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Abstract

The spherical transform maps the orthogonal basis of symmetric Jacobi-type polynomials to an orthogo-
nal basis of (symmetric) Wilson polynomials. The spherical transform is closely related to the Cherednik-
Opdam transform, as it is essentially its symmetric version. The symmetric Jacobi-type polynomials can
be composed from the non-symmetric Jacobi-type polynomials. These relations, between the symmetric
and non-symmetric theory, give an incentive to consider the Cherednik-Opdam transform of non-symmetric
Jacobi-type polynomials. This work gives an overview of the symmetric theory about the spherical trans-
form of Jacobi-type polynomials and lays down the groundwork for the Cherednik-Opdam transform of the
non-symmetric Jacobi-type polynomials.
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Introduction

In the paper by Koornwinder [10] the Fourier-Jacobi transform of one variable Jacobi-type functions is dis-
cussed. These Jacobi-type functions and its transform arise naturally in the work of Koornwinder on rep-
resentation theory (see the article of Koornwinder [9]). The Jacobi-type functions are equal to a Gaussian
function times standard Jacobi polynomials and they are a set of functions that form an orthogonal basis on
some L2-space. For example, the standard Jacobi polynomials form an orthogonal basis on the L? space of
[—1,1] with weight function (1 — x)*(1 + x)P. Furthermore, the Fourier-Jacobi transforms of the Jacobi-type
polynomials form an orthogonal basis on a different L?-space and are equal to a known set of orthogonal
polynomials, called Wilson polynomials.

Zhang [16] considers the spherical transform, a multivariable version of the Fourier-Jacobi transform, of
multivariable Jacobi-type polynomials. This spherical transform is associated to the root system of type BC.
The multivariable Jacobi-type polynomials form an orthogonal base and they are sent to an orthogonal basis
of multivariable Wilson polynomials by the spherical transform. All the mentioned functions are invariant
under the Weyl group of type BC. Henceforth, we shall refer to these Jacobi-type functions as symmetric.
Moreover, the spherical transform is only defined for the Weyl group invariant functions.

There exists another transform which is the non-symmetric equivalent of the spherical transform. This
transform is called the Cherednik-Opdam transform, given in the paper by Opdam [12], and the paper by
Cherednik [2](both call it after the other person). The paper by Opdam [12] elaborately discusses the non-
symmetric (multivariable) Jacobi polynomials , E(A, k), as well. The symmetric Jacobi polynomials can be
constructed from the non-symmetric Jacobi polynomials. This leads to the question if the Cherednik-Opdam
transform of non-symmetric Jacobi-type polynomials also maps to a set of orthogonal polynomials.

This thesis starts with a description of the paper of Koornwinder [10] in chapter 2, since it gives a nice
introduction to the subject in one variable. The next chapter consists of an overview of the theory about
the (non-symmetric) Jacobi and the Cherednik operator. The Cherednik-Opdam transform is also described
in this chapter. The method of Zhang for the spherical transform of symmetric Jacobi-type functions is dis-
cussed in chapter 4. The fifth chapter gives some context for the Cherednik-Opdam transform in one variable.
Furthermore, it provides the approaches to determine the Cherednik-Opdam transform of non-symmetric
Jacobi-type functions in one variable and some recommendations.






Fourier-Jacobi transform and Jacobi
polynomials

This chapter describes the two methods of Koornwinder [10] to determine the Fourier-Jacobi transform of
symmetric Jacobi polynomials in one variable. The special case of the spherical transform that is treated
here, is used as an introduction in the topic. The first method explains how to calculate the Fourier-Jacobi
transform. The other method is less explicit and cleverly uses known properties of the standard Jacobi poly-
nomials, although it still requires some tedious computations. This approach also offers some perspective to
generalize to a method for multiple variables.

2.1. Introduction

To give some insight in mappings that send a set of orthogonal polynomial to a set of orthogonal polynomi-
als again (not necessarily the same polynomials), one can consider the example of the Fourier transform of
Hermite polynomials. The Hermite polynomials are defined by the formula

_ .2
2d"e™

Hy(0) = (D" ——

X

These polynomials form an orthogonal basis of the L? space on R with weight function e~ ‘. Applying the

Fourier transform to e‘é H,(x) gives i ”e‘é Hj,(x). Therefore, the Hermite polynomials are eigenfunctions
of the Fourier transform with eigenvalue i”.

The next sections show that also the Fourier-Jacobi transform maps a particular set of orthogonal poly-
nomials to in this case another set of orthogonal polynomials.

2.2. Definition of Fourier-Jacobi transform
First some important definitions and theorems are discussed, which can be found in [1] and [10].

Definition 2.1. The gamma functionT (x) is defined by
(e 9)
I'(x)= f et dt,
0

forRex>0.

A nice property of the gamma function is I'(z+1) = zI'(z). This follows from applying integration by part to
the definition. The definition of the gamma function can be easily used to express the analytic continuation
of I'(x):

1 (e}
T'(x) =/ et dt+f et dy
0 1

3



4 2. Fourier-Jacobi transform and Jacobi polynomials

1 1 [es) (—l)nt” 'S} 1
=f ey — dt+f et dt
0 n! 1

n=0

00 1 -1 ntx—1+n 0o
= Zf Ldﬁf t*le ' dr
—o0Jo n! 1

D" 1t
= —+f t* et dr. (2.1)
o (x+n)n! 1

83

This last expression represents the poles of the function. The second function in (2.1) is an entire function
and the first one shows that the poles are at n =0, 1,.... The beta function is defined next.

Definition 2.2. The beta integral is defined for Rex >0, Re y > 0 by

1
B(x,y)zf " la-nrtad:e.
0

The beta function B(x, y) is obtained from the integral by analytic continuation.
In the next definition the Pochhammer symbol is given.

Definition 2.3. We define the Pochhammer symbol by
@p=a(a+1)...(a+n-1), n=1,2,...
with (a)o = 1.

A useful relation between the Pochhammer symbol and gamma functions is the following formula:

(@) T'(x) =T (x+n). (2.2)

This formula is easily derived from the fact that I'(z + 1) = zI'(z). Another use for the Pochhammer symbol is
to express the definition of the hypergeometric series.

Definition 2.4. The hypergeometric series is defined by

X (an---(@p)p x"
Fy(ay,...,ap;b1,...,bg;%):= ) ——————, bj¢Z, forl<j=<q. 2.3

For computations with (2.3) it is important to know for which x the series converges. The next theorem
gives when the series converges for the different relations of p and g. Note that the ratio test can be applied
to the series to prove the theorem.

Theorem 2.5. The series pFq(ay,...,ap;by,...,bg; X) converges absolutely for all x if p < q and for |x| <1 if
p=q+1, and it diverges for all x # 0 if p > g + 1 and the series does not terminate.

A special case of the hypergeometric series is the hypergeometric function.

Definition 2.6. The hypergeometric function » F is defined by

§ @alb)y 2"

) (2.4)
o ©n n!
for|x| <1, and elsewhere by continuation to the complex plane with branch points at 1 and oco.

Note that if either a = —k or b = —k with k € N in the hypergeometric function the power series will be
finite, since (- k), = 0 for n > k. That is why the following hypergeometric function is indeed a polynomial.

Definition 2.7. The Jacobi polynomial of degree n is defined by

a+1 1-x
P;a’ﬁ) (x):= #2131 —n,n+a+ﬁ+1;a+l;7 . (2.5)
n!

The Jacobi polynomials form an orthogonal basis on L2(-1,11,1—x)%1 + x)ﬁdx).



2.3. Fourier-Jacobi transform of Jacobi polynomials 5

Theorem 2.8. The Jacobi polynomials Pila’ﬁ ) are a complete set of orthogonal polynomials on the interval
[—1, 1] with respect to the weight function (1 — x)*(1 + x)ﬁ.
Now we can give the definition of the Jacobi function:

Definition 2.9. The Jacobi function is defined as follows

P (1) =, Fy (L@ + p+1+iA), L@+ f+1- i) a+1;—sinh?(p). 2.6)
To clarify this terminology we take A = i(2n+ a + f+1) in (2.6)
B arpeny (0) =2F1 (=1, n+ @+ B+ L+ 1sin* (0)
n! (a,p)
=—— pw 20)), 2.7
@D, n (cos(20)) 2.7

which is a normalized Jacobi polynomial.
Let

Ag p(0) := (2sinh(9)*** 2 cosh(1)?P*, >0,
201D (@ + DT (i A)
TGGA+a+p+ TG (A +a-B+1)

Cayﬁ(ﬂ) =

The Fourier-Jacobi transform f — g and its inverse are given by

ga) = f FOSP (DA 5(1) dt,
C 2.8)
f =en fo gPP (1) |eap)| 7 dn,

where a, B €R, || = a+1. (2.8) is valid for f € C°(R) and even, and the transform f — g can be (uniquely)
extended to an isometry of L2(R,; Ag,p(8) di) to L2(R,; Ic,,,,ﬁ(/l)l’2 dl):

o0 (e 9)
f If(OPAgp(0) dt=2m) " f |g(M)1?|capl > dA (Plancherel formula).
0 0

We write & f for the Fourier-Jacobi transform of f.

2.3. Fourier-Jacobi transform of Jacobi polynomials

Wilson polynomials are orthogonal polynomials of 4 F3-type. They form the most general family of hyperge-
ometric orthogonal polynomials in the sense that other families of orthogonal polynomials can be obtained
as limits from the Wilson polynomials. For example, the limit of # — co of a Wilson polynomial with certain
variables gives a Jacobi polynomial (see [8]).

Definition 2.10. Wilson polynomials are given by

Wy, (x%;a,b,c,d) :=(a+b)yla+c),(a+d),

-n,n+a+b+c+d-1,a+ix, a-ix (2.9

"aFs a+b,a+c, a+d ak
wheren=0,1,2,....

The next theorem shows that the Jacobi polynomials (multiplied by some weight function) are mapped to
Wilson polynomials by the Fourier-Jacobi transform. The weight functions that are used in the theorem are
given by

f-2v(1) = (cosh(£) ™
with
2v=a+PB+6+u+2,
where 3,0, 1R, a,6 >—1,6+Reu > —1.
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Theorem 2.11.
°° (@p)
fo pr($)"" (0 Aq,p(1) dt
2204210 (@ + 1) ()" TR O+ p+ 1+iANT GG + p+1-iA)
G+ p+s+p+2)+mlGa-p+5+p+2)+n)
WR(GA% 30 +p+1), 50— p+1), Ha+B+1), S (a—-p+1),
where

pn(t) = o2, (OPYY (1 - 2tanh?(1)).
In order to prove Theorem 2.11 a few lemmas are given. First the Jacobi polynomial in the theorem is
expressed as a finite sum in terms of cosh ().
Lemma 2.12.

_1\n
P (1 -2tanh?(1) = (U;wzﬂ (

-m, n+a+d+1

-2
S+1 ;cosh (t)).

Proof. First the transformation of lemma A.7 is applied to the hypergeometric function of the Jacobi polyno-
mial:

(x+1), (—n, n+a+o6+1

(@,6) (1 _ 2 — . 2
P9 (1-2tanh” (1)) = 2h ail ;tanh (t))

(@+1), (—n—-0), (—n,n+a+6+1.
= 2k

-2
- @D, S+1 ;cosh (t)).

Now the term (a+1), can be eliminated in the numerator and denominator and we are only left with rewriting
(—n—=06),:
(—n=060)p=(-n-0)(-n-6+1)...(-6-1)
=(=D"E+D)...(n+6-1)(n+8) =(-1)"(6+ 1)y,
which concludes the proof. O

Next, the formula of the Jacobi function is rewritten to a hypergeometric function with argument tanh? (1)
instead of —sinh?(#). To make computations with the Jacobi function for ¢ > 0 the hypergeometric series
needs to converge on the interval (0,00). The series with argument tanh?(#) converges absolutely, since
[tanh?(#)| < 1 for ¢ > 0 and the absolute convergence then follows from theorem 2.5.

Lemma 2.13.
gb(f'ﬁ’(t) = (cosh(1))"@PHHN, By (L@ + B+ 1+i0), Ha— B+1+id);a+1;tanh?(n). (2.10)

Proof. Pfaff’s transformation (theorem A.4) in combination with rewriting some expressions involving hyper-
bolic functions gives the desired equality for the Jacobi function:

¢ P (1) = (L@ + B+ 1+id), d@+B+1-id);a+1;-sinh? (1)
e +sinh2(t))*%(“+ﬁ“”’1)
—sinh?(1)
oF (a+f+1+id),3(@-p+1+il;a+l;———
hilz@th 2@-p —sinh?() -1
= (cosh(1))"@PHHN, By (L@ + B+ 1+i0), Ha— B+1+id);a+1;tanh?(n). O

The last lemma needed for the proof of theorem 2.11 calculates the Fourier-Jacobi transform g(1) in (2.8)
Wlth f( t) = (COSh(t)) _((l+ﬁ+5+y+2+2]) )

Lemma 2.14.

o0 i (@p)
fo (cosh(1)) " @HPHOFIZAZD G OB (A, 5(8) d it

220 2P P (@ + DTG+ p+1+i0) + HTEE+p+1-id) + )
- Th(a+p+8+p+2)+ TG (a-B+6+p+2)+j) '
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Proof. Applylemma 2.13 and recall that the series in the Jacobi function in that lemma converges absolutely,
so according to Fubini’s theorem the sum and integral can be interchanged:

o L (@p)
fo (cosh(t))_(a+ﬁ+6+“+2+2])¢f‘ﬁ (t)Aa,ﬁ(f) dt

- foo(COSh(t))_(“+ﬁ+5+”+2+2j) (cosh(y)~(@HP+I+ID
0

© A@+B+1+id),E@-p+1+iA inh2(£) \"
2 GlarpeiribGla-p ”)”(smh (”)) (2sinh(1)29* 2 cosh(1)?P*! d1

=0 (a+1), n! cosh?

22a+2/3+22f (smhz(t))‘”“”(coshz(t)) ((x+ O+pu+2+il)+j+n)

(§(a+ﬁ+1+ z/l))n(z(a—ﬁ+1+ iVn 4
(a+1), n! t

The calculation continues by using the substitution u = sinh?(#) and applying Theorem A.1 and A.2:
22a+2/3+1 Z f a+n(u+ - (a+ O+p+3+il)+j+n)

(E(a+ﬂ+1+ zﬂ))n(z(a—ﬁ+1+ iMn du

(a+1), n!
x Ga+B+1+id)(E(a—-B+1+id),
— 92a+2f+1 1 . N2 2
2 nZOB(a+n+1,2(6+,u+1+z/1)+]) TR
22a+2ﬁ+12r(“+”+1)r( (6+,u+1+z)L)+])( (@+B+1+id), ( (a— ,6+1+l/1))n
n=0 T+ 5O +p+3+il)+j+n)(a+1), n!

Lastly, the gamma functions with the variable 7 in them are rewritten according to (2.2) and then Theorem
A.5 gives the result:

22a+2ﬁ+11~(a+n+1)r(%(6+y+1+iﬂt)+j)
- Ta@+iG+p+3+id)+))
® (@+D)pG@+p+1+iM)a(G@—p+1+id),
& (@+30+p+3+id)+ ala+1),nl
220420 (@ + n+ DTS (6 +p+1+id) + )

- T(a+30+p+3+il)+ )
T(@+3@+p+3+id)+ HLGE +p+1-id)+ )
TGa-P+6+p+2)+ NTGla+p+8+p+2)+ )
2202641 (q + NT(E (O +p+ 1+ i)+ TGO +p+1-id) + j)

- T((@+p+8+pu+2)+ HIE(@—P+5+pu+2)+ ) .

By combining the three lemmas, we can now give the proof of Theorem 2.11.

Proof (Theorem 2.11). Start with applying Lemma 2.12 and right after that Lemma 2.14. This is followed by
using formula 2.2 twice, once for the gamma functions with j and the next time in terms of n to get the Wilson
polynomial:

f (cosh()) @+ #2 pad) (1 2 tanh?(1) P (1) Ag (1) d1

_=D"0+ 1) & 5 (-m)jn+a+d6+1);
T S G+ ]!

j(; (cosh(t))—(a+ﬁ+5+y+2+2j)¢;a,ﬁ)(t)Aa,ﬁ(t) dt
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D6+, R (Cn)jn+a+d+l);

j; G+1); j!

n!

220 2P P (@ + DTG+ p+1+i0) + NTGE+p+1-id) + )
 Th@+p+orpu+2)+ TE(@—P+o+pu+2)+))

22042P 1P (@ + 1) (- D" TG O+ p+ 1+iANT GG +p+1-iA)(E + 1)y
- TG a+p+8+p+2)IG(a—p+6+p+2)
‘i(—n)j(n+a+6+1)]~(§(6+y+1+iA))j(§(6+p+1—iA))j
j20 G+DjGa+p+o+u+2)Gla-p+8+p+2); j!
220%2P 1P (@ + 1) (-D)" TG O+ p+ 1+ iANT GG +p+1-iA)
- T (Ga+p+8+p+2)+mlGla-f+6+p+2)+n)

-(6+l)n(é(a+,6+6+,u+2))n(§(a—ﬁ+6+p+2))n
g [T nratd+l, 3@ +p+1+id), 16 +p+1-id),
A o+ Ja+Bro+p+2), La-Broru+2)
22042610 (@ + 1) (-D)" TG O+ p+ 1+ iANTE G +p+1-iA)
- T (G(a+p+8+p+2)+nmlGa—-f+6+p+2)+n)

1,1 1s_ 1 L
-Wn(ZA,2(6+y+1),2(6 ,u+1),2(a+,6+1),2(a B+1)). O

From this theorem we derive the following useful corollary.

Corollary 2.15. The Wilson polynomials W,, with the parameters in Theorem 2.11 are orthogonal polynomials
in I2Ry;|cq ()| "> dA) and their norm is given by

||Wn||L2(CO~Ca'ﬁ|*2) = ”pn”LZ(Aa‘ﬁ)»

where L?(w) stands for the space L*>(R,., w(x)dx) and

22 (@ 4+ (DT (36 +p+ 1+ iIATGE +p+1-id)
T TG @+ B+S+pu+2)+mlG(a-B+o+u+2)+n)

Proof. The functions p,(t) for p € iR, n=0,1,2,... are a complete orthogonal system in L? (R, ; Ag,p(t) dt) and
then by the Plancherel formula the orthogonality of the Wilson polynomials in Theorem 2.11 is shown. To see
that the functions p,,(f) actually form an orthogonal system, in the inner product of the Jacobi polynomials
Pﬁ,a"s) (x) and Pﬁ,‘f"s) (x) on L2([-1,1],1 - 0)*(1 + x)® dx) x is replaced by 1 — 2tanh?(¢) :

1
f P9 (x) P (x)(1 - x)*1 +x)° dx
-1

- fo P (1 —2tanh? (1)) P29 (1 - 2tanh? (1))
. (;otanhz(t))“(Z(l —tanh?(£)))° - —4tanh(f) cosh (1) dt
= fo OOP;“"” (1-2tanh?(1)) P/@? (1 - 2tanh? (1)) -29+0+2
- (sinh(£))%% (cosh(£)) "2%(cosh(£)) 2% sinh(#) cosh™ ! (£) cosh~2(#) (cosh(£))2#*! (cosh (1))~ ®P*D a4t

[e.e]
=27h+0 f P9 (1-2tanh?(1)) P (1 - 2tanh(r)) - (cosh(£)) 2@*F0D 7 4(1) dr,
0

which is equal to the inner product of the functions p,(#) and p,,(t) except for some constant. Note that
(cosh(£)#(cosh(#))* =1 because p € iR, thus it does not appear in the inner product. The Jacobi polynomials
P,(f"a) (x) n=0,1,2,... form a complete orthogonal system in L?([—1,1], (1 — x)*(1 + x)® dx), therefore so do
the functions p,(¢) in [2([R,; Ag,p(1) dt). O
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2.4. Representation of the Jacobi function differential operator as a tridi-

agonal matrix
A well-known fact of orthogonal polynomials is that they satisfy a three term recurrence relation and the con-
verse is also true. Therefore, another way to prove the orthogonality of the Wilson polynomials is by deriving
the three term recurrence relation for the polynomials. In order to obtain this recurrence a tridiagonalization
of the Jacobi function differential operator £(q g is given.
The Jacobi function differential operator £, g) is defined by

qd d
(Liap ) 0= Bape) ™ — | Aap)— (F(1)
a2 A g
_ﬁ(f(t))+ Aa,ﬁ(t)ﬁmt))’ £>0. (2.11)

(a, )

Lemma 2.16. The Jacobi functions ¢, are eigenfunctions of £ q,p) with eigenvalue ~A?+(a+B+1)3).

Proof. The hypergeometric differential equation with solution y = » Fj (a, b; c; x) can be applied to prove this.
The hypergeometric differential equation is given by

x1-x)y"+(c—-(a+b+1)x)y' —aby=0.

This equation can be written in terms of the Jacobi function, since this is a hypergeometric function with
a= %(a +pB+1+iA), b= %(a +B+1—-iA), c=a+1and x = —sinh?(#). After some elementary calculations
the following expression is found:

—sinh?(#) cosh?(z) - y" (- sinh?(1) + (@ + 1 + (a + f + 2) sinh? (1)) - y' (- sinh? (1))

(2.12)
- i(az +(a+B+1)%) - y(-sinh?(z)) = 0.

Note that f'(g(1)) is the derivative of the function f in the “point" g(t). The derivatives (f(g(1)))’ and
% (f(g(1))) will be used to denote (g(1))' - f'(g(1)). Next the first and second derivative of the Jacobi function
are given:

%(gb(f'ﬁ’(r)) = (y(—sinh?(#))) = —2sinh(#) cosh() - ¥’ (— sinh? (1)), (2.13)

d? (a,B) s 1.2 "
ﬁ(ﬁb/l (1) = (y(=sinh”(1)))

= 4sinh?(#) cosh? (1) - ¥ (= sinh?(£)) — 2(cosh?(£) + sinh?(¢)) - ' (— sinh?(1)).

(2.14)

!

Al (D)
Before we apply the Jacobi function differential operator to the Jacobi function, the fractional Aa‘_;‘;(t) is calcu-
lated:
/
Ay (D

Aap(D) = (2a +1)(tanh(5) ! + (26 + 1) tanh(z).

Now we can apply the differential operator to the Jacobi function:
(Zapoy?) 0= j—; (657 ) + (@ar+ D(tanh(1) ™! + 2B+ 1) tanh (1)) % (65" )
= 4sinh? (1) cosh? () - Y (- sinh? (1)) — 2(cosh?(¢) + sinh?(£)) - y' (— sinh?(£))
—2(Q2a +1)cosh?(1) - y' (—sinh?()) — 2(2 + 1) sinh?(#) - y' (- sinh?(£))
= 4sinh? (1) cosh? () - Y (= sinh? (1)) — 4(a + 1) cosh? () - y' (— sinh? (1))
—4(f+1)sinh?(1) - y' (- sinh?(z)).
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Substituting 2.12 in the equation gives:
4(a+1+ (a+ B+2)sinh?(1) - Y/ (-sinh?(£) — (A% + (@ + B+ 1)?) - y(—sinh? (1))
—4(a +1) cosh? () - y' (—sinh?(£)) — 4(B + 1) sinh? (1) - y' (- sinh? (1))
= 4(a + 1) (cosh?(£) — sinh? (1)) - y' (—sinh?(£)) + (@ + B +2) - ' (= sinh? (1))
— (A% + (a+B+1)?) - y(=sinh? (1)) — 4(a + 1) cosh?(£) - ' (— sinh? (1))
—4(B+1)sinh?(1) - y' (- sinh?(z))

=—(A%+ (@ +f+ 1D y(=sinh? (1) = ~(A% + (@ + f+ DD - P (0). 0

Z(a,p) Is a symmetric operator with respect to the inner product

(f,g)=f0 FgMAgp(D)dt.

For f,g € C*(R.)NL?[R;Aq p(1) d) with their first and second derivatives also in L*(Ry; Aq, g(f) d1), we have

oo oo 42 A;,ﬁ(t)
f(] f(a,ﬁ) (f(t)) g(t)Aa,ﬁ(t)dt:f(; F (f(t)) +

d
A p(D dt (f(”))g(fma,p(t)dt

o0

oo d2 d

:j(; W(f(t))g(t)Aa,ﬁ(t)dt+fo E(f(t))g(t)A;ﬁ(t)dt
© d

= ‘fo a(f(t))ﬁ(g(t)Aa,ﬁ(t))dHfO

__fo = (F0) == (8(0) Agp(ndr.

o0

4 (f(0) g(DA], z(n)dr
dt h

The third equality in the above equation is obtained by integration by parts. The boundary terms disappear,
since f'(1),g(1) € LR, i Aq,p(1) dt). Interchanging f and g gives the same results, so the operator Za,p is
symmetric. Recall

pn(t) = fooy (1) Py (1 - 2tanh? (1))
and set
qn(t) ;== Fpu(1).
Apply the Jacobi differential operator to pj:
(ZLiappn) (1) = =2(p+1) tanh(1) p;, (1)
+((a—ﬁ+6—,u)(a’+ﬁ+6+p+2)tanh2(t) 2.15)

—2(a+1)(a+ﬁ+6+,u+2)—4n(n+a+6+1)(1—tanh2(t)))pn(t).

The above expression is found by first using the product rule for the second derivative term.

d? A:Lﬁ(t) d
(Liapypn) (O = T2 (pn(0) + BapD) IT: (pn(0)
= ((cosh(t))‘(“+ﬁ+5+f‘+2))" P, (1-2tanh?(1) (2.16)
+2 ((cosh(t))*‘“ﬁ*‘””*”)' (P, (1-2tanh? (1))’ (2.17)
+ (cosh(z))~@*+3++2) (p, (1 - 2tanh?(n)))" (2.18)
+(Qa+1)tanh™(¢) + (28 + 1) tanh(1)) p), (1). (2.19)

Then in order to show 2.15 the parts 2.16, 2.17 and 2.18 are rewritten to try to eliminate 2.19 and the remaining
terms result in the desired expression. The precise computations can be found in the appendix (B.1).
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Applying the differential operator to p,, gives a tridiagonal expression, namely:
~Lia,p)Pn=AnPn+1+Bnpn+Capn-1, (2.20)

with

_(m+Dm+a+6+D)2n+a+Pf+0+u+2)Rn+a—-P+6+p+2)
B Cn+a+6+1)2n+a+6+2)

_(n+a)(n+6)(2n+a+ﬁ+6—u)(2n+a—ﬁ+6—u)
a Cn+a+8)2n+a+d+1)

B @Cn+a—-p+06+pu+2)(n+1) A Cn+a-p+6+wWn
Cn+a+p+0-—pu+2)(n+a+l) " Cn+a+pf+o—-w(n+a)

An

)

n ’

n=

This is easily verified using the computer, for example with Maple.

Theorem 2.17. g, is a Wilson polynomial of the form

—DMa+DuGa+p+8-p+2),
nl((@—p+8+u+2)),

(a4, @+ fH1+iA), s(@+f+1-iA),
a1, Mat+fro+u+2), Sa+pro-p+2) )

dnN):=FA)

where F(A) is equal to the righthandside of 2.14 with j = 0.

Proof. Note that we have
F(ZLa,ppn(t)) = fo Pr(0)Za,p) ((P;a’m(t))Aa,ﬁ(t)dt =—A*+(a+ B+ DHF (pa(t). 2.21)

Applying the Fourier-Jacobi transform on both sides of 2.20 gives a three term recurrence relation for ¢, (1),
where we use (2.21). We get:

A+ (@+ B+ 13 gnA) = ApGne1 (D) + Brgn(D) + Cpgn-1(A).

Comparing the A, B,, and C,, with the constants of the three term recurrence relation for Wilson polyno-
mials we again find that the g,, are Wilson polynomials as stated in the theorem with initial conditions g_; =0
and go = F(A). O






Cherednik operator and Jacobi
polynomials

The goal of this chapter is to give an overview of the theory related to Cherednik operators and the Jacobi
polynomials. Root systems and the associated Weyl group are covered and of course the Cherednik opera-
tor and the non-symmetric Jacobi polynomials are discussed extensively. Some information is given about
the Cherednik-Opdam transform. Finally, the relation between the non-symmetric and symmetric Jacobi
polynomials is given.

The next two sections are mainly based on the book of Hall [5] and the book of Humphreys [7].

3.1. Root systems
Let @ € R™. The reflection in hyperplane P, perpendicular to « for 8 € R” is given by

(B, a)
o =f-2———a,
a(B)=P )
where (-,-) is an inner product on C": (x, y) = Z?zl x;y; for x, y € C". For now it would be enough to give the
inner product only on R", but at some point we need the inner product to be defined on C" as well. From
now on 2% is denoted by (B, a). An example in R? of a reflection o, is given in Figure 3.1. Now we can
define a root system.

Definition 3.1. A subset R of the euclidean space R" is called a root system in R" if the following axioms are
satisfied:

1. R is finite, spansR", and does not contain 0.
2. Ifa € R, thereflection o, leaves R invariant.

3. Ifa,BER, then(B,a) € Z.
2a
(o, )
also forms a root system. Some more examples of root systems in R? are given in Figure 3.2. For y € R", we
define R c R to be the set of roots a € R such that (@, y) > 0. R, is called the set of positive roots.
The definitions for the weight and root lattice can be found in [11]: The weight lattice P of the root system
R is defined by

If a € R for some root system R, the vector a¥ = is called the coroot of . The set of coroots {a" |a € R}

P:={AeR"|(A,a)eZVa€eR}.

We define the root lattice Q of the root system R as follows:

Q::{Z caalcaez}.

a€ER

13
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Pq

T e e e g

Figure 3.1: An example of the reflection o4 of a vector § in R2.

Ay xA, e

Figure 3.2: Root systems in R2 [5].
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P, denotes the set P, where Z is replaced by Z.. and R by R;:
P.:={AeR" | (L,a)€Z, Va€eR,}.

We define Q. in a similar way:

Q+ ::{ Z Ca|Cqy €Z+}.

acER,
Each root system has a base and the roots of a base are called simple roots.
Definition 3.2. A subset A of R is called a base if:
1. A is a basis of R",

2. eachroot B can be written as =) _kqa (a € A), with ky € Z all non-positive or all non-negative.

3.2. Weyl group

Let R be a root system in R”. The group generated by the reflections o4 (@ € R) is called the Weyl group of R.
The next lemma gives a nice property for elements of GL(R™), the set of invertible linear transformations of
R™. W < GL(R™), so in particular this property holds for Weyl group elements.

Lemma3.3. Let R be a root system in R" with Weyl group W. Ifo € GL(R") leaves R invariant, then 0,0~ =

Og(a) Va e R.

R” can be divided in finitely many regions by the hyperplanes P, (a € R). The (open) Weyl chambers are
the connected components of R”\Jgcg Po. Let A be a base of R. A vector A € P is dominant if (A, &) = 0 for
all @ € A and A is strictly dominant if (A, a) > 0 for all @ € A. For each A € P there exists a unique dominant
weight, 1*, in the Weyl orbit of A. This is a consequence of the following theorem.

Theorem 3.4. Let C be a Weyl chamber and A € R". Then there exists exactly one point in the Weyl orbit of A
that lies in the closure C of C.

We define a partial ordering < on the weight lattice P as follows (from [14]):
Definition 3.5. LetA, € P.

1. Wewrite A< pifu—A€Qy,andA<puifA<pand) #p.

2. Wewrite A= wifA* <u*, orif A\*=pu* and A=y, and A< pif A < pand A # .

An example is given with two elements in R? which shows that the ordering is indeed a partial ordering.
Take A = (6,6) and p = (8,2). Note that those elements are already dominant. Look at p— A = (2,-4) ¢ Q;,
since an element is only in Q. if we can construct it by a sum over positive multiples of positive roots. But
also A — pu = (—2,4) ¢ Q4. Hence we can not compare A and p.

The reflections associated to the simple roots of R generate the Weyl group.

Theorem 3.6. IfA is a base, then W is generated by the reflections o4 with a € A.

Throughout this report, one specific root system is used. Take the following root system R of type BC,
in R"™: R={+2¢;,+4¢;,+2(ejxgr)} for 1<i<mand 1< j<k<n. Wechoose the set of positive roots R, =
2ei,4¢;,2(ejxe)tfor1<i<nand 1< j<k<nandthe base A = {2(e; —€;41),2¢p} for 1 =i < n-1. Set
a;:=2(;—¢€j+1)forl =i<n-1and a, :=2¢,. According to theorem 3.6 the Weyl group is generated by the
elements g; (1 < i < n), which from now on will also be denoted by s; for 1 <i < n.

The s;’s satisfy certain quadratic relations and braid relations:

s?:l forl<i=<n,
SiSi+1Si = Si+15iSi+1 forlsisn-2, 3.1)
$iSi+18i8i+1 = Si+18iSi+18; fori=n-1,

SiSj=S$;jS; for|i—j|>1.
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We proof that sl? = 1 by working from the definition:

B,a)
0a(0a(f)) =04 (ﬂ Zm p )
:ﬁ—z(ﬁ’a)a— Ba , B (a,a)a:ﬁ’
(a, ) (a, ) (a,q) (a,a)

where with the second equality linearity of the inner product is used. The other properties of s; can be shown
in similar ways.

With the s;’s we can define a length function [ for all w € W by setting I(id) = 0 and for w = s;, ---s;, the
representation that uses the least amount of s;’s, [(w) = n. For A € P, we define two sets: W) := {w|wA = A}
and W := {w|l(ww') = [(w) Yw' € Wy}. Intuitively W* is exactly all the smallest length elements in the Weyl
group that send A to a unique element in its Weyl orbit. We can define a subset of R containing all the roots
that are orthogonal to A by R) := {a € R|(A, @) = 0}. The set R, . is Ry with R replaced by R,.

3.3. The Cherednik operator and non-symmetric Jacobi polynomials
This section gives the definition of the Cherednik operator and the non-symmetric Jacobi polynomials and it
lists a number of properties of that operator and those functions.

We have seen that the Weyl group elements are only defined to act on R”, which we now expand to func-
tions f on R” by wf(x) = f(w~'x) for all w € W. Note that the relations 3.1 are still satisfied for s; working on
functions.

Let k be a multiplicity function, i.e. a W-invariant complex function, on a root system R. We define

1
pr=5 Y kqa.

a€Ry
The Cherednik operator is defined as follows.

Definition 3.7. Let R, < R be a choice of positive roots, k an arbitrary multiplicity function and let ¢ € R". The
Cherednik operator D¢ = D¢ (R4, k) is the differential difference operator on R" defined by

1
D§=05+ Z ka(a,f)l_ _a(l—Ua)—(Pkyg)»

aER,
where for all A € R", e* is a function on R" defined by e*(x) = e forall x e C".

The Cherednik operator will act on functions in C[P] as well as functions on L2(R",7(t)d 1), where

=[] |Zsinh(%(a, 1))k,

acR,

With C[P] we denote the space of Laurent polynomials on the compact torus T" = iR"/(7iZ)", which exists
of finite linear combinations of functions e* with A € P. Therefore d;e* and we* for w € W, A € P need to be
defined: 6567‘ =1, E)e)L and we’ = e The second definition is consistent with wfx)= f(w_lx) if wet is
applied to x € R”. This chapter is mainly focused on the Cherednik operator on C[P]. The next lemma gives a
relation between Weyl group elements and the Cherednik operator.

Lemma 3.8. Forallwe W and ¢ € R", we have

woDgow ' =Dye+ Y kela,wé)og.

aeR . NwWR_
Proof. We show the lemma for functions on C[P]. Consider the operator
1 —a
¢t5 2 kala é) (-0

a€ER,

To see how S; relates to D¢ the second part of S¢ is rewritten:

- e«

1 1
Y kala, 6) (1 0d)= ) kala, N p=-0a -3 Y kala, é) —(1-04)

2 acER, a€ER, a€ER,
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1 1
= ) kal@,)——0-0a)—= Y ka(@,&
a€R; l1-e 2 a€R;
1
+- Z kw(“;f)am
2 a€ER;
S0
1
Se=De+= Y kala,&)og.
2 a€ER,
Note that S¢ is invariant with respect to the choice of R,, since
1+e™ @ e %e*+1) 1+e%
ka(a,$) 1“2 k—q - —(—ayf)m =k-a(-a,¢) oo

and for each a € R either @ € R, or —a € R,.. Remark also that
woetowt[¢!) = woet (6271 = w(emen 1) = enrel
Also, we have
wodgow™ (et) =wodg (e ) = w(w A,8e ) = (A, were! =0, ¢),

and

1+e @ 4 1 1+e e
1_e_a(1—0'a)°w 125 Z k“(a"f)l_e——wa(l_gw"‘)’

a€ER;

1
weo Y kala,&)

a€ER;

since woogow ™1 = 0 w(a) by Lemma 3.3, and continuing the calculation, using that ko = kg :
1

== Y kawla,)

2 wlaeR,

1
== ) kola,wé)

2 a€ER;

1+e @
l—efa(l_o-a)

1+e™ @
1= 1-04),

e—a
where the last equality is a consequence of the fact that S, is invariant with respect to the choice of R,. Now

it is clear that
wo S¢o w = Swe.

Dy is expressed in S¢

1
Dug=Suwe=5 ), kal@w)oa. (3.2)

aER;

Now we have

_ 1
wngow 1=Sw5—5 Z ka(a,8)0wa

a€ER;
1
=Swg=5 Y kala, wé)og. 3.3)
w-laeR,
We want to write the summation back to @ € R, again:
1 1
= Y kela,wdog== Y kela,wdoa— Y. kelad,wd)og, (3.4)
2 wlaeR, 2 a€R, aeR NwR_

where the last summation compensates for the positive roots that are not part of wa, « € R, (those roots are
given by w(—a) if wa € R_). Combining (3.3) and (3.4) with (3.2) proves the lemma.

1
wngoufl=Sw:—§ Y kala,wdoa+ ), kela,wéog

a€Ry aceR NwWR-
=Dy + Z ko(a, wé)oy,.
a€ER NWR_
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The following result is important for showing that D¢ has certain polynomials as eigenfunctions.

Lemma 3.9. The operator (1-04) onC[P] gives a mapping from C[P] into itself. Specifically,

— e_a
) eryklena if(l,a)>0
—z1-0w)(¢!) =10 if (@) =0,

—e"“’lzgial e " if(l,a)<0

where k = (A, a).

Proof. Apply (1-04) to e* (A€ P). We find

l1—-e ¢

e/l _ eUafl e/l (1 _ e—(l—Ua)/l)

1-0a)(e!) = —— %= —F—— (3.5)

1-e ¢

If (1 -o04)A is a positive multiple of «, the last expression is equal to the sum of a geometric series.

l-o)A=A-A-A,a)a) =\, a)a.

We know that (1, a) € Z and if it is also a positive number, it is possible to rewrite (3.5) in terms of a
geometric series.

e/l 1-— e—(l—CToz)/l k-1
%: eA Z e—fl(l’

where k = (A, a). There are two other cases to consider, namely (1, a) = 0 and (A, a) < 0. For the first case it is
easily seen that ! is mapped to 0. The second case is obtained by noting that we can write

e]L _ eaa/l _ eaa/l (1 _ e—(aa—l)/l)

l-e @ 1-e ¢

and then apply the same trick as before

_ p0al (1 _ p—loa-1A —k—
e%a (1 e_aoa ):—e%ﬁ kzle‘”“,
I-e n=0

O

The resulting expression for the elements in the image of the map in the proposition above can be ordered,
which is shown by the next two lemmas ([14]).

Lemma 3.10. Forallpe P we haveu < u*.

Proof. If u= pu* the statement is clearly true. Note that u* € P,. So let u € P\P,. We show that y < u*. There
exists aroot a € R, such that (u, a) <0, since p ¢ P.. Thus we have

Oglt=pH— (x>,

because —(u, a)a € Q;. If oo = 1, then we are done. Otherwise, we can repeat the argument from before
to see that there exists § € R, such that og(gqu) > o > . Note that there are finitely many Weyl chambers
and p* is unique, so continuing the argument eventually gives u < u*. O

Lemma3.11. Letpe PandacR,. If{y,a) =2, thenu—ra<pforr=1,...,(u,a)—1.
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Proof. Suppose {(u,a) =2 and y, = u—raforre{l,...,{(y,a) —1}. We need to show that u; < u*. There exists
an element w € W such that wu, = yy. w leaves the root system R invariant, so «a is send to a positive or a
negative root. Therefore wa € Q; or —wa € Q.. We first show the case wa € Q.. Then u} = wp—-rwa <
wu < u*, where the last inequality follows from the previous lemma. Next the case —wa € Q.. There we find
Hr=wp-—rwa<wp—{yaywa=(Wwoz)p<pu*. O

Next we prove two useful properties of the Cherednik operator on C[P].

Definition 3.12. Let . be the weight function

5e=T]

a€Ry

a  _a|2ke
e2 —e 2

For f, g € C[P] we define the following inner product
(f, ©k =an fgbkat,

where dt is the Haar measure on T" that is normalized by [y dt =1 and g =Y jcp et forg =Y epcret
with ¢y € C and c_) the complex conjugate of c_ . g is referred to as the conjugate of g.

Note that we can also represent this inner product as

(f,g)sz[o ] fgw)|dr(wldu, (3.6)
ol
where )
a,iu a,—iu 2ka «
scw= ] (e‘ e T 2sin((a’U))
aERy acR, 2

Before stating the next proposition, we give some remarks. 8 is Weyl group invariant. (wa, 8) = (a, w™' ),
because (s;a, B) = (@, s; B) . This is checked easily from the definition and w can be written as a combination
of s;’s.

Proposition 3.13. The operator D; is symmetric with respect to the inner product (-,-)y. for { e R".

Proof. The proofis based on the proof of Heckman [6]. Split up D¢ in three different parts: ¢, ¥ 4er, ka(@,&) ﬁ (1-
o) and (o, ¢). And determine their adjoint operators separately. Start with d¢ and apply integration by parts:

0l )k = [, 0c(PEsdr

—f fdf(@akdt_f fg0:(6)dt
T T

T \spdr. 3.7)

N\s N\a
N\Q (N

:fqrnfaf(g)ékdt f fg( Y kela, g)

e
a€R, —-e
The last step requires some explanation. The first integral is because of 9; (g (1)) = —0¢(g(u)). To see this deter-
mine the derivatives of g =) )cp c;Le7L and g = Zlepaelz 0:g = 2,1.5113(/1,5)C;Le7L and 0;8 =Y yep (A, E)ae’l.
Moreover, 0¢g =Y jep (—A,&)c_ 18t ==Y acp(N, Ec_zet | since (A,¢) is real-valued. The second integral fol-
lows by writing out the derivative of §  and taking the conjugate. It is easier to work with a different expression
for 6:

a _a |2k a _a\ka[ a a ke
O = H e2 —e 2 = H ez —e 2) (ez—e_z)
a€ER, a€R,
a _a\ka( _a  a\ke a a\ka
= l_[ ez —e z) (e z_ez) :H(ez_e z)
aeR; a€R

ko
The derivative of (e% - e‘%) is
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a ez+e? a\ka
:k -, 2 —e 2
a(z E)e%_(% (e e )
The product rule then gives:
a ez+e? e? +e 2
0:(60) =) kal=,8)———F0k= ) kala,6)—F0r.
aweR 2 ez-—e 2 aeR, ez —e 2

The conjugate of the sum term is indeed equal to the one in (3.7).

Next consider Y 4ep, ka(a,f)ﬁ(l —04). To put this operator to the other side of the inner product

ﬁ and (1 —0) get turned around and also the conjugate must be applied. So the operator becomes (note

that the conjugate only influences ﬁ):

1 1 1
Z ka(a’f)(l_aa)(l_e—a): Z kw(“;f)(l_ea_aal_ )

a€eR, a€Ry

= Z ka(arf)( ! - . Ua)-

— p —p—
aeR, l1-¢ l1-¢

The o4 part of this equation is already correct; the other part needs to be combined with the second part of
(3.7).

_e% l1-e @

sowe find 0; + ¥ ger, ka(a,é)ﬁ (1-04) as adjoint for 0; + ¥ ger, ka(a,$) ﬁ(l —0gq).
(pk,€) is a real-valued constant, thus stays the same if you put it at the other side of the inner product.
Therefore we conclude that D¢ is symmetric. O

Proposition 3.14. The operator D¢ is upper triangular with respect to the ordering <, i.e. D¢ ehH=x u=A druet,
for certain coefficients a, .

Proof. Firstly, ag(el) =, &el. Secondly, for the term } 4cp, kq (a,f)ﬁ(l — 04) we use Proposition 3.9.
We see by lemma 3.11 that et and %! are the highest order terms in the cases (1,a) > 0 and (1,a) <0
respectively. Also, if (A,a) <0, then 0,1 < A: the dominant weights of 0,1 and A are clearly equal and
—-AayaeQy,s00,A=A1— (A, a)a > A. Finally, p(k)(¢{) is just a constant for a given ¢. O

The fact that Dy is a triangular operator gives that there are eigenfunctions of degree A in C[P] with eigen-
value a, ) from proposition 3.14.

Definition 3.15. The non-symmetric Jacobi polynomials E(A, k) are defined as the unique eigenfunctions of D¢
that are of the form:
EAK =+ Y cypet. (3.8)
p<A
It is useful to have an explicit expression for the eigenvalues of the non-symmetric Jacobi polynomials.

Proposition 3.16. Let A € P. The eigenvalue of E(A, k) is given by

12 =A+% Y kae(A, a))a,

aeR,

with

{1 forx>0
e(x) = .
-1 forx=<0

Proof. Apply D¢ to ¢! and determine which parts of the operator give e* terms. Clearly

(0 — (01, ) (€M) = X, &)t = (pr, et
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1
=(,&e - 5 2 ka(a,é)el.

aE€Ry

The remaining part of D¢ only gives a nonzero coefficient for et if (A, @) > 0 (see 3.14). In that case the
coefficient is equal to k,(a,&). So we find

De(eM) = (/1,6)+% Y kee(h, @) (@, &) | et + Lo.t.

a€ER,;

1,8 + %Zaem ka€((A, a))(@,€) = (ya,€) and since ¢ is an arbitrary vector, y, is indeed the eigenvalue of
EQ, k). O

Proposition 3.17. IfA,u€ P and A # y, then
Yﬂ, # Y,lh
ifky, =0.

Proof. Suppose A € P,.. We prove that y) = w) (1 + py) with w), the longest of W,. We can describe the action
of wy on the elements of R, as follows: wj(Rj,+) = —R) + and w) (R+\Ry +) = Ry\R, ;. Use that for applying

wy to pg:

1 1
wrpk =5 Y kqwpa= > Y kae(A, @))a.

a€Ry a€eRy

We can also show that the jth component of py is equal to:
Pk,j = (k1 +2k2 + (n— j)2k3)e;.

So we have py 1 >...> pg,n >0, if kg = 0 and either k; > 0 or kz > 0. Therefore (1 + py) >0 and e({(1,a)) =1
for all @ € R,. Now we can derive that for A, u € P, with A # u, A+ py and p + p are in the same open Weyl
chamber. We find that y, and y,, do not lie in the same Weyl-orbit. So y, # v, is true for A,y € P,. To show
the proposition also holds for A, u € P\P,, we first give the proof for the expression: y,,« = wy,« for A* € P,
and w e W' Start writing out wyj+:

1
wyr = LUA;k + E Z ka€(<A*ya>) wa

a€ER,

1
=wA* += Y kee(A, wla))a.

w-laeR,

There are two cases in the sum for (A*, w™la): (A*, w™la) =0 or (1*, w1 a) > 0. For (A*, w'a) = 0 we have
that a € R,, since saying that w € W is equivalent to the following statement: wa € R, for all a € Ry .. For
the other « it does not matter if a or —a is in the summation, since with (1*, w™1a) > 0 we have:

(A, waya=—-e(AV, wla)) - (—a) =e((A*, w (~a))) - (~a).

We get:

1
wyre =wA”+2 3 kae(A,wl a)a

a€ERy

1
= LU/",* + 5 Z ka€(<wa*)a>)a :Ywﬂ*-

acR,

Take A, p € P\P,; with A # p. We find:

YA = Yu=Ywr —You* = WYrx — VY #0.

If A* # u* this is clear by the reasoning earlier in this proof. If A* = u*, we have w # v and because they are in
WA, wand v can not send y,+ to the same element. O

Next we mention another property of E(A, k).
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Theorem 3.18. The set{E(A, k)|A € P} forms an orthogonal basis of C[P] with respect to (:,-).

Proof. The set consist of polynomials of different orders, so they are independent. And by definition of C[P]
it also spans that space. The orthogonality follows from the next calculation. For 1 # u€ P, { e R”

Y OEQ K, E(W, k)i = (DeE, k), E(u, k) = (E(A, k), DeE(, k) i = (Y, (EQA, k), E(, k) k.,

where the symmetry of Dy is used for the second equality. y, # Y, according to Proposition 3.17, so (y3,¢) #
(Y, §) for some ¢ € R". Thus, (E(A, k), E(u, k) = 0. O

Corollary 3.19. (E(A,k),e!)r =0 foru<A.

Proof. Write e = E(u, k) + X¢< c¢,u E((, k) by the fact that {E(A, k)|A € P} is a basis. By linearity of the inner
product the corollary follows. O

Another nice property of the Cherednik operator is that D¢ and D; on C[P] are commutative.
Proposition 3.20. The operators D¢ and Dy, are commutative on C[P].

Proof. Let f =% ,<pcy et with ¢,y € Cand by 3.18 also f =} ,,<y by A E(u, k). For each E(y, k) in that sum
holds that it is an eigenfunction of D¢ and D;;:

D¢DyE(, k) = De(y D E(W, k) = (7 D E, k) = (7 Oy O E, K,

and similarly

DT[D{E(NW k) = (Y[lr f) (Y[lr TI)E(H, k)
This means that Vu D¢ Dy E(u, k) = Dy D¢ E(u, k) and thus D¢ Dy, f = Dy De f. O

The Cherednik operator can also be applied to functions in L?(R",7dt). This space is endowed with the
bilinear form (-,-);:

(f,8)r = /R fwg-nrdr. (3.9)

Dy is symmetric with respect to this bilinear form.
Proposition 3.21. The operator D¢ is symmetric with respect to the bilinear form (-,-); for { e R".

The proof of this proposition is very similar to the proof of proposition 3.13.

3.4. The Cherednik-Opdam transform
The Cherednik-Opdam transform is the transform we want to apply to the non-symmetric Jacobi polynomials
and is defined in this section.

The eigenfunctions E(A, k) are not the only eigenfunctions of D¢. According to Opdam [12] there exists an
open neighborhood U of 0 € R” such that there exist a holomorphic function G(¢, 1) on (R" + iU) with A € C
with the properties:

1. G(0,A) =1,
2. ¥EEC: DG(t,A) = (L, E)G(1, 1),

and the functions also depend on the multiplicity function k. Furthermore, G(¢, 1) is bounded for A € iR"
(see [2]). We can use G(t, ) to get a W-invariant eigenfunction ¢, by setting:

wG(t,A).

wewh

¢A=W

The Cherednik-Opdam transform of a function f € L?(R", 7d ) is:

f(it)=f fOG(-t,\)tdt, AeiR".
Rn
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The inverse of this transform is given by:

f(t)=f fG(t, ModA, teR",
iR"

where
_ co(pi)?
=(2 n e —— 3.10
o= ag ENGH () (310
with
TA )+ ka + kg)
e =1 e =
a€R+ r(</l)a>+k%)
and

TUA a) + k% +kg+1)
TUA a) + k% +1)

o= ]

a€eR;

Applying the Cherednik-Opdam transform to D; f with f € L?(R",du), which acts on the variable ¢, leads
to another operator that acts on the variable 1. We show the operator that is associated to D;:

DiF) =fw Dj(f(t))G(—t,/l)Tdt=fRnf(t)Dj(G(_t’M)Tdt
:A]f f(t)G(_tr/l)Tdt:/lff(ﬂ')
Rn

Here the symmetry of D; with respect to the bilinear form is used (proposition 3.21) and the fact that G(-¢, 1)
is an eigenfunction. So the multiplication operator A; is the operator associated to D;.

3.5. Relation symmetric and non-symmetric Jacobi polynomials

The Jacobi polynomials defined in the paper of Zhang [16] are called symmetric Jacobi polynomials, since
they are Weyl group invariant and are equal to the standard Jacobi Polynomials in the one variable case. This
is shown at the end of chapter 4. A partition is a vector € N” such thatn; =1, =... =7, = 0. Call the set of
partitions 22. For each element 1 € 22 we have that 2n € P. Now it is possible to define the symmetric Jacobi
polynomials.

Definition 3.22. Foreachn=ny,...,n,) EN",n12...21, 20, P, onT" is defined as

—_ W w
Pp=py + Y. oy
n'e®
2n'<2n

such that
(P”’ p Z’V )k =0
where p,gv =Y wew w (e2Mert-+mmen)) js the Weyl group orbit sum of the power function.
These symmetric polynomials form an orthogonal basis.
)W

Lemma3.23. The polynomials {P,} form an orthogonal basis for 12 (T, 16w (s)lds) ™, L2 -space of Weyl invari-

ant polynomials.

The symmetric Jacobi polynomials can be described by the non-symmetric Jacobi polynomials in the
following way:

Theorem 3.24.

P,= ) wE@n,k).

wewt

For the proof of both the lemma and theorem we refer to [12].






Spherical transform of symmetric Jacobi
polynomials

In the paper [16] Zhang describes a method to express the spherical transform of symmetric Jacobi polynomi-
als and to show that the spherical transform is equal to (symmmetric) multivariable Wilson polynomials. This
chapter gives an overview of Zhang’s method. The chapter also includes some extra steps and calculations
that are omitted in the paper.

4.1. Introduction
We start by giving a small description of the method of Zhang. The idea of the method is to write symmet-
ric Jacobi polynomials in W-invariant polynomials of Cherednik operators, since the spherical transform of a
W-invariant polynomial of Cherednik operators is easily determined. The symmetric Jacobi polynomials that
form an orthogonal basis on the torus T", are written as Laurent polynomials in sines. A certain transforma-
tion can be applied to get polynomials on R” in variable x. After that an operator associated (and very similar)
to the Cherednik operator is given in a form that can act on polynomials in x and this is used to change the
Jacobi polynomials in x to polynomials in the Cherednik-like operators. To preserve the orthogonality of the
Jacobi polynomials a weight function is multiplied with the Jacobi polynomial on R”. The spherical transform
of the weight function times the Jacobi polynomial is determined resulting in a (symmetric) multivariable
Wilson polynomial, which is defined at the end of this section.

The spherical transform and some necessary definitions are discussed first. Recall the root system R with
R, = {2¢;,4¢;,2(ej+ep)i for1 =i<nand 1< j< k=< n The Cherednik operator on functions on R" from
the previous chapter (definition 3.7) is used in this chapter with the multiplicity function k = (k, k2, k3) with
ki=Db, k= % and k3 = % associated to the roots of R. Define D; := D,,. For the operators D; there exist a
W-invariant function ¢, that is an eigenfunction with eigenvalue (1, €)% = JL?, as described in section 3.4. For
a W-invariant polynomial p in the variables D;, we have

P(Dly---,Dn)(,b/l:p(/ltl;---ran)gb/l) (4]-)

since p exists of combinations of Dlz.. The spherical transform of W-invariant functions f € L*(R", du(t))",
where this L?-space only contains R-valued functions, is given by

fy= fR FOPr()du(r), 4.2)
with

dﬂ(t): T(t)dt: l_[ |2$1nh(%(a’ t))|2kadt

a€ER,

This transform has a Plancherel formula
fR FOPrdr = f P, 43)
n l

25
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The Plancherel measure dfi(]1) is given by

day = Z"% 4y
We=1) 7
with
cOh) = ﬁ F(/lj +lb)l“(2/1j) r(/lj+€/1k)a
j=1 [(Aj+b+3)(21) +2b) 1<j<k=n, FAdj+edr+3)
€=+
and
o= n [(pj+b+1)I'2p;+1) I'(pj+epip+1)
0 jzlF(p]-+b+§+1)1“(2pj+2b+1)15j<kgn,1“(pj+epk+§+1)'
€==%

The inner product of f, g € L2(R",du(r))" is given by

(f, 8w =fwf(t)g(t)du(t).

The weight function f_,, on R” is defined by

n
foav(®) =[] cosh™"(¢}), veR.
j=1

Jj=

Note that this function is W-invariant, since cos(-{;) = cos(z;). For a sufficiently large v, the spherical trans-
form of f_,, can by made explicit.

Theorem 4.1. Forv >+ b+ a(n—1) the spherical transform of f—_,, is given by

I(v-1p1+€e3h))

o n
= NV}LQ Tv—lptelarbrag-ny iR
N, is a normalization constant that is given by
Ny :_[Rn J-2vdu(0)
= gn@2bran-1) pp (L 1+ 219;' a(n-1)
Ta(v—(4(n—1)+1+Db)) T(4(G-i+1)
Tav+13) 1zicjzn TEG-D)

where
n a
Ta@)=[]Tlc-=(-1).
j=1 2

For the proof, see [16, Theorem 3.2]. It consists of a lot of tedious computations.
Let S;, be the group of permutations of an element in N”, and call the symmetric power sum m;, forn € N":

MyV1yeens V) = Y yfl...yfl".
CeSun

We need the symmetric power sum for the definition of the Wilson polynomials.

Definition 4.2. The (unique) polynomials q, that satisfy the following two conditions are called multivariable
Wilson polynomials:

L. gp=myw+ (gép CneMy,w) Cni'qu

2(<2n

2- (qT[r m{,W)AW = 0 lf{ < T)!
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where my w (x) = my(x2,..., x2). The weight function Ay given by

I'(v+ i(€1)€j +€2Xk))

Aw(x) = -
lsjl;lcsn’ [(ile1xj+e2x5))
€1,62=%1
H [(vo+iexj)T'(vy +iexj)T (vo+iex;j)T'(v3 +iex;)
X ’
1<j<n, I'2iex;)
e=+1

withv =0 andR(v;) >0 (j =0,1,2,3). The inner product (,-)p,, is determined by

1\" -
(mp,w, Mg w)ay = (ﬂ) fRn my,w (xX)mg,w (x)Aw (x)dx.

These definitions allow us to continue with the description of Zhang’s method.

4.2. Transformation of T" to R”

The symmetric Jacobi polynomials are orthogonal with respect to a measure on T" = iR"/(7iZ)", but the
spherical transform is defined on R”. Therefore, we need a transformation for the functions on T” to main-
tain the orthogonality properties on R". Set y; = e’ for 1< j < nwith u € [0,7]", then y € T", and vi=eli
for1 < j < n, t e R". Consider the components separately. There are many different ways to send an element
vj € Ry to an element on T, the unit circle. The transformation

—vjt1

Yi=7
ivi—1

is used here. It will become clear throughout this chapter why this particular transformation is chosen. First

we verify that the given transformation maps to T. One of the characterizations of the unit circle is that the

conjugate of an element is equal to its inverse. So, we check if y = y~:

—Vj—1 ll/j—l

y= = =y

-1
—ivj—-1 -—vj+i

Then, after some calculations, we find

-1 1

Yi—Y; Vj— v,
sin(u;) = - - / = tanh(f)),
21 Uj + VTI
J
and
yi+yi! 2
cos(uj) = =— T :—coshfl(tj).

2 vj+ v]T

The fact that tanh(¢;) is sent to sin(u;) (or actually the other way around) is particularly important for the
method of Zhang.

4.3. Orthogonal basis of symmetric Jacobi polynomials
This section describes how the symmetric Jacobi polynomials can be written in sines. Moreover, in the new
sine variables the Jacobi polynomials still form an orthogonal basis.

Letv >+ b+a(n-1). Choose the multiplicity function ¥ = (k" k{", k") with

2k =2@v-(+i+b+an-1)+1, 2k + k") =1+2b, 2k} = a. (4.4)

The symmetric Jacobi polynomials P, ; (definition 3.22) can be constructed with polynomials of the vari-
ables cos(2u;), because for [, m € N, cos™(2u;) is a Laurent polynomial in C[P] with highest power e 2miuj
cos™Qu i) and cos'Qu ;) are linearly independent in C[P] and cos™(2u ) only contains powers of e* with
the powers in 2Z. Furthermore, for each f (u)e?™itj  there is also f (w)e~2miu;j present in the polynomial.
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Here f(u) is some (combination of) exponential functions of u;, i # j and m € N, since the polynomial is
W-invariant. Combining them leads to 2™ f(u) cos™ (2u;) + l.0.t.. This argument can be applied repeatedly
to replace all exponent functions by cosines.

Moreover, the Jacobi polynomials can be expressed as functions of sin?(u i) by the trigonometric equality
cosuj)=1- 2sin2(uj). Set x; = sin(u;). The symmetric power sum m,,(xf,...,xfl) is W-invariant and can
be used to express P, ; in X1,..., Xp:

2 2 2 2 2
Py (X1, Xg) = (= 1) 20t g, (02, 20) 4 Y e g (7 X0
{<n

The Jacobi polynomial in the new variable x also satisfies an orthogonality property with respect to the
inner product (-, -) v under change of variable:

Py pcw ) ew x = f Py, (x) p(W F ()07, (0dx=0, {<n,

-1,1"
since the changing of variable does not affect the orthogonality. The next section explains a bit more about
the changing of variables in the inner product. By the same reasoning as in corollary 3.19

(Pyn M) =0, {<n

also holds.

4.4. Change of variables in two inner products

In this chapter we work with two different inner products, namely the inner product on C[P] and the inner

product in L?(R", du(t))". In this section the inner products are subjected to change of variables to be able

to show the equality of the norms of the Jacobi polynomials on T” and the Jacobi-type polynomials on R”.
We start with the inner product on C[P]:

Lemma 4.3. For f, g € C[P] that can be written in the variables xj = sin(u;), we have the inner product in the
variable x:

) ) V),
(F, 85w, = 22K #4820 1))nf

_ 2k W 4o k® 2 kM _1 5 2 2k
Frg ) [ T1x P 2% 1 -x1 72 []1xg - 2517 dx.
1,117 i ‘

i<j

Proof. The change of variables of the inner product on C[P] is shown by first writing the weight function in

)

2k,
xj =sin(u;) as in the previous section. Recall that the weight function is § ;) = [14eg, [sin (@) ‘. We get:
( ) zkg/)
. ((a,u . ™ . ™ . )
H Zsm( ) :H|2s1n(uj)|2k1 |251n(2uj)|2k2 H |2(sm(ui+euj))|2k3
a€R, 2 j i<je=t
) (v) )
=[T12sin(u)) 5" 22 sin(u;) cos(u)*kz”  [] 12Gsin(u; +eup)?s". @5
j i<je=x
. . . 1
In the product over j the |cos(u;)| is the same as |1 - smz(uj)l 2, so we find:
. ) . v) ) ) W) ) )
IT |251n(uj)|2k1 |22 sin(u;) cos(uj)|2k2 = 2@k +4ky n [T |xj|2k1 +2ky 71 - x?lk2 .

J J

For the other product in (4.5) take together the following terms:
26sin(u; + w25 126sin(u; - u)IPR” =225 sin(u; + ) sin(u; — u)) 25
Apply the angle sum and difference identities sin(a + ) = sin(a) cos(f) £ cos(a) sin(f):

sin(u; + uj)sin(u; — uj) = (sin(u;) cos(u;) + cos(u;) sin(u;)) (sin(u;) cos(u;) — cos(u;) sin(u;))
= sin®(u;) cos® (1) — cos® (u;) sin? (i) (4.6)

— 42 2 2y, 2_ 2 2
=X (1= x5) = (L= x7) x5 = x; — x5
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Therefore we get that:

. 2k _ 52k 2 _ 22k
[T 126sin(u; +eu))*s =2%%s Hlxi—le 3
i<je=+ i<j

Combining everything we find for the weight function:

2k,
2

Also note that the range of sin(u;) is [-1,1] and that dx; = cos(u;)duj, thus the inner product of f, g € C[P]
in the variable x becomes the inner product as stated in this lemma. O

)
a

[1

a€ER,

_ 5@k 44k 42k (n-1)n 12k 2k 1 2k 2 2.2k
=2%" 2 3 l;[|x]| 1 2 |1 xj|2 H'xi xj| 3

i<j

The other inner product follows pretty much the same steps only the variable that it is changed to is
different, x; := tanh(z;).

Lemma 4.4. For f,g € L*(R",du(t)) that can be written in the variables x; = tanh(t;), we have the inner
product in the variable x:

(5 &) uox = 2(2k1+4k2+2k3(n—1))nf

o fJC(x)gX(x) l_[ |xj|2k1+2k2|1 _ xﬁl—k1—2k2—2k3(n—1)—1 H |x12 _ x?|2k3 dx.

J i<j

Proof. Start with the weight function 7:

[

a€eR,

2kq
=[] 12sinh(u;)**1 22 sinh(u;) cosh(u)** ] [2(sinh(u; +eu)?F.  (4.7)

j i<je=%

Zsinh(w)
2

In the product over j we use that cosh_z(tj) =1- tanhz(tj) and we find:

2k 2k

sinh(u;) sinh(u;)
[T12sinh(x;)[?%1122 sinh(u;) cosh(u;) 22 = 2@k +4kn [T) ————= cosh(u;)|  |——— cosh?(u;)
J J

i | cosh(u;)

cosh(u;)
— 2(2k1+4k2)n l_[ |xj|2k1+2k2 |1 _ x?|—k1—2k2.
J

For the other product in (4.7) the same angle sum and difference identities hold as for the sines in (4.6), so:
[T 12(sinh(; +euj))|2k3 = 22%ks [T 1sinh®(u;) cosh®(u;) — coshz(u,-)sinhz(uj)IZk3
i<je=+ i<j
k
sinhz(ui) 2ks
i<j | cosh? (u;)

=22k | | Ixf—x2.|2k3|coshz(ui)coshz(uj)|2k3.
L J
i<j

sinh?(u;)

coshz(uj)

= 02k coshz(ui)coshz(uj) —coshz(ui)coshz(uj)

Now we still need to write the cosh in this equation in the x variable and we can even change the sum to the
sum over one variable:

[T1cosh?(u;) coshz(uj)IZk3 =[]n- x?l‘zj€3 11— xfl_m€3
i<j i<j

_ _ 2)=2ks(n-1)
=[]11-xjl .
J
Combining all the calculations for the weight function gives:

[

aERy

2kq
2k +4ko+2k3(n—1 2k +2k 2—k1—2ky—2ks(n—1 2
= o@ki+4kz+2ks (n ))ﬂn|xj| 1 2|1_xj| 1-2k2—2k3(n )H|xi_
J

2sinh(w)
2

22k;
le .

i<j

The inner product of f, g € L?(R", du(t)) in the variable x is as stated above, since tanh(z;) has range [-1,1]
and dx;j = (l—tanhz(tj))dtj. O
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The inner products in the lemmas 4.3 and 4.4 look very similar. Note that adding a conjugation to g* in
4.4 does not influence the inner product, since g* is real valued. We have that:

2k + 2k = 14+ 2b = 2k + 2k,
1
k-5 =2v—(+i+b+an-1)=2v—k -2k -2ks(n-1)-1,
2k{" = a=2ks,
and using the identities above we also find:

2(2k§”+4k§”2k§”(n—1))n _ 22k§”—zkz2(2k1+4k2+2k3(n—1))n_

. . ) _
This means that the inner products are equal to each other except for the constant 252" ~2%2 and a factor
111 - xi [>v. This factor is compensated by the function f_,,, which is discussed in Section 4.6.

4.5. Symmetric power function in ¥
The Cherednik operator can act on functions on R”. If these functions are written in the different variables
xj = tanh(z;), it is easier to work with the Cherednik operator in the x; variables as well. In this section the
change of variables in the Cherednik operator is given. The operator that is equal to the conjugation of f_,,
with the Cherednik operator, 2, is also given in x. The 2;’s play an important part in the calculation of the
spherical transform.

We start by writing down the operator D; explicitly:

1 1 1
Di=0j=0 0 T iy 1 ~Oerme) ¥ L Tt (7 Oy T4 2 1 iy (= e

1 1
+2bm(l —05].) +2Lm(l —Ugj) - (‘Dk,é'j).
We write the operator in different variables in the next lemma.
Lemma 4.5. Set x; :=tanh(z;), then we have

a 1+Xx;i—Xj—xiXj a
Dj=(1-x)3j-= Y ———— -0 c)+5 Y
oy Xi—Xj 2%k

T+x;+xj+ X X;

1+x;—Xp— XX
#(1_081‘—51)
Xj— Xk

a 1 1 1
+5,§,~ U Tee) T+ DA =0e) (Lt 5+ |1 -0e) ~ (i),

on polynomials in the variables x = (xy,..., Xp).

Proof. The proof consists of many tedious computations for each termin D;. (o, €;) stays the same, since it
is a constant. The derivative of tanh(;) is

0 tanh(z;) = l—tanhz(tj) =1 —x?.

One of the remaining terms is shown as an example. The other terms are obtained by similar calculations.
We look at 1

b1+ x—j)(l —0¢)).
Important is that the Weyl group elements o, with @ € R, are now applied to x. The same notation is used,
since —x; = —tanh(¢;) = tanh(—¢;) and clearly permutations of x are the same as permutations of ¢. We proof
that

2

1+ 1)_
. _1_6—2lj'

Xj
Start with the lefthandside and by elementary computations the righthandside easily follows:

1 eli+eli eli-elitelitel
(1+_,) =l = ti _ ,—tj
Xj e —e " e —e
2e'i 2

eli—e i 1—e 2



4.6. Spherical transform of symmetric Jacobi polynomials 31

Define a new operator 9; by conjugation of D; by the function f_,,:
D= f_ovDi foy. (4.8)

The operator 2; is now easily written in the variable x with lemma 4.5. Use that f_,, is W-invariant.
a T+x;—xj—x;ix; a

Pj=-2vxj+(1-x)0j—= Y. A=0ee)+— .
J J ] Ei—€
! 25 Xj— Xj T2

1+xi—Xxp—Xxix
Jj T Ak T Aj Ak
————————(1-0¢;¢)
Xj— Xk

a — 1+x;i+xj+xx;
+EZ4

1 1 1
1-0cqe)tt|1+=(xi+—) |0 -0:)+bA+—)1-0¢.) = (0x, 7).
= X+ ( 0'5,+£]) l( Z(X] xj))( 0'5]) ( x)( 0.5]) Pk E])

]

The extra term —2vx; compared to the lemma 4.5 results from the product rule. Remark that 9; = D; —2vx;.
The next lemma shows how the operators &; act on polynomials in x. The result is somewhat similar to the
upper triangularity of the operators Dj, in the sense that applying 2 does not change the ordering of the
polynomial by much.

Lemma 4.6. The action of the operators 2 on the monomials x" = x?l ...x)" forn e N" is as follows,
= ¢
2ix"= Y aggxt,
{eN",
20*=(2n))*

wheren! = (M,...,mj+1,...,nn) and the coe]fﬁcientofx"j is

a

. . L j
wig = 2Vonjrai< jini>ngi+ (1= ELN

Proof. The proofis elementary calculations. O
The symmetric power sum m;, in @]2. acting on the monomial 1 can be expressed in a sum of symmetric

powersums m; in x? with ¢ <.

Lemma4.7. The operators my, (QZ%, ..., D2) acting on the constant monomial 1 gives

m,,(@f,...,@,%)l:dnmn(xf,...,xi)+ Z cnygmc(xf,...,xfl),
(e
2{<2n

with ¢, € R and the leading coefficient
n Mj-1
dn =] [] ~2v+n—-ja-2k)(-2v+(n-jla+i—1-2k).
j=0 k=0

Proof. Apply the previous lemma successively and use that m; (@2,...,22)1 is W-invariant. O

The following statement follows directly from the lemma and is used to determine the spherical transform
of the symmetric Jacobi polynomials.

Corollary 4.8.

My (X3, ..., x5) = dp  my(@F,..., D)1+ Y cpnmy (D5, D).
{=n

4.6. Spherical transform of symmetric Jacobi polynomials
To determine the spherical transform of a symmetric Jacobi polynomial we need to change the variables of
this polynomial. After that it is just a combination of lemmas and theorems we have seen in this chapter to
show that the spherical transform results in a multivariable Wilson polynomial.

Section 4.3 gives the Jacobi polynomials in the variables x; = sin(u;): Py, (x1,..., Xn). Now we change the
variable in Py, such that x; becomes tanh(#;) corresponding with the transformation treated in section 4.2
and we define a new function on R":

Hyp(8) 1= foay () Py, (tanh(ty), ..., tanh(2,)).

These functions have the same norm as the Jacobi polynomials on T” up to a multiplicative constant and
even form an orthogonal basis.
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Lemma 4.9. The functions {Hy ,};, form an orthogonal basis for the space L2, du(t)" and

W) _
22k2 2ks (Hv,n; Hv,n)y(t) = (P:/C'rlr P:fyr,)k(w .
Proof. In the section 4.4 we have seen that the inner products of the different spaces we are working on are
(v)
equal to each other accept for the constant 222" ~2k2 and a factor [] = x?lz". The function f_,, can be
expressed in x; = tanh(z;):

feov@®=[]cosh™®(t) =[]~ x?)".
j=1 j=1

Therefore | f_gv(t)|2 =11 ill= x?lz" adds the extra factor we need for the two inner products to be equal up
to a multiplicative constant. The fact that the polynomials {Py ;};, form an orthogonal basis for T" now
immediately gives that the functions {H, ;}; form an orthogonal basis as well only for a different space:
L2R™, du(e)W. O

Finally, we get to the main result, namely the spherical transform of H, ,,.

Theorem 4.10. The spherical transforms of the Jacobi type function Hy (t) on R" are given by

favAgy,y (1), A€iR™,

where gy, (A) is a W -invariant polynomial. The polynomials {qy,;(A)}, form an orthogonal basis of the space
L2(iR™, f_y (AM)2dfA) W . Their norm in that space is given by

vl =1 Hynlluco,x = 1Py 5 llkm
and they are multiples of the multivariable Wilson polynomials.

Proof. In Section 4.3 the polynomial PJ, is written as a combination of my(x1, ..., x,) and lower order terms.
With Corollary 4.8 this can be changed to variables 2;:

-1 +...+0n)

Py (x1,..., xp) = (1) @XMF=F0) gy my (D, DA + Y oy (DE, ..., D).

{=<n

Therefore, we have

—-(Mm1+...+1n) _
frav®PL (1, x) = (1) @M gy T (DR, D2) faay (0 + Y cqmy (DR ..., D3) foay (0).
{=n

Formula (4.1) gives the spherical transform of my (D%, ..., D3) f—5, (1):
my(A2,.. A2 foay(A).

So, the spherical transform is of the form that is stated in the theorem.

Moreover, the functions {qgy,;(A)}; satisfy the orthogonality relation by the Plancherel formula (4.3). We
can take f:g—;(/l)z together with the Plancherel measure dfi(1) and they are equal (up to a constant) to the
weight function of the Wilson polynomials, Ay, in definition 4.2, since A € iR". The orthogonality of the
{gv,n(M)}y, and the fact that the leading term is equal to m, (/lf, e Afl), gives that they are multiples of multi-
variable Wilson polynomials (definition 4.2). O

4.7. Comparison method of Zhang and method of Koornwinder
The method of Zhang describes the spherical transform of multivariable Jacobi-type polynomials and the
method of Koornwinder (2) gives the Fourier-Jacobi transform of a Jacobi-type polynomial in one variable.
If we consider the one variable case in the method of Zhang, it should actually be the same transform as in
Koornwinder. This section checks if this is indeed the case.

The method of Zhang contains a fair amount of calculations, but the paper of Koornwinder has more
explicit computations. Henceforth, Zhang’s method seems a bit more elegant, but this is not entirely true.
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This description of Zhang’s method does not contain the tedious computations of the spherical transform,
while it is included in the method of Koornwinder.

Moreover, the Jacobi polynomials in Koornwinder agree with the Jacobi polynomials in one variable de-
fined in Zhang (definition 3.15). The symmetric Jacobi-polynomials Py, in one variable with x = tanh(?)

are polynomials in tanh?(¢) and are orthogonal with respect to the weight function (tanhz(t))k§V)+k§V) a-
tanhz(t))kéw. The standard Jacobi polynomials P,(f"s) (1 —2tanh?(¢)) are also polynomials in tanh?(#) and are
orthogonal with respect to the weight function (tanhz(t))‘”% Q- tanhz(t))5+1. The parameters of the weight
functions look different, but they are actually equal to each other. Pﬁf"é) (1-2tanh?(t)) and Pf,‘,n must be equal
up to a multiplicative constant. This follows by Van Diejen [15], who showed that the Jacobi polynomials are
the unique polynomials of tanh?(¢) that are orthogonal to the corresponding weight function. The parame-
ters of ¢, and (,bZ'ﬁ can also easily be compared to see that they are the same hypergeometric functions and
the same holds for the parameters of the Wilson polynomials.

Lastly, note that the inverse of the Fourier-Jacobi transform is defined on R, in Koornwinder and iR in
Zhang. This difference is explained by the fact that the functions are symmetric, so integrating over R, or R
only differs by a factor two. The formulas in the article of Koornwinder contain iA and the formulas in the
article of Zhang only A which clarifies the discrepancy between the R and iR. Hence, the methods yield the
same result.






Cherednik-Opdam transform of
non-symmetric Jacobi polynomials in one
variable

The symmetric theory about Jacobi polynomials and spherical transforms has been discussed extensively
in the previous chapters. The non-symmetric Jacobi polynomials and the Cherednik-Opdam transform are
already mentioned in Chapter 3, but have not really been discussed yet. This chapter covers some non-
symmetric theory in one variable. Of course, the non-symmetric Jacobi polynomials and the Cherednik-
Opdam transform are important subjects of the chapter. We also see the interesting operators, the intertwin-
ers, and some different representation of a double degenerate Hecke algebra. Most of the non-symmetric
theory also holds for the multivariable case, but the advantage of the one variable case is that a lot of formu-
las can be made explicit.

5.1. Introduction
Since this chapter is on the one variable case, the operators and functions we need are given in one variable.
The root system on R is R = {+2¢, +4¢} with R, = {2¢,4¢}. The weight lattice is now P = 2Z and also the root
lattice Q = 2Z. The positive weight and root lattice are P, = Q; = 2Z,. The ordering becomes: 0 <2 < -2 <
4 < .... The Weyl group exists of two elements: id and o,. Call s:= 0, and p = py = k1 + 2k, with k = (k;, k2)
the multiplicity function. Then, the Cherednik operator is given by
d

D:= di +2k1 11— o2t
Note that for a function f, the operator s is a reflection s f () = f(—t). The non-symmetric Jacobi polynomials
are eigenfunctions of D with multiplicity function k := k™ = (k{"/, ky)) with 2k§V) =22v—-(1+it+b+an-
1)) +1 and 2(k§") + ké")) =1+ 2b. They are of the form:

1
(1—8)+4k21_—e_4t(1—8)—p, (5.1)

ELK=et+ Y oy et
u<Ai

and we have:
DE(A k) =7),EQ, k),

with

_JA+p for >0
ya= -(A+p) forA<0’

5.2. Intertwiners

Intertwiners are operators that can be used to generate all the eigenfunctions E(y, k) starting from E(0, k) = 1.
Define X f(t) = et f(t) and U = Xs. The operator s and D form a degenerate affine Hecke algebra, and if we

35



36 5. Cherednik-Opdam transform of non-symmetric Jacobi polynomials in one variable

add X, it becomes a double affine Hecke algebra (see [2]). In R we have two intertwiners: Iy := UD — DU and
I :=sD—-Ds.

Theorem 5.1. The intertwiners I} and Iy can be applied to the non-symmetric Jacobi polynomials to get:

LEWM k) =k E(- A, k)
I(]E( A, k) = ]C()E(Z +A, k),

with A € P, and certain constants kg, k.
Before we proof this we first give a lemma with two identities and an easier way to write D. Define

) (v)
4k’ 2k
l—e4  1-—e72t’

c(t) =
then D can be written as

0
D=—+c(®-9-p.

Lemma 5.2. For the function c(t), the next identity holds:
c(t) +c(—1)=2p. (5.2)

Furthermore, we have
e 2 c(x) + e c(—x) = —2b. (5.3)

Proof. Remember that p = k%") + ZkQV), then the first identity follows directly from

1 1 1-e“+1-e®
+ = =1
l1-e® 1-e% 1-e%—e%+1

To see the second identity:

2be~2t 2172t 2pe?l  2pe?!

-2t 21 -
e c)+ec(-1)= 1—e‘2f+1—e‘4f+ 1—e2f+ ot

e 2t 1421 o2t _ g2l 4 Q21 _ g2t
=2b TR +21 T =-2b.
1-e?t—e?t 41 l-—e ™ —ett+1

The proof of the theorem can now be given.

Proof. First take a look at the intertwiner I; and apply D to it. With help of identity 3.3 we see it is possible to
switch the places of I} and D.

DI =DsD-DDs=(-sD-2p)D—-D(-sD-2p) = —sD?*+ DsD
=—(sD-Ds)D=-1;D.

Now, using that E(A, k) is an eigenfunction of D:
DIIE(A” k) = _IIDE(/I) k) = _’)/AIIE(A) k) = Y—AllE(/l, k)r

since y) +y_j = 0. Therefore, I E(A, k) is an eigenfunction of D with eigenvalue y_, and it also means that
LE, k) = ki E(-A, k) for some constant kj. Note that U = Xs = sX~!, so it follows that U? = 1. Using the
lemma 5.2,

UD+DU-2U=2b

is shown step by step. UD and DU are applied to f(?):

DUf(t) = D(e* f(-1)
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=2*" f(-0)—* f' (=) +c(t) (e f(=) — e 2 f(1) - pe* f(~1),
and

UDf() =€ f'(-t)+e* c(=1) (f(=1) - f(1)) — pe*' f(—1)
= fl(-D+c(-0 (e f(--e*f(1) - pe*' f(-D).

We can already see that the derivative terms cancel each other out, so those are immediately left out in the
next calculation.

(UD+DU -2U)f(t) =2’ f(=) + e*' f(—1) (c(D) + c(~1))
—f@ (e ety +e* c(-n) -2pe* f(—1) —2¢* f(-1)
=2bf (1),

where the last step is by the identities (5.2) and (5.3). Thus UD + DU —2U = 2b. This equation is necessary
for the application of D to the intertwiner I.

DIy=DUD-DDU = (-UD+2U+2b)D-D(-UD+2U +2b)
=-UD?+2UD+DUD-2DU = —(UD - DU)D + 21
=h(2-D).

So again we find eigenfunctions for D (assume 1 > 0):
DIYE(-A,k)=Ip2=D)E(-A, k) = (2=y-2) D E(—A, k) = Y42l E(=A, k).

This last equality follows from 2—y_j =24+ 1+ p = y)42. Therefore [y E(-A, k) = ko E(2+ A, k) for some constant
ko.
O

5.3. Another representation of the affine Hecke algebra
The operators s and U are defined to work on x, but we can also rewrite them to get an operator working on
A. This is useful, since we can take the operators out of the inner product that depends on the variable x.
The now operators we get form another representation of the double affine Hecke algebra mentioned in the
previous section.

We begin with the operator s.

Proposition 5.3. We have sE(0,k) =1 and for A€ P,

E(-A, k) - Y%E(/l, k) ifA>0

: 5.4
—ﬂE(A,k)+(1—§)E(—A,k) ifA<0 G4
Ya Y

SE(A k) = {

Proof. This proof uses the same method as the proof in [4, Proposition 2.7]. Let u € P with pu > 0. First we
apply s to M s(eM) = e~ and recall that the set {E(A, k)|A € P} forms a basis for C[P]. Therefore we can
write sE(u, k) and sE(—u, k) as a sum of E(A, k) with A < —pu:

SE(u, k) = E(—p, k) + Y_ ay2EA, k) (5.5)
A=p
and
SE(-p, k)= Y a-yaEQ,K). (5.6)
A=—p

From lemma 3.8 we get

sDgs=D_, + (—Zki") - 2k£v)) s.
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Now multiply by s on the right side and note that D_, = —D,. We find
sD+Ds=-2p.
Now we know that (y, + D)sE(A, k) = —2pE(A, k) and we use this to find the coefficients in (5.5) and (5.6):

(Yu+D)SE(u, k) = (yu + D)E(~p, k) + (yp + D) Z aurEA, k)

A=p
= (Yu+Y-WEE )+ Y (ru+y)auaEA, k)
A=u
=QRyDEW )+ Y (yu+yn)auaEQ, k),

A<u

where in the last step the E(—pu, k) is removed since y, +7y—, = 0. Thus the coefficients must be equal to
__p -
ayu=-—anday=0for A <p.
Yu

Similarly, we have:

(Y—u+D)SE(—p, k) = QY- )E(—p, k) + Y (y—p+y2)a—yaEQA, k).
A<p

So,
__.Pp _
a—y-p=—-——anda_,=0foru<p.
Y-u
a—,,, is not determined by this formula, thus we need another way to get this coefficient. Apply s twice to
E(—u, k):
SPE(—1, k) = s(a - uE(— 1, k) + a_p u E(, §))
=a—y-pla—py yE(—p, k) +a—py E(u, k) + a—p , (E(—u, k) + ay , E(u, k)
=@, _y+a B~ k) + a_ppu(ay,—u+ ay)Ew, k)
2
=(aZ, _+a-pWE(-p k).
2

s? is the identity, therefore a_,,, = 1 - Y‘;:. O

Similarly, we have for the operator U acting on E(A, k):

Proposition 5.4. We have for A€ P,

v)
E@- 1K)+ 5B, k) ifA>0
UEAK) =1 50 o2 ' : (5.7)
S EL ) + (1 - ) EQ-AK) ifA<0

The proofis omitted since it is almost the same as the proof of the previous proposition.

It would be nice if (5.4) and (5.7) can be written as a single expression for all A € P without losing the
properties of E(A, k). We try to normalize E(A, k) with a different constant for every A € P and we call the
normalized functions F(A, k). For pu € P with > 0 we assume the normalized functions look like this:

E(u, k E(—u, k
o )andF(—u,k):: %, cy C-p €R.

W —p

F(u, k) :=

Dividing (5.4) by ¢, c—,, gives expressions where sF(u, k) and sF(—pu, k) are easily extracted from.

SE(/Jrk) _ E(_IJ’vk) _ﬂE(IJ'rk)
CuC-p CuCp  Yu CuCp
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— _ 2
k) p K p,k)+(1_p_)E(u,k)_
CuC-p

2
CuC-p Y-p CuC-p Y

Replace all the E functions by F, and multiply by c_, and c,, respectively.

_ G P
SF(u, k) = —F(—p, k) = —F(u, k),
Cu Tu

2\ ¢
SF(~11,k) = —YLF(—N, k) + (1 - YPT) k).
-u Zu) C-u

The last equations show some similarities with the operator S; from [2]:
ki
S-:s’}+—](s’-1—1).
777 Aa; J

In our case the operator is assumed to work on the eigenvalues y, instead of A. Also p is replacing k;. The
idea is now to derive ¢, and c_, from the formulas for sF by comparing with S;. The term without reflection

in sF is already correct. S; gives the reflection term (1 + %) sjfor A€ P. So we get

c_
1+ﬁ)= K
Yu Cu
2) ¢
(1+ p)_(1 p—)—”,
Y-u Y-u Cp
which both lead to
Cu 1+£).
Cu Yu

Thus we find the ratio between the constants. Now it is possible to show that normalization by the value
in the point 0 (cy = E(A, k)(0)) works. Use the formula in (5.4):

E(—u,k)=sE(u, k) + YﬁE(u, k),
u

and evaluate in the point 0:

E(—p, k)(0) = sE(u, k)(0) + ﬁE(u, ko) =Q0+ ﬁ)E(ﬂ, k)(0).
Yu Yu

SE(u, k)(0) = E(u, k)(0), because s only influences terms with the variable in them and filling in 0 conveniently
cancels those terms.
Repeating the same arguments for (5.7) gives the ratio:

)
Cu _ - 2k;
CZ—H 2}/2—# -2
and c) = E(A, k)(0) also satisfies this ratio.
Call the operator working on A that is associated to s $* and the one associated to U u*. From section 3.4

we get that for D we have the multiplication operator A. So we find that another representation of the double
affine Hecke algebra is St A and ut.

5.4. Cherednik-Opdam transform in one variable

The Cherednik-Opdam transform is given in 3.4. We now look at the transform in one variable and in par-
ticular, the function G(¢,A) that is an important part of this transform. The one variable Cherednik-Opdam
transform is given by:

fa)= f F(OG(=t,\)rdt, L€iR.
R
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The function G(t, A) is an eigenfunction of the Cherednik operator D with multiplicity function k = (b, 5), and
we can express it as hypergeometric functions:

A+p —-A+p 1+t

G =2F | =2, 2T b,—sinhz(t))
1 A+p —A+p 1
+———sinh20) F| e 2+p;%+b,—sinh2(t)).

Note that the hypergeometric function is equal to ¢, from chapter 2. Next, we prove that G(z, A1) can be given
as a function of its symmetric (or even) part and that it is equal to ¢, .

Proof. First of all, take G* the even part and G~ the uneven part of G. We have:
L1 1
G* = E(G(t,/l) +G(-t,A) = E(Gi sG)

and
G=G"+G".

We calculate DG*, DG~ and D*G*.

+_ 1 1

DG™ = E(DG + DsG) = > (DG-(2p+ sD)G)
1
= E/l(G—sG)—szﬂtG_—pG, (5.8)
where the second equality uses identity 3.3. We now find for the uneven part:
DG =DG-DG"=AG-(AG™ -pG)=AG" +pG.

Use the expression for DG* and DG~ for D>G*. We find:

D*G* =DWAG™ - pG) =ADG™ - ApG
=A2GT +ApG—-ApG = A*G".

Use (5.8) and use that G* is symmetric:
AG™ =DG"+pG=(G") - pG* +pG.

Divide it by A and fill it in for the following calculation:

G=G"+G =G+

+v/ +y/
(G—)—3G++3G=(1—3)G++(G e

A A A A A A
Thus we find: )
G=G"+——(G".
=5
In section 3.4 ¢, is given in terms of G(t, 1) and that shows that G* = ¢,. O

5.5. Determining the Cherednik-Opdam transform of the non-symmetric
Jacobi polynomials

This section treats the methods that are used to determine the Cherednik-Opdam transform of the non-
symmetric Jacobi polynomials. The first approach is essentially a direct calculation, the second method is
adapting the method of Zhang of chapter 4 to the non-symmetric cases and the last one considers the paper
of Peng and Zhang [13] .

First of all, we need the transformation of E(A, k) to the R” domain. Unlike for the W-invariant P, ,
powers of sines as well as powers of cosines are needed to express the non-symmetric E(A, k). Itis still possible
to apply the transform of section 4.2, and we call the transformed non-symmetric Jacobi function E*(A, k).
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The first method tries to express p( f_m k))(w) in a sum of Jacobi polynomials in different degrees.
We have:

(o2 EXA, ) () = p(foav EX (A, k), G, 1)k = (f2v E¥ (A, k), DG(x, 1))
= (DfoavE* (A, ), G(x, W)k = (foav (D —2vX)E*(A, k), G(x, ) k.-

Note that we do not know the action of D on E*(A, k), but we do know how D acts on E(A, k). Though we have

to be careful, since the D in our calculations above needs to be transformed to the T” domain to be able to

apply to E(A, k). Writing D in sines by using lemma 4.5, we find when we now set x = sin(u):

1ot 5
2 X

D-—(1—x2)i+¢ (1—s)+b(1+l)(1—s)—
I dx X p-

And rewrite it again to powers of e*:

D-=i+l(1+l(em_e_m+ 2t ))(1—s)+b(1+2—i)(1—8)—p

' du 2 2i el —g~iu el —g-iu
:i+l(1+1(6m_eﬂu+ 2ie’” ))(1_5)+b(1+ﬂ)(1_s)—p.
du 2 2i 1—e2iu 1—e2iu

Apply this operator to E(A, k) and we immediately see that this results in a function that does not lie in the
space C[P]. The resulting function namely contains uneven powers of e*. Therefore this method does lead
anywhere.

We continue with the method of Zhang and we take a look at the changes needed for the non-symmetric
Jacobi polynomials. Most steps need to stay the same like the transformation of T” to R” and the changing
of variables in the different inner products. What goes wrong in this approach is the fact that we cannot write
our non-symmetric Jacobi function as a polynomial in the operators & applied to 1. This is because applying
2 to 1 only gives polynomials of tanh(¢) and E(A, k) also contains cosh™!(#). We try if applying 2 once to the
function cg + ¢; €' + c_; €'* can be used to make E(2, k) and E(=2, k). After a lot of calculations, this turns out
not to work either.

The last method we look at is the paper of Peng and Zhang [13]. They discuss the Cherednik-Opdam
transform of the symmetric Jacobi polynomials and some kind of non-symmetric Jacobi polynomial in one
variable. The non-symmetric polynomial in this article is just the symmetric Jacobi polynomial multiplied by
tanh(1), so this polynomial is not the same non-symmetric Jacobi polynomial as defined in 3.8.

Though these methods do not give any concrete results, there are still other possibilities for determining
the Cherednik-Opdam transform of the non-symmetric Jacobi-type polynomials. Some suggestions are given
in the next section.

5.6. Recommendations for future research

We conclude this section by giving some recommendations for future research. In the first method we tried
for calculating the Cherednik-Opdam transform, the resulting functions are not in our original space. It could
work to expand the space and add the polynomials f(#)E(A, k), where f(#) is a to be determined function
consisting of combinations of e’ and e™!. This idea is based on the paper of Peng and Zhang [13], where
they look at the symmetric Jacobi polynomial in tanh(¢) and a "non-symmetric" variant by multiplying the
symmetric polynomial by tanh(#). Moreover, it might be interesting to try to expand the methods in the paper
of Peng and Zhang [13] to multiple variables.






Useful definitions and theorems

Theorem A.1.
0o Sx—l
B(x,y) = —d
(x, ) fo Lts) s

Theorem A.2.

Irex)rwy)

B(x,y) = z

T'(x+y)

Proof. Use changing of variables t = 5. O

Theorem A.3 (Binomial theorem).
LN O R
x+pt=> |, |x Y
i=o\k

Theorem A.4 (Pfaff’s transformation).

2Fi(a, b;c;x) = (1-x)"%F (a, c-bc;— )
x—1

Theorem A.5 (Gauss (1812)). ForRe(c—a—b) >0, we have

L I'ic)l'(c—a—-b)
2Fi(a, b;c1) = Te—arc—h' (A1)

Corollary A.6 (Chu-Vandermonde).

2Fi(-n,a;¢1) = Gl
(©)n
LemmaA.7.
2F1(=n,b;c; x) = (C_b)nzFl(—n,b;b+1—n—c;l—x).
n
Proof.
" (-n)r(b) k
F = (x=1+1)
? 1( ) ,CZ:O (O k!

3% (b & k! .
-1/
,;) (C)kk' ]g{)j!(k—j)!(x )

F= k,(c)k(k Y

e
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- L (x-1)/
jZ:o (©; J!
: i (=n+Dr-jb+ r-j

kgm0 (€4 Pie—j (k=)

=0 (@t Nn-j !
= (—n)j(b)j(C—.b)n w1yl
j=0 @ nlc—b+ n+j-1; j!
_(c-Dp & (-n);(b); N
 On j;)(_c+b—n+1)jj!(1 X7



Proofs and calculations

B.1. Calculation in second method Koornwinder
First 2.16 and 2.17 are calculated.

((cosh(t))*(”ﬁ“”“”))u P, (1-2tanh?(1))
+2 ((cosh(t))‘(“+ﬁ+5+”+2))' (P, (1-2tanh?(p)))’

=~ (a+p+5+u+2)tanh(n ((cosh(t))_(a+ﬁ+5+”+2)),
—(a+ B+8+p+2) (1 -tanh? (1)) (cosh(z)) (@ *hro+u+2) )Pn (1-2tanh?(n) (B.1)
—2(a+ B +6+u+2)tanh(r) (cosh(£)) " @AH0+1+2) (p, (1 - 2tanh?(r)))’

Next 2.18 is written out with the help of the differential equation to which the Jacobi polynomials are a solu-
tion (see [3, 10.8 (14)]).

(cosh (1))~ @+F+0+1+2) (p (1 - 2tanh?(1)))”

= (cosh(g))~(@tF+o+u+2) (16tanh2(t) cosh™(#) P}, (1-2tanh?(2))
+ (—4cosh™2(#) + 12tanh? (1) P}, (1 - 2tanh2(t)))

= (cosh(1)) @A) 4(2 (@ + 1) cosh™ (1
—2(a+8+2)tanh?(¢) cosh (1) P}, (1 — 2tanh? (1))
—nn+a+6+1)cosh ()P, (1- tanhz(t)))
+ (cosh(f))~(@+f+o+u+2) (-4 cosh™2(1) +12 tanhz(t)) Py, (1- 2tanh2(t))

= (cosh(1)~@*#*2*42) . 4{ 2@ + 1) cosh (1)
— (2a +26 + 1) tanh? () cosh % (#) P}, (1 — 2tanh? (1))
—n(n+a+8+1)cosh ()P, (1 —tanhz(t)))

= (cosh(g))~(@*h+o+u+2) ( —@a+1)tanh~(p)
+(a+26+1)tanh(n)] (P, (1 - 2tanh? (1))’ (B.2)
—4n(n+a+8+1)cosh™2(¢) (cosh(£)) " @F+o+#+2 p, (1 —tanh?(1)).

Then B.1 and B.2 are added to find:

—(2(u+1)tanh(8) + (2a + D tanh™! (#) + (28 + 1) tanh()) p), (1)

45



46 B. Proofs and calculations

+ ( —(a=p+6—-p—1)tanh(s) ((cosh(t))_(“+ﬁ+5+“+2)),
—(a+ B+8+p+2) (1 -tanh?(1)) (cosh(r)) (@ *hro+u+2) )Pn (1-2tanh?(1))
+(a+1)tanh™ (1) ((cosh(t))‘(“+ﬁ+5+“+2))'Pn (1-2tanh?(1))

—4n(n+a+6+1)cosh™2() (cosh(z)) @ F+o+r+2) p (1- tanhz(t))
=—(2(p+1)tanh(z) + 2a + 1) tanh ™' () + (2 + 1) tanh(8) p), (2)

+ ( (@=B+6—pu—1)(a+B+8+u+2)tanh?(r) (cosh(r) @ Fro+u+2)
— (a+ B+8+pu+2) (1 -tanh?(n)) (cosh(z)) (@ pro+u+2) )Pn (1-2tanh? (1))

—(2a+1) (a+B+6+pu+2)(cosh(r) @Protk+2 p (1 _2tanh?(r))
—4n(n+a+6+1)cosh™2() (cosh(z)) @ F+o+p+2) p (1-tanh?(1))
=—(2(p+1)tanh(z) + 2a + 1) tanh™' () + (2 + 1) tanh(8)) p), (2)

+((a_ﬁ+§—u)(a+ﬁ+5+/,t+2)tanh2(t) (B.3)

—2(@+1)(a+f+6+p+2) = 4n(n+a+6+1)cosh (1) pa (o).

Finally adding 2.19 and replacing cosh™2(¢) by 1 — tanh?(z) gives 2.15.
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