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I%&b PIz{<|e<!}fgI23K.D 

P 

L56 dS~db#(b d!)< 

MN~vdt$1OPQ 
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!"#$%&'()*+,-./$012,3#$456

! 

v " v
1
# v

2
789:6

;<1:=(>6!)?@(

! 

v7AB+,-./$0C6DEF$G42HEIJ

KLM+N$(OP!,QP6#$-.0

! 

n"1 # dS # v dt(6F$HEIJ$RS

! 

[ f
1
(v
1
) /N

1
]d

3
v
1

= p
1
(v
1
)d

3
v
1
KTUMN$V6WX dt$X( PYZ[7-.\1]

^:(>6!)?@(

! 

v7AB+,-./$012,3#!C6  

       

! 

n"1 # dS # v dt # [ f1(v1) /N1]d
3
v
1

! 

=
N
1

V
" dS " v dt " [

f
1
(v
1
)

N
1

]d
3
v
1 

            ! ! ! ! ! ! ! ! !

! 

= v "
dS

V
" f

1
(v
1
)d

3
v
1
" dt           ! ! (29) 

7_,3`?6(24)$abABcd&(e+,;<6!

! ! !

! 

N
0
" bdb " d# = $(%,#) " N

0
" d& = $(%,#) " N

0
" sin%d% " d#!

C!

! 

dS = bdb " d# = $(%,#) " d& = $(%,#) " sin%d% " d#! Kfg+,QP6#!K(29)

(h8:=6  

! ! ! !

! 

1

V
"(#,$) % d&% v % f

1
(v
1
)d

3
v
1
% dt ! ! ! ! ! ! ! ! ! ! ! ! ! !  (30) 

12,3F:=6(30)K dt 7ijMN$V6klWX'( P YZ[7-.\1

]^: (>6!)?@(

! 

v7AB+,-./$m07_,3##7C6]^n!,

-.\Kop:=qr=s,. t%$uv(ws=6HEV

! 

v
2
7_,-.\C6 

! ! ! !

! 

f
2
(v

2
)d

3
v
2

= N
2
p
2
(v

2
)d

3
v
2
 

mxU_,3yj=6klWX'(uvt%7z#,#${$]^0C6

! 

f
2
(v

2
)d

3
v
2
KTU=6 

! ! ! ! !

! 

1

V
"(#,$) % d&% v % f

1
(v
1
)d

3
v
1
% f

2
(v

2
)d

3
v
2                    (31) 

12,3#!C6]^|$IJV

! 

(v
1
,v

2
),  v = v

1
" v

2
!76Q}6]^~$AB?
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!"

! 

(",#)#$%&'()*+,-./01234#56789:;<%=>?

@AB!

! /2+01#56789:;<%C(%DEFGDEH+/,->IZ12J"K

(31)+ d!?/L2MN:OPQ3DRK/S+TU(

! 

v
1
,v

2
+V:WXSYRZ

O[P\+#K 

! ! ! ! ! !

! 

Z
12

=
1

V
"(#,$) % d&% v % f

1
(v
1
)d

3
v
1
f
2
(v

2
)d

3
v
2

v 2

'
v1

'
&

'          (32) 

G(%B]^K_EFG_EH.`a+DE#$%bZGRSK56789+

/,->IZ11J?cd%GK (32)#"C(%_E+,-GRSHefgRS>

dSX%<G:(%+#K(32)?H#hQK

! 

v
2
" v'

1
GijRSK 

! ! ! ! ! !

! 

Z
11

=
1

2V
" (#,$) % d&% v % f

1
(v
1
)d

3
v
1
f
1
(v'

1
)d

3
v'
1

v'1

'
v1

'
&

'         (33) 

#$%B 

! k:l3m3#noP&':Kpqr?st:A%GK<uv+5678wPQ

:;<%)*,-+>(31)"Kx+)*,-+>GyQZXKDE+zeD{|

>}2"78:~�R(X��D{#$%Gcd��(v(XB(31)K(32), (33)

#�XSX%

! 

f
1
(v

1
),  f

2
(v

2
)"�+&'(���(DE+zeD{|>#$%B<

+&'(zeD{�"K]a�+DE?st:RSl2m(24)K(30) #���1�

��+zeD{�GRSk:��SX%B 

! !    

! 

f (v) = N " p(v) = N " (
m

2# " kBT
)
3 / 2
" exp[$(

1

kBT
) "
m

2
(vx

2
+ vy

2
+ vz

2
)]! !  

l3-3#\�2,-?cdS`���?�SX%BR�RK�+��"`]01

DE?st:RP\+#$QK�PKl3-3#"�RX��?��RP�D\$

%+#K ¡#"<uv+¢?£X(.v¤e��A%B 
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4-3)! !"#$%&'(#$')*+,-.  

! /0123/01456

! 

(v
1
,v

2
)" (v'

1
,v'

2
)'78#$9:;<=3>'#$?@

AB3CD3(#$

! 

(v'
1
,v'

2
)" (v

1
,v

2
)9:;E>%=5FEG78#$'HI5

63JKLMNO@PQ3RKSMNO@PQ3=TUVE>%?WEG/01

X6>'YZ9[\AB,EG]^J']^R?@VE_@`a5:;B3 

! 

(v" v')%bcVE#$(a)=d>ef3>'#$'LM9NOgh<ibK'j

k=lmA3gn?3]^R'op?qVESMNOi/01X56rst5'

uav'wOK?W*3ixK'

! 

(v'" v)'#$=lmVE>%?yEGixK6]

^J'`a9

! 

(v'" v)%bcghE#$53#$(a)

! 

(v" v')'(#$5zEG!!

!

!

!

!

!

!

 

 

 

 

!

! 

(v
1
,v

2
)" (v'

1
,v'

2
)'#$63

! 

(v
1
,v

2
),  v = v

1
" v

2
!%A<{|}~���A<!"

#$5z*3`a

! 

v']^J'�9�!���nA3`a

! 

v'']^J'�9�!

! 

v = v
1
" v

2

 
! 

v'= v'
1
"v'

2

 

! 

"v  ! 

"v' 

! 

v  

! 

v' 

�������'LMNO! (c): (b)'SMNO (a): #$

! 

(v" v')  

(a)'(#$

! 

(v'" v)!

/01XG78#$%&'(#$G 

! 

! 
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!"#$%&'()*+,-./012)'345(31)6789(!:;<=>?@

! 

(v'
1
,v'

2
)" (v

1
,v

2
)65ABC

! 

v'=DEF=4GHI!"JKLABC

! 

v=DEF

=4GHI!"#$%&'()=>=IM?@+,-./12)'34NA:31<

OPQ1RS6TUK*'(V VW=XY=Z[\]^]1>?@67')O

G_`abcdGe"*fgh( 

!             

! 

1

V
" '(#,$) % d&'% v' % f

1
(v'

1
)d

3
v'
1
% f

2
(v'

2
)d

3
v'
2!             (34) 

i8YA,-./j9k=?@=4(31)O>?@=4(34)+lL"*fA?@1

g'BCDm=no=pq+rs')O5tuABCDmv45./1wxL

thyzDmOt'({|A(31)}(34)67')OA!!

       

! 

"(#,$) % d&% v % f
1
(v
1
)d

3
v
1
f
2
(v

2
)d

3
v
2  

                   

! 

= " '(#,$) % d&'% v' % f
1
(v'

1
)d

3
v'
1
f
2
(v'

2
)d

3
v'
2A!       (35) 

5yzBCDm+~�`'�=�D��67kAIM?@=�k�h=��

O�f*'( 

! H�A

! 

 v = v'67')O5(19)6��LYh'(�9A

! 

"(#,$) = " '(#,$)A

! 

d" = d"'! 67')ONA����=�������K�K�!�KA (35)5A 

          

! 

f
1
(v
1
)d

3
v
1
f
2
(v

2
)d

3
v
2
 

! 

= f
1
(v'

1
)d

3
v'
1
f
2
(v'

2
)d

3
v'
2
        ! ! ! (36) 

=)O67'(�LY(36)5%K1���6�YA��AIM?@=�k�h=

��5A�3-36�L9g 1A 

! ! ! ! !

! 

f
1
(v
1
) f

2
(v

2
) = f

1
(v'

1
) f

2
(v'

2
)! ! ! ! ! ! ! ! ! ! ! ! ! !   (37) 

Ot'()*5BC¡/1¢"'£¤¥¦=¤1vLY 

          

! 

d
3
v
1
d
3
v
2

= d
3
v'
1
d
3
v'
2
                                   (38) 
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!"#$%&'()%* 

! (38)+,-./014-1-1 (2 3456789:;2<=>(14), (15)0?@A

BCDEF2BC6G@AH2IJBC+KLMNOPQ(16-1)0RSTU(2

G@AVEFBC2<=>

! 

v
G

= v'
G

(17)0+WX.YZ%*(a)2RS+JM. 

! ! ! ! !

! 

v
1

= v
G

+
m
2

m
1
+ m

2

" v0! !

! 

v
2

= v
G
"

m
1

m
1

+ m
2

# v! ! ! ! ! ! (39-1) 

()%&'0(39-1)/0

! 

(v
G
,v)" (v

1
,v

2
)2[\[]D^_$%*`a'2bcd

e2c2[]/0(39-1)+J$%f\ghijJacobi 2ghik2lJmDn\

6M.0oi(pZ'a%* 

! ! ! ! ! ! !

! 

d
3
v
1
d
3
v
2

=
"(v

1
,v

2
)

"(v
G
,v)

d
3
v
G
d
3
v0! ! ! ! ! ! ! ! ! ! ! ! (39-2) 

f\ghijJacobi2ghik/0q[\r\2cK([\[]Dsg$%t+

uvPa%*wx 2+yz{|}~D�MN2(���aN-*`2��/  

! ! ! ! !

! 

d
3
v
1
d
3
v
2

= dv
1xdv1ydv1zdv2xdv2ydv2z0 

! ! ! ! !

! 

d
3
vGd

3
v = dvGxdvGydvGzdvxdvydvz   

2`6()%&'0 (39-2)2f\ghi/j�x�k�2ghi(0�2lJm

/�6|%jwx 22� 2k* 

! ��+0(c)2�RS+JM./0(17)2

! 

v
G

= v'
G
+��

! 

v'
G
/

! 

v
G
6OPM.0 

! ! ! ! !

! 

v'
1
= v

G
+

m
2

m
1

+ m
2

" v'0! !

! 

v'
2
= v

G
"

m
1

m
1
+ m

2

# v'        (40-1) 

()�0

! 

(v
G
,v')" (v'

1
,v'

2
)6[\/[]$%*�X.0̀ a'2bce�2c/0 

! ! ! ! !    

! 

d
3
v'
1
d
3
v'
2
=
"(v'

1
,v'

2
)

"(v
G
,v')

d
3
v
G
d
3
v'                     (40-2) 

6[]�a%*`2f\ghi/(39-2)2��6��(0lJm/�()%*�
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!"(39-2)#(40-2)$"%&'&" 

! ! ! ! ! ! !

! 

d
3
v
1
d
3
v
2

= d
3
v
G
d
3
v,! ! !

! 

d
3
v'
1
d
3
v'
2
= d

3
v
G
d
3
v'! ! ! (41) 

#()*+2-4-2,-./012345678!"9:;<3=

! 

d
3
v#

! 

d
3
v'>?@

AB3CDE)#" 

! ! ! ! ! ! !

! 

d
3
v = dvxdvydvz = v

2
sin" # dvd"d$  

! ! ! ! ! ! !

! 

d
3
v'= dv'x dv 'y dv'z = (v')

2
sin" '#dv 'd"'d$ '!  

3F)*(19)7G

! 

 v = v'3FG"HG=I:JK!LMNOPQ$RS3F)

TU"

! 

d
3
v = d

3
v' 3FG"(41)=VW=XYZ$[\!S]M*^!" 

! ! ! ! ! ! !

! 

d
3
v
1
d
3
v
2

=

! 

d
3
v'
1
d
3
v'
2
 

#(G"(38)_`aE)* 

! bc$"def>gh!]6ijkl=mGnMop(+3-3)!LMN=qr

stu3F)*vw3$"defTUx]y&6z{>|}"~=z{_K�

<kl!7)9:K�=��>��Ndefz{!�)��>|})*%=�

!$"~&�3=9:K���

! 

f
1
(v

1
),    f

2
(v

2
)>"K�=��,r2#�<,t2>

��6c39:K�_tu��)78!��E)* 
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4!4)! "#$%&'()*+,-./01234  

 4-4-1) &'()*+5"#  

! 6789:;$<=%>?5@ABCDEFG5>?HI@A(J5KLM

NE&'()5OPBQRSI678>?MTEU3BCD%VFW5XMI

G=YZ5[\Z]VS^%&'()_+

! 

f (v)BI`J5abcrd,efctd

Bgh$%iZ&'()H[\jkENlM"#mEF&'()_+5O+,

$SIn%M r, tHopEF 

! ! ! ! ! !

! 

f (v)" f (r,v,t) # f (x,y,z,vx,vy,vz,t) F                 (4-3-1) 

! G5"#q=%&'()_+

! 

f (r,v,t)5rstu5QvZwEFwEef tZI

abH r, rxdr5yzI&'H v, vxdv5yzMwE(J+tI 

! ! ! ! !

! 

f (r,v,t)d
3
rd

3
v = f (x,y,z,vx,vy,vz,t)dxdydzdvxdvydvz!     !   (4-3-2) 

Z{D:=EF 

! 

f (r,v,t)BI@A(JH|Y=EA} V (r5~��f), v5~

&'�f5�2Z}(mE,IW5}(�t VM|Y=E~(J+ NM�EF 

! ! ! ! ! !

! 

N = f (r,v,t)d
3
rd

3
v"" .                               (4-3-3) 

G5"#q=%&'()*+

! 

f (r,v,t)tI�k5&'()_+

! 

f (v),��Eu�

B��G,M�rF

! 

f (r,v,t)5��,$SI�f�M�ef�M����@AM

�$&'()_+

! 

f (r,v,t) = f (v)B�hmEFG=B(4-3-3)M��mE,I�f

�(5 rM�VS5}(t(�Z^IV,�EF!

! ! ! !

! 

N = f (r,v,t)d
3
rd

3
v"" = d

3
r f (v)d

3
v"" = V f (v)d

3
v" ! ! ! (4-3-4) 

�MI 

! ! ! !        

! 

N

V
= f (v)d

3
v" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-3-5) 

ZI��t�aA}�%v5(J+I��I+�'ZwEF��SI"#$%
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!"#$%&

! 

f (r,v,t)'()*+,-'!"#$.&

! 

f (v)/01 V23456'

789:;< 

! =>?5!"#$%&

! 

f (r,v,t)/!" v@A7BCDEFG7H54D1#:

;I+J'1#KL7* v*MNOC'2+1#KL*J'PQ t+RS r7T

A;UV'&W"XYR0195Z'UV&[/\];< 

               

! 

n(r, t) = f (r,v,t)d
3
v" ! ! ! ! ! ! ! ! ! ! ! ! ! (4-3-6) 

6?+Y^#V'_`2abc+n(v,t)7J'de m/fAbc+gh'deW

" 

! 

"(r, t) = m # n(r, t)  ijNb;< 

 

4-4-2) klmnopqr  

! stuvwq'xyXz3{2[7|bc+_`#V*}~u�'���' 1000

��NC'��/��O?7uv��?+J'�7��/��?!"p�/�

���;<uv����0��Xp���[�uv����0��Xp���[

����'�Z�?i_`#V'��2a;I�];�Ii2�;<�'|�

O���N+!"#$%&

! 

f (r,v,t)'PQ��/ ¡?|�I:;'iklmn

o'�]p2aZ+J'KLiklmnopqr2a;< 

! ¢£+uv��'¤#7BCD�];<uv��O'2¥#V'!"*^¦

2+v'PQ��*§C<RSI!"/¨©I:;Xr+v[ªQ2'��/+«

¬{7®:|�7^()2¯r°7�];<±²'PQ t2+Xx!x"dx[!(vx, 

vx+dvx)'³p´µ¶7a45#V*+PQ dt '�7sw·¸´'µ¶7¹;<

PQQº dt *»¼26+±½!"i¾�Abc¹���*¾�C�N+³p´

µ¶*sw·¸´7´/�];<?�?+´*�H4D6¿À¸'³�IÁ�*
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!"#$%&'()*&+,-./%01r(v234'56789:;<=>(

?@ABCDEF/G%HIJ(KLMNAOPQH0RS(T4 t'&1r(v2

34&UVWXW

! 

d
3
rd

3
v-(dtY8

! 

d
3
r'd

3
v'&UVWX8ZF!:G[H>&&(!

 

 

 

 

 

 

 

! 

d
3
rd

3
v = d

3
r'd

3
v'AOPQH0M\-(]^_`'abc#\G%H Liouville1d

efgh2&ij8aHk(l(m(n(kk20!

!

! 

d
3
rd

3
vo&?@-

! 

d
3
r'd

3
v'&?@85p58pqQHr#(tN t+dt'&st

&UVWX'?@u-./%0vr#(!

          

! 

f (r + vdt,  v,  t + dt)d
3
r'd

3
v'" f (r,  v,  t)d

3
rd

3
v = 0! ! ! ! (4-3-7) 

'wJ(rt(

! 

d
3
rd

3
v = d

3
r'd

3
v'! $&'( 

! ! ! ! !

! 

[ f (r + vdt,  v,  t + dt) " f (r,  v,  t)]d
3
rd

3
v = 0! ! ! ! ! ! (4-3-8) 

N$J( 

! 

d
3
rd

3
vFx/G(yz( 

! ! ! ! !

! 

f (r + vdt,  v,  t + dt) " f (r,  v,  t) = 00! ! ! ! ! ! ! ! !  

'wH0T4!{/G>|}?~�u&�B�-!"#$%0RS(1r(v23

4&�&a�$UVWXW

! 

d
3
rd

3
vF9:G>(�&WXo&�@u-���\

!{/$%MNF��QH0�5�F��/((dt)���&�F��QHN( 

vx+dvx 

vx 

x x+dx 

t t’=t+dt 

�l�k01r(v234'&?@&DE1vxN x&�F�Q2 

 

! 

d
3
rd

3
v =  

! 

d
3
r'd

3
v' 
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! 

f (r + vdt,  v,  t + dt) =

! 

f (r,  v,  t) + (
"f

"x
vxdt +

"f

"y
vydt +

"f

"z
vzdt) +

"f

"t
dt  

!"#$%& 

          

! 

f (r,  v,  t) + [
"f

"ri
(vidt)

ri (= x,y,z)

# ] +
"f

"t
dt $ f (r,  v,  t) = 0  

'(#)*+',-./0123#$%& 

! ! ! !

! 

vi
"f

"riri (= x,y,z)

# dt +
"f

"t
dt = 0&! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-3-9)!

'(-&4%5 dt67389& 

! ! ! ! !

! 

"f

"t
+ vi

"f

"riri (= x,y,z)

# = 0 

!"#):;<=>?@.ABC&

! 

" = (
#

#x
,
#

#y
,
#

#z
) =

#

#x
$ i +

#

#x
$ j +

#

#x
$ k&6DE

'&

! 

v = (vx,vy,vz ) = vx " i + vy " j + vz " k! !"#$%&FG/0H.IE(JK'

(#) 

! ! ! ! !

! 

"f (r,v,t)

"t
+ v # $f (r,v,t) = 0! ! ! ! ! ! ! ! ! ! ! ! (4-3-10) 

! 

v " #f (r,v,t)0&LMNOPQ v'

! 

f (r,v,t)5NOPQ>?@

! 

"6RS4TUVW

'.JK6XYZ&[\](^_.`86XY3#)aZ&:;]5bc(^

_!"89&

! 

f (r,v,t)" f (v,t)'(-&defg0hi!0(j(#.!&:;

<=>?@kRSZUVW0&

! 

"f (v,t) = 0!"#)lmnop=5qZr0&L

M=s.t;uvwxy(4-3-10)kz%8#) 

! H5&{|p=5}~r�z#)lmno5q3#LM=s.t;uvwx

y(4-3-10)0&(4-3-7)&(4-3-8)5��~r~#)�8%.��k�!"#�'k

lmno.��!"#)�80&(4-3-8)5�89&�r&v�:;.�.IE(<

����

! 

d
3
rd

3
v6�zra&�.��J.�@i0��48&h�Z(~�'
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!"#$%&'($)$*dt +,-./01'23-45%*67 v +89:

; !n<=>?@'3AB*2C! (4-3-7)*(4-3-8)+DE-FG23-@'(H

I*JKLML

! 

d
3
rd

3
v  -N'67 v+89:;*O, dt+,+./-4P*!n 

<=>?@'3AB'(QF0 r RN'3$%ST$*QF0 dt+,->?@

'23;UV@'(2C;WXYZ-;[\]^_ !̀ab@'23-c0'(

(4-3-8)+DE;* 

! ! !

! 

[ f (r + vdt,  v,  t + dt) " f (r,  v,  t)]d
3
rd

3
v = #n! ! ! ! ! ! ! (4-3-11) 

3]'((4-3-10)d*e&f

! 

d
3
rd

3
v " dt!g5%*h+4i-]'( 

! !  

! 

{
"f (r,v,t)

"t
+ v # $f (r,v,t)}d

3
rd

3
v # dt = %n                 (4-3-12) 

! ./-4'67 v +89:>? !n;*§4"23§4"3R+./:jk./3l

./+mPn&+opqr*(31)3(34)*!sA-$%AB'(! §4"2RABf

! 

(v
1
,v

2
)" (v'

1
,v'

2
)+./;*

! 

(v
1
,v

2
),  v = v

1
" v

2
 3$ftuvwdxb$fyz.

/RNP*{|67

! 

v+}9~+:!�y<=��$*67

! 

v'+}9~+:!�

y<=����'(§4"2+(31),!   

! ! !

! 

1

V
"(#,$) % d&% v % f

1
(v
1
)d

3
v
1
% f

2
(v

2
)d

3
v
2                 (§4"2"31)!

;*./�+670

! 

(v
1
,v

2
),  v = v

1
" v

2
 R*)�*./�+tuvw;

! 

(",#)RN

'4i]yz+./0�^_���R�QO,�-12'�:!�@(�v*

§4"3RABfl./

! 

(v'
1
,v'

2
)" (v

1
,v

2
)R;*{|67

! 

v'+}9~+:!�y<=

��$*{|67

! 

v+}9~+:!�y<=����'(2+l+yz./0�

QO,-12'�:0§(4"3"34)RNP* V��+�%+������-l./

RN'23!�@����0�&%&'( 
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!        

! 

1

V
" '(#,$) % d&'% v' % f

1
(v'

1
)d

3
v'
1
% f

2
(v'

2
)d

3
v'
2!      !  (§4!3!34) 

(§4!2!31)!(§4!3!34)"#$%&'()!**"#+,-.$%&'()"/

012345*!6(4-3-4)7(4-3-5)89:;-<7*=>?@ABCDEFG 

! $% v #&H! vI#&HJK7

! 

(v,v
1
)" (v',v'

1
)7?LJK!M5!7*=9

NO$% v #&H)/PQR4S45G*#T7

! 

v
1
/U;#$%"EFG-V

-7*#WJK

! 

(v',v'
1
)" (v,v

1
)"/$% v #&H)/PQXYM5GTZ dt #

Z#JK9NO7$% v#[H)/7"n \]^_M5!`a<F5V>7 

! ! "nb6dt#Z9c*5WJK

! 

(v',v'
1
)" (v,v

1
)#)8 

! ! ! ! ! ! !6dt#Z9c*5LJK

! 

(v,v
1
)" (v',v'

1
)#)8! ! ! ! (4-3-13) 

"d5GePf#6dt #Z9c*5WJK

! 

(v',v'
1
)" (v,v

1
)#)8?gh59/7

ij$%#kAl?

! 

v'"v'
1

= v " v
1

= v
r
!-<7(§4!3!34)?mnM5!,  

! ! ! ! ! !  

! 

"(#,$) % d&% vr % f (r,v',t)d
3
v'% f (r,v'

1
,t)d

3
v'
1             (4-3-14) 

/7JKo#&H#pqrs2

! 

(",#)rs"d5

! 

(v',v'
1
)" (v,v

1
)#JK2tuT

Zv92c5w)?xMG.\-7(§4!3!34)9d5 V/7+,-.$%&'(

)"/yz945V>7**"/{=4FG(4-3-14)?

! 

d
3
v'd

3
v'
1
= d

3
vd

3
v
1
!-<

|}~��N�

! 

v
1
"�&-7dt?�].�#7 

        

! 

d
3
v1

v1

" d#$% (&,') $ vr $ f (r,v',t) $
#

" f (r,v'1 ,t)]d
3
r $ d3v $ dt        (4-3-15)!

276dt #Z9c*5WJK

! 

(v',v'
1
)" (v,v

1
)#)8"d5G**"`a<F5#

/

! 

(v',v'
1
)" (v,v

1
)#WJK"d5V>7U;4#/

! 

v'
1
"7�&^)/

! 

v
1
"/4S7

! 

v'
1
"d5�A"d5G-V-7�&-.��9/^)�/�>4F#"7v�

2��4>�&^)#��/�9-<�EFGLJK9jM50�!P�lC
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!"#$(4-3-15)%&

! 

v'
1
" v

1
'()*+,-*./012!3 

45$6dt78#9:!;<=

! 

(v,v
1
)" (v',v'

1
)7+>?$ (4-3-15)'@A#B1$ 

! ! ! !

! 

d
3
v1

v1

" d#$% (&,') $ vr $ f (r,v,t)
#

" $ f (r,v1,t)]d
3
r $ d3v $ dt! ! ! (4-3-16) 

'C!3(4-3-13)DE$F7GHIJ!3 

        

! 

"n = [ d
3
v1

v1

# d$%& (',() % vr % ( f ' f1') f f1)]
$

# d
3
r % d3

v % dt        (4-3-17) 

::%&$ 

       

! 

f " f (r,v,t),    f '" f (r,v',t),   f
1
" f (r,v

1
,t),   f

1
'" f (r,v'

1
,t)  

'KL/012!3(4-3-12)7MN#(4-3-17)IOPB1$ 

! ! !

! 

{
"f (r,v,t)

"t
+ v # $f (r,v,t)}d

3
r # d

3
v # dt  

! ! ! ! ! ! !

! 

= [ d
3
v1

v1

" d#$%(&,') $ vr $ ( f ' f1'( f f1)]
#

" d
3
r $ d3

v $ dt  

'C!3

! 

d
3
r " d

3
v " dtIQB1RS7GHIJ!3 

! ! !

! 

"f (r,v,t)

"t
+ v # $f (r,v,t)

! 

= d
3
v

1

v1

" d#$% (&,') $ vr $ ( f ' f
1
'( f f

1
)

#

" !   (4-3-18) 

:0-$

! 

f (r,v,t)7T8UVILWX!YZ[\]5^_%`!3 

! YZ[\]5^_IJ!#`ab1$cd v7)e+Ifg/h!ij7<

=k+lm Inoap#$qr& r 7 dt T8s7*tIuvBa3:7:'&

wxyz#&{|C}~�I��X!:'#�-!'W�1�2a3:0&$

YZ[\]5^_(4-3-18)7�M%$

! 

f (r,v,t)�

! 

f (v,t)'X!:''��%`!3

:0&@T#

! 

"f (r,v,t) # 0I�jX!DE$YZ[\]5^_(4-3-18)&$�p�

&$ 

! ! !  

! 

"f (v,t)

"t
= d

3
v

1

v1

# d$%& (',() % vr % ( f ' f
1
') f f

1
)

$

#                (4-3-19) 
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! ! !

! 

f " f (v,t),   f '" f (v',t),   f
1
" f (v

1
,t),   f

1
'" f (v'

1
,t) ! ! ! ! ! !  (4-3-20) 

!"#$%&'()*+,-./0123456789:4;<%=>?@AB

&CDEFG/(4-3-19)HIJK,%!LJ%MNHO%* 

 

4-4-3) PQR4O%ST4;<%=>?@AB  

! (4-3-19)4UV<W/

! 

"f (v,t) /"t = 0!XYZ[37=>?@AB

! 

f (v,t)'\#X

Y)%7KW/

! 

f ' f
1
'" f f

1
= 0HO./]^&_`aB!b&c`aB'd.ef

Y)%!gJ%*hC4/+&cijHO./`aB&d.e)'klXY)

%7KW/Z[3=>?@AB'\#XY)%!igJ%*mnopqrst

4UVN/]^`a&d.e)u

! 

f ' f
1
'" f f

1
= 0vG/Z[37=>?@AB

! 

f (v,t)

'\#$%wxyz{?|}HO%!~�HN%* 

! !         

! 

"f (v,t) /"t = 0  #    f ' f
1
'$ f f

1
= 0 .               (4-3-21) 

 0PQR:4O%ST!G/0�D3456:H0CD��X7)=>?@A

B:�i�ST&+!HO./(4-3-21)'klXY)%+!�g�*(4-3-21)�K

Maxwell &=>?@�'�<%+!G/�4�2,�3 H�Mw&H++HG�.

��7)* 

! ��'/ ���� �4���,w Maxwell &=>?@��/� 10 ��& 1870

��4 Boltzmann'��$%+!47fw��&��HO%*BoltzmannG/�

K4�xY/mnopqrst4UVN/HAB! W,%i&��¡X/0P

QR:4¢%£¤c¥s�¦�§¨%+!�©Xw*+,Gª«H�M%* 
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4-5) !"#$%& H'()*+,-./012345&67  

! !"#$%89:&;5<=>?@0A'B&CDEFGH

! 

f (v,t)=IJK9

H GHLMNO0P&=QRS912345=67@0TL.UVSWXH G

H8 

          

! 

H " f (v,t){ln[ f (v,t)]#1}d3v
v

$                    ! !  (4-4-1) 

L'YZO0X[SK9!"#$%8\&TL=]SWX  

! ! H!"#$%&'#()*+#,-./0H!"#1234./567 

! ! )89:0;<567#4=>?@!"

! 

f (v,t)ABCDEFGH<=> 

! ! ?@!")IJK$)LMN/0 

TO^!"#$%& H'(_`0X! HGH=IJK*+,-./0123

45=67SWTL.a0XT&bc=de_fgShiX 

! (4-4-1)&'Y_89v8jkl&mEnH_`0op9mE=qrSWst_

`0 H.8uvKJaJX H8 t&w&GH_`0XH=xy_zE@0X 

!  

! 

dH

dt
=
d

dt
f (v,t){log[ f (v,t)]"1}d3v

v

# =
d

dt
f (v,t){ln[ f (v,t)]"1}d3v

v

#    (4-4-2) 

mE8{|}.8?S~&TL_`0op9�6&hi.zELmE8��=

RO��0TL^��0X��^n�vK9zE6�^ fL f&GH.���I

S9v&mE8��S.a0XSoS9

! 

f (v,t)& v8[&��.SK����^

`0op9t_&zE6�= t_&�zE6�.n�0X 

       

! 

"

"t
[ f (ln f #1)]=

"f

"t
$ (ln f #1) + f $

"

"t
(ln f #1) 

La0^9jk&���89 

        

! 

f "
#

#t
(ln f $1) = f "

d(ln f )

df
"
#f

#t
= f " (1/ f ) "

#f

#t
=
#f

#t
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!"#$$%&'(& 

           

! 

"

"t
[ f (ln f #1)]=

"f

"t
$ ln f  

!"#)(4-4-2)*+#,&H-./01234& 

! ! ! ! !

! 

dH

dt
=

"f (v,t)

"t
# ln[ f (v,t)]d3v

v

$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-4-3) 

!"#)! 56789:;<(4-3-19) 

! ! ! ! !

! 

"f (v,t)

"t
= d

3
v

1

v1

# d$%& (',() % vr % ( f ' f
1
') f f

1
)

$

# ! ! ! ! ! ! (4-3-19) 

=(4-4-3)*>?@#,& 

! ! ! ! !

! 

dH

dt
= d

3
v d

3
v1

v1

" d#$%(&,') $ vr $ ( f ' f1'( f f1)
#

" $ ln f
v

" ! ! ! ! (4-4-4) 

,A#)B/C<(4-4-4)D HEF/GH*IJK#) 

! (4-4-4)/L3M.N

! 

v4&OPDMQRKASTU&V/WXNY*MZ[\

]S/!&

! 

v^

! 

v
2
,MQ@#)(4-4-4)4_/WX*A#) 

! ! ! ! !

! 

dH

dt
= "(#,$) % vr % ( f1' f2 '& f1 f2)

'

( % ln f2 %
v1

(
v 2

( d
3
v1d

3
v2d'! ! ! (4-4-5) 

(4-4-5)4&`a

! 

(v
1
,v

2
)" (v'

1
,v'

2
),b/c`a*de@#D&BB!\OP4M

ZAS!M.N/f=

! 

(v
1
,v

2
)" (v'

1
,v'

2
),gh*?KiZ#)b/'j4& 

! ! ! !

! 

dH

dt
= " '(#,$) % v'r %( f1 f2 & f1'  f2 ')

''

( % ln f '2 %
v'1

(
v'2

( d
3
v'1 d

3
v'2 d''! !  (4-4-6) 

,klmn#)(4-4-5),(4-4-6)/opq.4r`a,c`a/bK*"s#/!&

t4-3!u*vwxsWX*& 

! 

"(#,$) = " '(#,$), 

! 

v
r

= v'
r
,  

! 

d" = d"'! Dyz@#)

BK*{|x[&(4-4-5),(4-4-6)=}Z[ 2!~#,& 

! ! ! !

! 

dH

dt
=

1

2
"(#,$) % vr % ( f1' f2 '& f1 f2)

'

( % ln(
f2

f2 '
) %

v1

(
v 2

( d
3
v1d

3
v2d'      (4-4-7) 
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!"#$%&(4-4-7)'()*+),-.&

! 

v
1
!

! 

v
2
&/0-1 1, 223456#%

!7'8#$9:!;<)=/&>?@)

! 

ln(
f2

f2 '
)" ln(

f1

f1'
)!,AB#CDE#$ 

! ! !

! 

dH

dt
=

1

2
"(#,$) % vr % ( f1' f2 '& f1 f2)

'

( % ln(
f1

f1'
) %

v1

(
v 2

( d
3
v1d

3
v2d'     !   (4-4-8) 

*+)(4-4-7)!(4-4-8)2F6< 2'G#!) 

! ! !

! 

dH

dt
=

1

4
"(#,$) % vr % ( f1' f2 '& f1 f2)

'

( % ln(
f1 f2

f1' f2 '
) %

v1

(
v 2

( d
3
v1d

3
v2d'     (4-4-9) 

!"#$ 

! !%H')I+JKL-M'E#

! 

f
1
',   f

2
',   f

1
 ,   f

2
NO<P&M2QR$ST<)

! 

f
1
' f
2
'&M(

! 

f
1
 f

2
&M(P'E#$U)

! 

f
1
' f
2
'= A , 

! 

f
1
 f

2
= B!B#!) 

! ! ! ! ! ! !

! 

( f1' f2 '" f1 f2) # ln(
f1 f2

f1' f2 '
) = (A " B) # ln(

B

A
) $ 0           (4-4-10) 

'E#%!7V#$A>B! E#WN A<B&XY&Z4&XY()%&[\]&

^_2`abc#$d;<)\e7^_B#&N)AfB&XY@gh4)%4

N

! 

f
1
' f

2
'= f

1
 f

2
&XY'E#$i@) 

! ! ! ! ! ! !

! 

dH

dt
" 0 ! (\eN

! 

f
1
' f

2
'= f

1
 f

2
&XY)! ! ! ! ! ! ! (4-4-11) 

'E#$\eN)

! 

f
1
' f

2
'= f

1
 f

2
2jkB#&')lmno&pqYWrs7tu

v4#XY'E#$wxyz{|}&I+JK~7^_B#�����@�#$

(4-4-11)N)H L-7�����@�#�'�@��;)�����'��&M

@"#%!2�;<W#$9:�@N)%& H L-@w��z�e2RDu(

&7)���'�?!%H&��_�����&����� Sg¡@¢£B#$

Sg &¤��¥¦N§@¨©#7)

! 

Sg = "HE#WN

! 

Sg = "H + constant2ªD3

4#!) 
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! ! ! ! ! !

! 

dSg

dt
" 0     (!"#$%&'()!  

)*+,-./01234#56789:$%&'(6;<=>?)*+,/

0123478.@A.-)BCD:$EFGH@A.IJ.KLBC+, 

! MNOP#OPQR.STU. 1000VWXY.Z[\]^*96Q_`a9:

b.c6]^\d-9efgh\ij+,klmn0#:oQ_`a!Hp]^

qghirs!Q_`a!Hp]^qghirs!ttt.uDv9wxyM

NOP.`aBC+z){j:efO|}~

! 

f (v,t).����gx�\��9:

b.?5�y Maxwell .efO|ABC+-)\�9�,�X6: 

! 

f (v,t)\�

Y=?��+ H }~#56��))�6��9:���6#:��ir9*Y

>?�)*+,��"\��� H }~#:������p./012346�

�9:H }~. ¡¢ir#:/0123478.@Aq$EFGH@As\

£¤�+,-.¥¦-b:klmn0yMaxwell.efO|A\ 1870§¨6C

<=�©ª«¬��_BC+, 

 

4-6) klmn0gx�.b.c  

! klmn0gx�.®#Hp¯°]^B:b.¥±#²³BC+,9´9:

]^)µ¶·W]^).¸}#{j=Y*Y,o¹�º»)9=.]^z.uD

v9)9=:¼½MN.efO|}~.����\¾¿�6ÀÁ�+.ykl

mn0gx�BC+,-.gx�#:¼½MN.ÂÃÄ~qÅ°Ä~:$ÆÇ

f:ÈÉÄ~:*Ês.�ËÌÍ6 1930§¨ÎB#�YXÏ�,9´9:1940

§¨.cÐ6*<=:ÑDÒÓ*o����gx�zyÔÕ´.Ö×Ø6ÑD
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