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TRANSLATIONAL ADDITION THEOREMS
FOR SPHERICAL VECTOR WAVE FUNCTIONS*

BY
ORVAL R. CRUZAN

Diamond Ordnance Fuze Laboratories
Washington, D. C.

Abstract. Translational addition theorems for spherical vector wave functions have
been derived in a reduced form. The reduction has been accomplished by the use of
formulas relating the coefficients that arise in the expansion of the product of two associ-
ated Legendre functions. These addition theorems should be useful, in general, in those
cases involving electromagnetic sources and spherical bodies.

1. Introduction. When electromagnetic waves interact with spherical bodies, it
becomes desirable in many problems to expand the fields in terms of spherical vector
wave functions. Furthermore, it is helpful to have addition theorems for the wave
functions, e.g., in the case of two or more spherical bodies. Here we need to expand the
secondary electromagnetic field of each sphere about the other in order to readily apply
the boundary conditions appropriate to each spherical body.

Such addition theorems have been obtained by Stein [1]. As given for the case of
coordinate translation they are not in the most desirable form, in that the coefficients
involved consist of several terms each. Although these coefficients were not reduced, it
was stated that certain recursion formulas might be useful [2].

It turns out that in addition to the two recursion formulas, Eqgs. (A-7) and (A-8),
that Stein [3] considered particularly useful, four other formulas are required, two of
which are of the recursion form; the other two have a quasi-recurrent form, as shown by
Eqgs. (A-3) and (A-4). These additional formulas have been obtained, and the coefficients
reduced to one term each [4]. Moreover, the derivation of the addition theorems has
been made in a straightforward and rigorous way, by making use of the orthogonal
properties of the angular functions and of the vector wave functions.

Besides the formulas sufficient for the reduction of the addition theorems, several three
term recursion formulas have been derived. These should be helpful for computing the
values of the coeflicients in the expansion of the product of two associated Legendre
functions.

2. Spherical vector wave functions [5]. Divergenceless solutions of the vector
Helmbholtz equation,

VVe—V XV Xc+Fkec=0, €))

where k is the propagation constant, are the two vector wave functions M and N. The
relations between these two are

EN=V XM
kM =V X N.

@
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In spherical coordinates, M is given by the formula

M=V Xry, 3
where r is a radial vector, and ¢ is a solution of the scalar Helmholtz equation,

VY + K’y = 0. 4
By means of vector identities, Eq. (3) can be put in the alternative form,

M=Vy Xr, (5)

since V X r = 0. Omitting the time factor exp (—7wt), the explicit expressions for
M and N, respectively, are [1]:

L 2 (kr)P7(cos 6) exp (ime)is — (kr)

mn

sm [/}

and

n,, = n(nkt 1) z,(kr)P"(cos 6) exp (sme)i, + 1 - [ w(kr)] aP:

(cos,6) exp (img)i,

+ o L e ()1PRcos ) exp (imais,  (6)

where z,(kr) stands for any of the spherical radial functions.

3. Vector wave functions under coordinate translation [4]. Although in the follow-
ing derivation of the translational addition theorems, waves convergent about the origin
0’ are used, the derivation is just as readily made for divergent waves. If the translation
as illustrated in Fig. 1 is made, then

r=a-+r. )

F1a. 1. Coordinate translation
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With this value of r, we have, by using Eq. (5),
M=vVyXa+ V¢ Xr. ®

Since the gradient of a scalar quantity is invariant to a transformation of the coordinate
system, then we may regard Vy as being expressed in terms of the coordinates of the
second system. As can be determined from Fig. 1,

a = a(i, sin 6, cos ¢, + i, sin 6, sin ¢, + i, cos 6,). 9)
Consequently, we have
M = qa(sin 6, cos poVy¢ X i, + sin 6, sin ¢ V¢ X i, + cos 6, V¢ X i,)
+ V¢ Xr'. (10

The unit vectors (i, , i, , i,) in terms of the unit vectors in the second coordinate system
are

i, = i,.sin 6’ cos ¢’ + iy, cos 0’ cos ¢’ — i, sin ¢/,
i, = i, sin 6’ sin ¢’ + i, cos 6’ sin ¢’ + i, cos ¢, (11)

= 1i,, cos 0’ — i, sin 6¢’.

Lid
-
I

If in Eq. (B — 1) we put
A(p,») = (=120 + 1)
-2 Ta(m,n | —u,v | pz,(ka)Py*(cos 8;) exp [i(m — weo],  (12)

where the a(m, n | —u, v | p)’s are given in appendix A, then

v = 2 2. Alw,i.(kr')Pi(cos ') exp (ing'). (13)
Using this expression for ¥, we obtain, in view of Eq. (5), for the last term of the right
member of Eq. (10),

VX = 22 3 A, ym, (19)
y=0 pu=—yp
where m/, is of the same form as m,,, , Egs. (6), but is referred to the second coordinate
system. By using the orthogonal properties of the angular functions and of the vector
wave functions, it can be shown that the other vector quantities in Eq. (10) are

© [4
V¢ X i, = 2 > (alm], + b/,n),

v=0 p=—»

Ve Xi, =3 3 (aml, + bnl),

y=0 p=—v»

©

V¢ X i, = > > (aml, + b/n.,). 15)

y=0 py=—p
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where

al, = 21/(1/1:]- 1){21’11-*:—11 A =1,y =) =0 — W@ —p—DAE+ 1,» — 1]
+2»_f+_3[(”+“+2>(”+#+1>14<ﬂ+1,v+1>—A(u—1,v+1)1},

2y<fi’°1) {;iﬂ Ap =1,y =D+ ¢ —wb —u— DAE+ 1, — 1)]

"o
A,y =

14

w3l tr+20+e+ DA+ Ly + D+ Ak - 1,v+ 1)]}, (16)

ok Jo+ D —w
o —v(v-l-l){ -1 AW

v+ u+1)
-1+ 2 + 3 A(I‘:”'l'l)}:

and

b = sl = W6+ DAG + 1,0 + A = 1)

Bl = gy [0 = W0+ i+ DAG+1,0) = A = 1,9),

"ro_ tkp
bl = W + 1) A, v), (17)

and n}, is of the same form as n,,, , Eqs. (6), except that it is referred to the second co-
ordinate system.

In reducing Eq. (10), we may, by using Eqgs. (15), set
A,, = sin 6, cos ¢eal, + sin 6, sin ¢eal, + cos 6pal,’. (18)

If we denote the coefficient of the vector wave function m/, by 4%, , then from Egs-
(14), (15), and (18), we obtain

Al’tn'” = ad,, + A(u, ). (19)

If we use the recursion formulas, Eqs. (A-6) through (A-9), and the appropriate relations
between the spherical radial functions, then we have
A:"n = (_1)“ Z a(m, n | K,V I p)a(n: v, P)Z»(ka)P:'_“(COS 00) €xXp [7'(m - I“)¢0]) (20)

where
aln,v,p) =TT+ D+ D+ + D —v+p+ D+ —p)
—vww—n+p+Dr+v+p+ 22+ D]. @21
For the coefficient of nj, , we may set
B;) = a(sin 6, cos ¢obl, + sin 6, sin ¢obl, + cos 6,b.0). (22)

Using Egs. (12), (17), (A-10), and (A-3) and the appropriate relations for the spherical
radial functions, we obtain

B = (=1 2 a(m,n| —p,v | p,p — Db, v, p)z,(ka)P;~*(cos 6o)

-exp [i(m — w¢o], (23)
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where
b, v,p) =" ln+rv+p+ Do —n+pn —v+ph+r—p+ DI
@+ /20 + D] (29

4. Addition theorems. In summary, we have the translational addition theorems
for spherical vector wave functions

©

Theorem 1: m,, = Z (A%m], + B7in},),
y=0 p=—» (25)
Theorem II: n,, = Z E (A p»n‘u uvmur):
v=0 p=—v
where

A:‘:‘ = (_l)“ E a(m) n l —K,V l P)a(n: v, p)zo(ka)P:_“(cos 00) exp [z(m - F’)¢0]) (26)

B = (_l)l”.l E a(my n | K,V I p,D— l)b(n: v, p)zp(ka)P':_"(COS 6,) exp [z(m - I‘)¢‘o]’

?

aln,v,p) =720+ D@+ D)+ 0+ D —v+p+ D +v —p)
— sy —n+p+ D+ v +p + 2]/ + 1],
and
bn,v,p) = " +v+p+ Do —n+ D0 —v+ ety —p+ DI
(@ + /[0 + D] @27)
APPENDIX A

Relationships involving the coefficients in the expansion of P7.P%. In the derivation
of the addition theorem for the spherical scalar wave function (appendix B) there occurs
the product P7.P% of two associated Legendre functions in which the argument is 5=cos 6.
This product can be expressed in terms of the expansion [2, 4],

PP, = Z a(m’ n I K, v | p)P:H‘: (A"l)

where

m+ m! @+ w! (p —_m — ”)!]1/2
m—m!e—we+mt+w!

.[nv p} [n v p J (A-2)
000 mu—m-—unp

a(m,n | p,v|p) = (=1)""2p + 1)[

and

[jl A ja]
m; me Mg

is the Wigner 3 — j symbol [6].
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For the reduction of the coefficients involved in the addition theorems, it is necessary
to obtain formulas simplifying various groupings of the a(m, n | u, v | p)’s. From the
formulas connecting the Wigner 3 — j and 6 — j symbols [6], and the formula for the
a(m,n | —pu, v | p), Eq. (A-2), we can obtain the following relationships [4]

Co—Dlln+rv+p+ Do —n+pmn—v+pn+r—p+ DI
«a(m,n | p,v|p,p—1)
=2+ D+ we—u+ Dalm,n|p—1,v|p—1)
—(p—m—wp—m—p—Dalm,n|p+1,v|p—1)
— 2ulp — m — wa(m,n | p,v|p — DL (A-3)
C+In+ry—phr—v+p+Doe+p—n+Dhu+v+p+ 21"
a(m,n | p,v | p,p+1)
=2+ Dp+m+p+Dp+m+p+2aimn|u+1,v|p+1)
-+ we—u+Dam,n|p—1,v|p+1)
—2up+ m+p+ Dalm,n|p,v|p+ 1), (A-4)

where

a(m,n |, |p, 9 = (—D'”“[EZ : :3: E: * 3: g T Z;:] @+ 1)

e s
mu—m-—u 000

@2 —Dn+v—pn—v+p+ Dalm,n|pv—1]|p)
=@+ D20 - —m—walm,n|uv|p—1)
— =W —p+Datm,n|p—1,»|p—1)
—p—m—p—1Dp—m—wpalm,n|p+1,v|p— 1] (A-6)
@ +3n—-v+p+v—p+ Dalm,n|p,v+1]|p
=+ D-@+m+u+Dp+m+p+2amn|p+1,v]p+1)
+20+u+ D@+ m+pu+ Dalm,n|p,v|p+1)
—@+ue+p+ Dalm,n|p—1,v[p+ 1) (A-7)
@—-Dn+v+p+2)0 —n+p+ Dalm,n |u,v+1]|p)
=@+ Dp—-—m—p—1@—-—m—pam,n|p+1,v|[p—1)
+20+p+ Dl —m— palm,n|pv|p—1)
+ @+ we+ e+ Dalm,n [ p—1,v|p — D). (A-8)
@+ —n+ph+v+p+ Dam,n|p,v—1]p)
=@+ De+m+p+2)p+m+p+ Dalm,n|p+1,v|p+1)
+ @ —wWe—p+ Dam,n|p—1,v|p+1)
+ 20 —wp + m+ p+ Da(m,n | p,»|p+ 1] (A-9)
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In addition to the above relationships for the a(m, n | u, » | p)’s, there can be derived
numerous recursion formulas based upon various recursion relations for the associated
Legendre functions. By using the relationship for associated Legendre functions,

1 = )P + O+ W — u+ DPI] — 2unP} = 0,
and multiplying by P7 , it can be shown that
Cr—Dlp+m+p+D+m—+p+2amn|p+1,v|p+1)

-+ —p+Dam,n|p—1,v|p+1)
—2up+ m+p+ Dalm,n|p,v|p+ 1)

=@+ —-—m - —m—p—Nalm,n|p+1,»|[p—1)
-+ —p+amn|p—1,v|p—1)

+ 2ulp — m — pa(m,n | By |p— D] (A-10)
Certain three-term recursion formulas are also readily obtained. From the relation
d pmpwy, _ pm @GP, Py
and the derivative formulas
Py’ m'n m _ pm'l
do = (1 — ,72)1/2 Pn’ Pu’ (A-l2)
and
dpy — —m'y m o o ’ npm' -1 R
@~ = rlr T -t D+ m)PRT, (A-13)

one obtains respectively
a(m,n | p,v|p) =alm+ 1,n|p,v|p) +almmn|p+1,v[p) (A-14)
and
@—m—p+ D+ m+ walm,n|pv|p)
=@+ we—p+ Dalm,n|p—1,v|p)
+m+ mn—m+ Dalm — 1,n|u,v|p). (A-15)
From Egs. (A-14) and (A-15) there can be obtained the formulas
+m+pp—m—p+D)+—w0+p+1)—0+mr-—m+1)]
alm,n | p,v |p) = @0+ w0 —p+ Dalm,n|p—1,v[p)
+@—m—pp+m+u+ Dalm,n|p+1,v|p) (A-16)
and
+m+pwop—m—p+h+0—-—mn+m+1) =0+ —p+1)]
a(m,n | p,v|p) = (0 + mn — m + Dalm — 1,n | u,v|p)
+@—-—m—wp+m+up+lam+1,n|pr|p). (A-17)
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APPENDIX B
Addition theorems for spherical scalar wave functions

In this appendix, the addition theorems for the scalar wave functions will be listed,
with appropriate limits, since they have been already derived [7]. The addition theorems
given here are for the case of coordinate translation illustrated in Fig. 1. The more correct
forms for the theorems [1] are

©

2.(k)P(cos 6) exp (img) = 3. 3 X (=1 + Da(m,n | —n, v | p)

=0 p=—» p

-3,(kr")z,(ka)Py(cos 6')P;~*(cos 6,) exp [i(m — p)go] exp (iug’) " <a  (B-1)

=3 S S (=1 + Dalm,n | —uy v | 9)

vy=0 p=—p p

-5(ka)z,(kr')P,(cos 8o)P;~"(cos 6') exp [i(m — w)¢'] exp (iugo) 1" = a.  (B-2)

The symbol z,(kr) stands for the spherical Bessel, Neumann, or Hankel (first or second
kind) function. It can be shown that either Eq. (B-1) or Eq. (B-2) may be used with
2,(kr) = ja(kr), without restriction on the relative size of ' and a.
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