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Abstract. In this paper, we establish the exponential convergence theory for
the multipole and local expansions, shifting and translation operators for the
Green’s function of 3-dimensional Laplace equation in layered media. An imme-
diate application of the theory is to ensure the exponential convergence of the
FMM which has been shown by the numerical results reported in [27]. As the
Green’s function in layered media consists of free space and reaction field com-
ponents and the theory for the free space components is well known, this paper
will focus on the analysis for the reaction components. We first prove that the
density functions in the integral representations of the reaction components are
analytic and bounded in the right half complex wave number plane. Then, by
using the Cagniard-de Hoop transform and contour deformations, estimates for
the remainder terms of the truncated expansions are given, and, as a result, the
exponential convergence for the expansions and translation operators is proven.
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1 Introduction

Many important computational problems in science and engineering involve solving
the Laplace equation in layered media. For instance, finding the electric static po-
tential in a layered dielectric medium has important application in semi-conductor
industry, such as calculating the capacitance of interconnects (ICs) in very large-
scale integrated (VLSI) circuits for microchip designs [22-24,31]. Other applica-
tions of solving Laplace equation in layered media can be found in medical imaging
of brains [30], modeling of triboelectric nanogenerators [19], elasticity of compos-
ite materials [3-5], complex scattering problem in meta-materials [8], electrostatic
potential computation in ion channel simulation [20], and electrical impedance to-
mography for geophysical applications [6].

Due to complex geometric structure of the physical objects and the layered
medium setting from aforementioned application problems, integral methods with
the Green’s function of layered media (cf. [22,33]) are usually adopted, which re-
sults in a huge dense linear algebraic system to be solved by an iterative method
such as GMRES [7], etc. As a result, it will incur an O(N?) computational cost
for computing the product of a N x N matrix with a vector (a basic operation for
the GMRES iterative solver). The well-known fast multipole method (FMM) pro-
posed by Greengard and Rohklin [13,14] for sources in free space has been applied
to accelerate the iterative solvers for dense linear system resulting from boundary
integral methods [21,25]. However, the algorithm is only applicable for problems in
free space and the FMM for Green’s function in layered media has been one of the
important un-resolved problems in the fast algorithm research community. Since
the early 1990s, many researchers have been working on this problem and proposed
several fast algorithms including complex image approximation [2,10, 12,16, 18],
inhomogeneous plane wave expansion [9,17], etc. Nevertheless, the multipole ex-
pansion theory of the Green’s function of Laplace equation in layered media has not
been established, which forms the core component of the FMMs.

The free space FMM was based on low rank approximations for the far field
of sources, obtained by using truncated multipole expansions (MEs) and local ex-
pansions (LEs) with a small truncation number p. The capability of using a small
number p to achieve high accuracy is due to the exponential convergence of the
MEs and LEs, as well as the shifting and translation operators for multipole to
multipole (M2M), local to local (L2L), and multipole to local (M2L) conversions.
The mathematical foundation of the MEs and their shifting and translation oper-
ators is the classical addition theory for Legendre polynomials or Bessel functions
(cf. [1,11,15,29]).

Recently, we have derived MEs, LEs and translation operators for Green’s func-
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tions in layered media and later extended the FMMs of the Helmholtz, Laplace and
Poisson-Botzmann equations from free space to layered media (cf. [26-28,32]). The
numerical results showed that the new FMMs have similar efficiency and accuracy
as the free space FMM while significantly enlarge the application area of the classic
ones. Although the effectiveness of the new FMMs has been validated by exten-
sive numerical results, a mathematical proof for the exponential convergence of the
MEs and LEs and the corresponding translation operators is highly desirable for the
development and future application of the new FMMs. Moreover, the theoretical
results on the MEs for layered Green’s function could be a helpful mathematical
tool in many other research area.

In contrast with the cases in free space, the Green’s functions in layered media
do not have closed forms in the physical space, Sommerfeld-type integral repre-
sentations and extended Funck-Hecke formulas were used to derive the MEs, LEs
and translation operators in our work mentioned above. The distinct feature of
the expansions and translation operators is that they involve Sommerfeld-type in-
tegrals with integrands depending on the layered structure of the media. Hence,
the main difficulty in the convergence analysis is how to give a delicate estimate on
the Sommerfeld-type integrals. Previously, we proved the exponential convergence
for the 2-dimensional Helmholtz equation case [32] and numerically showed that the
MEs in 3-dimensional cases (including Helmholtz, Laplace and Poisson Boltzmann
equations) also have exponential convergence similar to their 2-dimensional coun-
terparts. In this paper, we will continue our previous work on 2-D Helmholtz equa-
tion [32] to establish the exponential convergence theory for 3-dimensional Laplace
equations in layered media. The main difficulty in the analysis of 3-dimensional
problems is due to the double improper integrals in the 2-dimensional inverse Fourier
transform used in the representation of the 3-dimensional layered Green’s function
while only 1-dimensional inverse Fourier transform is used in the 2-dimensional cases.

As the layered Green’s function consists of free space and reaction components,
and the theory for free space components is exactly the same as that for free space
Green’s function, our contribution is mainly on the analysis for the reaction compo-
nents. Firstly, we prove that the density functions in the integral representation of
the reaction components are analytic and bounded in the right half complex wave
number plane. It will play a key role in the estimate of the Sommerfeld integrals.
Secondly, we follow the idea of introducing equivalent polarization sources (cf. [26])
to reformulate the reaction components and propose a general framework to derive
their MEs, LEs and translation operators. By proving delicate estimates for the
truncation errors under a general framework, we then give theoretical proof for the
exponential convergence of the MEs, LEs and translation operators and show that
the convergence rates are determined by the Euclidean distance between the tar-
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gets and corresponding equivalent polarization sources. As a result, we validate the
idea of using the MEs, LEs and translation operators with equivalent polarization
sources in the FMMs for the reaction components. The theoretical results proved in
this paper show that the FMM for Laplace equation in layered media [27] is math-
ematically justified to have similar accuracy and error controls as the free space
FMM.

The rest of the paper is organized as follows. In Section 2, we review the integral
representation of the Green’s function of Laplace equation in layered media and a
recursive algorithm for a stable and efficient calculation of the reaction densities of
general multi-layered media. Based on the recursive formulas, we prove that the
reaction densities are bounded and analytic in the right half complex plane, which
is important for the estimate of the Sommerfeld-type integrals. Section 3 will first
review the derivation and convergence analysis of MEs, LEs, shifting and translation
operators for the free space Green’s function. Then, proofs for the exponential
convergence of the MEs, LEs and translation operators for the reaction components
of the layered Green’s function are presented. In Section 4, the error estimate of
FMM for the 3-dimensional Laplace equation in layered media is discussed by using
the theoretical results proved in Section 3. Finally, a conclusion is given in Section
5.

2 Spectral property of the Green’s function
of 3-dimensional Laplace equation in
layered media

In this section, we will first introduce the Green’s function for the Laplace equation
in 3-D layer media, and then prove the analyticity and boundedness properties for
its spectral form in the Fourier transform domain, which will be a key ingredient for
the analysis presented in this paper.

Consider a layered medium consisting of L-interfaces located at z =dy, ¢ =
0,1,---,L—1, see Fig. 1. The piece wise constant material parameter is described
by {e/}L,. Suppose we have a point source at ' = (2/,3/,2’) in the ¢'th layer
(dp <2’ <dp_1), then, the layered media Green’s function wy (r,7’) for the Laplace
equation satisfies

Augp (r, ) ==06(r, '), (2.1)

at field point r=(z,y,z) in the fth layer (dy<z<d;—1), where d(r,r’) is the Dirac
delta function. By using Fourier transforms along x— and y—directions, the problem
can be solved analytically for each layer in z by imposing transmission conditions
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Figure 1: Sketch of the layer structure for general multi-layer media.

at the interface between fth and (/—1)th layer (z=d,_;), i.e.,

8Ug_ v \T, Y,z 8uw k’z,k? ,Z
Up—1,0(2,Y,2) =uer (2,Y,2), €01 e ):85 (82 z ),

0z
as well as the decaying conditions in the top and bottom-most layers as z — +oc.
By applying Fourier transform in z, y directions and solving the resulted ODE
with interface conditions, we can obtain the expression of the Green’s function in
the physical domain as (cf. [27, Appendix B])

(2.2)

u(l)é’( 3 '

g

uge (1,7) = u%zlf(r r
]

+uly (v, Fuls (r,r), (40,
— =Y
Ac|r—r'|’ ’
uilé’(rvrl)—i_u%zé’(rm/)v
(2.3)
with reaction components given by Sommerfeld-type integrals:

1

1 > > M a /
uzg,(r,r'):87r2/ / k—e‘k"reeg(r”" )aﬁé’,(kp)dkxdky, a,b=1,2, (2.4)
—o00J —co vp

where i=+/—1, k,=\/ki+k, k=(k;,ky,ik,),

T (ror) = (2 —2'y—y ;2 —dp 2" —dp), (2.5a)
5 (r7) = (=2’ y—y 2= dp+dp 1 —2), (2.5b)
i (rr') = (@ —2',y—y ,de 142 —dp — 2), (2.5¢)
i (rr') = (r—2' .y =y \dp 1 +dp 1 —2'—2), (2.5d)
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are coordinate mappings depending on interfaces and {o}(k,)} are the reaction
densities in the Fourier spectral space. The expression (2.3) is a general formula
for source 7’ in an inner layer. In the cases of the source 7’ in the top or bottom
most layer, the reaction components {udz (r,7’)}2_, and {u3} (r,r')}2_, will vanish,
respectively. It should be noted that strictly speaking, the term “reaction field”,
resulting from the polarization field of dissimilar dielectric materials in different
layers, is only accurate in (2.3) for the case when ¢=/¢ where the field of the free
space (singular) part is subtracted from the total potential field there. For simplicity
in notations, we will use the same term for other cases ¢ # /', considering that the
field of the free space part from a source in the ¢'th layer is smooth in the ¢th layer.

The reaction densities 0§} (k,) only depend on the layered structure and the
material parameter g, in each layer. According to the derivation in [27, Appendix
BJ, a stable recurrence formula is available for large number of layers with more
general interface conditions

au@—l,ﬁ’($>y72> -} au%'(kjﬂwsz)
0z ¢ 0z ’

(2.6)

a[—luf—l,l’(xvyuz):afufé/(xayvz)a be—1

where {ay,b,}, are given positive constants. In order to prove some key properties
of the densities, we will review the recurrence formula. For this purpose, let us
define

d_1:=dy, dL—',-l::dLa Dg!zdg_l—dg, €gZ:€7kal, EZO,L'“,L, (27&)

a b a b gy |
72_:7[+ - ’Yﬁ_:i_iv C(Z): P 621,2,,[/, (27b)
ar—1 oy’ ag—1 by o 2e;
and matrices
01,0 l—10 _
10— T Up 1 ec1e0y €1, L s Lt (2.8)
Tt TS 2000\ ey, o T 20
o @ &0 &0 = L
A0 (1 @2 _go gere g0 (Sn S| _1 a b (2.8b)
o o]~ ’ Tlaw gw) 2| 1 ) )
Qo1 Qg Sy Sy _ -
agey beey

It is worthy to point out that, we will use T*"%¢, A® for £=1,2,---,L and SO for
£=0,1,---,L. Then, the recursive algorithm is summarized in Algorithm 2.1.

Algorithm 2.1 Stable and efficient algorithm for reaction densities o4 (k,) in
(2.4).
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for /=0—L do
if /<L then

0‘21,(]{/‘ ):_ C(@’—‘rl) (a(gl) Oé(é >26€/§(£l) —Qyr (29)
H Ca \"2 722 be )
end if
if ¢/ >0 then
C(E,) ’_ ’r_ ~oph Apr
ot (ky ):—W (04561 Vo U) 2ep S <bj/>’ (2.10)
22
end if

for /I=L—-1—0 do
if /=/" then

o (k) =TH  ophyy p+ T oty =S aw+515 b, (2.11)
else
o (ky) = Tff+1‘7z+1 e/+TM+1U/z+1 2 (2.12)
end if
if /=¢"—1 then
o2 (k) =TH " o+ T 022 +5  Vay+ 58 Vb, (2.13)
else
0—%62/(]9 ) TZZ+1 Z+1 Z/+TZZ+1O—[+1 a2 (214)
end if
if />0 then
if />/¢ then
C Zl / —Qy 0'11
21 ()9, &) ¢ @ (O
else , ,
ot (ky)=—al] ol (k,) [l (2.16)
end if

if />0 —1 then

—1 CZ/ , _ Qypr Oy
a%(kz)-w(o 1) oG —ar A V2e, S D(zf)““(ff)]’ (2.17)
22

(4
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else
o (k) =—as ol (ky) Jaryy. (2.18)
end if
end if
end for

end for

According to the formulas used in the Algorithm 2.1, we are able to prove some
important properties of the reaction densities, which will play a key role in the
analysis in the rest of this paper. First, we have the following lemma for the matrices
A® defined in (2.8).

Lemma 2.1. Suppose ap,bp >0 for all £=0,1,--- L, then the entries in the second
row of the matrices AY satisfy

(Z)|2_’

’0422 |2

aS 12> (9 P Y 1P =g 1) (i = 1) >0 (2.19)
for ¢=1,2,--- L, and any k, € {z € C|Rez>0}.

Proof. By the definition of T4 AO in (2.8) for ¢ =1,2,--- L, the entries

aé?,on )}g , can be calculated recursively as

1 _ (1
0‘%1)_6171 ) 0422)*71 ) (2.20a)
2) 1) (2 1
0‘%1 :ag1 V2 61624'0‘;2)72 €2, 0‘22):%1)'72 €1 +O4§2)72+> ) (2.20b)
04561 *04521 1)74 €r— I@H‘aéQ )VZ% a22)*a¥1 1)W €r-1 "‘0452_1)7;- (2.20c)

Naturally, we will prove the conclusion (2.19) by induction. As we have a,z,b,>0 by
assumption and |ey| <1 for all k, € {z€C|Rez >0}, then

Ay 0 ‘ _ _ .
= — = >y, eol, if PRek,>0. 2.21
W =| 2 5|2 - 2 b 2 hied : (221)
Therefore, (2.19) is true for =1 as
1 1)2 _
sy [ —|as [ = 1 P =y e P> i 12—y 2> 0. (2.22)
Assume
s)12 s)12 _ _
a5y | = [aS )" > (v P =1 )Y (7 P ve 1) (7 PP =i ), (2.23)

is true for all s=2,3,---,/—1. By recursion (2.20), we have

(1) )

‘%1 ’_We 1’7@ er—1+% Ha E‘v ‘0‘22|—’5€ 17 €o— 1""7@ Ha22 ! (2.24)
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where [Bp:=aw, o / (¥ Notmg that v;° are real, then
|Be—1i o1+ [ = |Bemreea* (7 )+ 20 v RelBeorei )+ (7)),
|Be1ve o1+ [P =1Be-ree1 P (v ) +27 70 Re{ Broreer }+ (7).
Therefore
|Be-1vz eo1 4+ 1P =By ey P= () = (00 ) (1= |Be-ree— [*).
Together with (2.24) and the fact |e,| <1 for all k, € {z € C|9Rez >0}, we obtain

a9 ) = a8 |* 2[4 )2 = ()2 (L= Ber )|y P

¢ (t
=[5 = (e P1(fas ] = fas™[)
Then, we complete the proof by applying the assumption (2.23). O]

Proposition 2.1. Suppose ay,by >0 for all £=0,1,---,L, then all reaction densities
oib(k,) in (2.4) are continuous and bounded in {k,|Rek,>0}. Moreover, they are
analytic in the right half complex plane {k,|Rek,>0}.

Proof. From the definition (2.7) and (2.8), we have

+ -
e _ apy1betagbeyy ey, THH— apr1be—agbes 1.0 _ (’Ve €e-1€¢ Yy 641)
=t 1y = ——— = - ’
20,@[)@ 20,@[)@ Yo €2 ’)/;

o (e biley O™ [T bLi="0,
26[8 — 1 —1 )>» 7: _ _ —
a, _bé Ct2) Qla—L1 p—kp(de; -1 d52,1)7 0< 0, < L.

As they consist of constants {ag,bg}g o and their product with exponential functions
of k,, {Tit, Tfé“ = {SH, }g i {C(Zl /C*2)}, ;. and the entries of matrices
{T*~ LOL  {2e,SO}E o and A 5) =TOL... T4 are all continuous and bounded in

{k,|%ek,>0}. Moreover, by Lemma 2.1, the module of the denominators {0422)}é21
n (2.9)-(2.18) are bounded below in {k,|9ek, >0} by some positive constants deter-
mined by {as,be},. Therefore, checking the formulas (2.9)-(2.18) with the discus-
sions above, it is not difficult to conclude that all reaction densities are continuous
and bounded in {k,|Rek, >0} and analytic in the right half complex plane. O]

3 Convergence theory for the expansions of
the Green’s function of 3-dimensional
Laplace equation in layered media

In this section, we will establish the convergence theory of the multipole and local ex-
pansions of the Green’s function of 3-dimensional Laplace equation in layered media.
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According to the expression (2.3), the layered media Green’s function consists of free
space and reaction field components. The expansions and their convergence results
for free space components are well-known and have laid the theoretical foundation
of the free space FMM. The theory presented in this paper is mainly established for
the reaction field components and will also include the exponential convergence of
the shifting and translation operators.

3.1 Convergence theory for the expansions of the free space
components

Let us first review the theoretical results for the free space components. It is mostly
for the completeness of the theory and comparison with the results that we will
prove for the reaction field components.

The addition theorems (cf. [11,15]) have been used to derive source/target sep-
arated ME, LE and corresponding shifting and translation operators for the free
space Green’s function. As in [27], we state the addition theorems (see Appendix
A) using scaled spherical harmonics

2n+1 (n—m)! . ~ )
Y (0,0) = (~1)™ | Z; mPg(cose)eW;—pg(cose)elmw, (3.1)

where P(x) (resp. ﬁg‘(:p)) is the associated (resp. normalized) Legendre function
of degree n and order m. We also use notations

2n+1 m_ (=1)"c,
dr " (n—m)!(n+tm)!

Cph= ;| m|<n, (3.2)

in the presentation of the addition theorems and the rest part of this paper.

Given source and target centers ¢ and 7’ close to source v’ and target r such
that [r'—rf|<|r—r:| and [r'—r!|>|r—rl|, the free space Green’s function has Taylor
expansions

/

1 1 1 iPn(cos%) (Ey’ (3.3)

47T”I’—’I’/|:47'(‘(7‘—7’?)—(7’/—7’5)‘:E Ts Ts

n=0

and

1 1 _1iPn(cos%)(7“t>”7 (3.4)

/ /
Tt Tt
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where P,(x) is the n-th order Legendre polynomial. Further, applying Legendre
addition Theorem A.1 to expansions (3.3) and (3.4) gives source/target separated
ME

7'7, 37(108) 1 /'fbi
M =7 Mum = Y0560, 3.5
47‘(|'r 'I’/| Z Z n+1 47c 2 Te Xy ( 903) ( )

n=0m=—n

and LE

_ 1 A IR
477"7" | ZZanTt V(0n00),  Lnm = 47rc2t Y™ (0;,¢}). (3.6)

n=0m=—n

In the formulas above, (7s,05,¢5), (r4,0:,¢:) are the spherical coordinates of r—r?
and r—7rl, ie

1

— 1. = (rssinfscosps,rssinfgsingg, rscoslds), (3.7a)
r—1! = (risinfd;cospy, rysinbd;singg, 1y cosd; ), (3.7b)

(rl, 05,05, (r),0;,¢}) are the spherical coordinates of ¥ —r5 and r'—7r’ (see Fig. 2),
ie.,

! S / : ! / / /
r' —rd=(r/sind,cosy,r.sind.sing’ 1. cosb’), (3.8a)
t
C

r' —r! = (risinf;cosy;,r,sinf;siny;,r,cosb;), (3.8b)
7s is the angle between r—r$ and ' —r$ and ~; the angle between r—r! and r'—rL.
It is worthy to note that the notations (r,0s,¢5) and (r¢,60;,¢;) will be used in many
important formulas in the rest part of this paper.

Applying Theorem A.3 in ME (3.5) provides a translation from ME (3.5) to LE
(3.6) which is given by

2 (=) AEATY I (L o)
an:Z Z 2 ARyl Mo
S ntv Tst

(3.9)

where (74,04,04) is the spherical coordinate of »$—rf. On the other hand, given
two new centers 75 and 7% close to r$ and r., respectively. By using the addition
Theorems A.2 and A.4 in (3.5)-(3.6) and rearranging terms in the results, we have

Z Z MVM - rui’fDS)

v=0pu=—v
|m +pl— \H|Am A“r Y (935,()035) Ynm_;,_tu(esu@s)
Sy S, S
v= O/L—fun’ 0Om’=— w4

1)mi=lul Am=b Appn—vy hmg o N Ym0, @)
_Z Z Z Z n_yA;Ln u T;L—l—lgo )

n=0m=—nv=0pu=—v



12 W. Zhang, B. Wang and W. Cai / Ann. Appl. Math., 39 (2023), pp. 1-50

Figure 2: Spherical coordinates used in multipole and local expansions.

and

SN Lo Y br,1)

v=0p=-—v

! / ’ / —m/
nHn = |+l = |p—m Ichg ART™

i an’nl (Out, 1) yH

o v v n’ (_
!
_ L, v—n
K 2 2 Han/—v
n AI/’}

v=0p=—vn'=0m/=— CorCo—ny

v=n—lp=m|+lp=lm| 2 AR gm, v —n

e} n o0 v —l
SIPIP W o

n=0m=—nv=npu=—v v—n-n

—nT/n, (étvsét)

f?Ynm(gt,SEt)a

where (fs,és,@), (ft,ét,@), (755,055, pss) and (ry, 04,04 ) are the spherical coordinates

=S St S__ =8 t__ st
of r—7i, r—7,, ri—7; and r,—7,, ie.,

r—7 = (T Sinf,cos By, 7ssind, sin g, 7 cosés) ,
r—7l= (7 sind, COS Py, T sinf, Sin gy, 7y cosét),

7o — 75 = (7558055 COSQss, T's5 SN0 SIN P55, 755 COSOs5)
Pl — P = (1450051 CO8 Pyt TSI Oy SN O4y, 74 COSOyy ).

These two formulas implies that the coefficients

~ 1 - ~ ~ 1
Mym= Y (00,3, Lpm=

nm - 2's n
dmez

(3.11)
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of the ME and LE at new centers 7, and 75 can be obtained via center shifting

S & (AT Ay, o0,)
=3y 5

3 " (3.12a)
v=0pu=—v —I/ATL
v (—1)r—n- lp—m|+|pl— \mICZA“ WA Y (O, o)

>y i b (212

v=np=—v
Apparently, the following truncation error estimates
1 1 = Py(cosys) (7" 1 Pl
— ) (s <7<—S> , Te>Th 3.13
47t|r—7'| 477712_; T (rs) “Am(rs—rl) \rg e (3:13)

S

and

1 12”: Py(cosy) (Q)"
dr|r—r'| 47 — r! T

t

1 Tt p+1 ,
— | = < 3.14
<t ) s B
for the Taylor expansions (3.3)-(3.4) can be obtained by using the fact | P, (z)| <1
for all z €[—1,1]. Recalling the derivation of the ME (3.5) and the LE (3.6), we
directly obtain the convergence theory for the ME and LE.

Theorem 3.1. Given a>0, r,rs €R3 such that |[r—ri|>a, then for any r' inside
the sphere {x:|x—ri|<a}, the ME (3.5) holds and has truncation error estimate

Y, 57¢s) 1 1 <a>p+1
Myy————<——|(— . 3.15
Lmr 7 ZZ it (3.15)

drry—a\rg
=0m=—n

Theorem 3.2. Given a>0, r,rl €R? such that |r—rt|<a, then for any v’ outside
the sphere {x:|x—rt| <a}, the LE (4.5) holds and has truncation error estimate

1 1 /rp\ptl
’4%\7“ 7| ZZanTt  Bre)| < (7> ' (3.16)

“4ra—r, \a
=0m=-—n t

The ME to LE translation (3.9) is usually truncated to give approximate local
expansion coefficients

1)l A AT 6, 0,
Z Z n+v ( P t)M (317)

2 AM—M n+y+1 v
|v|=0p=—v c An-l—u st
We find that the detailed proof of the error estimate for the truncated M2L trans-
lation has not been presented in the literature. Therefore, we present the following
theorem with the details of the proof given in the Appendix B. The geometric con-
figuration of the ME to LE translation is demonstrated in Fig. 3 via a 2-D sketch.



14 W. Zhang, B. Wang and W. Cai / Ann. Appl. Math., 39 (2023), pp. 1-50

Figure 3: The geometric configuration of the M2L translation for source far away from the target point.

&

o7
(a) ME to ME shifting (b) LE to LE shifting

Figure 4: The geometric configuration for the center shifting.

Theorem 3.3. Given a;>0, ay>0, 75,7 €R? such that |rs—rt|>a;+cay with c>1.
Then, for any v’ inside the sphere {x:|x—r: <a1} and any r inside the sphere
{z:|x—rl|<as}, the truncated ME to LE translation (3.17) leads to approzimation
with error estimate

1 1 a1+ag \Ptl
Y™, ( ) . 1
‘47r|r /| Z Z oe)| < 47 (e—1)a \ay +cay (3.18)

=0m=—n

Now, we consider the center shifting. The geometric configurations are demon-
strated in Fig. 4. Noting that the ME center shifting formulation (3.12a) gives
exactly the coefficients of the unique multipole expansion with respect to the new
center 7. By Theorem 3.1, we have error estimate for the shifted ME as follows.
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Corollary 3.1. Given a>0 and two centers s, 75 € R close to each other with
distance d=|7:—7r5|, v is another given point far away from them such that |r—3|>
a+d, then for any v’ inside the sphere {x:|x—r3|<a}, the MFE shifting formulation
(3.12a) leads to approximation with error estimate

Y, S,(,ps) 1 1 (a+d>p+1
M, <—= = . 3.19
‘47r]r /| ZZ Fotl ArTs—a—d \ T, (3.19)

n=0m=—n

Although, the LE to LE shifting operator (3.12b) has an infinite summation, the
shifting operation remains exact with finite sum when we are shifting a truncated
LE to a new center. More clearly, we truncate the LE (3.6) to get approximation

W”ZZLW’% V' (6r,01) =Dy (7, 7). (3.20)

n=0m=—n

Obviously, ®,(r,r') can be seen as an infinite sum

Z Z LY (0,,04) (3.21)

n=0m=-n
with coefficients defined as

N {an, n<p, |m|<n,
Lnnf:

(3.22)
0, n>p, |m|<n.

Applying the LE center shifting (3.12b) to (3.21) leads to

Z Z L3 Y, (01,2) (3.23)

n=0m=-n
and the coefficients are given by

:i ZV: (—1)y—nlmltlul=iml 2 gB=mm gmopy—ny e (ett790tt)L

v
2 2 AY "

v—mn-n

v=npu=—v

:zp: Zy: (=1 lu=rml il =m AL AT Y (ettySOtt)L

e
2 Al "

v—m-n

(3.24)

v=npu=—v

Here, the definition (3.22) for finm is used to reduce the infinite summation to the
finite one. Moreover, we have L,,, =0 for all n>p. As a result, (3.20) and (3.23)

imply
Z Z Lumr' Y, (61, 01) Z Z anrt 9t>95t)7 (3.25)

n=0m=—n n=0m=—n



16 W. Zhang, B. Wang and W. Cai / Ann. Appl. Math., 39 (2023), pp. 1-50

where the coefficients Ly, are calculated via (3.24). Together with convergence
result in Theorem 3.2, we have error estimate for the LE center shifting as follows.

Corollary 3.2. Given a>0 and two centers vt 7t € R3 close to each other with
distance d=|rL—7rt|, v is another given point inside the sphere {x:|x—7%| <a},
then for any v’ outside the sphere {x:|x—7rl|>a+d}, applying the truncated LE
shifting formula (3.12b) to the truncated LE (3.20) leads to approximation with
error estimate

‘471"1“ /| ZZanﬂLY Qt,%)

=0m=-—n

1 (ft+d>p+1
a+d '

3.26
~dra— T ( )

3.2 A general framework for the derivation of the
expansions, shifting and translation operators
for the reaction components

Besides using the addition theorems as presented above, we have proposed a different
derivation (cf. [27]) for (3.5) and (3.6) using the integral representation of 1/|r—7'|.
Moreover, the methodology has been further applied to derive multipole and local
expansions for the reaction components defined in (2.4).

Below, we will propose a general framework for the derivation and convergence
analysis of the expansions and corresponding translation operators for the reaction
components. For this purpose, we define a general integral

Z(r;o) // e*7o(k,)dkydk,, Vr=(v,y,z)ER? (3.27)

where k,=/k2+k2, k= (k.,k,,ik,), o(k,) is a given density function. Applying
Taylor expansion to the exponential kernels gives

(ik-
I(r+r';0) / / lkTZk ln’; o(k,)dkydk,, (3.282)

(ik-)" (ik-
I(r+v+r"50) // 1’”ZZk (ke r) Gk-r)” ke Viodk,,  (3.28b)

nlv!
n=0v=0

for any v'=(2,y/,2'), v =(2",y",2") in R3. Suppose 2>0, z+2' >0, z+2'+2" >0,
and the density function o(k,) is not increasing exponentially as k, — oo, then the
integrals in (3.27) and (3.28) are absolutely convergent as [e*"|=e~**. Let us first
present the main conclusion that the order of the improper integral and the infinite
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summation in (3.28) can be exchanged and the resulting series have exponential
convergence under suitable conditions. Detailed proof will be given in Section 3.4.
For the sake of brevity, we will use notations

e’} e'e} 1 1r<1k /)n
To(r o) = / } / ok dkd, (3.200)
oo o0 1 . 4 AV Y AV 4
Lo (1,7 7" 0) = / / L pier (R GRTT) i, (3.20b)
ood —so Ky n!v!

These integrals are all absolutely convergent due to the exponential decaying factor
ik-r
e,

Theorem 3.4. Suppose the density function o(k,) is analytic and has a bound
lo(k,)| <M, in the right half complex plane {k,:Rek, >0}, r=(z,y,2), v'=(2'.y,2') €
R3 such that 2>0, z+2'>0, and |r|>|r'|. Then, the expansion

Z(r+r';o) :ZIn<T,TI;U) (3.30)
n=0

holds while the truncation error estimate is given by

p +1

2rM, [ |7'[\”
1z o)=Y T,(roro)|<— | . 3.31
(r+1"0) n§o (T,r,a)_‘r‘_‘r,‘<w) (3.31)

In addition, suppose v"=(z" y",2")ER? such that z+2'+2">0 and |r| > |r'|+|r"|.
Then, the expansion

oo o0

I(r—i—r'—i—r”;a):ZZIW(T,T',T”;U) (3.32)

n=0vr=0

holds and the truncation error estimate is given by

p p
I('r+r’+r";a)—ZZIW(r,r’,r”;J)‘

n=0vr=0

47TMG’T”| [( 7| )p+1+(!7‘"’)p“], (3.33)

~ == 7| =7 =]

The following limiting version of the extended Legendre addition theorem will
also be used to derive MEs and LEs for the reaction components of the layered
Green’s function.
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Theorem 3.5. Let 0, ¢ be the azimuthal angle and polar angles of a unit vector v,

a€[0,2m) be a given angle. Define a vector ko= (cosa,sina,i) with complex entry.

Then
ik A\m n R .
(iko-7)" ;!’”) = 3" OB (cosh)e™e), (3.34)

m=—n

where

m __:2n—m 4
o' = \/(2n+1)(n+m)!(n—m)!'

Now, we are ready to present the expansions and their translation operators
for reaction components. According to the expressions (2.4)-(2.5) for the reaction
components ull (r,7'), it is natural to introduce notations

(3.35)

=y do— (2 —dp)), vy =2y dp—(dp_1—2")), (3.36a)
Tél::(Il’ylvdf—l—i_(zl_df’))a r/22::(xlvy/ud€—1+(d5’—1_zl))a (336b)
which will simplify the coordinates mapping in (2.5) as follows

To(rr Y =r—rl,, T2 r)=1(r—rh), b=12. (3.37)

Here, 7(7):=(z,y,—2) is the reflection of any r=(x,y,2) €R3 according to zy-plane.
Obviously, the reflection 7(r) satisfies

lr(r)|=|r], T(@r+r)=7(r)+7("), T(ar)=at(r), VYr.r'€R?® VacR. (3.38)

As a result, we can get rid of the heavy notations 723 (r,7’) in (2.4) by using the

new coordinates to re-express the reaction components as follows
1
ugp (r,r') =3 2/ / R gl (k) dkdi, =L (r, 1), (3.39a)
™
uzy (r,r') =3 2/ / R 628 (k) dkydk, =2 (1,7 (3.39b)
™

By the definition (3.27), we have

~1b . 1b 2 2
Ugp (7, 71,) =L(T—Tigi000),  Ugp (7, 75,) =L(T(r—T5);000)- (3.40)
The coordinates in (3.36) are exactly the equivalent polarization sources (see Fig. 5)
which we have introduced in [26,27]. As in our previous papers, we will also use
notations (z,,yh,,2,) for the coordinates of r.,, a,b=1,2, in this paper.
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Remark 3.1. There are two special cases

> ]' ek (r— r’
Uez+1 r,7) 8%2/ / e(r=r) z}£2+1(kp)dkxdky7

> 1 ik (r—7'
u% 1 7“,1"/)—87[_2/ / Fek =) lgzl 1(kp)dk,dF,,
—o0J —o0 vp

in which we have

Tflfal(,rvrl):r_rly 7-52[1,1(7“,7’/):7'(7'—7"/).

Actually, we will have r},=7" and r}; =7’ in these two cases, respectively.

Next, we will consider the expansions for a3 (r,r.,) with respect to (polariza-
tion) source center 7% = (2% y% 2%) and target center 7! = (x! y z!). As we are
considering targets in the ¢-th layer and the equivalent polarized coordinates are
always located either above the interface z=d,_; or below the interface z=d, (see
Fig. 5), it is reasonable to assume that the z-coordinates of 7% and r! satisfy (see
Fig. 6)

chb<dg, Zc%>dg_1, dg<22<d[_1. (341)

By the definition (3.27) and the linear features (3.38) of 7(r), we can insert the
source center % and the target center ! in (3.40) to give

&ézb,(r ) = 817T2I(r—rib—(r’1b le) Uégb/) (3.42a)

i () = T (= r2%) 7y — )08, (3.420)
and

il (7, 7he) = s STt (i), (3.434)

37,7y ) = g T (=)~ (rt =i i) (3.43)

By definition (3.36) and assumptions in (3.41), we have

—21>0, 22, >0, 22—2>0, 2 —z>0, z2—2,>0, zh—2>0. (3.44)

Assume the centers r%° and 7! further satisfy |r—r®| > |rl,—r%| and |r—7rf| <

|rt—rl,|, then (3.44) and Proposition 2.1 implies that Theorem 3.4 can be applied

ab|
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Figure 5: Location of equivalent polarization sources associated to u%’,.

to give expansions for the integrals in (3.42)-(3.43), i.e.,

8ty = 822// "

U?z?f (r,7h) =
n=0

[ ik (ry,— )"

olb (k) dk,dk,,

[—ik-7(rhy =" ,

nlk,

/ / ik-T(r—1r20)

i o2 (k) dkydk,,

(3.45a)

(3.45b)
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and

ik (rt—rt,) ik (r—ro)]"
s (r ) = < zz/ / ik:(re=r1,) o, ol (k,)dk,dk,, (3.46a)

Jiker(ri—ry) 1R T(r—To)]"
W28 (r,1h,) = WZ / / il ( oTE, o2 (k,)dkydk,.  (3.46h)

Further, applying Theorem 3.5 to the expansions in (3.45)-(3.46) and then using the
identities
Ynm<77_97§0) = <_1)n+mYnm(9ﬂ90)7 Ynm(e,ﬂ'—l—(p) = (_1)mYnm(9790)7 (347)
to simplify the obtained results, we obtain MEs
—2
a ‘n Ny m (fab a0y
) =30 0 MEFS rash), M= (VR ), (3.4

n=0m=—n

at equivalent polarization source centers r% and LEs

g () Z Z L2 vV (0y,0) (3.49)

n=0m=—n

at target center r!, respectively. Here, (7%°,0% %) and (r4,0;,¢;) are the spherical

coordinates of r/, —7%® and r—7r! (no / notation is included in the spherical coor-
dinates of r.,—r% for simpler notation), the ME basis functions F% (r,r%) are
represented by Sommerfeld-type integrals

1) 2/ 'm 00 oo
fgg(r,rgb):w / / kGl (ke dk,dk,,  (3.50a)
—1)ym QCm o) '
fi&(mf")—(g:‘” / / R T 62 (ke dk, dk,,  (3.50b)
and the local expansion coefficients L% are given by
nm— / / e oyl (k) kn e ™ dkydky, (3.51a)
L2b = nerCTan o0 ik-r(rt—rl,) (k’ )kn 1 _lmadk dk’ (3 51b)
nm_ Ry € O'M/ .

A desirable feature of the expansions of reaction components discussed above is
that the formula in (3.48) for the ME coefficients and the formula (3.49) for the LE
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have exactly the same form as the formulas of ME coefficients and LE for free space
Green’s function. Therefore, we can see that center shifting for multipole and local
expansions are exactly the same as free space case given in (3.12a) and (3.12b).

As in (3.42)-(3.43), the reaction components in (3.39) can also be represented as

N 1

gy (1,71) = @I(T—TH(T}T?)—(TQB re")i0u0), (3.52a)
1

g (r,71) = o ST (r—r) 7 (re—r2) = T(ry, — 1 )i0gp). (3.52b)

Apparently, from (3.41), we have

2—21>0, 22—2>0. (3.53)
Assume the given centers r%° and 7! satisfy |rf—r2|>|r/ —7r®|+|r—r!|, then (3.44),
(3.53) and Proposition 2.1 implies that Theorem 3.4 can be applied to give expan-
sions for the integrals in (3.52), i.e

TAGREES o 2221”1’ Ll !l —(r), =700, (3.54a)
n=0v=0

g (1) = o QZZIW 7o), T (r—ry),—T(rly—r.)ion).  (3.54b)
n=0v=0

Applying Proposition 3.5 to the integrand of Z,,,(r,r’,7",0), we obtain the transla-
tion from ME (3.48) to LE (3.49), i.e

L0 =3 T (3.55)

v=0p=—v

where the translation operators are given as follows

Tomon =g Do / / ek TG (Yt me g g, (3.56a)
= ”m”“ / / her(ri=rd) 628 (o )kt el magy, d,, (3.56b)

and
D= (—1)/ECRCE, DRy, = (— 1) O,

nmuv
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3.3 Convergence theory for the expansions of the reaction
components

Recalling the derivation of the ME (3.5) and the LE (3.6), we have the following
exponential convergence for the ME and LE.

Theorem 3.6. Given a>0, r=(z,y,2) a target point in the (-th layer and r® =
(2% 42 2% a (polarization) source center satisfying conditions in (3.41). Suppose
|r—7®| > a, then, for any equivalent polarization source vl inside the sphere {x:
|z —7%®|<a}, the MEs in (3.48) hold and have truncation error estimates

1 Mo.ah/ p+1
agy (rrl,) Z Z M F (p,r®) | < — £ ( ¢ > (3.57)

A7t |r—re®|—a \ |r—ra®|

n=0m=—n
for a,b=1,2 where M, o, is the bound of o3f(k,) in the right half complex plane.

Proof. The MEs in (3.48) have been proved in the last subsection. Here, we only
need to consider the error estimate. By assumptions in (3.41), we have

—20>0, 22—2>0, z2—2,,>0, 2,—2>0.

Together with the assumption |r—7r%|>a>|r/, —7%®| and Proposition 2.1, we can
apply the truncation error estimates (3.31) to obtain

16 lb 16
‘uw (r,rly) — E E M, Foo(rr, )‘

n=0m=—n

=52 ‘I (r+r00) ZI —(rl, =)o),
M, 7 (’rlb—rclb’>p+1
Ar(|r—rl®|=[rig—rl )\ [r—r®] ’

and similarly

‘uw (r,rh,)— E E M2 F2 rr%)‘

n=0m=—n

7

Moy (Ira=rety

Am(fr =72 =[ry =12\ |r—7r|

Consequently, the error estimate (3.57) follows by applying the assumption |r/, —
r%| <a in the above estimates. O
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/
z=d,_ /% N z=d,

Figure 6: The geometric configuration for the ME and LE of the reaction components.

It is worthy to mention that the above theoretical results have been predicted
by the numerical results in [27, Section 3.3]. Following a similar proof, we have the
error estimate for the truncated LE as follows.

Theorem 3.7. Given a>0, r=(z,y,2) a target point in the (-th layer and r’=
(2% yt,2t) a center satisfying conditions in (3.41). Suppose |r—rt|<a, then, for any
equivalent polarization source vl outside the sphere {x:|x—rl|<a}, the LEs (3.49)

hold and have truncation error estimates

m( 1 Mo |r—rt|\rt1
gy (r,mhy) ZZL Y O | < - ‘T“TH< - ) (3.58)

n=0m=—n

for a,b=1,2, where M a is the bound of off(k,) in the right half complex plane.

It is worthy to emphasize that the equivalent polarization sources 7, and 74,
are defined to be below the lower and above the upper interfaces of the target layer,
respectively (see Fig. 6). The ME centers are required to be located on the same
side as the corresponding equivalent polarization sources. Accordingly, the target
center is required to be in the same layer as the target point r. We refer to Fig. 6
for an illustration of the geometric configurations. The shadowed areas indicate
the feasible zones of the equivalent polarization sources and targets such that the
expansions and corresponding convergence results hold.

Now, we consider the error estimate for the ME to LE translation. Suppose the
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G g

(.r% 2

Figure 7: The geometric configuration for the center shifting.

ME to LE translations in (3.55) are truncated to give approximated LE coefficients

P v
LEr:=> "N T M. (3.59)
v=0pu=-v
Thus, approximate LEs
ﬂ;‘é’,(r,r;h)%ﬂw (r,7r5): Z Z LY, (0, 01) (3.60)

n=0m=—n

with approximate LE coefficients defined in (3.59) are obtained after M2L trans-

lation. Recalling representation (3.52) and expansion (3.54), the approximate LEs

~ab,p / .
Uyy” (7,7l ) have representations

et () = - 2221”” —rr—rl —(r —r"):0), (3.61a)

n=0 v=0
2b,p rN 1 o T t 20 t ! 2b 2b 3.61b
Uppr rvrab)_8ﬂ§§ E w(T(re =71 ), T(r—r,), —T(rh =7, )00 (3.61Db)
n=0 v=0

Obviously, they are rectangular truncation of the double Taylor series. Hence, we
have the following error estimate.

Theorem 3.8. Given a;>0, ay>0, r, v’ are any points locate in the (-th and ¢'-th
layers, respectively. Suppose r%° and r% are two points satisfy conditions in (3.41)
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and |rt—r®| > a;+cay with some ¢>1 (see Fig. 7 for configuration). Then, the
truncated ME to LE translation (3.59) has error estimate

Mub

~ab 7

1 a p+1 1\ p+1
~ab, / 1
e (7 7) = Ty (7,75 ) §§(0_f§a2 {<a1+(c—1)a2> +<E) } ,  (3.62)

where M e is the bound of of(k,) in the right half complex plane.

ee’

Proof. By (3.54), (3.61) and truncation error estimate (3.33), we obtain
- ~1b,
‘uég’(rarllb)_U;Z’p(ra'rllb)‘

1 p p
= [T vl = YD Tttt et (=)

n=0 v=0
Moy ( [y — 72" )p“
T 2n([ri—r = e =il =y — e Nl = e =7
Mal};’ p ( ’r_rf:/’ )p+1. (363)
2r([re—r®|=|r—ri|=|ry =l ) N ri—rl = |y =7

Similar error estimate can also be obtained for the reaction component @2 (r,r5;,)
by following the same derivations. Consequently, the error estimate (3.62) follows
by further applying the assumptions |r/, —7%|<a; and |r—r!| <ay and |rl—rs®|>
ai+cas. ]

Remark 3.2. The error estimates in Theorems 3.6-3.8 are almost the same as the
ones in Theorems 3.1-3.3 except the dependence on the bound MUZE"/ of the density

i (Kp)-

3.4 Proof for the Theorem 3.4

The proof consists of the following three steps:

Step 1: Rotation according to the azimuthal angle of r. By the assumptions
2>0,24+2 >0 and z+2'+2" >0, all improper integrals in the Theorem 3.4 have
exponentially decaying integrands and hence are absolutely convergent. Denote by
(p,¢) the polar coordinate of (x,y) and define a transform in the complex (k,,k,)-
plane as follows:

Etin=e"(k,—ik,), (3.64)

or equivalently,
ky=E&cosp+nsing, k,=Esinp—ncosp. (3.65)
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It is obvious that k,=+/&2+n?, dk,dk,=—d&{dn and

(ik-7)"  im n 1€cos(p—B)+nsin(p—F) . . n
- _ g (§2+ )2 [ 52—1—77 s1na+1cosoz]
=n(&,,057) (3.66)

for any 7= (Fsinacos3,Fsinasin3,7cosa) € R3. Moreover, by (3.65), we have

eik~7‘ _ ei(kzx—&-kyy)—kpz _ eifp—kpz.

Therefore, integrals in (3.28) can be re-expressed as

Z(r+7r';0) / / Zg (€m, 050" )eisr o T ( )dgd

p

:/O / Z[Qn(&—n,@;r’)—én(&n,w, )] eisrhex 5{; 2 dean, (3.67)
—n=0

p

and
X n=0rv=0
/ / YD g (&—npir' ")
n=0v=0
— g (& ;77" P2 Eg )dfd (3.68)
P
where
I (&m0 ") = Gn (En,057") 3 (Em, 057", (3.69)

Accordingly, the integrals in (3.29) can be re-expressed as

L= [ [ lnlemngr)-enpn e A dgdy, (100

P

Inu(r+?°’+7“”;0'):// (9 (&, =1 037" 7")
0 —00

_gnU(€7n790;r/aT, )] - kpz 5{; )dfd (370b)
P
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Step 2: Contour deformation. In the following analysis, we will deform the
contour of the inner integrals in (3.67), (3.68) and (3.70). As the integrands involve
square root function k,(§) =+/&2+n?, we choose branch as follows

|2+ PRez |z] —Rez
Vz= 5 5

Here and after, we use notations fRez, Jmz for the real and imaginary parts of any
given complex number z. With this branch, k,(§) =+/&?+n? for any fixed n#0 has
branch cut along {¢|£=i(, (> |n|} and {{|€=i¢, (< —|n|} (the red lines in Fig. 8)
in the complex &-plane and is analytic with respect to & in the complex domain

C\{&le=i¢, ¢=nlpuigle=ic, C<—|nl}).

The contour deformation will be based on the following lemma:

+isign(Jmz) VzeC. (3.71)

Lemma 3.1. Denote by Qf C C the complex domain between real axis and the
contour I' defined by the parametric £.(t) in (3.74). Given real numbers p>0, z>0
and n#0, suppose r=+/p*+22, f(&) is an analytic function in the complexr domain
QOf and satisfies
lim | f(&)erVrHeag =0 (3.72)
|€]—+o0
for £€Qf. Then, we have the following contour deformation

€*|77|T75

st VE S [T o)A e 0A- (0]

where 4 (t), AL(t) are defined by the Cagniard-de Hoop transform

dt,  (3.73)

()= ’Z' (ipt£zv2—1), AL(t)= ‘Z’(p\/tQ —1Fizt). (3.74)
Proof. Define a hyperbolic integral path I'=1", UI"_, where
Fi:{fi(t)lt21}. (375)

For any R>0, let O}, and Op be the parts of the circle {¢:|¢|=R} that are bounded

by the real axis and T'y, respectively (see Fig. 8). Denote by & (tr) = Rel the

intersections of O}i2 and I'*. Then, 0< 05 < 5y 5 <Op<m and

[ eV g < / S (RN FHEE Rl g, (3.76a)
oh 0

f(&)elsr~V "2+522d§‘ < [ |f(Re®)eiRe eVt R pl g, (3.76b)
On

1,
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A Im(&)
// .\\\
/// F* F+ \\
0. / N0:
R/ \YR
/ \
// \\
// »i‘f]‘ N
: \
! <ipll \
O L
Re($)
-in|

Figure 8: The Cagniard-de Hoop transform from the real axis to I'; UT'_.

Taking limit for R — +oo and applying the assumption (3.72) on the right hand
sides gives

F(E)eerV ”2+€2ng‘ 50, R—+oo. (3.77)

‘ +
OR

Recalling the branch (3.71), the square root function /n?+¢&2? has branch cut along
{£1€=i¢, (>n|} and {{|E=i¢, (<—|n|} (see Fig. 8). By the assumption z>0, we
always have @ <|n| which implies that the square root function y/n?+&? is analytic
in the domain Qf for any fixed 0. Together with the assumption on f(¢), we

have f(£)el*P~V 7*+€% i analytic in the domain Q" for any fixed n#0. Therefore,
by Cauchy’s theorem, (3.73) follows from the facts

/_OO F(&)eP VI ge = /Ff@)eiff’v"”ﬁzzdf, Vn#0, (3.78)

and
dé+(t) nl . AL (1)
= ipVtZ—1+4zt)= . 3.79
T 1A )= (3.79)
This completes the proof. O]

In order to deform the contour of the inner integrals in (3.67), (3.68) and (3.70)
from the real axis to the contour I' defined in the Lemma 3.1,  is not allowed to
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touch 0. For this reason, we introduce sequences

5;?(1‘7"”,0)—[0/_ Zgnfn% )eler ez gf )déd (3.80a)

p

& (r,r'0) / / Zg (&, —n, 57 )elPho? (k":’)”)dgd (3.80b)
Fi (rr'r",0) / /miigw (& pir! p")eler ez ; )dgd (3.80c)
n=0nu=0
Fi (rm,r”,a):[ /miigwé R AR P s f’ﬂ)dgd (3.80d)
& n=0nu=0 P
and
5;?*(7",7"’70)zfo/oogn(é,n,so, )elerhes (k )dgd (3.81a)
5 7> p
5;?"(%7"70)zfo/ooén(é,—n,% Nelrhez 5{ )dgd (3.81h)
/o P
f?”("",r’ﬂ“”,a)z/m/mgm(g R e e e EC ) gean, (3.81c)
r /7> 12
le”’(r,r’,r”,a)zﬁoo/m G (€, =1, 037" 1) eloPHoZ 5{ )dgd (3.81d)
VT 2

for k=1,2,---. Apparently, they are all absolutely convergent integrals under the
assumption z>0, z+2">0 and z+2'+2">0. Moreover, we have

Z(r+r'; 0)— lim & (r,r’,a)—klim E(r,r' o), (3.82a)

k—o00 —00
Z(r+r'+7r' ,a):I}i}nolo]:k_(r,r',r”,a)—kli_l)q;of,j(r,r',r”,a). (3.82h)

and

Z.(r+7;0)=lim & (r,7',0)— lim & (r,7',0), (3.83a)

k—o0 k—o00
Lo (r+r'+7";0) :klim Fo (e v o) —klim F (e v o). (3.83Db)

—00 —00

The inner integrals of the double integrals defined in (3.80)-(3.81) can change contour
from real axis to [' as proved in the following lemmas.
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Lemma 3.2. Suppose 2>0, 242 >0, |r'|<|r| and o(k,) is analytic and bounded
in the right half complex plane, then
—nrt

Ef(r,r'so) / / Zh t,n,;r ﬁdtdn, (3.84a)

R —nrt
E (r,r'so) :/ / Zhn(t,—n,go;r’)eiﬁdtdn. (3.84b)
% L n=o -1

On the other hand, suppose z>0, z+z'+2">0 and ]7“’—|—1°”| <|r|, then

Frirr' o :/ / B (t,m, 057" 7 dtdn, 3.85a
frtaor= 30 G- (3.850)

n=0 v=0
oo poo X e—nrt
]-"_(r,r’,'r”;a):// B (£, =1, 057" 1" ) ———=dtdn. (3.85b)
’f WS VT

Here, r=|r|,
(0,3 ’)Zén(€+(t)ﬂ7,w;r')a(kj(t))—Qn(ff (t).m 0370 (k, (1), (3.86a)
P (10,057 7") = g (€4 (), 057 7)o (K (1))
— g (§- ()., 057" 7)o (K, (1)), (3.86b)
£x(t) is defined in (3.74), and k; (t):=+/Ex(t)+1? is the value of k, on the contour
I' introduced in Lemma 3.1.

Proof. As discussed in the proof of Lemma 3.1, the square root function /n?+&2
is analytic with respect to £ in the domain Q' for >0 and 7#0. Moreover, the
branch (3.71) adopted to the square root function implies

Relk, ()] =Re[\/E4+n?] >0, VE€Q! and n#0. (3.87)
Together with the assumption o(k,) is analytic and bounded in the right half com-
plex plane, we obtain o (k,(€)) is analytic and bounded in Qf. On the other hand,
the series

> o Ener), DY ga (S tner "), (3.88)
n=0 n=0 v=0

are resulted from a rotation of the Taylor expansions of exponential functions. Then,

the definition (3.66) and (3.69) gives

00
~ L\ i€(3 cospty sing) Ein(x’ sinp—y’ cosp)—k,y 2’
E :gn(ﬁ,im%?’)—e (2 cos p)=in(a’sinp ©)—kp 7

n=0
0o 00

Zzgnu(f :l:n QO'T'/ ,r,//) :ei{((:r’—i—:r”)cosap—}—(y’—l—y”)simp)iin((z’—l—z”)sincp—(y’—&-y”)cosw)—kﬁ(z’—i—z”)_
n=0 v=0
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Together with the discussions on k,(£) #0 and o(k,(§)) in the domain Q;f, we can
conclude that

(k&) -

hO==p7 Z%Qn(é,in,cp;r’),
fa(€):= 0(:”(5 Zzgnu (&, En. 057" 7"),
P n=0r=0

are analytic in the domain Q}f for any n#0.
Denoting & = Rel, the branch defined in (3.71) gives a lower bound

21 R2c0s20)2 4 R4sin® 20 +n2 4 R2cos 20
f)ﬁiek:p(ﬁ):\/\/(n—i_ cos20)" + RIsin726 0" + F2cos20 . oy oso) = |oReg]. (3.89)

2

Suppose £ €QN(0LUOR), we have 6€[0,05]U[05,7], where 7 is defined as in the
proof of Lemma 3.1. Then, the definition of Hli% gives
sinf

|cosd| —

< |tand] = o € [0,05)U[07, 7). (3.90)

\/tR—l’

Noting that ¢tz — 400 as R— 400, we obtain

lim im ———=
el —-+oo [Reg]| \ trrtoo 2y /12— 1
for €9y By the assumption z+2'>0, inequality (3.89) and exponential expression
for the series in (3.88), we have

Jmé Ple__ P (3.91)
z

eifp_kpZZgn (é.a i77, 2 rl) ‘ < e(p/—p)ﬁmg—(z—&-z’)mef\ ) (392)
n=0

where p':=+/x2+y%2. Similarly, the assumption z+2z'+2" >0 leads to

o olNe o]

RN TN &t o' )

n=0r=0

<emE G (3.03)

where p:=+/(2/+2")2+(y' +y")2. Substituting into the definition of f;(€), f2(€) and
applying the boundedness of o(k,(£)), we obtain

P . . Jmg ¢
Jim [A(©F | <O lim exp{teg] (o )~ )|} kp@
] ipf pZ . o jm
i (@97 < tim exp {9t [(5-p) e = (o2 +2)]
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for £€ Q). If p’ <p, then

/ ’Jm§ Nl (A N\ . / o
661 [0~ ) gy = ()] = (0 =) I~ (4R = oo,

as £€Qf and |£] —+o00. On the other hand, if p’>p, by (3.91) and the assumptions
|r| > |r'|, we obtain

,\ Img N et L e L .
_ _ < < QF. (3.94
im0 o= )| S < <o ceor (399
Therefore, we always have
lim exp{|meg|[(p'—p)ﬁ—(zﬂ’)}}‘ 3 =0, cent, (3.95)
€| =00 |PRed| ky(€)
which implies
lim [ f1(§)e*r " 2¢|=0, e (3.96)

€] =00

Noting that the assumption |r'+7"| <|r| and the inequality (3.91) lead to

) Jmé
lim [“— — +z'—i—z”}
e |(P p)\%eél ( )
<2 .2 I / M2 _ (4.2
Spp pP=22—2(2+=2 )S |’ +7"|*—|r| <0, £e0r, (3.97)
z 2z
in the case p>p. A similar derivation gives
lim  |f2(erF7¢| =0, €eQf. (3.98)

[€]—+moo

In summary, we can apply Lemma 3.1 to change the contour of integrals in (3.80).
Noting that the branch (3.71) for the square root function and the definitions in
(3.74) gives

Ky (t) = /&« () +? =ML (D), (3.99)

we then obtain the desired formulas in (3.84)-(3.85) by canceling A4 (t) from kff(t).
This completes the proof. O]
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Lemma 3.3. Suppose 2 >0, and o(k,) is analytic and bounded in the right half
complex plane, then

—nrt
EVF (e, o) / / W (057 \/emdtdn, (3.100a)

—nrt
E (r,r o) / / t,—n,p;r )\;ﬁjdtdn’ (3.100b)

—nrt

For (e v, :/ / P (t,, 057" 7" ° dtdn, 3.100c

6*777“75
F (el " o ( o’ dtdn, 3.100d
D= [ [ halt sty S, 1000
where r=|r|, ha(t,n,0;7") and hy, (t,n,0:7" . 7") are defined in (3.86).

Proof. The proof is very similar with Lemma 3.2 except that the definition (3.66)
and (3.69) lead polynomial bounds

inle o) e <o, (3.101a)
(esnpn') TS| < crepe, (3.101b)

as |€]—+o0 and £€9). Consequently, the exponential decay in |¢l# =% for [¢]—+o00
and £€ Q) directly ensures the contour deformation. O

Step 3: Convergence and error estimate. Recalling the equalities in (3.82)-
(3.83), the order exchanging of the improper integrals and the infinite summations
n (3.30)-(3.32) can be implemented by first exchanging order in (3.84)-(3.85) to
obtain the following equalities

Eki(r,r’,a)zzgg’i(r,r',a), FE(r,r' v o) ZZ]:,?HE r.r'r’ o), (3.102)
n=0 n=0v=0

and then taking limits for k— oo. The key ingredients to accomplish this goal are
the estimates proved in Lemma 3.5.

Lemma 3.4. Let &,.(t) be the contour defined in (3.74), ¥=(Tsinacos3,7sinasin 3,
Feosa) €R? is any given vector. Then,

Ac()* r r** \E
e (5.1080)

A n 242 z
e N e (3.1030)
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hold for any t>1 and integer n>0.

Proof. Note that

&+ (t) cos(p— 6)+nsm(<ﬂ B) 11 &®+in o p N £x(t)—in i(@_m}
VE© [ Vewr VRO
€4 (t)cos(p—f) — nsm(so B) 11 &®)+in pp  Sx()—in i, p
VE£(t)*+ 5[ fi(t)2+772€ i §i(t)2+7726 }
From the definitions in (3.74) and equality (3.99), we have
kp(€x (1) =E2(t)* 47" = =N (1), (3.104)
and
Ex(t)+in | n rt+p
e gy V= T
E(t)—in | _ 1 5 rt—p
el eI =y T

Therefore, we have the following formulas

3 ( )CoS(go 5)+775111(gp 5) (Tt_i_p)ei(w—wﬁ)+(rt_p)€_i(%_@+ﬁ)
+ §:I:(t)2 2(T2t2—p2) , (3105&)
Ex(t)cos(p—B) —nsin(p—B) _ (rt+p)e0= "D 4 (rt—p)e 10xte5)

E(t)2+n? 20122 p2) . (3.105b)

where 1 denote the phases of the complex numbers (€. (t)+in)//Ex(t)2+n?, i.e.,

EM)+in _ [ritp ., &®)-in (> 12 _
fi(t)2+772 rt—p 7 §i —|—17 &4 ()—i—ln Tt—i—p

e+ (3.106)

By formulations in (3.105), we calculate that

1 — 2
‘é} )COS((,Z (5))+778111(gp ﬁ)Sina—l—icosa‘
+
1 o iy sinov . SYORG 2
_M‘<(Tt+p)e +(rt—p)e ) +iy/72t? —p?cosa

2
rtcos(1y)sina+ipsin(yy ) sina+iy/r?t? —pQCOSOZ‘

22 —p? ‘
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1
= 5 (psmoz—i—\/ 7242 — p2sinep.cosa )+ (r 2t2—p2)cos2¢i)

1 .
Sop (P°+(r*t* = p*)sin® s+ (r*t* — p*) cos® s )

p

,’,,ZtZ

~ (3.107)

where ¢y =74 — @+ . Similarly, the following estimate

‘fi(t)COS(SD_B)_nSin((‘D_B)sjna—i—iCOSoc‘2< et (3.108)

O =g |

can also be obtained. Then, (3.103) follows by applying estimate (3.108) and identity
(3.104) to the definition in (3.66). O

Lemma 3.5. Let fzn(t,in,@r’) and hy, (t,£n,0;7",7") be the functions defined in
(3.86) with &.(t) defined in (3.74). Suppose p>0, z2>0, r=+/p>+22, the density
function o (k; (t)) has a uniform bound |o (k3 (t))| < M, along the contour I' defined
i Lemma 3.1. Then, the following estimates

oo oo R 6_77,,.t | /|7’L
hy(t,£n,0;7" dtdn <mM, , 3.109
A e U (3.109)
and
[eoe) o] —nrt ‘T,’n’T//’V(TL+V)!
P (t, 0, 07" 7" dtdn<aM, , 3.110
/i /1 (b, pir, )\/t2—1 =" rrtrvtlnlpl ( )

hold for any integers n,v > 0.
Proof. By the definitions in (3.69), (3.74), (3.86), the estimates in Lemma 3.4 and

the bound of o(k:(t)), we have
Aclrt L (1w )
22— 2 * 22— 2

(mt)" ™

Mo_|,r,/‘n‘,’,,ll’l/
nly!

|hm,(t,:|:7’],g0;’l“/,’l"”)‘ S

_2M0|T1|n‘rll’y
B nlv!
for any 1> 0. Direct calculation leads to estimate

—nrt
B (t, 0, 057" 7" dtd
/i (t, £, )\/tzf1 U
ArArSaYZ o] n—+v
<2M0”T" ‘T ’ / t Vefnrtdtdn
nly!

|7 |™ " ( n—f—y
rrtr+lnlpl

=M,

(3.111)
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for any integers n,v>0. Another estimate in (3.109) can be proved similarly. 0J

Lemma 3.6. Suppose |r|>|r'|+|r"|, 2>0, z+2'4+2">0, and the density function
o(k,) is analytic and has a bound |o(k,)| <M, in the right half complex plane. Then,

hm Fi(rr' v o) ZZIHII FE (e v o), (3.112)

k—o0 k—o0
n=0r=0

where the integrals are defined in (3.80) and (3.81).
Proof. By the estimate (3.110), we have

YA

|| |¥ (n+v)!
<7TM ZZ |T‘”+V+1n'1/'

7TM |7 | 4|7 M,
_ 3.113
] Z( ) e (3.113)

fnrt

Vitr—1

P (8,0, 057" 7") dtdn

for any |r| > |r'|-+|r"|. Therefore, we can apply the Fubini theorem to exchange
the order of the improper integrals and the infinite summations in (3.85). Together
with Lemma 3.3, we obtain the second equality in (3.102). Note that (3.113) holds
uniformly with respect to parameter k. Therefore, the series in the second equality
of (3.102) are also uniform convergent with respect to parameter k. Taking limit
for k— o0 in (3.102) and exchanging order of the limit and summations gives the
conclusion. ]

Mimicking the analysis above, we obtain similar conclusion for & (r,7/,0).

Lemma 3.7. Suppose |r|>|r'|, 2>0, 24+2'>0, and the density function o(k,) is
analytic and has a bound |o(k,)| <M, in the right half complex plane. Then,

o0

lim & (r,r,0)=)  lim & (r,7'0), (3.114)

k—o0 k—o0
n=0

where the integrals are defined in (3.80) and (3.81).
By (3.82), (3.83) and Lemmas 3.6-3.7, we finish the proof of (3.30)-(3.32).

Next, let us prove the truncation error estimate (3.33). Another error estimate
(3.31) can be proved similarly. By (3.100) and estimates (3.110), we have

||| (n4-)!
|7 [t 1n )l

lim |FE (g, r"0)| < mM, (3.115)
— 00
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Therefore, (3.83) implies

|Im,(r,r’,r”;a)|:|klim Fo (rrr a)— l1m Fr
— 00

nv

(r,r' " o)
<lim |F} (r,7' 7 ,0)\+ hm | For (o7’ 7" o)
k—o0 k—o0

|| (n4v)!

S (3.116)
Together with (3.32) and the assumption |r/|+|r”|<|r|, we obtain
PP
)I(T—f—’r’l—f—’!’”;a)—ZZIny(T,TI,T//;U>’
n=0v=0
|7/ ™" " (n+v)! || 7" (n+v)!
§27TM Z Z ‘r|n+u+1nly| Z Z |T|n+u+1n|yl
Ln=0v=p+1 n=p+1v=0
N U N N ]
=2 Mo leﬂzo e [rnly] Zl|r|n+1§20 [ [nlu!
Lv=p+ = n=p+ =
// v ‘,’,’u+1 /’n ’,,,|n+1
=2 M, V;IMVH (Ir|=|r')v+1 n;&-lyr‘n+l (Ir|=[r" )+
47 M, [( 7| )p+1 7| p+1:|
= +(7> . (3.117)
e[ =7 | =[] LN 7| =] [ = 7]

4 Application of the convergence analysis to
the FMM for 3-dimensional Laplace equation
in layered media

In this section, we will employ the convergence theory established in the last section
to give error estimates for the approximations used in the FMM for 3-dimensional
Laplace equation in layered media.

Let Z={(Qej,r¢j), j=1,2,---,N;}, £=0,1,---,L be L groups of source charges
distributed in a multi-layer medium with L+1 layers (see Fig. 1). The group of
charges in (-th layer is denoted by &7,. The FMM proposed in [27] provides a fast
algorithm to compute interactions

L—1
@g(rgi):@?ee +Z (I)%Zl/ T&)‘F@eél T& +Z (I)ZZ’ T&)‘F@?E/(T&')], (41)
0= l'=1
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where
NZ Q N[/
T Ly
(I)Eee(rh);: Z 7], (I)M/ 7‘& ZQ@/ U%/ Ti,Tyj ) u,b:1,2, (42)
o 47T”I“gi—’l“gj‘

are free space and reaction field components, respectively. Far field approximations
are used for both free space and reaction field components.

4.1 A review of the error estimates for the approximations
used in the FMM for free space components

Let @y (r) and @< () be the free space components of the potentials induced by

all particles inside a given source box Bj centered at =S and all particles far away

from a given target box B, centered at 7! (see. Fig. 9), i.e

GO L S o 7 M (4.3)
je

J€J47T|’l”—’l”gj’ =< Am|r—7y]

where J and IC are the sets of indices of particles inside B, and of particles far away
from By, respectively. The FMM for free space components use ME

B =3 3 M, "Tnj’l%), (4.4)

n=0m=—n

at any target points far away from B, and LE

?iit Z Z LOUt Ym eta(Pt) (4-5)

n=0m=—n

inside By, where (rg,0,,0,) and (r,60;,¢;) are spherical coordinates of r—r and
r—rt, respectively. The coefficients are given by

-2
in TL m ou 7671 —n— m
Mnmi E QZ] ré] Y (QZJ’QOZ]) LnrrtL_ A7 E Q[j(rﬁj) 1Yn (eéj’(pz)’ (46)
JGJ jeK

where (17;,07;,¢7;) and (7“[]795],g0£]) are spherical coordinates of ryj—r} and r/;—7r,,
respectively. These expansions can be obtained by applying expansions (3.5)-(3.6)
to each term in the summations given by (4.3). Moreover, applying Theorem 3.1
and Theorem 3.2 to the expansion of each term immediately leads to the following
error estimates (cf. [15]).
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Figure 9: An illustration of the source and target box for the free space component in the ¢-th layer.

Theorem 4.1. Denote the radius of the circumscribed sphere of the source box B
by as. Suppose J is the set of indices of all particles in B, then the ME (4.4) has
truncation error estimate

frco in n 97908) 1 QJ (as)p+l
M <= — 4.7
‘W in ;m;n rotl TAmrg—ag \ry (4.7)
for any v outside the circumscribed sphere, i.e., |r—r:| >as, where
Qr=>_|Ql. (4.8)

JeT
Theorem 4.2. Denote the radius of the circumscribed sphere of the target box By by

ai. Suppose K is the set of indices of all particles (Qej,7¢;) such that |rej—rt]>ay,
then the LE (4.5) has truncation error estimate

1 Q. (re\rtt
free out m
Lowtnym g, (7) A
e, (r) Zmz | R (49)
for any r € By, where
Q= _|Qul. (4.10)

Jjex

Let BParent he a parent box of the source box B, and B! be a child box of the
target box B; in the oct-tree structure. Denote by 75 and 7. the centers of BParen
and B& | respectively. In the FMM, the shifting operations from the ME (4.4) at
7% to new ME at 7% and from the LE (4.5) at 7’ to new LE at 7 are required. The
truncated ME and LE at new centers 75 and . are given by

e~y 3 i O a3 I @g), ()

n=0m=—n n=0m=—n



W. Zhang, B. Wang and W. Cai / Ann. Appl. Math., 39 (2023), pp. 1-50 41

where the coefficients are calculated via center shifting

N |m\*W|Am_“A“?”n7VYn#:Vm(essasts) in
ey Y : e o
v= Op«f—l/ n v
yr=n=lp=ml+{pl=m| QA“ AT YR )
OUt t v— tt,Ptt) out
L Z Z 2 Al Ly, (4.12b)

v=np=—v l/ n-n

(75,05, 55); (PsssOss:0ss)s (71,00,@;) and (ry,0u, ) are the spherical coordinates of
r—rs ri—75 r—r; and 7. —r! respectively. By Corollary 3.1 and Corollary 3.2,
we obtain the following error estimates.

Theorem 4.3. Denote the radius of the circumscribed sphere of the source box By

by as. Suppose J is the set of indices of all particles in Bs. For any |r—7%|>as+7ss,
the first expansion in (4.11) has error estimate

free in n 37905) 1 QJ Qs+Tss ptl
ofizir)—° 30 g M Cee) < L (B

A Ts—(as+7ss) Ts

n=0m=-n
where Q7 is defined in (4.8).

Theorem 4.4. Denote the radius of the circumscribed sphere of the source box B,
by a;. Suppose K is the set of indices of all particles (Qej,7¢;) such that |ry;—rt|>ay.
For any |r—7%| <a;—ry, the second approzimation in (4.11) has error estimate

Qx (ft—FTtt)pH, (4.14)

1
free out 7
‘(I)K out Z Z an t Y et,@t) 47I' at_rtt_rt a

n=0m=—n
where Qx is defined in (4.10).
Suppose target box By is far away from the source box B,. Recall the translation

operator (3.9), the ME (4.4) can be translated to an LE with respect to center 7
where the LE expansion coefficients are calculated from ME coefficients via

. V+Im\AuAmyu m(9 ) .
m n+v sty Pst in
L” Z Z CZAM+m nt+y+1 M]/H' (415)
v=0pu=—v ntv s

In the FMM, the translation in (4.15) is further truncated which gives approximated
local expansion coefficients

VJFIm‘A“AmYnquVm(Hst,QDSt) .
Z Z 2 Ap— Tl My, (4.16)
v=0pu=-v n+v Ust

Applying Theorem 3.3, we have error estimate:
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Theorem 4.5. Suppose B, and B; are well separated cubic boxes and denote the
radii of their circumscribed spheres by as and a;, J is the set of indices of all particles
in Bs. The well separateness of the boxes means that |ré—rt|>as+ca; with ¢>1.
Then

1 s +1
‘ frcc Z Z L? 7mY'm et,@t) Qg (Q‘Fat )p . VreB, (417)

Prin ZT(c—l)at as+cay

n=0m=—n

where Q7 is defined in (4.8).

4.2 Error estimates for the approximations used in the
FMDMs for reaction components
Let @3, (r) and @3, |, (7) be general reaction components of potentials induced by

all equivalent polarizaion sources inside a given polarization source box B centered
at 7% and far away from a given target box By centered at 7!, i.e.,

‘I’w w(T) = ZQé’jﬂ%(TW;}})a ‘I)w out(T) = ZQW Uw(T 7’@/) (4.18)
JjeT jeEK

where J and K are the sets of indices of equivalent polarization sources inside
B® and far away from B, respectively (see Fig. 10). The FMM for the reaction
component &%, (r) use ME

50 ( Z Z MESIn Fab (g o) (4.19)

n=0m=—n

at any target points far away from B® and LE

(I)éé’ out Z Z Lab outrztym 9ta@t) (420)

n=0m=—n

for all targets inside By, where the coefficients are given by

Mab in__ ZQK/ 7’2, nYm(H?f},(p;,"j), (421a)
jEJ
L:L[;hout 3 ZQ” / / ik-(rt *"'[/J)O-l}ebl(kp)kg—le—imadkzdkgﬁ (421b)
n+mcm 2b .
Lishout ZQE, / / ik-T(r} —ry b )O'?gb/(kp>kg_1€_lmadk$dkfy, (421C)

JER
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Foo () are defined in (3.50), (r¢,0;,¢;) and (1,05, 03, are the spherical co-
ordinates of r—7r’ and rg,"j—rgb, respectively. Apparently, these expansions can be
obtained by applying expansions (3.48)-(3.49) to each term in the summations given
by (4.18). Moreover, applying Theorems 3.6 and 3.7 term by term gives the following

error estimates.

Theorem 4.6. Suppose a® is the radius of the circumscribed sphere of the box B,
J is the set of indices of all equivalent polarization sources in B, then ME (4.19)
has truncation error estimate

1 Q‘_’]Mgabl ab p+1
’@wln ZZM“‘“P" rr“")’g— — ( = ) (4.22)

n=0m=-—n

for any v such that |r—r%®|>a®,

where M at is the bound of agf(k,) in the right
half complex plane,

QJ:Z!Qe'j\~ (4.23)

JjeT

Proof. By Theorem 3.6 and triangle inequality, we have

‘(I)M’ . Z Z Mab mf-ab ’I" rab)‘
n=0m=—n
<Z|Ql’]‘

2
C'I’L
ags (r "“e/ ) — . - Z,bj)“Ynm(O;‘,"],gpg, )F (r,70)

JjeT
1 QuMe, ( ag® )p+1
TAm e —ri[—ad® \|r—r|

This completes the proof. O

Theorem 4.7. Suppose a; is the radius of the circumscribed sphere of the target box
By, v is a point inside By, K is the set of indices of all charges (Q@j,r?}}) such that
765 — 7t >aq, then the LE (4.20) has truncation error estimate

1 QICM |r—rl|\ P+
o, Leboutymym (g ( ) 4.24
’ o out ;)mz:n T t?SOt) 47T at—|r Tt| a; ) ( )
where M, o is the bound of off(k,) in the right half complex plane,
Q=Y _|Qu;l. (4.25)

JeEK
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Figure 10: An illustration of equivalent polarization source and target box for the reaction components

in the /-th layer due to sources in ¢'-th layer.

As reported in the last section, the center shifting operators in the FMMs for
reaction components are exactly the same as in the free space FMM. Therefore, we
will only consider the error estimate for the ME to LE translation here. Suppose the
target box By is far away from the polarization source box B see Fig. 10. Recalling
the truncated translation (3.59), an approximated LE of the potentlal o, | in 0 the

target box B; is obtained, i.e.,

ab,p
M’ in
n=0m=—n

Z Z L2y (6r01),

(4.26)
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where the coefficients are given by

Lo — i i Tee, M. (4.27)

v=0pu=—v

These are the M2L translations which actually used in the FMMs for reaction com-
ponents. By applying Theorem 3.8 term by term, we obtain the following estimate.

Theorem 4.8. Suppose a®® and a; are the radii of the circumscribed spheres of two
well separated boxes B® (polarization source box) and By (target box), respectively.
The well separateness of the boxes means that |rt—r%®| > a®+ca; with some ¢>1.
Denoted by J the set of indices of all equivalent polarization sources in B, then
the truncated ME to LE translation (4.27) leads to approzimation with truncation
error estimate

1 QJM ab, aub+a
®;g’,in(r)_q)zg/€n('r) < — 7 ( s t

! VreB 4.28
=on (C—l)at ) ’ S ty ( . )

at®+cay

where Mag;, is the bound of o (k,) in the right half complex plane, Q7 is defined in
(4.23).

5 Conclusions

In this paper, we established the convergence theory for the multipole and local
expansions of the Green’s function of a 3-dimensional Laplace equation in layered
media. We first showed that the reaction density functions involved in the inte-
gral representation of the layered Green’s function are analytic and bounded in the
right half complex wave number plane. Then, we proved that the MEs, LEs and
corresponding shifting and translation operators for the Green’s function of the 3-
dimensional Laplace equation in layered media have exponential convergence similar
to the classic theory for the Green’s function in free space. As in the analysis for
the FMM in free space, the theory presented in this paper proves that the FMM de-
veloped for the 3-D Laplace equations in layered media (cf. [27]) has an exponential
convergence.

In a future work, we will carry out the error estimate for the expansions, shifting
and translation operators of the Green’s function of the 3-dimensional Helmholtz
equation in layered media, which will require new techniques to address the effect of
the surface waves (poles of density function close to the real axis) on the exponential
convergence property of the MEs, LEs and M2L translation operators.
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Appendix A: Addition theorems

Theorem A.1 (Addition theorem for Legendre polynomials). Let P and Q) be points
with spherical coordinates (r,0,p) and (p,a,f3), respectively, and let v be the angle
subtended between them. Then

P, (cosy) =

2+1 VIRV (0,0). (A1)

Theorem A.2. Let Q=(p,«,[) be the center of expansion of an arbitrary spherical
harmonic of negative degree. Let the point P = (r,0,¢), with r > p, and P—Q =
(r',0',¢"). Then

/ +m/|—|m’ ’ _ m4m/

n, 9 ') |m m/|—|m |AmAm pY; ™ (a, B) Yn+n’ (0,¢)

/n +1 z : : : 2 Am+m/ n+n/+1 :
n=0m=-n cﬂAn-‘rn’ r

Theorem A.3. Let Q=(p,a,[3) be the center of expansion of an arbitrary spherical
harmonic of negative degree. Let the point P = (r,0,¢), with r <p, and P—Q =
(r',0',¢"). Then

9/730 n+|m|AmAm Ynn}rn/m( ,ﬁ) S
/7L +1 Z Z CQA n4n/+1 r Yn (9780)

n=0m=-n TH-TL p

Theorem A.4. Let Q=(p,a,[3) be the center of expansion of an arbitrary spherical
harmonic of negative degree. Let the point P=(r,0,p) and P—Q=(r",0',¢'). Then

Y™ ()
R g (L AR A Y )
_Z Z c2e 2 Am - n' n'—n ( 7@)
n=0m=—n nCn/ —nps

In the above theorems, the definition A"=0, Y,"*(6,¢)=0 for |m|>n is used.

Appendix B: The proof of Theorem 3.3

Proof. By the assumption |ri—rt|>a;+cas (¢>1), we have |7/ —rs|+|r—rl|<|rl—rf]
for any re{x:|x—r|<as}, r'e{x:|x—ri|<a;}. Then, as in (3.3)-(3.4), we have
Taylor expansion

1 1 |7°t_ /’>TL’
= B.1
Anc|r—r'|  Ax|ri—r.—(ri—rt)] 47TZ \rt rs <|r§—r§] ' (B-1)
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where , s ot
el e
TS_rt TC—TC

Truncate the expansion (B.1) and denote the approximation by

|7‘t—7’/|>"/
: B.3
T 47rz|rt rs <|r§ 3| (B:3)

Then, we directly have error estimate

1 1 lre—r [ \PT
el =Tn{fri—ri ) \Ire 7
- 1 < a1+as >p+1
“dm(c—1)ag \aj+cay '

(=1)"P,(x) and Legendre addition theorem in (B.3)

_wp(rvr/)

(B.4)

Applying identity P,(—x)
gives

P
1 (-1 — I
)= (1) N Y G [, —r VY (7 1), (B.5)

where (r4,05,p4) is the spherical coordinates of rf —r!. Further, applying addition
Theorem A.4 and then rearranging the resulted summation, we obtain

-y Z ”Zmi“:f“ Z S B ()Y Y (6o

n'=0m’=—n n=0m=-—n

—Z > Z Z L4 :’f’ﬁf“ B (P Y 0, Y (Br)

n=0m=-—nn'/=nm’=—n
S (X3 et VO] )
47T7"n+y+1 n—+v,m+pu 7()03 tn t7()0t ?

n=0m=—n v=0p=—v

where "n—|m|+|m’|—|m/—m]| '
n' +n—\m|+|m’|—\m’'—m| Am Am —m

B’I’Lm —

n'm/’ 2 2 Am/ )
n

(r,0:,0¢) and (7.,0%,¢%), are the spherical coordinates of »—»! and ' —r$ respec-
tively. Apparently, ¢?(r,7’) is a truncated LE at target center v’ with coefficients
given by

n u S?SOS) nm 1
ZZ * Sty st g ()Y (060L). (B.6)

v=0pu=—v
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By identity Y*(0,¢)=(—1)"Y;, *(6,¢), the coefficients L?, = can be re-expressed as

m nm SN T
ZZ Tty e T B (P (1Y (6L )

v= O,u—fu
‘mlAmA Yn#-l-l/ (98t7§05t)
_Z Z CQAm o n+y+1 Mu,u- (B7)
v=0p=—v nntv Tst

Noting that A7 =A™, the above coefficients is exactly the truncated M2L coeffi-
cients given in (3.17). As a result, we have

SN LY O =P (r7), (B.8)

n=0m=—n

and the error estimate (3.18) follows by applying (B.4). O
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