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NEW METHOD TO OBTAIN SMALL PARAMETER
POWER SERIES EXPANSIONS OF MATHIEU RADIAL
AND ANGULAR FUNCTIONS

T. M. LARSEN, D. ERRICOLO, AND P. L. E. USLENGHI

ABSTRACT. Small parameter power series expansions for both radial and an-
gular Mathieu functions are derived. The expansions are valid for all integer
orders and apply the Stratton-Morse-Chu normalization. Three new contribu-
tions are provided: (1) explicit power series expansions for the radial functions,
which are not available in the literature; (2) improved convergence rate of the
power series expansions of the radial functions, obtained by representing the
radial functions as a series of products of Bessel functions; (3) simpler and
more direct derivations for the power series expansion for both the angular
and radial functions. A numerical validation is also given.

1. INTRODUCTION

Mathieu angular and radial functions depend on a parameter c¢. This article
describes a new method to compute their power series expansions when 0 < ¢ < 1.
Three new contributions are provided for small parameter Mathieu functions: (1)
explicit power series expansions for the radial functions, which are not available
in the literature; (2) improved convergence rate of the power series expansions of
the radial functions, obtained by representing the radial functions as a series of
products of Bessel functions; and, (3) simpler and more direct derivations for the
power series expansion for both the angular and radial functions. Using this new
method, power series expansions valid for all integer orders are obtained, using the
Stratton-Morse-Chu normalization.

This work is motivated by physical applications where small parameter power
series expansions for both angular and radial functions are required to develop an-
alytical derivations. Power series expansions for Mathieu functions already present
in the literature are not useful for the following two reasons. First, published results
only contain expansions for the angular functions, but not for the radial functions,
such as [I], [26], and [22]. Second, the normalization used is not appropriate. In fact,
various normalizations exist for Mathieu functions and the two most frequently used
are the one of Goldstein-Ince [17], [2I] and the one of Stratton-Morse-Chu [37, [36].
When it comes to small parameter power series expansions, most published results
apply the Goldstein-Ince normalization, such as [I], [26], with the exception of [22].
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The change of normalization is by no means a trivial operation when one needs to
develop analytical derivations. Therefore, this article provides expressions for both
radial and angular functions using the Stratton-Morse-Chu normalization. The
choice of the Stratton-Morse-Chu normalization is dictated by a vast collection of
analytical results that already exist, such as [B], [30], [7], [12], [I3], [31], [14], [38],
391, [6].

This article fills a gap in the literature on Mathieu functions by extending and
improving the results given in [22]. Preliminary results of this research were given
in [23].

This work is organized as follows. The notation for the Matheiu functions is
described in Section Pl Then, because the method to obtain the power series ex-
pansions differs between even and odd functions, even functions are examined in
Section Bl and odd parity functions are considered in Section @l The relationship
with prior results obtained in [22] is clarified in Section Bl which is followed by a
numerical validation in Section [6 and the conclusions in Section [1

2. MATHIEU ANGULAR AND RADIAL FUNCTIONS

Mathieu’s differential equation is given by [36], [37]:

0? c?

(2.1) wfg—l— (b— ECOSQU) f2=0,

where b and c are constants. When ¢ > 0, Mathieu’s equation contains a periodic
coefficient. In many physical applications only periodic solutions are of interest,
and for a given c there exist two countable sets of values of b for which equation
1) admits periodic solutions. These values of b are called characteristic values
and, depending upon the set, the period of the solution is either 7w or 27. Because
of their periodicity and their meaning in physical applications, these solutions are
also called Mathieu angular functions Se,, (¢, v), Som, (¢, v). Closely related to (21])
is Mathieu’s modified differential equation [36], [37]:

0? c?

(2.2) Wfl + (5 cosh 2u — b) f1=0,
whose solutions are called Mathieu modified functions or Mathieu radial functions,
Re,(f?(c, u), Ro,(f?(c, u), (£ =1,...,4), as suggested by many physical applications.

Mathieu functions were first introduced by Emile Léonard Mathieu (1835-1890)
in 1868 when he investigated the vibrational modes of a stretched elliptical mem-
brane [25]. These functions have been studied by many authors, including Whit-
taker and Watson [41], Stratton [37], Morse and Feshbach [28], Meixner and Schéfke
[27], and McLachlan [26]. The computation of Mathieu functions is not a trivial
problem and it has been addressed by many authors, including Blanch [4], Clemm
[8, 9], Hodge [20], Frisch [16], Rengarajan and Lewis [29], Baker [3], Shirts [34], [35],
IMSL [40], Zhang and Jin [43], Alhargan [2], Mathematica [42], Erricolo [15].

Mathieu functions are used in many applications in physics and engineering,
which are usually related to the solution of the wave equation in elliptic cylinder
coordinates [5], [18], [33], [, [32], [38], [13], [12], [24], [14], [39].

Both the angular and radial functions are expressed as series expansions. For
the same order and parity, the expansion coefficients that define the angular and
radial functions are the same. The expansion coefficients are not uniquely defined
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and different choices are possible depending upon the normalization used. In this
work, only the Stratton-Morse-Chu normalization is considered.

3. EXPANSIONS OF THE EVEN FUNCTIONS

The definitions for both the angular and radial functions are provided by
G. Blanch in [36]. The series representing the even solutions of ([2.1) and ([2.2)
are given by, respectively,

(3.1) Senm (¢, v) ZD2k+pCOS (2k + p)v (m=0,1,2...),
k=0
(3.2)
(1) T sm—(2k-+p) Dty
Re,,’(c,u) = 5 ZJ Dm [(Jirp(21) T (22) + pJr(21) Jogp(w2)] .
k=0 p

To obtain faster convergence for the even radial Mathieu functions, (2] contains a
series of products of Bessel functions [36]. The even radial Mathieu functions of the
second kind and order m are obtained by substituting Jxy,(z1) and J(x1) in 32
with their respective Bessel functions of the second kind, Nyy,(x1) and N (z1):
(3.3)

[ee) Dm

™ .

Re® (¢, u) = \[5 S0 T (N ) Jy(2) + PN () T (22)]
k=0 P

In equations BI)-B3), p = 0 if m is even and p = 1 if m is odd. The arguments

of the Bessel functions in (3.2) and (B.3) are:

(3.4) 1= =€,  x9= ge

The even radial Mathieu functions of the third and fourth kind are defined by a
linear combination of [B2)) and B3)) [37], [36]:

(3.5) Reyy! (c,u) =Rel;) (¢, u) + jRef? (¢, u),
(3.6) Re'® (¢,u) =RelM (¢, u) — jRe'? (¢, u).

The expansion coefficients in BJ]), B2) and (B3) and the even characteristic
values are determined by the following second order recurrence relation [22]:
(3.7)

(=n? + b)) D™ — {an + Dm +(2—-€e,-1)D;'| =0, m,n>0.
Here ¢; is the Neumann factor Where eo=1,¢;, =2 fori# 0 and n =2k + p. The
expansion coefficients D™, = 0 for n > 0. The D]"(c) are expanded in a power
series valid for small values of ¢ and have the form

(3.8) D (c) = ZafrzncZ

where a2y, = 0 for n > 0. When ¢ — 0, () becomes the equation of the
harmonic oscﬂlator with even solutions:

(3.9 Sem (0,v) = Acos mu.

Substituting (38)) into (BI]) and setting ¢ = 0, we see that the expansion coefficients
o) = Aand ol =0 (n # m) so that the only nonzero coefficient in (3]

m,m
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is D"(0) = A. The constant A will later be determined by the normalization
introduced by Stratton and Chu.
The power series expansion for the even characteristic values have the form [22]

(3.10) b () =15,
=0

where lgj) are even expansion coefficients and l(()e) = m?, since bgﬁ)(O) = m? when

¢ — 0 in (ZI). The normalization, used by Stratton and Chu, is chosen so that
Sem(c,0) =1 [37)], or similarly,

(3.11) > Dy () =1
k=0

Substitution of [B.8) into (BII]) leads to:

(3.12) > ( af,;%ﬂ) A =1.
k=0

r=0

From (BI2) and the comments above, we see that the normalization is satisfied by
the following relations:

(3.13) apm=1 (r=0, A=1),
(3.14) Y ko, =0 (r>1).
k=0

The expansion coeflicients are obtained by substituting ([B.8) and (BI0) into (31
and equating coefficients of like powers of ¢. The normalization is then satisfied by

use of (B13) and (BI4). Substituting (3.8) and BI0) into (B.7) leads to:

Z (mz _ n2) oz,%;nc%

r=0
(3 15) —_ li a2s + 2 0128 + (2 —c 1)0128 C2s+2

. 4 ~ m,n+2 En—o m,n—2 n— m,n
-SS iz
p=0 j=1 ’

Equating coefficients of ¢ (r = 0) in (B.I5]) leads to
(3.16) (m* —n*)ay,,, =0.

Equation (3.I6) restates that o, ,, (n = m) is the only nonzero coefficient when
r = 0. Since ([BIG) is satisfied for all values of af, .., it must be determined by the

normalization given by BI3) (o, ,, = 1). Therefore, the first nonzero expansion
coeflicients correspond to n = m and are given by:

(3.17) l(()e) =m?,
(3.18) al =1
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Equating coefficients of ¢? (r = 1) in (B.I5) leads to:

1

2
(319) (m2 _ n2) O‘?n "= Z {a(r)n,n—i-Z + 76 ()4217”_2 -+ [(2 - En—l) - 4[55)]0421)”} .
n—2

In this case, all expansion coefficients are equal to zero for all m except those
corresponding to n = m — 2, n = m and n = m + 2. Substituting these values of n

into (B.19) leads to

2 — e,

(3.20) 1§ = %
(3.21) g, m 70,

[ >
(3.22) o2 = mWmen M2

' 0, m < 2,

1 >1
3.23 a — T Tmrny M= b
( ) m,m+2 {é, m— 0,

respectively. In equation (B.2I), the value of o2 ,, is generally nonzero. The

m,m

appropriate value is determined by the normalization given by (3I4]). Substitution

of B22) and B23) into BI4) (r = 1) leads to:

1
, ~Smz=Ty M= 2
(324) Ypom = 3_127 m = 1a
é, m = 0.

Equating coefficients of ¢* (r = 2) in (B.I5) leads to:

(m2 - nz) a;lrhn
(3.25) 1 2
{a?n,n—}-Q + :Oé?n,n—Q + [(2 - €n_1) - 4lée)]a$n,n - 414(16)04217”} :

n—

4

Here we find a total of five nonzero expansion coefficients corresponding to n =
m—4n=m-—2,n=m,n=m+2and n = m+ 4. Setting n = m and

substituting ([B.20) into ([B.25)), yields:

m, ’I’I’L:OOI'7’TLZ37
(3.26) 1’9 = 5 m=2,
1 _
~ 128> m—l,

(3.27) a, m # 0.
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Settingn=m—4,n=m—2,n=m+2and n =m + 4 in [B25) leads to

>4

3.28 ot = 512(m—2)(m—1) 2)(7n 1y, m=4,

( ) m,m—4 { m < 4’

4 128(m21m1) m=2orm >4,
(3.29) Cmm—2 = 20148 m =3,
0, m < 2,
1

A m7 m =2,

(3.30) A _,

1 —0

61 ,

(3.31) A m m 21,

5127 =0,

respectively. In equation [B27), the value of o, ,, is generally nonzero. The
appropriate value is determined by the normalization given by (8I4)). Substitution

of (328), 329), 330) and (B3I into BI4) (r = 2) leads to:

4 2
~ m(mi-Drmi=ay ™2 4,
. ) me m =3,
(3.32) Xm = 4 Te459° m =2,
ﬁ, m=1,
%, m = 0.

The remaining expansion coefficients, a”  (r > 3), are determined by equating

m n
coefficients of ¢?" in (315, substltutlng previously determined I’s and expansion
coefficients, and determining a2 ,,, by the normalization requirement of (Z.I4).
The power series expansions of the even Mathieu functions (i.e. in terms of the
« expansion coefficients) are obtained by substitution of ([B.8]) into (BI) and (B2)),

respectively

(3.33) Sem(c,v) = Z {Z O oy COS (2K + p)v} i
r=0 (k=0

™ _

(3.34) ReM(c,u) = 1/§(D;”) !

x Z {Z] TR i [ (1) Ji(22) +PJk($1)Jk+p(ﬂfz)]} e
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Setting 2k + p = m + 2¢q and keeping in mind the expansion coefficients which are
equal to zero for all m, equations (B.14), (333) and (334]) become, respectively,

r
(335) a?r:,m - - Z {Oé?r:,m—Qq + a’%r:,m—‘,-Zq} )

(3.36) Sem (¢, v) Z l m COSmu + Z {apr 1 oq cos[(m — 2q)v]

+ a%qu cos [(m + 2q)v] }] 2,

(3.37)
Re'V(¢c,u) = z
2
>t [afrzmje,,(c, u)+> 0 ( DY alr . agdey(cu)+alr o Jex(c, u)}}cQT
8 Zr 004727;‘ CZT ,

where the following substitutions have been made in (B31):

(3.38) Jeg(c,u) = Tyt (1) Jp— (x2) + pdp— (1) Tt (22),
(ag)  or=TEE e MESIER e MEHER

The summations in equations (336) and [31) extended from ¢ = 1 to ¢ = r are
equal to zero when r = 0. In practice, one evaluates

(3.40)
Re(M (e, u) = g

Zf;%) [arzrz,m‘]el/ (Cﬂ u) +Z;:1 (_1)q {O[%: m—2qJe“/ (Ca u) +a%r:,m+2q Je)\ (07 U‘) }] C2T

t=1 _op _or
Zr Oampc

X

where t = (% + N) or t = (%1 4+ N) for m even or odd, respectively, and N > 1
to obtain a good approximation.

The even radial Mathieu functions of the second kind along with the derivatives
of the even radial Mathieu functions of the first and second kind (with respect
to u) are obtained by replacing Je,(c,u) in B3M) with Ney(c,u), Je,(c,u) and
Neél (e, u), respectively, which are given by:

(3.41) Neg(c,u) = Nyt (21) Jp- (22) + pNy- (21) I+ (22),

(3.42) Jel(e,u) = %[xl{Jw_ (x2)[ o+ —1(21) — Jpt 11 (21)]
+ pdo+ (22)[Jo-—1(21) = Jo- 1 (21)]}
— zo{Jpr (21)[Jo- —1(22) — Jo- 41 (22)]
+ o (01)[Jor —1(w2) = Jor 1 (22) ]3],
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(3.43) Neg(c,u) = %[xl{‘]x— (22)[Na+ —1(21) = Nt 41 (21)]}

+pr+(!E2)[Nw—,1(£IJ1) - Nx_+1(x1)]
— 22 {Np+ (1) [Jo- —1(22) — Jo- 41 (22)]
+ pN:c* (xl)[‘]x+—l(x2) - Jr++l(m2)]}

The power series expansions for the first three terms of the even Mathieu func-

tions can finally be obtained by substitution of (BI1), 322)-(324), 323)-B32)
and (3.38)-(3.43)) into the final expressions given by [3.5), 3.6), (3.36) and (3.37).

4. EXPANSIONS OF THE ODD FUNCTIONS

The determination of the power series expansions for the odd Mathieu functions
follows the same procedure as for the even Mathieu functions with minor changes
throughout the derivations. The odd solutions of ([ZI]) are expressed by the sine
series:

(4.1) Som,(c,v) = Z Fypypsin (2k + p)v (m=1,2,3,...),
k=(1-p)

and odd solutions of (Z2]) are expressed by the product Bessel series

Ro(1 (c,u) \/7 Z qm —(2k+p) F2k+p [Jt1(21) Je—14p(22)

k=(1-p)
—Jk—14p(1) e r1(22)]

where the products of Bessel functions are introduced to increase the convergence
rate [36]. The odd radial Mathieu functions of the second kind are expressed as:

) \/7 Z —(2k+p) __2k+p 2’““’ [Nir1(21) T —14p(22)
@3) k=) o

—Ni—14p(@1) Jeg1(22)] -

In equations [@I)-(@3), p = 0 if m is even and p = 1 if m is odd. The arguments of
the Bessel functions in ([{2) and ([£3) are given by equation ([B4]). The odd radial
Mathieu functions of the third and fourth kind are defined by a linear combination

of [@2) and [E3) [31], [36]:

(4.2)

(4.4) Ro® (¢, u) = RolM (¢, u) + jRo'P (¢, u),
(4.5) Ro® (¢, u) = RoV (¢, u) — jRo? (¢, u).

The expansion coefficients in (£1]), (£2)) and (£3) and the odd characteristic
values are determined by the following second order recurrence relation [22]:

(4.6) (fn2+b<))meZ[FHJrF;"_r(zfsn DEM =0, mn>1.

Here n = 2k + p, the Neumann factor has the same meaning as it did for the
even functions and the expansion coefficients F™ = 0 for n > 0. The F]*(c) are
expanded in a power series valid for small values of ¢ and have the form

o0

(4.7) EMe) =Y B ac®

r=0
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where 327 =0 for n > 0. When ¢ — 0 in (2I)), the odd harmonic solutions are
given by:

(4.8) S0, (0,v) = Bsinmu.
Substituting (4.1) into (L)) and setting ¢ = 0, we see that the expansion coefficients
.m = Band 9, =0 (n # m) so that the only nonzero coefficient in @I) is

E(0) = B. The constant B will later be determined by the normalization.
The power series expansions for the odd characteristic values have the following

form [22]:

(4.9) b (c) = D157,
j=0

where lé(;) are odd expansion coefficients and l(()o) = m?, since bs,ol)(O) = m? when

¢ — 0in I).

The normalization, used by Stratton and Chu, is chosen so that [37]:

d
[%Som(c, v)] » =1,
or similarly:
(4.10) D Rk+p)Fg () = 1
k=0

Substitution of (A1) into (AI0) leads to

(4.11) > [Z(% +p)53:,2k+p1 =1

r=0 Lk=0

From (£TIT)) and the comments above, the normalization is satisfied by the following:

1 1
4.12 C—— = B=_—
(112) =~ =0 B=1),
(4.13) Z(Qk +0)0 ok, =0 (r21).
k=0

The expansion coefficients are obtained by substituting (£7) and (£9) into (£.4)
and equating coefficients of like powers of ¢. The normalization is then satisfied by

use of (AI2) and (@I3). Substituting (A7) and (L9) into (L) leads to:

(4.14)
- (m? —n?) B2 ¢
r=0 ’
_li[ 25 + 32 —(2—en-1)5%,] 2s+2_§:§:l(o)52p 2(p+7)
- 4 m,n+2 m,n—2 n—1)Pmmn C 27 mmc .
s=0 p=0 j=1
Equating coefficients of ¢ (r = 0) in (@I4) leads to:
(4.15) (m*—n?) By, =0.

Equation [I5) restates that £, ,, (n = m) is the only nonzero coefficient when
r = 0. Since (@IH) is satisfied for all values of 39, ,,, it must be determined by the
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normalization given by @I2) (57, = L), Therefore, the first nonzero expansion
coefficients correspond to n = m and are given by:

(4.16) 18 = m2,
1
(4.17) &MZE'

Equating coefficients of ¢ (r = 1) in ([@I4]) leads to:

(m2 o nz) 2

m,n

(4.18) 1 0
= B B s — (2= enmy) + 417180, )

In this case, all expansion coefficients are equal to zero for all m except those
corresponding to n = m — 2, n = m and n = m + 2. Substituting these values of n

into (ZI8) leads to:

Em—1 — 2
(4.19) 1 = T
(4.20) 2 #0,

—t >3
4.21 2 — 16m(m—1)° mZ 9,
( ) m,m—2 {07 m < 37
1

(4.22) 2 m>1,

N T M

respectively. In equation 20), the value of (2, is generally nonzero. The ap-
propriate value is determined by the normalization given by ([£I3). Substitution of

@21) and (E22) into (EI3) (r = 1) leads to:

1
, Smmz=T), M3,

(423) m,m — %7 m =2,
%, m=1.

Equating coefficients of ¢* (r = 2) in ([@I4]) leads to:

(4.24) (m* —n?) B,

m,n
1

= 1 { B Bhna — 12— enmr) + 467102, — 4085, )

Here we find a total of five nonzero expansion coefficients corresponding to n =
m—4n=m-—2,n=m,n=m+2and n = m+ 4. Setting n = m and
substituting ([4.19) in (£24), we find that:

1

o _ T

(4.25) =3l m=2
1 —

~ 128> m=1

(4.26) ;ln,m £ 0.
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Settingn=m—4,n=m—2,n=m+2 and n =m + 4 in [@24) leads to

1
Somim—am=1)s M =>5
4.27 4 ) 51m(m=2)(m-1)’ 29,
( ) m,m—4 {0, m < 5’
1
Wz D1 M4
4
(4.28) oz = — m =3,
0, m < 3,
1
. T 1Emm =1 (mi) M2 S
(4.29) 4 i = S ke —
1 —_—
T 5120 m = 17
1
(4.30) . m>1,

momtd T 5o m(m + 2)(m + 1)

respectively. In equation @20), the value of 3, ,, is generally nonzero. The ap-
propriate value of this constant is determined by the normalization given by ([@I3).

Substitution of (A27), @2]), (£29) and (£30) into (IIJ) (r = 2) leads to:

m*—15m>?+26

~Wemmr o1 (mrma) M2 0,

\ —éﬁoﬁ, m =4,

(431) m,m 61440 m = 33
3628364’ m =2,

35?27 m = 1.

The remaining expansion coefficients, ﬂ%{, n (1> 3), are determined by equating
coefficients of ¢?" in (&I4), substituting previously determined I's and expansion
coefficients, and determining 377, by the normalization requirement of ZI3).
The power series expansions of the odd Mathieu functions (i.e. in terms of the
expansion coefficients) are obtained by substitution of ([#X) into (@Il and (@2),
respectively,

o0

(4.32) Som(c,v) = Z Z 572,;2,#]9 sin (2k + p)v p ",

r=0 | k=(1-p)

™ m —
43 Rofllew =0,

XD 8y R T (@) k1 p(22)

=0 {k=(1-p)

— Je—14p(@1) Jepr(22)] p
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Setting 2k + p = m + 2¢q and keeping in mind the expansion coefficients which are
equal to zero for all m, equations (£13), (£32) and (£33]) become respectively,

(4.34)
1 - 2r
:_EZ{ _2q m,m— 2q+(m+2q)5m,m+2q} (7’21),
(4.35)
Som(c,v) = Z [ m Sinmu + Z {BY _aqsin[(m — 2q)v]
r=0
+6121;",m+2q sin [(m + QQ)U]} 027‘,
(4.36)
(1) /T
Ro,,’ (¢, u) 5

3020 (B T ooy t) + Sy (<L) {82 g T (W) + B2 2 Tor(e, )}

S ey |
r=0"~m,2—p

where the following substitutions have been made in (£38):

(4.37) Jog(e,u) = Jp+ (21) Jp- (2) — Jp= (1) Jpr (22),
m +2 m— 2 +2 m + 2 +2
(438) oE=TTP=2 RS - —q;p . A= —q;p .

The summations in equations (£38) and (£30) extended from ¢ = 1 to ¢ = r are
equal to zero when r = 0. In practice, one evaluates

(4.39) RoD(c,u) = g

St | B2 Tou o)+ Sy (1) {8 g T o (€ 0) + B2 g Ton(e u) ]
X

thl 2r c2r
r=0"~m,2—p

)

where t = (% -1+ N) ort = (mT_l + N) when m is even or odd, respectively,
and IV > 1 to obtain a good approximation.

The odd radial Mathieu functions of the second kind along with the derivatives of
the odd radial Mathieu functions of the first and second kind (with respect to u) are
obtained by replacing Jo,(c,w) in @36) with Nog(c,u), Jo,(c,u) and Nol (c,u),
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respectively, which are given by:
(4'40) Now(c’ u) = N+ (x1>Jz* (x2> — N,- (xl)Jx+ (.1‘2),

(4.41) Jol(c,u) = % (21 {Jo— (22) [T+ —1(21) — Jpr 41 (21)]
—Jo+ (22) [T —1(21) = S (21)]}
— 22 {Jp+ (21) [Jo- —1(22) — Jo- 11 (22)]
—Jyp (1) [Ty —1(@2) = Sy 11 (22)] ],

(4.42) Nol(c,u) = % [21 {Jz- (@2) [Ng+_1(21) — Np+41(21)]

—Jp+ (22) [Np-—1(21) — Np-11(21)]}
— 22 { Nyt (21) [Jo- —1(22) — o 1(22)]
- Na;— (xl) [Jw‘*'fl(x?) - Jw++1(x2)]}] .

The power series expansions for the first three terms of the odd Mathieu functions

can finally be obtained by substitution of (&I7), (@21I)-(@23), (@27)-E31) and
(437)-([E42) into the final expressions given by (£4)), (&), ({35) and (E36).

5. EQUIVALENCE WITH THE METHOD OF KOKKORAKIS AND ROUMELIOTIS

The same results for the determination of the expansion coefficients for the power
series expansions of the Mathieu functions can also be obtained using an alternate
method introduced by Kokkorakis and Roumeliotis in [22]. The results given in [22]
are specifically derived for the angular functions, although they may also be used to
determine the radial functions. Since the new derivations are shorter and simpler to
understand, the advantages of the new method will be shown in the following, but
only for the even angular functions since the derivations for the remaining functions
are similar.

Both methods begin with the same definitions for the power series expansions
of the even angular functions, given by ([B.1), where the expansion coefficients are
determined by the second order recurrence relation given by ([B.1). Also, the power
series expansion for bs,el)(c) is the same in both methods and given by ([BI0). The
primary difference in [22] is the choice of the power series expression for the D™ (c)
given by

(51) Dm:t?q [ZQZ kc2q+2k] Dm( ) (q: Oa]-,Qv"')a
k=0

where n = m £ 2¢. The D7*(c¢) are also expanded in a power series

o0
(5.2) D (c) = Zgglcm,
1=0

where the normalization is satisfied by setting go = 1, and

I l—g
(53) gu=- ZZ 2% {%q o(l—gt) T Y2g.20—q— k)} (1=1,2,..).

Comparing the expressions for D](c) in both methods, we see that ([B.8) is an
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infinite series where as (B.I]) contains a product of two infinite series. This choice
for the DI (c) leads to very lengthy algebraic calculations for the determination of
the expansion coefficients that can be avoided by alternately using ([B.8)).

In this method, the expansion coefficients are determined by substituting (B10)
and (510 into (B7) and equating coefficients of like powers of ¢ to zero. Once these

substitutions are made, the lé? are determined in a straightforward manner by
setting n = m. On the other hand, the ()zzi(m,C are determined by setting n = m+2gq,
which leads to the following recurrence relations:

(5.4) ai;,o = fi(Qq - 2)042q 2,0 q>1, k=0,
O3y = [*(20—2)

+ + +
Oog 0k = f(2q - 2)ag, oo+ 9 (2Q)0‘2q,2k—2

a2q 2,2 +g (Qq)O‘Qiq,Ov q > 1) k= 1)

k
+1520) Y 1 0E 5o 0T 20+ 205 gy 4> 1k >2,
Jj=2

where the following substitutions have been made:

(5.7) t£(2¢) = im,

GY) == gt f20-2) = 5t (2)
(5.9) gt 00) = 2 g, g (2g) = - 2T L (g,
(5.10)  pt(2q+2) = —iﬁ(ZQ), p(2¢+2) = —mt’@q)-’

The derivations for the expansion coefficients determined by (5.4)-(5.6]) are straight
forward when k is small but become much more tedious as k increases. Also, the
derivations which lead to equations (B.3)-(EI0) are very tedious in itself. The final
expression for the power series expansion of the even angular Mathieu functions is
then given by:

(5.11)

Sem (¢, v) Zgglc

oo o)
X {cos mv + Z Z {an ok €08 [(M + 2q)v] + @y, o cos[(m — 2q)v]} 62(q+k)} )
q: :

The first three terms are obtained by expanding (GI1)) and setting the upper
limits of the summations to the minimum values which lead to powers of %, ¢? and
¢*. Expanding (E.IT))and grouping together terms of like powers of ¢ leads to:
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(5.12)

2
Sem(c,v) & Zgglczl
1=0

2 1
X {cos muv + Z Z {aé’q)% cos [(m + 2q)v] + ag, 5, cos [(m — 2q)v]} C2(q+k)} 7

a=1k=0
(5.13)
Sem, (¢, v)

= gocosmuv + {goas o cos [(m — 2)v] + gz cos mv + goa;',o cos [(m + 2)v] } ¢
+ {goa g cos [(m — 4)v] + (goeg 5 + g2tz ) cos [(m — 2)v] + g4 cos mv
+ (goa;2 + ggaio) cos [(m + 2)v] + 90042_,0 cos [(m +4)v]} ¢* + O(%).

The meaning of the expansion coefficients used in both methods can be compared
by setting the upper limit to » = 2 in (330) and expanding the summation:

(5.14)  Sem(c,v) = a?mm cos mu
+ {0, g cos[(m —2)v] + a2, ,, cosmu + g, 4o cos [(m + 2)v]} ¢
+ {aﬁ17m_4 cos [(m — 4)v] + a?n,m—Z cos [(m — 2)v] + afmm €Os Mu
0, a2 €08 [(m+ 2)v] + aiy, g cos [(m+ 4]} et + O(cP).

Comparing (&I3) to (5I4) leads to the following relationships for the expansion
coefficients:

(5.15) ol =g, 120,
(5.16) Aoy mta = 90050

(5.17) afn,m:ﬁ:Q = goaét,z + 92012i,0,
(5.18) Ut = 9003 05

where the right side of equations ([E.I58)-(EI8]) contain the expansion coefficients
used in [22]. It is interesting to note the relationship between the go; in [22] and
the ajy . It is shown in (G.I5) that these expansion coefficients are exactly equal.
This should come as no surprise since they are determined by the normalization
in both methods when n = m. Also from equations (5.10)-(EI8]), we see that in
general, the afg’n when n # m are related to the expansion coefficients obtained in
[22] by the sum of products of the go; and ai,zk. This is where it becomes apparent
that the choice for the D7*(c¢) given by ([B.8) leads directly to the natural form of
the power series expansion for Se,,(c,v).

6. VALIDATION

As an example of validation, we computed radial and angular Mathieu functions
using the power series expansions given in this article and the numerical subroutines
described in [I5] that were independently validated in [10, [I1]. In all the following
comparisons, the value ¢ = 0.9 is chosen for the small parameter because it provides
a more challenging test than others with smaller values of c.

Even radial functions of the first kind are examined in Fig. [l for m = 10 and
0 < u <5 We evaluate Re(*(¢,u) of 40) and Re'V (¢, u) with the numerical
subroutines of [15]. Fig. shows Rel'(¢c,u) when ¢t = 5 (dotted line), ¢t = 6
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(dashed line), and Re{}) (¢, u). Fig. [L(b)]shows Re{})"*(c,u) with ¢t = 7 (dashed line)
and Reﬁ,ll) (c,u). When 7 terms are considered, the small parameter expansion is not
distinguishable from the reference solution obtained with independent numerical
subroutines. To emphasize differences between the two evaluations, Fig. shows
the difference between Rel!)* (¢, u), with ¢t = 7, and Rell (¢, u).

0dd radial functions of the first kind are examined in Fig. [2 when m = 3 and
0 < u <5 We evaluate Ro{})* (¢, u) of @39) and Ro'! (¢, u) with the numerical
subroutines of [I5]. Fig. shows Ro(t(¢,u) with ¢t = 1 (dotted line) and ¢ = 2
(dashed line) and Ro'V (¢, u). Fig. 2(b)] shows Ro(M't (¢, u) with t = 3 (dashed line)
and Rog)(c, u). When only 3 terms are computed, the curves shown in Fig.
overlap; however, to emphasize their differences Fig. shows a plot of the dif-
ference between Ro(M)'*(¢,u) and RolM (¢, u).

These two comparisons emphasize the general behavior that the number of terms
t increases with the order m. This is obvious by the exam of Fig. and the
difference shown in Fig. for m = 10 versus Fig. and the difference shown
in Fig. when m = 3. Additionally, when u = 0, Reg)’t(c, u) = 0, from
Fig. and dRo(M"! (¢, u)/du = 0, as it may be inferred from Fig. The last
two features provide further confidence that our results are correct.

Angular functions are examined in Fig. @ for m = 10 and 0 < v < 27. We indi-
cate with the symbol Se!, (c, v) the evaluation of the first ¢ terms of equation (B.36)
and with Se,, (¢, v) the evaluation with the numerical subroutines of [15]. Fig.
shows Se!, (c,v) evaluated with ¢ = 3 (dashed line) and Se,, (¢, v) (solid line). Since
the two curves overlap, we need to examine the difference Se’, (c,v) — Sen(c,v)
shown in Fig. It is clear that only ¢ = 3 terms provide an excellent agreement
with the reference solution. Additionally, Fig. shows that Se,,(c,v) =1 when
v = 0, which satisfies the requested Stratton-Morse-Chu normalization.

A validation for odd angular functions is not reported here because it leads to
equivalent results and is omitted for brevity.

Re!Vc,u)

0 1 2 3 4 5 o 1 2 3 4 5
u u

(a) Reg,p’t(c, u) evaluated with 5 terms (dot- (b) l:{(e£,11>’t(c7 u) evaluated with 7 terms

ted line), 6 terms (dashed line) and Regrlb)(c,u) (dashed line) and Regrlb)(c,u) (solid line).
(solid line).

F1GURE 1. Comparison between the evaluation of the small parameter ex-
pansion of the even radial functions of the first kind given in equation (337
and the numerical subroutines described in [I5] for m = 10.
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(1),
Hom (c,u)

(1),
Hom (c,u)

1 2 3 . 5 %o 1 2 3 . 5
(a) Rogrp’t(c, u) evaluated with 1 terms (dot- (b) Ro&,ll)’t(c, u) evaluated with 3 terms
ted line), 2 terms(dashed line) and Rosrl)(c, u) (dashed line) and Rosrl)(c, u) (solid line).
(solid line).
FIGURE 2. Comparison between the evaluation of the small parameter ex-
pansion of the odd radial functions of the first kind given in equation (£.36])
and the numerical subroutines described in [15] for m = 3.

0 1 2 3 4 5 0 1 2 3 4 5
u u

(a) Error in the evaluation of Reg,ll)(c7 u) using  (b) Error in the evaluation of Roﬁ}) (¢, u) using

the small parameter approximation the small parameter approximation

FiGURE 3. Even radial function of the first kind: comparison between small
parameter approximation and numerical subroutines

0.8
0.6
0.4r1
0.21

Sem(c,v)
o
(c.v)-Se_(c.v)

-0.21

Se'
m

—04f
—06f
—o8f

(a) Sel,(c,v) when t = 3 (dashed line) and (b) Error in the evaluation of Sem (c,v) using
Sem (¢, v) (solid line) the small parameter expansion

FIGURE 4. Evaluation of the even angular function for m = 10.
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7. CONCLUSION

This work provides explicit power series expansions for the Mathieu radial func-
tions when the parameter 0 < ¢ < 1 and using the Stratton-Morse-Chu normaliza-
tion. To the best of the authors’ knowledge, this is the first time this result is given
in the literature.

Explicit power series expansions are also given for the Mathieu angular functions
and the new results are in agreement with those previously obtained by Kokkorakis
and Roumeliotis in [22]. The method used to obtain the power series expansions is
an improvement over the one presented in [22] and it has three advantages:

(1) Tt is more straightforward and direct to apply.

(2) It leads to a linear complexity of the process to obtain the expansion coef-
ficients.

(3) It leads to an easier software implementation.

Numerical validations show the good agreement of the new power series expan-
sions with other numerical software to evaluate Mathieu functions.

Finally, as an example, the application that motivated this work is the extraction
of the small parameter expansions of the results obtained by Uslenghi in [38] and
Valentino and Erricolo in [39]. In that context, the small parameter expansions
correspond to low-frequency approximations, which could then be compared with
quasi-static methods, such as those derived by Hansen and Yaghjian [19].
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