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=
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! �� m3ÑÒ)9 k(�rsÎÏÐz�( Hamiltonian! S3caWXd½¶a3 

! !      

! 

H =
1

2m
p
2

+
1

2
kx

2
= E ! ! ! ! ! ! ! ! ! ! !  
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! 

˙ p = "
#H
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! 

˙ p /ÝÞD>'3

! 
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U¯3V(�S

! 
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(áÐz9:U>K

! 

ASÐâ()9à
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! 

˙ p > 0 :U>��3§é¯aYZ/��KEeê-=�$ë( 

æç'->e3Úb(æçYZSìíj-`KÛ~ueV(æç/�îD>]& t

Syz(îä T :U>KV=S3
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! 4f5(�2(6789
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! ! ! ! ! ! !

! 

d"
v

# = ..... dq
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678L( JacobianeT:U>V'ahi<H2ÿ!D>K 
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! 
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! ! ! ! ! ! ! !
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X = X(x)                                   ! ! !  (8-1) 

!92:;/<=1X>?!@AB?C x>?!@AB?:DE21 

! ! ! ! ! ! ! !
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! (8-2)!"#$%&'()*+,-.(9)!/01$234567

! 

(det J " 0)$89

74:;5<67,=%>

! 

det J " 0  3?<67@A.B/0!

! 

J
"1
! $CDE;5

<67'%&F<>  

! (8-2)-.6! Jacobian/0'G5;H!IJ,KL3M<. 

! ! ! ! ! !  !

! 

˙ X = J˙ x = JM
"H

"x
                                   (10-1) 

NO!P1,-(7-1)'QRE*> 

! ST.(8-1)'

! 

x,)5;U5;.

! 

x = x(X)7VW<>6X-. 

! ! ! ! ! ! ! !

! 

˙ x i =
"xi

"X jj=1

2 f

# ˙ X j      $        ˙ x = J' ˙ X     ! !              (10-2) 

3?<@A.

! 

"xi
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'YZ7F</0 J['VW<67$3M<>6!"\"#$%
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det J '" 0 34]X^4A45@A.
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"1 $CDF<67_%&F<> 
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   ˙ X = J(J' ˙ X ) = JJ' ˙ X   "      JJ'=1   "     J'= J
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3?<> 
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! 

'

! 

X!`\7a4F67,Ib. 
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"X j
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)
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# ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (11-1) 

3?<>xi 'cdE;.Xj ,`F<e'f<!3?<@A. (9)!

! 

J30,`F<

e3?<.g,.(11-1)-

! 

J!hi/0.

! 

J
T.'G5;H!IJ,j]<> 

! ! ! ! ! !     

! 

"H

"x
= J

T "H

"X
                                     (11-2) 

6X'(10-1),QRE;.        

! ! ! ! ! ! ! !

! 

˙ X = J˙ x = JMJ
T "H
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                               (12) 

74<>6X-(7-2)!673?<@A.(12)!k\/0

! 
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T-lm"#!k\/0

! 

M34]X^4A45>! g,. 
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! 

JMJ
T

=M                                      (13) 

!"#$ 

! %&' 

 ! ! ! !

! 

det(AB) = detA " detB,       det(A
T
) = detA  

!"#()*+,'*

! 

detM =1! !"#()'-./0*(12314567)8

9!

! 

(det J)
2

=1! ):#$(8;< 

! ! ! ! ! ! ! ! !

! 

det J =1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (14) 

!"<$

! 

det J = "1 =>?!@:AB!"#$(14)=*CD'EFG

! 

J =11()!

"#$!  

! HIIJKLMNO!PN!"#)=*CD!EFG;Q'* 
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# = ..... dq
1,
dq

2
.....dqf dp1,dp2 ....dpf = ..... dQ

1,
dQ

2
.....dQf dP1,dP2.....dPf######     

KRST#()!"#$ JacobianUVW456X7

! 

J = det J)YA0*ZNW1I

J[\7]NW1IJ[\'NOT#^_1 Jacobian7`Q)*%&a'=*!

!!!!!!!

! 
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2
.....dQf dP1,dP2.....dPf = J " dq

1,
dq

2
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!"#$! bLMNO1 JacobianUVW456X=

! 

J = det J =1b!"#1! 

cHIIJ=LMNO!PNb):#$ Liouville1de!"#$ 
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y'z{#|p}~�tu+8#$�/*ghW�tu+8#1!"89*vwx
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!

! 

qi, pi1;Q'�1��'/0 2f �1LMNW
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! 

qi, pi7%�1NW

! 
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<_�GNWb)�Q.�!*��������:NWUsymplectic variableX)�
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! 34./0(56789:;<&'=>?@AB;C9.DEFGHI.JK/

L@M8NB;O.PQ;<Q;/L t@RS;

! 

qi,(t), pi,(t)6&'(TH Hamiltonian 

6

! 

H(qi(t),pi(t), t) *U;*H&'=>?VWXU;<JY@H/L t' P&'(T6

! 

qi,(t '), pi,(t')HHamiltonian 6

! 

H(qi(t'),pi(t'), t ')*Z9H[G\&'=>?VW\X]<

^_9H

! 

qi,(t), pi,(t)`

! 

qi,(t '), pi,(t').()GKa.&'()PQ;< 

       

! 

qi,(t), pi,(t) " qi,, pi,H      

! 

qi,(t '), pi,(t') "Qi,Pi                    (15) 

*Z9bc78;< 

! deT*Z9H

! 

W =W
2
(qi,Pi,t).fgH

! 

pi =
"W

"qi
,

! 

Q
i
=
"W

"P
i

,

! 

H '= H +
"W

"t
  

PQ;fg678;< deT6h.ij@Rk9:;< 

! !    ! ! ! ! !

! 

W = qiPi
i=1

f

" + # $ S(qi,Pi) ! ! ! ! ! ! ! ! ! ! ! ! ! ! (16) 

lmZH

! 

" G#$%.F*U;<! !  

! !          !

! 

pi =
"W

"qi
= Pi + #

"

"qi
S(qi,Pi)                           (17-1)        

! ! !          

! 

Qi =
"W

"Pi
= qi + #

"

"Pi
S(qi,Pi)                           (17-2) 

! 

S(qi,Pi)`

! 

S(qi, pi)*noU;pqG

! 

O("2)>rPQ;*Z9H(17-1)H(17-2)6H 

! ! ! ! ! ! !

! 

Pi = pi "#
$

$qi
S(qi, pi)                                 (18-1)        

! ! !         

! 

Qi = qi + "
#

#Pi
S(qi, pi)                                 (18-2) 

*Z9Zsj<t.()6#$%&'()*uj<

! 

S(qi,Pi)`

! 

S(qi, pi)*noZlt

*PHvw@xyZldeTW*.zV{B9ZskH

! 

S(qi, pi)V#$%&'()

.deT*|;< 

! (18-1)H(18-2)PHdeT

! 

S(qi, pi)*Z9 Hamiltonian 68N}H

! 

" 6#$%./

0~*U;*H 
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! ! ! ! ! ! !

! 

Pi = pi " #
$H

$qi
                                      (19-1)        

! ! !         

! 

Qi = qi + "
#H

#Pi
                                      (19-2) 

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

!

! 

Pi = pi " #
$H

$qi
   6   

! 

Pi " pi

#
= "

$H

$qi
 , 

! 

(" # 0)   6!

! 

˙ p i = "
#H

#qi

!     (20-1)        

  

! 

Qi = qi + "
#H

#Pi
,  6  

! 

Qi " qi

#
=
$H

$Pi
,   (# % 0)      6!

! 

˙ q i =
"H

"Pi

! !     (20-2) 

'()*%,-7-89:;<!=>?<@ 

! (19-1)-(19-2)>ABC<7-&5 

D'()*%>EF<GHIJKLML-NOPQ&5RSTUVEF<

HamiltonianVWXY=C<Z[\'(]^V_4`1a>#bcC<D  

=de!=:;<@ 

! fg- Liouville -hij'()*%>EF<GHIJKLML-NOPQ-k
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