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!"  #$%&'()*  

! +,$%&-./0123456#$%&'()*5789:;5<=23>

#$%&?<@A6BCDEF&GHI)/JK9LM3NO5P3>N&?

<@A6QRSRTURVWXP3>YZY6NNXA6BCDEF&GHI

)5[\23]^XA_L6`&GH)ab/cK3d#$%&'ef/<=

23NO523>d#$%fAg?&@h/ij983>kl&mnop/]^

235q<_BrsZ71.stuv/wx23'ey%OY9&@hO6

z{_|}~�5�23BCDEF5��23��&BH&%OY9&@h6

&g7XP3>4����&��/cK983OV�6��&|}~�5�2

3BCDEF&���4�&��s_��/cK983>NNXA4�&@h

57_�3d#$%&��f5789^�3NOOY>BCDEF&GHI)

5789&�bs_01A6��&d#$%f�dp%#$%f5�23��

�����6���X ¡¢M�8>�£Y6!13XA dp%¤¥&¦§f/012

35q<_¨©/ ¡23> 

 

5-1)! ª«¬5�23#$%&'(*!

! ��6#$%&)*A®6�6¯6�)*Z°�3O¢M3>#$

%&®)*A#¦§5�23R&X6±²O�³dmn´f�µ¶23NO

/^�983>P3kl(A)5±²,(B)/·¸Y��5¹�5±²op�ºL_

j�mn/d»O BA#¦§¼thermal equilibrium�P3fO�86¹�&±²

A½Y8O�³>±²O�³dmn´f�µ¶23NO/^�983>»O B

�#¦§5P¾6»O C�#¦§5PM¿6»6À6Á&Â�A#¦§5P¾6
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Â�AVÃ&±²5P3>Ä{���5Å³Æ�±²�ÇEÈA6#$%g

)*5�ÉY961854Ê5 Thomson¼�& KelvinË��ÌÍY�NO5'e/

Î8983>®)*&NOAN&Ï²5Y96 ÐÑXA6�)*O¯)

*57896ÒÓ6dª«¬f/4w5Y9Ô�Y6�56dÕÖ¬f5×ØY

9ÙK3>�)*5789AÚ�5^�3> 

! kl&Û¸¾/Ü�_8ª«¬/ÙK6Z76¬&_2Ý¨OY9b�op

5Þ3R&£ß5àáY�ºàâopãÏ5�23#$%&Ã6g)

*A6 

! !       

! 

dU = "q# PdV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (1ä1) 

! ! ! ! !

! 

dS " #q /T! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (1-2) 

Oå~¢M3>

! 

"qA¬�æçY�#6

! 

" PdVA¬�è�Ý¨¼b�op�éX

P3�6¬�è�Ý¨AêO23�XP¾6 

! 

dUA¬&�ëìíÈîEopX6

(1-1)&Ã)*A6¬�è�#OÝ¨&ï��ëìíÈîäopXP3O^�9

83>Ã)*AìíÈîäðµ*5�¥23�6(ñ5?<_&Admn´X

P3 U¼�ëííÈîE��µ¶23NOf/^�983òXP3> 

!

! 

dSAìó�ôõEopX6(1-2)Ag*/å2ö½÷XP¾6½øAùúã

Ï5�Y9&v�û23>üýsºàâopAùúãÏXP3&X6½ø�ñ

9AÒ3>`&þÿ6ìó�ôõEopA¬&æç#/±² T X!j�R&5

_3>dìó�ôõEO8³#&Û¸¾/å~23mn´�µ¶Y6N&

Þ³_ö½÷/"¡23f �6#$%&g)*XP3>#&Û¸¾ab�

º8op, ##opXA6

! 

"q = 0XP3Z°6(1-2)&

! 

dS " 0! A6 

! ! ! ##ùúop5�Y9! ! ! !

! 

dS = 0               (1-2-1) 
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! ! ! ##$ùúop5�Y9! ! !

! 

dS > 0               (1-2-2) 

XP3>(1-2-2)�ìó�ôõE%&&)* 5ñ�3>##$ùúopXA6#

&Û¸¾£ßXAÔ�X'_8ìó�ôõEop¼ìó�ôõE(���6�

5ê&op´OY9(W3NO/^�983>NMAa)s5*N3op&I

+/ÌY,Y983>##ùúopX&!

! 

dS = 0  A6a)sop�ùúsop

O_j983NO/å2> 

! .-.b//0kl5Y�#1�&235789&4È5E&01Z°6`

M6M67#P38AÝ¨&x8ºY59':ß3#1�¼Ã;&<=

1��Aµ¶Y_8> 6Ò�674È5E&ùú#1�&23¼ !�/?@

3#1�¼g;&<=1��Aµ¶Y_8>O&AásBCOY96Ä{

A#$%&Ã6g)*/DÜ23>4È5E&ùú#1�&23¼!�A6

/0kl�EXP3Z5F°26#1�&G±#H&±²¼TH�OI±&æ#

H&±²¼TL�&v5Þ¾JÒ3> 

! 

" =
T
H
# T

L

T
H

! XP3>4È5E&á.¼?

]&AásBC�Z°#$%g)*/KLNO�X'3>  

 

5-2) ª«¬üýsºàâãÏ5�23#$%&'(÷  

! #$%&Ã6g)*/\ÿ236LM6(1-1)O(1-2)Z°

! 

"q/NO23O6 

! ! ! ! ! !

! 

dU " TdS # PdV   P38A 

! 

TdS " dU + PdV  

XP3>üýsºàâãÏ5àá2M¿6NMAùúãÏXP3Z°6(1-2)&

g)*5PU23ö½ø&NOAQM96½øëR£ß/SC5ÛU3>L

M6ª«¬&üýsºàâãÏXA6 
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! ! ! ! ! !

! 

dU = TdS " PdV                             (2-1)  

XP3>N&;T_÷�6ª«¬OA�K6B5Uz_kV¬&ùúop&(

l/å~Y983>N&÷A6ª«¬ùúop5�23#$%&'(÷OW

¿M3>_X'(÷OW¿M3&Z5789ÐÑXÙKÞ³> 

! (2-1)&YZA�ëìíÈîEU &[R¼[âop�XP3>\Z&]©A6

,^o_XP3 T!PO`M°&`a�XP3,´o_&[R6dS!dV6&�5

_j983>,^o_Akl´5FµY_8mn´X6,´o_Akl´5b

c23mn´XP3>U Akl´(n"#$%)/ÌáY_8OJÒ°_8Z°6

ñd6,´mn´XP3>U!S!V �kl´5Fµ23mn´XP3NOAa

�XP3>YZY6Ä{&Q&01&��Akl&Û¸¾/Ü�_8ª«¬X

P3Z°6NM°�,´mn´XP3NOA601&e5fYghXiß¿j

8>U!S!V �kl´5Fµ23NOA6kl&Û¸¾/Ü�3ÕÖ¬&0

1Xk¾?l3> 

! N&Þ³_ûþZ°6(2-1) 

! 

dU = TdS " PdV/mno�3O6#$%&Ã6

g)*AÄ{57p&NO/ql983r”mn´XP3�ëìíÈîEU

&[R¼[âop�A6sh_þÿR6t&mn´&[R÷6

! 

TdS " PdV6

5½Y8u>}&�8I/2M¿6v&Þ³5_3>�ëìíÈîEUA6?

5^��kl´/AW�z{_mno_X]^¢M3XPw³Z°6U AU_

&mno_(P, T, S, V, n, etc.)&�_XP3>U�mn´XP3OA6NM°o_

&x�JÒM¿6U &xRJÒ3NO/�³>NM°&Uo_/ xiO]2O6

! 

U =U(x
1
,x

2
,......x

n
)! XP3>yj96`& U &[âopA6Ãz56v&{[

RX|K°M3AÓX3r 
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! 

dU =
"U

"x
1

dx
1
+
"U

"x
2

dx
2
# # # +

"U

"x
n

dx
n

=
"U

"x
i

dx
i

i=1

n

$             (2-2) 

(2-2)A6Uo_�_&[R&Ãzs�}XP3>ONw�6#$%&Ã6

g)*A6mn´ U &{[RA6RjO�bsX;TXP¾6

! 

TdS " PdV5½

Y8O�³>£Z°6 

            

! 

dU = TdS " PdV                                 !  (2-1) 

O(2-2)/b�M¿6ª«¬XA U&Uo_A SO V£ßXP3O#$%)*

A��Y983> 

            

! 

U =U(S,V )                                   !  (2-3) 

XP3>N&¹Z/ S6VX~[RY96(2-2)O(2-1)/b�M¿6 

            

! 

"U

"S

# 

$ 
% 

& 

' 
( 
V

= T,          
"U

"V

# 

$ 
% 

& 

' 
( 
S

= )P  ! ! ! ! ! ! ! ! ! ! !  (2-3) 

XP3>(2-1),(2-2)Z°23O6U&{[R�

! 

TdS " PdV_3�á&[R÷5½Y

8�6`&Þ³_[R÷A�{[R¼÷�XP3 O�³>NMA_%så~

XP3�6#$%&)*A6

! 

TdS " PdV� U &�{[R÷XP3 O^�98

3&XP3> 

! �{[R÷&��ãÏ¼}&mn5/�9�&mn5�3opãÏ�X&�

RA®XP3> 

! ! !        

! 

dU" = (TdS # PdV )" = 0! ! ! ! ! ! ! ! ! ! ! !  (2-4) 

Ãz56mn

! 

A = (S
A
,V

A
)Z°mn

! 

B = (S
B
,V

B
)ÒX&�RA6 

           

! 

(TdS " PdV )
A

B

# = dU

A

B

# =U(B) "U(A)                  (2-5) 

XP3>N&[R÷A dU5½Y8Z°6o_ S!V5�23op��&�R/

B�5s³�3Z5789�8��NOA_8>��O��¾&mn£ß/Ì
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á2M¿6

! 

U(B) "U(A)OY9[R÷&�Rx�è°M3>�UAmn´XP3�

O&��AN&NO/^�983>��ãÏXA6��&mn�EXPM6

! 

A = B

XP3&X 

! 

U(B) "U(A) = 0O_¾6qÓ(2-4)��û23> 

! �{[R÷XP3NO6LM6`&[R÷�EZÃ7&�_&{[R5½Y

8O�³NOA6Ãzs5A�ûY_8XPw³>£Z°6[R÷ab5`&

-���¢M9835�8_8>`MA6(2-2)�¯o_&þÿOY96 

! ! ! ! ! ! !

! 

dU =
"U

"x
1

dx
1

+
"U

"x
2

dx
2
 

XP3þÿ6qÓ 

! ! ! ! ! !

! 

"

"x
2

(
"U

"x
1

) =
" 2U

"x
2
"x

1

=
" 2U

"x
1
"x

2

=
"

"x
1

(
"U

"x
2

)!               (2-6) 

O_3NOXP3>N&úR�û23>U(S,V)OY9�ß¿6 

! ! ! ! ! ! !

! 

"

"V
(
"U

"S
) =

"

"S
(
"U

"V
)                              (2-7) 

XP3>(2-3)X  

! 

"U

"S
= T,   

"U

"V
= #P  £Z°6(2-7)AÐÑ&½÷O_3> 

! ! ! ! ! ! !

! 

"T

"V

# 

$ 
% 

& 

' 
( 
S

= )
"P

"S

# 

$ 
% 

& 

' 
( 
V

 

! Ð?&Þ³56#$%Ã6g)*/\ÿY�

! 

dU = TdS " PdV��{[

R÷XP3O8³NO A6ÐÑ&Â7&��O½�_&XP3> 

! ! ! (1)! UAmn´6!  

! ! ! (2)!

! 

dU" = (TdS # PdV )" = 06!  

! ! ! (3) 

! 

"

"V
(
"U

"S
) =

"

"S
(
"U

"V
)!   

! Ð?&

! 

dU = TdS " PdV&�{[R÷Z°#$%�}÷/KLãÏA6v&Þ³

_��E�5ÒO�3NO�ÛU3> 
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! ! ! ! ! ! !  1,2)*&\ÿ 

! ! ! ! ! ! ! ! ! ! � 

! ! ! ! ! ! ! #$%&'(÷  

! ! ! ! ! ! ! ! ! ! � 

&'()*! ! ! �{[R÷   ! 1+,-./0%1! ! 2+,-./0%1 

2,345%! ! ! ! �! ! ! ! ! 6789:,;<! ! 678=:,;< 

! 

U =U(S,V ) �  

! 

dU = TdS " PdV�   

! 

"U

"S

# 

$ 
% 

& 

' 
( 
V

= T,  
"U

"V

# 

$ 
% 

& 

' 
( 
S

= )P  �  

! 

"T

"V

# 

$ 
% 

& 

' 
( 
S

= )
"P

"S

# 

$ 
% 

& 

' 
( 
V

 

 

5-3) �ûo_&u vÿ��/o�23 Legendreo�  

!

! 

dU = TdS " PdV&\Z5A6T!P R�/ÛY9836YZY6NM°&o_

A6

! 

U =U(S,V )&�ûo_XA_8O#$%&)*A^�983>ìó�ôõE

S&Þ³_R&/o_5ÙK3&Aj8OY9R6~B&BCO[\23o_O

Y9A�8 8o_XP3>`NX6�ûo_OY9& VA`&ÒÒ5Y96S

&¡�¾5 T/�ûo_523NO/ÙK3>TABCs5[M5JáX'3Z

°XP3> 

       ! ! ! !

! 

d(TS) = SdT + TdS                              (3-1) 

XP3Z°6N&¹ZZ°6

! 

dU = TdS " PdV/¢Y£ß¿6\Z¤X

! 

TdSANK

9LM96

! 

SdT�¥j9LM3> 

! ! ! ! ! ! !

! 

d(TS) " dU = (SdT + TdS) " (TdS " PdV )! ! ! ! ! !  

! ! ! ! ! ! !  

! 

d(TS "U) = SdT + PdV ! ! ! ! ! ! ! ! ! ! ! ! ! (3-2) 

¹Z&¦ø/oK96 

               

! 

d(U "TS) = "SdT " PdV ! ! ! ! ! ! ! ! ! ! ! !  (3-3) 
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O_3>N&YZ¤X6 

               

! 

F "U #TS                                     (3-4) 

O§�_#$%�_ F! (Helmholtz&aPìíÈîä�/á¨2M¿6 

               

! 

dF = "SdT " PdV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-5) 

_3 TO V&�{[R÷ �è°M3>§Y8#$%�_

! 

F " F(T,V )&�ûo_

A TO VXP3> 

! N&Þ³_�ûo_&o�O`M5©j9ÛU3§Y8�_A6!  

! ! ! §�_ª¼«o_�"¼§o_�ä«�_! ! ! ! ! ! ! ! ! (3-6)!  

P38ANM5é¦ø/¬ß�R&XP¾6§�_�{[R÷A (3-6)&[R÷

Z°è°M3>N&Þ³_�ûo_&o�A Legendre(È®ó¯È )o�OW

¿M3> 

! °±$%&²³²ó´óA6Ãzpµ¶

! 

qiO`&�·[R

! 

˙ q iXå~¢M3> 

N&Þ³_²³²ó´óZ°¸¹È�º´ó»&o�6

! 

L(qi, ˙ q i)" H(qi, pi)6

�°±$%XASC5¢M3>̀ NXA«o_

! 

qiA`&ÒÒ5Y9i'6R³Ã

7&«o_

! 

˙ q i&¡�¾5¼½´

! 

pi/§o_O23¾X¸¹È�º´ó

! 

H(qi, pi)

/è3>LM6(3-6)A6°±$%X

! 

L(qi, ˙ q i)/H89

! 

H(qi, pi)/á¨23�¾IO

VWX6°±$%&�_o�5Å�M3 Legendre¼È®ó¯È�o�&NO

XP3> 

! '(÷

! 

dU = TdS " PdV&�{[R÷5�Y9 3@& Legendreo�/¿¾ÀY6

Á_3o_&uvÿ��&�{[R÷�è°M6Á_3o_&u/�ûo_O

23ÐÑ&#$%�_�è°M3r 
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! !

! 

dU = TdS " PdV6!

! 

U "U(S,V )6�ëìíÈîä             ! (3-7-1) 

! !

! 

dF = "SdT " PdV6 

! 

F " F(T,V )6Helmholtz&aPìíÈîä   (3-7-2)   

! !

! 

dG = "SdT +VdP6 

! 

G "G(T,P)6Gibbs&aPìíÈîä       (3-7-3) 

! !

! 

dH = TdS +VdP6!

! 

H " H(S,P),  Enthalpy¼ìóFÈõE�   (3-7-4) 

!  

&Â&01XA6NM°&#$%�_/ÙKM¿j8> 

 

'(÷¼�{[R÷6

! 

dU = TdS " PdV�  

! ! !

! 

U "U(S,V ) 

! ! ! ! ! � 

! ! ! Legendreo�!  

! >?5% S@A5% TB! �! �{[R÷¼

! 

dF = "SdT " PdV� 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! §#$%�_

! 

F " F(T,V )  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! � 

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Legendreo�  

                        >?5% V@A5% PB! �! �{[R÷ 

                                                 ¼

! 

dG = "SdT +VdP� 

! ! ! ! ! ! ! ! ! ! ! ! ! ! !                  §#$%�_

! 

G "G(T,P)  

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !                      � 

! ! ! ! ! ! ! ! ! ! ! ! ! ! !                      Legendreo�  

                         ! ! ! �{[R÷   C! >?5% T@A5% PB!  

                           ¼

! 

dH = TdS +VdP� 

! ! ! ! ! ! ! ! ! ! ! ! ! §#$%�_

! 

H " H(S,P) 

 

4Ã5^����E�5y86 

 

&'()*! ! ! �{[R÷   ! 1+,-./0%1! ! 2+,-./0%1 

2,345%! ! ! �! ! ! ! ! ! 6789:,;<! ! 678=:,;< 

! ! ! ! ! ! ! ! ! � 

! 

U =U(S,V ) �  

! 

dU = TdS " PdV�   

! 

"U

"S

# 

$ 
% 

& 

' 
( 
V

= T,  
"U

"V

# 

$ 
% 

& 

' 
( 
S

= )P  �  

! 

"T

"V

# 

$ 
% 

& 

' 
( 
S

= )
"P

"S

# 

$ 
% 

& 

' 
( 
V
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OVWNO�6]�{[R÷5R�¾û7&X6ÃÄ&~[R}_5�23g

7&½÷6gÄ&~[R}_5�23Ã7&½÷�è°M3>NM°ÃÄ6g

Ä~[R}_&½÷{bA6Maxwell&�}÷OW¿M3> 

! #$%&Ã6g)*Z°|K°M3

! 

dU = TdS " PdV/H89 Legendre o

�/Å³NOX6Á_3�ûo_&uX|K°M3{9&#$%�_�KÛ¢

M6Ò��{[R÷&@lZ°]#$%�_&ÃÄ6gÄ~[R}_&·&½

÷�KÛX'3>`&ÆÇX6

! 

dU = TdS " PdVA'(÷_&XP3>N&'(÷

A#$%Ã,! g)*Z°[5è°M3Z°QM3NOAº8AÓXP3>

�&\ÈA6ÙKI/.°Y9iß¿ÉÊa½s5è°M3>Ã{]Ë23q

<A_8> 
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5-4) !"#$%&'()*+,-./0123456!

! #78973:;07<=*+,>/?@AB3CDEDFGHIJK3L

MDNOPQR3SI5-1)I5-2), 5-3);TUVWX#30126;YZV[\

\;NI#78973:;I07?@AB;NQ]IJK3CDED^OP/

!"#FGHI_\;30123456F`T./[#3a/?@7bcNI

WX#3de7fU]<=*+,>/^3,gHcIJK3LMD,hi?@

FjV,GHklmR['()*+no,-./0123pqIprs6NI 

! !       

! 

dU = "q+ "W

! 

= "q+ (#PdV + µidni
i

$ )! ! ! ! ! ! ! !  (4-1) 

! ! ! ! !

! 

dS " #q /T! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   (4-2) 

7Q/[

! 

dUN#3tuvwxyz*+I

! 

dSNv{|}~z*+,

! 

"qN#S��

bV0I

! 

"W N!"#S89��aV�?@;YDI\\;NI

! 

"W = (#PdV + µ
i
dn

i

i

$ )7QZcR/[pq�NI#3<=*+,hi?@;IW

X#3de7fU;Y/[!"#;NIJK��,hi?@FGH�lQ�Q

R3;I 

! 

µ
i
dn

i

i

" Sg�/[\kN012pqs63��;NQ]Ipqs6S

�i7\�3?@

! 

"W3��F�<&,�RVAB;Y/[JK i3�x�3�

g

! 

(dn
i
),hZc#Sa/?@3��S

! 

µ
i
dn

i

i

" ;Y/[

! 

µ
i
N+2��{��x  

(chemical potential)7�lkI���x����x�3JK iS#,g�/ ,

#,Q¡k/?@F¢£bI¤3¥¦§;¨H�k/[ 

! ! ! !

! 

µ
i
"
#U

#n
i

$ 

% 
& 

' 

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

! 

n
i
F�x�;GHklI+2��{��xN���x�YVD3©7./��I

\k,�x�*+FªBV

! 

µ
i
dn

i
SItuvwxyz*+ dU,«¨./[¬§ i

S®YklI_k�,¯Rc3�Stuvwxyz,«¨./[

! 

n
i
F�x�;

NQ]I°±�_k²<;GHklI+2��{��xN°±�³´VD3©

;GH/[ 

! 0123pqIprs6(4-1), (4-2)��

! 

"qFµ¶./\7;I·¸F¹e./
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!"! !  

      ! !  

! 

dU " TdS # PdV + µ
i
dn

i

i

$                         (4-4)  

!#$%&'()*+,-.*/012"3456789:;<=>?@.A

B$CD"EFG7&'()*+,-HI" 

! ! ! ! ! !

! 

dU = TdS " PdV + µ
i
dn

i

i

#                        (4-5)  
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J;KHR$k!>pq0$%Z[H7rst>uvXe" 

       

! 

U =U(S,V ,n
1
,n

2
,....,n

N
)    ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (4-6) 
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=
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=
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! 

"q
(rev.)*(]oW|}

! 

CP[=
"q(rev.)

dT
= (
#H

#T
)P ]!"\(
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= C
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J�#$��o/_J!?@A/�n CPde�On7/�mJR:�#TJ2
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= C
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= C
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= C
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! |}!0'~q/��������8�*L;'����(\�����Q

RS8L;2�$5+n0���8�T#��!"#$LmL's��(��

Q�p���(���(Dtu��P0'����8��T# \P!"¡' 
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! ! ! ! ! !

! 

(T,V ,n
i
)!"! ! #! !

! 

dF " 0! ! ! ! ! ! ! ! ! ! ! (5-10) 
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! 

dF " 0 

! ! ! ! !

! 

(T,P,n
i
)!"! ! #! !
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