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Abstract

We develop exact expressions for translations and rotations of local and multipole fundamental solutions of the
Helmbholtz equation in spherical coordinates. These expressions are based on recurrence relations that we develop,
and to our knowledge are presented here for the first time. The symmetry and other properties of the coefficients
are also examined, and based on these efficient procedures for calculating them are presented. Our expressions are
direct, and do not use the Clebsch-Gordan coefficients or the Wigner 3-j symbols, though we compare our results
with methods that use these, to prove their accuracy. We test our expressions on a number of simple calculations, and
show their accuracy.

For evaluating a N; term truncation of the translation (involving O(NNZ) multipoles), compared to previous exact
expressions that rely on the Clebsch-Gordan coefficients or the Wigner 3-j symbol that require O (Nf’) operations,
our expressions require O(N}') evaluations, with a small constant multiplying the order term.

The recent trend in evaluating such translations has been to use approximate “diagonalizations,” that require
O(N?) evaluations with a large coefficient for the order term. For the Helmholtz equation, these translations in
addition have stabilty problems unless the accuracy of the truncation and approximate translation are balanced. We
derive explicit exact expressions for achieving “diagonal” translations in O(N7) operations. Our expressions are
based on recursive evaluations of multipole coefficients for rotations, and are accurate and stable, and have a much
smaller coeffiicient for the order term, resulting practically in much fewer operations.

Future use of the developed methods in computational acoustic scattering, electromagnetic scattering (radar and
microwave), optics and computational biology are expected.

*Support of NSF ITR award 0086075, entitled *“ Personalized Spatial Audio via Scientific Computing and Computer Vision,” is gratefully
acknowledged. We would also like to thank Prof. Larry S. Davis for his encouragement.
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1 Introduction

The fast multipole method introduced in the work of Rokhlin and Greengard [11, 3], has been called one of the ten
most influential algorithms of the 20th century [1]. The algorithm speeds up summations/matrix vector products
arising from sums of the type

s(x;) = Zaiﬁb(xj —xi), s = Djia. M

For M evaluation points z; and /N “source centers” x;, the complexity of the matrix vector product ® ;;c; is O(MN)
operations. For a given precision ¢, the Rokhlin-Greengard method achieves the evaluation in O(M + N) operations.
The initial application of the algorithm [11, 3] was for the efficient computation of the field generated by multiple
electrostatic or gravitational monopoles, at a large number of evaluation points. Crucial to the algorithm was the use
of identities for the translation of multipole solutions of Laplace equation, and this lead to the given name for the
algorithm. Instead of evaluating Equation (1) directly, equivalent /V; term multipole expansions are created at a few
locations at a cost that is f(V;) N and the sum is evaluated at the M points using these expansions at a cost g( Ny ) M.
The cost is thus linear in M and N. Typically these multipole series are quickly convergent, and the functions f(Ny)
and g (IVy) are linear or low order polynomial, and the algorithm is substantially faster than the O(N M) algorithm
even for moderate N and M.

This work was later extended to several other types of radial functions, for several problems arising from almost
all branches of computational mathematics. Currently multipole methods are extensively used in solving problems in
fluid mechanics, biomolecular force calculations, acoustics, electromagnetics, etc.

An area with significant promise for application of fast multipole methods is the fast solution of integral equations
of potential theory, and there accordingly has been renewed interest in studying translation properties of multipole
solutions of the Laplace and Helmholtz equations. Our interest in this algorithm arose from a desire to develop efficient
algorithms for the solution of the Helmholtz equation (2) for finite and infinite domains with complex boundaries, for
problems in the domain of creating virtual audio environments. Achieving fast solutions of the Helmholtz equation
is an area of active research, with applications in the varied areas of acoustics, electromagnetics, etc., and some
fast preliminary applications of the multipole method to the problem have appeared, and some fast computational
techniques having been developed [9]. However, fast scattering codes of the type we desire are not yet available in
the literature as there are several numerical problems that remain, and multipole solvers are not widely implemented.
The source of most of these difficulties is associated with the efficient computation of the translations and rotations of
multipoles.

Exact expressions for multipole translations for the Helmholtz equation have been presented by Epton and Dembart
[7]. However these expressions are relatively cumbersome as they use the Wigner or Clebsch-Gordan coefficients, and
are relatively expensive to compute (O(N;)). Much recent interest has been focused at developing so-called diagonal
translation operators, which can achieve the translation in O(NN;?) operations. However, these diagonal formulations
rely on an approximate “plane-wave” integral proposed by Rokhlin, that must be computed numerically (leading to
a large coefficient for the order symbol). This leads to inefficient translation operators. Further unless the error in
the numerical evaluation of the integral is carefully balanced with the error in the truncation, numerical blow-up and
stability problems result [10].

This report avoids these problems, by developing fast methods for evaluating the reexpansion coefficients. We
derive, fast recursive relations for the translated and rotated series coefficients, which we believe are presented here
for the first time.

Applications and numerical implementations are ongoing, and the obtained results will be reported shortly in
other publications. This algorithm has the potential to influence many problems in acoustics (acoustic scattering),
biomolecular modeling (modeling damped Coulomb or Yukawa potentials), electromagnetic propagation (radar, mi-
crowave devices), optics (optoelectronic systems), modeling the Schrodinger equation, and fluid mechanics (waves).
Our initial motivation is the calculation of the head related transfer function in virtual acoustics [13].

2 Statement of the Problem

The Helmholtz equation for complex potential ¢ (r) is

VA + By =0, ()

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 4
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where V? is the Laplace operator and k is the wavenumber. The solutions to problems in external infinite domains
satisfy the Sommerfeld radiation condition

lim r<6—¢—ikw> =0, r=]|r|, ?3)
T—00 or
while ¢/ usually is required to be non-singular for problems in internal finite domains.

We consider solution of this equation in the domain Q@ = R3/{r}}, where {r]} is a finite set of points with
coordinates r = rp, p=1,...,N. Letus introduce N reference frames centered at each of the points r;, p=1,..,N.
In spherical polar coordinates r — r, =1, = (rp,0p,0,)

At these points the potential is singular, which physically corresponds to the presence of a multipole source of the
form

m=n

> 5 A, “

n=0m=—n

being placed at each rj,. Here A&f’ )™ are scalar multipole expansion coefficients, which we assume to be known, and
S (r) is a multipole (we also call it “Singular elementary solution”, and accordingly use the letter “S” to denote the
multipole) of order n and degree m:

Sy (rp) = hn(kTp)ern(azh @p)7 p=1..,N. (5)

Here h,, (kr) are spherical Hankel functions of the 1st kind that satisfy the Sommerfeld condition, and Y;(0, ¢) are
orthonormal spherical harmonics, which also can be represented in the form

m _ m [2n+1 (n — ‘m‘) |m\ un

n=20,1,2,.., m=—n,..,n,

where P (1) are the associated Legendre functions. (For a brief primer on the spherical solutions of the Helmholtz
equation, see the appendix).

Note that we will use definition of the associated Legendre function P! (1) consistent with the value on the cut
(=1, 1) of the hypergeometric function P (z) (see Abramowitz & Stegun, 1964). These functions can be produced
from Legendre polynomials P, (1) using the Rodrigues’ formulas:

, dm 1 dav
P () = ()" (1 2)" 2 L p (), P () =
n (/J“) ( ) ( 2 ) dum n (,LL), (ﬂ) 2nn) d,u"

(1*—-1)", (7

In some of the literature the functions (—1)"" P (1) are called associated Legendre functions. Depending on the
choice, the recurrence relations involving associated Legendre functions of degrees m and m + 1 has alternating signs
in different handbooks (leading to much headache in comparing results!). Also we should notice that in some literature
the factor (—1)™ is not included in the definition of spherical harmonics (6). Our definition of spherical harmonics
coincides with that of Epton & Dembart [7], except for a factor /(2n + 1)/47, which we include to provide an
orthonormal basis. More insight to the problem of definition of spherical harmonics with a view to developing an
efficient multipole translation theory is an area of ongoing research.

Due to linearity, the solution of the Helmholtz equation that satisfies the radiation condition can be written as a
combination of multipoles

m=n

ZZ > AP (x,). (8)

p=1n=0m=—n

The problem that we address is that of obtaining an alternative representation of the field (8) that can be used for
evaluating of 1 (r) using multipoles centered at any other point r €€2. Such a technique is known in literature as
“multipole-to-multipole translation.” When this evaluation can be done speedily to a specified precision a “fast multi-
pole method” results.

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 5
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0

Figure 1: Coordinates of points in various reference frames.

An associated problem is the solution of equation (2) inside a regular finite domain €2, where it can be represented
as a sum of “Regular elementary solutions”, R (r):

m=n

ZZ Z A(p mRm rp) ©)

p=1n=0m=—-n
where
Ry (rp) = jn(krp) Y, (0, @p)7 p=1.,N. (10)

Here j,, (kr) are the spherical Bessel functions of the 1st kind, regular at finite . In this case we also introduce N
reference frames centered at rj,, p = 1, ..., N. In contrast to the previous case, the solution is regular at these points.

3 Multipole Reexpansions

3.1 Translations

The basic problem in reexpansion techniques is to represent S;" (r,,) and R] (r,) as a sum of singular or regular
elementary solutions with the center of expansion speciﬁed as some other point r = r;,. To obtain such representations

we introduce spherical coordinates centered at r = r7, so r — r; = 1, = (¢, 04, ¢, ). By definition we have

_ ’_ / /A r_
r=r,+r,=r,+r, I,= rq—i—rpq, ry,, =T, — T, =TI, —Tg, (11)

where the vector rpq is directed from point p to point q. The value of this vector determines the radius of reexpansion

4 ]rpq’ Inside the sphere with this radius centered at r = r;, the solution is regular, and can be represented as

Syt (rp) ZZ (SIR);m (xh) RS (vq),  |rgl < |rh.], p#a (12)

1=0 s=—1

The singular elementary solution outside this sphere satisfies the radiation conditions, and therefore we can write:

Z Z S|S in pq Sl (rq) |r(1‘ > ’r;)q

=0 s=—1

(13)

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 6
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Figure 2: Illustration of the reexpansion of the singular to regular solution (12). Such reexpansion can be performed
inside the dark sphere. It can be used for a field point M, since the distance to this point from point g is smaller than
the radius of the dark sphere.

0

Figure 3: Illustration of the reexpansion of the singular to singular solution (13). Such reexpansion can be performed
outside the dark sphere. It can be used for a field point M, since the distance to this point from point g is larger than
the radius of the dark sphere.

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 7
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The regular elementary solution inside a finite domain can be reexpanded near an arbitrary point, so that

&9 l
Ry (rp) =Y > (RIR)T (vh,) RS (rg). (14)
1=0 s=—1
In expansions (12)-(14) the symbols (S|R), (S|S) and (R|R) denote that singular (S) and regular (R) elementary
solutions are reexpanded into series of regular or singular elementary solutions, respectively, with coefficients of
reexpansion (S|R);7 , (S]S);" and (R|R)5™
Note that we do not con51der the reexpansion of regular solutions in terms multipoles, i.e. (R|S). If such a
reexpansion were possible, then the regular solution would be “radiating” at infinity, which cannot be true. Therefore
such reexpansions cannot be used either for infinite domains, or for finite domains including the singular point of the
center of the expansion. For this reason we drop consideration of the reexpansions (R|.S), and all cases of interest can
be covered using the rexpansions (S|R), (S5|S) and (R|R).
Using reexpansions, e.g. (12) sum (8) can be represented in the form

[ee) l
=3  BiR; (r,) (15)

=0 s=—1

m=n

Z Z Z S‘R in pq) A(p)m

p=1ln=0m=—n

For large N these expansions can provide efficient evaluation of the field v, .by appropriately truncating the series
in n, Usually the series can be truncated at relatively low values and coefficients B} can be computed only once to
evaluate of ¢ (r) at multiple field points.

3.2 Rotations

We also consider transforms of multipole expansions due to rotation of coordinate system.

3.2.1 Basic Results

We first consider the elementary case of rotation of one Cartesian system into another. Let (i, i,,1,) and (iz,iy,iz)
be two Cartesian systems of coordinates with a common origin. Let () be the rotation matrix that takes a vector a
represented in the first coordinate system to the vector & represented in the second coordinate systems, so that

>
O
o

(16)
Then

Q=1 iy ip iy-iy ig-i. |. (17)

3.2.2 Rotation matrix to point the z axis to a specified direction

It is often convenient (and physically meaningful) to link the entries of the matrix () to physical angles between the
axes. This is usually done via one of many representations such as the Euler angles. In the present case we wish to
rotate a set of axes so that the old z axis is rotated to a specified 2 direction (pointing to the translation location of the
multipole). A simple expression for () in terms of the direction cosines of the 2 direction that achieves this objective
can be derived from elementary geometric considerations. We recall from Euler’s theorem that any rotation of a rigid
body can be uniquely specified by providing an axis of rotation and the angle of rotation through that axis.

Referring to Figure 4, the origin and the two 2 axes form a given plane (Oz2). In this case the vector that is normal
to this plane, and passes through the origin is obviously the axis of rotation. Let the direction cosines of the new 2 axis
be e., ey.e.. Let the direction of the z axis in the current coordinate system be i.. Then the angle v through which we
must rotate the original system about the rotation axis is specified by

COS7Y = €. (18)

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 8
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Figure 4: Rotation of axes.

The direction of the axis of rotation can be specified as

i, i, i
n=i,xiz=| 0 0 1 |=—e,i;+ ez, 19
Y Y
€xr €y €

Let us make a choice that the new i; direction is along n. The unit vector along this direction is

i, = —Cule tealy (20)
(€2 +¢3)

We then have the remaining axis chosen by the cyclic order of coordinate vectors as

i i, i
. . . 1 z y oz —e, el —ele,l
ij=iixis=————x| e e e e Zyy—i-\/eQ—&—eQ 1)
62+62

(2+ep) | —ey e 0

We can now evaluate the matrix @) using Equation (17) as

_ Cy [ 0
i, iped, ip-is J@@te) f(ez+ed)
Q=|iy-lp dy-iy iyl | = | e (e2+e7) |- (22)
. . . . . . 2 2 2 2
iz i, dip-i, iz-i. V(e2+e3) V(e2+e3)
€y ey e,

Of course, here the choice of the 2 and the 3 axes was arbitrary. If we have a specification for the orientation of these
axes (thereby fixing the 0° meridian in the rotated coordinate system), we can compute the () matrix as a composition
of two rotations as

— Cy Cq 0
cos¢p —sing 0 \/(@?ﬁ‘@i) \/(€§+€§)
Q= | sing cos¢p O ez 10 2 4 2 . (23)
o0 N0 V|| TVES Ve VETD)
€x ey €.

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 9
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3.2.3 Rotation of the Spherical Harmonics for Specified ()

From group theory (Wigner [17]), we have the following transform of the spherical harmonics due to rotation of
coordinates

n

vr0.e) = > T @Y (0.2). 4)

v=—n

where T/ () are rotation coefficients depending on the rotation matrix (). Due to the definition of the singular
and regular solutions (5) and (10) and due to the fact that the modulus of the vector does not change with rotation of
coordinates, we can write the expansion for the multipole in the rotated coordinate system as

Sp(ry) = ZT“’” v(E), [T =rl, (25)
R () = Y TV@QRLE,), [Tl =Irl, (26)

where T, is the radius-vector of the point in the rotated coordinate system.
Using the reexpansions (e.g. equation (12)) the sum (8) can be represented in the form

Z Z CvSY (T (27)
n=0v=—n

Z Z Tl/m Ang)m.

p=lm=—n

The reason for particular consideration of rotations will be clear from the treatment of diaganolized multipole
expansions below. Briefly, the rotations allow for efficient computation of multipole translations by decomposing
them into rotations and coaxial translations.

4 Integral Representation of Translation Coefficients

Before considering the efficient evaluation of the reexpansion coefficients for translation (S|R)57™ (r;q), we consider
their evaluation using their definitions (5), (10), and (12) and the fact that spherical harmonics (6) form a complete
orthonormal system. If we define a scalar product of two complex valued surface functions f(6, ) and g(6,¢) in
Ly (Sy), where S, is the surface of a unit sphere as

()= [ de [ 16,0507 sin0a8 =To. ). (8)
where the overbar denotes the complex conjugate, then

(Y™, Y2) = 8pabms- (29)
Therefore, from (5), (10), and (12) we have

o 1
(S (1) Y (0g,0)) = > D (SIR) () G1(krg)61absp = (S|R)I (¥hy) da(kry). (30)
=0 s=—1
Therefore
(SIR) (r)y) = % (S::L (r,) ,Yf‘wq,wq» G1)
- d<pq n (krp) Y (0p,0,)Y, (0, 0,) sinbydly, 14 < 1),

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 10
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where we used the property of surface harmonics (see (6)):

YES(GQ7S0q) = }/lis(eqagoq)' (32)

Similarly, for the other reexpansion coefficients we have the explicit expressions

(R|R)ln (pq = ]CT / (pq/ .7” krp n 9177()017)}/ (9(1790(1) Sine(ldefb (33)
q —T

(S19)im (xy) hz qu / dcpq/ (krp) Y (0, 0,)Y,°(0q, @) sinbqdby, 74 > |r),,| - (34)

Of course these expressions will be relatively expensive to evaluate in the above form, and will not be used for practical
multipole translations. Nevertheless they provide expressions that can be used to check the more efficient recursive
relations that we derive.

5 Structure of Translation Coefficients

While the integral representation provides an explicit way to calculate the reexpansion coefficients, this approach is
not practical as the integral must be evaluated numerically, making the method computationally expensive. Moreover,
since the representations (31), (33), and (34) use coordinates of both the source point p and the target point q, they are
not useful for fast multipole methods. To be useful they would need to be rewritten in terms of the translation vector
alone.
According to (11) and (12) we have

Pq

S I'q + rP(I Z Z S|R In pq Rl (rq) (35)

1=0 s=—1
The function S7* (rq + I‘;q) is regular inside |r,| < ‘r;)q‘ and satisfies the Helmholtz equation:
(V? +K) i (rq + 1)) = 0. (36)
The Laplace operator here can be considered to be acting either at fixed r;q or at fixed r,. In the former case we have
(V2 + &) R (ry) = 0, (37)
which also follows from the definition of R;j. In the latter case we have
(VZ+E) (SIR); (xh,,) = 0. (38)

The solution of this equation can be sought in the form of a multipole expansion as

(S|R)5m Z Z (sIr)osm S (xq) - (39)

a=0p8=—a

Indeed, in the expansion we need to only use the functions S (r/,,), not RS (r},,) or combinations of R (r/,,) and

S8 ( pq), since as |rpq| — 00, the solution should satlsgy the Sommerfeld radlatlon conditions (see (35)), which is
sm
aln

provided only by the functions S2. The coefficients (s|r)
of the multipole or the center of expansion.

Note that these coefficients can be related to the Clebsch-Gordan coefficients due to the addition theorem for the
scalar wave functions (Stein [14]), or to Wigner 3-j symbols [17], which are a more symmetrical form for the Clebsch-
Gordan coefficients. In the paper of Epton & Dembart [7] the following expression for the reexpansion coefficients is
provided (we rewrite it in our notation):

o 1/2
(SIR)EY (rpq) Z > {%H @+1) (ZQH)} il”+“E< m _ZS -8 )Sﬁ (rhe) (40)

47 n «
a=0p[=—«

are purely numerical and do not depend on the locations

Multipole Theory for the Helmholtz Equation UMIACS TR 2001-44 11
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where the symbol F is defined as

1/2 ™

m —s -0 4 ,

E 47 ym 41
<n [ a ) {(271—&-1)(2[—&-1)(204—&-1} / /O W (0,0)Y; (0, 9)Y, (0, ) sin 66, (41)
and is related to the Wigner 3-j symbols:
m —s —f _ n | « n l o

E( n I o ) 47T€m€—s€—ﬁ< 0 0 0 ) ( m —s _6 )a (42)

where
- (_1)7”7 m 2 0
m = { 1, m<0 43)

Computation of the Wigner 3-j symbols, or E' symbols requires summations over additional multiindexes. We will
not consider this way of obtaining the reexpansion coefficients and refer the reader to the paper of Epton & Dembart
(1994) for details.

Comparing (40) with (39), we note that

1/2
(sl = {(2114— D2l +1) (2a+ 1)] A-ntag < m —s -3 ) . (44)
aln A7 n l (e}
The above £/—symbol has a multiplier 63 ,,—, which means that
(s|r)2sm = 0, for B #m — s. (45)
It is also noteworthy that from the definition (41) and orthonormality of the spherical harmonics (29) we have
0 —s -8\ _, [ 1 1/2
E( 0 I « ) =@ @ar 1)] 56,~s0at; (46)
m 0 8 - 1 1/2
E =4 mOa
< n 0 « ) m [(2n+1) 2a+ 1)} Somban,
m —s 0 [ 1 1/2
E - 4 o aN o7 sm ny
< no1 0) ”_(2n+1)(2l+1)] Semi

leading to

<s| )50 = \/(4m) (=1) 85— 58t (47)
58:? VAT 5mban,
8;,? - \/ 471' 55m5ln7

Substituting (39) into (35) we have the following expression

S (rg + 1), Z Z Z Z [P)amn S5 (xh,) Ry (xg), (48)

=0 s=—]l a=0=—a«a

which is a form of the addition theorem for multipole solutions of the Helmholtz equation. Similar considerations for
the other reexpansion pairs yields:

(RIR);™ ( Z Z (rr)o R (xh,) (49)
a=0g=

(SIS (xhg) = 3 > (sl B (xhg) - (50)
Oc:Oﬁ:fDé
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This leads to the following addition theorems

0o l oo «@

Ry (rg+15) =3 33" N ()5 RE (x),,) By (xy) (51)

1=0 s=—la=0p=—«

oo l oo «
) = 30 30 3 3 (TR () 1 ) &

=0 s=— -

Comparing (52) with (48), we can notice that these are indeed the same expansions of 5" (rq + r;q) . We can simply
transform one to the other by exchanging r;,, with r, and subscripts a with [ and 3 with s. Therefore,

(sls)25m = (s|r);om, (53)

aln lan

Bsm

"in_can be also related to the Wigner symbols in a manner similar to the expression

The numerical coefficients (r|r)

for (s\r)fﬂ” (44). As will follow from our analysis below,

(S|S)ln ( ) (R|R)ln ( pq) (54)
and thus from (49), (50), and (53) we have:

(T|7")Bsm _ (S|S)ﬁsm _ (S‘T)sﬁm. (55)

aln aln lan

However, even if the Wigner’s coefficients could be computed efficiently, calculation of the reexpansion coefficients
(SIR);™,(R|R);™, and (S]S)5™ will require summation of these coefficients, which would be an expensive pro-

cedure, since the reexpansion coefficients are 4-dimensional (and numerical coefficients, such as (s|r )gls:‘ are 5-

dimensional (taking into account the relation (45)). As an alternative method we develop a fast computational tech-
nique based on recurrent computation of the actual reexpansion coefficients.

6 Differentiation and Recurrence Relations for Multipoles

To derive recurrence relations for the reexpansion coefficients let us first consider differentiation of the multipoles.
The spherical coordinates (r, 0, ¢) are related to the Cartesian coordinates by

x=rcospy/1—p?, (56)

y=rsinpy/1 — u2,
z=rp, =cosb.

The following differential operators will be considered

0.2 2=l il 57)
V=i +1y§ i =l (0 + 0) — iy (0 — Do) + 120

1. " 1. W NE— .
=3 (ip —idiy) Oy + B (ig +iiy) Opy +1.0.,
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We also introduce the following notation for normalization factor of spherical harmonics:

2n+1 (n—|m|)!
N™ = NIml = (—1)™ =0,1,.. =—n,..n. 58
n n ( ) \/ 471_ <n+|m|)|? n b ) m n7 ?n ( )

So we have from (5), (6), and (10):

St (x) = Ngh, () P () €%, (59)

Ry} (x) = Ny (k) P () €%,
Because the functions h,, (kr) and j,, (kr) have similar recurrence properties, we will use the notation
E (x) = Ni'fu (kr) Y™ (@) €™, f=hj;  F=5R
to denote any of functions S/ (r) or R (r) and h,, (kr) or j,, (kr).

Theorem 1 For k # 0 and integer n and m where

1 m m m
EaZFn (I‘) = Ay lFrL 1 ( ) an, Fn—i—l (I‘) ) F= 57 R. (60)
ar =0, Jorn < |m)| (61)
Ny n+ 1+ |m| (n+1+|m|)(n+1—|m|)
m ‘m| n+1 —
tn = Nm  on+3 \/ Gntl @t o formzl
Proof. Using the following relations for the associated Legendre functions:
, 1 ,
PP (1) = 5 [0 m) Py () + (= m 4+ 1) Py ()] (©2)
dPy (1) 1 m
(1) T = o [ 1) (nm) P () = (= m 1) Py ()]

and for the spherical Bessel functions (where the prime denotes derivative):

fooa () = 52 g (k) + £ (k) 63)

fn-i-l (kT) = Efﬂ (kT) - fn (kT) )

we have from definitions (57) and (59):

. |m|
%@F ™ (1) = N7 | uPiml () i, (k) + 2200 "]Sfr) (1— 2 M]

dp

S b B 0 £k k)| = 0= o 2) P ) [ ) — 7] |
= —kggfzw {(n+|m|)fn 1(kr)P, ,‘Lmll (W) —(n—|m|+1)P ,lﬁ‘l( )fn+1(kT)}
_ M?_FIO< )7 n=>0
| o [REE @ - SRR @) 0>

The coefficients )" can be defined as stated, since

P () =0, |m|>n. (64)
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and for n > 1 according definitions (58):

Ny n+ |m] \/<n+ ) —|m]) _ .,

N on+ 1 @n—1)(2n+1) v

N n—|m|+1 (n+|m|+1)(n—|m|+1)_am
Nm™,o o 2n41 (2n+1)(2n+3) o

Example 1 To demonstrate the theorem practically, we evaluate the derivative on the left hand side of (60) using finite
differences, and compare this evaluation with the result given by the right hand side. For example, let us consider the
theorem for k = 1 and r = (0.1, —6, 1), .The finite difference evaluation using second order central differences and a
grid size of 10~ yields.

1

2
- (_354 (r)> — _0.0277686 + 0.007371.

0z

Evaluation using the theorem yields
0.436436 hs (kr) Y3 (0, ¢) — 0.460566 hs (kr) Y2 (0, ¢) = —0.0277686 + 0.0073714,
demonstrating the theorem.

Theorem 2 For k # 0 and integer m and n :

1 ’ L 9 P
0oy i (v) = 0T S () O EE @), F= SR, (65)
where
b = n—-m-—1Y(n—m )
! Ve ey, —n<m <0 ()
07 |’ITL| >n,

Proof. To prove the theorem we use the following recurrence relations for the associated Legendre functions:

m 1 m m
VI 2B (p) = 5= [P0 () = P ()], 0<m<m, (67)

m 1 M — M —
VIZI2P (1) = 5= [(n—m+ D —m+ 9P (1) = (n+m = D+ m)PIS (@], 1<m <,

dpPm™ Pm™ 1
/T dfa ) | mb () _ [(n+1) PI4 () + 0Pt ()], 0<m<n,

dp V1i—p2  2n+1

/1= ) B Ly 1) (e 1) (o) P (o (n—me ) (n—me+2) P! ()] 1<msn,

du JT—2 2n+1

where one should set P, = 0 in any case n < m.
Applying k=10, to F™ (r) (see (57)), we obtain

. |m] |m|
Lowy (1) = 0 De N | TP () ) — (/T ) i W) i)
k du 1—p2 kr
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For m > 0 we have using (67) and (63):

1 m Nr’anei(m—i_l)p m m m m fn kr
£0n S 1) = S E P G — PR 0] 2206+ (0P G+ (0 1) P ] 0
N:Lnei(m—i-l)go . N
= = [ a (B P () + fosa (k) PR ()]

In case n = m the first term in the last square brackets is zero (see (64)). Thus, using definition (59) we obtain the
result of the theorem for all m > 0, since for n > 1 according definitions (58) and (66):

1 N \/(n—m—l)(n—m)_bm

2n+ 1N\ @2n-1)@2n+1) n
1Ny _\/(n+m+1)(n+m+2) p—
2n+1 N (2n+1) (2n + 3) ntloo
and for n = 0 we have b]' = 0.
For m < —1, (m = — |m|) we have using (67) and (63):

1 N’r‘L’"L‘ 6i(m+1)<,o
_3L ™ - - @
k Yy n (I‘) 2n+ 1

= [t ) ol = 2300+ P 0 = o+ 1) o+ 2P 0] 220

n—1 n

{[n= Iml+ )= Iml+ D P (1) ([l = D)t [m) P2 ()] £ )

Nr'anei(m—i-l)go

2 [+ Il = D+ ) faca (k) P (0) 4 (0 = ] 4 1) = ] 4 2) fsa (k) P ()]

Thus, using definition (59) we obtain the result of the theorem for all m < 0, since for n > 1 according to definitions
(58) and (66):

n+|m|—-1)(n+|m 7|Lm‘ n—-m-—1)(n-m
_(nAIm[—1)(n+|m|) _ _ o,
2n+1 NImI- (2n—-1)(2n+1) "
_=fml A ) —|m+2) N nrmt Dndmt2)
2n + 1 NlmI-1 (2n +1) (2n + 3) ntl

Example 2 We evaluate the theorem for k = 1 and r = (0.1, —6,1), and S3.Using central finite differences (with a
step size of 1074)

1/0 0\ e .
- (% + Za_y> S2 (r) = 0.001002 + 00314067

Using the theorem
by 383 (r) — b2S3 (r) = 0.816497h3 (kr) Y2 (0,6) — 0.h3 (kr) Y3 (0, ¢) = 0.001002 + 0.0314064,
demonstrating the theorem.

Theorem 3 For k # 0 and integer n and m
n—1

1— ,
anyF,,T (x) = bl Frat (o) — b, (r), F=S,R. (68)

where the coefficients U are defined by (66).
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Proof. Since j,, (kr) is a real function we have from definition (10) and relation for complex conjugates of surface
harmonics (32)

Ry (r) = R, ™ (x). (69)
Thus, using the second equation (65) we have for m’ = —m :
1— 1 , P—— —
7Oy R (¥) = 70y B (1) =0 R T (0)= b Ry () =by TRy () = 0 Ry (),

which proves the theorem for R (r) . For S (r) the same relation holds since h,, (k) satisfies the same recurrence
relations as j, (k7). m

Example 3 We evaluate the theorem for k = 1 and r = (0.1, —6,1), and S2.Using central finite differences (with a
step size of 1074)

1/0 0 )
- (&U 8y> 52 (r) = —0.016306 — 0.017886i.

Using the theorem we get
biS] (r) — b325; (r) = 0.3086066hy (k) Y} — 0.755929h, (kr) Yy (0, ¢) = —0.016306 — 0.0178864,
demonstrating the theorem.

Theorem 4 For k # 0 and integer n and m

1 m m m m ,m
EVFn (I‘) = 5 ( - “1/) [brL+1 1Fn+ﬁ1 ( ) - bn Fn—tl (I’)] (70)
1 .o m— m— —m m
+§ (11 + “y) [bn—&-lan—&-ll ( ) b Fn 11 ( )]
+ [ m Fm ( ) o am ’:L’il (I‘)] )
F = SR

where the coefficients a]' and b" are defined by (61) and (66).
Proof. Follows from definitions (57) and Theorems 1-3. =

Example 4 Since this theorem follows from a combination of the previous theorems, no example is needed.

7 Recurrence Relations for Reexpansion Coefficients

Recurrence relations among the fundamental solutions of the Helmholtz equation produce recurrence relations for the
reexpansion coefficients due to invariance of the differential operators 9/0z, 9/0x % i0/dy with respect to transla-
tions of the origin of the reference frame. Since S) and R] satisfy the same recurrence relations, the reexpansion
coefficients (S|R)5™ , (S|S);™ and (R|R);"™ also satisfy the same recurrence relations. To avoid repeatmg theorems
and recurrence relations for every combmatlon we denote the generic translation coefficient as (E|F);™ ( pq) for
any of the reexpansion coefficients ((F|F) = (S|R), (S|S) or (R|R)), i.e., F and F' can be any of the functions S or
R. Thus the following reexpansion holds:

[e'e) l
E (ry) = B (vg + 1), ZZ (E|F); (x),,) ' (rg). (71)
1=0 s=—1

Denoting by D,, any of operators 0/02p, 9/0x), £ i0/y, in the reference frame with the origin at r;, and applying

the operator to (71) at fixed r},,, we have:
oo l
DPE'T (rp) = D(IEn I'q +rpq Z Z E‘F %n pq) D Fl (I'q) (72)
1=0 s=—1
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Theorem 5 For k # 0 the following recurrence relation holds for (E|F);" (r},,) :
(E|F)ln 1 ( ) (E|F)ln+1 ( ) - a’l (E‘F)H-l n (I‘ ) - al 1 (E|F)l 1, rL( pq) ? (73)
I,n=0,1,... s=—1,...,1, m=—n,...,n.

Proof. Consider D), = k=10/9z, = k=10/0z, = D,. Using Theorem 1, (60), and (71) we find

E

By (rp) = a1 By (vp) — an Bty (rp)

El i
Q

Zp

—Zz[nlE\F%(’)— W B (5h) | B (ra).

1=0 s=—1

On the other hand using the same Theorem 1 and definition we have

1 0 1 0
Ea_ Z Zl (E|F);," }q)ga_ * (rg)
=0 s=—
= Z Z E|F bm pq) [als—lFls—l (rq) - a?Fls-i-l (rq)]
1=0 s=—1
oo 1+1 oo -1
Z Z aj E|Fl+1n(pq‘Fl rg) Z Z aj 1E|F11n(;q)}7‘l“”(rq)
I=—1s=—I—1 I=1 s=—I+1
- Z Z {al E‘F l+1 n( pq) al 1 (E‘F)l 1, n( ;q)} FlS (I‘q) .
1=0 s=—1

The last equality holds due to according definition (61)
aty=a =a =dl_; =q7', =0. (74)

Comparing these two expressions and using the orthogonality and completeness of the system of surface harmonics
we obtain the statement of the theorem. m

Consequences Forn = |m|:

afy (BIE) 1 (thq) = iy (BIF)™ |y (thq) — af (BIF) ) (The) » (75)
1=0,1,.. s=—1l,...,1, m=0,£1,£2, ...
For [ = |s|:
(E‘F) |s|+1,n (r;q) = (l (E|F)| [,n—1 ( ; ) (E‘F)| [,n+1 ( ) (76)
n=20,1,... m=-n,..,n s=0,£1,£2,....

Forn =|m|andl = |s|:

a\ 5| (E‘F)MKH |m| (r;q) = _a\Tn| (E|F)|ss7\rt\m\+1 (I‘;)q) ) (77)
m=0,x1,+£2,... s=0,£1,£2,....

Theorem 6 For k # 0 the following recurrence relation holds for (E|F);)" (r},,):

m EX — EX 1 s —1, — —1,
bn (E|F)l,'ran——~11 (I‘l ) bn—:-nl ! (E|F)z,:j: ( , ) = bl+11 (E|F)ls+1,7;n< pq) - b E|F)ls—17'r;n (I‘l )7 (78)

Pq Tpq pq
Ibn=0,1,... s=-1,...,1, m=-—n,..n.
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Proof. Consider D, = k= (0/0x, +i0/dy,) = k=1 (0/0xy + i0/dy,) = D,. Using Theorem 2, (65), and
(71) we find:

1(0 9\ m - " g
E (a_xp +Za_yp> E" ( ) = bnji-nl 1E:Lri:_11 ( P) - bn E:Ln——‘rll (I'p)

tqu
MN

B BT (vh) = b (BIE)E (x)) | B (xa).

N
I
<

—

S

On the other hand using the same theorem and definition we have

1 6 a m =~ l sm 1 a . 8 s
_ (8—% +Zayp> En (I'p) - l(E‘F)ln ( pq) k (8—% +Za—yq> ‘F‘l (rq)

=0 s=—

—

(EIF)" (rhe) [ Y (rg) = 0] FZY (xg)]

—

w
I

-~ |

oo 142

Z by (BIF); - (xh, SN b BIF) T (xhy) B (xg)

l=—1s=-1

+
Z (6 (B (6h) = bt (BT ()] B (x,)

gM8 TMS Ingk

The last equality holds due to Fll+1 = 0 and according to definitions (66)

by=bi1=b"=b""=b=0.

Comparing these two expressions and using the orthogonality and completeness of the system of surface harmonics
we obtain the statement of the theorem. m

Consequences Forn =m:

bty (BIE) iy (¥hg) = b (BIE) 200 (¥h) = 0t (BIE) S (¥hy) s (79)
1=0,1,.. §=—1, ... m=20,1,2,....
Forl =|s|,
|s|—1 |s|—1,m o —|s|,m+1 — 1 |s|,m+1
b\ 5|41 (E‘F)\ 5|4+1,n ( pq) bm (E|F)|s\7n—1 (r;q) b7l-7i-n1 (E‘F)\ 5|,n+1 (r;q)v (80)
n=201,.. m=—-n,..,n s=0,-1,-2,....
Forn=mandl=s|,s<0:
m—1 sl,m+1 _ |s]—1 —|s|—1,m
bm-H (E‘F)| [,m+1 (r;q) - b| [+1 (E|F)|s\+17m (r;ﬂ])7 (81)
m=0,1,2,... s=0,-1,-2,....

Theorem 7 For k # 0 the following recurrence relation holds for (E|F);™ (r;q) :

m s,m—1 m s,m—1 s+1,m s s+1,m

bn+11 (E‘F)lm—i-l ( ;7(1) - b (E‘F)l n—1 ( ;7(1) - bl (E‘F)l 1,n (I‘ q) - bH—l ! (E‘F)l-‘rl;n (rQ)Q)’ (82)

I,n=0,1,... s=—1,...,1, m=—-n,..,n.
Proof. Consider D, = k=1 (8/0z, —i0/dy,) = k~'(0/dx, — i0/dy,) = D,. Using Theorem 3, (68), and

(71) we find:

1 6 a m m m —m m—

E (8—.1‘17 8yp> E ( ) - bn+11En+11 ( P) - bn Enfll (rp)

B [t (BUR)S (xh) = b2 (BLF)IS (k)| B ().
1=0 s=—1
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On the other hand, using the same theorem and definition we have

18 9\ ., 8 d
(5~ ia ) B0 ) -3 )<axq e ) B

1=0 s=—1 83/‘1

= Z Z (1) (hq) [bid Fo' (rq) = b " F (xg)]

=0 s=—1
oo -2 l
=N B (BIF)E (x),) FF () Z > b EIR) T (x,) Fr (rg)
=1 s=—1 I=—1s=—1-2
oo l
=300 [ BT () — b (BRI ()] B ()
=0 s=—1

The last equality holds due to Fflfl = 0 and according definition (66)

by =t =b " =b_;=0.

Comparing these two expressions and using the orthogonality and completeness of the system of surface harmonics
we obtain the statement of the theorem. m

Consequences Forn =|m|,m < 0:

m|—1 —|m|-1 o s+1,—|m| s—1 s+1,—|m|
Opmisr (EIE) i (xpq) = b7 (BIF) ™ (vhg) = bt (EIF) ™ () (83)
1=0,1,... s=—l,..,1, m=0,-1,-2,....
Forl = s:
—S— 17 — —1 m S, —1
b (BIF) T (r) = 0,7 (BIF) I (rh) = bt (BIF) 0 (1) - (84)
n=20,1,.. m=-n,..,n s=0,1,2,....

Forn=|m|,m<0andl=s:

m|—1 s,—|m|—1 o —s5—1 s+1,—|m| o o
Bnls1 (E‘F)s,|m\+1 (r,,) = —biia (E‘F)s+17|m\ (xh,), m=0,-1,-2,.. s=0,1,2,... (85)

8 Recurrence Relations for Rotation Coefficients

Theorem 8 The following recurrence relations holds for TX™ (Q) :

vm
™,

1 — v, 1- e \ym—1lprv,m—1 « mmuvm 1- — umlo - Vmouum
5 ( - “y)bnji-nl lTrL—&-"llJrl 2 (11' + “y)b;;:—llTnirll l_lza’n n+l— 2(1 “y)bn+1T ! 2("53 + “Q) rL+1T i —1z0y T
(86)
wheren=0,1,2,.... m=—-n,...n,v=-n—1,..n+1, and
1 1 1 , 1. mos
5 (e — it BT o S (G o T — T = 2 (i — i) by T S (e b T T s
(87)
wheren=0,1,2,.... m=—-n,...n,v=-n+1,...n— 1
Proof. Let us apply operator £~V to any of the relations (25) or (26):
k~IVE™ () Z '™ (Q)k~'VEY (t,), [t =Ir), F=SR (88)

v=—n
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Due to independence of the operator V from the selection of the reference frame, particularly to rotations, V = @, we
can use (70), to represent the left and right hand sides of (88). So, for the left hand side we have using definitions (25)
or (26)

m 1 . — s
_VFn ( ) - 5 (ll' - “y) [bn—:-nl 1F77Lr—Li-—iil ( p) - bn F:Ln——’il (rp)] (89)
1, " m .
+§ (iz + iiy) [bZlfFi’if (rp) = b, " 11 ( p)] t1 [ ne1 g (rp) — ap' Fy +1(I'p)]

n+1
1, N 1. y %
= Z {5 (i —iy) b, 17 lTﬁﬁﬂ + 3 (iy +1iy) bZifTﬁl’f ! lzaan-Tl] Fil ()

v=—n—1
n—1 1 1
-y [5 (i — i) T 4 5 (R 8,) b T — T”’”} FY_| (F,).
v=—n+1

The right hand side can be expanded as

> TR @) = 3 1 {3 i) b8 B ) - b 6] + )
1. . s v
5 (o i) (A FLE (8) — b Feo (8)] + s ol 1By () — alF +1<rp>]}
1 n 1 n n ’ R
= 5 (e —iiy) > T T EE (R) + 5 (s +ig) D T AR (B) — i Y T anFy (T
v=—n v=—n v=—n
_ l(lA _ “) zn: Tz/mbz/Fu-i-l (I’ ) + 1 (1 + s ) zn: Twnb I/FV 1 ( ) i: Tz/m F (i'\ )
2 €z Yy ntn—1 p 9 x Yy n—1 Ap—1 —1\p
1 n+1 1 n—1 n
= 5 — i) Z b ATy T (Fp) + (iz + i) Z b Ty TV EY L (Fp) — i Z an T Fy 4 (Tp)
v=—n—+1 v=—n—1 v=—n
1 n+1 1 n—1 n
—l s —iig) Y b TMTTNTMEY (8, )+ 5 (s +ig) o bR (8) — i Y an (TYTEY (?p)]
v=—n+1 v=—n—1 v=—n
n+1 1 1
- > [5 (15 — i) 2 Ty~ + 5 (i + k) Vi T —iza:Tnm] Flo ()
v=—n—1

n—1
1 1 ~
= 3[R T g G ) b T el (T2 | B R,
v=—n+1

The last equality holds due to b7~ = b = a”_; = a,,"; = 0 (see (61) and (66)).Comparing (89) and (90) with a
notice that /77, ; and F}_, are linearly independent, we have the statement of the theorem. m

Theorem 9 The following recurrence relations holds for TX™ (Q) :

—m—1 1 1 1 1 1
bnji-nl Trl:-‘rnll—"_ b:;L-‘rl T;L/-izrll = Wllbn-&lilTV 4 Wl?brL+1TV+ M+ ngau Tum7 2y
—m—1 1 1 1 1 1
b Ty T = b T = Wanb Y T - Wby, T 4 Wogay T, 92)
1 1
st_Tl = Wxn n+1TV o ngb,L+1TV+ M ngaﬁTnm, (93)
wheren = 0,1,2,...,m = —n,...,n, v = —n — 1,...,n + 1, and W,z are components of the following complex
rotation matrix
i, - (12 — ’ng) iy - (lx + ’ng) —2i, - iz
W = uly - (i — i) 1111, (ig +ig) 26, -1 |, (94)
—5i. - (ip —ily) —5i.-(ip +diy)  i.-1z

Proof. Taking scalar product of both sides of (86) with i, ii,, and i,, we obtain the statement of the theorem. ®
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Consequences: Summing and subtracting relations (91) and (92) we have

2T VT = (Wit + W) b Uy T 4 (Waa + Wan) B TE 5™ 4 (Wis + Was) al Y™, (95)

QbZﬂlT:ﬁil = (Wi — Wa) b T ™5™ 4+ (Whg — Wao) bl TH Y™ + (Wi — Wag) al T2™, (96)

n-n

For v = n + 1 we have

26, T = (W + W) by T, 97)

M T T = (W — W) by M T, 98)

al T = Wb i, (99)
For v = —n — 1 we have

2T = (W + Wag) by "M T ™, (100)

W T T = (Whg — Wag) b, T ™™, (101)

aZLTr:J:LfLm _ WSQb’;z;lTn—nﬂn' (102)

Theorem 10 The following recurrence relations holds for TX™ (Q) :

BTy A T T = Wbl T T A Wby YT T 4 Wagal T (103)
bt el W BT Woo b TN  Wogat T (104)

al  TE™ = Wbl NN Waoby VAT Y™ Wagal_ TE™. (105)

wheren = 0,1,2,....,m = —n,..,n,v = —n+1,...,n — 1, and W,z are components of complex rotation matrix

(94).

Proof. Taking scalar product of both sides of (86) with i,,4i,, and i, we obtain the statement of the theorem. m
Consequences Summing and subtracting relations (103) and (104) we have

QbZLTymlH_l — (Wll + W21) bZ—ITTzL/—l,m + (Wu + WQQ) b;y—lTTI;—&-l;m + (WIS + WQS) a’ Trllev (106)

n— n—1

QbEmTT?LWlL*l — (Wll _ ng) bZ_IT;:_l’m + (W12 _ WQQ) bT—LV—lTrlL/-‘rl,m + (W13 o WQS) a’lr/LflTTI;m’

(107)
For m = n we have
(Why + War) b7 T =0 4 (Wag + W) b,V T T (Whg + Wag) al_ TY™ = 0, (108)
Warb AT =0 4 Wb VI TY " - Waza_ TH™ = 0. (109)
For m = —n we have
(Wit — W) 02 T =577 4 (Whg — W) b VA TH L 4 (Whs — Wag) a?_ TV, (110)
v—1lpv—1,—n —v—1gqw+1l,—n v v,—mn __
Wi by =T + Wiab,, T + Wssa, T =0. (111)
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9 Particular Values of Translation Coefficients

9.1 (S|R) Coefficients

Expression (48) reveals a particular value of the reexpansion coefficients (S|R);". Setting r, = 0 we have

/1
Ry (0) = 55105507 (112)

Si (tha) =\ 17 Z Z (slr)oomSE (xhy) . P#4q. (113)

a=0p8=—«a

Due to the orthogonality of surface functions we obtain then

581? \/ 471— 5an55m (114)
This value also can be obtained directly from (47). Substituting this expression into (39), we have
(S|R) 0'”( ) vV (4m) ST ( pq) n=0,1,...., m=—-n,..n. (115)

Another particular value can be found from well-known expansion of fundamental solution E (r,) of the Helmholtz
equation (see e.g. Morse & Feshbach [4]) into a series of spherical harmonics:

Bi(ry) =ik > Y 87 (=xhy) By (xg),  |rgl <rhy, (116)

In fact the fundamental solution is a monopole

etkre ik ik
—— = —hg(kry) =
drr, 4w o(kr) (47)

Ey, (rp) = S0 (rg +15,) - (117)

Thus, comparing (116) and (117) with (35), we obtain the following value for the reexpansion coefficients:

(SIR);Y (rh,) = V4m)S7* (—xhy) = V(@dm) (1) S;7* (t)y),  1=0,1,.., s=—l,...,L (118)
The last equality holds due to

2410 Js)!
P (—cos,,,)e”"*%ra (119)

S7° (—rpq) = Pu(krpg) Y2 (m — 0,0, @pg +7) Cdm (s

= hl<k‘7“;)q)

Tpq)

= (=)' hy(kr),) l4 %P'(cowgq) “i%he = (=1)' S0 (xh,)

where we used the fact that P,*!(—p) = (—=1)"** P)*|(11). Comparing (118) with (39), we have:

()50 = V/(4T) (1) 8016, (120)

which is consistent with (47).
Note, that formulae (115) and (118) are consistent in terms that they both provide the value of (S| R)g) (r},,) :

(S|R)Y0 (xhy) =/ (4m)SG (x),,) = ho(kr),). (121)

It is also worth mentioning that once (S| )" (r},,) is known, the coefficients (S|R);"™" (r/,,) representing reexpan-
sion of multipoles near point p:

Z Z (SIR)z," qp Rl (rp) P#q

1=0 s=—1
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can be determined due to a symmetry relation. Indeed, changing the sign of the radius vector in (35) we have:

0o l
Z Z (S|R);™ Ré (ry) =Sr (rq + r;)q) = (=1)"S" (— - rpq)
=0 s=—1
oo l oo l
nz Z S|R in rtI Z Z n+l S|R in ( qp) Rl (I‘q)
=0 s=—1 =0 s=—1

Due to orthogonality of surface harmonics we obtain:

(SIR)i" (rgp) = ()" (SIR)Y (rh0) . P #4, (122)

n,l=0,1,.., m=-n,...,n, l=—s,..s.

We also can find using (35) and

St=0, R»=0, for|m|>n, (123)
that
(SIR); (rpg) =0, for |m| >nor |s| > 1. (124)

9.2 (R|R) Coefficients
Setting rq = 0 in (51) and using (112) we have
Ry () =/ S 3 G R (5, (125)
a=0pg=—«a

Due to the orthogonality of surface functions we obtain then

gg;? \/ 471— 60m66m (126)
Substituting this expression into (49), we have
(RIR)J™ (r pq) V(4m)RY ( pq) , n=0,1,...., m=—-n,..n (127)

In (51) we also can set r;q = 0. In this case from (112) we have

l
1
Ry (rg) =/ 1~ Z > ()R (xy) (128)

l 0 s=—1

This yields
8?7? \/ 47T 6ln sm:+ (129)

Both values (126) and (129) are consistent with those following from the particular values of the Wigner symbols (47).
Generally, we notice that (51) is symmetrical with respect to the exchange of ry and r/,, which shows the following
symmetry:

P’

(rlr) oo = (rlr)ier. (130)
To obtain the value of (S|R);) (r;)q) we notice that the spherical Bessel and Hankel functions of the first kind are
related via

(kT = [hn(k:r) n hn(m)} . (131)

1
2
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Particularly this results in

R3(e,) = 5 [9(r,) + 5005 (132)

Using this relation and the expansion of the fundamental solution (116), (117), and (119) we obtain:

RY(r,) = {i Z r),) R (rq) +i Z ) R (rq)} (133)

=0 s=—1 1=0 s=—1
- = l hl P(I) s (] —s
VS5 5 ) A+ 3 5 0 T () 1
=0 s=—1 =0 s=—1
/ 1 —s s
- 471- Z Z |:hl kT ) + hl<kTP(1):| hl(kr;)q)sl (r;Q> Rl <r(1)
1=0 s=—1
=/ (4n) ZZ )Rl (rq) .
=0 s=—1

Comparing this expansion with (14) and using the orthogonality of the surface harmonics, we obtain

(RIR); (v),) = V(@m) (1) R (x),),  1=0,1,.., s=—I,..,L (134)

In the same way as for (S|R);"™ ( ;q) (see (122) and (124)) we can show that

(R|R)ln ( qp) :( )n+l(R|R)ln ( pq) (135)
n,l=0,1,.., m=-n,...,n, |=—s,..s.
and
(RIR); (ry,,) =0, for [m| >nor |s| > 1. (136)

Note that to obtain the above values and properties of coefficients (S|R);"™ and (R|R);™ there is no need to use
Wigner’s or Clebsch-Gordan coefficients.

9.3 (S|S) Coefficients

Due to (53) particular values of (S|S);™ coefficients can be found using properties of the (s|r )sAm symbols, which

are stated earlier (see also (47)). Using (50) and comparing with (127) and (134) we obtain

lan

(S19)i5 (x}) = VAT (-)'R;® (x},0) = (RIR)g (r}) - (137)

(S]9)om (r),) = V(TR (x),) = (RIR)J (x ) - (138)
In the same way as was shown for (S| R);™ (r;)q) (see (122) and (124)) we can show that

(S1S)i (xhy) = (=1)" (SIS (rh,), nl=0,1,.., m=-—n,.,n, l=-—s..,s. (139)
and

(S19)i (xh,) =0, for |m| >nor |s| > 1. (140)
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10 Sectorial Translation Coefficients

In analogy with the surface spherical harmonics we will call reexpansion coefficients of type (E|F);" I|m and (E|F )I In
as “sectorial reexpansion coefficients”, since they involve reexpansion of sectorial harmonics or represent coefficients
near sectorial harmonics in reexpansions. For such coefficients we will use simplified notation

(EIF)" = (E[F)m»  (EIF)," = (BIF)g, (141)

lml|> |s|n -

Particularly we have from (115) and (118), (127) and (134), and (137) and (138) :

(SIR); (r)) = V(4 DT (rhe) s (SIR)G (r) = V(ST (x)) (142)
(RIR)}? <rpq)=<5|s>l, (rpq>= () (1) Ry (8,), (RIR) (£,) =(S1S)%" (k) = /AR (x},)

We will call also coefficients (E| F):'ﬁml “double sectorial reexpansion coefficients” and simplify notation as

(E|F)S’rn — (E|F)sm . (143)

|s]m]

Particularly, (142) provides:

(S|IR)™ (r},,) = V/(47) (=1)* S * (x},) ,  (SIR)*™ (x}g) =V (AT) S (rhq) 5 (144)
(RIR)™ (rp,) = (S19)* (rp4) = V/(47) (=1)" R " (r}g) . (RIR)™™ (x},9) = (S18)°™ (174) = v/ (AT) R} (r) -

The reason why we pay special attention to the sectorial reexpansion coefficients is that they can be computed by
simplified recurrence relations, or explicitly, and they provide “boundary conditions” for the recursive computation of
the tesseral reexpansion coefficients (E|F);" .

10.1 Computation of Sectorial Translation Coefficients

The sectorial reexpansion coefficients can be computed independently from the other coefficients, since the initial
values (142) and recurrence relations (79)-(80) and (83)-(84) include only sectorial coefficients and are sufficient for
their computation. These relations can be rewritten in the form:

m s,m s s—1,m s s—1,m
bt (BIF)™ = b (BIF) 2™ = 0 (BIF) ™ (145)
l=0,1,.. 5= —l,...,l7 m=20,1,2,....
bt (BIF) T =0 (BIF) T = b (EBIR)TT (146)
1=0,1,.. s=—1,..,1, m=20,1,2,....
b (BIF) T = o (BIF) S = o (B (147)
n=20,1,... m=-—-n,..,n s=0,1,2,....
—s—1 s+1m —m s, m 1 m—1 s,m—1
by (BIF),, " =0, (E|F) ;0 =t (BIF) L, (148)
n=201,.. m=-n,..,n s=0,1,2,....

Relations (145) and (146) provide values of coefficients (E|F' );m for layers with increasing |m/|. This process starts
with known values (E|F )ls’o (142). Similarly, relations 147) and (148) provide values of coefficients (E|F )S,TL” for

layers with increasing |s|. This process starts with known values (E| F)?Tzn (142).
An important consequence of the symmetry is that
(S19)i™ = (RIR)™,  (S19)%" = (RIR)", (149)

Ibn=20,1,2,.., s=—1,..,1, m=—n,..n.
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Indeed, sectorial coefficients (S].S) and (R|R) have the same initial values (142) and satisfy the same recurrence
relations. Keeping this in mind, further we can consider only (R|R) coefficients.
Note also the following relation for the sectorial reexpansion coefficients following from (77)

afy (B1F) g1, = —ajmy (BIF) 41 (150)
m=0,21,42,... s=0,%1,4£2, ...

10.2 Symmetries of Sectorial Translation Coefficients

The reexpansion coefficients obey many symmetry properties, which can be a subject for a separate investigation.
The symmetry relations are very important for efficient computation and enable substantial savings of computer re-
sources. They are also important for developing fast numerical methods. Here we note just a few symmetries, which
immediately follow from the recurrence relations and initial values of the sectorial coefficients.

Theorem 11 SO: The following symmetry holds

(B|F);™ = (1) (B|F);™ (151)

1=0,1,2,.., s=-1,...,1, m=—n,..,n.

Proof. According (142) for m = 0 we have
(EIF);’ = (=)' (BIF); ™"

Assume that this holds for! = 0,1, ...;s = —I,...,I; |m| = 0, ..., M. Let us prove that it also holds for{ = 0,1, ...; s =
—l, .l m| =0,.., M + 1.
Consider m > 0. According the assumption of induction and (145), we have

M- s M+1__,—s s—1,M ;s— s—1,M I+M+1 (;—s —M,—s+1  ,s— —M,—s
bMAfll(E|F)z, " =0, (E‘F)z—i _bl+11 (E\F)Hll, :(—1)+ - (bz (E|F),z—1 " _bl+11(E‘F)7l+1 H)-

The expression in the former brackets coincides with the right hand side of (147) if we replace s with —m and [ with
n. Thus,

—s M,—s s— M,—s+1 —M— —M-1,—s
by (BIF) T = i (BIR) = 0 (B ;

and

—M— s,M+1 I+M —M— —M-1,—s
bJ\4A+411(E|F)z, - :(—1)+ +1bM]‘£11(E‘F),l

)

which proves the theorem for m > 0, since b, # 0 for m > 0 by (66).

For m < 0 we have from (146),(148) and the assumption of induction

—M— s,—M—
byl (B R M

I+1 I+1, I+1 J+1

— (_1)1+M+1 bxj\ifl (E|F)7]\ZJ+1,78 .

by (E|F)lsir11:7M st (E‘F)s+1,fM _ (_1)I+M+1 (bzs (E|F)7J}4_,Isfl_bfsfl (E‘F)J\Lfsfl)

which proves the theorem for this case as well. m
Theorem 12 SI: The following symmetry holds

(RIR);™ = (RIR), ™™, (152)
1=0,1,2,..., s=—l,...,I, m=0,%1,42, ..
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Proof. This relation obviously holds for m = 0 (see (142) and (69)). It is also clear that we can consider only
non-negative m = 0, 1, 2, ..., since for negative m we can take complex conjugate of the equality (152) and change
—m to m. Assume now that it holds fo‘r m = M, and prove that in this case it holds for m = M + 1. Replacing m
with M in (145) we have

b (RIRYT =07 (RIR) Y = b (RIS

According to the induction assumption the right hand side can be rewritten as

—s s—1,M s— s—1,M —s —s5+1,—M s— —s+1,—M —M—=17 | py—5,—M—1
bl (R‘R)qu, - bl+11<R‘R)l+11, = bz (R‘R)szjl - bl+11(R|R)l+f:1 = bMA-i/{l 1<R‘R)z, 17

where the last equality holds due to (146), in which one should replace m with M and s with —s. This proves the
statement of the theorem form =M + 1. m
Theorem 13 S2: The following symmetry holds
(RIR)%" = (RIR) ™™™, (153)
1=0,1,2,..., s=—1,...,1, m=0,£1,%2, ...

Proof. Follows from (152) and (151). m

10.3 Particular Values of Double Sectorial Translation Coefficients

Using the notation of (143) we can rewrite relation (81) in the form
bt (EIF) T = bl (BIE) TN, ms =0,1,2, (154)

So we have form > 1 :

b—s—l —s—lmb—s—m
E|F)™s™m =2t _(pp)y~sthmot o o sHL edm  prpymem0 gy 1900 s=0,1,2, ...
( | ) —br_nm ( | ) (_b;Lm> (—b;1> ( ‘ )
Using (66), we have
boir b (—1ym (s+m)! [(2m+1)!(2s+ 1)! (155)
(=bm™) o (=b7Y) slm! (25 +2m + 1)!
and from (144):
s, s(s+m)! [4n(2m+1)'(2s+1)! 10,
(S|R) " (r;q) = (_1) s'm' (28 + 2m + 1)| Ss+m (r;‘1> ’ (156)
sm em s(s+m)! [4n(2m+1)!(2s+1)! .,
(RIR)™ (53,) = (818)7" (<3,) = (=1)° 0 [ S g o s R ()
m=0,1,2, ... s=0,1,2,....
Relation (85) can be rewritten in the form
b (BT = b (BT m,s =0,1,2, (157)
So we have
5, —MM bi—ilil s+1,—m+1 bi—ilil'“bijim s+m,0
(E|F)> ™ = 2=—(E|F)""™ =.=— SRR (E\F);rm:o, m=1,2.. s=0,1,2,..

—m
- bm

I ED )
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Using (155) and (144) we obtain

(SR (e ):(_ly(s+ﬂnﬂvuw@nr+1ﬂ@s+1ﬂs_&ﬂn(,) (158)

pa slm! (2s +2m + 1)! stm \'pg/o

(RIR)™™" (rh) = (S]8) 7™ (1) = (=

m=0,1,2,... s=0,1,2,...

R () »

1 (s+m)! [47(2m + 1)!(2s + 1)!
A slm! (284 2m +1)!

11 Zonal Translation Coefficients

Using terminology, similar to that used for spherical surface harmonics (zonal, sectorial and tesseral harmonics) we
can call the coefficients

(E|F),, (th,) = (BIF)° (t),), L,n=0,1,2,.. (159)

“zonal” reexpansion coefficients.
Particularly we have from (115) and (118), (127) and (134), and (137) and (138) :

(S|R)lo( pq) =/ (4m) (- ) S ( pq) (S|R) 0”( pq) v/ (4m)S ( pq) (160)
(B[ R)wo (rpq) = (5[50 (rpq> =/ (4m) (_1) R (rpq> » (RIR)on (rp ) (5[S5)on ( ) V (4m) R} ( pq)

As sectorial coefficients, the zonal reexpansion coefficients can be computed independently on the other coefficients
using (73), which can be rewritten as

ay <E|F)l,n71 —dy (E|F)z,n+1 =aj (E‘F)lJrl,n — )y (E‘F)lq,nv Lin=0,1,.. (161)

11.1 Symmetry of Zonal Translation Coefficients
Note the following symmetry relation, which can be useful for computation of the zonal reexpansion coefficients.
Theorem 14 The following symmetry relation holds

(E|F),, = (-1)""" (B|F) L,n=0,1,... (162)

nl

Proof. First we notice that according (142) this relation holds for n = 0 and any [ = 0, 1, ..., which provides a
basis for induction. The induction assumption is that it is true for all n < N and any [ = 0, 1, .... We prove then that
itis also holds forn = N + 1andany ! =0, 1, .....

From (73) we have

(E‘F)IN+1_CL9V 1<E|F)ZN 1 <E|F)l+1N+al 1(E|F)z ins =01,

According to the induction assumption the right hand side of this expression can be rewritten as

a1 (BIF)_ —af (BIF), yaf_y (L), = (=)™ [y (BIF)Y_y —af (BIF)Y 1 +aly (BIF)Y,

Since (73) holds for any I, n > 0 we have :
00
aj (E‘F)Nl+1 = a1 (BIF)y_y,; — ai (E|F)N+1l+al 1 (E‘F)Nl 1
Substituting this expression into the previous ones, we obtain:

(B|F)) N1 = )Y BT, -
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12 Computation of Translation Coefficients

As soon as the sectorial reexpansion are computed, so the values (E|F);, , I = [s[,[s| + 1,... and (E|F)]],,

n = |m|,|m| + 1, ... are known, coefficients (E|F); " for all pairs (I,n) can be computed using recurrence relation
(73) (note that (E|F)“” =0, forl < |s| or for n < |m)).

Another method can be to compute first the zonal coefficients (E\F) m s &:m=0,1,2,... and then use recurrence
relations (78) and (82) to propagate with respect to degrees m and s in positive and negative directions.

Note that since the obtained recurrence procedure enables computation of all reexpansion coefficients and they are
determined by their initial values and recurrence relations uniquely, we have

(S19)in" = (RIR)L", (163)
Ibn=0,1,2, .., s=—1,...,1, m=—n,..n.

which proves (54) and (55).

12.1 Symmetry of Translation Coefficients

Theorem 15 The following symmetry relation holds:

SN n+l —m,—s8
(EIF) (vg) = (1) (EIF),™ " (xh,) (164)
Il,n=0,1,... s=—1,...,1, m=—-n,..,n.
Proof. First we notice that according (142) this relation holds forn = 0 (m = —n,....,n = 0) and any | =
0,1,...,s = —1, ..., I, which provides a basis for induction. The inductional assumption is that it is true for all n < N

(m=-n,..,n)andanyl =0,1,...,s = —I, ..., [. We prove then that it is also holds forn = N+1 (m = —n, ..., n).
Consider firstcasen = N + 1, m = —N, ..., N. From (73) we have

ay (E‘F);ZY\LIH =ayN_, <E|F)?,7;\L/71 —aj (E|F)zér1 Nt ai_q (E|F);L7L1N7
1=0,1,.. s=-1,..,1, m=—N,...,N.

According the inductional assumption the right hand side of this expression can be rewritten as

m ST s it s N l ,—s ,—s —m,—s
aN—l(E|F)l,]r\L/—1_al (E‘F)uﬁ Ntal (E|F)z7_n1,1v:(—1) T aN_1 (E‘F)lel —aj (E‘F)N7;L-&-1 +aj_4 (E\F)Nf?_l } :

Since (73) holds for any /, n > 0 and corresponding ranges of s and m, we have :
a (E|F) 157" = ay 1 (BIF)N21) — oy (BIF) N+ aiy (BIF) N

Here we took into account a)* = alnm‘ a,, ™(61). Substituting this expression into the previous ones, we obtain:

SN N+1+1 —m,—S§
(E|F)Z,JY\L/+1 = ()M (E‘F)NZ-LI,Z :
The case n = N + 1, |m| = N + 1 can be proved easily, since from (151) we have immediately

(B|F)jm, = (=11 (B )
1=0,1,2,.., s=—1,...,1, |m| =N+ 1.

So this property is proved. ®

12.2 Structure of Recurrence Relations

For efficient computation of the reexpansion coefficients it is important to make clear the structure of the recurrence
relations.
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[ 4 [ 4
(l-tl,n) (I+1,n)
(l,n—l)/ \'(l,n+l) (l,n—l)O—:>» (Ln+1)
(I-1,n) (-1,n)
:n :n

S, m = const

Figure 5: A diagram showing how the reccurence relation (73) enables recursive computation (propagation) of the
values of the reexpansion coefficients for increasing [ > |s| and n > |m)| at fixed s and m. For [ = |s| or n = |m)|
coefficients corresponding to “coordinates” (I —1,n) or (I, n—1) can be dropped, since the values of the corresponding
reexpansion coefficients at these points are zero (respectively for I = |s| or n = |m]).

Consider first how the recurrence relation (73) works. A diagram shown in Figure 5 shows that for given three
values at lower [ or at lower n reexpansion coefficients can be computed for larger [ or n at the same s and m. Such
diagrams can be called the diagrams of recurrence propagation of the values of the coefficients in the [ and in the n
directions, respectively. Therefore, if say the values of (E|F);" are known for [ = |s| and all n, Ny < n < Na,
relation (73) enables computation of (E|F');." in a triangular domain in the plane (I,n) up to l = |s| + [% (N2 — N1)]
for fixed s and m (see Figure 6). The same holds for propagation in n direction, where (E|F);"" can be computed
based on the values of sectorial coefficients n = |m| and all ] with L; < I < Lo, and relation (73) in triangular domain
in plane (I, n) up to n = |m| + [ (L2 — L1)] (see Figure 6).

Assume now that the sectorial reexpansion coefficients are known for given s and m and consider the ranges for
n and [ that are required to compute all other (tesseral) reexpansion coefficients (E|F);"™ for I = |s|,|s| + 1,..., N;
and, n = |m|,|m| + 1,..., Ny, where N, is the truncation number (the order of the highest harmonics in the series
that we want to take into account). Thus (E|F);" must be computed in a rectangular domain in the (I,n) plane.
Since the filling of the domain occurs in triangular fashion we will compute some reexpansion coefficients only for
intermediate purposes, which are specified at points in the (I, n) plain outside the rectangular domain. Optimization
of the computational procedure, which will be the subject of future studies, will consider the problem of reduction
of computation of reexpansion coefficient outside the domain. The following method of computation of the required
coefficients may be considered as preliminary.

Consider first the case |s| < |m| . In the square Ny x N, shown in light gray in the left of Figure 7 all reexpansion
coefficients are zero, except for the coefficients inside the rectangle shaded by dark grey. To compute them with the aid
of recurrence relation (73) we can propagate the “boundary values” (or the values of the sectorial coefficients shown
by thick lines in the figure.) in the [ and n directions as shown by arrows. This allows us to fill the trapezoidal and

the triangular domains, which cover the dark grey rectangle. For this purpose the sectorial coefficients (E |F)|é;"; are
needed for n = |m/, ...,2N; — [m|, while (E|F);’, are needed for | = s, ..., 2N; — [m|.

A similar situation holds for the case |s| > |m| shown in the right Figure 7. In this case for computation of the
tesseral coefficients we need the values of sectorial coefficients (E|F)j", forn = [m] ..., 2Ny —|s| , while (E|F);7,
are needed for [ = [s, ..., 2V, — [s|. Both cases [s| < [m| and |s| > |m| will be covered if (E|F)/7[,, are provided
forn = [m|,...,2N; — max(|m|, |s|), and (E|F);|,,, are provided for [ = |s| , ..., 2N; — max(|m] , |s|).

Consider now the computation of the sectorial coefficients (E|F);™ = (E|F);,.

The left diagram in Figure 8
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v
v

N, N, n |m| n
S, m = const

Figure 6: A diagram showing that the reexpansion coefficients can be computed using the recursive relation (73) at
points marked by dark circles if the values of sectorial reexpansion coefficients are known for some range of n and .
For computation of the values at points marked by light circles additional data is needed.

|m| L > |S| ~
N-|m|+s] 3 )
t A
Al 1 .
s .

Figure 7: A diagram showing how the values of the tesseral reexpansion coefficients can be computed recursively
inside a rectange in the index space shown in dark grey using the values of the sectorial coefficients specified at the
bold lines.
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A l ZA

, (0,5-m, I+m) (0.5+m,l +m)'

(-m+1,s+F1+1) (0 stml) < ,

e & (m-1,5-1,1-1)
0,s-m,0) m

J(m+1s+111)

b (0,5-m,1-m) (0,s+m,l-m)

Figure 8: A diagram showing reccurent propagation of the sectorial coefficients in 3-dimensional space of indices with
respect to m.

shows how the recurrence relation (145) enables computation of (E|F);™ (m > 0), based on the known initial values
of (E\F)“’0 To compute (E|F);"™ two values (E|F);", b1 and (EIF); 5 "1 are required. The propagation
occurs in the plane passmg through the line (0, s — m) in the (m, s)-plane and through the point (m, s, [). Therefore,
to compute (E|F);™ initial values (E|F); " 0 o =1—m,...,l + m are required. Since for the computation of the
tesseral coefficients at given s and m the Values of the sectorlal coefficients for I = |s|, ..., 2N; — max(m, |s|) are
needed, this shows that (E|17):m’0 ,a=|s| —m,...,2N; — max(m, |s|) + m should be provided for this purpose.
Since (E|F):m’0 = 0 for a < |s — m)| then the lower bound of avis @ = |s — m| > |s| —

Similar consideration can be given for computation of (F |F)ls’m (m < 0), where recurrence relation (146) can be
employed. This case is shown in the right diagram in Figure 8. Diagrams for computation of sectorial coefficients
(E|F)" = (E|F)j,, using the relations (147) and (148) are shown in Figure 9.

It is clear that in all cases it is sufficient to provide initial values (E|F)l60 forl =0,...,2Ny, |s| = 0,...,1, and
(E|F)O,Zn forn=0,..,2N;,|m| =0,...,n

13 Reciprocity of Translation Coefficients

Reciprocity relations for the reexpansion coefficients can be obtained if we reexpand the reexpansion back at the
original point. Particularly, we have

[e'S) l [e%S) l [es) «
Rm rp Z Z R|R am Rl rq Z Z Z Z R‘R am q) (R|R)g; (r;p) Rg (rp)
=0 s=—1 1=0 s=—1 a=0p=—«

(165)

[e'e) l
=S 33N ()RR (x,) (RIR)E (x),) RE (xy) .-
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A
n nu
[
o (O, m-s,n+s) (0,m+s,n +S)
m
’:__‘4
_____ S
(0,m-s,n)
$ (0,m-5,1-5) O.m+s,n-5)
Figure 9: The same as in Figure 8 but with respect to s.
Z Z 1D (RIR)% (x),) (RIR)ET (Ehy) = Snadms, (166)
=0 s=—1
or in matrix form:
RIR’=L (RIR)={(-1)" (®R)}. (167)

This relation is valid inside the finite domain, where the regular reexpansion holds. It is interesting to notice that sub-
stituting into (166) values (R|R)(f (r7,,) and (R|R);Q (r7,,) from (127) and (134) and using the fact that R, (r},,) =

Ry ( pq) we obtain the following fundamental theorem for the regular elementary solutions:
Theorem 16
oo l )
ar > >0 IR () =1 (168)
1=0 s=—1

Note that the reciprocity relations show that the matrix of the reexpansion coefficients (R|R)) is non-singular and
(RIR) = (RIR)™". (169)
This matrix also has symmetry properties following from (164) and (152).

14 Example

As an example consider computation of SZ(r,) for k = 1 and r, = (1,—6,1) using multipole reexpansion near
ry = (—1,1,0). We have r),, = r,, — ry = (2, —7, 1) .The reexpansion may be written as

SS rp) Z Z S‘R p Rl (rq)-

1=0 s=—1
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Direct computation yields
S3(rp) = hs (krp) Y5 (0, 6,) = 0.049626 — 0.019882i.

For computation of (S \R)fg (r},,) we used the above recurrence relations and Rj(r,) are computed directly. The
table below provides the values of the sum with increasing truncation number N; and the relative error (in percents)

between the exact and approximate values of |S2(r,)| :

N; | Ezxact Sum Error,%
0 0.049626 — 0.019882¢ | 0.020196 + 0.013655¢ | 83
2 0.049626 — 0.019882¢ | 0.049166 — 0.014885¢ | 9.4
4 0.049626 — 0.019882¢ | 0.049805 — 0.019548¢ | 0.71
6 0.049626 — 0.019882¢ | 0.049643 — 0.019875: | 0.034
8 0.049626 — 0.019882¢ | 0.049627 — 0.019883¢ | 0.0015
In this example the error decays exponentially and a good accuracy can be achieved at relatively low V.

15 Coaxial (Diagonal) Translation Coefficients

The consideration given above treats a general three-dimensional problem in arbitrary reference frames. For some
problems proper selection of the reference frame enables substantial simplification including reduction in computation
of the reexpansion coefficients. Indeed, we can introduce the reference frame in such a way that its axis z is directed
from point r, to the center of reexpansion r;, (or from r, to r;,). Since the reexpansion coefficients depend only on
r;,,» there will be no angular dependence of these coefficients for such selection of the frame orientation. In these
particular cases general reexpansion formulae (12)-(14) simplify considerably to:

Syt (rp) = Z (SIR)iy (1) Ri (rq) gl <[l (170)
I=|m|

Sp(rp) = > (SI9)m (rhe) ST (xg) s |rgl > [rhy, (171)
I=|m|

Ry (rp) = Z (RIR), (7g) B (rq) - (172)

l=|m|

Since the coefficients are now only three dimensional, we can say that they correspond to a “diagonalization” of
the 4-D case. To comply with the general practice in the literature, henceforth we will refer to these coefficients as
“diagonal.” The coefficients

(BIF) (1) = (BIF)™™ (¢), Ln=0,1,.., m=—n,...,n, (E|F)=(S|R),(S|S),(R|R)

in in pq

(173)
satisfy general recurrence relations and can be computed using the general algorithm. However, the simpler relations

provide an advantage in their fast computation. First we consider such relations.

15.1 Recurrence Relations and Properties of Diagonal Translation Coefficients

In this subsection we will drop argument 7;,, for the reexpansion coefficients to simplify notation. The recurrence
formula (73) does not act on the degrees of the reexpansion coefficients, so putting there s = m we have

an'’q <E|F)l";L—1 —ay (E|F)l";L+1 =a" (E|F)ﬁ1,n —a’y (E‘F)?il,n’ (174)

I,n=0,1,... m=—n,..,n.
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In relation (78) we set s = m + 1 to obtain

b (B|F)) 2 — b, 1 (BIR)E, = bt (BIF) L, — b ™ (BIF)” (175)

I—1,n>

Ibn=0,1,... m=—n,..,n.

Now it is obvious that we can start from m = 0 and (E\F)?n to compute (E|F);" and (E|F)," form = 1,2, ...
by using (175) and obtain all coefficients. Since the recurrence coefficients in (175) for propagation in positive and
negative directions of m are the same, we come to conclusion that

(E|F)" = (B|F);™ = (BE|F)!™, Ln=0,1,.., m=-n,..n (176)

in In ln >

Therefore computation of (E|F);" is required only for non-negative m and formulae (174) and (175) are sufficient for
this purpose. Due to (164) we also have the following symmetry property:
m n+l m
(BIF), = (=1 (BIF)y, (177)

I,n=0,1,... m= —n,..,N.

15.2 Computation of Diagonal Translation Coefficients

Due to the symmetry relations (E|F); can be computed only for I > n > m > 0. The process of recurrent filling of
the matrix {(E|F);.. } can be organized by filling the layers, with respect to the orders [ and n followed by advancement
with respect to the degree m. If such a filling procedure is selected then the first step is filling of the layer m = 0. If
the axis z is directed from point g to point p (so 9;(1 = m), we have according (173) and (142):

(SIR) (1)) = (SIR)E (rhe) = v/ (4m)(=1)' 8P (rh,) = (—=1)" \/ (20 + L)y (k! ) Pi(cos 0,

o) =V @ (k).

(178)
(RIR)j (rhg) = (S19)i6 (1g) = V(2L + 1)ji(kry,),

all other (E |F)?n can be obtained using (174) and (177). For the opposite direction of the axis z, we have 0;(1 =0,
and

(SIR)y (rpe) = (=1)' VL + Dhu(kry,), (179)
(RIR)y (rpg) = (S19)it (rhg) = (=) V@I + Djn(kry,)
For advancement with respect to m it is convenient to use (175) forn =m :

b (EIE) S =0 T (EIE) L, b (BIF) L, l=m41m 42, (180)

and obtain other (E|F);" " using (174) and (177) in the same way as (E|F);, are computed.

In
Formulae (180) and (178) employ sectorial coefficients of type (E|F);. , which can conveniently be denoted as

(E|F)™ = (E|F)", l=mm+]1,.. (181)

lm>

which satisfy the relations

(SIR) = &) V@ + Dhulkry,).  (RIR)] (1) = (SI9)] (rp) = (ED)' /(2 + Diju(kry)
(182)
bt (L) = 0 T BIF) = by (BIF)L,, l=m 4 lm+2,..,
(EIF) = (S|R), (S]S), (RIR).

Here the sign depends on the orientation of the reference frame and equal to — cos 9;)(1 (see (178) and (179)).

Note that for computation of the reexpansion coefficients inside an (I, n, m) cube of size (N;, Ny, N;) coefficients
(E|F )?0 should be computed for [ = 0, ..., 2N;. This is due to the recurrence relations for increase of n (174) and for
increase of | (182) require (E|F);Y, ,, for computation of (E|F)", ., and (E|F )t . Therefore in these relations
each step requires increase of the [—dimension of the array by one, i.e. to reach m = N;,n = N;, we need to have
(E |F)?O of twice length with respect to /.
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16 Computation of Translation Operators
Theorem 17 Computation of multipole reexpansion, or translation, coefficients (E|F);" (vpq) for all values of | =
0,.... Ny, s = =1, ..., 1,n =0, ..., Ny, m = —n, ..., n can be performed within O(N}) operations.

Proof. First we notice that the total number of coefficients (E|F);", 1 = 0,...,Ny, s = —l,...,l,n = 0, ..., Ny,
m=-n,..,n,is (Ny + 1)4 = O(N}}). So if at least one operation is required for computation of each coefficient the
total number of operations will be O(N;). Computation of the initial values (E|F )fg and (E|F )8:7 requires O(Ny)
operations. Computation of the sectorial coefficients (E|F););, and (E|F)[ using the initial values and recurrence
relations, which include not more than 2 multiplications and one addition to produce a new value requires O(N}?) oper-
ations, since the total number of the sectorial coefficients is O(N;}). Computation of the tesseral coefficients (E|F);"
using the values of the sectorial coefficients recurrence relations which include not more than 3 multiplications and 2
additions requires O(NN;!) operations. In the recurrence process additional values of (E|F);" for | > Ny and n > N,
can be required. However the maximum size of [ and n is limited by 2/V;, which is provided constructively by the

above algorithms. Therefore the total number of operations is limited by O(N}!). m

Theorem 18 Computation of coaxial (diagonal) multipole reexpansion, or translation, coefficients (E|F); (rpq) for
all values of 1 = 0, ..., Ny, n = 0, ..., Ny, m = —n, ..., n can be performed within O(N}?) operations.

Proof. The proof follows from the algorithm provided above. m

17 Rotation-Translation Operation

As is clear from the above theorem, the computation of the coaxial coefficients can be performed in O(N;?) operations
as opposed to O(N}*) operations required for the general case. To take advantage of this fact for the general case we
will consider the rotation of the coordinate system to make the axis i; directed from point p to point ¢ (so H;q =)
and then apply the theory for coaxial coefficients. Such a rotation occurs in the plane determined by vectors i, and

. - / _ / / 3 3 / .
i;: =1, / ]rpq’ = Ty, / ]rpq’ , and therefore can be specified by a single angle Vpg
. / ! !
i, -r Z —z
/ P Pq q p
COS Yy, =1, 13 = = , (183)
rq ’I" | r!
pq Pq

where z(’] and ZI/) are z—coordinates of points g and p in the original coordinate system. The matrix of rotation () to
achieve this rotation was derived as Equation (23).

Equations (25) and (26) can be rewritten as

n

El(ey)= Y T (@) Br (85).  [Fpl=1r), E=SR (184)

vVv=—mn

where T, is the radius-vector of the point in the rotated coordinate system.
Functions F} (rp) then can be translated/reexpanded near the reexpansion point g according to (170)-(172):

o0
By (%p) = Y (EIF), () ¥ (8),  F,E=5,R, (185)
I=|v|

where T, is the radius vector centered in point ¢ in the rotated coordinate system. To return to initial coordinates we
rotate coordinates back, so we perform rotation of coordinate system in the same plane for angle —v,,,, specified by

the rotation matrix Q7 = Q)" :

pq

l
FY(B) = > T (Qp) Fi(xg),  [Bl=Iryl, E=5R (186)

s=—1
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Combining (184) and (186) we obtain:

n Z Z Z TZSV pq Tym (Q;q) (E|F);In ( pq) Fl (r(1)7 E= S? R. (187)

v=—nl|=|y| s=-I

Changing the order of summation of [ and v, we obtain

[ min(l,n)
n Z Z Z TZSV ( ;)*q) T;L/m ( pq) (E|F)ln ( ;)q) F‘ls (rq)’ E= S, R.. (188)
1=0 s=—1 y=—min(l,n)
On the other hand we have the representation (71), which yields:
min(l,n)
(BIE (rpg) = > (B, () T (@) T (@) . E=S,R. (189)

v=—min(l,n)
Note that T (Qr) T™ (Q},) depends only on the spherical polar angles of r/,, :

Tvlsu ( ;)*q) TrlL/m ( ) Tsum(e (190)

oo Pra)

and form (189) is a separation of the angular and distance variables for translation reexpansion coefficients. It must
be noted that this product is only conceptual, and in practice it would be used for computation of the translation
reexpansion coefficients (E|F);™ (r],) by a composition of successive products (thereby avoiding matrix-matrix
products). The computational advantage of this form for the solution of the Helmholtz equation is that one can
perform the rotation operation (which requires O(N;}) operations), and then the coaxial translation, which also can
be performed for O(N}?) operations, and then (if needed), rotation that can again be made for O(N}) operations. So
the total number of operations for such a procedure is O(N;?) opposed to O(N;') operations required for a general
translation. The practical value of these rotations (in comparison with the efficient recursions developed in this report)
is a matter that must be investigated. We note that N} operations with large v can be less efficient than SN} with
small 3, since for most fat multipole methods we expect that N; will be small due to the quickly convergent series.

18 Computation of Rotation Coefficients

To complete a set of recurrence algorithms for computation of the reexpansion coefficients, we just briefly describe
the procedure for computation of rotation coefficients 7)™ ( pq) It is noteworthy that these coefficients are not a
property of the Helmholtz equation but purely a property of spherical harmonics, which has been studied in much
more depth, than the translation coefficients for the Helmholtz equation (see e.g. Stein [14] for addition theorems, and
explicit relations to Wigner’s symbols). However this classical problem is still of interest, and only recently in the lit-
erature have there appeared algorithms (for use in computational quantum chemistry) for stable and rapid computation
of the rotation coefficients based on the recurrence relations for real spherical harmonics (Ivanic & Ruedenberg, 1996)
and general complex case (Choi et al., 1999). Our derivation of the recurrence relations differs from those in the cited
papers and uses different definitions of spherical harmonics (so care should be taken when comparing the results). Due
to their dependence only on the angular part, these results should be the same for the Laplace, Schrodinger, heat etc.
equations.

18.1 Initial Values
Consider (24) form =0 :

Y9 (6,¢) = 2”4; 1 (cos 6) Z T (Q)YY (5, @) . (191)

v=—n

A well-known addition theorem for spherical harmonics (it is reproduced e.g., in Ref. [3]) yields:

Py (cos) = 2 - 1 Z (9,@) (192)
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where 6 is the angle between points with spherical coordinates (9’, o ) and (5, @) on a unit sphere. Comparing (191)
and (192) we obtain

T2 (Q) = /(4m)Y, ™ (0, ¢') . (193)

18.2 Computational Procedure

Since T*° (Q) are known explicitly for arbitrary n = 0,1,2,... and v = —n,...,n, we need perform only one-
dimensional recursive propagation for 7" for increasing m (m > 0) and decreasing m (m < 0). This can be easily
done using relations (95), (96) or (106) and (107). This requires O(NN}) operations for rotating a multipole series
truncated at n = N; (i.e., for O (N?) coefficients).

19 Conclusions and Future Work

We have presented a method for fast computation of the multipole translation and rotation coefficients for the 3-
D Helmbholtz equation based on recurrence relations, which we derive. This method enables computation of the
full matrix of translation coefficients truncated by N; terms in multipole expansion for O(N;!) operations, opposed
to O(N;) operations required for computations using the Wigner or Clebsch-Gordan summations. We provided
an algorithm realizing O(N;') number of operations and proved recurrence theorems for translation operators and
translation coefficients. These theorems also were checked numerically by comparing of the exact values of multipoles
and the values computed using multipole reexpansions. Using an explicit rotation of the multipoles, the full set of
translation coefficient of multipoles can be computed in O(N;?) operations, if coaxial coefficients are used. Since we
provide explicit relations, the constants multiplying the order symbols for all our algorithms are small.

The results presented have an advantage compared to computation of the translation coefficients based on compu-
tation of integral representations, because it requires much fewer operations, and does not introduce additional errors
due to numerical discretization and approximation of integrals.

As a future work the following problems are of interest:

1. Optimize the computational algorithm. This includes optimal use of recurrence relations and symmetries of the
translation and rotation coefficients, which may substantially reduce the number of coefficients that are need to
be computed outside the domain limited by the truncation.

2. Evaluate the errors due to the recurrence procedures. While the series converge extremely quickly, we need to
provide explicit theorems for this.

3. Evaluate the behavior of the translation coefficients of large orders and degrees, to provide error bounds (some
similar work has already been done by Koc et al [12] for the approximate diagonal forms). Evaluate combined
errors of truncation and recurrence procedures.

4. Apply the method for solution of particular problems and compare with the other methods.

From a theoretical point of view, it can also be interesting to obtain more insight to the structure of the reexpansion
coefficients of the Helmholtz equation. For example, further reciprocity relations and symmetry properties of the
matrices of the reexpansion coefficients can lead to substantial speedups of computations of the coefficients.

It must be also noted that the recurrence relations are valid not only for multipole translations, but also for compu-
tation of regular solutions inside finite domains. This can be used for solution of the boundary value problems for the
Helmholtz equation in 3-D domains.
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A The Helmholtz equation in Spherical Coordinates

A.1 Spherical Coordinates
The mutual transformations between spherical coordinates and Cartesian coordinates with a common origin

(@,1.2) = (r.0,9), (194)
are given by

x = rsinf cos p, (195)
y = rsinfsin @,

z=rcos0.
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and

r =22 +y2 + 22, r>0, (196)

z
f = arccos ————, 0<o<m,
Vo2 4y + 22
arccos ‘\7%7 0< <,
_ z2+y
Y= 27 — arccos v—i— T < o< 2m.

22492’
The gradient of an arbitrary scalar function ¥ in spherical coordinates is

ov . 10v 1 ov

W=, g i, ——
v "oy JHQT(?O +lgoTsmG&p

(197)

where (i,,1¢, 1, ) is a right-oriented orthonormal basis in spherical coordinates.
The Laplacian of a scalar function W is:

L0 (W00 1 o (L oy 1w
V\Ij_ﬁar " or +r251n089 Smeaa +r251n298g02. (19%)

A.2 Separation of Variables
The Helmholtz equation

VAU 4 k20 =0 (199)
in the spherical coordinates has the factored solution:

U (r,0,¢) = R(r)0(0)®(¢), (200)

where the function © is periodic with a period = and ® is periodic with a period 27.
Substituting (200) into the Helmholtz equation and multiplying by 2 sin® /¥ we obtain:

d (,2dR 4 (gipn 94O ik
sin” 0 d’"(Rd’") + k22| 4 sin g2 70 ) (51; ) +4= o, (201)

A.2.1 Equation with Respect to the Angle

Since neither the first, nor the second term in the left hand side depend on ¢ the third term there also must not depend
on . Therefore, we have

T2 _ e, (202)

where A is a separation constant. Due to the period of ® being 27 this separation constant must be
A= —m?, m=0,1,2,... (203)

where m is a non-negative integer number.
In this case solution of Eq. (202) becomes

O = C1e"™? + Coe™ ™9, (204)
or
® = B, sinmy + By cosmy, (205)

where By, By, Cy, and Cy are arbitrary constants of integration (remember, that ¥ can be complex and so these
constants also can be complex).
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A.2.2 Equation with Respect to the Angle 0

Using Equations (202) and (203) we can rewrite Equation (36) now in the form:

& (9 22— m? siiO%(SiHG%).

dr
R sin® 0 e (206)

The left hand side of this equation is a function of r only, while the right hand side can depend only on ©. This may
occur only both the left hand side and the right hand side are constants. As before let A denote the separation constant.
So we have:

d (e nd©
m2 511}19@ (SIHQW) =\ (207)
sin® 0 (S} ’
d (,2dR
dr (r W) 2 2
k =\ 2
=+ A (208)

Consider the first equation. Denoting
1= cosb, (209)

we have:

d® dOdu do .
Eid_uﬁi_d_usma’ (210)

L d sinG@ .t 4 sinO@ du
sin 6 df d9 ) sindpu de ) do

d (. ,,dO d o\ O
= — 9— = — — — | .
dp (Sm du) dp [<1 w) dﬂ}

Thus, the first equation can be rewritten in the form

d do 2
la-m |+ p-s]e-o @i

General solution of this equation, which is known as the associated Legendre differential equation is a superposition
of two special functions — Legendre functions of the first and the second kind. However, we are interested only with
solutions © periodic in 7. Such solutions are realized only if

A=n(n+1), n=20,1,2,.., (212)
where 7 is a non-negative integer number. In this case the nonsingular periodic solution is
©=CP" (), (213)

where C' is the constant of integration and P, (1) are the associated Legendre functions. These functions can be
represented in the form:

m/2 d™P, (/.L)

T (214)

P (p) = (1 - p?)
where P, (1) = P2 (u) are the Legendre polynomials.

A.2.3 Equation with Respect to the Distance r
With A from Eq. (212) equation for the radial coordinate (114) becomes

d 2dR 2.2 _
a <r W) + [ —n(n+1)] R=0. (215)
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Denoting

p=kr,  wv(p)=R(r), (216)
we have the following differential equation for v(p) :

2"+ 2pv" + [,02 —n(n+1)]v=0. (217)
This is the Spherical Bessel equation. Particular solutions are the Spherical Bessel functions of the first kind

Jnlp) = ;r—pJnH/z(p), 218)

the Spherical Bessel functions of the second kind

™

Yn(p) = z—pnﬂ/z(ﬂ)’ (219)

and the Spherical Bessel functions of the third kind

WD (p) = jn(p) + iyn(p) = \/gHﬁl 12(P)s (220)
WP (p) = jn(p) — iyn(p) = \/%Hffjl 12(P). 221)

Functions J,, 1 1/2(p) and Y,, 1 1/2(p) are the Bessel and Neumann functions of fractional order, and Hr(Llle /Q(p) and
Hfizl /2(,0) are the Hankel functions of fractional order. The pairs j,(p),yn(p) and Ay
independent solutions for every n.

It is very noticeable that the spherical Bessel functions can be expressed through elementary transcendental func-

tions. This is clear from the following Rayleigh’s formulas:

(p), AP (p) are linearly

. 1d\"sinp
Jnlp) = p [ —==—) =£ (222)
w)=s < Pdﬂ> p
1 n
Yn(p) = —p" <——i> P m=0,1,2,... (223)
pdp p

These formulas for spherical Bessel functions of the third kind become:

, 1d\"sinp—icosp ) 1d\"er
) (ALY st (LAY
(p)=p odp 5 p od) (224)
1 n . . 1 n __ip
WP 0) = () TR i (2 ) (225)
pdp p pdp p

A.3 Spherical Harmonics

Solutions for angular variables usually are combined into the Spherical Harmonics:

, m [2n+1(n—|m])! _, N
Y™ (0 — (1™ P\m\ 9)etme 226
n ( a(p) ( ) \/ A (n+ ‘m‘)' n (COS )6 ) ( )
n=0,1,2,..; m=—n,..,n.

The spherical harmonics are also called sometimes Surface Harmonics of the First Kind, Tesseral for m < n and
Sectorial for m = n.
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The spherical harmonics form a complete orthonormal system in L?(S,, ), where S,, is the surface of the unit sphere
2?2 4+ 3% + 2% = 1. By definition of the norm of an arbitrary function F'(9, ) in L?(S,,) we have

T 27
||F||2(F,F)/S FFdS/S |F|2dS/O sineda/o 1P (0, 0)| d. (227)

where the F' denotes the complex conjugate of F. Therefore, the scalar product of two spherical harmonics in L?(S,,)
is

. o
(Y, Y)) = /O sin d6 /0 Y70, 0)Y] (0, 0)dg (228)
(—1)m+l$\/(2n+1)%(%Jﬂ)%[) Pl (cos 0) Pl (cos 6) sm&d&/% i(m=D¢ g
5,”[%\/( +1)%(2J+1)E ; / PJLml(cosa)pjl"’L‘(cosa) sin 0d0
= Smibn; (m%) % / 1 [P‘ml(ﬂ)} dpt = S,

where 0,,,; is the Kronecker delta. This proves orthonormality of the system. A proof of the completeness of the
system of the spherical harmonics can be found elsewhere.
Consider now expansion of an arbitrary function F'(6, ) using the basis of spherical harmonics:

oo m=n

=3 > ErY(0,¢). (229)

n=0m=—n

The scalar product of F' and the spherical harmonic le (0,)is

™ 27

(FY]) = /0 sin Adf /O F(0,)Y] (0, ¢)dp. (230)
At the same time we have using (229) and (228):

(FY)) =) Z Fr (YY) =3 > Fl6mibn; = F}. (231)

n=0m=—n n=0m=-—n
Therefore
™ 27
1 _ . vl
F; /0 smGdO/o F(0,0)Y;(0,0)de (232)

and coefficients in representation (229) can be determined using (232).

A.4 Superposition of Factored Solutions

Due to the linearity a particular solution of the Helmholtz equation can be represented as a sum of factored solutions:

oo m=n

U(r0,0) = > [Andnlkr) + By (kr)] Y, (0, ), (233)

n=0m=—n

where A7 and B[ are arbitrary constants. Functions j,, (kr) are non-singular at real kr, while y,, (kr) have singularity
at r = 0. Thus for non-singular solutions in a bounded domain containing the origin of coordinates we must set
B = 0. In this case solution in spherical coordinates becomes:

oo m=n

U(r0,0)=> > Alju(kr)Y,"(0,¢). (234)

n=0m=-—n
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For solutions outside a bounded domain it is more convenient to use representation of W using spherical Bessel func-
tions of the third kind:

o0 m=n

0.0)= > > [AnnD (k) + Bn@ (k)| V0, 9). (235)

n=0m=—-n

Coefficients A} and B]* should be selected to satisfy boundary conditions and Sommerfeld condition (3) of radiation.
Note that according Eq. (224) and (225) the third kind Bessel spherical functions can be represented in the form

P (p) = flp)e,  hP(p)=h(p) = flp)e ™,  f(p)=0(p)

Thus, we have

(1) (1) )
lim dha " (kr) —ikh® (kr) | = lim p dha”"(p) —ih®M(p) | = lim pﬁew —0. (236)
dr dp dp

r—00 p—00 p—00
(2) (2)
lim - (CMT(’” —z‘kh&?(kr)) = Jim 5 <thp<p> _mg3>(p)> = lm (j—ﬁ - 2if(,0)> e

—2i lim pf(p)e=% # 0.
p—00

This shows that only i (kr) is the radiating solution and B} should be set to zero in an infinite region (due to
the linear independence of the spherical harmonics the Sommerfeld condition should hold for each mode):

o0 m=n

U(r,0,0)=> >  ATKD(kr)Y"(0,). (237)

n=0m=-—n
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