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ABSTRACT

The dyadic Green's functions of Maxwell's equations in anisotropic
media are found by a perturbation technique. The solutions are in
the form of multipole expansions that may be summed exactly in
the case of uniaxial crystal media. When the medium is biaxial or
gyrotropic, approximations by partial sum may be used. Second
order solutions for biaxial and gyrotropic media are presented.
The approximate solutions give the near fields in elementary
functions and simple integrals, which may be used to solve integral
equations arising from scattering and radiation problems.

1. INTRODUCTION

The dyadic Green's function of Maxwell's equations is defined as
the solution of the vector wave equation

—— 2
- X X
VXV G(r/ro) + ko

nm

. G(?/?O) = a(?/?o-)l (1)

where ¢ is a tensor of rank 2 and I is a unit dyad. When G(;/;O)
is known, the radiation from any current distribution may be
-obtained by integrating:

E(r) = jop 50(?/?0) . 3'(?0) dv,,. (2)

\4

The formal solution of (1) using Fourier transform is straightforward.
Following the pioneering work of Bunkin [1957], many authors have
contributed to the evaluation of the Fourier inversion of the solution
using asymptotic methods that are valid for the far fields. In many
important applications of G(T¥/¥,), such as scattering and antenna
problems, (2) is to be solved as an integral equation for the current
distribution J(r) which will produce a prescribed tangential electric
field over a known boundary. For example, in the problem of
scattering by a conducting obstacle, the integral equation to be

solved is



a X E(?S) = jwp n X ‘S;G(;s/;o) . f(?o) ds (3)

where n is the unit normal of the conducting surface, and r and
r_ are points on the surface of the obstacle. Numerical soldtion
o? such an integral equation [Mei and Van Bladel, 1963] is possible
if the near fields of G(F/Yo) are available.

The only known investigation of the near fields of G(r/r,.) is by
Mittra and Deschamps [1962], who found the singular terms of the
dyadic, but the remaining terms were left in double integrals which
are inconvenient for numerical applications. In this paper we shall
investigate the problem in a different light. The solutions of
Maxwell's equations for anisotropic media are considered as per-
turbations of the solutions for isotropic media. It is shown that
the solutions so obtained result in power series of the perturbations.
The series can be summed exactly for uniaxial crystals. A partial
sum technique is used for the case of biaxial crystal and gyrotropic
media. Second order solutions are presented for biaxial and
gyrotropic media. They are in elementary functions and simple
integrals feasible for numerical applications.

2. FORMAL SOLUTIONS

In this paper we shall assume that € is in one of the following two
forms -

—~ -
€ 0 0
€. = 0 €, 0 (4)
0 0 €5
or - -
€ -jv 0
¢ = g 0 (5)
5 0 0 €5

Let G (;/1_'0) be the dyadic Green's function of the vector wave
equation in an infinite homogeneous isotropic medium, which
satisfies the radiation condition at infinity. Thus,

- VX VX G(F/T,) + 1 Go(r/Ey) = 8(z/To) L, (6)

2=



2 2
where kl = ko . The solution of (6) is known to be

‘1
Vv — cam
Go =(I+-—i)¢o(r/r0), (7)
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where the function 4)0(;/;0) is defined as
by (/2 = - . (8)

Equation (1) may be written as

- VX UX Gz/Ty) + klz G(x/z,) = B(x/Ty)1 - kf 5+ G(x/T),
(9)

where

2:(6-6 I) —. k (10)

The solution of (9) is
G(r/T.) = G (¥/7.) - 25 G(F/T) * 6- G(T /rydv , Q1)
rlrg) = Golrlzg) - K S0 = o’V

where the integration is a volume integral over the entire space.
Iterating (11) once, we obtain

r/T /T 2 i -, '
Glz/r ) = Go(r/ro) - Ky ‘S‘V' Go(r/r‘) + 8+ Gylr [z av
+ kf 5‘ yl' Go(;/;') . g . GO(;'/; ) . g. G(; /;o)dv dv .

v (12)

Substituting (7) in the second term on the right-hand side of (12), we
get



VV
2 (e T e Y g a6 & T av, (13)

SN “1

where the operators V and V., operate on the variables r and 1,
respectively. Since the integration in (13) is over the variable 17,
the dyadic operators may be taken outside of the integration. After
changing the variable r' to t =r -1, we get

VV

R A R R E )y¢(t)¢ (- [F-Tyhav,. (9

oo Ko

The integral in (14) is recogmzed as a convolution integral of the
functions ¢ (r) and ¢ (r-r ) We define the Fourier transform

pair of a function as 0
— - jk-r
F(k) = f(r)e dv, (15)
v
— ‘—b _J fv ;
f(r) = F(k)e dvk . (16)
(2 ) Vi
By expressing (14) in the inverse Fourier transform we have
-jk - (x-T)
v.v e dv.
_kf(1+g).g.(1+_9.2.2 135' —— k. oan
K N 2 R T - x|
For convenience in the ensuing discussion, we define the function
¢ (p,a;r/r)) as
sjke (r-1)
0
oo 1 e dvk
¢ (P g;r/ro) = g‘ — o (18)

(20 v (p-E-z- B

.where the matrix a is defined as

.



a = 0 a o |. (19)

The integration of (18) is given in closed form in Appendix A.
Equation (12) may then be written as

G(E/Eo) (I+ 2(1) [k1 8+6 vv]® ¢
1 n=0
+ kf 5 f GO(E/{-') -6 00(5' /fo)dv"dv'_.
VI V”

Further iterations of (20) lead to the formal solution of G(f‘/fo) as

G(E/r)-(n-——-) 2(1) [1(16+6'VV] ¢ (k1 LE/7) .

1 n=0 (21)

2 - - - -
This follows since d)n(k1 yas; r/ro) is a function of |r-r hence

I 2
0
the operational relation V = - ¥V, still holds. It is noticed that
(21) is essentially a multipole expansion, i.e., the nth order term
~ in the summation contains a singularity of order n + 1 (for n # 0) at

= r. We shall discuss the summation of (21) for uniaxial, biaxial,
and gyrotropic media in the following sections.

3. UNIAXIAL CRYSTAL

The dielectric tensor for a uniaxial crystal is € = ¢

xR+ elys‘r + 6322.
It follows that

1

5 = 22 = 5,22. ' (22)

Substituting (22) into (21) we have



. o0
G(z/zg) = (1+ -V—;!) E (-)" 65 (klzzz +22% Vv)n¢n(k12, LiE/Ty).
k1 n=IO

(23)

Due to the orthogonality of the base vectors, the following relation
holds for n # 0:

2 )
2 . n _ 2 9~ .n-l1 2 9
(k122+2vaz) —(k122+22 3z2) (k122+2V8z)
2 n-1
2 0 2 0
(1{1+'a-z—2-) 2z (k122+zv-£)

2 n-l1

2
= (22 +2 VNI =) (24)
0z
Thus, (23) becomes
5 < a+ LY. 2 1.2
G(r/ro) = (I+ 2) {I¢0(kl, I,r/ro)
k
1
) 2 n-1
2 0 n_n, 2 9 2 -, -
t (k22 +2V o) Z(-l) 6y (k) + 8—2—5) ¢n(k1,.1;r/ro)}

n=1
(25)

Making use of the results of Appendix B, we may write the summation
in (25) in operational form as

[>e]

.2 n-l |
Y (P0G +25) 6 (e, TiE/E )
n.=I1 0z
0 n n-1
5 2 n
=N 3B ple 2, & 2 .oz
y Zn! (U + =) =5 éplky, Tix/x)
0z op

n=1

(cont'd)



) n 2 n-1
3 9 o 0 2] 2 - -
= z;— g‘ £y '——‘a 5 ) 5;¢0(k1,1,r/r0)
o0 n nl .
o3 9 9 . 9 2 - -
= z ;- 'a—+5—;) gg%(kl.l,r/ro)- (26)

And, introducing the parameter t in (26), we get

e 2 n-1
n.n,2 2 - -
Z (-1)" 65 (k) +a 5) ¢ (k) Lir/r)
n=1
5 - -1 n-l
- dt 2 9 0 0 2 ==
- z -S' (n-l 1 ap + aaz) ap ¢o (k1: I, r/ro)

n=1

5 o0 (lﬁt—'l'ta—a—'

S‘ z 2 kz Ir/r )dt 27
Z ap Polkp Br/ryldt. (27)
2o _

The summation in (27) is recognized as Taylor's expansion of the
function

9 2 ~a =, = 2 ~a -, -
_8;¢0[k1 (1+t), I+ tzz;r/ro] = - ¢1[k1 (1+t), I+tzz;r/ro]
2 1/2
(z-2)
. 1/2 2 2 0
-l ()7 T [k -x )Ty -~y ) ]
= S R e
8‘!!’(1+t)k1
(28)
We designate the functicn (27) by F(f’/fo), thus
6 .
3 2 L
F(E/EO) = -S' ¢1[k1(1+t), I+tzz;r/r0]dt. (29)
0

iy



It is readily shown that

2

- - an -, - 2 -, -
(1{-{-:9—2-)}‘(1'/1-0) = ¢0[lﬁ?(1+63), I+63ZZ;1‘/1'0] - ¢0[k1, I;r/ro]’
Z

Using the following abbreviations for the functions

2 -~ e -
oLl (1+85), I+8,), I+6,zz51r/r )] = ¢,(8,),

bk, L F/5 ) = b,
F(r/r) = F,

we get the final form of G(;/l—‘o)

PR LR
0 ale_ k12 9xdy X
2 19.(58,) 2 {9 (8,)
- | o 0'%3 87 %03
Glr/rg) = | 55y 2 - F ¢0+6Y2
a2 %o(%3) a2 $9(83)
0x0z 2 dydz 2
5 B!

(30)

g2 065 ]
oxoy 2

g2 $ol03)
" dyoz kl2
82
A+ —=5—=)¢,(5,)
kZaZZ 0'3
1
(31)

The third column in (31) which corresponds to the electric field
produced by an infinitesimal dipole in the z-axis was previously
solved by Clemmow [1962]. The above solution is exact and we
notice that the effect of the perturbation is mainly on the propagation
‘parameter. Therefore, if only a partial sum were used in (21), the
solution would be valid only for near and intermediate fields.

-8-




4. BIAXIAL CRYSTAL

When the medium is biaxial, the tensor & is of the form

o o0 0

= . 32

5 0 &, O (32)
0 0 &,

In this case, the operator [kz 6+6° vVv]" can no longer be
simplified as it was for the uniaxial media. An exact summation
of (21) cannot be obtained. If || || is small, it is possible to take
finite terms. Let GN(f/fo) be the Nth order approximation of
G(r/ro), i.e.,

N
G(E/Eg) = (14 Y D E s vVITe S LEE). (39
1 n=0

There are, however, several disadvantages associated with the
formula of (33) in that the multipole expansion requires GN(r/rO)

to be considered as a generalized function [Lighthill, 1958]

near the singularities, which results in the measure of the

high order derivatives of J(r) in (2). The integral equation (2)
then becomes an integral differential equation involving high order
derivatives of the unknown J(r). Furthermore, the high order

" derivative operators in G (;/f ) give rise to a multitude of terms
which make the application cumbersome. In the following we shall
remedy the situation by a ''partial infinite sum' method which
simplifies the approximate formula as well as reduces the order of
singularity of GN(E/E ). We shall only present the result of
Gz(r/r ) in this paper. Higher order approximations may be
obtaine(c)i in essentially the same manner.

In the expansion of GN(E/EO), we shall frequently come across
the operator

32' a2. 82 a2

VV»6* VW=V, —+6,—35)V = VV(6, —5 +0, —).
= 2,2 3.2 2 2 3.2
oy oy oy 0z



2
Let the scalar operators Vl and sz be defined as

2 2
2 9 9
Vi =62--—z+63 5 (35)
oy oz
2 2
2 2 9 2 9
VZ—GZ-—2-+63——2. (36)
oy oz

We can then write Gz(f/fo) as

G, (x/r ) = (19~ kfgzcbz) + %(t#o - V12¢1+ V14¢z)
1

SV B(e -V 4,) - B YV - by

2 2 2 2 2 2
+ VVVZ¢2+(k1_§__ 'VV+klg° VvV g+leV’ g )¢2.

(37)

We now construct a new function, G.(r/r.), by adding to (37) those
terms selected from the higher order parts of (21) to get

v 00 00
Gli/Eg = ) (D" ¢ = PG A
n=0 1 n=0

o0 . o
VAV g Z (_1)1'1-1 V].Z(n'l) q)n - 2 N VAV Z (-_1)1'1.--].q Z(n-]_)d)n
n=l '

n=1

o L gm-2 _ s2n-2
+ Y ) (718 mz P8l
n=2 Y
2.2 2 2 2
. . [ . * 3
+(klg vv+klg vv g+k1vv g)¢2 (38) .

-10-



Making use of the results in Appendices A and B, we obtain the

following identities:

g
L‘:
,-N.
33
C
5o
I
g

o0 ) 2n _n
2n _.n kl §
Y KT Ee, = ) [y LEE
n=0 n=0
/ \
0 0 0
1) 2n .n
N % " 2 o= a- 2 . - -
= Z 0 = 0 Bpn <b0 (kl, I;r/ro) +xx ¢0(k1, .-.,r/ro)
=0
e
0 0 —
\ "/
/
by, LE/E) 0 0 )
= 0 [k (1+8,), Lt/7 ] 0
2 - -
\ 0 0 ¢0[kl(1+ 6,); I;r/ro]/
n
" o 8 +5 a: ) (39)
Y P - Z 2 g (ki LE/E)
n=0 n=0
- ¢O[k12, I+ 6,55+ 6,52;7/7,], (40)
?a 5 2t
00 o0 (525— + 63 —a-a—z")

o 0, 1;7/7 )

3 n-1

n-l

2 (

b (5, 1;£/5) dt

(cont'd)



9 6 9
o % [taa 5t ]
1 y 2 z 2 . -, -
= 2 ~ q:l(kl,I;r/ro)dt
2 0 )
n=0
1 62 2 “~ o~ 63 AA - -
= g"y ¢k, I+tyy +e—tzz;r/r)adt, (41)
2 %0 2

_ 2n -16% _n-1 '
Z(-l) 6 a3 ¢, z (-1) 23 ¢1(k12,1;£/£0)

! -
n! aanl
y
% 62. tn-1 an—l 2 o
= - — ¢ (k. , I;r/xr )dt
Z 5‘0 (n-l)gaan-l 171 0
n=2 Y
o0
= 5 K il ¢ (k?‘ I;r/r )dt
- z (n-l)' n-1 171”777 170
0 Oa
: n=1 vy
¥ 6,6 (K2, 1;5/%,)
2 ¢y, Iix/zg
® 6I?.tn an
:-Z‘gy -—'-—- ltlll‘/l')dt
n.
0 3a
n=0 Yy
¥ 6, ¢ (K5, I;5/%,)
2 9, Iir/z
62

- ‘Yo ¢1(kf, 1+t§§r;£/£o)dt + az¢1(kf‘, I;i-'/'r'o).

(42)
Similarly,
.°° n nazn-z 63 | 2 an -, - 2 - -
Z(-l) 53-8-—25':24311 = —-‘g(\) ¢1(k1,1+tzz;r/ro)dt+ 63¢1(k1, I;r/ro).
z =
n=2 (43)

“12-



Using the formulas (39) to (43) in (38), we get the final form for
the second order solution as

-, - 2 -, - -~ -, - ~ o~
GlF/E ) = oy, LiE/E)Rx + ¢ [k (+6,), ;F/E,1¥7

¢
2 - - -~ A~ 0 2 -~ -~ - -
+ 4)0[1(1 (1+63), I;r/ro]zz + Vv{ 1:5 [kl’ I+62yy;r/r0]
) 1
62 ) o 63 , X
- SO ¢, (K I+t}7Y;r/ro) dt - 5(; ¢ (ks I+tz Z;f/fo) dt

+ (6Z+63)¢1(k12, I;f/fo)} -[wv- 5 - vv’]-él—-
2

)
2 2 -~ 3 ~ A -, -
. 5' . (k. , I+tyy + — tzz;r/r )dt
o 11 62 0

o

+{kfz__52. vv+kfg- \vAVAD g+k12vv- 22}4,2(1{‘,1;5/50).

(44)
We notice that the order of singularity of G_(r/r_.) is the same as
that of G_(£/% )- oo
0 0
5. GYROTROPIC MEDIA
In the case of gyrotropic medium, 6 is of the form
— -
0 -jv 0
6 = | jv 0 o {. (45)
_ 0 0 63 _

The second order solution for this case is identical to (37). The
matrix 6" takes different forms for even and odd n. They are

-13-



v 0 0
g?.m - 0 va 0 , (46)
2m
0 63
0 -jv2m+1 0
2
2 m+1 - jv2m+1 0 0 . (47)
0 0 6Zm-{-l
3
And, the operational products VYV * _ﬁ_n * VV become
2m 2m 2m
2 2 2 2 0
vv- 85 . gy = py i A 4 i B fm 2
= Zm 2m 3 2m
ox oy Bz
(48)
2m
2m+t 2m 9
vv- 6P gy - vy 2™ . (49)
3 BZZm

Using the '""partial infinite sum,' we have

2n

GylElEg = ) (DTN v ) (0" 8] 882n 6
1 n=0
2(n-1)
n-1_2
-[vves+5- VV]Z(-I) ;;-2'(;1_—1)%
n=l

<

® 2n 2n ®
v 2n 2n ] 8 n
e zkl v { Zn Zn} ¢2n+vvz (-1)
kl ol ox 2y —

Z(n 1) 2

2 2
-~ . . . 5+ . § .
T ¢ +kl{= VV+Ee VYV E+VV- S }¢2.

-14-



The summations in (50) can be calculated as in the previous section except for the following two terms:

©

n,2n _n
Z (-1) kl g ¢n =
n=0

/ 2 2 2 2 \
(k?‘ )n 5 n .(kz )n+1 5 n+l .
v —— -j v
2 ;
17 2nrap™® 1 (2n+1)1 op°" 1!
A
T
00
+ +
z j(klzlv)Zn 1 32n 1 (kz v)zn aZn A )
2n+l 1 2 0 - -
& (2n+1)13p 2n1 2p°" b kT L T/E )
n
0 0 k2n 5P 9
1 3
n!dp

2 - - E - - - - ~
¢0[1§1(1+v). I;r/rO] + 12 §*¢0[k12(1-v). I;r/ro] + ¢0[ki2(1+63), I;r/ro] z
: (51)

1
=33



where

nn

is defined as

nwn
il
1

| S
bt
(=]

And, using the result of Appendix C, we obtain

zn ,2n ke (r-rg)

©0 2
z 2n_2n a Z (P y ¢ e ¥y
ZTT)

n=1

o0 2n 2n -_]i: (r-1 )
%
z( j)zn k.l v ,()Zn (\ e 0" d =
z 2n 2 =2
1 =5
bl (2m~2nt b V. [k |&|™+ bk 1 o

1

2 k. v

i 2 o i
¢0[k1 (1 - l:-l—), I;r/ro]cos —EL(X-XO)}— by (s I;r/ro). (53)

1l

The final form for GII(;/;O) in gyrotropic media is

e 2 5 2 o
G AF/T ) = lzg &, [k (1), T;5/7 ]+12§ &, [ (1-v), T5 7/ ]

°3

1 2 S e e
. VV] & 5. ¢1[k1,1+tzz;r/ro]dt
3 0

+ & [k2(1+6°),1;£/1'~ lzz - [VV-
0 1 2 0

o
+
o

2 kv
A 2 ~ o~

- g o 1

—— . - — . h

+ kz ¢O[k1,l+63zz,r/ro] +¢O[k1 (1 i )s I,r/ro][cos
1

(x-x,)

o
¥ B D B
e = ftzz:r/r )dt
+ cosh ——(y y‘o)] k \S—\ ¢0(k1,l4-tzz 1/r0)

0 (cont'd)

. .



- - 2 2 - -
- 2¢(k, Lix/r ) -k 659 (K, Lix/T )}

2 2 2 ol
tk 8 -VV+E- VYV 8+ VY. b ¢Z(kf,1;r/r0)- (54)

6. DISCUSSION

The perturbation method may be started from different zeroth
order solutions other than those presented in this paper. In the

e1+ez+e3

0 3 ) in
place of K‘{Hwe can obviously obtain better second order solution.

biaxial problem, for example, using ka (=k

We chose because it gives a simpler result.

The solution of the uniaxial problem is exact. We may use it to
obtain certain qualitative information about the perturbation method,
which is difficult to obtain for the solutions concerning biaxial and
gyrotropic media. The accuracy of the second order solutions,

for example, is easily obtained for the uniaxial solution using
Taylor's theorem. We may use that information to estimate the
accuracy of the approximate solutions for biaxial and gyrotropic
problems. Another use for the uniaxial solution is to determine
the branch for the fractional power terms. In general, the branch
is determined by the radiation condition at infinity. The second
order solutions are valid at short or intermediate distances from
the sources, hence the radiation condition can not be applied to it.
However, in the limit of infinite dc magnetic field, the ¢ of a
magnetoionic medium approaches that of a uniaxial medium. Thus
the rules which govern the choice of the branch of fractional powers
in the uniaxial problems should apply to the problem in gyrotropic
media. Consider the following term of the uniaxial solution:

(2 -z )2 1/2
. 1/2 1/2 2 )
-Jkoel (1+63) (x-xo) +(y-y0) + 1+63
¢ o , 12
-Jkolr-r0|{61[1+63sm o]} (55)
= e

which is valid for all real 0 and |r - ;OI . When € and 63 ,

both are negative, the term inside the braces may be negative. If
so, the radiation condition requires that

or

1/2 1/2

{el[l+ 635in29]} = -j|e1[1+63sin29]| . (56)

17-



This rule should be applied to the second order solution of the
gyrotropic problem near the plasma resonance.

APPENDIX A

The function ¢n(p, a; 1-'/1—'0)

-jk- (7 -7 )
1 e de

é (p,a;r/r) = 5‘ =
n = 0 (2103 v n+l

x (P-k-a-k)

. . © -j[kx(x-x0)+ky(y—yo) +kz(z—zo)]
(-1)

e dk dk dk
: ;S..SVJV =
3 n 2 2 2
(27)"n! 3p g [p - a_k - ayky - azkz]
1 1/2 1 1/2 1 1/2 .
= = k , k = k ’ e get
Let kx a_ kx’ kY vy Sy Ky a, 5’ We 8
n n
-, - -1 ]
¢ (pya;r/r)) = (1)
nt=n0 3 1/2 ..n
2ty n!(a_a a ) op
( X'y z

x4 ()
-j k + k + '
X a1/2 y a']}.YIZ Zz ai/Z dk

z
o e —r
dk dk
555 ' —
-00

2 12 :2
- - -k
P kx kY -
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(cont'd)



1/2
2 2 2

1/2 (x-xo) (Y‘YO) (z -zo)
p + +

=)

a a a
(_1)n+1 an o x y z
= 2
n!(a a a )1/ 4w 8pn 2 2 2 1/2
ny z (x-x_) (y-y.) (z-2 )
0 0 0
+ +
a a a.
X y z
n
nl 9 -, =
=D T 5 dolprair/ry) .
n
APPENDIX B
. 2n -, -
The function Vl ¢n (p» I,I‘/I'O)
-jk - (r-r )
n 0
2 2 e av
oy 9z (2m)” “V, (p-k- I k)
(-0 (6.k°+ 6 k?‘)n - - (-7 )
! S‘ ) 2y 37z e dv,
2m> v, _ o
(p-k-I-k)
ik - (r-r )
(-n° 9 o | ™ ° Vi
=3 1% % 0% = -
(2m) " n! y z Vi (p-krac k), g
n
=) 5 8

n
a - -
ntl 02 3ay + 8, Baz) ¢lpsIsr/x ]
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APPENDIX C

2n
The function kln 2n 82 ¢2 (p, I;r/r )
ox
-jk * (-1 )
2n 2P n e 0" av
klln vZn 0 & (l)n 1 S‘ x k
Y T 2n %2n TV 2n+1
ax (2m) v 2 2
ko nd-IRP
-jk ¢ (T-T )
2n 2n 0
2a 9V Yaa © dVy
- ("J) 3 Zn .

.2n_2n 2n
-0tV g2m
2m32nt 8™

! b
e-J[kx(x-xo) + ky(y-yo) tk, (z-z)] e"J 5 (x-x)

1
dkxdkydkz
v 2 2
2 )
k [kl+%—-kx-k2-kz]
Y b=0
.2n_2n 2n . b (x-x)
R S il DRSS
2n! abZn 01 4 0 b=0 .
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