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Abstract—Three general solutions are obtained for the coupled dynamic equations for a transversely
isotropic piezoelectric medium. These solutions are expressed in terms of the two functions iy and
F, where  satisfies a second-degree partial differential equation and F a sixth-degree partial
differential equation, respectively. If the terms concerning the derivatives of time are removed, the
results become three general solutions for the corresponding equilibrium equations, in which the
function F can be represented by functions F; (i = 1, 2, 3), each of which satisfies a second-degree
partial differential equation by utilizing a generalized Almansi theorem ; and the solution Wang and
Zheng [Int. J. Solids Structures 32, 105-115 (1995)] obtained is proved to be consistent with one
case of one of the three general solutions. When the constants e, ; = e;, = ¢;; = 0 the piezo-electric
coupling is absent; then, two of the solutions reduce to the elasticity general solutions for a
transversely isotropic medium, one of which is the result Hu [Acta Scientia Sin. 2(2), 145-151
(1953)] obtained ; the other one has not been published. Last, the solution in the limiting explicit
form for the problem for a half-space with concentrated loads at the boundary is obtained by
utilizing the general solutions. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

According to a survey made by Rao and Sunar (1994), the control of flexible structures
has attracted a considerable amount of research in recent years. The characteristic phenom-
ena of piezo-electric materials, the direct and converse piezo-electric effects, permit them to
be used as sensors and actuators in a control system. This motivated the investigations of
these kinds of materials over the course of many years and many important achievements
have been made in the subject such as fracture mechanics (Sosa, 1992), laminated structures
(Sosa and Castro, 1993), numerical analysis (Sung Kyu Ha er al., 1993) and structural
control (Rao and Sunar, 1994). Wang and Zheng (1995) first carried out investigations
about the general solution for three-dimensional problems for the piezo-electric media.

As suggested by Sosa and Castro (1993), the governing equations for the theory of
piezo-electricity are:

oy = — f,:+p‘:[‘2"' (1)
D, =p, @
6y = Cyplrs— €uiEy (3)
D, = ey By +ex By (4)
gy = %(”i,, + ;) (5)
E=—-9¢, (6)

where o, &5, u;, E;, and D, are the components of stress, strain, displacement, electric field
and electric displacement, respectively; ¢ is the electric potential; p, f, p, are material
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density, body force, and density of free charges, respectively; and ¢, ey, and g; are the
elastic stiffness, piezo-electric and dielectric constants, respectively. In the most general case
of anisotropy, there are altogether 45 independent constants in eqns (3) and (4), which
include 21 elastic stiffness, 18 piezo-electric and 6 dielectric constants. The present study is
concerned, in particular, with the transversely isotropic piezo-electric media as they rep-
resent what is possibly the most technologically important piezo-electric material. Thus
only 10 independent material constants are presented in eqns (3) and (4), which include 5
elastic stiffness, 3 piezo-electric and 2 dielectric constants.

If e, = 0 the piezo-electric coupling is absent, eqns (1)-(6) reduce to 2 groups of
equations for the uncoupled elastic and dielectric problems, respectively. One group consists
of equations (1), (3) and (5), and the other one (2), (4) and (6).

The dynamic equations (1) and (2) can be expressed in terms of #; and ¢ by virtue of
eqns (3) and (6). In the context of transversely isotropic piezo-electric media and in the
absence of f;, p,, they are

o* &* ik : v a*w
‘1 % +C665—}12+C44§_p§ u+(ci, +c66)5_x7y +(cis +C44)M

22
+(eys +331)6x:§2 =0 (7

N2

(+.)2u+ ﬁ+ & o 0* - o’w
Ci2 T Cee axdy Cﬁ()axz Cllayz +Caa Py _Patz U3 C44)6y5z

2

%,
+(915+931)5y%= 0 3

0 [0u Ov & 0? 0?
— — J— _—— ) — —_— = 9
(c13+c¢aq) 2 <8x + 6y>+<6'44/\+033 P Pa 2)W+<315A+933 as >¢ 0 9

é (ou ov 0? ¢t
(ﬁs"‘ﬁl)&(&+5})+(315A+€335;)”’—(811/\*‘533@)(1)20’ (10)
where
0? 02
—*_+_—
oxt 2

Removing the inertia terms in the above equations, we have the corresponding equi-
librium equations for which Wang and Zheng (1995) have given a general solution. This
paper, however, concerned with the dynamic equations above, obtained three general
solutions expressed in terms of two functions Y and F where { satisfies a second-degree
partial differential equation and F a sixth-degree partial differential equation. If all the
functions in those solutions are independent of time, these results shall become three general
solutions for the equilibrium equations. At this stage, each general solution possesses three
cases individually in accordance with the possibilities that the eigenvalues s?, (i = 1,2,3)
might be equal to each other. Included is the proof of the solution Wang and Zheng (1995)
obtained for only one case of the three general solutions and does not include the other
two cases of that specific solution. This indicates the extensiveness of the general solutions
presented in this paper.
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2. GENERAL SOLUTIONS OF DYNAMIC EQUATIONS
Firstly, introduce displacement functions y and G to represent the components of
displacement « and v, giving

“Eo Tax YT T e

Substituting eqn (11) into eqns (7) and (8), we have:

0B ¢4
—— = 12
Y (12)
B o4
5);+3/_y:0’ (13)
where
02 o?
B:(C66A+C44 S, TP ,>¢ (14)
oz* or
0? 0? ow a¢
4= <011A+C44a‘?_PE>G—(C13+C44)E—(315+€31)az~ (15)

The solution of eqns (12) and (13) can be found of the form:

0H ¢H
= — B = —
A FrE o (16)
and H should satisfy
AH = 0. a7n

It can be proved that eqn (16) can be simplified as follows (see Appendix A):
A=0, B=0. (18)

Substituting eqn (11) into eqns (9) and (10), then listing them together with eqn (18), we
have

ik ik
<C66A+C44"—2_p ’)l//:O (]9)
oz ot
and
G
Diw)=0, (20)
¢

where D is a operator’s matrix :
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M o2 0* é ¢
C’|1A+C44§—Péﬁ —(013+C44)E —(615+€31)a
G, g? 02 o2
D= | —(c3tc)A+ Caaht o< —p— esAtess— 21)
0z 6z2 o oz*
1, 0° 0?
_(315"'931)/\& —<915A+933£;> 311A+833§

Calculate the determinant of matrix D, then introduce a new function F to let |D|F = 0,
giving

86 /4 02 /4 82
[am +bA6— +cAA— +dA/\A+gAi +hAA—
oz¢ ozt oz* ort or
az az 54 62 82 84

+hA— —+I——+n— —

oz2 ¢t ¢b et oz ar

]F =0, (22

where

a = cia(eds +¢33633)

b= cyslciatys +(ers+es) 1 4essler ot cia— (e +caa)’]
+ess[2case st ¢33 —2(cr3 Fcan)e s +es1)]

€= caalci1853+ (€15 +e€3,)° ]+ &1 [C11033 42— (€13 +Cas)?]
+eis[2c1 833+ Caslys —2(Ci 5+ Caa)(ers +ea1)]

d=ci (efs+cqa8)))

g=rpe,

h= —pleis+(cii+caa)en]

k= —pl2eses3 4 (Cas + 330811+ (Cr1 +Caa)es3 + (015 +€51)°]

I= —pleis +(caa+c33)e35]

n= p2£33.
Calculate the algebraic complements 4, of |D| based on each row and let
G=A,~1F, W’=Ai2F, (b =Ai3Fa (l= 152a3) (23)

Then eqn (23) represents three solutions for eqn (20) if F satisfies eqn (22). We thus obtain
three general solutions for the dynamic equations by substituting eqn (23) into eqn (11),
yielding

oy OF ]
u=aAy—A,-15);
po W OF
T T e oy % (24)
w= A,F
¢ =A,F (i:1’2’3),
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where ¢ and F satisfy eqns (19) and (22), respectively, and

A4, = <C44A+C33§_; _P§;><511A+333 %;)4‘(915/\4‘333 ;;;)2» ]
A, = (013+044)<311A+333ﬁ)"‘(els+93|)<€15A+333§i>:|/\£,
0z* 0z2)| 0Oz (
&’ ¢? & ¢
= |:(c|3+C44)<615A+e33 P > (es +e3.)<c44A+c3; W "’ﬁﬂ"&y

0 N

0? 0?
(c13 +C44)<311A+8336 >+(e|5 +e3|)<e15/\+e33 )ilaz

2

82
<511A+C44 - >( enA+es )+(e15+€31) Aa_ r

a
ciiA+c 44 - ) e1sA+es; > (C13+C44)(€15+331)A

a2

A, = Aven o pl Aven )20
1 = |(e1s+es)| cas ‘+‘C336 Z—Patz —~(cr13+caa)|eisA+ess a2] e s

2

i) &? (')2 &
A32=(C13+‘344)(915+931)A§,— C|1A+C44,,_," e sA+es; ,
oz? oz’ ot 0z*

LI s &
‘,433 = <C“A+C44 622 —p¥>(C44A+C33E - 6[2>—— E ? 622 ’ J

In cylindrical coordinates (#, 8, z), the general solutions (24) take the form

Y

d @ ]
e aF
oy 0
“="r rae ity
w = AI'ZF
¢ =AsF(i=123)

and in eqns (19), (22) and (25)-(27)

A
A = —_— .
o rar ' op

correspondingly.
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25

(26)

@7

(28)

Furthermore, we shall obtain the general solutions for axisymmetric problems if we

let ¥ = 0 and Fis independent of 6 in eqn (28) or (24).

If we substitute eqn (24) into eqns (5) and (6), and then substitute the results into eqns
(3) and (4), we can obtain representations of ¢, and D,. That means specific boundary
conditions and initial conditions can also be expressed in terms of y, F and their partial

derivatives.
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3. GENERAL SOLUTIONS FOR EQUILIBRIUM EQUATIONS
Equation (24) becomes three general solutions of the equilibrium equations if all the

functions in them are independent of time. Firstly, we get the equation which y satisfies at
this time from eqn (19) as follows:

62
A+— =0, (29)
(a2
where z3 = 5322, and
5 = oo (30)
Cas

At the same time, eqn (22), which F satisfies, can be simplified to take the form

02 2 62
(A+—>(A+8—><A+——>F=O, 31
oz3 022 0z3

where z7 = s?z?, (i = 1, 2, 3) and s7 are the three roots of the equation
as® —bs* +cs?—d = 0. (32)

The three roots s? can be expressed in terms of a, b, ¢, d and there will always exist a
real one among them, assuming s; is the real root with no loss of generality. Besides, we
further assume Re(s) > 0 (i =1, 2, 3).

Correspondingly, eqns (25)—(27) can also be simplified. For example, eqn (26) may be
rewritten as

02\ 0
A, = <m|A+m2§>E

2 64
Azy =cp 18 A’ +m3A,,_2 +Cq4€33 A4
oz 0z
0? il
Ay = C||915A2+m4/\g +C44€33§, (33)

where

my =g, (3 +caq) +eyslers+es)
m;y = g33(C13+caq) +e33(e15+e5)
My = ¢y 833+ Caatyy + (€15 +€3,)°

My = Cy €33 +Cqs€ 5 —(C13+Cas)(ers +e3). (34)

It is proved that there still exists a generalized Almansi’s theorem in this case (see
Appendix B), which is analogous to the works done by Eubanks and Sternberg (1954). The
theorem is:

Let R be a region of the (x, y, z)-space such that a straight line parallel to the z-axis
intersects the boundary of R at no more than two points, then in the region R, the solutions
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of eqn (31) can be represented as follows:

() F=F +F,+F, fors’(i=1,2,3) aredistinct;
(2) F=F +F,+zF, fors} #s3=s; and
(3) F=F,+zF,+2°F, fors} =s}=s3, (33)

where F; satisfy the following equations, respectively, giving

i )
(A+ F)Fi =0, ((i=1,23). (36)

Hence, by utilizing this theorem, every solution of the six-degree partial differential
equation (31) can be represented by the solutions of eqn (36) which is only second degree.
Furthermore, the theorem can be used to rewrite our general solutions. For example, in the
first case of eqn (35), by virtue of eqns (24), (33), (34) and (36), the general solution can
be rewritten as

oy 2 O*F, )
= + 2, s
! a 4 i; ax 82,3
a2 0*F,
= ——+4 ;S
! ox i; dy éz}
e r G7)
w= L
i; d oz}
3 54Fi
¢= f; & 52,4 ' 4

where
_ 2
o =m, —m,s;,
Bi = Ci181; —M38% + Casasst
i 1111 393 440339 5

2 4
'}7,- = Cllels‘m“si +C44e33s,- . (38)

For further simplification, let

O°F,
tsi— = ¥, 39
o Y (39)
then eqn (37) becomes:
_ al‘/,() 3 aw.\
- oy +i;1 0x
0 3 oy,
v= % + Z —li
- . (40)
w ik %
- i=1 oz
oy,
d’ = i; k21‘_a;s )
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where o = — and

klizf%, ky = - : (41)
&;S; oS

Besides, in view of eqns (29), (36), and (39), we obtain the equation which y,, respectively,
satisfies :

<A+ ﬁ)‘ﬁi =0, (1=0,1,2,3). 2
0z2

Clearly, the general solution represented by eqn (40) is consistent with the result Wang and
Zheng (1995) obtained.

4. GENERAL SOLUTIONS FOR DECOUPLED PROBLEMS

As stated before, when e,5 = e, = ¢;; = 0 piezo-electric coupling is absent, the gov-
erning equations reduce to two groups of equations which will be treated separately. At
this stage, the general solutions represented by eqn (24) will also reduce correspondingly
to the general solutions for the decoupled problems.

Firstly, in this case, eqn (22) can be rewritten as:

LMF =0, (43)

where L and M are two operators :

0? &2 ? 0? o*
L=|cy A+ciu— —p— N CasA+cCs3s— —p—)— (3 + a2’ A—
< 11 44 a2 p0t2>< 44 33 Py p5t2> (c13+¢caa) Py

62
M=511A+833_. (44)
oz?

Secondly, let
MF =/ 45)
Then by virtue of eqn (43) we obtain the equation which f satisfies :
Lf=0. (46)

The three general solutions stated by eqn (24), corresponding to i = 1, 2, 3, reduce to
the following three solutions, respectively :

oy * Ny )
R S
oy e 8>\ of
V= ‘5‘(644“633;—”57)5 - @

of

w=(c13+ce)A7
oz

d):o; J
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_w of 0
u= 2y —(C13+C44)6x62
oy lias
U= —@x—(cl3+c44)5y62 L (48)
o2
o A+ —
< 11 C44 P p612>f
=0; J
and
u:lJ:"V:O, ¢=LF. (49)

Equations (47) and (48) are the general elasticity solutions for transverse isotropy.
For equilibrium problems, let ¢ = (¢;3+c44)f, then eqn (48) is the general solution Hu
(1953) obtained [see also Lekhniskii (1981)]. The general solution represented by eqn (47)
has not been published. In view of egn (43), the function ¢ in the third general solution
stated by eqn (49) satisfies M¢ = 0 which is the equation the electric potential must satisfy
in dielectric problems.

5. PROBLEM FOR A HALF-SPACE WITH LOADS AT THE BOUNDARY

Wang and Zheng (1995) investigated the problem of a piezo-electric half-space with
concentrated loads at the boundary. Sosa and Castro’s study (1994), however, was con-
cerned with concentrated loads at the boundary of a piezo-electric half-plane. In present
study, as an example of applications of the general solutions, we now consider the problem
for a half-space, given the forces and electrical displacement at the boundary.

We assume the following boundary conditions on the surface of a half-space (z = 0),
giving

g, = Po(X,y), Tx: = Qo(X,}’), Ty: = 03 D: = T()(X,y) onz = 0 (50)
The Fourier transform for a function f(x, y) is defined as

; I S e .
f(%ﬁ)=ﬂj j [, p) e dxdy. (D)

Then, we can obtain the Fourier transforms of eqns (24), (33), (29), (31), and (50),
respectively, yielding

—ipy +iad, F
5= oy +if Ay F

i

‘1_5 = /Iz3F§ (52)

- o* o*
A22 = C44833§ —m3p2-a; +Cllsllp4

& &*

2 53
oz* 0z* (53)

Az3 = C44€33
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(i —pz)l/; =0; (54)

dz3

N @ N\ 2)_
= - - F=0 55
(az% ”)(azz ”)(&% i 53

and

t,=0, D.=T, onz=0, (56)

where
Pt = o+, (57)

It has assumed that the function y and its first-degree partial derivative, F, and its partial
derivatives of degree one to degree five tend to zero as x> +y* — .

The general solutions for eqns (54) and (55) can be readily obtained; under the
conditions that the quantities », v, w and ¢ tend to zero as z — oo, the functions  and F
have the following form

Y =koe 7 (58)
- 3
F=3% k,e " fors(i=1,2,3)aredistinct; (59a)
n=1
F=k e P> yk,e " 4kze ™ fors; # 5, =53] (59b)
F=ke ™ tkze " +k,z2e ™° fors, =s, = s3, (59¢)

where k,(n = 0, 1,2, 3) are arbitrary constants.

Substituting eqns (58) and (59) into eqn (52), we obtain the representations of &, 7, w
and ¢. Then, by utilizing the Fourier transforms of the constitutive relations, the rep-
resentations of the ¢., 7., T,., D, etc. can be obtained. For example :

¢

g, = —ic13(aﬂ+ﬁﬁ)+c3gg—f+e“é—z- (60)
= Con (gﬁ —iﬁw)—iﬁelsé (61)
To, = Cas (g —iaW)—ioce,SdE (62)
D, = —iae31a—iﬂe3lﬁ+e33%—s33% (63)

Last, by virtue of eqns (60)~(63) and (56), we can obtain four algebraic equations
for &k, (n=10,1,2,3). Solving this group of equations and substituting the values of k,
(n=0,1,2,3) into eqn (52), then inverting the equation by applying inverse formula for
the Fourier transform, we thus obtain the solutions for the boundary-value problem
considered.

In particular, assuming that
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Py(x,y) = Pé(x)3(y),
Qa(x,y) = Q3(x)d(y),
To(x,y) = To(x)8(»), (64)

and taking the case of eqn (59a) as an example, we now can obtain the solutions for the
boundary-value problem considered when s,, s, and s; are distinct, giving

n 2 3 ns, {1 x? Plx Thsx
u= Qnso _; Y + Z Ons — _ 5* _ 5* (65)
d. \R¥ R¥*R,) =] d. \R¥ R»R/) d.RR dRIR,

I 5 i Onexy  Ply . Tbey (66)
" dRFR, <1 \d.R*R, TARR, T dRR,
_ S [ Onux Pl?i Th;,
v= 2 (de"R d.R T d,R, 7

2 [ Ongix Ply;  Tbhyg;
- a1} 6
o= L <de;*R, Tart dde>’ (68)

where R, = /X +y* 4z}, R}=R+z,andd,, d.,dyn; 1, b;(i=5,6,7,8;/=0,1,2,
3), which are tabulated in Appendix C, are coefficients expressed in terms of material

constants.

6. CONCLUSIONS

(1) Three general solutions for the coupled dynamic equations for transversely-iso-
tropic piezo-electric media have been obtained and are represented by eqn (24). They
become the general solutions for the corresponding equilibrium equations on the removal
of those terms concerning the derivatives of time.

(2) Itis proved that the solution Wang and Zheng (1995) obtained is consistent with
eqn (40), one case of one of the three general solutions obtained in this paper and does not
include the other two cases of that specific solution.

(3) Two general elasticity solutions for the dynamic equations for transverse isotropy
have been obtained and are represented by eqns (47) and (48). They become two general
solutions for the equilibrium equations if all the functions in them are independent of time,
one of which is the solution Hu (1953) obtained, the other one has not been published.

(4) For the problem of a half-space with concentrated loads on the surface, we can
obtain limiting explicit solutions such as eqns (65)—(68) for the three cases of eqn (59)
respectively, by utilizing the general solutions presented in the paper.

REFERENCES

Eubanks, R. A. and Sternberg, E. (1954). On the axisymmetric problem of elastic theory for a medium with
transverse isotropy. J. Ration. Mech. Anal. 3, §9-101.

Hu, H. (1953). On the three-dimensional problems of the theory of elasticity of a transversely isotropic body.
Acta Scientia Sin. 2(2), 145-151.

Lekhniskii, S. G. (1981). Theory of Elasticity of an Anisotropic Body. Mir Publishers, Moscow.

Rao, S. S. and Sunar, M. (1994). Piezoelectricity and it’s use in disturbance sensing and control of flexible
structures : a survey. Appl. Mech. Rev. 47(4), 113-123.

Sosa, H. (1992). On the fracture mechanics of piezoelectric solid. Int. J. Solid Structures 29(21), 2613-2622.

Sosa, H. A. and Castro, M. (1993). Electroelastic analysis of piezoelectric laminated structures. Appl. Mech. Rev.
46(11), s21-s28.

Sosa, H. A. and Castro, M. A. (1994). On concentrated loads at the boundary of a piezoelectric half-plane. J.
Mech. Phys. Solids 42(7), 1105~1122.

Sung Kyu Ha, Keilers, C. and Fu-Kuo, C. (1993). Finite element analysis of composite structures containing
distributed piezoceramic sensors and actuators. 4144 J. 30(3), 772-780.



2294 Ding Haojiang et al.

Wang, Z. and Zheng, B. (1995). The general solution of three-dimensional problems in piezoelectric media. Int.
J. Solids Structures 32(1), 105-115.

APPENDIX A

In this section we prove the possibility of eqn (18). If we see eqn (11) as the equation for the solutions of ¢
and G by giving # and v, the resolvent form for displacement represented by eqn (11) is not single. In fact, the
homogeneous equations of eqn (11) have nontrivial solutions namely i, and G, which satisfy :

Ny  0G, Yy 0G,
Zro o0 Al Y Al
dy  ox Toox + dy 0 A
In view of eqn (A1), we have :
AYy =0, AG,=0. (A2)

Thus, if the functions  and G in eqn (11) are replaced by  + s, and G+ G,, respectively, they still represent
the same displacement as before. Now, replace  and G by ¢+, and G+ G,, respectively, in eqns (14} and (15),
and then substitute the results into eqn (16). At this stage, if there exist:

&? a2 cH
C|1A+C44f —p—|Go =5

o o) '
02 &2 cH
(Ces/\'i‘cugzg _Pg)llo =’ (A3)

eqn (16) can be simplified into eqn (18). In view of eqn (A2), eqn (A3) can be rewritten as:

( o 62> oH
Cas 7 —p—— |Gy = 5

o or oy
& e’ oH
O 0
Introducing a coordinate transformation defined as
E=z—01, n=z+ol, (A5)
where
a=t (A6)

3
eqn (A4) becomes

Py 1 BH 3G, | 8H

= = . A7
0Edn  degy Ox GEOn  dcgy Oy (A7)
Now define
E+n n=¢ 1 {+n ¢
Hy(x,y,z,1) = T, = T Al
olx, .2, 1) Ho(x,} 5 2 )" A H{x.y,— 2, d¢ )dy (A8)

of which the right-hand side means that the integration of H for # takes place once the integration for £ has taken
place.
Clearly, if we let

oH, AH,
== G, =
l1’0 ax » 0

—, (A9)
oy

then eqn (A7) is satisfied ; and since function H satisfies eqn (17), the functions ¥, and G, represented by eqns
(A9) satisfy eqn (Al).

APPENDIX B

In this section we prove a generalized Almansi’s theorem, stated as follows :
Let R be a region of the (x, y, z)-space such that a straight line parallel to the z-axis intersects the boundary
of R at no more than two points. Let F,(x, y, z) be a solution of
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[1V?F, = ViVi...V2_,V2F, =0 inR, (Bl)
=1
where
2 22 a
Vi=A+ciD!, D=—, (B2)
and the ¢, are constants. Then F, admits the representation
F(x,y,2) = Fo (0, ,2) +2"FP(x, 1, 2), (B3)
where F,_, and F™, respectively, satisfy
n—1
[IVviF... =0, (B4)
i=1
VIF™ =0, (BS)
and m(0 < m < n—1) is the number of the coefficients ¢/ (i = 1, 2, ..., n— 1) which are equal to ¢}.
To prove this theorem, we need some preliminaries :
(1) We first note the trivial identities
VI[A(2)B(x,,2)) = AVIB+c}(A..B+24.8B.), (B6)
VIFO = (2 —)F = (¢ —c)D*F? ifVIFY =0, (B7)

and observe that F, also satisfies eqn (B7).
(2) As a further preliminary, we prove that if F(x, y, z) satisfies V2F = 0 and m > 0 is an integer, then

0 for k=m—1
V"(Z*F) = { (B8)
2"m!cD"F for k=m.

Let £ = m— 1. Clearly, eqn (B8) holds for m = 1 and 2. We proceed by induction. Thus, assume
V2D ("2 F) = (),
Then, by hypothesis and eqn (B6),
VI F) = VOV )
= (m—1)(m=2)c}V}*"" 2" P F)+2(m—1); VI V(" F ) = 0.

Next, let k = m. Again eqn (B8) evidently holds for m = 1, in fact, when m = k = 1, V}(zF) = 2¢}F, = 2¢} DF.
Using induction once more, assume

Vim=D(z" F)y = 2" Y (m— 1) 1"~ D D" DF,
Then,
Vi"(z"F) = V"~ DV (2" F)
= mc[(m— VI V("2 )+ 293 )]
=2"m\c!"D™F.

This completes the proof of eqn (B8).
Turning to the proof of the theorem, we may assume with no loss of generality that

=c2 (i=n—mn—m+1,...,n—1)

d#cl (i=12,...,n—m-1). (B9)
In view of eqn (B3), F,_, admits the representation
F,_ ,=F,-z"F", (B10)

and eqn (B4), by virtue of eqn (B10), becomes
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n—1 n—1 n—1
[ ViE._ = [1 VEE - T ViEz"F™y =o.
i=1 i=1 i=1

Assume that F” satisfies eqn (B5). Then, by virtue of eqns (B7) and (B8),

—m—1

n—1 n
[[ViEF™)y = [] VIVi"(@"F™)]
i=1 i=1

=2"mic"D" T[]

where

n—m—

i
H=2"m\c?" ] (—c).
i=1
In view of eqn (B12), eqn (B11) becomes
n—1
HD* "=*F" = [] VF,.
i=1
Equation (B14) evidently has a particular solution
, 1 2 2T o2
(n =—D- n+m+ VF,
Py =4 T vir,

where the operator D' is defined as

D 'G(x.y.2) = f Gx, . £) dE,

Zy

! V,-ZF(") = HDZn—m—ZF(n),

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

and z, is a point on the boundary of R. On the other hand, the solution for the homogeneous equation of (B14),

which is of the form
DZn—mA‘zF(n) — 0’

may takes the form

2a—m—13
Fp =3 2o,

where f(x, y) are arbitrary functions. Thus, we may write the general solution of eqn (B14) as

F® =FP+F.
Substituting eqn (B19) into eqn (B5), we have
VIFP+VIF" =0.
And by virtue of eqns (B18), (B15) and (B1), we have
2n—m-3
VIF =V, kgo 2fi(x, )

2n—m—3 2n—m—4
= 2" A e 2T T A s

2n—m-—35
+ ¥ (A kD + Dekfira]Z,
k=0
pr-m-292Em — (),

In view of eqn (B22), we know V2F{ takes the following form

2n—m-3

ViFY = ) Zh(x)),
k=0

where h,(x, y) are all known since F, is known and F{ is determined by eqn (B15).
Substituting eqns (B21) and (B23) into eqn (B20) and comparing the coefficients before z*, we have

(B17)

(B18)

(B19)

(B20)

(B21)

(B22)

(B23)
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Afon mostho s =0 (B24)
Afsn-m-athinma=0 (B25)
A+ k+ 2Dk + Deifiia+h =0, (k=0,1,....2n—m—5). (B26)

Each of the eqns (B24)—(B26) is Poisson equation which is very easy to find a particular solution. That means f,
may be obtained one by one. Thus, by the construction of f;, the F™ obtained from eqn (B19) satisfies eqn (BS).
Meanwhile, the F,_, obtained by substituting this 7' into eqn (B10) also satisfies eqn (B4). This completes the
proof.

APPENDIX C

Ny = Caal = (M13Ma2) +m1om45] 508, (— my +57)
ey = — {caal— (Mysma ) +m, mg3]ses, (—my +mysi)}
N3 = Caa[— (M12M4)) +my mglsosy (—my + m,si)

— (Mi3myamy ) + M M3y + M3y Mg — T MMy — Ty s My + Py sy g,

Neo
nsp = caa[— (M 3maz) +miamyslses (—m, +mys?)

Nsy = —{C“[-(m.;m“)+m“m43]sos2(fm, +m25§)}

sy = Cas[— (M 2M4)) =My Mas] 8055 (—my +m,s3)

Rso = My 3M32Myy — MMMy — Py My -+ 0 M3 0 I Mgy — Iy 5 Mg
oy = Caal = (M13ma) +miamaslsol — (mas?) 4 cp 81y +caasiess)

nyy = —{cas[—(misma )+ mymglse[— (M5 + 0118+ caasiens])

oz = Cag[— (Miamay) + 00 my)so[ — (Mas3) 11811+ Caasiess)

= cag[—(mi3ma) +miomslse(c) ey s —Myst 4 casesast)

=
B
|

= —{caa[—(mizmy )+ my maslso(ciiens *m45§+c4493352)}

X

&

%
|

a3 = Cas[—(mi2ma ) +m malse(c)re,s ~ M8+ caserasd)
Iyy = (My3may —maamg; )y €15 —Mysi +Cga4357)

lgy = [—(m33may) +my mus](c) €05 —MyS3 4 Cqa€3353)

lys = (Myymay —my M) (e 05— Mysi +cauea353)

Ly = (my3may —myoma)[— (Masi) + 01181, +CaasTess)

g = [~ (M53my )+ My mas][— (m353) 40,181y +Cqasien]
Ly = (Maymay — My mgs)[— (m3s3) + ¢ 8y +caasies]

Is; = (My3May —MyyMas)s) (—my +mysy)

lsy = [—=(M33ma)) +my my3]s,(—m, +nmys3)

Isy = [(myamay —mzimay)sy(—my +mys3)

Loy = (myymagy —myatig)s, (—my +m,s?)

ley = [ = (My3may) +myimasls; (—m, +mys3)

les = (Maymayy ~n3 man)ss(—m +m,s3)

by = [—(my3msz) +miamys)(cr 05 —myst + cagesss?)
bgy = (mysms; —my my;) (e €5 —Mys3 +cgue4353)

byy = [—(Mams) +my My )(Cr €05 — My ST+ Cageszst)

by = [—(mi3my) +mipmy][— (masi) + 01161y + CagsTes)
boy = (myyma —mmas)[— (M353) 411811+ Caasi8ss]

bys = [—(myama )+ myg)[— (m383) 4 €181y + caaSiens)
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bsy = [—(myman)+mamasls (—my +m,s7)

2
bsy = (mysmy, —my ms3)sy(—my +mys3)
2
bsy = [—(mymy) +my mss)ss(—my +m;,s3)
2
by = [—(mi3my) + miamssls (—m, +m,s7)
- 2
bor = (mysmy —my ms3)s:(—my +msys3)
bey = [— (mimy) +my mss]s;(—m, +m,s3)
d. = 2n[— (my3mymg0 )+ Mg P My gy — Iy M3 Py — P 1) s Iy Map ;)
Ay = 2mCq4 (M) 333041 — P 2W33 My — My 331 Mgy + Py M3y Mgy -+ 1 23 Py — My | M3 M) 80
dy = 2m(m3myamyy — My msy My, — My iy, Mgy + M) My Mgy + 012 My — My M33My3)
2 , 2 312 3
Py = €13€15S| + 301563185 — 11056338 + 0331551 + 20336153, 5]
el o3 . 3 3. 3 2 3
+ 03363157 —2013€15€338) — 2011€3€335] —C44€31€335] +C )1 €338
s 2 oS 2 , . .3
—C44€3357 F 0138181 —C 110338181y 0130445181 + 0330448781
23, o3 , 3 § s
— 1181833+ C 13357833 = €13C2451 833 — C13C4a81833
2 2 3 3
Mz = (1301582 C13€15€31 853 —C11€,5€3385; +C3301553 + 20338156552
23 3 3 3
43365153 — 201361503353 — 201363, €335 — Caq€3,€3353 + €, €338
. 2 .S 2 . 3
— 4483382+ 0138281 ~C11C33528;1 + 01304452811+ C33C445381
2 3 . 3 P | -
— (1382833 €1 1C3382833 = €13C44532833 — C33Ca452833
2 , 2 3 . 3
M3 = €)3€155: 1 C11€15€3,53 — €11 €)5€1353 +C33€1551 +2033€,5€3, 53
s 22 R 3 i 3. 2 3
+€31€3153 — 201381 5€3357 — 201363, €3353 —C44€3,€3353 1€ €3353
RN R e . e
—€44€3383 F 01383811 — €11 0335381 + 13004838 T 033044536

23 . 3 s . 5
T 7383833 01 Ca383833 — C13Cq483833 — C33C4483833

- 2 22 22 2 2
My = —(€1€15) = C13€)15851 —C 161583157 + (446351 4+ €1 1€5€335]
. 4 N 2 v @2 v . 4
+C44€21€3387 —C1Caa81 —C13CaaSTE +C1Ca481833 +C13Ca451833
2 L2 2 2 2 2 2
My = —(C)1€75) —C13€1553 —C13€5€3153 +C4q€7, 52+ C11€,5€3353
. 4 N . 2 a 2 s 4
FCa4€31€33852 — 1104481y —€13C4452811 T €11 Caq82833 + 130453833

.2 R B 2 22 2
My = —(C1€15) —C13€1551—C11€15€3183 +C44€7, 53+ C11€)5€315%

. 4 . 2 X 2 ) "
FC44€31€33853 € 104481 —C13Caq83611 + €1 Cqa83833 1304453833
= 2 . 22 8 .2 2 2 2
My = —(C1€15) — 1387557 —C3€15€3, 57 +C44€315] +C11€5€335]
+€44€31€338] — €11 Caqt1 — C13CaaST811 4 C11CaaS 833 +C13CaaSTE
44315339 11ta4%1] 13%4491¢1) 1144471433 13¢4a421 033
2 TS 2, 2 2
My = —(C€)1€75) —C€,3€1552 —C13€,5€1 53 + €443, 5 +C1€,5€3152
- 4 SN 2 . 2 , 4
FC44€31€33857 =€ 1C448 (| —C13Caq53811 + €11 CaaS52€33 + C15C4482€32
2 22 2 22 )
Mys = —(C11€75) — 1301553 — 110583155+ C44€3) 83+ 0116563153
X 4, , 2 . 2 4
FC44831€3385 —C11Caq€11 — 1304453811 FC11CaaS3E33 01104453633
2 > 2 3 3. ]
My = €15€315) +€15€3,5; T €75€338) -+ €,5€31€335] + 11631516,
3 . 3
+Ca4€3151611 —C€11€3351811 +Cas€3351€1 + 0116158833 +013€1551€32
2 2 2 3 3
Myy = €758y, 52105635 T€15€3157 +€,5€31€3357 +C13€315381,
, 3 ) 3
+Cua€315281 1 —C11€335281) +C44€13528)) + €11 €1582833 +C 31553833
2 2 2 3 LS
M3 = €15€3153 +€15€3153 T 1503355 T€5€31€3153 +¢13€3, 5381

, 3 ) 3
+C4a€315381 1 —C€11€338381) +Caa€33538 T €11 €15853823 +C13€1583621.



