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Abstract

In expansions of arbitrary functions in Bessel functions or Spherical Bessel
functions, a dual partner set of polynomials play a role. For the Bessel func-
tions, these are the Chebyshev polynomials of first kind and for the Spherical
Bessel functions the Legendre polynomials. These two sets of functions ap-
pear in many formulas of the expansion and in the completeness and
(bi)-orthogonality relations. The analogy to expansions of functions in Taylor
series and in moment series and to expansions in Hermite functions is elabo-
rated. Besides other special expansion, we find the expansion of Bessel func-
tions in Spherical Bessel functions and their inversion and of Chebyshev po-
lynomials of first kind in Legendre polynomials and their inversion. For the
operators which generate the Spherical Bessel functions from a basic Spheri-
cal Bessel function, the normally ordered (or disentangled) form is found.

Keywords

Spherical Bessel Functions, Chebyshev Polynomials, Legendre Polynomials,
Hermite Polynomials, Derivatives of Delta Functions, Normally and
Anti-Normally Ordered Operators

1. Introduction

Expansion of functions in complete sets of functions plays an outstanding role to
find approximations of functions in physics and mathematics. The best known
expansions of functions are surely the Taylor series and the Fourier series. The
topics of present article are expansions in Bessel functions J, (z) and in Spher-
ical Bessel functions j,(z) and problems connected with them. About the Bes-

sel (or Cylinder) functions very much is known, a huge number of series and in-
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tegrals and other relations and we have to say what is new in present paper.

One basic idea was that for expansions in series of functions we have as a rule
two sets of involved functions which satisfy a mutual orthogonality and a com-
pleteness relation. In case of Hermite polynomials and Hermite functions, these
are the same sets of functions. For the Taylor series, these are the monomials
x",(n=0,1,---) together with the n-th derivatives of the delta function
s (x),(n=0,1,---) and we have a bi-orthogonality between them that is lesser
known. In case of Bessel functions and modified Bessel functions, these are two
known expansions. The first is a known formula for the expansion of an expo-
nential function €™ in a series of Bessel functions J,(z) with the Chebyshev
polynomials of first kind T, (x) as coefficients that, in principle, is known but
rarely represented in this way. The second concerns the known expansion of the

same exponential function €™ in a series of Spherical Bessel functions

i (2)= \/gJ’H 1(2) with Legendre polynomials P,(x) as coefficients. Thus
2

the partner for bi-orthogonality in case of Bessel functions J,(z) is the Che-
byshev polynomials of first kind T,(x) and in case of Spherical Bessel func-
tions j,(z) the Legendre polynomials P, (x) (or, more exactly, their Fourier
transforms). This to elaborate was an aim of present article. Besides this we de-
rive some interesting relations between these two mentioned kinds of polyno-
mials and the representation of the monomials z" as series in Bessel and Spheri-
cal Bessel functions, which seems to be new. Furthermore, we give a formula for

the normal ordering of the operators (13] and (ilj which are related

z 0z 0z z
to the Spherical Bessel functions.

As main sources about the Bessel and modified Bessel functions, we used the
monographs or corresponding chapters of Watson [1], Whittaker and Watson
[2], Bateman and Erdélyi [3], Korenyev [4], Arfken [5], and the comprehensive
lexicographic articles of Olver [6] (chap. 9) and of Antosiewicz [7] (chap. 10) in
[8] and of Olver and Maximon [9] (chap. 10) in [10] and the tables of Gradsteyn
and Ryzhik [11] and of Prudnikov, Brychkov and Marichev [12]. Partially, the
same sources [3] and additionally the articles of Hochstrasser [13] and of
Koornwinder, Wong, Koekoek and Swarttouw [14] we used for the Chebyshev
and Legendre, Gegenbauer and Jacobi polynomials.

The expansions which we consider are included in that which is called Neu-
mann expansions (e.g., [2] [4] [9]). There exist also other series of other kinds
using Bessel functions. In the Schlomilch series, only one Bessel function is used
but with arguments of this Bessel function in equal steps, in Fourier-Bessel series
the zeros of only one Bessel function are used and, furthermore, Bessel-Dini ex-
pansions and Lommel expansions [4].

In Section 2, we discuss the mentioned bi-orthogonality (or duality) of power
functions and derivatives of the Delta function. In Sections 3-6, we develop the

duality between Bessel functions and Chebyshev polynomials of first kind and in
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Sections 7-10, the duality between Spherical Bessel functions and Legendre po-
lynomials. In Section 11, we present in short form the analogies to expansion of
functions in series of Hermite functions or Hermite polynomials where in this

case we have a self-duality of the Hermite functions.

2. Taylor Series as Example for a Bi-Orthonormal Expansion

We illustrate in this Section for a known expansion (likely the best one) of a
function into a Taylor series by manipulations of the representations what we
intend to make in analogous form for some other less known series expansions.
Therefore, it may be favorable to read this Section before studying the next Sec-
tions with the proper new approaches to the topics.

The Taylor series of a continuous and infinitely continuously differentiable

function f (x) defined on the whole real axis —oo < x <+ is

£(x)=32 70 (o). (2.1)

n=0 n'

Using the delta function &§(x) in the sense of the theory of generalized func-

tions (e.g., [15] [16]) Equation (2.1) can be written

1) = 2 a0 ()= S T () 0 ()1 ()
(2.2)

- dy[iﬂ %5(") (y)}f (n)=] do(x=2)1():

From this follows the operator identity applicable to functions with subsequent

integration
N 1 0" & ”(—1)” (n)
o = 5" (y)=6(x-y). 2.3
2AO(y) o= 2 e () =6(x-) 23)

If we apply this identity on both sides to a function f(y) on the right-hand
side and integrate the expression over the whole real axis y we obtain the Taylor
series (2.1). Relations of the kind (2.3) are called completeness relations, here for
the space D of continuous and continuously differentiable functions. It states
that the functions x",(n =0,1,2,- ) are complete for the expansion of arbitrary
function in the spaces D and thus form a possible basis but leaves open whether
or not this basis is over-complete.

If we multiply (2.3) by the set of basis functions y” and integrate this then
over ywe find

+0 +0 R -1 n
[ 3= = ] dy[zx" C s >(y>Jym
n=0 .
(2.4)
+0 oo (_1)" (n) +0
=y x" dy—=8"(y)y" |=2x"5,,.,
n=0 - n' n=0 ’
where we changed the order of integration and summation under the assump-

tion of absolute convergence of the series. From (2.4) we conclude
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- —l n
- dy(—)é(")( y)y" =6, (2.5)

n,m
n!

This is a mutual orthonormality relation of the set of functions x'",(m =0,L2,- )

(=1’

to the set of functions 5t (x),(n=0,1,2,---) where it does not play a role

for our illustration that the second set of functions are Generalized functions. It
is called a bi-orthonormality since both sets of functions are not identical. The de-
rivation is only true if the set of functions x",(n = 0,1,2,--~) is not over-complete
since in other case at least one the functions can be expressed by a superposition
of the others. This can be shorter written with introduction of a scalar product
definition (f,g)= [: dx f(x)g(x)".

Due to symmetry &(x—y)=5(y—x) one may derive from (2.3) also another
interesting relation in the following way. We multiply both sides with a function
/(») and integrate this then over yand find

=] a (5(r-)=]Tas () T D 500 ()

- ! (2.6)
) EIR O IR O!

n=0

This is an expansion of the functions f(x) into a series of the delta function

o (x) and its derivatives which we write

~+00

F(x)=2(-1)" £,(0)5" (x), 2.7)
n=0
with the abbreviation
1.,(0) E% Ty f(v)y (2.8)

We call such expansions moment series and applied them already to the deriva-
tion of generalized boundary conditions in electrodynamics of continuous media
[18] [19].

In generalization to an arbitrary fixed reference point x=1x, of the expan-

sion the Taylor series (2.1) becomes

f(x)= iﬂf(") (x,)- (2.9)

n!

In these more general cases of the expansion (2.9) we find instead of (2.3) the

more general completeness relation

+o0 L (~1 n .,
2 (x=x) %5( '(y=x)=8(x-), (2.10)

and the bi-orthonormality

'Quantum theory has solved this elegantly in form of Dirac’s notations by states and co-states (ket’s
|x) and bra’s (y|) where (y|x) stands for the scalar product and |x)(y| for a dyadic product.

In form of the coherent states |@) quantum mechanics provides at once a famous set of

over-complete and not mutually orthogonal states [17].
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jjdxﬂa(")(x—xo)(x—xo)"’ =5, (2.11)

n! n,m

The analogue to the moment series for a general reference point x=1x, is

£ =21 () (1) 8 (x=x,), (2.12)
with the moments
)= [ e () e ) @13

3. Duality between Bessel Functions and Fourier Transforms
of Chebyshev Polynomials of First Kind

The starting point of the following considerations is the Generating function for
Bessel functions of first kind J,(z) with integer 2 (e.g., Watson [1] (IL.2.1 (2.1)
and Whittaker Watson [2]))

exp[%(l—ljj = nim" (2). (3.1)

t

L . I 1 .
This is a Laurent series and from substitution ¢ —— (or equivalently n— —n
t

in ") follows
1,(2)=(-1)"7,(2). (3.2)

Sometimes it is more convenient to use instead of J,(z) the modified Bessel
functions or Bessel functions of imaginary argument 1, (z) with the following

connections to J,(z)
I(z)=(-1)"1,(z), < J,(iz)=i"1,(z). (3.3)

From the invariance of the left-hand side of (3.1) with respect to the simulta-

neous substitutions z ——z,t —> —t follows

3, ()= (' 1) =1, (2 L(2)=L()=()'1, (). Ga
The relation (3.1) together with (3.2) and (3.4) can be taken as basis for the con-
struction of the whole theory of Bessel functions of integer (and by interpolation
of non-integer) indices that according to [1] [2] goes back to Schlémilch and
such an approach is sometimes used as, for example, by the here cited authors
also in more recent time.

By the substitution
t=¢el o l=el, (3.5)

relation (3.1) makes the transition into
exp(izsin(0))= 3 1, (2)e" =1, (2)+ 20, ()" +(-1)' e ™). G.6)
n=-—0 n=l1

and by the substitution

t=ie?, o '=—ie, (3.7)
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the transition into

exp(izcos(0)) = io i"],(z)e" =1,(z)+ fi” J, (z)(ei”‘g + e’i”g). (3.8)

n=—0 n=1

Both relations (3.6) and (3.8) possess two aspects. First, the exponents on the
left-hand side are periodic functions of the variable € and the right-hand sides
are Fourier series of the periodic functions with the Bessel functions as coeffi-
cients. The other aspect is that they provide expansions for two special functions
in series of Bessel functions J,(z).

Under the assumption that z and @ are real variables and taking into ac-
count the symmetry relations (3.2) we find the following separation of (3.8) in

Real and Imaginary part

+00

cos(zcos(6))= > (-1)" 1, (z)cos(2m0)

m=—oo

:Jo(z)+zg(_1)f" 1, (z)cos(2me),

sin(zcos(0))= Y (—1)" 1, (2)cos((2m+1)6)

. (3.9)
=23 (-1)" 1,4 (z)cos((2m +1)0),
m=0

and similar relations with sin(¢) in the argument by the substitution

cos(6)— cos(@ —gj =sin(@) These formulae which are known as Jacobi ex-

pansions (e.g., Korenyev [4]) played an important role in the physics of the radio
for the spectrum of phase modulation of carrier signals and also for frequency
modulation since the frequency is the derivative of the phase with respect to
the time. In Appendix A we collect for convenience the cases of modulation of
Trigonometric and Hyperbolic functions by Trigonometric or Hyperbolic func-
tions.

The differential equation for general Bessel functions J,(z) with real or even

complex v is

2 2
0z zO0z z

Oz{iJrlﬁﬂ_ﬁ}Jv(z). (3.10)

A second linearly independent solution to the operator of this differential equa-
tion is for integer v =n mostly denoted by Y, (z) but we do not need it in
the following and do not discuss it. The essential part of the operator of this dif-
ferential equation appears if we write the two-dimensional Laplace operator
, 00 &
2taz
ox~ oy

in polar coordinates (r,¢) in combination with an angular

part (see Appendix B, in particular, case N =2 in (B.9)). Further terms to the
operator of the differential equation for the Bessel functions result if we consider
instead the more general wave equation (with Fourier-transformed time) which

is the Helmholtz equation. In Appendix B we derive for the N-dimensional
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Laplace operator the radial and the angular parts, the last in coordinate-invariant
way and extend it to the N-dimensional wave-equation operator.
In the following we use the Chebyshev polynomials of first kind T,(x) and

of second kind U, (x) with the explicit representations?

(2x)", (3.11)

with the symmetries

T,(x)=(=1) T,(=x) =T, (x).
U, (x)=(-1)"U,(-x)=-U_,_, (x). (3.12)
Thus the full sets of Chebyshev polynomials with non-negative and negative in-
dices are over-complete and can be reduced to a complete but not over-complete
set. One of the basic possible representations of the Chebyshev polynomials by

the Hypergeometric Function ,F, (a,b;c;z) and, more specially, by the Jacobi
polynomials P\ (x) is

11- P 5
T,(0)= 8 [-nndi 28| 2 )

31-x) 2" (n+1)? (1)
U (x)=(n+1),F|-nn+2;=; = P2 (x), (3.13
n( ) ( )21( 2 2 j (2n+2)' n ( ) ( )
whereas the Bessel functions J, (z) for arbitrary real and, moreover, complex
v are special cases of the Degenerate (or Confluent) Hypergeometric function
\F (a;¢;z) according to

1, (z) =i(5j e F (l+ vil+ 2v;i22j
2 2

v!

v v 1 k 2k (314)
= i(ij e” ) (l+ v;l+ 2v;—i2zj = (Ej ZL(EJ .
vI\ 2 2 2 ,C:Ok!(k+v)! 2
The well-known recurrence and differentiation relations are
Ta(2)+9,,(2)=2%7,(2),
z
0

JV”(Z)—JV_I(Z):—ZEJV (2). (3.15)

The Taylor series in case of integer v=n is

1,(2) =(§J ki)ké;—?;)'(gjzk (3.16)

*The general formula (3.11) for T, (x) is undetermined for n=0 ofkind 0-c0 but, by common
(x)=1 is fixed.

definition, T

0
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As is well-known (e.g. [3]) the Chebyshev polynomials satisfy the identities
sin((n+1)6)

T, (cos(ﬁ)) =cos(nd), U, (cos(ﬁ)) = sin(6)

, (3.17)
and similar relations by substitution cos(&)—>ch(¢),0 —ir. Using now the
identities (3.17) the expansions (3.9) can be written

cos(zcos(0))=1,(z)T (cos( ))+2Z( 1)"1,,(2)T,,(cos(8)),

sin(zcos(0)) = Zg(—l)m Ty (2) Ty (coS(6)). (3.18)

In particular, introducing the abbreviation

xzcos(ﬁ), (3.19)

relations (3.18) can be represented as follows (we change now the order of func-

tions with variables zand x)

cos(xz)=1,(z )+22( )" T, (x)1,, (),

sin(xz) =2 (=1)" Ty, (%) 150 (2)- (3.20)

In the more compact form of (3.8) the expansions (3.20) can be written (observe:

T, (1)= (1) 1, (3)
=§inTn ()1, (z):JO(z)+2:Z:i”Tn(x)J" (2). (3.21)

Later, we use mainly the identities (3.20) and (3.21).
It is well-known that the Chebyshev polynomials belong to the Classical Or-
thogonal Polynomials due to the orthogonality relations with weight functions

2 1 and z\/1 —x7, respectively (e.g., [3])

1 x? n

—J.H \/_ ——I o, ( cos(ﬁ))Tn(cos(Q))—{;i’5"0’ ::&8:
_Jﬂdx 1-x*U,, (x)U, (x =—I d@sin® (H)Um(cos(H))Un (cos(@))=§mn.(3.22)

However, this is an orthogonality over the interval from —1 to +1 (or 0 to 7 in
variable ) but not over the whole real axis or semi-axis. In the identities (3.20)
and (3.21) the Chebyshev polynomials of first kind T, (u) play a fully other role
and are in a certain sense dual to the Bessel functions J,(z) over the whole real
axis. Furthermore, the whole set of Bessel functions J, (z) with non-negative
and negative indices is also over-complete in the same way as the Chebyshev
polynomials T, (x).

The identities (3.20) and (3.21) possess still another remarkable aspect. The
multiplicative variables xand z on the right-hand sides are separated in different

functions of the expansions on the right-hand sides. In this form it is simple to
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generalize these expansions by an arbitrary real or even complex parameter a
and obtains from (3.20)

cos(xz):cos[axgjz [ j+zmzl( )T, (o )J(gj
sin(x)—sm[ j z( 1y’ 2m+1(ax)J2m+l(§j, (3.23)

and from (3.21)

z
o

e = exp[iaxij = iw: i"T, (ax)], (ij
a

a n=—owo

- To_(ji)Jo (gjufi" T, (ax)J, (gj

(3.24)
n=l1

The expansions (3.23) and (3.24) and former analogous expansions converge for
arbitrary real and complex variables x and z and therefore the free parameter a
in its full generality can be also chosen as a complex number.

It seems that the combination of Bessel functions and of Chebyshev polyno-
mials of first kind here still in the special expansions (3.24) is new and in the
next two Sections we show how this can be used to derive more general expan-
sions with an arbitrary free parameter a into Bessel functions as well as into

Fourier transforms of Chebyshev polynomials of first kind.

4. Expansions of Functions into a Series of Bessel Functions
of Integer Indices

In this Section we derive an expansion of a general continuous function via its
Fourier decomposition into a series of Bessel functions. We define the Fourier

transform f(y) ofa function f(x) as follows
F)=[Tdr(x)e™, o f(x =—j*°°dyf (y)e™. (4.1)
Then, if we apply the identities (3.23) or (3.24) we find
1 oo =~ I R X
x) =%L@ dyf(u)e Y :En;wl (LC dyf(y)Tn (ay))Jn (;j, (4.2)
or split in real and imaginary part

B e

2n
+i Z (rw dyf T, (ay))]z,n“ (gj}

This is at once a decomposition of f (x) into an even and odd part. Expan-

(4.3)

sions of functions f(x) in series of Bessel functions become possible if the
Fourier transform f(y) of the function f(x) is known.
Using the symmetry of the Chebyshev polynomials of first kind and of the

Bessel functions

T, (x)=Tn (x), I, (z):(—l)n J"(z), (4.4)
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expansions (4.2) or (4.3) can be represented
1 o o~
16w 7w ) ()
+2§(—1)m (_E:dyf(J/)sz (ay))sz (gj (4.5)
+ izi(—l)m (f: dyf(u)T,,., (ozy))JM+1 (%)}

Formulae (4.2), (4.3) and (4.5) are the expansion of a function f(x) into a se-
ries of Bessel functions of integer indices with a free parameter a of the following

principal form

— (@), [§)+§(02m(a)+c_2m ()1, (f) (46)

n=l1

3 (e (@) s (@) 2

m=0

that means with relations for the coefficients in front of the Bessel functions with

negative and positive indices

f(x)=c()d, (é} 2202,,1 (a)1,, (gj

(4.7)
s X n
+2262m+1(a)J2m+1 (_j’ (Cfn(a)z(_l) Cn (a))’
m=0 (24
with the coefficients which can be represented by the unique formula
¢, (@) :;—ﬁjj:dyf(y)n, (ay), (n=0,1,2,--). (4.8)

This formula can be applied if we know the Fourier transform f (v) of the
function f(x).
Changing the order of integrations the formula (4.8) for the coefficients can

be also represented in the following way

(@) =2 [T, (@) [ d s ()

LA LS FE([ o, (ar)e™) (4.9)

_g B

1" e ~ [ x
:TMLO dx f(x)T, [;J
where T,(y) is the Fourier transform of T,(x) in the sense of (4.1). The
Fourier transform of a polynomial, contrary to the Fourier transform of an arbi-
trary function, is in every case a finite superposition of the delta function and of
their derivatives and thus always a Generalized function.
Using the well-known expression of the Chebyshev polynomials of first kind

n

T,(x) in powers of x given in (3.11) we find its Fourier transform which similar
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to all polynomials is a singular function which can be expressed by a superposi-

tion of derivatives of the delta function as follows

:ﬂb} (—l)k (n —l—k)!2"72k J-+w die "2k e
25 k!(n —Zk)!

{g} _ k 1 n-2k
ne (V) (n-1-k): k)!(iZaJ " dxe (4.10)

T,(»)

-0

28 Km-2)y (Ce)
=2nT, [i%)S(y).

From this follows

©(2)=ont [ial |s[ 2 )= il
Tn(aj—ZHTn[laay]é'(a) 2n|a|Tn[1aayJ5(y). (4.11)

Inserting this into the formula (4.9) for the coefficients and changing the inte-
gration variable x — y we find

@)= 00110 o1

v

= inJ‘_*:dyg(y)[Tn [—ia%)f(y)} (4.12)

{Tn[—ia%]f(y)}yo,

and explicitly using the form of the Chebyshev polynomials T, (x) in (3.11)

nH(n—l—k)!

=5k:0k!(T2k)z(2“)Hk 77 (0). (4.13)

c,(a)

The transition from the first to the second line in (4.12) is in the sense of the
theory of generalized functions.

In Section 6 we consider special cases of expansions in Bessel functions. First,

we try to derive completeness and (bi)-orthogonality relation for the expansions

in Bessel functions.

5. Completeness and Orthogonality Relations between
Bessel Functions and Fourier Transforms of Chebyshev
Polynomials of First Kind

By combination of the formal expansion (4.6) with the form of the coefficients
(4.12) we find the relation

7= S ()T ar o) el ]o0)

Jras o) £ a2 el Joty) 6.0
=[Tdvf(y)s(x-y).
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Therefore, it should be

f J, (g)i” T, [ia%}zexp(—x%j, (5.2)

where the operator on the right-hand side is the displacement operator for the

shift of the variable yof an arbitrary function f ( y) from yto y — y—x.Indeed,

o, . . . .
if we substitute in (3.24) z —> x,x — 16_ we obtain the identity (5.2). From this
Y

identity follows then immediately

S (X [0
PRt (Zjl K [w‘a_j‘s(y):ﬂx—yl (5.3)

v

This is a kind of completeness relation for expansion of continuous functions
defined over the whole real axis and is in analogy to (2.3). However, it is over-
complete since the Bessel functions J,(z) with negative indices 11 are related to
that with corresponding positive indices and in analogous way the Chebyshev

polynomials of first kind by (4.4). Excluding this over-completeness we find

from (5.3)
X & (x\n[. O _ _

It is no more an over-completeness since from the expansion of the Bessel func-

tions J, [ij,(n = 0,1,2,~~-) exactly one begins with the powers proportional to
a
x",(n = 0,1,2,--') .

We now multiply the completeness relation (5.4) with the Bessel function

J., (—j and integrate the obtained relation over the variable y-and find
X +o0 y

I.l— = dvo(x-»)J,|—

m(aj Iioc y ( y) m(aj

Lo pE (g o

=1, (é)%@”ij (éjr:dme (ijl T, [ia%)é‘(y).

m,

From this relation we conclude the orthonormality relation

+o0 e [. O 28,,0,,, n=0,
2deﬂm(§)1 Tn£1a5]5(y)={5 e (5.6)

mn?

The left-hand side of this identity can be also represented according to the rules

of differentiations of the delta function in the following way

2{1” T, (-mﬂjJM (lj} =2["dys(y)i'T, (—iai]Jm (lj
ay a o —o0 ay (04

(5.7)
25/710 5/10’ n= 0’
a O s n=0,
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with the right-hand side similar to the right-hand side of (3.22). It is not very
difficult to check this formula numerically for low values n and, at least, larger
values m by computer’.

With the formulae (5.3) and (5.7) one may make also expansions of continuous

and continuously differentiable functions in terms of the generalized functions

i"T, (iaaija (x) in analogy to the moment series (2.7) with the coefficients in
X

form of the moments (2.8). However, in present case the coefficients become
mixed moments with the Bessel functions as coefficients and it is not to see
whether or not such expansions will get some importance in future. We mention
yet another feature of the identities (5.6) and (5.7). The integration goes here
over the full interval from —o to +oo and there is no way to shorten this in-

terval to that from 0 to +o0.

6. Examples of Expansions in Bessel Functions

We consider now examples for expansion of functions in series over Bessel func-
tions with integer indices.

First we discuss the expansion of the monomials z" into Bessel functions.
For this purpose we may use the formula (3.24) where we make on both sides an
expansion in powers of x” for which the second line is best appropriate. If we
insert the explicit form of the Chebyshev polynomials T,(x) given in (3.11)

then we find

ixz
[§]

1+ i (Lx) z"
n=l1

n!

-7, (éj ¥ 22 i ﬂ%M(zm)“" I, (ij (6.1)

25 K(m-2k)! a
=Jo(§j+2ki‘;J2k (§j+i(

Collecting on both sides the terms proportional to x" for the expansions of z”

i2ax)" (n—1+k)!

(n+26)1,,, [5)

in series of Bessel functions follows a relation equivalent to

1, (2) 423 1 (2) =1, n=0,
" = =0 (6.2)
e (n-1+k)!
2"2("—+)(n+2k)JMk(z), n#0.

k=0 k'
The involvement of the free parameter a is here trivial and can be obtained by

the substitution z —>£. A result for this kind of relation one finds in Watson
a

[1] (p. 138) which he refers to Gegenbauer. It agrees with our result almost but

not fully concerning the case n=0 in (6.2).

*However, it is more difficult to check the expressions with the delta function directly by computer
since up to now this function is not programmed in “Mathematica” and one has to use for this pur-
pose approximations such as by the Gauss bell function and then have to make a limiting transition
to the delta function but this we did not make.
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Expansions for arbitrary functions with a Taylor series can be used to establish
their expansions into series of Bessel functions. In this approach one has then to
collect the sum terms proportional to J, (z) and to reorder the sums in cor-
responding way.

Using the duality between Bessel functions J,(z) and Chebyshev polyno-
mials of first kind T, (x) in (3.24) one may also obtain the expansion of power

functions x" into Chebyshev polynomials. In analogy to (6.1) one has*

-3 (-1’ (iojk T, (ax)+23 " i%(ijmw{ T, (ax) (6.3)

m=1 k:ok!(m"rk
2(iz )& n!
:To(ax)+nz_}(z) S e )

Collecting on both sides the terms in front of z” one finds ([13] and, more

generally, [14])

T, (x) =1, n=0,
xn — l n n! (6.4)
?,;)WTH—H (x), n#0,

where the involvement of the free parameter a such as in the case (6.2) is trivial
and can be reached by the substitution x — ax.

From Section 7 on we deal with Bessel functions with semi-integer indices and
closely related Spherical Bessel functions with some different behavior from that

for integer indices.

7. Expansions of Functions into Series of Spherical Bessel
functions

Up to now we discussed expansions of functions into series over Bessel functions
J, (z) with integer indices v = n,(n =0,1,2,- ) . Now we will consider expansions

of functions into series over Bessel functions J,(z) with semi-integer indices
1

v=n +E,(n =0,1,2,---) modified by an additional z-dependent factor. This

leads us as dual partner to the Legendre polynomials that is not expressed in the

title of the article.
The general Taylor series of Bessel functions J, (z) with arbitrary complex v

was given in (3.14). From this formula follows for semi-integer indices v =n +%

NEEE R o)

k=0 k!(k +n+ 1)!
2

*On the second line of the following identity we have only Chebyshev polynomials with non-negative
indices. For an easier representation we have in third line also Chebyshev polynomials with negative

indices that means an over-complete set of Chebyshev polynomials where we used the relation

T, (x) =T, (x)
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These functions are not entire functions because they possess a branch point at
1

z=0 due to factor (%)2 . We remove this factor by the definition

CERERINE) 02)

with the expansion into a Taylor series

(D)
J<>(5jz([l)—(2jlj(5j L@ o)

Ol k+n+—
2

and arrived with the definition (7.2) at a sequence of functions

Jn (z),(n =0,+1,£2,-- ) which are called the Spherical Bessel functions. They are
the three-dimensional analogue to the Bessel functions for dimension N =2
concerning the splitting of the Laplace or wave-equation operator in Radius and
Spherical coordinates (see Appendix B, in particular, the case N =3 in (B.9)).

In comparison to (B.9) the definition of the Spherical Bessel functions contains
s T .
an additional common factor \/; for all these functions to get a more conve-

nient normalization. For z<0 the Bessel functions J | (z) as well as the
nt+—
2

|
root —= become imaginary but their coupling makes them real-valued on the

Jz

whole real axis. The Spherical Bessel functions appear if we write down the
three-dimensional wave equation or Helmholtz equation (V2 +K° )y/(r) =0 in
Spherical coordinates as separated solutions for the radial part (e.g., [5]) (Ap-
pendix B). The solutions for the angular part are then the Spherical harmonics.
From the general recurrence and differentiation relations for Bessel functions

(3.15) follows for the Spherical Bessel functions

. . 2n+1.
.]n+l(Z)+]n—l(Z)= - _]"(Z),

z

o 1

()1 ()= 221 ), 0.9

0Oz

and by linear combinations for the raising and lowering relations for the indices

of the Spherical Bessel functions

. n 0). "gi'

Jn (Z)_Kz_gj-]n(z)__z oz 2" -]n(Z)’

. 1 0). 1 0 ..

Jnl(z):(’“ +_jjn(z): L0 v (). 7.5)
z 0z z"" oz

The differential equation for Spherical Bessel functions j, (z) is (see (B.9), case
N=3)

o:{a2 (20 +1—"("+1)}jn(z). (7.6)

0z zoz Z?
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For n=0 and n=-1 we find from the Taylor series (7.3)

o)=L 2); (o),

z z Oz
, cos(z) (1 0).
()= :(ngh(z). (7.7)

Using the raising and lowering relations (7.5) for the indices one finds the
Spherical Bessel functions j,(z) with arbitrary integer indices n in the follow-

ing way

@)= (222 -] g

z 0z z z 0z z

that can be proved by complete induction. The Spherical Bessel functions
jona(2),(n=0,1,2,---) are singular at z=0. A greater number of explicit rela-
tions for the Spherical Bessel functions are given in Appendix C. In this Appendix

we give also formulae for normal and anti-normal ordering of the operators

(1 0 j (a 1)"
—— | and |——|.
z 0z 0z z

The Spherical Bessel functions possess a property of orthogonality on the
whole real axis which, apparently, is exceptional within the sequences of mod-
ified Bessel function (B.9) as non-singular solutions of the N-dimensional Radial
part of the Helmholtz equation corresponding to dimension N =3 (e.g., [5], p.
629, 11.174; [12], p. 211)

[ (2)i()=—"0,, (7.9)

This means that an appropriate continuous function on the real axis can be ex-

panded into Spherical Bessel functions according to

f(x)=2¢i.(2), (7.10)
n=0
with the coefficients ¢, determined by
6 =Tz f ()i (2). (7.11)

We mention that the orthogonality of the Spherical Bessel function (7.9) is not
true for restriction of the integral to one of the semi-axes, for example from
0 <z <+00. On the other side as radial part of solutions of the three-dimensional
Laplace or Helmholtz equation the Spherical Bessel functions are in most appli-
cations restricted to the positive semi-axis.

In the next Section we show that the dual partner in expansion of functions

into Spherical Bessel functions are the Legendre polynomials.

8. Legendre Polynomials as Dual Partner to Spherical Bessel
Functions in Expansion of Functions

Starting point for the derivation of functions into series of Spherical Bessel func-
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tions are here again special expansions for cos(xz) and sin(xz) in analogy to
(3.23) as follows
cos(xz) = cos(axij = i (-1)" (4m+1)P,, (ax)j,, (ij,
o m=0 o

sin (xz) = sin[axi] =3 (1) (4m+3)Py,, (@) o (éj (8.1)

[24 m=0

and both these formulae can be combined to

ixz _ : ji — - ‘n . ji
e —exp(laxa) i (2n+1)P”(ax)J"(aj’ (8.2)

n=0

where P, (x),(n=0,1,2,---) are the Legendre polynomials and where a s a free
eligible parameter. The expansion (8.2) is a known relation and one may find it,
for example, in the encyclopedic articles [7] [9] and can prove it, for example,
using the expansion (7.10) with the formula for the coefficients (7.11). It is the
analogue of the expansion of the Exponential function (3.24) in Chebyshev po-

lynomials of first kind with Bessel functions with integer indices as coefficients.

j!zﬁ)

The Legendre polynomials possess the explicit form (observe (

(e (1)
P, (x)= ( f%l(zx)”“, P, (x)=(-1)' P, () =P, (x). (53)

= - zk)z[-z

1
2

SIS

Similar to the Chebyshev polynomials the Legendre polynomials are a special
case of the Jacobi polynomials P\“*) (x) with equal upper indices o=/ (Ul-
traspherical polynomials). They are related to Gegenbauer polynomials C! (x)
by

(n+a)(2a)! a+t

P(“’“)(x)= (n+2a)la! C, * (%), (8.4)

and altogether are a special case of the Hypergeometric function ,F (a,b;¢;z),

in particular
P, (x): 2F1(—n,n-i—l;l;l_ij:P(o’o)(x). (8.5)

The set of Legendre polynomials is complete for non-negative indices n and is
separated from the set of Legendre polynomials with negative indices which are
also complete (see Appendix D for comparison with Chebyshev and Gegenbau-
er polynomials). The set of Spherical Bessel functions is also complete for
non-negative indices but for negative indices it forms a new series which is
equivalent to a second solution of the differential equation.

The Legendre polynomials belong to the Classical Orthogonal Polynomials
and are orthogonal (and thus self-dual) in the interval —1<x<1 according to

['arp, (x)P, (x)= [~ d6sin(6)P, (cos(6))P, (cos(8)) = —

_ (8.6)
m+n+1

mn >
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but they are not orthogonal on the whole real axis or semi-axis and are here ap-
plied in a different sense.

The Chebyshev polynomials of first kind and the Legendre polynomials are
related by the identities

T, (x)= M["‘zjl(”‘k‘l)! . . 67

These relations can be proved by complete induction from their recurrence and

differentiation relations.

9. Expansions of Functions into Series of Spherical Bessel
Functions

Expansions of Exponential functions of the special kind (3.24) and (8.2) are fa-
vorable as starting point for the derivation of expansions of more general func-
tions using the Fourier decomposition of these functions. This was made in Sec-
tion 4 for the expansion in Bessel functions of integer argument. In this Section
we develop the analogous case of expansions in Spherical Bessel functions using
(8.2) as starting point. The Fourier transform of a function and its inversion are
defined in the same way as in (4.1).
In analogy to (4.2) using (8.2) we find the expansion of a function in Spherical
Bessel functions
o0

f(x)= ijj:dyf(u)euy :;_nzin (2n+ 1)(jf:dyf(y)pn (ay))jn (gj (9.1)

n=0

or split in Real and Imaginary part

1) = S (70 0o £

(9.2)

3 ) () [ )Py (@) (2)}

A difference to (4.3) is that for simplicity an over-complete set Chebyshev poly-
nomials of first kind T,(x) is used there whereas here it is favorable to use
the complete but not over-complete set of Legendre polynomials P,(x) with
non-negative indices.

Thus a function f (x) can be expanded in Spherical Bessel functions in the
following way

f(x)= ioc (@)J, (ij (9.3)

a
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where the coefficients of the expansion are determined by

cn(a) P 2n+1_[ dyf ) (y) (9.4)

The next relations which we write down in the following can be made in full
analogy to corresponding relations for Bessel functions and Chebyshev polyno-
mials in Section 5. In this way, in analogy to (5.3) the completeness relation for

the pair of Spherical Bessel functions and Legendre polynomials is

Z(2n+1)1ﬂ( jl P (1a%)5(y)=5(x—y). (9.5)

n=0

from which follows by multiplication with j[lj and integration over the real
o

axis ya relation from which we conclude the orthogonality

j dy_]m( ] (iaaij&(y):i. (9.6)

Yy m+n+1

According to the rules of the theory of generalized functions this may be rewrit-

ten in analogy to (5.7)
iP, el im ( yj =["dys(y)ip, el Jm [lj = O (97)
oy o 7 oy a) m+n+l
This relation can be used to make expansions into series of generalized functions
i"P, (iaai)é' (x) which are a modification of the expansion into moment series
X

discussed in Section 2. The coefficients of these expansions are generalized mo-
ments of the expanded function f/(x).

10. Examples of Expansions into Spherical Bessel Functions

A simple method to find the expansion of the monomials in Spherical Bessel
functions is again (see Section 6) to expand both sides of (8.2) into a Taylor se-
ries with respect to powers x". Inserting the explicit form of the Legendre po-

lynomials (8.3) one finds in this way

If we collect now on both sides the sum terms proportional to x" we find the

following expansion of z" in Spherical Bessel functions
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j.
S (2n+1+4k)j,0 (2), (n=0,1,2,--).  (10.2)

(14 4K)jye () =1, (10.3)

independently of the chosen value zon the middle side.
If we insert the expression for P, (x) in (8.7) then by reordering of the sum
terms and comparison with (3.24) follows a relation of the Bessel functions ex-

pressed by the Spherical Bessel functions and similar its inversion

LooLs (-1) [k —;j!(n +k _;jl(zn e )

T imo k!(n+k)!

I, (z) + ZZLJM (z),

S (2k-1)(2k+1)

2=y (k—;j!(n +k—1)! (10.4)

S
I
=

in(2)=

—
[N

1
I ] (n+2k)),.0(2), n=l.
k=0 k!(n+k+j!
2

. Sin(z

The expansion for j,(z)= in Bessel functions in (10.4) was necessary to
z
) sin(z) .
calculate separately and we used the Taylor series of inserting there the
z

relation for z" in (6.2). In similar way from the Taylor series of cos(z) and

sin(z) one obtains

cos(z) :Jo(z)+zg(—l)" 1, (2).

sin(z) =23 (-1)"1,,.,(2). (10.5)

These relations are the special case x =1 in the formulae (3.20).

11. Expansions into Hermite Polynomials and Hermite
Functions

For comparison with the preceding expansions we give in this Section widely
without proofs a well-known example for the expansion of functions into a se-
ries of Hermite functions.

The Hermite polynomials H, (x),(n=0,1,2,---) can be introduced by the

Rodrigues or by an alternative definition as follows
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X
10 . 10 oY (11.1)
- 22 (2 2 =] 2x——= 1,
exp[ 46xzj( x) exp(46x2j ( x axj

—')'(2x)"’2" . (11.2)

Besides the Hermite polynomials H,(x) we define the Hermite functions
h,(x) by

hn(x)EI;

exp[
42" n!

They satisfy the orthonormality relation

——JH,, (x). (11.3)

“dxh,, (x)h, (x)=3,,. (11.4)
and the completeness relation
b, (x)h, (y)=56(x-y). (11.5)

n=0
In the cases up to now discussed, we have had two different sets of functions which

are mutually bi-orthogonal. Here both sets of involved functions are the same.

. . e X
By introduction of a free real parameter a by the substitution x - — the or-
a

thonormality relation (11.4) can be generalized to

i - d'Xhm (ijhn (ij = 5mn > (116)
|a| e (24 (24

and the completeness relation (11.5) to
LS, (ijh,, [ljzia(ﬂjza(x—y). (11.7)
lo|im "\a a) |of o

For the expansion of a continuously differentiable function f(x) into Hermite

X

functions h( j one obtains then

13)=3e (@), (f) ., (a):ﬁ_[j:dxhn (i)f(x). (11.8)

This can be obtained in well-known way from the orthonormality relation (11.6).

However, one may it also derive from the completeness relation (11.7) according to

10=[ @501 0)=[ Tl S (2 ]n[ 2] 70)

|
&1 o y X (11-9)
=>—[ dh, (—jf(y)hn (—j
n:0|a| o [24
=c,(a)
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where we have changed the ordering of integration and summation.
As example we consider an exponential function €™ and make an expansion

z

in Hermite functions 4, ( J . We do not calculate it here in detail and give only

o
the result for this expansion which is

et :exp(iaxij:mii”hn (ax)hn (ij, (11.10)
[04 n=0 o

where a is a free parameter. It possesses the same principal structure as the ex-
pansions (3.24) and (8.2) of the same exponential function. However, the right-
hand side is divergent in usual sense but from this does not categorically follow
that it is not convergent in a generalized sense. It should be convergent in the
sense of weak convergence of generalized functions or linear functionals and
then could be used, for example, in Fourier integrals over sufficiently well-behaved
functions that we do not discuss here in detail.

There is still another possibility to modify the expansion into Hermite func-
tions h,(x) by a free real parameter 8 by writing the orthonormality (11.4)
using (11.3)

;rwdxexp(—(l -p )xz)Hm (x)exp(—ﬂzxz)Hn (x)=6,,. (11.11)
2" min! 7T
Then one finds for expansions of the form

F(x)=3 ¢, (B)exp(~4)H, (). (11.12)

n=0

with the coefficients ¢, () determined by

+

c, (ﬁ’)=mf7:dxexp(—(l—ﬂz)xz)Hm (x)f(x). (11.13)

For S =0 this is the expansion of a function directly into a series of Hermite

polynomials.

12. Conclusions

We have discussed the expansion of functions in series of Bessel functions and of
Spherical Bessel functions of kind which is usually called Neumann series and
tried to illuminate the analogies to other known expansions, in particular to
Taylor series, momentum series and series in Hermite functions. An important
role played what we call a dual partner of the considered sequence of functions
which in case of Hermite functions are again the same functions (self-duality).
The most of our expansions possess a free eligible parameter a. Orthogonality
and completeness relations could be formulated from the dual partners of func-
tions. We tried to illustrate this by the expansion of special sets of functions, in
particular, of the monomials z”,(n = 0,1,2,---) in series of Bessel and Spherical
Bessel functions. The kind of convergence of the expansions is usually not dis-
cussed but it seems that in most cases there is a sufficient supply of appropriate
functions for which the series are convergent in different sense (at least, in the
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sense of weak convergence of Generalized functions). We think that there exist
also other sets of dual partners for expansions of functions and conjecture that
the modified Bessel function to the four-dimensional case N =4 of the Helm-
holtz equation (see Appendix B) could be related to the Chebyshev polynomials
of second kind U, (x) but did not investigate this.

In the four Appendices we make some useful collection of formulae (mod-
ulated Trigonometric and Hyperbolic functions, N-dimensional Radial part of
Helmholtz equation) and of the normally-ordered form of the operators which
generate the Spherical Bessel functions from an initial member of their se-
quences. In last Appendix we illustrate the differences between Chebyshev po-
lynomials of first and second kind and of Legendre polynomials with their con-
nection to Gegenbauer polynomials and with respect to their over-completeness

if we take into account their non-negative and their negative indices.
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Appendices

Appendix A. Expansions of Modulated Trigonometric and
Hyperbolic Functions in Bessel Functions

In this Appendix we collect for lexicographic purposes formulae which can be
derived from the basic definition (3.1) by transformations and substitutions for
modulated Trigonometric and Hyperbolic functions.

The following first group are exponential functions with Trigonometric func-
tions in the argument

+00 +00

exp(izsin(0))= Y 1,(z)e" = X i"I, (~iz)e",
exp(izcos(0)) = f i"],(z)e" = i I, (iz)e",

+00

exp(zsin(6))= 3 1, (<iz)e™ = 3 i1, (<)€",

n=-ow

exp(zcos(@)): i i1, (-iz)e" = i I,(z)e™. (A1)

The following second group are exponential functions with Hyperbolic func-
tions in the argument
exp(zsh(t)) = > J.(z)e" = > 1", (-iz)e",

+00 +00

exp(izch(t)): > i, (2)e" = D) 1, (iz)e",
exp(izsh()) = iﬁ J,(iz)e" = +Zw il (z)e",
exp(zch(u)): i i"J,(—iz)e" = i I,(z)e". (A.2)

We now consider Trigonometric and Hyperbolic functions modulated by tri-
gonometric or Hyperbolic functions.
First group: Trigonometric functions modulated by Trigonometric functions’
+00
cos(zcos(@)) =Y (-1)"1,,(z)cos(2m8),
+o0

sin(zcos(@)): > (=" J2m+1(z)cos((2m+1)¢9),

m=—x

cos(zsin(H)) = mgw I (2)cos(2mé),

sin(zsin(ﬁ)):mzwbm“(z)sin((2m+l)¢9). (A.3)

Second group: Trigonometric functions modulated by Hyperbolic functions

>This group is mostly given in reference books, e.g., [6], (9.1.42-9.1.45). The next groups can be ob-
tained by simple transformations but for convenience we give them too.
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cos(zch(t)):n;ﬁw(—l)m 1, (z)ch(2mr),

sin(zch(2))= Y (=1)" 1,1 (z)ch((2m+1)z)

cos(zsh(¢)) = mi(_l)m 1, (z)ch(2mr),

sin(zsh(t)): > (=" 12m+1(z)sh((2m+l)t). (A4)

m=—wn

Third group: Hyperbolic functions modulated by Trigonometric functions

ch(zcos(@)) = ngw L, (z)cos(2mb),
sh(zcos(@)) = mim L, (z)cos((Zm + 1)0),

ch(zsin(6)) = mi(_l)m 1, (z)cos(2mb),

~+00

sh(zsin(é’)) =Y (-1)"1,,,, (z)sin ((Zm + 1)9), (A.5)

m=—ow

Fourth group: Hyperbolic functions modulated by Hyperbolic functions

ch(zch(1)) = iIM(z)ch(th),
sh(zeh(r)) = lem+l() h((2m+1)t),
(zsh( )) Z I, ( )ch(2mt),

m=—0

h(z5(0) = 35 Town (2)sh{(2m+1)1). "

m=—oo

The formulae (A.3)-(A.4) can be transformed in various way. One can make
substitutions according to (3.3) and can apply the identities (3.17). Furthermore,
the Bessel functions with negative indices can be substituted according to (3.2)

and (3.4) by Bessel functions with positive indices.

Appendix B. The N-Dimensional Laplace and Corresponding
Wave-Equation Operator in Spherical Coordinates in
Coordinate-Invariant Form

In an N-dimensional Euclidean space we split the N-dimensional position vector
r into the product of radius coordinate r with a unit vector n in direction
of the vector r and make this for clarity in the first equations in index-less and

at once in index representation

r 7.
n=—, n==, n=nn=1, m=rn=r. (B.1)
i r
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The unit vector n possesses N —1 independent coordinates equivalently to the

unit sphere in N-dimensional Euclidean space. Then the operator of vectorial

differentiation (Nabla) V = ai is
r

oo mo o _aro om0

Mo om0 g >0, O (B.2)
or 6|r| or On or, or or an_,.
with the result
0 1 0 0o 1 0
=n—+—(I-n-n\—, V.=n—+=(8. —nn, ) —. B.3
VT e a0, ®-

For the Laplace operator V> we find separated in Radius plus Spherical
coordinates

Vi=Vy,

o 1 0 o 1 0
=[n,-a—+—(5y- _ninj)%]{nig—i_;(d‘k —nmy, )%j (B-4)

rr

? N-10) 1 o’ 0
S N O s —nn )= (N =1)n, - |,
[6;’2 r arj r (( " "’"")an.an,( (N=1)m, 611,(]

The spherical part is here derived and represented in coordinate-invariant form

(see, e.g., Madelung [20], p. 243, in special spherical coordinates). The wave-

equation operator is V> +x” where for the temporal part a Fourier transforma-
2
@
tion is made which adds a term x> = —- to the Laplace operator which becomes
¢
then a Helmholtz operator. In the form (B.4) of the Laplace operator a separa-
tion of the variables is not possible. One has first to multiply it with »*. Then

one obtains for a solution F(r)=R(r)®(n) of the wave equation

0272{V2+K2}F(r)

:{r2 (;;:2+ N—1§+sz+{(5jk —n,nk)%_(N_l)”kai]}le(”)q)(”)

r Oor n;on, n,

(n){rz(%+N_1§+K2j}R(r) (B.5)

r r

2

+R(r){(§jk —njnk)an?—ank—(N—l)nk %}Cb(n).

After division of this equation by R(r)®(n) it leads to two separate equations
2
0=1r’ 6—2+ME+K2 —ctR(r),
or r or
0= (5., —n.nk)i—(N—l)nki—i-c ®(n), (B.6)
o onon, on,

where ¢ is a constant. It is favorable to represent this constant in the form
c=v (V +N-— 2) . The equation for the radial part is then

DOI: 10.4236/apm.2023.138034

530 Advances in Pure Mathematics


https://doi.org/10.4236/apm.2023.138034

A. Wiinsche

2 - -2
Ozrz{aa?+Nr 166r+K2_V(V+]2V )}R(r), (B.7)

with one of two possible linearly independent solutions

J v (x7)

v+—-1
2

R(r)=—25—, (r=0). (B.8)
I’Eil
For some first low cases of the dimension Nthese are the equations

2 - 1
N=1: 0={6—+K2——V(V 1)}r2J l(Kr),

2 2
r r V-

2 2
N=2: 02{6—4-124-](2 —V—}Jv(m),

o’ ror P2

J (KI")
* 28 v(v+1)] vt
N=3: 02{6_2+ +x— (2 )} T
r ror r 3
r
2
N=4: 0= a—+3 a+K2_v(v+2) JV“(KF). (B.9)
or*  ror 7’ r

We do not discuss a second linearly independent solution of these equations. We
also cannot discuss the equations for the spherical parts of the Helmholtz equa-

tions.

Appendix C. Explicit Representations of Spherical Bessel
Functions j,(z) for Low Numbers n

According to (7.8) the Spherical Bessel functions can be successively obtained

from the relations

in(2)=(-1)"= (lgjn inz) (o (aﬁlj sin(2),

z 0z z z Z
. (1 0Y cos(z) . (o1Y
J—n—l(z):Z [;Ej Z( )=Z ](g;) COS(Z), (C.l)

Using these raising and lowering relations we find explicitly for positive indices n

B

Jo (Z

i(z)=-

()= (ZZ_S)Sin(ZZ3)+3ZCOS(Z),
z(z2 —15)005(2)—3(222 —S)Sin(z)

1\Z)= 7 5
z

>

z
zcos(z)—sin(z)
2
z

(24 — 4522 +105)sin(z)+52(2z2 —21)cos(z)

j4(z): 5 )

z
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z(z* =105z +945)cos(z) —15(z* —28z% + 63)sin(z
(o) Jeos(z) 151 JinG) e

z

and for negative indices n[®
cos(z)

i (Z) ’

i (5)=- zsin(z)z-: cos(z)

(22 —3)cos(z) —3zsin(z)

i(o)= z(2 —15)sin(z)+43(222 _S)COS(Z)’

z

>

j73(z):— )

w

. (24 — 4522 +105)cos(z)—52(222 —21)Sin(z)
J—S(Z): JE ’

(2) :_2(24 ~105z +945)Sin(z):15(24 ~282% + 63)005(2). 3

z

The Spherical Bessel functions j, (z) with non-negative indices 1 are regular at
z=0 and that with negative indices n are singular at z=0.

Operators of the considered form composed from multiplication and diffe-
rentiation operators are called normally ordered (or disentangled) if all multip-

lication operators stand in front of the differential operators and in opposite case

anti-normally ordered. The normally ordered form of the operators (——)

z 0z
and (ilj is
0z z

(1 aj” n(-1) (n-14k) 1 o 1(5 1]”‘1 0

CE XK (n-1—k) ot \ezz) o

g

k
o1 &(-1) (n+k) 1 o* 1oY1
EXI TSIV L T
0z z =0 2 k!(n—k)! " oz" z0z) z

This can be proved by complete induction but one has only to prove one of the
two disentanglement relations (C.4), for example, the second because then the
first follows automatically from the right-hand relation (C.4). For some com-

pleteness let us give also the anti-normally ordered form of these operators

(18)"_" (n+k) om* 1

z 0z _k:O Zkkl(n_k); P
(a 1)" T (C5)
0z z _kzozkk!(n—l—k)!ﬁz"*k Sk .

‘Instead of j  (z) as a second series of linearly independent solutions of the differential equation

for Spherical Bessel functions (7.6) (see (B.9), case N =3) and in analogy to a second linearly in-

dependent series of Bessel functions Y,(z) to I (z) are often introduced the functions

y,(2)=(-1)"j,,(z) in their standard notation.
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The sum term to k =n in the first formula of (C.4) and second formula of (C.5)
vanishes for n#0 and provides only for n=0 a non-vanishing term.

According to (C.1) taking into account (C.4) the Spherical Bessel functions
may be represented in terms of Sine and Cosine functions by the following for-
mulae

&= (2 ()= £ )

= 2'K(n-k) ot

. a1y (<) (k) 1 ok
()= (1] eos0)= 3, (ZkIZ!(n—k))! o gres(?). (€6)

The coefficients in front of the Sine and Cosine functions in (C.2) and (C.3)
can also be determined from the relations (C.4) but this is a little difficile be-
cause the signs of the derivatives of Sine and Cosine are alternating and interfere
with the signs in (C.4). For the polynomial coefficients in the numerators of (C.2)
on the left-hand side p,(z) and on the right-hand side g¢,(z) we get from

above to below

n=21

e 2] (1) (ns20)
S (n—2)”

q,(2)=(-1)" 2

2y ey e

C7
= 2 (21+1)(n-21-1)! €7
10 01 . .
The operators —— and —— do not commute. Their commutator is
z0z 0z z
2
Fiil}zlazl—gia=%, )
z0z O0zz| z0z"z Ozz Oz z

and their algebra is not closed in the sense of a Lie algebra and needs infinitely

many additional multiplication operators %,(n =23, ) for closing.
z

Appendix D. A Peculiarity of Chebyshev Polynomials of First Kind
T,(z) within Gegenbauer Polynomials C}(z) and Their Special

Cases of Legendre Polynomials P, (z) and Chebyshev
Polynomials of Second Kind U, (z)

In this Appendix we make a comparison of Chebyshev polynomials and Legen-
dre polynomials within the Gegenbauer polynomials and underline the peculiar
role of Chebyshev polynomials of first kind T, (z) which illuminates why often
in formulae with the last the case n=0 has to be considered separately from
the other cases n#0.

The Gegenbauer polynomials C! (Z) and their special cases of Chebyshev
polynomials of first and second kind T,(z) and U,(z) as well as Legendre
polynomials P, (z) can be continued in natural way from non-negative indices

n to negative indices 1 using properties of the factorials. They become in this
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way overcomplete and the part with negative indices can be expressed by that
with positive indices. For the Gegenbauer polynomials this symmetry is
C?n (Z) _ (_l)m—] CE

n—m

(z), (m=0,1,2,-~-), = C?n(z):—Cg(z):O. (D.1)

Genuine polynomials from the Gegenbauer polynomials Cj(z) with upper
index v=0 can be only defined by a limiting procedure. These are the Cheby-
shev polynomials of first kind T,(z) which can be alternatively defined by the
limiting procedure
1, n=0,
L.(2)= "imLlc(z), n=o. (>-2)
20 ¢
The member T,(z) cannot even be defined by this limiting procedure and has
to be a fixed constant for the set T,(z),(n=0,1,2,---) to be a complete set
within the continuous functions and this constant is chosen by convention as
c=1, likely the best choice. The monomial T,(z) is also not unique by the
general formula (3.11). The set of polynomials T , (z),(n =0,1, 2,'--) form also
such a complete set of functions which, however, shares the element T,(z)
with that of non-negative indices. The other sets of polynomials related to the
Gegenbauer polynomials C)(z) which are the Legendre polynomials P, (2)
and the Chebyshev polynomials of second kind U, (z) are defined in simple
way by the Gegenbauer polynomials. They possess also a complete part of poly-
nomials with negative indices but this part does not have an intersection with
elements from the non-negative part. In case of the polynomials U, (z) the
part with negative indices is separated by a “zero-polynomial” U_ (z)=0 and
in the Gegenbauer polynomials with higher upper semi-integer and integer in-
dices the number of the vanishing polynomials grows in unit steps.
The above mentioned peculiarities of the Chebyshev polynomials of first kind
T,(z) are the reason that in many formulae related to the polynomials the case
n=0 and the cases n#0 have to be considered separately. We see this in the

following Table D1 & Table D2:

Table D1. Chebyshev and Legendre polynomials for positive and negative lower indices.

n. 1, 1
n T(z)=7lim—-C(z) P (z)=C2(z2) U,(2)=C,(2)
-6 32z°-48z' +1827 -1, é(63z5 -702* +15z), —16z" +122° —1
-5 162° —202" + 5z, 1(355‘ -302% +3), -4(22'-2)
8
1

-4 8z —8z° +1, 5(52 -3z), 477 +1
-3 4z -3z l(322 —1), 2z

’ 2
-2 2z -1, z, -1
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Continued
-1 z, 1, 0
0 1, 1, 1
1 z, z, 2z
2 2221 l(3z2 71), 472 1
’ 2
1
3 47> -3z, —(52° =3z), 4(22° -z
2’ =3z o ) (22'-2)
1
4 8z' —82% +1, §(35z“—3022+3), 16z —122> +1
5 162° —=20z° + 5z, %(6325 -70z° +15z), 2(162° 162" +3z)

1
6  32z°—48z' +182° 1, E(23126_31524+10522_5)’ 6425 —80z* + 2427 —1

(D.3)
Table D2. Gegenbauer polynomials of higher upper integer and semi-integer indices.
3 2 5
n Ci(z) c.(2) Ci(z)
5
6 5(723 -3z), -2(62° - 1), 5z
-5 E(SZ2 - 1) —4z 1
2 b bl
-4 3z, -1, 0
-3 1, 0, 0
-2 0, 0, 0
-1 0, 0, 0
0 1, 1, 1
1 3z, 4z, 5z
3 5
2 5(522 -1), 2(62° 1), 5(722 -1)
5 35
3 5(723—32), 4(823—32), ?(323 —Z)
4 E(212“—14zz+1), 80z* —482% +3, §(332“—1822 +1)
8 8
210, s 3 s 3 21 s 3
5 =-(332° -302" +52), 8(242° - 202 +3z), =~(1432° - 1102° +152)
8 8

6 1(42926 - 495z +13527 - 5), 4(1lzz6 —120z* +302 —1), @(14326 ~143z" +3327 1)
16 16

(D.4)

For convenience, the relation of Ultraspherical polynomials P,E“’”)(z) as
special case a =/ of Jacobi polynomials P}fa’ﬂ )(z) to Gegenbauer polyno-

mials C)(z) is
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2a 1
(n+a)(2a) ol . 2 (””)l(“‘zjlcml

m ) (n+2a)!(—;)! e

P(a’a) (z) =

n

and its inversion

V (n+2v—l)!(v—1j! ) (n+2v—l)!(—1)! )
e (n +V_;]z(zv —21)!P" e (nw _;)!(i—l)!P" (509

where the doubling formula of the Gamma function is used.
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