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! ��>6J�&-2`���HoJgUL Newton9:�_�01*��`@

o6�A���{01*-2345�`��J�9�PCJ1��VCJ�34

Y )¡]�!C*¢*£¤¥Bernoulli(¦)§]¨)*©ª`«ID 

! ! ! ! ! ! ! !

! 

PV = (2 /3)E = (2 /3)U!          ! ! ! ! ! ! ! !  (1) 

E6�&*�Y )¡]>V9:*¬­Y )¡]�UCL®ADg* Bernoulli

*©�¯°tL±|Uo~A_�01*²³´µ©�
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! 
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ÒJÓ*+, 

! 

v = (vx,vy,vz )6ÊÔ->ÕÖTUAD (2’)*

! 

3N6-2*ÎÏ34
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! 
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�{A*>J 

! 

PV = (2 /3) " N " [(1/2) " m < # 2 >] = (2 /3) " E ! * Bernoulli*©E«|

UID01*V9:t¬­Y )¡](U=E )6J

! 

(1/2) " m < v
2
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,%&'()*./$%01%2345LéêHo~AD íîJïð{×Ø,

! 
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~o Newton*34´µ©`��JgU|`ùúLûqg�6Ù¯üýþÿ>@

AD10
4Âµ,{|¸!O\"#$#8%?þÿ>@&ÑEJ10

24Â�{A�?Ñ

'(t>@ADH¼HJ)*t-2*34�01*-234C¼|¾M�¿[

ºÂô]õ]*-2öÒ�+*t,�-CLécAV9:-`��AlÒ6J

�o*.%[{Â/-2*34`0�A1�6{qJ+,* 2 �>2�|UA

34Y )¡]*¥78t���ª*�`��U¸3~D01*¬­Y )¡

]45>6{q6*V9:-�7�¸JYOZ[\]C?J01*-234¼

|abHPÑ�cAlÒJ8Hq6KLÖ·AEJ)*t-2*349:;]

$]*¥78t���ª45E���{ADÂ<*-2L}~o Newton*34

´µ©`��JgU|`ùúLûq1�6{~D��>à~I¥����+,ª

*=5¼|Jg*PÑ{²>E?@TUAD 

! H¼HJ¥����+,ª*78t���EèA`B}{|JÓ*+,×1

*¥78t-.ªEC*PÑ{?*¼6D-LRSTUE¸{|{~DÁFLJ

���6¥78t-.ª`ÕÖcAG*Á}*9:;]$]>@ADH¼HJ

gUHIL?J:NK`Æc¥-LªM¥NOªJPLQË*789:;]$

]?@ADÁFL6J���452�|Uo?¥78t-.ª6ú»H{~D

�g&EJ+*t,�LécAV9:-L�½oJ¯R6J���*�E��

>@A�*Ý5L{AD+*t,�EwS"SÂô]õ]*T�oUº*)*t

V2¼|ÔAg�E£¤Ho~AEJ4¼|789:;<=>?@ABCD
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¥01-2+,*78t-.6C*PÑ{?*¼XªL}~o6J��*��

�{01*-2345�>6��o~{~D  

  g*01-234+,*78t-.ñòLécAY�`Z[LF\HI*6J

]^_*#$%&'()�C. G. Maxwell, 1831~1879C>@½ID�g&>J�

�*=5>6J-2�n`*a�*b�cd6��o~A?**J-2Ée*

cdL}~o6��o~{~D<IJV�f¼|J+,*78-.Eø¢Lg

äH{~�cA*63~�Ho?J?HV�fEh�L6ÔiHo~{5U¸J

+,-.£º6ø¢L?gäcAg�L{ADg*PÑ{-2¢cd*ñòM

V�fEÔiHo~{~²³¼|V�f²³LjAßµ*ñò`búLHI*

6Jô]&Zk¾_*M)N#O�LDBoltzmann,1844#1906C>@½IDg*�

_601-2345JíîJlm*789:*n;o>@AD 

 

2#2)  789:*n;o�#$%&'()�M)N#O  

! #$%&'()6Jpq*r6stöÒ1*u»-.�Ho_û>�AÙ`

5�(1855)JÓ*K, 01-2345*ñò(1860) Mvw0:*ñò(1865)`�

@HIDvw0:-xLy5Az{6|ð>Jlm>?¥vw0:*#$%&

'()´µ©ª�HoÓ*}6~=�EUo~AD<IJYOZ[\]�ðL

}~o*V9:W"X/`�A¥#$%&'()*��ª*�a(1870)`F�H

o~AD! Á´Jô]&Zk¾*'�]OL�<UIM)N#O6J#$%&

'()P= 13��C�~DM)N#O6J01-2345>*-2¢cdñò

`��J+,-.*ø¢�e�M)N#O´µ©C¼|¥H»_ª̀ ��(1872)J

V�fLjA+*t,��*YOZ[\]�.%[{²³*£�`¥M)N#
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O*^_ª(1877) �Hob\HID  #$%&'()6J-25EúicA�

50��* 1879� 11�L 47�>��Ho~AD¾¨O�"$¨OE�¿¨NL

��HI*E 1879 �* 3 � 14 m>@A¼|J#$%&'()6¾¨O�"$

¨O��U��APÑL��Ho~A�ì�ADÁ´JM)N#O6-25E

;<A�K* 1906� 9�J���*¨$k�>× Ho~AD62�>@½ID

1¡ý3¢£b�¤u¥¦E^§�TUAD 

! Çå>6)*t^2¢-2E¯åcA*6®¨*g�>@AEJ®ø6®¨

*g�>6{¼½IDM)N#O*©�*5ª�{½I#$«� Ernst Mach, 

1838~1916C6J¥¬:*­t6J�®¯°±²AÇ³MÙ¯Ée*5_t>J

¼}JÒ_t{£¤`F\cAg�>@=J¯åcA¼´¼Eµ¨�H{~^

2¢-2`=5cAg�6W=>@Aª�*il¼|JM)N#O*=5`¶

·L¸¹HID#$«*��´6�ºt>6@AEJ¬:LécAÁ}*��

´¢il>@=J¥^2¢-2*¯åL£cA�®t¯°Ù¯�7�¸J-»

:¼]$Jw�J½:'O34{CCª*èAED-L_ûTUo~{~¾¿

>6J�îLÀÁ6±²{~D#$«*��´LÂÔcA_<6U¼½ID 

 

2-3)¥#$%&'()*��ª*�a�M)N#OÃ*Äµ  

! %:'Å'&MÆ)ÇOÈ�WDZÉÊOCEV9:*W"X/`»©Ëc

A*6J1850�¼| 1856�L¼5o*g�>@ADÓHoJ%:'Å'&EY

OZ[\]`FGcA*6 1865�*g�>@ADÉ�L#$%&'()6vw

0:*ÌÍ´µ©`FGHo~AD1865�6mÍ>*bÎÏÐ*3��L®AD

Çå6ÑÒ,_:�ÓÔÕ-x�9:Jvw0:JV9:CE±Ó&½I*E
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g*Ö>@ADH¼HJgU|Õ-x*ÌÍ^_EC*PÑL×ØL£�cA

¼6g¨�Hobú>6{¼½ID^2E¯åcA¼´¼*ñò*6LJ  

Newton9:*¥ø¢ÙÚéÛ�ª�YOZ[\]�ð`èAcAV9:W"X

/�*£��`CÑ_ûcA¼?ñò>@½ID¥#$%&'()*��ª*

�a""C6g*�L£cA=5>@=J¥Newton 9:EÔicAÜÝ¬>JV

9:W"X/�6ÞßcAßµ`��Ag�E>�A*>6{~¼Xª�*ñ

òF�>@ADg*#$%&'()*ñòF�`Hà>��PÑD 

! 01-2>áITUIn`EÁ»â, T *Vã*àLä¼Uo~A�cAD

g*n`¬­Låæç`è5J�}*­-L-ÀcAD�}*­->6ÉÁ*

-2+,-.E¯ÇHo~AEJÂ<*-2*+,6é<{�`ê½o~AD 

 

 

 

 

 

 

 

 

 

ËLJÓ*åæçLfë``ê=�5ADÓHoJ-2*+,`ìíL@±>

�A¥#$%&'()*��ª�Ó¸UAäå`�»HJÓ*��Eåæç*

fë``îïcA�ð»cA�ñ"#wCD! Ó*��6Jò»*+, vSHü>

 
v ! vS 

v < vS 

 

v ! vS 

 

v < vS 

 

�v ! vS*-2óôC 

 

�v < vS*-2óôC 

 
Á»â, T*Vã 

ñ"#wD-2*+,�´õ�ð�TC`@±>�A¥#$%&

'()*��ªEåæ=ç*fë`îïcA�ð»cU¸J+

,Eð�~-2Eö÷J+,EøT~-2Eù÷LJÓUãUJ

óôcAg�L{AD 
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ù¼|öL34Ho~A-2EÓ*fë`L®úHoqAg�`@±cA�J

c¸MqÓ*fë``f5JÓ*-2`ö­-LûcDH¼HJÓ*ò»+,

P=ü+*-2Eù÷¼|²AlÒ6fë`6ë�I<<LcAD<IJ-2

Eö÷¼|®úHoqAlÒ6JÓ*ò»+,Hü>@U¸ë�I<<LcA

EJ®ú+,EÓ*+,P=øT5U¸Jfë``f5JÓ*ü+-2`ù÷

Lûc?*�ð»cAD 

! g*PÑ{²>`�FLcA�JÌ<6���&En`�1L-.Ho~o

?J��Eåæ=ý`îïHþ5Ag�>Jåæ=ý*ù÷L6ü+,-2E

ö<=Jö÷L6Q+-2Eö<Ag�L{ADg*ý��*ÿJ�1*YO

Z[\]6üàcAD��6fë``îïHo~A?**J-2LéHo6!

*åÙ?Ho~{~D!*åÙ?Ho~{~*LJâ,-.*ý��E��J

�1*YOZ[\]6üàHo~AD4¼|JgU6V9:W"X/`�½o

~A�ìÑ">@AD¥V9:W"X/`�Ag�6#TU{~ª���A$

=JgU6�a*Á}>@AD 

! M)N#O6J9:�ú%5`ÝÒcAg�>V9:W"X/6&b±²A

���I�!'J!(CDH¼HJNewton9:×1¼|6V9:W"X/*&

b6±²{~DgU`5)�cAM)N#OÃ*Äµ6JM)N#O**_>

@A^25o[�".$Z  (J. Loschmidt, 1821~1895) ¼|F±TUI(1876)D 

9:�LïàcA9E�ä945>@U¸JNewton9:*¥ø¢ÙÚéÛ�ª

¼|J@A34LéH+Lø¢?,�o�o�*34EäåHo?3~D !

! 

F = m(dv /dt)>

! 

dt"#dt ��U��U¸Jg*ö-6

! 

m[d("v) /dt] = "m[dv /dt]>

@A¼|J

! 

m[d("v) /dt] = "F>@AD<IJ

! 

"F = m[d("v) /dt]EÔicU¸J  
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! 

m(dv /dt) = F ?ÔicADV26Ì*Åä`û½oÙé*+,>34HJ6�

�*²³L.Ag�E>�AD9:×16J²³/ËEÁ´õ45L�gA*

>6{qJÓ*�´õ*/Ë?#ncADÃ½oJ6��*/Ë>M)N#O

*ìÑYOZ[\]E�0cA*>@U¸J#nTUA�*34>6YOZ[

\]6123E¸{|{~DYOZ[\#6+L�ðcA�*V9:W�X/L

Ò4H{~�[�".$Z*�aCD 

! <IJ5:O&*ðº:oá¾O676 1893�L¥Q8�*»_ª`&bH

IDíîJV2*Åä?+,?9$ðL{Ag�E95U¸JÓ*V26JD

-{ø¢*KL6J?�*²³L$={q®úHI²³L.Ag�`&bHID

g*»_`5)LJN();[(Zermelo)6M)N#O*=5`ÄµHIDN(

);[6JKL-25`FGcAg�L{A¦)kOð:*: :O% (Max 

Planck, 1858~1947)*:�>@½ID! M)N#O6JÓ*PÑ/Ë6#n6T

Uo6~AEJÓUE¯ÇcAú%6;HqøTqJ¯R6�g=�{~Dg

Ñ��{~$=9:�V9:W"X/6ÞßcA�Ù5HIDH¼HJV9:

W"X/`ú%5L8cA��L6Jð�{Ù��<=E@½IDòLJ¿¨

N>6J®ø*::O%`6��J¥V9:*WÁX/JW�X/6'ét>

_ª�_ûcA_<EUº?>@½IDV9:L¥@¨![`AAªPÑ{ú

%5`BîBCM)N#O*DE6JnFLGHTU{¼½ID 

! <IJ^2¢-2*¯å6H�ALHo?JgU|6¥Y]I)ªEJác

A¥>ÍªK`34Ho~A*>@A¼|J^2¢-26¥Y]I)ª�Y 

)¡]*LMHo~A6N>J¥Y]I)ª`O�LHIM)N#O*=5>

6JYOZ[\]L£cAV9:W"X/`ab±²{~�*Ù5?F±TU
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IDg*PÑ{P=QTUAM)N#OÃÄµ�*R~EJM)N#O`× 

LS~MAT§>@½ILÈ~{~D¥Y]I)ªñò*ûU6J¾¨O�"

$¨O*×é�5�1905CEVHTUIK>@AD<IJÅ:]¿E¥#$%

&'()*��ª*äå`´»cA*? 1929�*g�>JgU6K*¥WX*

YOZ[\]ª'"CL£cA=5*�Y�{½ID 

! lm*789:*=5>6^25�-25`�F�Ho~AEJ9:�ú%

5`ÝÒcAg�>JV9:W"X/6&b±²A�HIM)N#O*��´

6ÝZ6[BTUJÇå?��\½o~AD-29:6 Newton 9:`¬]HJ

9:�ú%5*ýþ^{ÝÒ6J-29:×1EÓU`1ÇcADlm*78

9:>6JÑÒ5tV2LécA¥#$%&'()#M)N#O-.ª�*à~

`à~Jg*�_*789:n;o*_`II�o~ADH¼HJ¥#$%&

'()#M)N#O-.ª6�{Aab>6{qJKLabcAPÑLJ-25

t¯å�*lÒLéHo?D-3~úc-./`2�A�! 14CD<NJ78

9:*;<=�{½I¥#$%&'()*+,-./ª¼|��PÑD 
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2- 4)  !"#$%&'()*+,-  

! ./(012345+6789:;<=a)>)*?

! 

v
1
,v
2
,v
3
," " ",v

i
," " ,;@A45

+6?5B V (CD=EFGF=

! 

n
1
,n

2
,n

3
," " ",n

i
," "  HIJKALMKAMNOP

QRS)*TUVN=WXD=b)>YPZD@A45([\<]^_;`^a<

bc;de=`f+(PQRS)*<ghD]NiLMjUN=kl'mn]

+o-Tpqr!"#$%&'<=)*+,-TstquD=v( a)=b)(j

UT.wDN,! WXD c)>x)*f+

! 

(vx,vy,vz )(yz+,<=EF{|(}(

~D��O���=�(f+(}D<�IN3iLM(jUT�iqr 

 

 (2-4-1) )*+,��<����  

! 5B V(CD NH(��45+6?@AMKArENO=)*�#�'(x

f+?EFGF��b�

! 

(vx,vx + dvx ),(vy,vy + dvy ),(vz,vz + dvz );@A��30`�

�)*�#�'��:(��5BT��=vFT

! 

dvxdvydvz " d
3
vM��KArE

NO=v(��5B��D�A+6�T

! 

n(vx,vy,vz) " n(v)MKAM=E(��3

+6�<=��5B��T�+D�WtNO���=E(5B��D ¡KA

;@¢�£X=  

! ! ! ! !

! 

n(v) = f (vx,vy,vz )dvxdvydvz " f (v)d
3
v! ! ! ! ! ! ! ! ! ! (5)!

M�¤KArv( ¡¥�D@qA f(v)T)*+,��M¦§r 

)*��M)*+,�� f(v)(��^<=)*(`f+(}D��O�UWFA

¨(CD�A+6�T��q©(;@�=+6(ª�«¬­(¨®D¯iO(

°*T��OiA±;<3ir²³²³>)*��LMi�(<=v(vMD

´µtr 
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! !"#$ N %&

! 

f (v) = f (vx,vy,vz )'

! 

v = (vx,vy,vz )(!)*+,-./0"1-

2(&34&56(78"9:"1-;("#$'!<=>?@AB&!"#

$+C1D%E9 

! ! !    !

! 

N = f (v)d
3
v" = f (v)dvxdvydvz

-#

+#

"
-#

+#

"
-#

+#

"                     (6) 

FGHIJ568"%K(LMGN92OPMHFQR&0"()*%STAB

UTFGHIVW&b)(XYLP&Z[:\ (v, v+dv)+]H

! 

f (v)d
3
v^("#$

%&K(W_92!/`a9bHAB&56"cd$ f(v)%56efgh

! 

v = (vx,vy,vz )(ijkl

! 

v = v m(n+op>HIqr% st(d$FuG>qF2

9jHAB&

! 

v
2

= (vx )
2

+ (vy )
2

+ (vz )
2
! F1/&!

!!!!!!!!!!!!!

! 

f (v) = f (vx,vy,vz ) = F(v
2
)!!!!!!!!!!!!!!!!!!!!!!!!!! lvm!

Fwx9jHIkB+&cy(XYLP& 

! 

v
x
("cd$'

! 

g(vx )F>rz&{(

N|:\

! 

(v
x
,v

x
+ dv

x
)+]H"#$%

! 

g(vx )dvx(n+}~1&

! 

vy,  vz+%op1G

DFQRHI

! 

vyF

! 

v
z
("c+�D/2`aqF|�RH(9&��!

vz 

vx 

vy 

56 v (�'��+1-Z[

�0�� d7v (�+ f(v) d7v

^("#|p�>HI 

�tStI! 56�\F56"cd$ f(v) 
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! ! ! ! ! !

! 

f (v) = F(v
2
) = g(vx ) " g(vy ) " g(vz)!!!!!!!!!!!!!!!!!!!!!!!"#!

$%&'()*+,-&./012+ 3 ,456789:&$;1<=/>?

,@A&'b)/B*>C1DE2+ !0FGDHIJHK&'

! 

g(0) = a!$;91

! 

vy = 0, vz = 0! /LMN@A&$1(8)0 

! ! ! ! ! !

! 

F(vx
2
) = a

2
" g(vx )!!!O!!!

! 

g(vx ) = (1/a
2
) " F(vx

2
)! ! ! ! ! !P#!

$%&'IQ,;91!

! ! ! ! ! !

! 

g(vy ) = (1/a
2
) " F(vy

2
)R! !

! 

g(vz) = (1/a
2
) " F(vz

2
)! ! ! ! ! !ST#!

HK&'! (9), (10)N(8),UV;91!

! ! ! ! ! !

! 

F(vx
2

+ vy
2

+ vz
2
) = (1/a

6
) " F(vx

2
) " F(vy

2
) " F(vz

2
)            (11) 

$%&'WWH1

! 

vx
2

= ",    vy
2

= #,    vz
2

= $  $XYZ&$1(11)0!

! ! ! ! ! ! !
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