we find that if |z| ~ 1+ ¢, then as ¢ — 0" one has the behavior
of the Jacobi function of the second kind near the singularity at z = 1, as follows:
22710 (a) T (B+ v+ 1)

I+ B4+v+1)e
where Rae > 0, 8+ v ¢ —N. By using ([2.53) we see that as |z| — oo one has
20D (a +y + DB+ +1)
T(a+ B+ 2y + 2)zotB+y+l 7

(2.63) QL (14€) ~

)

(2.64) QP (2)

where o« + v+ 1,8+ v & —N.

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’ﬂ ), nga,ﬁ ). The natural definitions of these Jacobi functions
are due to Durand and can be found in [12] (2.3), (2.4)] (see also [4]). They are

P,(Yaﬁ) (JJ) — % (eiﬂ-aQEVa”B)(fE + ZO) _ e—iﬂ'aQ’(ya,,B)(x _ ZO))

(2.65)
= PP (z £ i0)
and
1 L . —iTa « -
(2.66) QLA (z) = 3 (engaﬁ> (x +10) + e~ ™ Q) (2 — 10)) :

Note that the Jacobi function of the first kind on-the-cut (2.65) is simply an ana-
lytic continuation of the Jacobi function of the first kind (see Theorem [21]) since
the complex-valued function is continuous across the real interval (—1,1]. On the
other hand, the Jacobi function of the second kind on-the-cut is not an analytic

continuation of the Jacobi function of the second kind (see Theorem 27]). This is

because an,ﬁ ) is not continuous across the real interval (—1,1). Hence, an ‘average’

as shown in (2.66]) must be taken of the function values with infinitesimal positive
and negative arguments, to define it. Originally, in Szeg&’s book [49, §4.62.9]
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(see also [I5] (10.8.22)]) the definition of the Jacobi function of the second kind
on-the-cut was Q(Va’m(x) = 1( ‘;’”3) (x +10) + QE,Q’B) (z —0)), but as is pointed
out by Durand [12], Szeg6’s definition destroys the analogy between Pg,a’ﬁ ) (cosb),

E,a’ﬁ ) (cosd) and the trigonometric functions. Hence with the updated Durand
definitions for the Jacobi functions of the first and second kind on-the-cut, namely
89) and (266), one has the asymptotics as n — oo [12], p. 77]

o 3 1 ™ % . —a—
QP (cos 0 + i0) ~ 3 (E) (sin(19))

N

(cos(30)) " F eFinvoTiEaD),

where N :=n+ fa+ 18+ 1.

There are many double hypergeometric representations of the Jacobi function
of the second kind on-the-cut nga,ﬁ): C\ ((—o0,—1] U [1,00)) — C. These repre-
sentations follow by applying the definition ([Z66) to Theorem 7] which provides
Gauss hypergeometric representations for the Jacobi function of the second kind.
Applying ([2.66]) causes the argument of each Gauss hypergeometric function to
be just above or below the ray (1,00), on which it is known that the Gauss hy-
pergeometric function is discontinuous. The values above and below this ray may
be transformed into values in a region where the function is continuous, by uti-
lizing the transformations which one can find in [I0, Appendix B]. Each of these
transformations expresses a Gauss hypergeometric function with argument x =+ i0
as a sum of two such functions, with a common argument which is one of 7!,
1—2,1—a2"1or (1—a)"! Eight Gauss hypergeometric function representations
of the Jacobi function of the second kind on-the-cut can be obtained by starting
with (Z51)-(Z54), applying the transformation [10, Theorem B.1] z — 27!, and
utilizing the Euler (Z9) or the Pfaff [2I0) 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 [10, Theorems B.2-B.4],
but the derivation of these representations must be left to a later publication. We
will give two of these here for v,a, 8 € C with o, 8 € Z, o+, 8+ v ¢ —N, namely
(2.67)

™

an,ﬁ) (z) = 77704) (— cos(ma)

~ 2sin(

IMa+vy+1) —va+B+y+1 1—x
r(v+1) > 1+a T2

n L(B+~v+1) 2\ 2\’ P —a—pf—-v,7+1 1—-x
MNa+B8+v+1) \1—2z 1+z) > 11—« T2 ’

_ ™ Fla+y+1) -y, —B—v z—1
= e e o e (T )
rB+y+1) (A+2)" F(—a—ﬂ—%—a—%l‘%»
Fla+B+v+1) 1—az) > 11—« "z+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.
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THEOREM 2.11. Let n,a,b € Ny, v € C\ ((—o0, —1] U [1,00)). Then
(2.68)

n a+b+2n
Q(a b)( )_ ( 1) +Z+: (_Z)k ((1 _l,_x)”_k _ (J,‘ _ 1)n—k) P]gaJrn*k,bJr”*k)(x)

2n+1 = (n—k)
k#n
1 +x
21 p(a b)
#3108 (12) PV ),

PRrROOF. Start with Theorem[ZT0land use the definition ([2:66)), which completes
the proof. 0

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, as a sum over ultraspherical polynomials.

COROLLARY 2.11.1. Letn,a € Ny, Let n,a € Ny, z € C\ ((—o0, —1] U [1, 00)).
Then

(2.69)
erlz(x) = w ((_1)n+a2n(n + a)|
YT (n — o
X Z 2k o _F e ﬁ:_)k) ((1 + l,)nfafk —(z— 1)n7a7k) cr k+1 )

k;én a

+2°T(a + 1) log G + i) cots (x)).

Proor. Start with [2II) and set a = b. Then utilizing ([2.91) below with
@) completes the proof. O

By using (Z67)) with x = 1 — € one has that
20710 ()T (B+v + 1)
I(a+B+7+1)e

where 8+ v+ 1 ¢ —Ngy and Ra > 0.

(2.70) QA (1—€) ~ ase— 07,

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.

The following 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

I'(20+ DT (a+7+ 1)

a,a — ots
(2.71) PV = R r e s 1D @

Y

This follows by starting with (2:43]) and comparing it to the Gauss hypergeometric
representation of the Gegenbauer function of the first kind on the right-hand side,

using (2.15)).

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



DOUBLE SUMMATION ADDITION THEOREMS FOR JACOBI FUNCTIONS 41

REMARK 2.12. The relation between the symmetric Jacobi function of the first
kind and the Ferrers function of the first kind is

2°T(a+~y+1)
2 ;QPOH—"/(J;)’
Iy +1)(1—a?)2

(2.72) Pl (z) =

where z € C\ ((—o00, —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
2°T(a+y+1)
2 1 a+’y(z)’
Py +1)(z2 - 1)2°
where z € C\ (—o0,1]. These are easily obtained through [11], |(18.7.2)] and [11]
(14.3.21), [(14.3.22)).

(2.73) Pl (z) =

REMARK 2.13. 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

1
T 1) /1 2%
P(a,fa)(x) — (O‘+’Y+ ) +x Pia(.’lj)
(2.74) K I(y+1) l-x v

F2a+1I'(y—a+1) atl

— 1 ac 2
2Ty + Dla+ 1) 0 T Gmal)

where z € C\ ((—o0, —1]U[1,00)), and the relation between the antisymmetric Ja-
cobi function of the first kind and the associated Legendre and Gegenbauer function
of the first kind is

(a-a)(yy = Doty +1) (241 30 o,
(2.75) B T(y+1) (z—1> Pr(z)
_TQRa+ DIy —a+1) vt
= R+ T DG

where z € C\ (—o0, —1]. These are obtained by comparing (2.43) with (232]) and
RI3).

REMARK 2.14. One has the following quadratic transformations of the sym-
metric 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

Vil(a+2y+1)

(@) (=) g2
2.76 P (2) = P2 (222 — 1),
(2.76) 2 (2) 20 (y+ Il (a+v+1) 7 ( )

where o + 2y ¢ —N, v ¢ —N + %, and

oo Pla+2y+2)z (o, 1)
2.77 P () = VT P22 - 1),
2.77) 211 (2) 22T (v + )M (a+v+1) 7 2=

where a +2v+1¢ —N, v € —N — % The restrictions on the parameters come
directly by applying the restrictions on the parameters in Theorem [Z5lto 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.
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THEOREM 2.15. Two equivalent relations between the symmetric Jacobi func-
tion of the second kind and the associated Legendre function of the second kind
are

204 iﬂal_‘(a_i_,.y_i_ )

(a,cx) B
(278) Q’Y ( ) F(’Y + 1)( 1)2 QaJrv( )
(279) Q’(ya,a)(z) _ 20e lﬂar(a NI 1) . ( )

(20 +v+1)(22 — 1)32 77

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

(—a) e T (y—a+1) [2+1 el o

es0) Qe = O (SR g,
(—a,a) _ e_iﬂar(7 — o+ 1) z—1 3 «

(2.81) Q) = T (2) ¢

where v — a & —N.

PRrROOF. By comparing (Z51) and (Z54) with (Z20) and by using the Legendre
duplication formula [1T], (5.5.5)] one can obtain all these formulas in a straightfor-
ward way. O

See [8], Section 3, (A.14)] for an interesting application of the symmetric relation
for associated Legendre functions of the second kind.

REMARK 2.16. Observe that by identifying (278) and 279), for z € C\ [-1, 1]
one has

Q450 (2) if 7€ C\ [-1,1]
such that £z >0
0 (z) = 92a MU V() ifzeC\[-1,1]
v (22 = 1)~ such that Rz < 0 and Sz < 0,
e 2m0QU S () ifz e C\ [-1,1]
such that £z < 0 and &z > 0,

where the principal branches of complex powers are taken.

THEOREM 2.17. Let a,v € C, 2 € 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 are

Fla+3)T(a+y4+1) ot
D’Y (Z)7
T2a+7y+1)

(282) Q’(Yoc,a)(z) — e—iﬂ(a+%)ﬁ22a

where « € C\{—%,—%,—g,...}, and

(2.83)

Fla+y+1)IEG -a)l(v+32) 1w
I(2y+2)(z — 1) Dy (2),

whereae(C\{%,%,%,...},76@\{—%7—%,—%,...}.

Qo) (s) - eirte g
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PROOF. Start with the definition of the Jacobi function of the second kind
X)) and take 8 = «. Then comparing (ZI7) using Euler’s (z — z) transforma-
tion ([Z9) produces [282). In order to produce (Z83)), start with (2ZEI) and take
8 = —a. Then compare [21I7) using Euler’s transformation. This completes the
proof. O

One has the following quadratic transformations of symmetric Jacobi functions
of the second kind.

THEOREM 2.18. Let z € C\ [-1,1], v,a € C, a+~v & —N. Then

(o) Vrl(a+2y+1) (@ =3) 102
2.84 Q = Q 222 -1
(284) 2 (2) 220 (y + T (a+y+1) 7 (27 -1),

where oo+ 27 ¢ —N, v & —N + %, and

B VT (a4 2y +2)z
27T (v + HT(a+ v + 1)

wherea+2'y+1§Z—N,'y¢—N—%.

PROOF. Starting with the left-hand sides of ([2:84)), (2:85) and using the Gauss
hypergeometric representation (Z51]) yields o Fy’s with parameters (a, b; ¢) satisfying
¢ = 2b. Then for both equations one uses a quadratic transformation of the Gauss
hypergeometric function [11, (15.8.14)]. This transforms the 3 F’s to forms which
are recognizable as the right-hand sides through (Z54) and (Z351I), respectively.
This completes the proof. The restrictions on the parameters come directly by
applying the restrictions on the parameters in Theorem 27 to the Jacobi functions
of the second kind on both sides of the relations. |

]

(2.85) Q%) (2)

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

THEOREM 2.19. Let z € C\((—o0,—1] U [1,00)), 3,7 € C such that B+~+3 ¢
—Ng. Then

(2.86) Cpyy(a) =

LBy + ) (1= a?) PR (g (1 +x2>

D(=y = 3)I'(2y+2)L(B) o -2
2B+ + )l =) P78 (g sray (1427
8 _ 2 3 Y

PROOF. These results are easily verified by starting with (Z21]), (253), substi-
tuting the related values in the Jacobi function of the second kind, comparing with
associated Legendre functions of the first kind with argument y/(z — 1) /(2 + 1), and
utilizing a quadratic transformation of the Gauss hypergeometric function which
relates the two. This completes the proof. O

REMARK 2.20. Note that in Theorem 2191 if the argument of the Jacobi func-
tion 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.
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COROLLARY 2.20.1. Let z,8,v € C such that z € C\ [-1,1]. Then
(2.88)

Q7 (2) =

203D (—2y — I(y + )T (B + 27 + 2) oot [ [z
PE+7+DE-DiErpst 7 AVt

where —2v — 1,7+ %,6 +2v+2¢ —Ng, and
(2.89)

Q) =

2043731 (—29) (v + +3)0(B+2y+1) CPt2+1 z—1
(B +7+5)(z+ 1) EENERS

where —27y,v + %,ﬁ +2v+1¢& —Np.
Proor. Inverting Theorem [2.19 completes the proof. O
Note that the above results imply the following corollary.

COROLLARY 2.20.2. Let z, 3,7 € C such that z € C\[-1,1], v+ 3,8+~ +1 ¢
—Ng. Then

@8, . TO+3H0B+y+1) ([ 2 (-1.6)
(290) (R TRy s ) (Z—l) Qi)

PROOF. Equating the two right-hand sides in Theorem ET9] completes the
proof. O

THEOREM 2.21. 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

2°T(a +v+1)

(@,0) () — —a
(291) er (-T) F(’y—f— 1)(1 _x2)%oéQ'y+a(x)’
_ Dla+y+1) [1+z)2°
(=) (1) — o
(2.92) QY Y () = T(y+1) (1 —) %

where a +v & —N, and

_ T(y—a+1) (1-z)\°
(2.93) Q) () = (F(”yil (1+i)

where v — a & —N.

PROOF. The results follow by taking into account (ZG7). It is the case that
(cf. [10, Theorem 3.2])

(2.94)
(COS(W(V_FM))F(V-FH—FD <1—|—az>

=

" —-v,v+1 14z
2F1< ; >

7r
Q (@) = 2sin(mp) Fv—p+1)\1—= 1+ p 2

1
1—2x) 2" —vv+1 1+z
—cos(m/)(l_i_x) 2F1< -y T ;

where v € C, u € C\ Z, such that v + p ¢ —N. The formula ([Z91)) is obtained by
taking 8 = « and then comparing (2.67) with (2.94). The other identities follow
by an analogous method, taking 5 = —a. This completes the proof. ([l
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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 an extension of the Koornwinder addition theorem for Jacobi polyno-
mials to the case when the degree is allowed to be a complex number. This addition
theorem has two separate contexts and some interesting special cases. We will re-
fer to the 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 function 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.

REMARK 3.1. The addition theorem for Jacobi polynomials was originally de-
rived using group-theoretical methods as mentioned in [35], using the representation
theory for SU(a+2)/U(a+1) and U(a+2)/U(a+1) combined with standard meth-
ods 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 [31] and is as follows. Let X
be a compact symmetric group of rank one which is two-point homogeneous for an
isometry group U. Normalize the metric so that the lengths of the closed geodesics
is 27r. 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 @#™, and if d(z,y) denotes
the geodesic distance between points x,y € X, then the elementary spherical func-
tion on #" is the Jacobi polynomial P,(la’ﬁ)(cos d(x,y)) with the parameters «, 8
taking suitable ‘group values,” depending on the choice of X. This observation was
first made by Elie Cartan in 1929 [5]. For an orthonormal basis sj(x) of 4" it
is clear that the real point-pair function (x,y) — >, sp(x)sk(y) only depends on
d(z,y), which in turn implies that

(3.1) > su(@)si(y) = en PP (cosd(z, y)),
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 601,05, ¢, as a sum. Koornwinder rederived the addition theorem an-
alytically in [33] without relying on group theory, and Flensted-Jensen and Koorn-
winder extended it to general n (i.e., A) and o > 8 > —1/2 in [17]. In fact, it should
be pointed out that there is no group-theoretic argument which will yield 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. However, the case of general parameters
may be obtained by appropriate analytic continuation in the group parameters.
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THEOREM 3.2. Let v,a,8 € C, v € Z, a,8 & —Ny, 21,29 € C\ (—o0,—1],
x1,22 € C\ ((—o0, —1] U [1,00)), z,w € C, and let

Z% = 7% (21, 2, w, 2)

(3.2) 1 1
= 22222 20 (27 — 1)(22 — 1) £ 4z 20wz (22 — 1)2(25 — 1)2 — 1
and
XE 1= XE (21, 20, w, )
(3.3)

= 22222 + 20 (1 — 23)(1 — 22) + 4z 20w (1 — xl) (1- x2)2 -1

with the complex variables 7, «, B, 21, 22, T1, T2, T, w required to be in some yet to
be determined neighborhood of the real line. Then

(3.4)
Dla+DI(v+1) o= (a+ Dpla+ B8+~ + 1
P(O‘76) Zj: —
7 (2T) D(a+v+1) 2::0 (+k)(B+ 1)k(—7)k
1)kt (a+k+1D(=B—7) k-1 _ 5
XZ CETES) (2122)* 71 (27 = 1)(22 = 1))
% P’Ei;ngrl,ﬁJrk l)(2zf _ 1)P’§ﬁgk+l,ﬁ+k4)(2zg —
1 pa—f—1,B+k— B+k—l
Wt 2w - 1) P ()
and
(3.5)
Tla+ DIy +1) o= (a+Dp(a+B+7+1)
P(O‘fﬁ) X:l: —
) Lla+vy+1) Z;) (@ +k)(B+ V(=)

(a+k+1)(—-p— kL
XZ )e! +@:7)(+f)z V)Z(xwz)k*l((1—96%)(1—:53)) ’

o Pfya_-i’;k-i-l,ﬁ-&-k D (252 — 1)P’(ya_-+]-€k+l,/3+k—l)(2$% _1)
BBk k—1
wh-Lpla=A=1A+k l)(2w2_1)5+T05 (@),
PRrROOF. Start with the form of the Flensted-Jensen-Koornwinder addition
theorem in [I7, Theorem 2.1] (see also [41l (24)]). Define the Flensted-Jensen—
Koornwinder—Jacobi function of the first kind [I7, (2.1)] (Flensted-Jensen and

Koornwinder refer to this function as the Jacobi function of the first kind)
14X 1—iA
(3.6) so(f’m(t) = 2F1< ot L), slas gt ) Sinhzt) ;
a+1
and express it in terms of the Jacobi function of the first kind using
Fla+DI(—3(a+ B —14iX)) plad)

(,B)
3.7 t) =
(3.7) ex (1) L(i(a—B+1-1iN) — L (a+B+1+iN)

(cosh(2t)),

which follows by comparing the Gauss hypergeometric representations of the func-
tions. Replacing A = i(a + 8+ 2y + 1) and setting z; = cosht;, 2o = coshtg,
and w = cos produces the form of the addition theorem ([@4). Then analyti-
cally continuing ([B.4) to X* € (—1,1) using (Z65) produces ([3.3). This completes
the proof. O
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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 (L6l).

REMARK 3.3. It is worth mentioning that in the definitions of Z* () and X*
B3), the influence of the £1 factor on the addition theorems in Theorem and
elsewhere in this paper is simply due to the influence of the parity relation (2.12)
for ultraspherical polynomials, based upon the reflection map = — —zx.

REMARK 3.4. Note that there are various ways of expressing the variables Z+
and X* defined by [32) and (B3), which are useful in different applications. For
instance, we may also write
(3.8)

2
7T =2222201-2) - 1422 -2 -1 [w+ e
123 ( ) (21 ) (23 ) Z_D(Z -1

2 2 2:423(1 —2%) —1 T 2

and
(3.9)

2
Xt =22222(1—2?) = 14+2(1 —22)(1 — 22) [ w + T2
175( ) ( 1( 5) {0 %)(1 %)

2 oy [ 22723(1 —2?) — 1 i 2
=2(1—z7)(1 —x3) 2(1— 22)(1 — 22) * (w + (1—af)(1- x%))

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 3.5. Let m,n,p € No, p € (—5,00\{0}, &« > 8 > —1. Then the
ultraspherical and Jacobi polynomials satisfy the orthogonality relations

" . r(2u+
(3.10) /O O (cos ¢)C¥ (cos ¢)(sin ¢) 2 dep = 22M_f(u(+“n)n7f)r Gt
(3.11)

1
pr(na—ﬁ—l,ﬂ-irp)(gw? _ 1)p7(la—/3—17ﬁ+p)(2w2 _ 1)w2ﬂ+2p+1(1 _ w2)a—6—1 dw

_Dla=p+nl(E+1+p+n)
- 2a+p+2n)(at+p+n)n!l

PROOF. These orthogonality relations follow easily from [30] (9.8.20), (9.8.2)]
upon making the straightforward substitutions. O

3.1. The parabolic biangle orthogonal polynomial system. Define a
system of 2-variable orthogonal polynomials, which are sometimes referred to as
parabolic biangle polynomials, by [40]

(3.12) P (w, ¢) 1= wh PO TIIT D 902 _ 1)OF (cos ),
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where k,l € Ny such that [ < k. These 2-variable polynomials are orthogonal over
(w, @) € (0,1) x (0,7) with orthogonality measure

(3.13) dm (@8 (w, ¢) == (1 — w?)* P~ 1w+ (sin ¢)?° dw dg.

The orthogonal polynomial system 79( B i deeply connected to the addition the-
orem for Jacobi functions of the ﬁrst and second kind. Using the orthogonality
relations in Lemma we can derive the orthogonality relation for the 2-variable
parabolic biangle polynomials.

LEMMA 3.6. Let k,1,k',I" € Ny such that | <k, ' <k, a>p > —1. Then
the 2-variable parabolic biangle polynomials satisfy the orthogonality relation

/ / ) (w, $)PLD (w, §) dm P (w, §)

B wF(ﬂ+1+k)F(2B+k—l)I‘(a—B+l)
- 2T(B) Y+ k+1)(B+k— D (o + k) (k— D!
PrOOF. Starting with the definition of the 2-variable parabolic biangle poly-
nomials ([312), integrating over (w,¢) € (0,1) x (0,7) with measure I3), and
using the orthogonality relations in Lemma completes the proof. |

(3.14)

Ok 01 -

The following result is a Jacobi function of the first kind generalization of
[33] (4.10)] for Jacobi polynomials.

THEOREM 3.7. Let k,1 € Ny with | < k, v,a, 8 € C, 21,23 € C\ (—o0, —1], ZF
defined in [B2), such that x = cos ¢ and the complex variables v, «, 8, z1, z2 are in
some yet to be determined neighborhood of the real line. Then
(3.15)

/ / (08) (7)WL PO I TR D (92— 1)CP(cos ) dm @ (uw, )

:Fl)lc-H A(OMB ’Y)(Z 2 )k l(( 1)(2’ _ 1))%(k+l)

~ P[\(/iﬁ];k+lvﬁ+k*l)(2zl _ 1)PA(/06 +k+1,8+k— l)(2 2 1)

)

where
(3.16)
alesm _ T+ D(at B+y+ 1) P20 +k — Dl (a =S+ (=8~ )
kil 22T(B) (=) (k=DM T (a+~v+1+1) '
PROOF. Start with the addition theorem for the Jacobi function of the first kind
([B-4) and consider the (k, [)-th term in the double series. It involves a product of two

Jacobi functions of the first kind with degree vy—k and parameters (a+k+I, +k—1).
Replace in (B4 the summation indices k,I by &’,1’, multiply both sides of (3.4)

by Pkf;’ﬁ) (w, ¢) dm P (w, ¢), and integrate both sides over (w,®) € (0,1) x (0, 7)
using ([B.I0), (BII). This completes the proof. O

We will return to the parabolic biangle polynomials in Section E

3.2. Special cases of the addition theorem for the Jacobi function of
the first kind. In the case when 21, 22, 1, x2, w, z = 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].
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REMARK 3.8. In the case where the variables z1, 22,1, z2,z,w are real then
one may write Z* and X* as follows:

2

(3.17) 7E =2|nzmte®w (22— 1) (2 - 1)7] —1

)

2
(3.18) X* = Q‘xlxzzl:e“i’w(l—xl)%(l—xg)% ~1L

We now give a result which appears to be identical to Theorem [3.2] but it must
be emphasized that it is only in the real case that we are able to write Z+, X+

using (3I7), BI8]). Otherwise one must use (32)), B3).

THEOREM 3.9. Let v,a,8 € C, v € Z, o,8 € —Np, 21,22 € (1,00), 1,22 €
(-1,1), w € R, ¢ € [0,7], and ZF, X* is defined as in BI7), BIS) respectively.
Then

(3.19)
PleB) (7% = Fla+ DIy +1) i (a+Dpla+B+y+ 1)
v Mla+y+1) - (a+E)B+ D)r(—=7)k
k
kla+k+l)(_ﬁ_7)l k-1 5
X -1 -1
; CETE) (2122)" 7 ((:f = 1)(25 — 1))
atk+1,B+k—1 atk+1,B+k—1
x PTI98 _ )Pl (9,2 1)
a—p— — k—
wkfzpl( B-1,8+k l>(2w2 _ 1)B+qu_l(cos¢)
and
(3.20)
r nr > 1)k 1
P(O‘*ﬁ)(Xi): (Oé+ Z Oé+ OJ+B+’Y+ )
v F(a+’y+1 = a—l—k YB+ De(—7)k
k
kla+k+l)(—5—7)l k-1 2\ 3t
X 1T 1—z))(1—2
> ) (- - o)
x PUTHFHAHD (992 — )Pl (58 1)
5 _ k—1
wkflpl(oc B—=1,6+k l)(2w2 _ 1)6+TO£_Z(COS ¢)
PrROOF. Starting with Theorem and restricting such that the variables
z1, 29, T1, T2, W, T = cos ¢ are real completes the proof. O

As in Theorem B.2] in the limit when v — n € Ny, 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 that 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 3.9l when w = 1.
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COROLLARY 3.9.1. Lety,a,8 € C, vy € Z, o,8 & —Ny, r1,72 € [0,00), 01,60, €
[0,%], ¢ € [0,7], and

. 2
Z* =2 |cosh r1 cosh ry + €' sinh 71 sinh r2| -1

3.21
(3.21) = cosh(2r1) cosh(2rq) & sinh(2r) sinh(27r2) cos ¢,
and
(3.22) XE =2 ‘cos 61 cos Oy + ¢ sin 0 sin 92|2 -1
. = c0s(207 ) cos(262) + sin(26;) sin(26-) cos ¢.
Then
(3.23)
I(a+1)C(y+1)
P(O‘76) Zi —
SR F(a + ’y + 1)
= Je(=B—=kla+B+v+ 1)k . . ok
X sinh r; sinh r
2 T T T, i)
k
(FD (@ = Br—i(—a =y —khi(—a =2k +1); z
th th
2 (k=D (—a— 2k),(B+ v+ 1), (cothry cothrs)
_ _ !
x PLTEREIH (cosh(2r ) PLT l’ﬂ+l)(cosh(2r2))ﬁT+Cf (cos )
and
(3.24)
C(a+ D)I(y+1)
p(a.f) (xE) =
) F(a + ’y + 1)
= Je(=B—Mila+B+v+ 1), . a2k
X sin 07 sin 0
,; T T o D )
k
—a—v—k)i(—a—2k+1
X Z (- -7 Ji(—a + 1 (cot 61 cot 92)l

)'( a—2k)(B+~+1)

=0

_ l
x Py‘*,;% lﬁ*“(cos(w )Pl I’B+l)(cos(292))ﬂ7+0lﬂ (cos ).

ProoOF. Start with Theorem B9 and let w = 1 using (2.48)); substituting [ —
" = k — [ followed by relabeling I’ — | completes the proof. O

By letting o = 8 in Corollary B.9.1l we can relate the above result to associated
Legendre and Gegenbauer functions of the first kind. This is mentioned in [35],
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 gen-
eralizes the addition theorem for Gegenbauer functions of the first kind. First we
define the variables

(3.25) ZF = ZF(ry, 1o, ¢) := coshry coshrg & sinh 1 sinh g cos ¢,
(3.26) XE = X% (6,0, ) == cos O cos B = sin 0 sin B cos ¢.
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COROLLARY 3.9.2. Let v,a € C, 2ae # 1,0,—-1,..., v &€ =N, r1,7r2 € [0,00),
01,05 € [0, %], ¢ € [0,7], and 2=, X% defined by B2R), B26), respectively. Then

af =+ _P Fy+1) .- 2% )i (W sinh(2r,) sinh(2r5))*
o 5 (2*) = MH ;) 2a+m( h(2ry) sinh(2r2))
X C’;"f,f(cosh(%l))O otk (cosh(2r2))a%%i_k057%(cos¢)
2
and
oty — TEOTO 1) SN (FVM 24 @elede oot o
. a—1+k

X COHE (cos(26,))COt (cos(262)) 212 O * (cos ¢),

1

2

or equivalently

(2 i) . 2“F(a+1) o0 o
(3.29) (1 - 212)%11 ~ (sinh(26;) sinh(26,))« kzzo(il) (o —Yrla+vy+ 1)
x P"/iaik(COSh(er))P;a*k(cosh(%z)) ot kC;:(COS o)
and
LX) 2T+ c- Flo— 7)o
(3.30) (1 - Xiz)% ~ (sin(26:) sin(26,))° I;J(il) (@ =ila+y+ 1

X PR (cos(201))P ¥ (cos(262)) 20 ¥ 00 (cos ).
PRrROOF. Start with Corollary B9l and let o = 3 using (Z71), (Z772) respec-
tively for the Jacobi functions of the first kind on the left-hand side and those on
the right-hand side. Then mapping (222 — 1,225 —1) — (21, 22), (207 —1,223 1) —
(z1,x2), where z; = coshry, zo = coshry, 1 = cosby, x2 = cos by, and simplifying
using (Z71)-@23), completes the proof.
Another way to prove this result is to take § = —=

;,w:coswzl,’y—)?yin
(B19) and use the quadratic transformation (Z776]). After using (271]), this produces
the left-hand side of ([B:27)) with degree 4y and order o+ % Because we set w =1,
the sum over [ only survives for [ = 0,1. By taking 4v +— ~ and expressing the
contribution due to each of these terms, one can identify Gegenbauer’s addition
theorem through repeated application of (2.71]) on the right-hand side; and using

the fact that
(3.31) > (for + foer1) = > s
k=0 k=0

for any sequence {f}ren,, one arrives at [B.27). The proof of B28)) is similar. O
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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 4.1. There is no direct group-theoretical derivation of an addition
formula for the Jacobi functions of the second kind. However, 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 ([2:39) on
functions of either kind for general 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

(4.1) <= 0 {21, 20},

= max

™0

when 21,29 € (1,00), and in the case when 21,29 € C, one takes without loss of
generality z; = z> to lie on an ellipse with foci at +1, and z3 = z. to be in the
interior of that ellipse.

THEOREM 4.2. Let v,a,3 € C, 21,29 € C\ (—o00,—1], with x,w € C, Z*
defined by B2), such that the complex variables 7, «, 8, z1, z2, T, w are in some yet
to be determined neighborhood of the real line. Then

D(a+DT(y+1) (a@+ Dr(y+ 1)
(avﬂ) Zi —
@72 Fla+~v+1) 2:: a+k)(B+1)r(1 =)k
: k-1 k-1 B
(4.2) XY (EDM o+ k4 D)(z122) 7 (27 = 1)(23 - 1)) 2
' 1=0
% Pﬁﬁ:kﬂ,ﬁ%d)@zi _ 1)Q’(Yoi+kk+l,ﬁ+k7l)(2zg> —1)

wk—lpl(ocfﬁfl,ﬁJrk—l)(ZwQ _1) B +§ - lC,f (@).

PROOF. Start with the addition formula (34]) for the Jacobi functions of the
first kind. The series was shown to converge by Flensted-Jensen and Koornwinder
[I7, Theorem 2.1]. Now apply the connection relation (Z5H), which relates the
Jacobi function of the first kind to two Jacobi functions of the second kind, to both
sides of (34): to the function of the first kind on the left and to the function of the
first kind on the right with argument 223 — 1, assuming without loss of generality
that zo = 2~. This yields an equation in which the asymptotic behavior of the
two terms on the left as 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, project the left and right-
hand sides by the parabolic biangle polynomials, as in Theorem [3.7, with the same
application of the connection formula to the Jacobi functions of the first and second
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kind. This results in the equation
(4.3)

1 T
B [ [ @z R (u? — 1)) (cos ) dm ) u,0)
1
+ ) (m22) (21 = 1)(25 — 1))z

% P(a+k+l atk— l)( )Q(a+k+l ,at+k— l)(2z 1)

(e, 6)/ / Q(aaﬁ)ﬁ 4 ( Zi)wk*lPl(af’Bfl’ﬁHc*l)(2w2 — l)C,f_l(cos @) dm' > (w, ¢)
a — 1

+ECE (2122) 7 (2 = 1)(25 — 1)) F D

a+k+la+k—1 a+k+la+k—1 2
X Pﬁafﬁf’yfkfl)(2z< - 1)Q(7a76777k—1)(2z> - 1)7

where
(@.f) ._ —2sin(7y) sin(w (8 + 7))
(4.4) BT msin(m(a+ B+ 2y+1))’
cla.p) . sin(my)sin(m(5 + 7))
(4 5) vkl T 92p-1 Sin(w(a + B4 2y + 1))
‘ PO+ (et By + DD+ k=Dl =B+ D(=8-)
LB (=7)e(k =DM (a 4y +1+1) ’
and
(4.6)
Dlaws) . —2sin(r(a+y))sin(m(f +7)M(a+ 7+ DI(E+7+1)
T msin(a(a+ B+ 2y + DI+ D a+ fHa+1)
(4.7)
(a,8) ._ sin(m(a+))sin(x(B+y)L(B+y+DICB+ k- (a— B +1)
vk 22 tgin(r(a+ B+ 2y + D)) I(B)(a+ B+ + 1) (k=D

Now consider the asymptotics of all four terms of (@3] as zo — oo. The asymptotic
behavior of ZF as 29 — 00 is Z* ~ 23. The behavior of the Jacobi function of the
second kind as |z| — oo, by (264, is

1
(a,8) ~
QV (Z) potB+y+l”

Therefore, one has the following asymptotic behaviors as ( — oo, where { = 2z~
with z. fixed:

(4.8) Q(f"ﬁ)(Zi) -~ (Zi)—v—a—,ﬁ—l ~ (—21-20-26-2
(49) QU (7Y~ (2~ (P,

and

(4.10) Qg:jckﬂ,ﬁJrkfl)(C) - C*'yfafﬁfkfl’

(&10) QIR ~ 0"
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The equation (3] with leading order asymptotic contribution as zo — oo taken
out can be written in terms of two analytic functions

f(zg 1) = £ (21, 2271,

g(z3 ) = 8% (21, 2571,
as
(4.12) 2y 2OTORIEIE ) = 257g (7)),

For 4Ry ¢ —2(a+ B8 + 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 v. Therefore we have now verified separately all terms in the double series
expansion of the Jacobi function of the second kind appearing in ([£2), and the
corresponding series for Q( a ﬁ - (Z*). The two series do not mix, have different
asymptotic behaviors for zo = 25 — oo, and must converge separately given the
overall convergence proved by Flensted-Jensen and Koornwinder [17, Theorem 2.1].
This completes the proof. O

REMARK 4.3. If one applies (250) to the Jacobi functions of the second kind
on the left-hand side and right-hand side of (&2]), then it becomes the addition
theorem for Jacobi polynomials in the hyperbolic context.

COROLLARY 4.3.1. Let k,1 € Ng with | <k, v,a,8 € C, 21,29 € C\ (—00,1],
with Z* defined by 3.2, such that x = cos ¢ and the complex variables v, o, 3, 21, 2o
are in some yet to be determined neighborhood of the real line. Then
(4.13)

1 T
/ / Qﬁf‘ﬁ)(Zi)wk*lPl(a_B_l”B—’_k_l)(2w2 — 1)0571(005 ?) dm(a’ﬁ)(w,@,
= (1M ALY (2120) (27— 1)(23 — 1)) HD

« P(a +E+1,B+k— z)( 2:2 _ 1),

(o 2 1)Q(a+k+l B+k— z)(

y—k
where A,(:fl’ﬁ”) is defined in (BI6]).

PRrROOF. This follows directly from ([@I2) since in the proof of Theorem 2]
we showed that f = 0. The result g = 0 is equivalent to this result under the
transformation v +— —y —a — 3 — 1. |

REMARK 4.4. The integral representations Theorem [B7] and Corollary E3T]
are equivalent to the double summation addition theorems for the Jacobi function
of the first kind (34 and second kind, Theorem

REMARK 4.5. One has the following well-known product representations which
are the k = | = 0 cases of the integral representations in Theorem [B.7land Corollary
E3dl Let x = cos, v,a, 3 € C, 21,29 € C\ (—o0, —1], with Z* defined by (3.2),
such that the complex variables 7, a, 3, z1, 22 are in some yet to be determined
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neighborhood of the real line. Then
Ple?)(223 — 1) PP (225 — 1)

(4.14) - 21‘(a+v+1 (@) ( 7Y o (@05)
= VAT - DI+ Dl(a— 5 // (27) dm'" (w, 9),

PleR)(222 —1)Q\P) (222 — 1)

(4.15) B 2I‘(a—|—7+1 (2.8) (7% (a,B)
S VAT(Y+ DB+ 3) //Q (27) w0,

For independent verification of these product representations, see [16, Theorem
4.1] for the product formula (£I4) and [16], p. 255] for the product formula (ZI5).

REMARK 4.6. 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 [35], extended to general parameters as in [LI7].
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
(@14, which the same authors had obtained earlier in [16], Theorem 4.1]. Inspection
of the proof of the product formula [@I4]) in [16] shows that it really comes from
the product formula [IH]) 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 ([2355) 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 2] would be to derive it from the product formula ({I5)
in the same way as Theorem B.2lis derived in [17] from the product formula (£14).

In the case when 21, z0,w,x = cos¢ are real numbers, 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, (319)). We
present this result now.

THEOREM 4.7. Let v, o, 5, w € R, such thaty € Z, o« € =N, € (—%,oo)\{O},

CH‘%ﬁ‘i'V ¢ _N; (b € [Oaﬂ-]; 21,22 € (LOO); and Zia Z§; deﬁned by (m); (m);
respectively. Then

(4.16)
(@.8) ity Lla+ DIy +1) Z(a+Dpla+B+~v+ 1)
A b vy e Dl oo [ e
k
e (a+k+D(=B— s1za)F (22 — oy
xggil ey ) T (G - DE D)

+k+1,8+k—1 +k+1,8+k—1
x PLTETLOTRD (9,2 _ QUi ikl (9,2 )

a—pB— — k—
wk—lpl( B—1,8+k l)(2w2 _ 1)5"‘7054((308@_
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ProOF. This follows from Theorem 2 by setting the variables v, o, 3, 21, 22, w,
x = cos ¢ to real numbers. ([l

4.2. The trigonometric context of the addition theorem for the Ja-
cobi function of the second kind. In the trigonometric context for the addition
theorem for Jacobi functions of the second kind, one must use the Jacobi function of
the second kind on-the-cut Q»(YO"B ) ([266]), which is defined in Section 22.3] and has
a hypergeometric representation given by (Z.67). 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 (2.67)).
Define

(4.17) wg = 0 {z, w0},

where 1,29 € (—1,1), and in the case where 1, x5 € C, then if one takes without
loss of generality 1 = x> to lie on an ellipse with foci at £1, then x5 = . must
be chosen to be in the interior of that ellipse.

THEOREM 4.8. Letk,l € Ny, I <k, v,, 8 € C, 21,22 € C\((—00, —1]U[1, 00)),
a @7, at+y,f+y & —N, with X+, r< defined by (B.3)), (A1) respectively, such that
the complex variables v, a, B, x1,x2 are in some yet to be determined neighborhood
of the real line. Then
(4.18

)
1 i
/ / QLA (XF) b~ BB (902 )P (cos ) dml D) (w, )
0 Jo

_ 1
= (FLMHALD (2120) (1 — 23)(1 — 22)) 2D

+k+1,8+k—1 +k+1,8+k—1
x Q) (2% — )P (222~ 1),

where A,(fl’ﬁ’v) is defined in (B.10).

PRrROOF. Starting with Corollary A3] and applying the definition ([2:66) com-
pletes the proof. O

COROLLARY 4.8.1. Let y,a, 8 € C, 21,29 € C\ ((—00,—1]U[1,0)), a € Z,
a+v,B8+v¢&—N, with X+, r< defined by B.3), @IT) respectively, such that the
complex variables v, a, 8, x1,xs are in some yet to be determined neighborhood of
the real line. Then

1 ™
/ / an,ﬁ) (XE) dm @) (w, ¢)
0 Jo

~VAT(y + DB+ )T (a = B)
B (+v+1)

(4.19)
Q) (222 — 1)P{*#) (222 —1).

PrOOF. Starting with Theorem [L§ and setting k¥ = | = 0 completes the
proof. O

THEOREM 4.9. Let v,a,8 € C, z1,29 € C\ ((—00,—1] U [1,0)), a & Z,

a+v,8+7 ¢ —N, z,w € C with X*, r< defined by B.3), @IT) respectively,
such that the complex variables v, a, B, x1, T2, ,w are in some yet to be determined
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neighborhood of the real line. Then

(4.20)
Q(a,ﬁ)(xi)_r(a+1 (y+1) i (a4 Drla+B+vy+1)
! Dla+y+1) & (a+k)B+ D=
k
et @tk D(=8 =) b , o bt
1—a2)(1—
Xlz: (a+~+1), (z122)" " ((1 = 2)(1 — 23))
y Q’(ﬁzknﬁ Btk— l)(2 2 1)P’(ﬁq;k+l,5+kfl)(2$2> o

_5— - k—1
wh=1 P14k g2 )P +B Cl (@),
PROOF. The result follows by starting with the addition theorem for Jacobi
functions of the second kind ([I6) and applying the definition (Z66) completes the
proof. O

In the case when 21, 29, w,x = 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 ([B.I9). We present this result now.

COROLLARY 4.9.1. Let v,a, 8, w € R, such that v € Z, a,a+ 7,8+ v & —N,
z1, 29 € (—1,1), ¢ € [0, 7], with X*, x< defined by BIY), ID) respectively. Then
(4.21)

Qe () - r(? + DIy +1) i (a+ Drla+B+y+ 1k
(a+y+1) & (@+E)B+Dr(=)k
k
<3 T e (1 s —e) ¥
« Q(fkk“ B+k— l)(2 2 1)P(7a k41, B+k— l)( 22 — 1)
wk_lPI(O‘fﬁfl’ﬁJrk*l)(2w2 - 1)76 +§ — C,fil(cos ?).
ProoF. This follows from Theorem [£.7] by setting the complex variables to be
real. |

4.3. Olver-normalized Jacobi functions and their addition theorems.
Koornwinder’s addition theorem ([6) for Jacobi polynomials of degree n € Ny
involves a terminating sum. One can attribute this to the infinite sum appear-
ing in the generalizations (3.19), (320), first recognizing that Jacobi polynomials
P,Efzkﬂ’ﬁﬂc*l) vanish for both v =n € Ny and k£ > n + 1. Considering the limit
as 7 — n for all values of k& € Ny in Koornwinder’s addition theorem, one sees
that the factor 1/(—+)x blows up for k¥ > n + 1. On the other hand, this factor is
multiplied in the limit by the Jacobi function of the first kind prefactor containing
1/T'(y — k + 1), and considering the residues of the gamma function, one sees that
the product will be finite, namely

: 1 o I'(=) _(=D*
(4.22) s (—)il(y—k+1) Jm, T(—y+kT(y—k+1)  nl "’
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for k > n+1. When this finite factor is multiplied by the second Jacobi polynomial
P,gf?”k“’ﬂ Hﬁl), which vanishes for & > n + 1, the resulting expression vanishes
for all these k values, which yields a terminating sum over k € {0,...,n}.

Unlike Koornwinder’s addition theorem for Jacobi polynomials, the addition
theorem for the Jacobi functions of the second kind (see §4) involves a nontermi-
nating sum. One can see this by examining ([@20), first recognizing that the Jacobi
polynomials P(Ci',tkH’BJrk_l) vanish for v =n € Ny and k£ > n + 1. Considering the
limit as v — n for all values of k € Ny in Koornwinder’s addition theorem, one sees
that the factor 1/(—~); blows up for & > n + 1. On the other hand, this factor in
the limit is multiplied by the Jacobi function of the first kind prefactor containing
1/T'(v — k 4+ 1), and considering the residues of the gamma function, one sees that
the product will be finite, as shown in [@22]), for k& > n+1. This finite factor is then
multiplied by the Jacobi function of the second kind Q(ﬁzﬁ+k+l’5+k71)(2zi - 1),
which does not vanish for £ > n+ 1 for «, 8 € Z, unlike the case for Jacobi poly-

nomials.

4.4. Olver-normalized Jacobi functions. In (28], we introduced Olver’s
normalization of the Gauss [11] |(15.2.2)] and generalized hypergeometric function
(see also [11],/(16.2.5)]), which results in these functions being entire functions of all
their parameters, including the denominator parameters. Olver applied this concept
of a special normalization to the associated Legendre function of the second kind
[11] |(14.3.10)] (see also [46l pp. 170 and 178]). We now demonstrate how to apply
it to the Jacobi functions of the first and second kind.

In the above description, instead of carefully determining the limits of the rel-
evant functions when there are removable singularities due to the appearance of
various gamma function prefactors, an alternative is to use appropriately defined
Olver-normalized Jacobi functions and recast the addition theorems correspond-
ingly. 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 occur in often appearing examples when one has degrees v and
parameters «, 3 given by integers. In these cases, if the standard definitions such as
those which appear in Theorems[2.5] 2.7 are used, the functions that appear are not
defined and careful limits must be taken. However, if one adopts carefully chosen
Olver-normalized definitions in which only Olver-normalized Gauss hypergeometric
functions appear, then these functions will be entire in all their 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 relate the Olver-normalized definitions to the usual defini-
tions. Our definitions of Olver-normalized Jacobi functions of the first and second
kind in the hyperbolic and trigonometric contexts are given by

—7,04—}—,6’—1—7—}—1.1—2)

4.23 PP () = L, F
(4.23) N (2) 1= o Fy ot 5

2o+t +lLa+y+1 2
(121)  QEA(2) = . 1(” T+ )

(z —1)atrHl(z + 1) a+B+2y+2'1—2

and

(4.25) P,(Ya’ﬁ) (z) == 2F1(

—-v,a+B+y+1 1—2
a+1 2 )7
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(4.26)
Ql™ )():—%F(a—l—l)(l;x)
cos(ma)'(a+ v+ 1) P -, =B -7 -1
( L(y+1) ( 1+a ’x+1>
_ IB+v+1) (1+fc>a F(—a—’y,—a—ﬂ—’y_x—l))
Fla+B+y+)\1-2) > 1-«a ‘r+1))°

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

(4.27) PR (z) = % PR (2),

(4.28) QYN (2) =T(a+y+ 0B +7+1) QP (2),
Note that

(4.30) P9 (z) = P (z i),

as in (Z265]). Furthermore in the special case v = 0 one has

a+p
(a,8) . 2 La+1 2
4.31 Q = F s — .
(4.31) 0o (2) (z—1)otl(z +1)8 > 1(a+6+2’1—z

REMARK 4.10. As of the date of publication of this manuscript, we have been
unable to find an Olver-normalized version of the Jacobi function of the second kind
on-the-cut an’ﬁ ). However we have found a special normalization of this function
which works well when v = 0 and the § parameter takes an integer value, which is
of particular importance because this case appears in a very important application
(see Section [ below). Let b € Ny. Define

(432)  QUEFFHITRDG) o lim (=8 ), QTR (g,
¥—0,8—b

which is a well-defined function for all «, b, x, k,[ in its domain.

4.5. Addition theorems for the Olver-normalized Jacobi functions.
Now that we have 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.

THEOREM 4.11. Let v, , 8 € C, 21, 22 € C\ (=00, —1], 21, 22 € C\((—00, —1]U

[1,00)), z,w € C, with Z*, X* defined by B2), B3), respectively, such that
the complex variables vy, a, B3, z1, 22, X1, T2, T, w are in some yet to be determined
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neighborhood of the real line. Then

(4.33)
(@8 iy Dle+ Dl (a+7+1) o= (@ + De(a+ B+ 7+ Dr(=)x
A L(y+1) Z) (a+E)(B+ 1k
k
> (FD) o+ k+D(a+y+ 1)u(=8—yi(z122)"
=0
X (= 1)( = 1) 3 P af — ) PLHeD (0f )
x wF L peB kD g2y B R +§ Cy_y(@)
(4.34)
(0,8) [ty _ = a+1 +B+fy+1)
k
x SOFD T a+ k4 D+ + Dilzz) (- 1)(EE 1)
=0
x QU 228 - PIIIO (2L — 1)
» wk—lPl(a—ﬁ—l,B-s-k—Z)(sz _ 1)ﬁ +§ — lC,’f,l(iE)
and
(4.35)
(@8) gty _ Dla+ D (a+y+1) ¢ e+ B4+ V(=)
PPN = =50 5% N AR
k
x> (FD) o+ k+D)(a+y+1)u(=8 = yi(zrz2)*
=0
% (1= ad)(1—ad) F PEREHAHE D (20 — )PITHID (0] 1)
y wkfzpl(a—ﬁ—l,ﬁ-s-k—w@w B 1)5 +/§: C’f (@)
(4.36)
Q(aﬁ)(xi a+1i a4+ B+v+ Di(a+ 1)

& (@ +B)(B+ i

k

X (FD ot k+ D) (=8 — y)i(ziz)* (1 - 2T)(1 - 23)) 7
1=0
y Q(a+k+l B+k— l)(2 _ l)P(a+k+l Bt+k— l)(2 22— 1)

o (a— B _ k—1
x w" lPl( B=1.8+k l)(2w —I)L_'— C,f ().

B

PROOF. Substituting [@27)-E29) into B4), B3), E2), (E20) as necessary

completes the proof. O

There are corresponding expansions that are sometimes useful in which the
[ sum is reversed, obtained by making the replacements I’ = k — [ and then I’ — [
in Theorem These are as follows.

CoROLLARY 4.11.1. Let v,a,8 € C, 21,29 € C\ (—00,—1], z1,290 € C\
(=00, =1JU[1,00)), z,w € C, with Z*, X* defined by B2), B3), respectively, such

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



DOUBLE SUMMATION ADDITION THEOREMS FOR JACOBI FUNCTIONS 61

that the complex variables ~, a, B, z1, 22, 1, T2, T, w are in some yet to be determined
neighborhood of the real line. Then
(4.37)

¢S]

Pla+ Dl (a+y+1) Z (a+Dp(a+B+y+Dr(=k

(a,8) (7Y _
BEE(ZT) =2 T(y+1) (a+k)(B+ D

=0

: 1 1,/ 2 2 2k -1
xS FD (a2 =) (@47 + Dii(=B — Vii(z22) (23 — 1)(25 — 1))

1=0

% Pé‘f,g%*l‘ﬁﬂ)@zf _ )P(a+2k4,5+z)(225 —1)

B+1
B

x w! PP (247 — 1) 220 (),

(4.38)
(a4 Drla+ B+v+ 1)k
(a+E)(B+ 1)

(P (Z%) = T(a + )T (a + v + DI B+7+1§:
k=0

k
x> (F) (@ + 2k = (@ + v+ Dioi(z122) (= 1)(25 - 1)) =
=0

% Q(a+2k 1,B+1) (22 )P(a+2k*lw@+l)(2zz _ 1)

w pl(a*ﬂfl,ﬂﬂ)@ )B;lcﬁ( ),
and
(4.39)
o Lo+ DI (a+v+1) o~ (@+ Dia+B+5+ De(=)k
p(af) (x+) —
) T 1) Z T
k
x> (FD) (a+ 2k = D(a+ 7+ Di—i(=B — Vr—i(132)’
1=0
x (a1 = 1)(3 — 1)) (22F — DPERH T (225 — 1)
Wl PETE T (2 — )B Erich ),
(4.40)
(@08 (x*) = 1 = a+1 i@ +B+y+ 1Dk
@ (ot ; a+ BB+ 1n
£ ) 2 2kl
Z (a4 2k = )(=B = V)r-1(zr22) ((21 — 1) (22 = 1)) 2
» Q(a+2k LD (932 1)P’(;14;2k7l,ﬁ+l)(2x2> —1)
<l P 20t - )G o),
PRrROOF. Making the replacement [ — k — | in Theorem [£.11] completes the
proof. O

REMARK 4.12. It should be noted that removing the factors I'(a+~+1) /T (y+1)
from the P series and I'(aw + v + 1)I'(B + v + 1) from the @ series would convert
the P and Q on the left-hand sides to P and @, so that all expansions would be in
terms of Olver-normalized functions.
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By examining the expansion of the Jacobi function of the first kind, one can see
that the (—+) shifted factorial in the above alternative expansion is moved from the
denominator to the numerator, which is more natural for Jacobi polynomials where
the sum is terminating. One can see the benefit: 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 on
rank-one symmetric spaces, where the degrees and parameters are given by integers.
One no longer has any difficulties with various functions not being defined for certain
parameter values. This is completely resolved. One example is that in the integer
context of the Jacobi function of the second kind, the functions appear with degree
equal to v — k for all £ € Ny. They 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!

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 for the material which has
been presented in the previous sections. It is a study of the global analysis of the
Laplace—Beltrami operator and the solutions of inhomogeneous elliptic equations:
Poisson’s equation on the Riemannian symmetric spaces of rank one.

Let d = dimg K, where K is equal to the real numbers R, the complex num-
bers C, the quaternions H, or the octonions @. For d = 1, namely the real case, the
corresponding spaces are Riemannian manifolds of constant curvature, including
Euclidean space R", real hyperbolic geometry RHY, (noncompact), and real hyper-
spherical geometry RS% (compact), in various models. For d = 2,4, 8, it is well
known that there are corresponding isotropic Riemannian manifolds of both non-
compact and compact type which are referred to as rank-one symmetric spaces (see
for instance [27]). They include the complex hyperbolic space CHY, the quatern-
ionic hyperbolic space HHY;, the octonionic hyperbolic plane @H%, the complex
projective space CP’%, the quaternionic projective space HP’, and the octonionic
projective (Cayley) plane OP%. In each of the preceding, R > 0 is the radius of
curvature. The complex, quaternionic, and octonionic rank-one symmetric spaces
have respective real dimensions 2n,4n,16. For a description of the Riemannian
manifolds given by the rank-one symmetric spaces, see for instance [25H27] and
the references therein.

Riemannian symmetric spaces, compact and non-compact, come in infinite se-
ries (four corresponding to complex simple groups and seven to real simple groups),
together with a finite class of exceptional spaces (see [25] p. 516, 518]). Each
symmetric space comes with a commutative algebra of invariant differential op-
erators and correspondingly a class of eigenfunctions, its 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][231/47[48] and the work of Macdonald [421[43].
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Due to the isotropy of the symmetric spaces of rank one, a fundamental solu-
tion of the Laplace—Beltrami operator on any of these manifolds can be obtained
by solving an inhomogeneous ordinary differential equation, given in terms of the
geodesic distance. Laplace’s equation is satisfied on the manifold 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 on the rank-one noncom-
pact (hyperbolic) symmetric spaces by

2
(5.1) A= % {% + [d(n — 1) cothr + 2(d — 1) coth(2r)] 887" s1n}112 AK/M}
(5.2) = i{8—2—I—[(dn—1)cothr—|—(d—l)tanhr]ﬁ—l— ! ——Ag }
R2 | Or? or | sinhZp KM
63) = (Ar + ﬁAK/@ ,
and on the rank-one compact (projective) spaces by
(54) A= — {8—2 ld(n — 1) cot 0+ 2(d — 1) cot(20)] 2 LAK/M}
R? | 062 00 0
(5.5) = i{6—24—[(dn—1)00‘59—1—(d—1)‘5&119]2—|—LAK }
R? | 962 90 " sinZp M
(66 = <A9 + HAK/M>

where r and 6 are the geodesm distance coordinates on the noncompact and compact
spaces respectively (see [25, Lemma 21]). For a spherically symmetric solution
such as a fundamental solution, the contribution from Ay, vanishes and the
corresponding homogeneous equation becomes relatively simple, namely the radial
form of Laplace’s equation, which is

(5.7) Aru(r)=0 or Apv(d)=0.

The solutions of this second-order ordinary differential equation are given by Ja-
cobi/hypergeometric functions (see [27, p. 484]). It can be easily verified that
‘radial’ solutions, homogeneous or fundamental, are of the form

(5.8) u(r) = aPéa 5)(cosh(2r)) + bQ - m(cosh(?r)),
(5.9) 0(0) = P (cos(20)) + d QL (cos(260)),

where for the complex, quaternionic, and octonionic rank-one symmetric spaces
one has « = n—1,2n — 1,7 and 8 = 0,1, 3 respectively [I8 Table 1, p. 265].
Furthermore, a fundamental solution, which by definition is not a homogeneous
solution, must be singular at the origin (i.e., at r = 0 or § = 0) and locally match
to a Euclidean fundamental solution. This implies that any fundamental solution
must be irregular at the origin. Therefore fundamental solutions must correspond
to Jacobi functions of the second kind. For a fundamental solution, it is the case
that a = ¢ = 0; and we must determine b and d, which will depend on n and R.

REMARK 5.1. Note that the general solution as a function of the geodesic
distance includes contributions from both the function of the first kind and the
function of the second kind. However, the function of the first kind with v = 0

simply contributes a constant a or ¢, since Péa’ﬁ) (2) = 1 as stated in ([250) (and the
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same for the function on-the-cut). On the other hand, in the case of non-spherically
symmetric solutions there will be a contribution from the function of the first kind
because then the contribution of the A,y term in (B.3)) or (5.8) will be non-zero.

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

I'(s/2)
(5.10) G (x,x') = { 2m/%(s = 2)

— 1 — x|t if s =2.
5 og [|x — x| if s

For a description of opposite antipodal fundamental solutions on the real hyper-
sphere, see [7]. The above analysis leads to the following.

|27s

lx — x'| ifs=1ors>3,

THEOREM 5.2. A fundamental solution and an opposite antipodal fundamental
solution, for the Laplace—Beltrami operators on the rank-one n > 1 noncompact
and compact symmetric spaces respectively, given in terms of the respective geodesic
distance coordinates v € [0,00) and 0 € [0,7/2], are

n n—1)! n—

(511) GMA (1) = 5 s Q' cosh ),
(5.12) Gz (1) = % 62 1’1)(cosh(27“)),
2 302 400

(5.13) GO (r) = “Sprr Q0 (cosh(2r),
and
cpn (n—=1! (a1,
(514) g R(@) = WQO (COS(29)),
n 2n)! n—
(5.15) G'PR(0) = %Q(TL%QSQ 1 (cos(26)),
) 302400
(5.16) GOP#(0) = 5y Q" (cos(26).

PROOF. The complex, quaternionic, and octonionic rank-one symmetric spaces
all have even dimension: s = 2n,4n, 16, respectively. It is easy to verify that the
spherically symmetric solutions of Laplace’s equation on these spaces are Jacobi
functions of the first and second kind in the noncompact case, and Jacobi functions
of the first and second kind on-the-cut in the compact case, having parameter v = 0
and parameters « =n—1,2n—1,7 and g = 0, 1, 3, respectively. Furthermore, each
of the corresponding fundamental solutions must match to a Euclidean fundamental
solution. Using (2.63) and (270]), assuming that y =0, a = a, 8 =b,a € N, b € Ny,
one has that near the singularity at unity, the Jacobi function of the second kind
and the Jacobi function of the second kind on-the-cut have the behaviors

(@01 1 o) m QUV(1 — ) ~ 2 e L)!
(5.17) Qo (146 ~Qy (1 —¢) (a+b)le

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

as e — 0T,

(5.18) cosh(2r) ~ cosh(2%) ~ 1+ 21?%2 asr — 0,
(5.19) cos(26) ~ cos(2£) ~ 1 — QRL; as 0 — 0,
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where p is the Euclidean geodesic distance. Matching locally to the Euclidean
fundamental solution (5I0) in the R — oo flat-space limit (see for instance [9]
§2.4]), one can determine the constant of proportionality which multiplies the Jacobi
functions of the second kind. This completes the proof. O

Since fundamental solutions on the rank-one symmetric spaces all have v = 0,
we first present the expansions in this case. The v = 0 case of any Jacobi function
of the first kind equals unity. However, for the Jacobi functions of the second
kind, the v = 0 functions are quite rich, and expansions involving them are quite
useful in that they allow one to produce separated eigenfunction expansions of a
fundamental solution of Laplace’s equation.

REMARK 5.3. 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 o and § parameters on the left-hand sides are non-negative
integers. Then, special care must be taken (refer to Theorems 210, 21T]), though
the functions at these parameter values may be obtained by taking an appropriate
limit.

COROLLARY 5.3.1. Let a, 3 € C, B € Z, 71,20 € C\ (—00,1], z1,29 € C\
((—o0, —1JU[1,00)), z,w € C, with Z*, X* defined by B.2), B3), respectively, such
that the complex variables o, 3, z1, 22, 1, T2, T, w are in some yet to be determined
neighborhood of the real line. Then

a+1> (a+ B+ 1)
@+ BB+ s

Q(()a,ﬁ)(zi)zf(a—f—l)r(a-‘rl) r@+1) Z
=0

k+1

k
(5.20) X F)" ot k4 Do+ Dilarz) (& - D5 - 1)
=0
x QU (28 — ) PITHHIET 228 1)

x WL pEA=LATR=D (9,2 1)5 +k— le (@)

E
(28 (x %) > (a4 Di(a+ B8+ 1)k
Qy " (XT) a+120 G RE
k
(5.21) X DD o+ kA D(=Bulwawa)* (1 ad)(1 - aB)

1=0
« ank+k+l,ﬁ+kfl)(2x2< o l)Pgak+k+l’ﬁ+k7l>(2m2> —1)

k—lPl(a*/J‘*LB+k*l)(2w2 ~1) ﬁ+§—l P (@),

X w

PROOF. Substituting v = 0 in Theorem [TIT] for the Jacobi functions of the
second kind completes the proof. (Il

Next we give examples of the expansions for complex and quaternionic hyper-
bolic spaces, where § = 0,1, respectively. First we treat the complex case, which
corresponds to complex hyperbolic and projective space. In order to do this we
start with Theorem . 1T] and take the limit as § — 0 using [2] (6.4.13)]

(5.22) lim 2
pn—0 M

Cﬁ(x) = e, Tn(),
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where €, := 2 — 6, ¢ is the Neumann factor commonly appearing in Fourier series.

COROLLARY 5.3.2. Let o € C, 21,22 € C\ (—00,1], 21,22 € C\ ((—00, 1] U
[1,00)), z,w € C, with Z*, X* defined by B2), B3), respectively, such that the
complex variables o, 21, 29, x1, X2, x,w are in some yet to be determined neighbor-
hood of the real line. Then

(a+ Dr(a+ 1)

Q¥ (Z*) =T(a+ 1l (a +1) Z (a+ k)k!

=0
(5.23) x Z<¢1>H<a+k+zxa+ Di(z1z2) (28 — 1)(:3 - 1) T
« Q(_ak+k+l,k7l)(2zi _ 1)P£tz+k+l,kfl)(2zz _ 1)
X wkilp(ail'kil)(QwQ — l)ek_lTk_l(:c),

')

(0:0) () ka4 De(a+ 1)
Qy 7 (X7) a+1z% —a+k)k'
a k—1 24y Bt
(5.24) X (FD) ot k+ (@) (1 - 2T)(1 - 23)) 2
=0
~ ank+k+l k—l)(2x2< _ 1)P£ak+k+l,k—l) (2x2> _ 1)

X ’wk_lf)l(a_l’k_l)(Q’LU2 — 1)€kflTk—l(37)-

PROOF. Taking the limit as § — 0 in Theorem LTl using (5:22)) completes the
proof. O

Now we treat the case of the quaternionic hyperbolic and projective spaces,
which correspond to 8 = 1.

COROLLARY 5.3.3. Let a« € C, 21,23 € C\ (—00,1], 21,22 € C\ ((—00,—1] U
[1,00)), z,w € C, with Z*, X* defined by B2), B3), respectively, such that the
complex variables o, z1, 22,1, T2, T, w are in some yet to be determined neighbor-
hood of the real line. Then

(5.25)
(1)t _ o (04 Dr(a+2)k
QY (ZF) =T(a+1)I'(a+1) Z) @t h@n
k
x SOEFED A4 k= (a4 b+ D+ Di(zize) (2 - )(EE - 1) F

=0
~ ank+k+l J14+k—1) (QZi _ 1)P£o;€+k+l,1+k7l)(2zi _ 1)

x wh T P RITR D (90)2 _ 1YUy(a),
(5.26)
Q(a 1)(Xi Oé + 1 Z

(a+2)k
k=0 k

+ D
a+k)(2)

k+1

XY FD Ak =Dtk D(@z) T (L - a1 - 23) T

NE

1=0

% ank+k+l,l+k7l) (2()32< _ l)Pgak+k+l,1+k7l) (2ZB2> _ 1)

x wF P2 IR D (90? — 1)U,y (2).
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PROOF. Take the limit as § — 1 in Theorem [A1T] using [11] |(18.7.4)], which
connects the Chebyshev polynomial of the second kind to the Gegenbauer polyno-
mial with parameter equal to unity, namely C!(z) = U, (z). This completes the
proof. O

Now we treat the case of the octonionic hyperbolic and projective spaces, which
correspond to 8 = 3.

COROLLARY 5.34. Let « € C, 21,29 € C\ (—00,1], z1,22 € C\ ((—00,—-1]U
[1,00)), z,w € C, with Z*, X* defined by B2), B3), respectively, such that the

complex variables «, 21, z2, %1, T2, T, w are in some yet to be determined neighbor-
hood of the real line. Then

(5.27)

(3 (7%) = 2 (a + 1)I( +1 3 —0‘+1) (o +4)x
k kit
X FDIBHE =D+ k4 D(a+ Di(zz)" (21 - 1)z - 1) 2
1=0
> ank+k+l,3+k—l) (2Zi _ 1)P£Olzg+k+l,3+k—l)(2zi _ 1)
% wk*l})l(a—4,3+k—l) (2w2 _ 1)02,[(117),
(5.28)
(@,3) :l: = p(la+ 1De(a+4)k
Qy" (X™) a+12% —a+k)(4)
x Z(qcl)“(s + k= D(a+k+ D (@z)" (1 - 23)(1 - 23) T
1=0
X QUUHEHLEHR=D (92 _ [)plackktl3th—) (9,2 _ 1)
X wF PO AITED (902 )08 (),
PRrOOF. Setting 8 = 3 in Theorem LIl completes the proof. a

The above calculations look almost trivial in that they are simply substitutions
of the values 8 = 0,1,3 and v = 0 into the addition theorems of Theorem [TITl
However, it should be understood that ordinarily these computations would be
extremely difficult, particularly if one were to use the standard normalizations of the
Jacobi functions. With standard normalizations, the Jacobi functions of the second
kind at these parameter values, and in fact at arbitrary integer values of «, 8 and
the degree 7, are not even defined. It is only because of the particular normalization
that we have chosen that evaluations at these parameter values become quite easy.
We will further take advantage of these expansions in later publications.
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