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! 
F ij

j(" i)

#                                (1-4) 

V>.Y(1-3)`$%`�?7<>@<=C(1-4))��J+�X.S'4AB.

t*u>@Y 

 

¦[$%&)/0M  

! $%&)d$% §+,-./0123(1-4)4¨©ª$%+?@8«B.VC 

             

  

! 

mi

d
2

dt
2

! 
r i

i

" =
! 
F i

i

" +
! 
F ij

j(# i)

"
i

"                     ! !   (2-1) 

Fv.Y¬­��J`S'�
  

! 

! 
F ij = "

! 
F ji[)®¯Fv.<= 0V>.Y°7±V²

§`³´4µ�¶B8·¸@<=C 

! ! ! ! ! ! !

  

! 

d
2

dt
2
{ m

i

! 
r 

i

i

" } =
! 
F 

i

i

"                                  (2-2) 

Fv.Y
  

! 

m
i

d
! 
r 
1

dt
! `d §)/0M

  

! 

! 
p i = mi

d
! 
r i

dt
 Fv.<=C¹)®¯`C$%&

¨º)/0MFC 

! ! ! ! ! !   

  

! 

! 
P = m

i

d
! 
r 

i

dt
i

"   ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-3) 

V»k.)F)C(2-1)`C 

              

  

! 

d

! 
P 

dt
=

! 
F 

i

i

"                                         (2-4)                                     

Fv.Y¹�`C$%&¨º)/0M)¼m½¾`]')®¯+�7@¹V4

~¿78@.Y           

! �1CaK)ÀÁ!
  

! 

! 
r G = (xG ,yG,zG )! `Cd §)$M mi)¨$M M +,-

.Â4aÃÄ;V-.ÅÆÇFv.<=C 

! ! ! ! ! ! !

  

! 

! 
r 
G

= (m
i
/M)
! 
r 
i

i

" = (1/M) m
i

! 
r 
i

i

"                    !  (2-5) 



 178 

FvpC��8C
  

! 

m
i

! 
r 
i

i

" = M #
! 
r 
G
 Fv.Y¹)�­4¼mF²§7X·)`C&

¨º)/0M+�7@<=C!  

              

  

! 

! 
P = m

i

d
! 
r 
i

dt
i

" = M #
d
! 
r 
G

dt
                             (2-6) 

Fv.Y¹�4È+¼mF²§78C(2-4)VÂÉ�¥C 

               

  

! 

M "
d
2
! 
r 
G

dt
2

=
! 
F 

i

i

#                                  (2-7) 

V>.Y(2-7)V�?)$%+,-. Newton)/0123(1-3)4ÂÊ-�¥Cz

)bc+Ëc¹VuÌÍ.YÎ$%&)aK)/0`9$%&+wx-.¨

8)]')¯u9¨$M M)$%+wx-.L¢)/0+�7@ÎY 

  

! 

! 
F 

i
= 0 FC]'uwx7>@L¢`9&¨º)/0M  

! 

! 
P ̀ �|FvpC¼m+Ï

O7>@Y¹�4/0MNOPuªÐ78@.VËcY 

 

Ñ[$%&)Q/0M  

!  (1-4))�­+,7ÀÁ�����
  

! 

! 
r 
i
[V)����)]�4Vp9¹�4¨

Òr$%+?@8¯4Ó.V9 

          

  

! 

! 
r i " (mi

d
2" 
r i

dt
2
) =

" 
r i

i

#
i

# "
" 
F i +

" 
r i "
" 
F ij

j$ i

#
i

# ! ! ! ! ! ! ! ! (3-1) 

¬­)��J`9(1-2))�Ô4ÕcV9z)bc+
  

! 

(
! 
r i "
! 
r j ) #

! 
F ij)�a¯V�ÖF

v.¹Vu×.Y 

      

  

! 

! 
r i "
! 
F ij

j# i

$
i

$ = (
! 
r i "
! 
F ij

i< j

$ +
! 
r j "
! 
F ji) = (

! 
r i %
! 
r j ) "

! 
F ij

i< j

$ = 0! ! ! ! (3-2) 

  

! 

(
! 
r i "
! 
r j ) #

! 
F ij)�����`9�����u��1�+v.¹V<= 0V>.Y 

! UXC(3-1))Ø­+y78`9�����)²§`ÙÚ)�)²§V�Ö>



 179 

)FC 

      
  

! 

d

dt
(
! 
r 

i
"

d
! 
r 

i

dt
) =

d
! 
r 

i

dt
"

d
! 
r 

i

dt
+
! 
r 

i
"

d
2! 
r 

i

dt
2

 

Fv.uC������)]�` 0Fv.<=C 

! ! !
  

! 

d

dt
(
! 
r 
i
"

d
! 
r 
i

dt
) =
! 
r 
i
"

d
2! 
r 
i

dt
2
! ! ! ! ! ! ! ! ! ! ! ! ! !          ! (3-3) 

Fv.Y�ÛC(3-1)+(3-2)V(3-3)4Üµ-�¥C 

! ! ! ! !

  

! 

d

dt
(
! 
r 
i
"m

i

d
! 
r 
i

dt
) =

! 
r 
i
"
! 
F 

i

i

#
i

# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-4) 

uÝ=�.Y¹¹F9
  

! 

! 

l 
i
"
! 
r 

i
#m

i

d
! 
r 

i

dt
 `$% mi! )Q/0MFv.Y¹�=)®

¯4¨Q/0M  

         

  

! 

! 
L " (

! 
r 
i
#m

i

d
! 
r 
i

dt
) =

! 

l 
i

i

$
i

$                                  (3-5) 

VÞ�Y�19  

! 

! 
N 

i
"
! 
r 

i
#
! 
F 

i
 `$% mi! )]'+b.ßàáâ�Fv.YD)

®¯4]'+b.¨ßàáâ�VÞ�Y 

! ! ! ! !

  

! 

! 
N "

! 
r 
i
#
! 
F 

i

i

$                                          (3-6) 

�ÛC(3-1)`¨Q/0M�  

! 

! 
L [V]'+b.¨ßàáâ��  

! 

! 
N [)yÄV78C 

           
  

! 

d

! 
L 

dt
=
! 
N ! ! !                                       (3-7)!  

V>.Y��9Î$%m+`EK')Ãuwx-.L¢`9$%&)¨Q

/0M�  

! 

! 
L [)¼m½¾)ã¢`9]')ßàáâ�)®¯+�7@ÎV

äåF�.Y 

!
  

! 

! 
F 

i
= 0 F9]'uwx7>@L¢`C$%&)¨Q/0M�  

! 

! 
L [`¼m+ÏO

æçC�|Fv.Y¹�4¨Q/0MNOPuªÐ78@.VËcY 

! Q/0M`ef����V/0M����)]�C')ßàáâ�`ef�



 180 

���V')����)]�CF|è��.Y����)]�4ÕcL¢`C
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! z+9$%&¨ºuóô-.L¢4AB.Yî A2)bc> x<+óp)²!
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! óôA)ÀÁVóô5)ÀÁV)yÄ`C�Qy;)«�|:<=C 

 

 

 

 

 

 

 

 

BC)bc+>.Y  

       xi'= x 

       yi'= r cos (&+%) = r cos& cos%" r sin & sin% = yi cos%" zi sin% ' yi" zi %   

x 

z 

y 

% 

î A2Y x<+y-.²!Qi%)óô 

(yi, zi) 

& 

(yi', zi') 

óô)½e 



 183 
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! ¹�bp9 
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! 
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! 78%&9:;*<=%&<">?@>ABCDE2#$%&>+,-./

01F342GHIJK/-./0L>MNO'PQERS)*TUVF#$%

&>+,WX'2YZ['PQE\]^)*T%&<>?@_2`a:>b'

cdT 

! $P>%&'e)* Newton >+,Ofg (1-3)2   

! 

m(d
2! 
r /dt

2
) =
! 
F _F!

! 

m(˙ ̇ x , ˙ ̇ y ,˙ ̇ z ) = (X,Y,Z) >hd'ij`Cklm*9:2 

!    

! 

m˙ ̇ x = X,    m˙ ̇ y = Y,    m˙ ̇ z = Z! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5-1) 

no*T! paqa>rgst'2

! 

˙ x ,       ˙ y ,        ˙ z ! Wuv*CF 

!   

! 

m˙ x ̇  ̇ x = X˙ x ,     m˙ y ̇  ̇ y = Y˙ y ,     m˙ z ̇  ̇ z = Z˙ z     

Cw*k2`a_2x>hd'iyz)`Cklm*2 

!

! 

(1/2)m
d

dt
( ˙ x )

2
= X

dx

dt
,     (1/2)m

d

dt
( ˙ y )

2
= Y

dy

dt
,   (1/2)m

d

dt
( ˙ z )

2
= Z

dz

dt
! ! (5-2) 

paqa>rgW{| t09: tUn}~D2̀ a:>��W�Na�2x>��

W�*T 

!    

! 

(1/2)m[(
dx

dt
)
2

+ (
dy

dt
)
2

+ (
dz

dt
)
2
]t0
t

= (X
dx

dt
+Y

dy

dt
+ Z

dz

dt
)dt

t0

t

" ! ! ! ! (5-3) 

�t_+,-./01F

! 

T " (1/2)mv
2

= (1/2)m[( ˙ x )
2

+ ( ˙ y )
2

+ ( ˙ z )
2
]2>���W��

)*T 

! $O2%&'��)*[  

! 

! 
F C%&>���5  

! 

"
! 
r >���/>�}_,p>�5

  

! 

"
! 
r = ("x,"y,"z)'�D  

! 

! 
F = (X,Y,Z)kc�V34C���a*T��F 

!  !
  

! 

! 
F " #
! 
r = X#x + Y#y + Z#z! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5-4) 

no*T 
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! !"#$"%&'()*+,(5-3)"-.,

! 

(X
dx

dt
+Y

dy

dt
+ Z

dz

dt
)dt

t0

t

" ,/0"1

2345*!+678*9:;"<=/ 

! 

x " x(t),   y " y(t),   z " z(t) >?@AB*

6,CD dt "D"EF/ 

! 

dx = (dx /dt)dt,   dy = (dy /dt)dt,    dz = (dz /dt)dt>G*9

HIJ,(5-3)"-./KCD t0'( tL>3M  

! 

! 
F 6N)#$>G*9  

 (5-3)"OP/KQG*CDR3  

! 

! 
F "ST31U:;6<=)*VW3/K<=

XYZ[\"]^/K_"CDR3  

! 

! 
F 6N`a#$3O`bc!+def)*9 

   g A3 " b "123K:;"EF+M"hijZ6k3lm`Jb*N(,

  

! 

! 
F 6N)#$/k3n>G*9!Bop"M6ST`JbNbN(q,<=XY

Z[\"]^/n>GUK<=XYZ[\/rsAB*9Otu<=/!B>

G*9 

 

 

 

 

  

! 

! 
F  

  

! 

"
! 
r  

  

! 

! 
F  

  

! 

"
! 
r  

  

! 

! 
F " #
! 
r =
! 
F " #
! 
r cos$  

! 

  

! 

! 
F " #
! 
r = 0  

g A39#$"%&vM  

! 

! 
F +:;"wxEF  

! 

"
! 
r "Ry 

a b 
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!"#$%"#$&'  

 !

! 

(X
dx

dt
+Y

dy

dt
+ Z

dz

dt
)dt

t0

t

" ! ()*+$  

! 

! 
F = (X,Y,Z),-./(0#12-34

  

! 

! 
r = (x,y,z)! 56789:;+&<=>P0, P! ?@A t0, t 734%BC- 

! !   
  

! 

(X
dx

dt
+ Y

dy

dt
+ Z

dz

dt
)dt

t0

t

" = (Xdx + Ydy + Zdz)
P0

P

" =
! 
F # d
! 
r 

P0

P

"         (5-5) 

:;+.!

! 

(Xdx +Ydy + Zdz)=DE(FGH%IJ*+,-K7FGH,;+34

789 VLx>y>zM7NFG(DOP+&<>Q7FGH=RNFGH%IJ

*+SKK:=>NFG(TUV?W6X -dV ?YZ-K*,

! 

(Xdx +Ydy + Zdz)

([B\%P+S]^- 

! ! !     !

! 

(Xdx +Ydy + Zdz) = "dV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5-6) 

:;+_`a347bcde89 V(x, y, z) ,#fP+%ghP+S (5-6)=R

NFGH:;+ijkG:lC> 

! ! ! ! !
  

! 

(Xdx + Ydy + Zdz)
P0

P

" =
! 
F # d
! 
r 

P0

P

" = ${V (P) $V (P
0
)}          (5-7) 

%a+S$mnop=>qr%stu7347v:wx+SxX-(5-6)ij> 

! ! ! ! !

! 

X = "(#V /#x), Y = "(#V /#y),  Z = "(#V /#z)                  (5-8) 

:;+S$7yzG=bcde89 V(x, y, z)?y34zG:{FGP+K%:

|j*+SK7&<>(5-3)=> 

 

! 

(1/2)m[(
dx

dt
)
2

+ (
dy

dt
)
2

+ (
dz

dt
)
2
]t0
t

= (X
dx

dt
+Y

dy

dt
+ Z

dz

dt
)dt

t0

t

" = #{V (P) #V (P
0
)}! ! ! !  

%a+ij-

! 

V =V (P),     V
0

=V (P
0
)  %}~%-

! 

T "T
0

= "(V "V
0
):;+ij- 

! ! ! ! ! !

! 

T +V = T
0

+V
0

= const.! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5-9) 

%a+SK*=�������%34�����7�:;+N�����,"#�

*+K%?��P+S�����"#�,z�P+SQ7��:-(5-6):gh
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!"#$%&'( V(x, y, z))*+*,-./012.345,-6789:;

.<=>?-@A12.@3B:6#$%&'( V(x, y, z)CD/EFGHIJ

345,-6KLMNJOP/EFGHIJMNJOP3QB:6 

! (5-6)8RS/T

! 

(Xdx +Ydy + Zdz)<UVWXYZ[-73A\]^_-<0U

VWXY8`abXRS/0

! 

(X,Y,Z)<cd8RSAe"?730 

           

! 

"X

"y
=
"Y

"x
,   
"Y

"z
=
"Z

"y
,   
"Z

"x
=
"Y

"z
                         (5-10) 

Z[-6 

fghJijZkl,-m#$%&n'(op?-qrsWXtuv(grad0!)0 

! ! !

  

! 

grad "(x, y,z) # $"(x, y,z) =
! 
i %
&"

&x
+
! 
j %
&"

&y
+
! 

k %
&"

&z
!  

Ak:30(5-6)/ 

! ! !

  

! 

(Fxi
,Fyi

,Fzi
) = ("

#V

#xi

,"
#V

#yi

,"
#V

#zi

) = "gradV (
! 
r i) = "$V (

! 
r i)! ! ! ! (5-11) 

Z[-6 

! (5-6)3(5-11)Z/Twxy#z{o|}6~����8�n mo=>?-�.

g/��d�o=>?-6z��8�/����o�-)*0

! 

(Fx,Fy,Fz ) = (0,0,"mg)

Z[-6�.EFGHIJ V= mgz Z0z�hm��s<��_���_6 

! 

"#V /#z = "mg Z[�0��d�o�. g<=>?-73A�?6wxy#z{

o}�<[-73<�-6�"Tx����8�������v8 KA x3?

-30 K8¡��o Fx�Pkx8.A¢�-6£8EFGHIJ V/ V=(1/2)kx
2

Z[-)*0

! 

F
x

= "kx = "(#V /#x) Z[�0wxy#z{o}�<[-6 

  

¤s�n¥o'?-¦�MNJO&0§¨0VMNJOP  
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! !"#$%&(5-1)'((5-3))*+,-.#/!"0#$12 Newton3456

78(1-4)/! ! ! !  

! ! ! ! ! ! ! !

  

! 

mi

d
2

dt
2

! 
r i =
! 
F i +

! 
F ij

j(" i)

# =
! 
F i +
! 
F i
*                    (1-4) 

#$%&9:;#<=2>?@AB2C

  

! 

! 
F ij

j(" i)

# =
! 
F i
* DE!" i#$12FG3H

I)J1C(5-3) #$K%&E!" i#$%&/ 

!

! 

(1/2)mi[(
dxi

dt
)
2

+ (
dyi

dt
)
2

+ (
dzi

dt
)
2
]t0
t

= (Xi

dxi

dt
+Yi

dyi

dt
+ Zi

dzi

dt
)dt

t0

t

"  

                               

! 

+ (Xi

* dxi

dt
+Yi

* dyi

dt
+ Zi

* dzi

dt
)dt

t0

t

"    

?L2'(E!" i#$12HI)?2?/ 

!      !

  

! 

(1/2)[ m
i
(
d
! 
r 

dt
)
2

i

" ]
t0

t
= {

! 
F 

i
#

d
! 
r 
i

dt
i

" +
! 
F 

i

* #
d
! 
r 
i

dt
i

" }dt
t0

t

$          (6-1)  

@M(N2C>3OPD/QR t0'( tST3R#UV2!"0WX345YZ

[\]T3^/T_T0! )J1C`PDEQR t0'( tST3R#aG?FG@L

%,bc3I/WdWeTf2CFG@ghijk[ V#lB12mnD/ 

! !         

! 

W
*

= "(V "V
0
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (6-2) 

Tf2C(6-1)D/

! 

T "T
0

=W +W
*

=W + "(V "V
0
)  ?L2C>N)opq1?/ 

! ! ! ! !

! 

T +V " (T
0

+V
0
) =W ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (6-3) 

Tf2'(/45YZ[\]?ghijk[YZ[\]3I)!"03W

YZ[\]E?12?/ 

          

! 

T +V " E! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (6-4)!  

(6-3)D/ 

! ! ! ! !

! 

E " E
0

=W           ! ! ! ! ! ! ! ! ! ! ! ! ! !  (6-5) 
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!"#$%&'()*+,-./01+2345678#9:7;<=$ 

><?56@ABCD?E6@FGHIJ/ V 7KLM#NO4?()*

+,-./01

! 

E = T +V4PQ7RSDTU!"V?-./01WAX@YZM

#$  

 

[\]^7_=`+Ua  

! ]^+bc7_=`4?(2-5)dS(2-7)!ef<g$]^hijk)l<gN

O+m()+nopqr/h
  

! 

! 
r i '= (xi ',  yi ',  zi ')lM#l?m()+nopqr/

  

! 

! 
r i = (xi,  yi,  zi)4?]^ij!   

! 

! 
r G = (xG ,yG,zG )! l  

! 

! 
r i '= (xi ',  yi ',  zi ')+s!"#$ 

            
  

! 

! 
r 
i
=
! 
r 
G
 +   
! 
r 
i
'                                    (7-1)  

()*+tbculbc-./0vl+wxhyz#$ 

! {7f|g8}7?]^+nopqr/4' 

! ! ! ! !

  

! 

! 
r 
G

= (m
i
/M)
! 
r 
i

i

" = (1/M) m
i

! 
r 
i

i

" ! ! ! ! ! ! ! ! ! ! ! (2-5) 

!"#dS?
  

! 

m
i

! 
r 
i

i

" = M #
! 
r 
G
! !"#$~�7(7-1)h��M#l' 

 

  

! 

m
i
(
! 
r 
G

i

" +
! 
r 
i
') = M #

! 
r 
G

 ! !"#+!' 

! ! ! ! ! !

  

! 

m
i

! 
r 

i

i

" '= 0?! !  

  

! 

m
i

d
! 
r 

i
'

dt
i

" = 0! ! ! ! ! ! ! !   ! (7-2)   

���4�T�hPQ!��<g��!"#$ 

()*+,tbcu4?(3-5)!�<g8}7? 

! ! ! !  

  

! 

! 
L " (

! 
r 
i
#m

i

d
! 
r 
i

dt
) =

! 

l 
i

i

$
i

$      ! ! ! ! ! ! ! ! ! ! ! ! (3-5) 

!"#dS?(7-1)h��M#l?                             
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! 

! 
L " (

! 
r 
G

+
! 
r 
i
') #m

i

d

dt
(
! 
r 
G

+
! 
r 
i
')

i

$  

          

  

! 

= (
! 
r 
G
"m

i

d
! 
r 
G

dt
+
! 
r 
G
"m

i

d
! 
r 
i
'

dt
+
! 
r 
i
'"m

i

d
! 
r 
G

dt
+
! 
r 
i
'"m

i

d
! 
r 
i
'

dt
)

i

#  

          

  

! 

=
! 
r 
G
"

d
! 
r 
G

dt
m

i
+
! 
r 
G
" ( m

i

d
! 
r 
i
'

dt
i

# ) + ( m
i

! 
r 
i
'

i

# ) "
d
! 
r 
G

dt
+ (m

i

! 
r 
i
'"

d
! 
r 
i
'

dt
i

# )
i

#  

! (7-2) !"#$%&'()&*(+,-.%/&0(+123456789-

:3;<67893=>?@AB12CD3ECDFG
  

! 

! 
L 

G
 H?@%/&I(+B

12JK$%LMN3456789-:3;<67893=>3OP?@AB

12JQKR.MNS3ECDFG  

! 

 

! 
L 'H?@%/ 

    

  

! 

! 
L =
! 
r 
G
"

d
! 
r 
G

dt
m

i
+ (m

i

! 
r 

i
'"

d
! 
r 

i
'

dt
i

# )
i

# =
! 
r 
G
" M

d
! 
r 
G

dt
+ (

! 
r 

i
'"m

i

d
! 
r 

i
'

dt
i

# ) 

      
  

! 

=
! 
L 

G
  +   

! 
L '                                        ! !   (7-3) 

TU3P!VECDF?@%/ 

! CDWX9YZJ[\]+)(6-1)3 T3^J(7-1)_`a$%/ 

! ! ! ! !

  

! 

T = (1/2) m
i
(
d
! 
r 

i

dt
i

" )
2

= (1/2) m
i
(
d
! 
r 
G

dt
i

" +
d
! 
r 

i
'

dt
)
2 

! ! ! ! ! !

  

! 

= (1/2) m
i
(
d
! 
r 
G

dt
i

" )
2

+ (1/2) m
i
(
d
! 
r 
i
'

dt
)
2

i

" + (
d
! 
r 
G

dt
) m

i
(
d
! 
r 
i
'

dt
)

i

" ! ! (7-4) 

&*(+B(7-2)bc 0-.%/de-f])&0(-&'(+ 

          

! 

T = T
G

+ T '! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-5) 

-.%/

! 

T
G
+MF M 312-ghCD_.$MN3CDWX9YZ/ 

! 

T '+1

2JK$%MNS3QKCD3CDWX9YZ_i$/ 

! j3kZlm8J[\]nB(7-1)_`af]) 

   

  

! 

! 
N =

! 
r 
i
"
! 
F 

i

i

# = (
! 
r 
G

+
! 
r 
i
') "
! 
F 

i

i

# =
! 
r 
G
"

! 
F 

i

i

# +
! 
r 
i
"
! 
F 

i

i

#  

! ! !
  

! 

=
! 
N 

G
+
" 
N '! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-6) 
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!"#$%&'()*+,-(./01
  

! 

d

! 
L 

dt
=
! 
N ! 23456789 

:;("#$%&'()*+,-01 

   

  

! 

d
! 
L 

G

dt
=
! 
r 
G
" M

d
2
! 
r 
G

dt
2

=
! 
r 
G
"

! 
F 

i

i

# =
! 
N 

G
! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-7) 

<=8>?1:;@AB8CA#$("#$%&'()*+,-@.56DE 

!

  

! 

d

! 
L '

dt
=
! 
r 
i
'"

! 
F 

i

i

# =
! 
N '! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (7-8) 

&F89 

 

 


