arXiv:1009.5797v1 [math.CA] 29 Sep 2010

RADON TRANSFORM ON SPHERES AND GENERALIZED
BESSEL FUNCTION ASSOCIATED WITH DIHEDRAL GROUPS

N. Demnﬂ

ABSTRACT. Motivated by Dunkl operators theory, we consider a generating
series involving a modified Bessel function and a Gegenbauer polynomial, that
generalizes a known series already considered by L. Gegenbauer. We actually
use inversion formulas for Fourier and Radon transforms to derive a closed
formula for this series when the parameter of the Gegenbauer polynomial is a
strictly positive integer. As a by-product, we get a relatively simple integral
representation for the generalized Bessel function associated with even dihedral
groups D2(2p),p > 1 when both multiplicities sum to an integer. In particular,
we recover a previous result obtained for D2 (4) and we give a special interest to
D2(6). The paper is closed with adapting our method to odd dihedral groups
thereby exhausting the list of Weyl dihedral groups.

1. INTRODUCTION

The dihedral group Ds(n) of order n > 2 is defined as the group of regular
n-gone preserving-symmetries ([8]). It figures among reflections groups associated
with root systems for which a spherical harmonics theory, generalizing the one of
Harish-Chandra on semisimple Lie groups from a discrete to a continuous range of
multiplicities, was introduced by C. F. Dunkl in the late eightees (see Ch.I in [3]).
Since then, a huge amount of research papers on this new topic and on its stochastic
side as well emerged yielding fascinating results (Ch. II, IIT in [3]). For instance,
probabilistic considerations allowed the author to derive the so-called generalized
Bessel function associated with dihedral groups ([4]). For even values n = 2p,p > 1,
this function depending on two real variables, say (z,y) € R?, is expressed in polar
coordinates = = pe'®,y = re? p,r > 0,¢,0 € [0,7/2p] as

Y
(1) DY (p.¢,7,0) = cpu (f—p) > i (pr)pi ' (cos(2pg))p " (cos(2ph))
>0

where

o k = (ko,k1) is a positive-valued multiplicity function, I; = k; — 1/2,i €
{12}, v = p(ko + k1)

. Iij+,,,p§1’l° are the modified Bessel function of index 2jp + + and the
j-th orthonormal Jacobi polynomial of parameters ly,ly respectively (the
orthogonality (Beta) measure need not to be normalized here. In fact, the
normalization only alters the constant ¢, below).
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e The constant ¢, depends on p, k and is such that D}¥(0,y) = 1 for all
y = (r,0) €10,00) x [0,7/2p] (see [5])
oko-+kn L(P(RL + ko) + DU(ky + 1/2)T(ko +1/2)
Dko+ k1 +1)
In a subsequent paper ([5]), the special case p = 2 corresponding to the group of
square-preserving symmetries was considered. The main ingredient used there was

the famous Dijksma-Koornwinder’s product formula for Jacobi polynomials ([7])
which may be written in the following way ([5]):

c(a, B)pS " (cos 20)p" (cos20) = (2j+a+p+1) / / Oyt P (2,0 (u, v)) i (du) p (dv)

where o, 5 > —1/2,

Cp,k =

_ 2a+ﬁ+11—‘(04 + )I(B+1)
Lla+p+1) 7

zg.0(u,v) = ucosf cos$ + vsinfsin ¢,

c(o, B) =

and p® is the symmetric Beta probability measure whose density is given by

(a+1) 2va—1

d — (1 —u?)?1 d —1/2.

p (du) = \/—I‘(a+1/2)( u”) 1y (wdu, a>-1/

Inverting the order of integration, we were in front of the following series
2 Y

) (2) S0+ B k) g (r)Ch o, 0)

720
for (u,v) €] — 1, 1[%, which specializes for p = 2 to
1 . 2
B Z (J+ 7)]j+7(PT)C;Y//2 (22,20 (u,v)).
J=0[4]
Using the identity noticed by Y. Xu ([13]):

C¥(cos () = /c;; <,/%z> Y2 (dz), v>—-1/2,€€0,q)],

we were led to
Z (J + V)L (pr)C] (224,20 (w0, v))
J=0[4]
which we wrote as

»J>I>—‘

4

Z D G+ (pr)C] (229,26 (1w, v)) 7™/
s=1 ;>0

after the use of the elementary identity

1 o= oirs; 1 if j =0[m]
3 - 2imsj/m _ ) )
) i {

0 otherwise,

valid for any integer m > 1. Accordingly (Corollary 1.2 in [5])

D]IC/V(p7 ¢7T7 9) - //i('Yfl)/Q (pr@) /J‘ll (du)ﬂlo(d’l})
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where

ia(T) i= mZ:O m (g)Qm

is the normalized modified Bessel function ([8]) and v = 2(ko+k1) > 2 is even. This
is a relatively simple integral representation of DZV since the latter function may be
expressed as a bivariate hypergeometric function of Bessel-type. Recall also that it
follows essentially from closed formulas due to L. Gegenbauer (equations (4), (5),
p.369 in [12]):

2 ' j Y J— 1 pr cos
(E) j;ﬁ + )L~ (pr)C] (cos () (1) = Wei ¢

In this paper, we shall see that a relatively simple integral representation of DZV
still exists for general integer p > 2 and integer v := kg + k1 > A In fact, with
regard to (2), one has to derive closed formulas for both series below

pv
(4) flfp(R, cos() := (%) Z(] + V) Ip(j 1) (R)CY (cos ¢)(£1)
j=0

with R = pr and cos( := cos{(u,v) = 2zpg po(u,v). The obtained formulas reduce
to Gegenbauer’s results when p = 1, v > 1 is an integer, and do not exist up to our
knowledge. Moreover, our approach is somewhat geometric since we shall interpret
the sequence:

(£1Y L4y (R), § > 0
for fixed R as the Gegenbauer-Fourier coefficients of { +— ,fp(R, cos (), and since
spherical functions on the sphere viewed as a homogeneous space are expressed by
means of Gegenbauer polynomials ([I]). Then, following [I], solving the problem
when v is a strictly positive integer amounts to appropriately use inversion formulas
for Fourier and Radon transforms. Our main result is stated as

Proposition 1. Assume v > 1 is a strictly positive integer, then

pv v P
<E> ffp(R, cos¢) = - 1 [ 1 d ] lz et Reos[(¢+2ms) /p]
s=1

2 (v—1)!| sinCd¢| p —

A first glance at the main result may be ambiguous for the reader since the LHS
depends on cos¢ while the RHS depends on cos({/p),p > 1. But cos({/p),p >
1 may be expressed, though in a very complicated way (inverses of linearization
formulas), as a function of cos¢. For instance, when p = 2,

cos(¢/2) = \|F52S, cefonl

One then recovers Corollary 1.2. in [5] after using appropriate formulas for modified
Bessel functions. When p = 3, one has to solve a special cubic equation. To
proceed, we rely on results from analytic function theory and the required solution is
expressed by means of Gauss hypergeometric functions ([10]) in contrast to Cardan’s
solution. Therefore, we get a somewhat explicit formula for the series (2], though
much more complicated than the one derived for p = 2. The paper is closed
with adapting our method to odd dihedral groups, in particular to Da(3) thereby

2When p = 2, this condition is equivalent to v is even as stated in [5].
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exhausting the list of dihedral groups that are Weyl groups (p = 1 corresponds to
the product group Z3).

2. PROOF OF THE MAIN RESULT

Recall the orthogonality relation for Gegenbauer polynomials ([8]):

7T(j + 20)21 -2
()G + )]

o M2 (2p) v(1)

G (v)

VAT +1/2) CY ()

'v+1) (+v)
where we used I'(v + 1) = vI'(v), the Gauss duplication’s formula ([8])
VAl (2v) =227 T (V) (v + 1/2),
and the special value ([8])

/7’ C% (cos ¢)Cy, (cos () (sin O*d¢ = Sim
0

= 5ij

j!

Equivalently, if p”(d cos() is the image of u”(d¢) under the map ¢ — cos(, then
-+ ) [ € eosQ)Cheos O (deos ) = vy (1)55,

so that (@) yields

i 2 - v v
B v (5) Do () = [ W eosQ) i (R eos O (deos)
where
WY (cos () := C}(cos()/C (1)
is the j-th normalized Gegenbauer polynomial. Thus, the j-th Gegenbauer-Fourier
coefficients of ¢ — ,fp(R, cos () are given by

2\ PY
U(:l:l)g (E) ]p(j+l,) (R), p > 2.

Following [1] p.356, the Mehler’s integral representation of W} ([9], p.177)

v VF(U + 1/2) : 1-2v ¢ . v—1
W —gr W) - d

7 (cos () DN (sin () /0 [cos(j + v)t](cost — cos () t

valid for real v > 0, transforms (B to
2\" 2" [T Y o
(§> (£1) Iy (R) = ?/0 flfp(R,cos Q) sm(/o [cos(j + v)t](cost — cos ()" dtd¢
(6) _Z [cos(j + v)i] / f,fp(R, cos () sin ((cost — cos ¢)”td(dt.
T Jo t

The second integral displayed in the RHS of the second equality is known as the

Radon transform of ¢ — fi,(R,cos(¢) and inversion formulas already exist ([I]).

As a matter of fact, we firstly need to express (:tl)j+”1p(j+,j), when v > 1 is an

integer, as the Fourier-cosine coefficient of order j + v of some function. This is a
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consequence of the Lemma below. Secondly, we shall use the appropriate inversion
formula for the Radon transform.

Lemma. For any integer p > 1 and any t € [0, 7):

. 1&
2 (il)]] (R) COS(jt) — ]O(R) 4= e:l:RCOS[(t*f’QTrS)/p]'

Proof of the Lemma: we will prove the (4) part, the proof of the (—) part follows
the same lines with minor modifications. Write

2 Z L,;(R) cos(jt) = Z Lj(R)[e"" + e~

Jj=20 >0
=DI(R)+ > L;(R)e""
JEZ
where used the fact that I;(r) = I_;(r), j > 0. Using the identity (3)), one obviously
gets

Y Li(R)e” = ZZ] R)eH(t+2m) /.

JEL s=1j€Z

The (+) part of the Lemma then follows from the generating series for modified
Bessel functions ([12]):

IR Z S [(R) e C
JEZL
The Lemma yields

1 [7 1&
Lj(R) = Ih(R)djo + = / cos(jt)— Z et ftcos[(t+2ms)/p] 1y
T Jo Y2t
for any integer j > 0. Assuming that v is a stricltly positive integer, one has

1 ™
(7) Ly (R) = — /0 cos((j + 1) Z LR cos[(t4+25) /] gy

s=1
Note that

t— / f(R,cos¢)sin((cost —cos¢)” tdc¢
t
as well as

P
VN 1 Z e:i:Rcos[(iﬁ+27‘rs)/p]

s=1
are even functions. This is true since

¢ f(R,cos()sin((cost — cos¢)”*

is an odd function so that
t
/ f(R,cos¢)sin((cost —cos )’ 1d¢ =0,
—t

and since
cos|(—t + 2s7)/p] = cos[(t + 2(p — s)) /p]
so that one performs the index change s — p — s and notes that the terms corre-
sponding to s = 0 and s = p are equal. Similar arguments yield the 27-periodicity
5



of these functions, therefore, the Fourier-cosine transforms of their restrictions on
(—m, ) coincide with their Fourier transforms on that interval. By injectivity of
the Fourier transform and 27-periodicity,

R\™ [T 1 & :
(§> /t fup(R,cos¢)sin((cost — cos ()’ td¢ = 3 ; eF e cos|(t+2ms)/p]
for all ¢ since both functions are continuous. Finally, the Proposition follows from
Theorem 3.1. p.363 in [I]. |

Remark. When v = (d — 1)/2 for some integer d > 1, the Gegenbauer-Fourier
transform is interpreted as the Fourier Transform on the sphere St considered
as a homogenous space SO(d + 1)/SO(d). More precisely, the spherical functions
of this space are given by ([I] p.356):

v d
Wj (<27N>)7 z€S8 +la

where N = (0,---,0,1) € S™? is the north pole and (-,-) denotes the Euclidian
inner product on R*t1,

Corollary 1. For any integer v > 1

S0 + ) g (RICH €056) = s oo 3 cosh (Raos{(c + 2/

Jj=20

3. WEYL GROUP SETTINGS p = 2,3: EXPLICIT FORMULAS

3.1. p=2. Letting p = 2 and using the fact that u — coshwu is an even function,
our main result yields

() S+l (RIC 050) = ] coh (Reost/2) 0

Noting that

4 d 1 d
“REemedc cosh (Rcos(-/2)) (¢) = Reost/2 it (u = cosh )|, _p cos(¢/2) »
after the use of the identity sin{ = 2sin (/2 cos(/2, it follows that
4 dl” 1d1"
[_ R2sin ¢ d_él cosh (Rcos(-/2)) (¢) = {E @} (u = cosh ) ju=Rcos(¢/2)
147" sinh u
= E% (u = )\u:Rcos(C/2)

Glal (o)
=\/= |5 u+—r
2 |du \/E lu=R cos(¢/2)

T 1
— \/;W L,_l/g (U)|u:R cos(¢/2)

_ W%n_mwcos@m)
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where the fourth equality is a consequence of the differentiation formula (6) p.79
n [12]. With the help of Gauss duplication’s formula, one easily gets:

() 25+ )y (RICEc95) = gyt Reos(6/2)
and finally recovers Corollary 1.2 in [5] since co /c(k1—1/2,kog—1/2) = T'(2v+1) /v.
3.2. p=3. The corresponding dihedral group D2 (6) is isomorphic to the Weyl group
of type G2 ([2]). Let ¢ €]0, n[ and start with the linearization formula:
4cos3(¢/3) = cos ¢ + 3cos(¢/3).
Thus, we are led to find a root lying in [—1, 1] of the cubic equation
73— (3/4)Z — (cos()/4 =0
for |Z] < 1. Set Z = (v/—1/2)T, |T| < 2, the above cubic equation transforms to
T3 + 3T —2y/—1cos¢ = 0.

The obtained cubic equation already showed up in analytic function theory in re-
lation to the local inversion Theorem ([10] p.265-266). Amazingly (compared to
Cardan’s formulas), its real and both complex roots are expressed through the
Gauss Hypergeometric function o Fy. Since we are looking for real Z = (/—1/2)T,
we shall only consider the complex roots (see the bottom of p. 266 in [I0]):

111 1 123
TF = +v/-1 {\/§2Fl (_6’6’§;COS2 C) — gcosggFl (§,§,§;cos2 C)}
so that
3 111 1 123
7F = + ggFl (—6,6,5;6%2() - ECOSCQFl <§,§,§;COSQC)] .

Since for ¢ = 7/2, cos (/3 = cosm/6 = /3/2, it follows that

V3 111 1 123
cos((/3) = 72F1 (_6’6’5;“’52 C) - 6C05C2Fl (—,—,—;c082 C)

for all ¢ € (0, 7). Now, write Z = Z(cos() so that
cos[(¢ + 2sm)/3] = cos(2sm/3) cos(¢/3) — sin(2s7/3)/1 — cos?((/3)
= cos(2sm/3)Z(cos () — sin(2s7/3)\/1 — Z2(cos ()
for any 1 < s < 3. It follows that

v 3
Falti00s0) = gps | gt | D an(RZ(eosC))

where
gs(u) = cosh [(cos(2s7r/3)u — sin(2s7/3)v/ R2 — UQ)} ,u€e (=1,1).

Finally,




where hg(u) := gs(RZ(u)),1 < s < 3. For instance, let v = 1, then it is not difficult
to see that

ih (u) __ Bt dZ sin &+ 2ms sinh |sin &+ 2ms
du' VST G0 /3 AU juecos ¢ 3 3

for any s € {1,2,3} and the derivative of v — Z(u) is computed using the differen-
tiation formula for o FY:

d b
d—gFl(a,b,c;u) = a—gFl(a—i—l,b—i—l,c—i— L;u), Jul < 1,¢#£0.
U c

As the reader may conclude, formulas are cumbersome compared to the ones derived
for p = 2.

4. ODD DIHEDRAL GROUPS

Let n > 3 be an odd integer. For odd dihedral groups Da(n), the generalized
Bessel function reads ([4] p.157):

nk
2 _ _
DY (p.6,1.6) = o <—p) S Luosiy (pr)py /> (cos(2n6) )y 2" (cos(2n))

j=0
where k > 0,p,7 > 0,0,¢ € [0,7/n], and

ek = 2FT(nk + 1)M

k+1)
In order to adapt our method to those groups, we need to write down the product
formula for orthonormal Jacobi polynomials in the limiting case « = —1/2 or

equivalently k1 = 0. But note that, from an analytic point of view, this generalized
Bessel function is obtained from the one associated with even dihedral groups via the
substitutions k; = 0, p = n. Hence one expects the product formula for orthonormal
Jacobi polynomials still holds in the limiting case. Indeed, the required limiting
formula was derived in [7] p.194 using implicitely the fact that the Beta distribution
u® converges weakly to the dirac mass d;. In order to fit it into our normalizations,
we proceed as follows: use the well-known quadratic transformation ([8]):

Pj71/2"k71/2(1—2 sin?(nf)) = (—l)jPJk71/2’71/2(2 sin?(nf)—1) = (=1) (12)23] ij (sin(nh))

where Pjo"ﬁ is the (non orthonormal) j-th Jacobi polynomial, together with cos(2nf) =
1 — 2sin?(nf) to obtain

PR (cos(2n0)) P22 (cos(2n0)) = [(t]/jj)ﬂ } i C%.(sin(nf))C5, (sin(n)).

Now, let k > 0 and recall that the squared L?-norm of ijl/z’kfl/z is given by ([8])
28 T +1/2T(+k+1/2)  28/al(k+1/2) (1/2); (k +1/2);
2j+k JIT( + k) I'(k) (k); (25 +k)j!

Recall also the special value

(2K)o; _ 2% T(k+)U(k+j+1/2) _,(k);(k+1/2);

2j)! TRk TG+1/2)5 O (1/2))
8
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where we use Gauss duplication formula twice to derive both the second and the
third equalities. It follows that

o4 coen 4 o(an) = S O () i)
— %J;;II;) (jgj (sin(nG))Ogj (sin(ng))

— 2+ k) / CE, (3np o, 1) i (),

according to [7] p.194, where

_ 2R/l (k4 1/2)
a (k)

As a matter of fact, we are led again to series of the form

c(k) :

nk
(%) Z(2j +F) n2j+n) (R)ng (cos() = %[f;jn + frnl (R, cos Q).

Jj=0

5. Two REMARKS

The first remark is concerned with Dy(4) which coincides with the Ba-type Weyl
group ([8]). Recall from ([6]) that D}” may be expressed through a bivariate hy-
pergeometric function as

1/k y+1 22 y?
DZV(w,y)=1Fo(/l)( 5 39 )

where we set 22 := (23, 23) = (p? cos? ¢, p? sin? ¢) and similarly for y2. This series

is defined via Jack polynomials:

1/r 1/r

(1/r) _ J: (2) - (y)

1 F, (a,z,y) =) (a)y————"—2
’ Z T ()]

where 1 = (1,1), 7 = (71, 72) is a partition of length 2, |7| = 71 + 72 is its weight
and (a), is the generalized Pochhammer symbol (see [6] for definitions). But those
polynomials, known also as Jack polynomials of type A;, may be expressed through
Gegenbauer polynomials, a result due to M. Lassalle (see for instance formula 4.10
in [I1]):
(Tl — 7_2)! . I I 1
=—— 27 sinllag)or -
s O Ga2g)
where (r);, —r, is the (usual) Pochammer symbol. As a matter fact, one wonders
if it is possible to come from the hypergeometric series to Corollary 1.2 in [5] and
vice-versa.

T (2?)

The second remark comes in the same spirit of the first one. Consider the odd
dihedral system I(3) = {£e™"/2¢™/3 1 <1 < 3} ([§]). Tt is isomorphic to the
As-type root system defined by

{£(1,-1,0),£(1,0,-1),£(0,1, -1)} C R?
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which spans the hyperplane (1,1,1)*. The isomorphism is given by

1 3 —
(21722723) = — \/jzz,u
V2 \ V2 V2

subject to z1 + 22 + 23 = 0 and for the As-type root system, the generalized Bessel

function is given by the trivariate hypergeometric series OFo(l/ k) (see [6] for the
definition). Is it possible to relate this function to

C3,k _ 31—‘(3k) _

(k) /[flc+,3+fk,3](m°a 239,30 (1, 1)) ¥ (du) = i (st Frs) (o, 23,30 (u, 1)) p* (du)
in the same way the 0F11/ " is related to the integral representation derived for
p=27

Acknowledgment: the author is grateful to Professor C.F. Dunkl who made
him aware of the hypergeometric formulas for the roots of the cubic equation.
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