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!"! #$%&'()*+,-.'/0&1234&  

! ! ! Lagrangian5 Hamiltonian 

! #$%&'()*+,-.'/0&126789:;<=>?@ABC-D7 

Lagrangian,! Hamiltonian6E&FG*H,->IJ-K.'/0&LM12N

! 

p

67

! 

p = mv+ (e /c)A  5OP7/0&12N

! 

mv  *'()*QROSTUVWX

;YZV

! 

AD[\]^_&5O-K.'/06`O-abc6Od7aN5'

.efg/0h>?ci-K.'/0*jkl-89:;<=5'(WX;Y

ZV*gmn67'(op&qr5sn7tC?eu,vCnwxl-D7'

(WX;YZV&yz67{s|P}esn7'(op& Maxwell ~��>?

IJ-K 

  

��'()*+,-.'/0&12589:;<=  

! #$%&'()*+,-.'/0&12*+mn7aN m7'. e &.'/

0*jkl-=689:;<=�F�ci-KCGS ���`��ctCeH

d57 

! ! ! !     !

! 

F = eE +
e

c
v "H                                   (1-1) 

ci-Kc6���7

! 

v6.'/0&��STUVc7

! 

v = ˙ r = dr /dt  ci-K

! 

E(r, t)

6')&�B�')���e�lSTUV7 

! 

H(r, t)6()&�B�()���

e�lSTUVci-K

! 

v "H6�g&STUV&��e��l-K

! 

eE  6')

*F-=7

! 

e

c
v "H6()*F-=e�lK

! 

v "H6STUV&��ci->?7

()*�-=6/0&12~�5��snm-K 

 

 

 

 

 

 

v 

H 
�!H 

()*F-=612~�5��snm- 

�� 
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! SI�`���MKSA `���ekmn7 (1-1)*��l-89:;<=e�

�l-57 

! ! ! ! ! ! !

! 

F = eE + ev "B                                (1-1') 

ci-K��� c6 J7CGS���`��c&()&�B�()���

! 

H(r, t)

D7MKSA`��&(¡¢�

! 

B(r, t)*£\-K¤¥tGO->6ttc6wxs

OmK¦§*¨s^'(o&X©�UOEeª«sn¬­^mK'(opc&

`��&®¯5tC*°±s^²³N&��~´&µm7�¶·¸&yz67

'(op&¹º*>>\-yzciP7»�6¼³sn+m^~D½mK¾J

¿7ÀÁ! Â (1990)Ã'(opeIJ-Ä7ÅÆÇ;�È7 7¦DªI*O-K

ÉÊ(2011)Ã'(op&ËÌÍÎÄÏÐ D *_ÑÒ^KÓÔ&wxc67CGS

���`��eÕm7 SI�`���MKSA`���&�6(1-1')h,*5EÖ-K 

  .'/0*×l- Newton~��67   

       

! 

m
d
2
r

dt
2

= F = eE +
e

c
v "H! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (1-2) 

ci-K()*�-=6/0&12~�5��snm-&c7! /0& v DØ

Ö-Ù}ÚÛ s*Ü]^(1-2)&Ý�Þ7ßà7áÍ 

! ! ! !

! 

m
d
2
r

dt
2" ds = m

dv

dt
" ds = F" ds 

*×s7(1-2)âã&ä�Î6ådæçsOmK 

! ')5()eèé*êPëG)ì7'()&�íî9WX;YZV5STU

VWX;YZVeïìs^'(WX;YZVekm-ðñDi-K'(WX;

YZV&òv6Maxwell~��*ËódD74tc&wxc6 grad, div, rot, 

! 

"  

OEDôõl-K'(WX;YZV&wx*v-ö*7STUV÷ø& grad, div, 

rot, 

! 

"  OE*gmnùúû&üýeñþsn+tGK 

 

ÿ�STUV÷ø&ñþ: grad, div, rot OE  

1. !"î#STUV$%0�

! 

"�5 grad 

! !"î#STUV$%0(2-1)67Hamilton &$%05&¿C7!"î5'(
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¨)

! 

"ekmn��l-K��*+�& x7y7z*+*F-,-Þ$%e x7y7

z &./Þ5l-STUVci-K 
  

! 

! 
i ,
! 
j ,
! 

k e x7y7x 0&`�STUV5sn7

,-Þ$%0e/Þ5l-1STUV&�*Hdt5Dc­-K 

           
  

! 

" =
#

#x

! 
i +

#

#y

! 
j +

#

#z

! 

k = (
#

#x
,
#

#y
,
#

#z
)! ! ! ! ! ! ! ! ! ! ! ! (2-1) 

tC6$%0ci-&c7�íî9°2 f(x,y,z)*jks^qr6734 (gradient) 

grad5&¿C,! ÓÔ&FG*�¨l-K!  

! ! ! ! !

  

! 

grad f =" f =
#f

#x

! 
i +

#f

#y

! 
j +

#f

#z

! 

k = (
#f

#x
,
#f

#y
,
#f

#z
)! ! ! ! ! ! ! ! (2-2) 

tC674&�íî9°2e.*+/Þc,-Þs^qre/Þ5l-STU

Vci-K

! 

grad f =" f 67$5*+cçJ?C-�íî9N f &$5346­

B54&~�e��snm-K 

! *+·2�)7�&8cØ9-STUV A(x,y,z)5�íî9f(x,y,z)Di]n7 

                   

! 

A(x,y,z) = "#f (x,y,z)! ! ! ! ! ! ! ! ! ! ! ! ! (2-3) 

D/:l-é7f! A&�íî9WX;YZV7;6`*7WX;YZV5

&<K 

 

2. STUV&=>5 div 

! !"îSTUV$%0

! 

"5?�&STUV A5&@�67STUV A&=>

(divergence)5&¿C-Kdiv A5�¨l-K 

! ! ! ! !

! 

div A =" • A =
#Ax

#x
+
#Ay

#y
+
#Az

#z
                            (2-4) 

STUV5STUV&@�58Olt5Dc­->?7tC6�íî9Nci

-KSTUV A DAB&��STUV v *¢�CeD,^_&7EFCv ci

-)ì7div A6`�B�>?&AB&GHN�=>N�*O-&c7t&FG

O&I~el-K¦§*¨s^±J*�*°l-KLeª«&t5K 

 STUV AD

! 

grad f = " f ci-é67 

!

! 

div grad f =" • (" f ) =
# 2
f

#x 2
+
# 2
f

#y 2
+
# 2
f

#z2
= (

# 2

#x 2
+
# 2

#y 2
+
# 2

#z2
) f ="

2
f ! ! ! (2-5)!  
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tC67-Þ$%0

! 

"("f ) ="
2
f ejkBM^_&5èN5IJ-K

! 

"
26 Laplace

$%0�Laplacian)5&¿C-K!"î�O5'(Kt& Laplace $%06P5

_H>C-&c7 

! ! ! ! !

! 

"
2
# $ # (

% 2

%x 2
+
% 2

%y 2
+
% 2

%z2
)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-6) 

 ci-K       

 

3. STUV&|Q:! rot 

! !"îSTUV$%0

! 

"5?�&STUV A5&��67STUV A&|Q  

(rotation)5&¿C-Krot A5�¨l-D7curl A 5_HdK 

  

! 

rot A (= curl A)                             

        

  

! 

=" #A =

! 
i 

! 
j 
! 

k 

$

$x

$

$y

$

$z

Ax Ay Az

  

! 

= (
"Az

"y
#
"Ay

"z
)
! 
i # (

"Az

"x
#
"Ax

"z
)
! 
j + (

"Ay

"x
#
"Ax

"y
)
! 
k   (2-7) 

ci-K|Q  (rotation)&&R67!"îSTUV$%0

! 

"e|Qe�lSTU

V7A e�S*+STUV5snTU&��e5-574&qrD|Qe�l

·�STUV5O-t5*VWl-K 

! STUV A(x,y,z)D7i-STUV°2 p&|Qci-é7ßà7 

! ! ! ! !

! 

A = rot p =" #p! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-8) 

&é7STUV°2 p 6E&STUVWX;YZV5&¿C-K(2-3)&�í

î9WX;YZV&XY7 

! ! ! ! !

! 

A(x,y,z) = "#f (x,y,z)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-3) 

5i\MnZJn+dt5K 

 

4. rot*°l-[\�  

! rot *°l-ÓÔ&[\�6'(op&wx]^&%c_P`sÕkBC7

qr5snañO��e_gK 

1) �íî9°2 f(x,y,z)&347

! 

grad f =" f 7&|Qeê-5b5O-K 

           

! 

rot (grad f (x,yz)) = rot grad f =" # (" f ) = 0                  (2-9) 



 64 

2) ?�&STUV A& rotejP7B?*4& diveê-5b5O-K 

! ! ! ! ! !

! 

div rot A =" • (" #A) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-10) 

3) ?�&STUV A& rotejP7B?*_G»| roteê-57 

! ! ! ! ! !

! 

rot rot A = grad div A "# A ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (2-11) 

   5O-K

! 

" # $
2eÕJ¿7 

            

! 

rot rot A = grad div A "#
2
 A                             (2-11') 

ci-K'(opc67

! 

 div A = 0  &)ì*7

! 

rot rot A = "# A5snÕGt5D

cmK 

 

1), 2), 3)D/:l-t567ÓÔ&dPefc­-K 

(2-9)*gmn67

! 

grad f =" f = (
#f

#x
,
#f

#y
,
#f

#z
) e(2-7)*£vsn8C¿7 

 

! 

rot grad f (x,yz) =" # (" f )  
  

! 

= (
" 2 f

"z"y
#
" 2 f

"y"z
)
! 
i + (

" 2 f

"z"x
#
" 2 f

"x"z
)
! 
j + (

" 2 f

"x"y
#
" 2 f

"y"x
)
! 

k = 0  

-Þ&gh6i°jh>?ån&/ÞDb5O-K 

(2-10)&)ì_(2-7)& rot A & diveê]n7 

!

! 

div rot A =" • (" #A) =

! 

"

"x
(
"Az

"y
#
"Ay

"z
) +

"

"y
(
"Ax

"z
#
"Az

"x
) +

"

"z
(
"Ay

"x
#
"Ax

"y
) = 0 

ånDkà si]nb5O-K 

(2-11)&

! 

rot rot A6STUVci->?74& x/Þ

! 

(rot rot A)
x
eIJ-57 

      

! 

(rot rotA)x =
"

"y
(rot A)z #

"

"z
(rot A)y  

               

! 

=
"

"y
(
"Ay

"x
#
"Ax

"y
) #

"

"z
(
"Ax

"z
#
"Az

"x
)  

               

! 

=
"

"x
(
"Ax

"x
+
"Ay

"y
+
"Az

"z
) # (

" 2

"x 2
+
" 2

"y 2
+
" 2

"z2
)Ax  

               

! 

= (grad div A)x " (#A)x  

! 

(rot rot A)y,  (rot rot A)z! *gmn_èl&qrDm?C-&c7(2-11)D/:l

-K 
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5Kng&STUV A,B,C*°l-na�&o�  

! ng&STUV A,B,C *°l-�íî9na�5STUVna�&o�Di

P7s¿s¿'(op&wx&%c_Õ\C-KtC?&pA6qdD7XY

dP&$%erC¿efc­-K 

 

5.1)! �íî9na� :

! 

A • (B "C) 

  t&�íî9N67è»s*Omng&STUV A,B,C Dt1usB&vc

i-é74&t1usB&B�*\smKng&STUV A,B,C Dqw&`�

xV&ËºSTUVciC¿7t&�íî9na�D`�xVB�*O-K 

! ! ! ! ! ! ! ! !

! 

A • (B "C) =

Ax Ay Az

Bx By Bz

Cx Cy Cz

! ! ! ! ! ! ! ! ! (2-12-1) 

 

5.2)! STUVna� :

! 

A " (B "C) 

 tC6STUVNciP7  

! ! ! ! !       

! 

A " (B "C) = B(A •C) #C(A •B)               (2-12-2) 

D/:l-KSTUV A6�g&STUV5&@�*ye·J7STUV B5

STUV C&»zqìj2*O-KSTUV B5STUV C&8D{­|]n

m-K 

 

6. ���&X³5�U9T�&X³  

! ���&X³67s�ÞeB��Þ*·¸l-X³ci-K ! »~7�U9

T�&X³67Ý�Þes�Þ*·¸l-X³c7}~9;&X³5_&¿C

-K.�STUV÷ø&X©�Uc4&@�eefBC^mK'(op&X©

�U*_t&@ADi-&c74&FGOX©�Uc_½mKÉÊÃ'(op

&ËÌÍÎÄ*_¨sni-K 
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��'(WX;YZV  

! #$%&'()e¨Ñl-Maxwell~��&»g5sn7 

! ! ! ! ! ! !

! 

div H = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-1-1) 

Di-K()&�B H &=>6bci-t5e�GK()6�ef^Om�`

(.6Omt5�*×�l-Kh>?7 

! ! !

! 

div H =" •H =
#Hx

#x
+
#Hy

#y
+
#Hz

#z
= 0                      (3-2) 

D/:l-KtCe7�A&[\��(20-10) 

! ! ! !

! 

div rot A =" • (" #A) = 0! ! ! ! !  

5�Ò-57Ae?�&STUV5sn7 

! ! ! !

! 

H = rot A                                          (3-3) 

ci-t5D�-KSTUV HDSTUV A&|Q*\sm�h>?7A6?

�c6i-D7H&STUVWX;YZVci-t5*O-K 

»~7t&#$%&'()*°l-Maxwell~��*6KFaraday&'(�ò&

´�*×�l- 

! ! ! ! !

! 

rot E +
1

c

"H

"t
= 0  ! ! ! ! ! ! ! ! ! ! ! ! !   ! (3-1-2) 

 D�9Cnm-K 

! 

rot =" #  ci->?7 

      ! !

! 

" #E +
1

c

$H

$t
= 0                 ! ! ! ! !   ! (3-1-2') 

5_HdK(3-3)&

! 

H = rot Aett*£vl-57  

   

! 

rot E +
1

c

"H

"t
= rot E +

1

c

"

"t
(rotA) = rot(E +

1

c

"A

"t
) = 0         (3-4) 

!"îeÕG57 

!  

! 

" #E +
1

c

$H

$t
=" #E +

1

c

$

$t
(" #  A) =" # (E +

1

c

$A

$t
) = 0      (3-4') 

5O-K 

! 

"e?�&�íî9°25sn7_G»g&�A&[\�! (2-9)& 

! 

rot grad " =# $ (# ") = 0  D/P:g&c7��)eg,n 

! ! !

! 

rot(" grad #) =$ % ("$ #) = 0! ! ! ! ! ! ! ! ! ! ! ! (2-9') 

5Hdt5Dc­-K��)eÏ,-t567(2-3)&�íî9WX;YZV&
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XY*×�BM-^Öci-K (2-9')5 (3-4)! i-m6(3-4')e�ÒC¿7 

! ! !

! 

E +
1

c

"A

"t
= #grad $79^6!

! 

E +
1

c

"A

"t
= #$ %!   

ci-t5D\>-Kt&FG*7')&�B E *67�íî9WX;YZ

V

! 

"5t&STUVWX;YZV A&T~D°çsn+P7 

       

! 

E = "grad# "
1

c

$A

$t
                                     (3-5) 

ci-K

! 

H = rot A7

! 

E = "grad# "
1

c

$A

$t
! &�c()5')&�BeçJ-�í

î9WX;YZV

! 

"5STUVWX;YZV A eì\Mn'(WX;YZ

V5�GK (1-1)&89:;<=7(1-2)&12~��&âã�*i-�E7H�

67t&'(WX;YZV

! 

(",A)ekmn��c­-K 

! '(WX;YZV

! 

(",A)&òv&��6z&dPci-K'(op&ËÌc

i-Maxwell~��6�g>&~��>?/P7(3-1-1)5(3-1-2)64&Gà&�

gci-K�sd6z�cÑÒ-Kcd&·2D�)l-D7  

! 

(",A)eòvl

-t5c7t&@&(3-1-1)5(3-1-2)6�*�2�*��BC-�O]ns9GK

���*÷dÒ­~��D�?C-t5c7�a�·25sn|-_&e{O

dc­-K(3-3),(3-5)eì\Mn�-57�ã�&�E7H�c67·26 3+3=6

hD7âã�&'(WX;YZV

! 

(",A)c6·26 1+3=4 ci-K (3-1-1)5

(3-1-2)& Maxwell~��e��snm-t56èNci-_&&7

! 

(",A)&òv

ce>*�a�·2D�{snm-K  
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 !"#$%&'()*

! 

(",A)+,-./01/2!

  4.1  Maxwell345+#$%&'()*

! 

(",A) 

! 6789#$:;<=> Maxwell 345;?@AB9(3-1-1)@(3-1-2)9C;@

DE9345FGHIJK>LM+E?@NO9(3-1-3)P@Q-R'9ST;U

VW@Gauss9XYZ[\]P^K_`9Pa>Lb?#cdeZf=L`gh

E9345?(3-1-4)P@i'j-*9ST;kl=>L#m;?$:Fngo+

Zf=L J ?#mdePa>Lp$c?qrst$:?uZv_wKo+ 

(3-1-1)@Faraday 9#$xy (3-1-2)@;EKJ9345P?z{F|Pa>F@

}~9DE9345z{?|P?w�@#cdeb+#mde JFa>L  

        ! ! ! ! ! !

! 

div H = 0! ! ! ! ! ! ! ! ! !      (3-1-1) 

     ! ! ! ! !

! 

rot E +
1

c

"H

"t
= 0! ! ! ! ! !      !      (3-1-2) 

       ! ! ! ! ! !  

! 

div E = 4"#               ! !  !  (3-1-3) 

     ! ! ! ! !

! 

rot H "
1

c

#E

#t
=

4$

c
J             ! !   (3-1-4) 

#c9��F#mPa>��@#cdeb+#mde J;?�9�gw��@ 

! ! ! ! ! ! ! !

! 

"#

"t
+ div J = 0! ! ! ! ! ! ! ! ! ! ! !  (3-1-5) 

F��WJK>L#c�qT;<�=>LoI?m���9��95+��P

a>L��959yB?��9 7";O=L(3-1-4)�{�D�?@MaxwellFy

�W_/�#m;UV=>LoIZ��WJ�>+@ 

                

! 

rot H =
4"

c
J +

1

c

#E

#t
 

Pa>L`W@/�#m9�Fw�I�@X�#mF�>$:95 i'j-

*9ST"Pa>L/�#m9y�P@i'j-*9STF¡X�#m9:¢

;h£¤¥IJK>Lo9¦{9 divZ§¨J�>+@(3-1-3)Z©¨J 

! ! !

! 

div rot H =
4"

c
div J+

1

c

#

#t
(divE) =

4"

c
(div J+

#$

#t
) = 0 

+w~@#c�qT;w>Lª'«'¬-��9­#ZG®�gw¯°±9#

m?²³/¤W@oI;�>$:`²³/¤=>Lo9�gw:¢;`#c�



 69 

!"#$%&'()*+,-./#012345'6 

! 78"9:;<=>?@9.AB*C&' Maxwell DEF*G'HE9IJ

5KLM+NO*PJQ.ARS9TUVWXYZ[\23Q56>?@]M

X^+_`ab.cde9.AB9fgZhijQ.ARS9klL]M+

MaxwellDEFMh)mJno*X'6p3*q54h.ARS9TUVWZ[

\23Q56CGS-Gaussr-s]9tu]vwZxQKLM+yz{+Slater-Frank 

9|}L~}S1�+����������19�23N����*�'6 

! �q9DEF�Maxwell DEF��.��!"#>?.AB9��]�'#+

�h<^+ (3-1-1)+(3-1-2)9MaxwellDEF+ 

! ! !

! 

div H = 0  

! ! !

! 

rot E +
1

c

"H

"t
= rot(E +

1

c

"A

"t
) = 0  

M+.A�T����

! 

(",A)Z01&'p�]+�*��2345'��F*

X�Q6.A�T����

! 

(",A)]�z=3'.ABZ�z' ¡]¢56!  

! ! ! ! !

! 

H = rot A! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-1) 

! ! ! ! !

! 

E = "grad# "
1

c

$A

$t
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-2) 

p3=M+£¤9MaxwellDEF(3-1-3)�(3-2-4)�.��!"(3-1-5)�¥¦23+

(

! 

" , A)#§j=3+(E, H)#¨©'ª«*X'6 

! ¬�<^+>?@9.AB*C&' Maxwell DEF9­®©]¯45'9 

<=+h)mJ°±Z²�4+p9ª«ZQY'p�*&'6 

 

 4.2  ³´W��T���� A9µ¶·�¸¹º,»  

! .A�T����*(�4,¼#½'p�M¾¿&'�J4h+VÀÁ¹�

T����

! 

"h³´W��T���� A hµ¶]�¤k¶Â*M¨©=X56

p3MÃ�Qp�]MX59<Ä! Å<*Æ9Ç¤]�'6J<J+p9°È

]ÉvXp�M+µ¶]�'p�ZÊË*+ÌhklÂXÍÎÏZÅ�J

Qp�]�'6Ð9KL9@]+ÑvXÒÓZ�

! 

" , A�*ÔJ+p3=ZÕc

ÂXh9�&'9]�'6p9()X%BM+Ð9N]Ö×'ØÙ,»9�z
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!"#$%&'()* 

! +,-./01 f 234,56789:;&'1<=1>?@! (2-9)!

! 

rot grad f =" # (" f ) = 0  2AB*+C2(3-3)"DE'#F#GH&I(/01 

! !

! 

H = rot A + rot grad f = rot (A + grad f )                      !  (3-7) 

JK)*&/&1+CL1MN.2OE)(3-3),(3-5),PQRSTUVWXS

! 

A  

! ! ! ! ! !

! 

A ! Y!

! 

A'=A + grad f1

! 

H'= rot A '!  

,GZ1K)(L1G[;\I]+;^_`)* +,PQRSTUVWXS,

G["ab&'15678TUVWXS#1 

! ! ! ! !

! 

"! Y!

! 

"'=" #
1

c

$f

$t
!  

;GZ])*Fc+CJd(/LeJfg]);&'1+,G[hCiM.1 

! ! ! ! !

! 

E'= "grad#'"
1

c

$A '

$t
= "grad(# "

1

c

$f

$t
) "
1

c

$A '

$t
 

2Aj'1MNkl,Maxwell!m@no

! 

rot(E'+
1

c

"A '

"t
)2pq'r)* 

! !

! 

rot(E'+
1

c

"A '

"t
) = rot{#grad($ #

1

c

"f

"t
)} = #rot grad($ #

1

c

"f

"t
) = 0  

;I)* 

!           

! 

div H'= 01/s1 

! 

rot E'+
1

c

"H'

"t
= rot(E'+

1

c

"A '

"t
) = 0 

JKt1uv,G[e#1(3-1-1)1(3-1-2), Maxwell !m@LwxhC'()*

yz1

! 

" #
1

c

$f

$t
^{|I56789:JKj'#1

! 

rot grad (" #
1

c

$f

$t
) = 0  ^}-

])/01!

! 

AY

! 

A'=A + grad f1

! 

"Y

! 

"'=" #
1

c

$f

$t
! ;MNTUVWXS^G[

hC'#1Maxwell !m@(3-1-1)1(3-1-2)L}-&1MN. E, H (3-6-1),(3-6-1)

#~GJK)*+,�"G[]);Maxwell!m@#MN. E, H#~G"I)

+;^1uv5678TUVWXS,G[@2��&i��JK)* 

! ! ! !

! 

AY!

! 

A'=A + grad f1!

! 

"  Y!

! 

"'=" #
1

c

$f

$t
! ! ! ! ! (3-8) 

+,MNTUVWXS,G[2�8�G[;�B*MN.,+,�BI��
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!"#$%&'

! 

(",A)!()*&+,-./0123-4$%& E, H5()*

67+86+,-9:";)<=>?0()*67@86+,-4ABC"

D$EF@G3- Newton'HIJ0()*67@86+,-4 

! $%&'

! 

(",A)'H9:3-/"(3-8)'67+!KLM)NO=PQR f ST

'UVW5,-X/@Y-4Z9ZY5:"X'KLM)NO=PQR f'UV

W[\]^@_`X/+"ab'MaxwellHIJ(3-1-3)/(3-2-4)5cdefg-4

h'iI+"$%NO=PQR

! 

(",A)@jk^lm[n3-4op!h'q`

Yrs[tu-4 

! $%NO=PQR

! 

(",A)+vw:x-$%& E, H (3-6-1),(3-6-1)["ab'

MaxwellHIJ(3-1-3), (3-1-4)@yz3-4 

   

! 

div grad f =" • (" f ) = (
# 2

#x 2
+
# 2

#y 2
+
# 2

#z2
) f ="

2
f  +,-9:" 

           

! 

"2# +
1

c

$

$t
(divA) = %4&'                          (3-9-1) 

           

! 

rot rot A +
1

c

"

"t
(grad#) +

1

c
2

" 2
A

"t 2
=

4$

c
J             (3-9-2) 

/Y-4Z9Z"

! 

"!

! 

"ST5"A! AST5{v3-q`Y6|5}~�xt

HIJ'�@!YBC�Y�4S9:"KLM)NO=PQR f!"#$%&'

()*!+,-��Y�@6w-X/[�w-. 

 

4.3  ;)<=>lm�;)<=>�()*�  

(3-8)'67" 

! ! !  !

! 

A�!

! 

A'=A + grad f"!

! 

"  �!

! 

"'=" #
1

c

$f

$t
! ! ! ! ! (3-8) 

+ f[`����+" 

           

! 

divA +
1

c

"#

"t
= 0                                 ! (3-10) 

5�23-q`@fg-4X'lm!;)<=>lm/��x-4;)<=>

lm5�@���x-X/[��+��Zq`4 

! (3-10)!KLM)+,-5"!��@��S$%NO=PQR

! 

(" ',A ')5(3-10)
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!"#$%& 

! ! ! ! ! !

! 

divA '+
1

c

"# '

"t
= g $ 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-11) 

'()*+&(3-8),-./01'

! 

(",A)20345645&(3-11),

! 

(" ',A ')!(3-8)

,

! 

(",A)'789*& 

           

! 

divA + div grad f +
1

c

"#

"t
$

1

c
2

" 2
f

"t 2
= g 

5:4; <.=>?@ABC2DE64F5!"#$%F!BG2HI*J4

5& 

! ! ! ! ! ! !

! 

divA +
1

c

"#

"t
= g $ (%2

 f $
1

c
2

" 2
f

"t 2
)! ! ! ! ! ! ! ! ! (3-12) 

5:4;GC, f KLM'(4NO&(3-12),GCPQ5:4RS2 f !TUV

5PWX4;YZ& 

! ! ! ! !

! 

("
2
 f #

1

c
2

$ 2
f

$t 2
) = g ,   [K&

! 

("
2
 #

1

c
2

$ 2

$t 2
) f = g! ! ! ! (3-12') 

!"#64 f P\]64;^NO(3-10),@AP"#_`4;abc.de>f

gh fK&ijk(3-12')!"#64+,2lm_`4; 

! LM, f!V,RS2no4V5K&-./,pm5N-./,Tq5rs

`4;(3-10)K<.=>?@AK&<.=>?-./PTq_`*t4578

_`4; 

! (3-10),<.=>?@A&

! 

divA +
1

c

"#

"t
= 0&! uv, Maxwell ijk(3-9-1)&

(3-9-2)2wx645& 

         !

! 

"2# $
1

c
2

% 2#

%t 2
= $4&'      ! ! ! ! ! ! ! ! ! ! ! ! (3-13-1)  

! ! ! ! !

! 

"
2
A #

1

c
2

$ 2A

$t 2
= #

4%

c
J! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-13-2)     

PyO`4;(3-9-2),z{K&

! 

rot rot A +
1

c

"

"t
(grad#) +

1

c
2

" 2
A

"t 2
=

4$

c
J  '(4N

O& (2-11),|}k&

! 

rot rot A = grad div A "# A&+~�2�S;|}k5(3-10)
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!"#  

! 

rot rot A = "
1

c
grad 

#$

#t
"% A ! $%&'()*(3-9-2)+,-.&/#

(3-13-2)/0&' 

 (3-13-1), (3-13-2)1#

! 

"23#A 234567$%8#9:2;+0<=>&'

?!@#ABC1DE5674;+0<=>&'c 4FGH1I4JKGH$#

LMNHO/LPNH J1I)Q)4R$%&'Maxwell567@STUV05

67+0<W'! (3-13-1)/(3-13-2)! 4XB+1#LMNHO/LPNH JY%

&Y#Z[1LM\]^*_`=aY<=>&1b$%&' 

 LM\]^1#LMNHO/LPNH J+c.&de47#(3-1-5)/?=fg

")=>&'hi=jk/ 

! ! ! !      

! 

"#

"t
+ div J = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-14) 

$%&'(3-13-1)4LMNHO*lm$noT?#(3-13-2)4LPNH J4pq*

r8#()"*LM\]47(3-14)+,-?#st.&/# 

           

! 

("2 #
1

c
2

$ 2

$t 2
)(div A +

1

c

$%

$t
) = 0                      (3-15) 

Yu")&'vwxyz

! 

(div A +
1

c

"#

"t
)YDE567*{|?=>&(/Y}&'

?!?#()1#(3-10)4~y�����

! 

divA +
1

c

"#

"t
= 0/?=��+?W@4

$%&'~y�����1LM\]^+��?=>0>'��#~y���

��

! 

divA +
1

c

"#

"t
= 0  Y�+��?=>)�#LM\]^1��+{|�)=>

&(/+0&'Maxwell 567 (13-2-1)#(13-2-2)*�3�#I)Y#~y��

��y�Y���)W��4L�������

! 

(",A)$%&'  

 

 4.4�y~�����y~� �y�¡  

! ~y��� �y����¡#

! 

divA +
1

c

"#

"t
= 0#*��?W¢£#¤84Maxwell

5671(3-13-1),(3-13-2)/08#R*¥�DE567+0<W'LM\]^@{

|?=>&'/(¦$#§¨1#LM!"©ª«+%&¬­$vwxy���
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!"#$

! 

"%&'()*+,-$./0+123*4*56'6'5789#:

;<!"# A =>?@AB5CDEF:;<!"#

! 

"6GHIJ@KLMA1

6N?O0P3GQ5GRNST789#@5UVQWJXVAYSZ[',

NQWJ\]A^_JO2`SZ[J[a?b23

! 

divA = 0?O2ST789#

A@5YSZ[@&?5`SZ[Nc$de36*

! 

rot A = 0?O2AM5ST7

89# A @`SZ[@&?5YSZ[*4dPA13,Nfg4Mh2'5i

Fj<klmNHn@5opqrJsth2

! 

1

c

"#

"t
$uv2,'?5YSZ[

! 

divA$wxIJ&J*+12'6ay?b23z{?O2AM5@|}4M 

! ! ! ! ! !

! 

divA = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-16) 

'*+c2,'@~{?O�{43,-@8Fi<lm58Fi<�F�'

��-23 

! 8Fi<�F�$��=�5P'v 

! ! ! ! !

! 

divA '= g " 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-17)! !  

?O0+65 (3-8)N�F�o�5 

! ! ! !

! 

A�!

! 

A'=A + grad f5!

! 

"  �!

! 

"'=" #
1

c

$f

$t
! ! ! ! ! (3-8) 

N�G�$(3-17)J��h-�5

! 

divA + div grad f = g! ?O24M5!  

! ! ! !

! 

divA = g "#
2
f ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  ! (3-18) 

'A23 f��H?O2,'4M

! 

"
2
f = g  ?O2 fJ��5

! 

divA = 0'�t2@

�?O23 

! ,N8Fi<lm$5(3-9-1), (3-92)N��NMaxwellQ��J�}+��*

+c23

! 

divA = 0' (2-11)N���5

! 

rot rot A = grad div A "# A56��h2'!

! 

rot rot A = "# A?O24M3

! 

" A # $
2
A$�1+5 

   !    

! 

"2# = $4%&                                         (3-19-1) 

       

! 

"
2
A #

1

c
2

$ 2A

$t 2
= #

4%

c
J
t
                                (3-19-2) 

��M-23P=*5 

        

! 

J
t
= (J "

1

4#
$
%&

%t
)! ! ! ! ! ! ! ! ! ! ! ! ! !        (3-19-3) 
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!"#$%&'()*+,-./012345$

! 

div J
t
=" • J

t
.678, 

 

! 

div J
t
= div J"

1

4#
div $

%&

%t
= div J"

1

4#

%

%t
$2& = div J+

%'

%t
= 0      (3-19-4) 

84795!"71:;95<=>?@A'(3-19-1).BCDC71EF$:;

?@A'GHIJK!"71LMNOPQRGHIJK.STUDC71 

! LMNOPQV

! 

divA = 0W8NMXOYPQV

! 

divA +
1

c

"#

"t
= 0W.Z[&\$

]^?_C'$

! 

"# /"t = 0 8`79$a&8R

! 

"# /"t $ 08`79b"71Gcd

eOfghbijDklDm&\$ 

! ! ! ! !

! 

H = rot A! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-1) 

! ! ! ! !

! 

E = "grad# "
1

c

$A

$t
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-2) 

!"795$GnopqrsU4C%8VtGn!"7%8W'$

! 

"# /"t = 0!

"#$90$

! 

"A /"t = 0!"7%8$uv$(3-6-2)o 

! ! ! ! !

! 

E = "grad#(x,y,z)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-2a)  

847%8!"71tGn!"7%8'$

! 

"# /"t = 0,-!'4w$

! 

"A /"t = 0?

PQRxy`795$cn H bzUDRpqrs'4w$tcn.{|`71

tGn?}~'$(3-6-2)95�7��b$t�4cn?}~8+�UDkl7%

8o!�71 

! R��0$LMNOPQV

! 

divA = 0$

! 

"# /"t = 0W.ST`7��4n�o"

71a&'$

! 

"��!"7��?���q?%8!"71GH?4C�q'$

GH95���?��b"78`7%8o!�7?!$���MdeOfgh

'

! 

"��8UD�C1GH?4C�q!'��G�R�C1(3-6-2)'$ 

! ! ! ! ! !

! 

E = "
1

c

#A

#t
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-6-2b) 

8471U9U$�L�hdeOfgh?pqrsb��`7GnoJ�`7$

(3-6-1)?

! 

H = rot ARa?EE�7?!$tGn?n�8' 4#$cn8Gn

'¡¢b£¤0CDC71��¥b¦�`7Gcn?%8!"71 

! LMNOPQV

! 

divA = 0W'NMXOYPQV

! 

divA + (1/c)("# /"t) = 0W?§

¨©M�!"7o$%&.BCD$

! 

"��!"7��?���q?Gcnb0
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!"#$%&'() 

!  

 4.5*+,-./0  

! .12.324!*+,-./0(E, H)5678

! 

divA = 0-9:;<=>%8

! 

" = 0,  J = 0-56?@"ABCD!) 

        

! 

" = 0,   divA = 0                                     (3-20-1) 

! ! ! !   

! 

H = rot A! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  (3-20-2) 

! ! ! ! !

! 

E = "
1

c

#A

#t
! ! ! ! ! ! ! ! ! ! ! ! ! !        !  (3-20-3) 

         

! 

"
2
A #

1

c
2

$ 2A

$ 2t
= 0                                  (3-20-4) 

-EFGHI?4()  

! (3-20-2)- divJKL"M(?8NO2PLQRS-TUI(2-10)VW 

! ! ! ! ! !

! 

div H = div rotA = 0   

%X()YQ8(3-20-3)- divJKL"M(?8A7Z[%8

! 

divA = 0%X(VW!

! 

div E = "
1

c
div

#A

#t
= "

1

c

#

#t
(divA) = 0)\L"8 

            

! 

div H = 0,      div E = 0                            (3-20-5) 

 %X()H 2 E 2Z[%X()]W^8(3-20-3)- rot JKL"8(3-20-2)J_

`a(?8 

! ! ! ! ! ! !

! 

rot E = "
1

c

#H

#t
  

?4()YQ8

! 

rot rot A = "# AVW8

! 

rot H = "# A .  (3-20-3)Jbc%de@

! 

"E

"t
= #

1

c

" 2A

"t 2
,  fgJ (3-20-4)^_`@"8 

! ! ! ! ! ! ! !

! 

rot H =
1

c

"E

"t
 

?4()ha(^8!  

! ! ! ! ! !

! 

rot E = "
1

c

#H

#t
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-20-6) 

! ! ! ! ! !

! 

rot H =
1

c

"E

"t
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-20-7) 
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!"#$(3-20-6)% rot&'#() 

! ! ! ! ! !

! 

rot rot E = "
1

c
rot

#H

#t
= "

1

c

#

#t
(rot H) = "

1

c
2

# 2
E

#t 2
! ! ! ! ! (3-20-8) 

*+,-%./0)(3-20-7)&123456!"#$ 

78)! 9./ 

! 

rot rot E = grad div E"# E  (! (3-20-5)%!

! 

div E = 0  :;) 

! 

rot rot E = "# E !"#$<=&(3-20-8)%>?@2==A)  

! ! ! ! ! !

! 

1

c
2

" 2
E

"t 2
= # E =$

2
 E = (

" 2
E

"x 2
+
" 2
E

"y 2
+
" 2
E

"z2
)               (3-20-9) 

E@BC#DE8F/GH;=#$(3-20-7)% rot&'IJKL<(&M=A)H

@-NJKO%DE8F/GH;=#$ 

! ! ! ! ! !

! 

1

c
2

" 2
H

"t 2
= # H =$

2
 H = (

" 2
H

"x 2
+
" 2
H

"y 2
+
" 2
H

"z2
)             (3-20-10) 

!"#$+@PQRSD%T@-NJ0UVWX%YZ[\&]^_=4N$ 

 

 ! `a%bF&cde#()Maxwell 8F/0)(3-20-1)f(3-20-4)%gh%U

Vi%T&jk#l@m;=JN#$nop@q)Maxwell0ghr&stu!

vwC#UVD%xy&z{3)+@ HertzG|=&}~p@��34�@�I

JN#$3:q)�y Maxwell 8F/(3J�Q��2=;=JN#q%0) 

Maxwell%���%��& HertzG��3456(_=#�����)UVWX)

�D��)p.216�$UVD%���!"# Hertz%��%����|%q%!"

#��@ k#$¡¢G£q�Nghh¤!q)UViG}yC#<(&

¥C%0¦§!0�N$<%<(G)Maxwell8F/%¨d©_@ªGIJN

#��@ �$!   

 ! ghr!0�Q)«¬M­U®¯°%UVi%��&q±²4UVWX%7

³�!0)Maxwell8F/0q�´3µ¶@�d)U·¸u D(­U¹!)V·

¸u B(ºV¹µG»¼IJQ#$UVWX%YZ[\&]^_=4N$  
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!"!#$%&'()*+,- L. H!!

! /0'1234$56789:;. Maxwell <=>?@4ABC'#$%&

'()<=>*D,E#$%&*+,- Newton'()<=>(1-2)'FGH4I

JK8LM(CGSNOPQRS)  

! ! ! ! !

! 

m
d
2
r

dt
2

= eE +
e

c
v "H                             ! !   (1-2) 

.TUVW-EXY@FGZ' E4HH! (3-2),(3-3)'$56789:; 

! ! !

! 

H = rot A4! ! !

! 

E = "grad# "
1

c

$A

$t
! ! ! ! ! ! ! ! ! ! ! ! !

[\]@Y-'[4(1-2)H^J_`a*b`[c-E$56789:;3(1-2)

FG*defVg-.4 

        

! 

eE +
e

c
v "H = #grad $e #

e

c
(
%A

%t
) +

e

c
v " (rot A)! ! ! ! ! ! ! ! (4-2) 

.T-. h'(4-3), (4-4)'ij3kUV(4-2)FG3l*mna]-E 

! ! !

! 

dA(x,y,z,t)

dt
=
"A

"t
+
"A

"x

"x

"t
+
"A

"y

"y

"t
+
"A

"z

"z

"t
 

                

! 

=
"A

"t
+ vx

"A

"x
+ vy

"A

"y
+ vz

"A

"z
=
"A

"t
+ (v•#)A    !    

! XYop4 

       

! 

"A

"t
=
dA

dt
# (v•$)A                            (4-3)   

qr4 (2-12-2)'stu;vwx'y>

! 

A " (B "C) = B(A •C) #C(A •B)3kW4

! 

A" v,  B"#,  C"A  .zna]V4

! 

v " (# "A) =#(v•A) $A(v•#){?@4 

! ! !

! 

v " (rot A) = v " (# "  A) =#(v•A) $ (v•#)A        ! (4-4)!  

[c-E|*4!           

   

! 

eE +
e

c
v "H = #grad $e #

e

c
{(
dA

dt
) # (v•%)A #%(v•A) + (v•%)A}             

             

! 

= "# $e "
e

c
(
dA

dt
) +

e

c
#(v•A)  

.T-ENewton'<=>H4              

  ! ! ! !

! 

m
d

2
r

dt
2

= "#{ $e "
e

c
(v•A)}"

e

c
(
dA

dt
)! ! ! ! ! ! ! ! ! (4-5)!  
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!"#$%&'()*+,-./012340567829:0;<=>?' 

! 

{ "e #
e

c
(v•A)}@ABCDE'$FG@*+,-./HUI0JK=2L@!"

2M$NOMPQR7S#$TUVW@PX!'58YZ!"29 

        

! 

r = (x,y,z) = (q
1
,q

2
,q

3
),     v = ( ˙ x , ˙ y , ˙ z ) = ( ˙ q 

1
, ˙ q 

2
, ˙ q 

3
)             (4-6) 

ZR7$(4-5)[\?]R7^29 

          

! 

m
d ˙ q i

dt
= "

#

#qi

{ $e "
e

c
( ˙ q k Ak

k=1

3

% )}"
e

c
(
dAi

dt
)  

_`@a'$

! 

Ai =
"

" ˙ q i
( ˙ q k Ak

k=1

3

# ) Z\bYZMcd2ef 

! ! ! ! ! !

! 

dAi

dt
=

d

dt
{
"

" ˙ q i
( ˙ q k Ak

k=1

3

# )}   

!"29 g67$Newton@hijkl(4-5)%&'$m@1n0529            

       

! 

m
d ˙ q i

dt
= "

#

#qi

{ $e "
e

c
( ˙ q k Ak

k=1

3

% )}"
e

c

d

dt
{
#

# ˙ q i
( ˙ q k Ak

k=1

3

% )} 

            

! 

= "
#

#qi

{ $e "
e

c
( ˙ q k Ak

k=1

3

% )} +
d

dt
{
#

# ˙ q i
($e "

e

c
( ˙ q k Ak

k=1

3

% ))}! ! (4-7)  

_`@ol!$

! 

"'ABCD*+,-./!"#$

! 

"(#e) /" ˙ q i = 0  !"2YZ[p

6q9rY!$ 

! !           

! 

 U ="e #
e

c
( ˙ q k Ak

k=1

3

$ )                  ! ! ! !     (4-8) 

Z=2Z$Newton@hijkl(4-5)'$m@1n5st5l0529 

! ! ! ! ! ! ! !

! 

 m
d ˙ q i

dt
= "

#U

#qi

+
d

dt
(
#U

# ˙ q i
)                       (4-9) 

g67$Lagrangian, L[  

!   

! 

L = T "U = (1/2)m{( ˙ q 
1
)

2
+ ( ˙ q 

2
)

2
+ ( ˙ q 

2
)

2
}"U ! ! ! ! ! ! !     ! ! (4-10) 

ZuWv$ 

     

! 

d

dt
(
"L

" ˙ q i
) =

d

dt
(m ˙ q i #

"U

" ˙ q i
) = m

d ˙ q 

dt
#

d

dt
(
"U

" ˙ q i
) = #(

"U

"qi

) = (
"L

"qi

)! ! ! !   (4-11) 

@ Lagrange hijklZ52YZMw29_`efxy<@oz' Newton @

hijkl(4-9)M{|=2YZ0}29~�$Newton@hijkl (4-9)M{|
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!"#$%&(4-10)' Lagrangian()*+&(4-11)' Lagrange,-./0123

!"#$45"6 

! 78'9(&:;<'=:>?',-'(4-10)' Lagrangian%& 

    ! ! !  

! 

L = T " e# +
e

c
(v•A)                               (4-12) 

45"#$1@A"6

! 

qi(BCD,-E%&

! 

pi =
"L

" ˙ q i
'FGAHIHJ& 

! ! ! ! ! ! ! !

! 

pi =
"L

" ˙ q i
= m ˙ q i #

"U

" ˙ q i
= m ˙ q i +

e

c
Ai                    (4-13) 

$D"6,-EKLMN'O4PQR& 

! ! ! ! ! ! ! ! !

! 

p = m ˙ q +
e

c
A ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  ! (4-14) 

45"6ST'>?,-E

! 

m ˙ q 
i
$%UD"6=:>?1VE m 'WD"VX

4%DY&:= e Z[\#$(]"6

! 

p = m ˙ q + (e /c)A! '^_,-EZ&>?

',-E

! 

m ˙ q 
i
$`a!"b(&c(def,-E$gh#$15"6 

! (4-13)AH&deij%

! 

(qi, ˙ q i)" (qi, pi) $iklJ+& (4-13)AH

! 

˙ q i = (1/m)(pi "
e

c
Ai)45"'4&L' LegendreikAH HZmn"o(pq1r

s45"6 

      

! 

H = pi
˙ q i

i=1

3

" # L  

        

! 

= pi
˙ q i

i=1

3

" # (1/2)m ( ˙ q i)
2

i=1

3

" + U

! 

= pi
˙ q i

i=1

3

" # (1/2)m ( ˙ q i)
2

i=1

3

" +$e #
e

c
( ˙ q k Ak

k=1

3

" ) 

        

! 

= (pi "
e

c
Ai) ˙ q i

i=1

3

# " (1/2)m ( ˙ q i)
2

i=1

3

# +$e  

##4'

! 

˙ q i%tij45"AH&

! 

˙ q i = (1/m)(pi "
e

c
Ai)! Zuv*+& 

       

! 

= (
1

m
)(pi "

e

c
Ai)

2

i=1

3

# " (1/2)m (
1

m
)
2
(pi "

e

c
Ai)

2

i=1

3

# +$e  

$D"6wx+&:;<(yQ"VE m&:= e'=:>?',-' H%& 

 !    

! 

H = (
1

2m
)(pi "

e

c
Ai)

2

i=1

3

# +$e

! 

= (
1

2m
)(p"

e

c
A)2 +#e            (4-15) 
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!"#$ 

! %&'()*!+,-"./ m0123'456789 V0:;<=>#?'

@0 HA' 

! ! !

! 

H = (
1

2m
)(pi)

2

i=1

3

" +V

! 

= (
1

2m
)(p)

2
+V                        !  (4-16) 

;B#CD'EF0G0<=/!456789 VH' 

! ! ! ! !

! 

p   "     (p#
e

c
A),    

! 

V   "     V +#e              ! !   (4-17) 

!IJKLMNOP#G!;'./ m'(Q e0Q(120RS()*;0<

=0 H3TDU#$G0*V0 VAW()K"456789;B#$XY,./

m'(Q e0Q(123'W()K"456789 VZ[\>#RS0()*;

<=>#?'@0 Hamiltonian, HA 

      

! 

H = (
1

2m
)(p"

e

c
A)2 +V +#e ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-18) 

!"#$GUA']^K<=/

! 

p = m ˙ q + (e /c)AH_L`abZ0;B#'Q(

120<=;A']^K<=/

! 

p = m ˙ q + (e /c)A3cd<=/;B#0;'/2

eLfg>#?LA'G0]^K<=/Lh# HHijkl"D"a$ 

! %&'

! 

(p"
e

c
A) = m ˙ q  !mn$EF0<=/(

! 

m ˙ q = m˙ r )Lomnpq>#!' 

! ! !

! 

H = (
1

2
)(m ˙ q )

2
+V +"e = (

1

2
)(m˙ r )

2
+V +"e! ! ! ! ! ! ! ! ! ! (4-19) 

!"#'<=0rst9uv!mn0 Hamiltonian;B#$ EF0]^Kst9

uv[

! 

(1/2)(m˙ r )
2

+V ]L'(*3,j#st9uwx

! 

"ey3zj{bZ0;B#$

)*3,j#st9uv|A}~U"a$A��L��bh�L'Q(12

0<=L��#)*Lh#��AFL��CD;B#$(4-19)A��eKrst

9uvHp> Hamiltonian!mnAcma$mCm'Q(120*V'

! 

m ˙ q = m˙ r A

ZA�cd<=/;A"a0;'/2eLfg>#�A'(4-19);A"�'(4-18)

Hi���3B#$(4-19)!(4-18)A��;B#3'H 0��3�"#0;'�

�>#Z03�{n�#G!L��$ 
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!) Lagrangian"#$%&'()"*+,-.  

! Lagrangian"#$%/0123456Lagrangian7!  

! ! ! ! !

! 

L(qi, ˙ q i)8

! 

L (qi, ˙ q i,t) = L(qi, ˙ q i) +
dF(qi,t)

dt
! ! ! ! ! ! ! ! ! (5-1) 

&-.9:2&6Hamiltonian;6 

! ! ! ! !

! 

H(pk,qk )8

! 

H (p k,qk,t)

! 

= H(p k "
#F

#qk

,qk ) "
#F

#t
! ! ! ! ! ! ! (5-2) 

<=6>?@AB;6(5-3)"CD/6 

! ! ! ! ! !

! 

pk! 8!

! 

p k =

! 

pk +
"F

"qk
          ! ! ! ! ! ! ! ! ! !  (5-3)!  

-.9:276Lagrange "@AEFG6Hamilton ">?@AEFG;HIJ-

5K2L&MN=O 

! PL56QR"S'TUV'SW6XB mY56(4-18)MZ[/, >?@AB

M

! 

pk = m ˙ q k + (e /c)Ak ,  \"]^_`abcdbefM

! 

(V +"e)  &gh6i/6

(5-3)"-.Mjk2.  

         

! 

F =
e

c
f (x,y,z,t) =

e

c
f (q

1
,q
2
,q
3
,t) ! ! !                   (5-4)  

&lmhn2O(5-3)"-.;6 

!

! 

pk8

! 

p k =

! 

pk +
"F

"qk

= m ˙ q k + (
e

c
)Ak + (

e

c
)
"f

"qk

 

! 

= m ˙ q k + (
e

c
)(Ak +

"f

"qk

)! !  (5-5) 

&o2OL"p6(5-2)"-.; 

!

! 

H(pk,qk )8

! 

H (p k,qk,t)

! 

= H(p k "
#F

#qk

,qk ) "
#F

#t
5K2qr6H /Rmh;6st

(4-18)" Hamiltonian, 

! 

H = (
1

2m
)(p"

e

c
A)2 +V +#e, Muvh6 

!

! 

H (p k,qk,t) = H(p k " (
e

c

#f

#qk

),qk,t) "
#F

#t
 

! ! ! ! !  

! 

= (
1

2m
)(p "

e

c
#f "

e

c
A)2 +V +$e " (

e

c
)
%f

%t
!  

! ! ! ! !  

! 

= (
1

2m
){p "

e

c
(A +#f )}2 +V + e{$ " (

1

c
)
%f

%t
}  !             (5-6)  

&o2OL"wx"yz;6s/{|=*+,-.6 
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! 

A!

! 

A'=A + grad f"

! 

"!

! 

"'=" #
1

c

$f

$t
!  

#$%&"  (5-5), (5-6)'" 

    

! 

p k = 

! 

m ˙ q k + (
e

c
)(Ak +

"f

"qk

) = m ˙ q k + (
e

c
)A'k! !                    (5-7) 

! !

! 

H (p k,qk,t) = (
1

2m
)(p "

e

c
A ')2 + V + e# '                          (5-8)   

()*+! ,-.(4-18)('"/0123& Hamiltonian'" 

   !

! 

pk = m ˙ q k + (
e

c
)Ak! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (5-9) 

! !

! 

H = (
1

2m
)(p"

e

c
A)2 +V +#e                                 (4-18) 

()*45"67589(

! 

(A,")# (A '," ')&:;<=>?@"(5-7),( 5-8)ABC

DE*6&@F*+GH"(5-1)( LagrangianA

! 

dF(qi,t) /dt#IJ=K?'"LD"

! 

(A,")# (A '," ').MNO:;APQR7DE*+STU@MNO:;AV:("

WNXYZ["12\]^_MNO:;V:()*6&A`*+6.`%A"

Lagrangian.abc'STU.MNO:;V:cAde<DE*+ 
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!) "#$%&'()*+  

! ,-$./0

! 

"x"y"z$1233456789:;$<$'(=>?@=:'(

ABC>?@AB&DEFGHIJ?@ABCKLM

! 

"tNO

! 

"'OPQDRL:

3456<$?@=>

! 

"'#x#y#zSTI&HI&:?@=$LMPQU>: 

      

! 

("'#x#y#z $ "#x#y#z)

#t
=
("'$")

#t
#x#y#z! V! !

! 

"#

"t
$x$y$z! ! ! ! ! ! (1) 

&0IJ1233456<$<WXx:y:xYX,-$Z[\YS>:?@>]

B

! 

(ux,uy,uz )7^_E[I&HIJ `$1233456S:x aObc0de$

2:?@KfgHI2 A
+&fhHI2 Ai789IJfg2 A

+>

! 

[x " (1/2)#x]  $

jkOTl:fh2 Ai>:

! 

[x + (1/2)"x]$jkOTIJfg2 A
+7m_E: 

   

 

 

 

!  

 

 

  

 

njLMoRlO`$3456OfgHI?@= n(Ap)>: 

! njLMoRl$fg?@= n(Ap)q

! 

"ux#y#z ${
%("ux )

%x
(
1

2
)#x}#y#z! ! ! (2) 

&rsStIJuvw><W\ xS$xyz{K:fg2 A
+>

! 

x " (
1

2
)#$jkO

TI|Jx }~K�0I`&O�I��K��&0IJ��O:fh2 Ai7�

�_EnjLMoRlO3456��fhHI?@=>: 

  njLMoRl$fh?@= n(A
- 
)q

! 

"ux#y#z +
$("ux )

$x
(
1

2
)#x#y#z! ! !   (3) 

STIJ�_E:njLM�O:3456O���I?@=> n(Ap)!n(A
- 
)ST

IJxa��$f�S>: 

�x 

fh2 A� fg2 Ap 

�y 

�z 

-� 
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! ! ! ! ! ! ! nx!n(A")- n(A
- 
)!

! 

"
#($ux )

#x
%x%y%z                       (4) 

#$%&'()*+,-y.-z./01$234'567/$%89-:;<

=>/?@AB/CDE%FGHI n,- 

! ! ! ! ! ! ! n!

! 

"{
#($ux )

#x
%x%y%z +

#($uy )

#y
%x%y%z +

#($uz)

#z
%x%y%z)}        (5) 

3J%&

! 

"x"y"z)K2??@AB>3GHLMNDEOP-QRS$T$9

U-V) nLWXY)GHI)<=Z[\(1)-

! 

"#

"t
$x$y$z-/]STV#LGH

I)^_`3J%& (1)#(5)L]ST#Sa-bcd

! 

"x"y"z3efaghiEU- 

! ! ! ! ! !  

! 

"#

"t
+
"(#ux )

"x
+
"(#uy )

"y
+
"(#uz )

"z
= 0                        (6) 

#$%-VEL^_`)jk3J%& 

! lmno/pq%lrst J )uv,-wx?@yV dz{a-|)>}/

~�i%��lGH)l�d qi-�td vi#Sa- 

! ! ! ! ! ! ! !

! 

J =

qivi
i

"

#V
                                      (7) 

3J%.! GHst�dl�st�/�i#-

! 

"ux = Jx,   "uy = Jy,   "uz = Jz#��i

%V#L�%&�/-!  

! ! ! ! ! ! !

! 

"#

"t
+
"Jx
"x

+
"Jy

"y
+
"Jz
"z

= 0    �   

! 

"#

"t
+ div J = 0           (8) 

3J%& 

! r?�o$Y3)��)�3,-GHst�3,$�-GH/��)��d

�{a-��st�#$%&|)��- 

! ! ! ! ! !

! 

"#

"t
+
"(#ux )

"x
+
"(#uy )

"y
+
"(#uz )

"z
= 0                        (6) 

#$%&��)-:;?@JOP:;<=�OP)GH��\,-��)r�

�/]S�- 

! ! ! ! ! !

! 

"#

"t
= ${

"(#ux )

"x
+
"(#uy )

"y
+
"(#uz )

"z
} = $div(#u)! ! ! ! ! ! ! ! (7) 
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!"#$%&'()*+,-./01234%5

! 

"#

"t
= 06!78 (7)7 

            

! 

{
"(ux )

"x
+
"(uy )

"y
+
"(uz )

"z
} = div u = 0                         (8) 

9.:801234%;<=;>9.#$(6)71234%5

! 

"#

"t
$ 06?@A#

<=;>!"#$(7)BCD#EF?8(8);GH?IJKLMNOP;78

! 

"div u

*QRST"O:QRUVWO:;XY;Z[;\]&!"#BC8JKL+

^O

! 

div u78Z[;\]&;JKL+^OP;8_`8QRSTWO:QRU

VWO:;XY;\a&5bc&6!"#$ 

 

d) efgh;ij9k;lmn  

! MKSA"#/7 SIQRoLpqOefgh;rstu9-v8wx7 

! ! yz{|! }! 4~rstu�����$efgh8! ��n� 

! ! ��! Z! }! efgh�SI! units�8! ! ! ! ! ! ! ! ��� 

! ! ����! }! efgh I, II 54~]���t�8�6��n� 

L��A#�9*�/$��efgh9����3�9;@<?M/v7 

! ! yz{|! }! ~�efgh5� ¡6! ! ! ! ! ! ¢£¤¥n� 

?¦-/$CGS-GaussQRo!;lmn9-v78 

! ! Slater-Frank 5§¨! ©ª6«~�4~h]�8¨¬­5��n�6® 

; 19�23¯5¨°6L±²�9*�/$ 

! yz³;��rstu����¡!78´µBC;«efgh;ij®8_

`8¶·¸¹º5»�¼½;¹º8¾½¿�À;¹º8ÁÂÃÄÅ�;efÆ

Ç;¹º8ÈÉ¬ÊË�À;¹º.Ì6BCÍÎ»tÏÐÀÑÒ>LÇÓÔ?

ÕÖ8ef�;×ØLÍÎ»tÏÐÀÑÒ>LÙ/vÚ�A#$ÛÜY.*C

0Ý?Þß.àá!â/rstu!"#$ã}!"#¢£¤¥n�¡;äÎå

½tLæB:çÓè9éOP;?WO#$¢£¤¥n�¡;êë;ìí!78

ÍÎ»tÏÐÀÑÒ>*¼�î½ï+ð?ñ+!"#�9Lò-8����3

�9óô-v/#�9*õö÷øv/#*8��rstu����¡!7�;
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!"#$%&'()*+,-./01#2345&6789:7;<=>?@

ABCD+-DEFGHIJ)*+KL6MH#NOFP-QRSTR.UV

1#WX&YZ[$%F\]^P-. CGS _`4abcd=e# CGS f=a

bcg>e# CGS=>abcAhij-abck^#=>?@#2345&l

mno)*[,;<6pqrs#@tuvSwxy Slater-Frank#z$2345

19{23|&6}Sg~+&l���^.��[$%F�,. 

! �;�6��#23456 

! ! l�! � (1990)! �=>?@A��-�! d����4�kpp. 421 

! ! l�! � (2003)! ���������!     d��X�k  pp. 226 

^&6��;<#�=>?@#� �A¡�j-¢£F¤¥)*+,-. 

! ! ! ! I.  ¦§¨g�©ª«{#¬­®6 

! ! ! ! II.!  =?¯°g>¯°#±²@9³´ 

! ! ! ! III.! =?¯°g>¯°#¯@9³´6 

! ! ! ! IV.  =>E#µ¶³ 

A·¸¹#�=>E#º»¼®�g�6��;<=>E#º»¼®g)*+

�½¾¿À4`ÁªÂÃÄA6ÀÅÆ�#¼®6Ç�ÈÅª#¼®6ÉÊËÌ

ÍÅ#=>ÎÏ#¼®6ÐÑÒ�ÓÅª#¼®[ÔÕÖS6z$º»¼®;<

Ï×-Ø�g�+�Ù�Ú�j-ÛgFÜ%)*+,-. 

! �Ý[#&6�©ª«ÅÒ¦§¨#¬­®^P-g#DE^P-.Þßà¯

@#ºáÂÃÄ Navier-Stokes #ÂÃÄ&6Û*<#¬­®;<Ï×-#^6â

ã�� Navier-Stokes #ÂÃÄAä<[H+�6¬­®;<j*åßà#æ§&

�ç^è-.=>?@#¾¿À4`ÁªÂÃÄ& Navier-Stokes #ÂÃÄSµé

j-�#^PL6¾¿À4`ÁªÂÃÄAä<[H+�6�©ª«ÅÒ¦§¨

#¬­®;<=>?êë&�çìí^P-îg#DEF%ï<*+,-.l�!

� W (2003)���������#ð II!&6�=>?@A��-�#�¿ñ�

4Sé½-.¯@m=>?@Sòó,gTRô&6Û#õö÷;<wxyÂF

ø;Lù,;�ä*[,. 

! }�ú@�@ûS=>?@A@xy.�m�m�½�#Aü�+6¾¿À4
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!"#$%&'()*+,-*./0123456789:;<)=>?-@

A+ABCD5EFGHI)JKLMNBOPQRS?-@1QTU'+VW

X;5YZ[\]G^_)`C+ab=cP@dWeFWcfGa_)`'+

.23gW5ACAC:hi5Qj'+klm5[nopGqr0QTst+

uv5wxcf;yz{),='0QT 

! ,5|}c.23gW5ACAC:B+%~5�B<-+��! ���A�

j@+���A�m���5��5W�A���0HI@�QA5;<),=

G�P@+��{)==A'yz0QT.23gW:G��0@A+cmcm

.c)�f:=�_cmPQ5B+W��5���m�;BcR+a_)�5

.23gW5� :'A��*<)=5����5¡¢'£¤0Q1T 

! ¥¦c�5H§G¨©)=+ª«¬523­G®¯)Qj'+]°±o!"

#$%&B²³´-@1)|}'�}T�µ*�Ac1«¶;524+345

·¸G¹º{)Qj'B]°±o!"#$%&*»¼;<)T4)½¾'v0Q|

}'+,-B¿ÀLcÁÂ=AÃÄ0@1)TÅP@+����5|}'+]

°±o!"#$%&GÆ1c1;ª«¬5234'l1@¹º{)$8GÇÈ

;É-�+ÊW¦*ËR.23gW5ACAC:BÌÍÎÏ{)TÐÑÒ5Ó

­[nopÔÕ\Ö×AØRxm-@1)ÙÚÛc5;+��! � (1991).2

3gWG^_):=5ÜÝGÞßàjQ1T 

! ¥¦áâA.23gW56ãäå:(2011)=�{)[nopGv0@æQT 


