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Abstract

In the paper, a new method is presented to obtain a closed form of the generalized Green function to the Poisson
and the Helmholtz equations on the n-dimensional unit sphere.
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1. INTRODUCTION

In the recently published paper [2], written by Piotr Stefaniak and me, a formula for the Green function to the
Poisson and the Helmholtz equations A*u + au = f on the n-dimensional unit sphere was derived.

The method we used was based on the spherical wavelet transform derived from approximate identities, since the
Laplace-Beltrami operator in the wavelet space is expressed by a multiplication with a polynomial and can be easily
inverted. The solution u to the Helmholtz or Poisson equation is given as a convolution of function f with an integral
kernel G which is explicitly given as a series. Using the fact that both the wavelet transform and the inverse wavelet
transform are convergent, we established convergence of the series defining the Green function G, something that had
been omitted in the proofs known so far. Further, for distinct dimensions and distinct parameters, we synthesized
the kernel to an explicitly given function.  The method we used was based on a double integration of the Poisson
kernel [2, Theorem 2], whose series expansion is known. It was a new idea, and in this way we obtained an explicit
representation of the kernel for a wider range of indices than had been known so far.

In the present paper, the method of kernel synthesis is further simplified. Namely, it is shown that it can be done
by a single integration of the Poisson kernel (Theorem 3.1). This allows us to find an explicit formula for the kernel
for a much wider range of indices than in [2]. If a = L(n+L—1) and L € (1 —n, 352) U (152,0), G can be expressed
in terms of special functions (Theorem 4.1). If n is even and L is an integer, the integration can be performed via
Euler substitution. Further, for odd dimensions n and rational L (different from 1_7"), with a proper substitution,
one obtains an integral of a rational function. The last two cases are illustrated by examples.

2. PRELIMINARIES

A square integrable function f over the n-dimensional unit sphere S® C R"*! n > 2, with the rotation-invariant
measure do normalized such that
27r(n+1)/2
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can be represented as a Fourier series in terms of the hyperspherical harmonics,
o0
f=> > aWnvh (2.1)
1=0 keM 1 (1)

where M,,_1(l) denotes the set of sequences k = (ko,k1,...,kn—1) in Ng_l X Z such that | > kg > k1 > ... > |kp_1]
and af(f) are the Fourier coefficients of f. The hyperspherical harmonics of degree [ and order k are given by

= AF H C’ e 1+k7 )sinfr), - eFthn-1e (2.2)
for some constants Af. Here, (01,...,%,-1,¢) are the hyperspherical coordinates of z € 8™,
r1 = cos vy,

To = sin}q cos Vo,

Ty =sindy ...sind,_osinv,_1 cosp,
Tpy1 =sindy ...sind,_osind,,_1 sin @,
and CX are the Gegenbauer polynomials of degree x and order K.
Zonal (rotation-invariant) functions are those depending only on the first hyperspherical coordinate ¢ = 1J;. Unless

it leads to misunderstandings, we identify them with functions of ¢ or t = cos®. A zonal L!-function f has the
following Gegenbauer expansion

F) =3 FWCME),  t=cos, (2:3)

where f(l) are the Gegenbauer coefficients of f and A is related to the space dimension by

)ty

Consequently, for a zonal £2-function f one has

compare (2.1), (2.2), and (2.3).
For f,g € LY(S8™), g zonal, their convolution f * g is defined by

(fxg)(z) = Ein f(y) 129(y) do(y), m29(y) = g(x - y), (2.4)

STL
and for f € £L3(S") it is equal to

fr9=2 > yaNIny"

1=0 ke M, _1 (1)
The Laplace-Beltrami operator A* on the sphere is defined by

-2

A f(V1,.. 001, 9) Z Hsm19 (sin 9
j=1

_ 0 . _ 8f(7.91, ’19n71 30)
k4+2—n_%Y n—k ) )
) a9, |:Sln I a9,
-2
82f(?91, - ,7971—17 gO)
Dp? '

sin 9,

||E?r
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It is known that the hyperspherical harmonics are the eigenfunctions of A*, i.e.,

AYE = —l(n+1-1)YF, (2.5)
see [3, Chapter II, Theorem 4.1]. The relation of A* and the Laplace operator A is given by
0 af 1
Af=R"—|R"= — A" 2.6
/ aR( aR)+R2 . (2.

where R > 0 is the radial distance of x € R™ in the hyperspherical coordinates, see [3, Chapter II, Proposition 3.3].
The Poisson kernel for the n-dimensional sphere is given by

= 1 1—7r2

= — = — 1). 2.
pT(y) Y, ;:0 r A Cl (t) Y, (1 — 2t + T2)(n+1)/25 re [07 ) ( 7)

The following statements are the content of [2, Theorem 1] together with [2, Remark 2, point 2].
(1) Suppose that f € C(S™) and u € C*(S™) satisfy

A'u+au = f, (2.8)
where a € R\ {L(n+ L —1), L € Ng}. Then,
u=f*G, (2.9)
for

= 1 A1y

= . 2.1
¢ ga—l(n+l—1) NG (2.10)
(2) Suppose that f € C(S"), u € C*>(S™) are such that f+Cp =wu*C) = 0. Then,
u=fx*G, (2.11)
for
- 1 A+1

G= > cp. (2.12)

l:O)l;ﬁLa—l(n—H—l) A

3. THE MAIN THEOREM

In this section, a formula is given to sum up the series (2.10) or (2.12). The advantage with respect to [2, Theorem 2]
is that the number of integrations is reduced to one.

Theorem 3.1. Letn € N, n > 2, be fived, A = ”T_l, and suppose that a = L(n+ L —1) for some L € R\Z, L # I_T”
Let Ly := max{[L],[—n — L+ 1]}, where [x] stays for the biggest integer less than or equal to x. Denote by G the

function

= 1 A+1
= . 1
¢ ;a—l(n+l—l) NG (3:1)
Then
Lo
1 A+ s
t) = . t 2
c0=3 ey e o2
+71 /1 (T"JFL*QfT*L*l) by p(t)firl LJFZC/\(t) dr (3.3)
n+2L—1 J, ner — A ' '

(If Ly < 0, set ZSO =0).
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Proof. Analogous to the proof of [2, Theorem 2]|. Note that

1 1
ntL—2 _,—L-1)y g _
n+2L—1/0 (r ) L—Dn+tLt+i-1)
for I > Ly. O

Corollary 3.2. Letn € N, n > 2, be fized, \ = "T_l, and suppose that a = L(n + L — 1) for some L € Ny. Further,
let G denote the function

- 1 A+l
G= > ci (3.5)
l:O,l;éLa_l(n+l_1) A
Then
L—1
B 1 A+,
Gt) = ; a—Iln+l—-1) X () (36)
1 1 L )\ +l
- n+L—-2  —L-1 o 1 A
+ n+2L—1 /0 (T r ) <2npr(t) ;T h\ Cl (t)) dr. (37)

Remark 3.3. f a = L(n+ L —1), thenalsoa=L'(n+ L —1) for L'= —n— L+ 1. If —% <a <0, both L
and L' are negative (this case was not considered in [2, Remark 3, p. 28]). Choose L = 0 for a = 0 (Poisson equation)
and L positive for positive a in order to apply Corollary 3.2.

4. CLOSED FORMS OF THE GREEN FUNCTIONS

In this section, a closed formula for the Green kernel is derived for the case a = L(n + L — 1),

Le(l—ml;n)U(l;n,O). (4.1)

It is expressed in terms of the Appell Fi-function.

On the other hand, for some special cases; like n even and L integer (not necessarily satisfying condition (4.1)) or
n odd and L rational (again not necessarily with (4.1)), integration (3.3) or (3.7), and, consequently, synthesis of the
kernel G, can be performed with standard methods, which will be shown on examples.

Theorem 4.1. Let a = L(n+ L —1) for L € (1 —n,352) U (152,0). Then

Gt) = 1 Filn+L—- LA+, A+ 1;n+ L;e™ e
Cn+2L-1 n+L—1
_Fl(n—|—L—|—1;/\—|—1,/\—|—1;n—|—L—|—2;e“9,e_m) (4.2)
n+L+1 '
Fi(—Lx+ 1,2+ 1, -L+1;e7e™)  F(-L+2A+1,A+1;—L+ 3¢, e )
- +
—L —L+2
Proof. Since 1 —n < L <0, Ly defined in Theorem 3.1 is less than or equal to —1 and
1 ! 1—7?
t) = n+L—-2 _  —L-1 d 4.
¢ n+2L—1/0 r ) A (4.3)
1 1 n+L-2 ,n+L __ ,.—L—1 —L+1
_ /7" " ! tr dr. (4.4)
n+2L—-1 ), (1 —2rt 4 r2)M1

All the exponents in the numerator of the integrand are greater than —1.

(=)=
E)NE
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According to [1, 9.3(4)],

1
/ I'(y — o)l
[ @ —apment - wn ) du = T R s, i), (4.5)
0 L'(v)
where Fj is the Appell Fj-function and 0 < Re a < Re «. Since
1—2rt+7% = (1 —7re)(1 —re” ™), (4.6)
we obtain from (4.5)
1 o i —i
Fi(ag 1 1; 1;
/ r dr — 1(0[,)\4’ A+ La+1e"e ) (47)
o (I—2rt4r2)*1 a
With this formula, (4.2) follows immediately from (4.4). O

If n is even and L integer, the integrand in (4.4), or, more general, in (3.7), is a rational function of r and
V1 —2rt +r2. In this case, the function can be integrated with Euler substitution.

Example 4.2. For n =2 and L = 1, i.e., A = § and a = 2, the integrand in (3.7) equals

1 1—r2
I = <r — 7“2) <(1 p W —1- 31"t) , t := cos .

With the second Euler substitution v1 —2rt +r2 =rx +1,ie., 7= 21(x+t) one obtains

1 2 (1461 —3t+3t2) 3t(1+1)2
Iz,1=—§(7—24t2)_4xt+£_(+)( +3t%) Bt(1+1)

2 11— (1—=x)?
(1—t)(1+3t+3t%) 3(1—-t)%
l+x T (1t a)2
2(7 — 3t — 34t% + 24t* + x + 132t — 20at3)
14 22t + 22

8(1 — t2)(3 — t — 16t* + 8t* + 2z + 8wt — 16xt3)
(1 + 2t + x2)?
16(1 — t2)%(1 — 4% + x + 4at — 8wt3)
(14 2zt + 22)3
(note that —1 < x < 1 for r € (0,1) and ¢ € (—1,1)). The indefinite integral of I with respect to

2
dr — 2142zt + = )d:v
(1—x2)2

equals

1—2t— 2z —
I (14 2t + 4% + 22 + 8tx + 222 — 2tx? — 223 + )
/21 /1_x 1+2m+x) (14 2t + 4t° 4 22 + 8tz + 2z x x® +z%)

(5 + 18tz — 7% + 36t222 + 4ta® 4 24t323 + 32 + 12622 + 2t2® — 25) da
2r  2-22t2 — 4tz Bt(3t+3+x+3t%) 41+t —2t%)(1—2)

=r-T—3 - a7 TEE R G —6tln(1+2)+C.

7% = —t and x5 = v/2 — 2t — 1. Therefore,

The integration bounds r; = 0 and ro = 1 change to z1 = lim._,q
the definite integral in (3.7) equals

1
3
/ Ig’ldT = 5 + (4—ln8)t+3tln(1 —t)
0
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and

2 3 3 2
That result coincides with that obtained in [2].

1 1 [t 4 1—¢
G(t):*—F*/ 1271d7‘=1+7t+th1—.
0

On the other hand, if n is odd and L rational, the integral in (3.7) can be transformed to an integral of a rational
function.

Example 4.3. Suppose, n =3 and L = 3, i.e., A=1and a = 5. In this case, the integral in (3.7) equals

5
3.
1 2
1—7r
- (3/2_ —3/2) 1) dr, t:=cosV,
3,1/2 /0 " " (1 —2rt+1r2)2 " o8

[ /1 —dtr™ V2 4 (34 442)rt/ 2 — 432 4 (L4 48)r5/2 — (3 + 42)r7T/2 + 449/ — p11/2
B2 (1—2rt + r2)2

ie.,

dr.

With substitution p = r/2 one obtains

P V(1= p%) (—4t + (3 + 4t%)p* — 4tp* + p°) J
ne (=217 1 p')? ’

1 2 2
1—4¢ 1+t—2t 1-—4¢ 1+t—2t
:/ {_2_2'04‘*' 2 ( )52 2~ ( )';)2 dp,
0 1=2cp+p%2  2c(1—2cp+p?) 1T+2cp+p2  2c(1+2cp+p?)
where
9 14t
c=coS— = {/] ——
2 2
Now,
1 1
T = d
1) /{1—20p+p2+1+20p+,02] p
1 p—c 2v1—¢c2p
= arctan -+ arctan +C = arccan ——— + C'
\/1—(;2{ V1-c2 \/‘} —c? 1—p?
and
p
7 =
2(p) /{(1—2cp+p2) (1+2cp+p ]
_ -l 1—ep carctanm_ 1+ep _carctan\/% L
2(1 —¢?) | 1'=2¢cp+ p? V1=¢2 14 2¢p + p? V1=2¢2
1 -2 1 — p? 2v/1 —c2
= el r) ¢ arctan i + C.
2(1—c2) | 1—2tp2 + p* 1—¢2 1—p2
Thus,
12 1+t—2t2 [
1371/2:—34— 1—4t hmIl Il(O) +T [ggnll(p)—ll(O)]
12 T 14+t—2t2 1 c s
=24 (1—4t z . . L
5t ) \/1_02 IR 21— Vi—&2 2
_ 12 (3-6m
5 22—
and A ( )
1 1—-2t)m
Gt)==-+=1 —_—
O =5+3b12=7—
[c[m]
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which is the same result as in [2]. (Note that since
1+t 2
VIt -t

all the expressions in [2, Table 3] can be simplified).

5. CONCLUSIONS

The solution u to the Helmholtz or Poisson equation A*u + au = f on the n-dimensional unit sphere is found as a
convolution of function f with an integral kernel G which is given as a series. For distinct dimensions n and distinct
parameters a this kernel can be synthesized to an irrational function via a single integration of the Poisson kernel. If
a=Ln+L—1)and L € (1 -n, 1_7") U (1;",0), G can be expressed in terms of special functions.
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