2017/5/1

Jooogduood

gooo

20090 9000020110 9000020120 3000

http://www7b.biglobe.ne.jp/ ~ fortran/



goooobooobooobooboobooboooo 1nIbogob oo
gbobobuooouoooooobobobobobobobaoboooo
gbobopoooooooboboboboboboobobobobooo
gboboboooooboboobobobobooooboobobo
gbobobuoooobgobbooboboboboboboooooan
gbobobobobooooooboboboboboboooooooon
gobooboboboboobooobuooboobboon

gbboobooboooboboobbooboobboobbooon
gboboboooooobobobobbobuoboooooooobo
gogobooboboooobobboobooobboobbbooooon
gboboboboboboboboooobobobobobbobg
omodobooboboooooooboo pDFOOO0OODODOODODODOO

00 http://wwwT7b.biglobe.ne.jp/ ~ fortran/



gbboobooobooaood

gobooobooboboooooobboobooboboboooboogn
gboboboooooobobobooboooobobobobobog
gbobouooooobobobobobobuoboooooboban
00000000000 Shrodinger 0000000 OO0OOODOOOO
gboooooobooobooooooobobboooooboobobobo
ooooooobooboboboob0obDOFemiDObO0OO0OO0OoOoOOO
goobgbooobooboobobooobooboobooon

O 00oooooo
1000000000
20000000000 Maxwell 00O 0O
3 000oooooooood

4 O Boltzmann 0O 0O 0O

5 00000000000

6 000000000

7T O0000000DO0O0OO0

§ 00D00O0OD

9 0O Schrodinger 0 O O

10 00000000000 Oooag
11 000000 Fermi-Dirac

12 00O 00O 0O U Bose-Einstein
13000000000

14 000000000

gbobobooobooobooboobobbobobooboobooboo
ooooo MRIDOODODOOODOOOODODOOO NMROOOODOD
gbbobbooooboobooobuoooooboobooboan



1 0000god

1.1
1.2
1.3
14
1.5
1.6
1.7
1.8
1.9

I
OO0 .. e
I
OO0 ..o
I
I
I
I
ooooooooooooooono * oo

2 Joboboobooobooo

2.1
2.2
2.3
24
2.5
2.6

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4

I
OO0O0O ..o e
I
I
I
I

gooobooood

I
I
I
I 0
I 0 0
gooobooobooobooonDoog ©o e oo
I

ugboogogn

DO000000000 ...t
0000 ..o e e e
OO0000O0 ... e e e e e
O0000000Omean free pathd . . . .. ... ... ...

13
16

17
17
18
18
22
23
26



i

10

oo
45 OO00D000000 ..o 48
4.6 DUODOODO-O0DO0ODOOO0O ..o, 49
ugboogogn 51
5.1 O0O0OO0OO0O0O0O0 ... .o .. 51
5.2 OOOOOO0O ... oo 52
5.3 UDOOOO0OO0OO0O0 ... oo 54
5.4 DOOOOOOO ... o e 58
5.0 UDOOODOOODOO ... oo 62
56 T-POO ™. .. o 64
5.7 OOODDOOODO ™ ..o e 64
uboogbooboboboboan 66
6.1 OOOO0O ... o o o o e 66
6.2 O0O0O0ODO0ODO0O ... oo . 68
6.3 OODO ... 69
6.4 ODOOODOOOOO ..o, 73
gboogbooooooo 76
71 00000 .o 76
72 000000 ... o 78
73 UD0OO0O0O00DO0ODO0O ..o 78
74 ODO0O0OODOODOOOODOOOoOOog oL 82
gboooogooog 84
81 OUODO ... o 84
82 UOUOOOODOO ... .o oo o o 86
83 UUOOODOOO ... oo s 87
84 DOUODO ..o 88
8.5 OUODOOODOO ... oo o oo 90
8.6 OUODOOOD ... .o o o oo 92
gbobobooooon 94
9.1 00000000000 ... oo oo 94
9.2 0000000000 ... o o oo . 96
93 OU0bOoobOooboobooooon oo 99
94 000000000 *. .. . e 100
good 105
10,1 ODOO0OO000 ... o oo 105
102 ODO0O00000 .. ..o oo oo 107
103 DOO00O00 ... o oo 110
104 000O00ODO0O0O0OO0O0O .« ... 0 oo 110
0 I I I 112



106 ODOODO ... 0000 113
107 O0O00O0O0O0 ..o 114
108 OO0 ..o oo 116
109 OD0O0ODO0O0O .00 oo 118
11 000004040o 120
111 00000000 .. o000 oo oo 120
112 O0000 ..o o s 122
113 0000000 ... oo 124
11.4 0000 ..o o s 125
115 MRIDODO . ..o oo s 126
120000 128
121 0000000000 DOOoboO oo oo oo oo 128
122 000000000000 .« ..o 130
123 000000 % ..o e 132
124 0D0O0-0000000000 % .~ o000 oo 133
125 000000000000 * ..o 0o oo 136
A 02000000000D000O0ODO 140
B 0300000000000 143
Bl ODOOODOOO ..o e 143
B2 0DO0O0D00-0000000 ... 145
C D40000MaxwellDODO OO 147
C.l1 OO0D0O0OO00 ... e 147
C2 DO0D0ODOOODOOOOO0O0 ... oo 150
D ODed0O0ODOD0ODOO 151
E 0900000000 0O00DO0O0OO 153
F 090000000DO0O0O0O0OO 155
G O090b00oOdBelODOODO 158
G1 OO0D00 ... 158
G.2 EPROOOOOCOO BelODODO .. 00 oo 159
H OioOOooOOooOobooooooo 165
I 01nnogooogoooboooog 168
J 0120000000000 170
NN 174
oooooogOcbbsO0OOOO0O0DOO 182

ggoobobbooooooobboooooobooboog 185


tomita
タイプライターテキスト
（追加付録）１．Gibbs補正因子の古典的導出                                                                                182
　　　　　　２．新国際単位系（本文では未修整）                                                                     185

tomita
タイプライターテキスト

tomita
タイプライターテキスト

tomita
タイプライターテキスト

tomita
タイプライターテキスト

tomita
タイプライターテキスト

tomita
タイプライターテキスト


1

guootd

goooobooobbooooooboooboobooboobooooDoog
ooooooOoooboooooooooobooooboooooobooooooooon
gbooooooboobooooobooboobooboooooobooboobooboooooon
goboboobOoboooobOoobooooboooooboobooooobOoobon

1.1 O0Ooogoggd

ubboooboooouooooooobboobboobooboood
ugbbmobobooooboooobbooboooobboooobobd
gbbobobooobbobobobboobbooobooboooboobo
gboboboboooooboobobooooobobobobobobg
gbooobooobooboooobood
gboboboobobobobobooooobobobobobon
goboboobbooobbooobooobboooobbbooon
gbobouoooobobooooobobobobooooobobo
gboboobooobobbobooobooboonoo
gboboooboooooboobobooboooboooboboooon
gboboboooooobooboboboboboooboobonog
gbobooobobobobuoooobobouboboobobon
ggbobodobbuogboboogbbuoobobbuoooobbobooonn
gbbobbooboobooouooboobuooboobooaobbaan
gboboboooooobobobobooboboboboboobog
gboobooboooboooooobooboooon

1.2 0O0O0O0OO0

gbobooboboboooobobooboboboooooaobn
gboboboooooobobobooboooobobobobobg


tomita
タイプライターテキスト


2 1 0boogod

gbobopoooobobuoooboooooboboboboboobog
gboboooboobobobobobobooooooobobbobg
goboboobbooobobboooobbbooooobbboooon
gbobobuoooobobobooboobuobbooboblatmbdng
1013hPa0 0000000 DOCOOOOO0OOO0OOODODOOOOOOO
oboboboobobobobdobobobobilcouobobobobobo
ggbobogoi1obobooobboobobooobbuoobboooan
gboooobooboobooobooon

obobobooooobobobobob-=-273.15 000000000
gboboboobobobobobbobobob oobobOobOobo
gboboooooboboboooobobobooobooboboo Koo
00000000000O0O0oOozO0b

oooo T=x+273.15 [K] (1.1)

goobobooboobobboboobooboobooboobon
obooocobooogbo dookooooooooo

googbooboobooboobobooboboob o boobooo
gboboboooooboboboboboooobobobobobg
gboobobobobobboobooboboobboobobiloonogd
gbobboboboboooobooboboboboboboobobg
gboboooobobooooboobobobobouoooboobobg
gbobobooooobobobobobooobobooboooboon
goboboobbooobobboooobboboobooobboon
gobooobbooobobbooobooboobobooobbooon
gboooooobooobobobobobobobobooooobonog
goboooooboboboobooooobobobobooobon
gbbobobooboobbobooobooboobogn

1.3 0o0ooood

gboboooboooobboooooobbboooobobobooon
gbogisgbob vyoboobobobobooboboboooboobo
gbooboooboooboan

gobooobooobooobbooobbooooboboboooon
ggbobobomuobobooooobobobobobonooooan
ggboboobbooobbobboooooobobbooobboan
gbobooboob20100b000buaooobooboobonobo

0000000000 —p.380 0000000 273.16K 000000000



1.3 00ooOoooo 3

gboboboboboooooobobobobobobooooooon
b ooboooboboobbooobooobboonoo
gbobobooooooobobooboboooooboobobobo
gbobobuoooobooboboboobobobooboooooan
gbobouboooooobobouoboboooobobobobg
gbooobooobooao

gbobobobboooooobobobobobobobobob
gooboobobooobbobooooobboooooobobooobog
gboobooonoooooboboboboboobobobonoon
gbbobubobobobobuobuoooobobuobooooobg
gbobobouobbobuaooooobounoogboboboobobd
ooooobooooooboboobo0oo0oboDOmolOOOOODOOO
000000000000000 2CO000 1200 12¢g0000000
2000000 1mol000000001lmol 000000000000

N ~ 6.02 x 10 mol ! (1.2)

ooboodboUO1molOO0ODOOO0ODOODODDOlIatmOOd O 224000
000 1bar(=100kPa) 0000000 227L 00000000

ubogbooboobooobbodob-ooboobobooobobon
gbbobuoboobooboboooooboboboboboboobobg
00~ 10""mO000000 10000000000000000O000
gobob soomddpobDOooOobobooobooobbobobooobog
goboboobobodog somODOOo0onDOoOooooboooDoo
loooobobbobobuoooboboobbooobboooboooon
gbobobuoboooooboobobouoboooobobaobono
gbobobuoooooboobobooboboboboboooooan
good

gbobooobooooobobboboboobboobboooon
gbobobobobobobbooboobobobobboobooobobbg
gbooboobooobooao oo mbObooboooooaoboobogonod
ggboboobbooobbobooobooobbooboaoboobooo
uboboboboooobobouoboooooboboboboobobg
gooboboobobobon

gbobobobobooooboobobobobobooobobon
gboobuoobobobuoooobobobobooooboobobo
gbobobuooooboobobobobobuobobooooooan
gbobobuoooobogboboboobooooobobboboaoo
goobobooboobooboobobobooboobooobon



goo 230100

4 1 0boogod

1.4 0O0OOO

gbobobobobooboboooooobobobobobon
gogbobooooboooboboooobbboooobbbuooon
gbobobobobooooboobobuonoooboboboobobg
0000000200000000000000000000000000
gbbobooboobooobooboobobbobooboooboon
gboboboboboobobuobooobooboboboboooooo
gboboooboboboboboboboobobobbobobg
gboboboooooobobooboboboboboooooon
gooobooobooon

ubo-ggobooobooboboboobooobboobooboon
goooooooooobobboboboboboooooobonbo
gboboboooobobobobobooobuobobobobonbog
gboboboooooobobobobboboboboooooon
gbobobooobobobonooobooboooooobooon
000000000000000000000001lm?20000000
OU1NODODOODOOoooboboboooobD1pa0DbO0O0OO0OODOO

ubobobobobbobobooooobobobobooooooan
goooboobooboobobooboobobooob POODVDODOD
goobobooboobooboooboobooboooboobon

PV =000000000000 (1.3)

gboobobobobooooboouobuoboooobobaobonbo
gbobobuoboobobobobobobooooooobooboonog
oood

;:DDDDDDDDDDDD (1.4)

00000(1.3) 0000000000 rTooooooooooDoUoo
googbooboobo-obboobo

PV

5 =
gbobobboooooogbobobobobuoboboooobobg
gbboboboboooboboobobuonooobobooboobobg
o0D0o0D0Oo0 1moelOO0ODOODOOODO ROODODOODOODO
gooooo

0o (1.5)

0000 R=8.31J/mol-K (1.6)

0p0000000000000000000000000000000000 18¢
O18em®0 00000000000 224L00000000000000000000
ooboooobilocoo0b10b0b00oboooboboooooboooboboooboooooboOoon
oowoogooooooooooobobooooboooD



tomita
タイプライターテキスト
雑書庫 [230] 参照

tomita
タイプライターテキスト


1.5, 00ooOoooooo )

00000000O0rmil0000000000O0O0-00000000
PV =nRT (1.7)

goboooooobo

ol1goooooooooboobboooooo Joboooooooooo
Ubo0moo xoboooboobooboooobobobobobooboboobo
good

gboboobobobooooboboooobobobobobon
gbboobooboobboboo-ogbooboooboooooob
ggbobobobobooooboobobobobobobobobg
goobo@moboooboobooboobooboobobbooboo
gbobbobobobooooooobouobooooooboobobobo
gbobobopooooooboobbobobobuobobobobobo
gbobobooooooboboboooobobobobobobg
boobuobooooogbobobooboobobooobobg
gbobooobobobobobobobooooboboobobg
gbbooobogbboboboboobuooboooboobboan

4 00 POODO

oooo

1.5 0OJO0O0O0OO0O0oon

gbobooboboboooobobobobobobbobobon
gbobobobobooooooooboboboboooooboooban
gboboboooobooboobuoboooooooboboboooon
gbobopoooooboobobooooobobobooobobo
gbobopoooobobobooboooobobbobobobobg
gbobobopoooooboobbboboboooobobobobo
gbboobbooboobobobboobobooobooobooboboon
gbogboooboobbobobuobuoooobobobobobobg
gbobobuoooobobobobooboboboooobobaono
gbbobubobobobobobobooooboboboboon
googoboooboobooboonoboobooobooonoon



6 1 000oobd

goooboobooooboobooboTrooo POOOOUODODO
gbobobooboboooooboboboboboobooboboon
gbooooooobboobouooobuobobooo voooorooo
pPOOOOOOOOV(T,P)OOOOOUDODOOOODOOODOOOODOO
gbobobooboobodog

O000oo0o0ooo0o0oo0o0oo-0o0ooO00O (1L.yyooooooo
gboboobobobobuonooooobobobobobobooo
gbobopoobboboooobobobobobobobobboobon

gooooo
2

<P4—%%>(V—wm):nRT (1.8)
00 «0b00000000000000000000000000000
D00000000000000000000000000000000
D0000D0000DD0000000000000N0N0VO000O
DDD0D000000D00000000000 600000000000
DDD0DDD00000MOD «0000000000000000
D00000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
DOO000000000000000000000000

P/Pc RTe = 8a/27b
ol Po = /270
VC = 3nb
000000
18 T/Te = 1.15, 1.00, 0.8
' ———— V/%

ubobooboboooooooood

1.6 OOOOOO

00000 00000000 Ax0D000000C0O0DOOCODOOO
oboooboobdbb0o dzO0O0D0DOO0ODOO0OODOODOOOO
yO0z0000y=f(x)DOOODODOODODOOOODOODOOOOOO
gbooobooaood

f@y:mnﬂx+m_f@)04ﬁ) (1.9)

h—0 h - dx



1.6. ODOOODOO 7

goog

dy ’
W _ o) (1.10)

0000000000000 D00OD000 z,y0000000 y=f(x)0O
gboooboooobobouobbobobdzUdyoogooobobog
ooobobobtbdy dzO0ODODODODOOOODODODODOOD
oooooDoOoooooooos

dy = f'(x) dz (1.11)
0o0ooooo0boo0boboooboooboooboooobooo
Ay~ f'(z) Az (~ 000000 (1.12)

0000000000000Az000000000000000 dz00O

000000000000000000000000000000000
0000000000000000(fg) =fg+fd00000000

000000000000000000000

d(fg) = gdf + fdg (1.13)

ooooodo0od dz00O0O0DOODOOOODOOOOODOOODOO
gooobooobobobobobobobbobobonbonbon
goobgobooobooooboobooboobbooobo

goboogoboboboboboboobboobooobooooboonoo

2 = f(a,y) (1.14)

ubobdobyboboboon z00000000002:000040
gboobo 00boobbobbboobooboodgboooaan

R Bt - =

0000000000000 DO00000D00000D0000000000000
oobooooooboobobOOo0ooboboobobo0oobooboboooboobooobooo

m%:—’yv (yOOoDoOooooo)
0000000000000000+0¢0000000000000(

dv_ 7 g
v m

0000000000 0oUo0ooUUooUDw(0)=vwOOooooUoooooUoo
logv:fltJrconst. v(t) =wo e
m )

0000000000000 In0O loge OOOOOOO logOdO0Oooono



8 1 0boogod

000Dz0000000000000y00000000000000
df/0x00f/oy 000 2,y0000000000f/0z0 2000 yOO
D000 O000000000000000000000000000

o [Of 0 8f)

() = 2 (ZL 1.1

ox (8y) oy (83: (1.16)
godddzOyooooooddooddoooo o o

oooooo
0% f
0xdy

(1.17)

gooo
;00000000000000O000(1.11)0D00000O00 dz0
d20dy0000000OO0DOOOOOO

dz = Adz + Bdy (1.18)

bbb dy=00000000000DyODODOOODOOODOODO
O00000d:0dz 000 ADOOOOOOODDODOOOOOODO (1.15)
OyO00oboOobDobooboboobddy=00000000 202000000
dz0 dz000D00ODO0OOOODOO

of
A:— 1.1
ox (1.19)
DDDDBDDDDDDDDDDDDD(1.18)|:|
af of
_—h °r 1.2
dz 8xdx+6ydy (1.20)

goboooooobo

0000000000000000000000000000000
T,P,V,U,F,G.H,S,N,;..000000000000000000 20
0DO000000000 fO000000O0D0O0DOO0OO0OO00O00000
000000000000 000000000000020 z,y0000
000O00z2(z,y)000000020y000000000000

(), (), a2y

gboobouoooboobobobobobobobooboooooboobooon
oobobooooboboboboobooobobm-z000 20 yOD
0z2(xy) 0000000000000 C0DOOOCOOOOOOOODOOO

gboboboobooboboboooobobobobobuoboood
gbobobobooooobobobobobobobooboobobg
gboboboooooobobobobobobobobbobobg



L7, OO0OOOOO 9

gbobopooooooobobobobobobbooboboobooo
gboboboboboboboboboboooobobobobobo
goobombooobooboobooboobooboobobooon
gbobobuooooboobobobooboboboboooooan
gbboobooboobooobooboooboobooobobon

1 /0V
noon = V<6_T>P (1.22)
1 /0V
=—=|== 1.2
ooDoo k V(&PL~ (1.23)

ggboboooobobooobboooobbobooooboobooboo
gbboboobooboooboobuobobbobooboobooo
oooooboog pOOODLODODOObDODTODOOODOODLO
ovoobooobobooobobooobobobobbooooooo
goobomogod

000000000 *000 VO (7T,P)00000000O00000
0ooooo (1.200000

oV oV
dV-—<5f)deﬁ%<55>TdP (1.24)

gooboobooboobooboobouoobooboo

dVv

Ooo0oO00Ooooon
0200000000000 (8P/6T)y 0 B/xk0000000000004
03000000000000000000000

1.7 OOO0ODODOOO

ugbbooobooooboboooooobobboooobobooan
gbobooooboboobobobobooooobobobooobobg
gbbooboobooboooboobobooboobo=000000
gbobooboobuooboobobboboobooboobbood

{000000D000D00D0000D00D0O0DOOO0DOOn

~ [ Oy ox ... [ Ox dy 0z
o (&) /(&) w(E)(@).(5),-

gbobobooooooooboboboboboboboooobon



10 1 0boogod

gboboobooboboboboboooobobobobobon
gbobobooooboobobbobuonoooboboboobobg
ubobobuoboooooboboboooobobobobobobg
gbooooboboboboboooooobobobobobobg
goobooobbooobboooobbbbooooobbbooon
goobopoobobobobobooooboobobobobobon
gbobobobooooooobobobobobooooboobobobo
gbobooboogbodgbouogbooboobooboobboan

bouobobodabobobobobobobobobobobobd
gbogbobuobooooogbobobouoboooobobobobo
gbobobooooboboboooobovouboooooboooooon
gbobobooooooobobobobbobuooobobobobo
gbooboboboboboboooooooobobobobobg
gboboboooooobobboboboboboboooooon
gbobobuoboobobooooboboboboobobobobg
gbooboooboooobooobon

ugbboooboboooooobboobuooboboboooobbad
ggboboobobobobooobooobbboooboboboooob
gbbobbooboobooobuodobuodud xgbuoooobooobo
gbobboooobobobobobuoboooobobobobobog
AUDDOOOWODOOODODOOODoOOoooOooooogooooo

0 Q=AU-W (1.26)
000000000000000
AU =W +Q (1.27)

gbobopoobobobobobooobooobobobobonbog
gbobopoooooooboboboboboboooooooooon
gbooobooobooo

gboboobooboobooobooboobobooboob b

gbooboobuoouoobooobooboobobbobboan
O00o0ooooooooo@2no

dU = dW +dQ (1.28)



L7, OO0OOOOO 11

gobobooboooboobobobooooodvoooooobouoo v
000oooooooooodaw 0 dO00D00000mMmDoO0o0goog
000o0DoDo0owioooOooooD@Oo UOoooooooooooo
ooboobooooooocoow,QbUObO0O0boOobOooDoOoDo
000000000000000d000000°1 000000000
ggboboobbooobboboooooobobbooobboab
gbogboobooboobobobobobobobooboobooobd
gbobobobobobobobobooboobobooooooon
gboobooobooogooboobooboobooboboooboboon
gbobobopooooobobbobobbooooboobobobo
gbboobooboooobbobbobboobooboobooon
gbbooboobooobooooboobooboaon

gbobooboboboooobobobobobobooooobon
ubobobuobooooobobobobboboboboboobobg
gbobobuoooobooboboboobobobooooooboan
gbbdbobobobobobuobuoooobobobobobobg
00000D00O00o0oooooto

O000000dQ=0000000(1.28) 0

AU = dW (1.29)

gbooooboobobobobobobooooobobobooboan
gbbobboobobobobboobooboboobobooboo

ooobooOoOoOobooOo0oobooboogodv=000boooboogono
0000 JdWwW=0000000000 (1.28) 0

AU = dQ (1.30)

gogobboooboooboooobobobobooooobobooooon
god

gboboboboboooooboboboooooobobbobon
gbobobooobobobobobobooooooobobobg
gbobobopooooooboboboboboboboobobobg
gbobooboobuoobooboboboboobooboobobo

0000000000000 000000000000000000000000
z,y0000000000002de+ydy D yde+2dy 00000000 (2®+y*)/20
ry000000000000D000D ydz—2dy 0000000000000 O0O0
00000000000000000000000000000D00000000000

‘000000000000 00000D00000000000000000000
0000000000000 000000000000000000oo0ooooooo
0000000000000000000000000000000000000000



KD AST-EEAER 2R

12 1 0boogod

ggboobobooobobobobobobobobobobbooon
goobobooboobdoooogoobooboobooobooon
gboboboooooboogbobuoboooooooboboboboon
gbobbuoooobobobobobobobobobobobobg
gboobuobooooobdoboboboboboboboboboon
OO0o00bO00b0O0O0l clD00OO0OODOOOODOOODOO
Joooboooobobooooooobobooooboboooooo

0ooooo 1cals = 4.1855 )]

oooooooobobob 1s0bb00b0b 1g000 145000
150000000000 000000b0bOO0000ObOOO0bO0Og
gboooooooooboobobooboboooo Joooobooooboob
0000000 cald kealDOOOODOOODOOOODOOO

040000000000000100000000000O000O000DOO
O 1500kcal OO ODOOOOO6G0kgDO0O00O0O0DOOOOO00O00 mO
gboooooboboooooboooooboboo moboooooboooon

goooboobobobob FOODODODODUOODUOODDOODO
000000 pPADADODODOOOOOOOODODOOOODDOODOOO
gbobopoooobooboboboboboboooobooooon
gobobooooobo

dW = Fdx = PAdx = —PdV (1.31)

ogboooooooboobuoogo avyogbobooobobuoboonog
goopPOVIOIDOOODOOODOODOOOODOODOODOODOO
oo0ob0O0O0de>00000000000DC0OODOODOOOO

ooo A «— F = PA

<

dx

obooooooboobobobobobgoooboonbD pOOOODOOO
ooobooowvwobo Vwobououobouoooooobuooooooboo
oo pYyobobobobooboboooboboboobobooboo
goobooboobboobobobobooobooboboobooon
gooobooboooboon

Vo
PdV (1.32)
\%1

ooviooVvwoooooooooobo ogoooobooog ogooo




1.8 00OOoOooo 13

gbobobobobooooobobobobooboboboobon
gbobobooooooboboboboboboooooooooon
gooooooobobobobonooooobooobobobobo
gboobooboobooboobobobobbobo™mobooong
pvoooOoomooooooobooobooobooooooobooo
gbobooboobobobboobooboooboobooooan

00000000000000000000000000000000
0000000000000 MO00000000000000000
000MO000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000700
0000000-0000000000000 POOOOOOOOOOV
00000000 1

P =nRT x (1.33)

obooooooboobooobooboboooobobooooooo vio
oVvwiooooooboooooobobobobpPOODODODOO

V2 qV %)
|W| =nRT — =nRT(logV, —logVy) = nRTlog —  (1.34)
%1 Vv Vi

goog

oboooooOo*obobbdJouelD0DOOD0OO0OOODODOODO
goboooooooooooobooooooboooooooboooooog
gboooobobooooobooboobobooboooooooobooooogon
oob0oobooooooboooboobooooobooobboobooOoooonoo
gbooooobooboooooboobobooooobooboooooonoa

1.8 O0O0Ooond

gboobooooboobOo 1Koooboooooobobooooo
lmolOOOO0ODOOOOO0ODOOOODOOODODOOODOOODOOO
goboboobooboboobuooboobooboobooooo

gbobobgoboboooooboobobobobbobobobon
ooobooobobuoboooboooobuobobooo rTobovoooo

"000000000D00000D00D00000D00000oo0oooog
goooobooooboooboobooobobooboooobobooboobooboog
gooobooboboobooooboobooobobooboooobobobooboobog
ooooobooooooooooooOooOoOoOooboOoboOoOoOoooooooObooOoooono
goooboobooboobooooboobooobooboobooooboooboboooobog
gooobooboboooobooboobooboboboooboobooboobobooooboo
obobooooobooooooobOoboooboooooobOOobOoOoboobOOoboOooon

gbobobooooobooboobobobobobooboobobobooboboog




14 1 000oobd

U(T,V)DDDDDDDDDDDDDDDDDDD|:|8
d dU oU
@ :(_J (1.35)
dv=0 oT )y

Cy =0 — =0 —
v dT | qv—o a7
00000000000000000000000000000000
0000000000000 D0D000000P=0000000

dW = —PdV = —d(PV) (1.36)
0000000000000000000
dQ = AU — dW = dU + d(PV) = d(U + PV) (1.37)
000000000000000000000000000000
H=U+PV (1.38)
0000000
dH = dU + PAV + VdP = dQ + VdP (1.39)
00000000000000000 (1.30)00000
dQ = dH (1.40)
00000000000000000000
Cr=t @ dP=0 - i_? dP=0 - (g—;])P (1.41)

dT
oboooooooboboooo FOo0ooobooboooogoob
gboboboooooooboboboboboboooboobbobg
gbobobooooogobobobobobooooobobobobo
goooobooo

ooobooooboboooooooboooooo roooooobobo
gbboobooboogobooboobbooonbood

3nRT
v="2 (1.42)
2
0000D000000000000000
3R
Oy = 2 (1.43)

2
O00Mo00o0oo0oooo(.38)00o0-0ooooog PV =nRT
goobooo

T T
3nR S WRT — 5n§

0000000000000 D000000000000000000000000

H=U+PV = (1.44)




1.8 00OOoOooo 15

googno

Cp=Cy+R= ? (1.45)

ooobocp=Cy+ROOODOOOODOOODOOOODOOOOODO
gboooood

0000000000000 00d=000000000 (142)00

AU =dW — # dT = —PdV (1.46)

000 POOOO-000000O0 P=nRT/VOOOOO

3nR dv
—— dT'= —nRT— 1.47
5 nRT (1.47)
gooon 4T Qv
2
- - _Z= 1.48
T 3V ( )
Joooboooboooooboboboooooooobooooo
2
logT:—glogV—i—constant ooo Tv?3 =oo (1.49)

000ooo0o0o0ooO0o0-00bo0o000 T=PV/RROOODOOODO
ooooooog pOovVvaonog

PV®3 =00 (1.50)

000000000 5/300000 CpO CyOODOOOOO

Cp 5
—Z£_2 1.51
1=6, 73 (1.51)
D000000000O00000000 y000000000onooon
000000 U=CyTOO00000

Cp=Cy+R >Cy (1.52)
000000~y >1000000y00000000DOO0O0DODOO
PV =00 (1.53)

obooboooobo pVvoooooobobooobbooboooobo
gogobobooboboooboboooooboobbuoobbooon
gbobouooooobobobooobobobooooooboobonbo
gboooboobooooboobuoobooboobobobooboboon

VO POOD (1.53)000000000O0OO0ODOOOOOOOODOOO
00000 «k(=1/P)090000000OO0OOOOOOOODOOO

1 dV 1 1

=—= — = — == 1.54
TV dPlige P 7" .



16 1 0boogod

ad 0 adiabaticD 000000000000y >100000000
Kad < K (1.55)

gooooogoooobopvVvoouobobbooobobobobooooo
goobodboooboooooooobooboobwgopPVvouooog
o000 |dp/dV|DO0O000000O00O0OOOO0OOOOO0MOOO
gbobobobobobooooooobobobobobobobobg
000000000000000oooooooon?

1.9 0OO0b0Oooobooooooooog s

gboboooboooobobbobbooobooobboooon
gobooboobodgoboobobobooobooooo

ubobooobbooooobobobooooooboobooobooo
gbobooboopoooooboboboboooobobobDoooooon
gboboboooooobobobooooooobobobooon
goboobooobooboobooboobooobooboobooo
goboboobbooooobboobbboooobobboooon
goobubooobogbdobobobuobuboogbobobobobg
gbboboboboobooboobooboooboooobad

00000000000 1pm (=107°m) 000000000000000O
000000000000 107°mO0000000 10°mO000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000 00000000

0000000000000 000D0000000000000000000
000000000000000000000000000000000000
0000000000000 00D000000000000D000000000
00000000000000000000000000000000000

00001300000000000000000000000000000000
gooobooboboooobooooboooboobooobooboobobobooboboo
oooooobooobooooooooooooooobooOoboOoooooboobcOooooDooonoo
gboboobooboboobooobooboobobobooboobooboooobobo



2

Jooodbooodoodon

gobooboobooboobobooboobooboobooboon
gbogbobooooooooboobobobobobobobobooooo
gbobgoboooboooobobboobobobobobooooobobon
OO000o00oooo0oobOo0oOooD co,bogooboooobobooooon
obooOobOoooobobOooooobooboboooboobooooobono
ooobOoobOoooboooooooooobooobboooooooooobogoon
gbobooboooooobobobobobooooooobooboboobon
gbobobooooooboobobobobobobooboboobooooo
gboboobooooobgboboboboboobooboobooboobon
googooooboogn

21 0O0OOOooo

gboboobobobooooboboboobobobobobon
ggobooboboooobobooooobbboooboooboboo
awioooooboooooooopPOVODOUDDODUOODDOODOO

dW = —PdV

O00000oooDdeOOoooooooooooooooogooooon
0000o0oooooDoooO0oO0ODO oOOoOODOODODOOOOO0OOoO0go
gbobobooobobobobbobuoboobobobobobg
gbooboboboboooobooboboboboboboobobg
ooboooooooboooboobooOooboOobooDbooon sooa
ooooooooooob dQOOoOoooooobobooTro soooo

dQ = TdS

oobobooooobooboobobooboooboboTr=000000
000000000 0de=0000S=0000000000000

17



Uit
W

L]

18 2 0000000000000O0

22 0O00O0OO

gboboooboooobboboooobbboooooobooooboobog
gooboboooboobooobobooboobooboobooobo
gogboboobboooboboboooobbbooooobbbooab
gbobooooboobobobuoobobobobobobobobobon
gbobobuoooobooboboboobobooboboooooan
gbbodbooboobobboobuoobooboooobuoaoo
gbobobpooooobooboboboboboboooooooooon
gboobobpoooobobobobbobobobobooooooon
goobopoooboooboobooon

oo-0o0oboo0oboobOooogdw =—-PdVO0OOO POODO
00000000000 Avoooow =—-PAVOOODOODOOOO
00000000 0O0o0ol10000DO00ooooooooooO (W
0000 BCOOOODOOOOO DAOODODOODOOODOOO

W[ =PRVe—V)—-P(Vo—V1) = (P —P)(V2 - V1) (2.1)
ogooooopP-vOOOOOOOooooOoooooooooooooooo

gbobobobobooooobooboboobobobobobon
goobogbooobooboobooobbooobooboobbobo

Va Va
‘W‘ = / Pupper dV — / ]Dlower dV = % PdV (22)
1% 1% I

ggboboobobobobooobooobbbooooobobbooab
oooooboooboo ooy o0bOoobOoobbOOobbooobDO
goboooooroooooogoobbobbobooobooooobooo
gboboboooooooboboboboboboooooboooooon
gboobobooboooobooboobooboboboobobooon

P pztatts P simats

23 U0OOoooon

gboboboboboooooboboboobobobobobon
000000000000000000000000000000o0to

00000 190000000000000000000000



23. 0O000O0O0OO 19

gbooobobobobooooobobuobooobobobobon
goobobooobooboobooobooboooo
gboboboboboooooboooooobobobobobon
gbbooboobuooboobooboobbooooan
0001000 A-00BOOOOODOOOOOO TO
o0o02000 B-OOCOODODOOOOOO

oo03000C-00DO0O00OOO0OOUOOOOg TO
0004000 D00 AOODOOOODOO

000 0000 A-BOOOOOODOO0OOO0O0O0O0O0000O(1.35)00
00000 Q=000000 |Wy|=nRTlog(Vs/Va) (2.3)

000 0000 B-COO0O00OOCO0ODOCOOO0ODOOOOODOOOODO

nooooo |W2|:UB_UC:¥(T_T’) (2.4)

O00Tg =T, Tc=T'0000000000007V?/3 =000(1.50) 0

2/3 2/3 Vs \*"*
TVe?? =T'Ve??, 000 -2 = (= 25
3 G 2~ (7) (25)
00O ¢~DO0O0000000000000000000000

00000 |Q|=000000 Wi =nRTlog(Ve/Vo)  (2.6)

000 D-AO0O0OOO0OOCOOOODOOOODO

DDDDm]WpJAf%:ﬁ?@mezwm (2.7)
7\ 3/2
T%f“zﬂ@w,DDDEZ: N (2.8)
Vb T

(25)0(28)0000000OOO0OUOOO0OUDOOOOO

Vs V. VsV
:%:W%,DDDDDiE:v%
000000000000 00000000000000000000
000000000000 000000000000000000000
0000000000000000000000000000000000
00000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000|W,|]-Ws0000
000 (29)00000000000000000000000

Wi|-Ws T-T
M @00y = 1‘Q T (2.10)

goog



T

T

Q1
Q2

Qn

20 2 0000000000000O0

0000000000000000000 Q (=|W)0Q' (= —Ws)
0000000 (29)0000000000000000000000

Q _ Q]

= = 2.11

T T (2.11)
00000 <0000000000000000000000

Q

4+ == 2.12

T =Y (2.12)

00000000000000000000000000TO T'000
goooboooboooboobood

0000000 (2.11)0(212)0000000D0O0O0ODODOOOOOOO
gbobobooooboboboboboooooobobobobo
gbobopooooobobo=2s000Moboboboonoooon
gbobobpooooobobobobobobuoboooooboooon
O0000000O00O00oOo0o0oooooooooOoo(eI)oooo
gobgobooobobooobobboboouoobouooboobdm

uboboboboobobobobobboobobobobobobon
gboboboboboboooooboboboobobobobobg
gbboboobooboboobuooboooboobuooogadg.0on
oooooooD 7;o000ooooboo0 ;0boooooooooo
000000 (212)0000000000000O0OO0OO

Zﬁ%:o (2.13)

ooooobobooOoOooooooooDboOoOo0OoooD ;<ooogo
gbbooboboboboboobooboobobboooboooyg

oooboOoOoOoboOoOoOoooOoOoobobooooo coooooooDoo

aQ _

Aol (2.14)

gooorogoboogooogboooboboobooboobbooboobooo

ooobDOoOoooOOooo0oOo0duOobOOoooboboooooOoonDod

00000 ADBOODDDOO IDA - BOOOIIOB - AODOOOO
0000000000000 00000O0O0UoOoODOD (224900000

goooo
BdQ AdQ
4Q +/ _w —0 2.15
A,T‘I B T 11 (2.15)

oboooooooboobob Ionooooobooooboboooon
gboogooooboooo



23. 0O000O0O0OO 21

gboboboboboooooboooooobobobobobon
ubod—>0oOobobobobooooobobobbobooo o oo
U ooobooobooboobobobuoobbooobooboobg
gbboboobooboobuoobooobbooboobooboaan
gbobobuoouootb—0obobobobobuobooobobobo
gbobobooboooobo

A B
P22, e
B T 1 A T i1
00000000ooooO0oO (215)000000O0OOOOO0DOOO
BdQ BdQ
A I A 11

000000 AODODODO BOOODOOOOODODODOOOOODOODOOOO
goboboobboobobbooboobooboboobooo

gogoboboooboboooobboooobooobooobooooobogod
0073000000000000000000D00 F(r)ODOODOOOOOOO
gboboboooooouob n0oobod o 0000DOODOOOODOODOO

T2
W1_>2 = — F -dr

T
gdoodbodoooouoooon «0D00o0obO0o0OO0OOOobDOoOooa
go00ooo0oooooooooooooooooon

ubobobobobooboboboboboobobonooooan
gbobobooooboobooboobobobobbobbobboan
oo soooooooooooooon

B g
9 _ g, s (2.18)
A T
D00000000 S000000000000000000000
d@Q
% _as 2.19
£ .19

ooooooo?

000000000000 dw=—-pPdVvO0O000O000oooon

0000000000 20000000 7T0000000 SOO0OO
dQ = TdS (2.20)

gogbobooboboobooobooobbboooobbbuooon
gboboobooobooboobooboooboobo

211000000000000000000000000000dQUOO0DDOO
ooo00O0000000000o00O0DO00000000T0000O000000000O0
o0 soooooooooom

oooooooo



22 2 0000000000000O0

gbobobobobooooobobobobobobobobobon
0oooo0ooooTrooovo200000 S(r,v)yooooooo
00 S(T,v)oooooooooooooooooooooooooo

0000000000000 0 S(7,Vv)ooooooooooooo
gboboboooobaooooboobbuonoooboboboobobg
gbbooboobuooooobooboobbooboaboo

nRT aQ av
dQ=PdV =~ dV, 000 dS=—F =nR o+ (2.21)

oboo0Tr=000b0bobobooboboobooboboboooooo

Vo d
AS =nR v _ nR(log Vo —log V1) = nRlog Ve (2.22)
w V |1

gooobooboobobooobooboobobobobbooo

24 0O0O0OO0OOOOOO

gbobobobboboboboooooobobobobobon
000000000000 0000000 (213)000DODOOOOOO
gbboobooobooboogooboobobobooboo

> Qi <0 (2.23)
000000000 0000000

f“<0 (2.24)

gbobobooboboooodgb ebboboboobuooobono
O00dUDO0O0000 (externa) 000000000 OOOOOOOO
gbobobooobooboooboobooboobooboboboboo

0000000000000 0O0O00O00 AODBOOODODOODOOO
000000 Ioo0o0o0o0o0o0oooooooooO (21700

gooobooobooon
/BdQ BdQ

= Sp — Sa (2.25)
oooooIr

obobooooboboboooobob I0cooboboobo 1Ioo

gbobobuooooooboboobobobooboboooooan

000000000000000000000000 (2180000
ADBOOOOOOOOOOOO

%Qfgds (2.26)

e



25. 0000000 23

000000000000000000000000000000000
00dQ=0000000
ds >0 (2.27)

gbobbobobooooobobobuonoooboboboobobg
gbobobuooooooboboboobobboboboooooan
gbooooooo
gooobooobooboobooboobbooboobobo
gbooobooobobooboobooboobooboonbobo

gbobooboboboooobobobobobbobobobon
gbobobuooooboobdobobooboboboobobobobon
obobo0Tr=0000000000b00b000b0ob0ooboobon
0000000DOQ=00000000S=0000000000000

goooooooooooooooop-voOOooooooooo Soooo
TOODOD T7-SO000000000O000OOo0OooOO0O00oooOooOOoooooOoo
ooooooogd fCTdSDDDDDDD

25 Uogooon

gboboooooobobonmobooobooobobobobooooog
gbobobuooooooboboboobobobonoooooooan
gboooobobobobobobooboboboooobobobo
boobuoboooooobobobobobuobobobobobo
gbobobopoooooobobobbooobobobobobobg
000000D0000o00oo3d

gbobobobobooooboobobuonoooobobobon
gbobobuooooboooooboboboboboboooooan
gbobobobobobobobobooooooboboooooon
gboboboooooobobobobobooooobobooobog
gobooboood

ugbbooobooooooboooobbooooboboooon
gbobobuoboooboboboboboboooobobobobo
gbobbuoooobobobobobobobobooboobobobo
gboboboopooooboboboooboboboboooobonbg
gbooobooobooboooboobooboooobooboobood

ubodgbuoobouooboobuoobbooboobobod

000000000 00000D00000000000D000000000000
oooooboboocooobooooooboooOooobooboooOoOoboooooooo
gbooogo



oo T

Q
@—~|DWD|—»
Q/

Qo

Qo

oo 1’

Co=000000000000

24 2 0000000000000O0

gbooooobooboboo

gbooobooboobooboobboobooboobo
gooboboooboobooooboo

gboooboogoooog

gooobooboobobooboooboobooboobooon
gbobobobooooobobobobooboobobobobo
gboobobooboobobuooboboulb —bobobobobon
gogbobooboboobooobooobobboooobbbooan
gbboobooobuooboobboboobuoobooobooboaoo
gobooobbooobobooooobbobobooobbooon
gboboooobobobobobobonooobobobobobg
gbooboboobobooboboboboboobobooboooboon
goobboboooboobooboobooboboobooboon

gbogbooobooobobbobboobuooboobboooo
O000ooO0o0ooooO0oooooooooooood

ugbogboobooobooboobbobbooboonboo
gobobooobooboo

ugbbooobooobuooobboobobooobbboooon
gogboboooobbooobbobboooobbuooooboon
goooboobooboopooob™moboooboooboobooong
gbobobooboboboboooooobobobobobobg
gbobobobobboboboooooobobobobobobg
gbooboobuoobooobooboobobboboboobooo

oooooboooOOo *Oo0oo0ooboobooobooogooDoo o
0000000 (223)000000000O0O0COOODODOOODOOOO
gobobooobooobooboo

000000000oOo0o0oooOoU0oocoooooooooo (wioo
oooooooooooooooooooboboooooooon cGooooooo
000000000 T>7T'00000000000000000O000O00

gboboooooobobooogoo

Q+Q =|W|=Qo+Qq (2.28)
Jddd codoooooboooooad
Q Q _Q W-@_ 117 [W
?+F:?+ T = — T Q+ T (2.29)

0000000C, 00000000 0o0Uo0onoUonD (2.12) 00000

0:%+Q—6:@+M

T T T T (2.30)



25. 0000000 25

ogood
w| T-T1
= Qo (2.31)
DDD(Z.QQ)DDDDDDDDDDDDD
Q Q T-T
= (Q-Q) <0 (2.32)

O00000Q—-Q (=Q'—Qp0000000000000O0O00O0oo
00000000 To0000000 TO00O0OO0ODOODO0OODO0ODODODOODOOOO
0000 T>T'000000000000000000000000000O0
O0000000o0ooooooo000oooooDoo0e—@=00000
oo00ooooooopooooo0o0ogoooooo coopooooooooooo
0000000000000 (2.12) 0000000000 OoOOoUOoOOoO

gboboboboboooooboboboboboboboboon

000000000000000 (232)000000000000 Q<0 oo T

D00000000000000 O0000000 000000000
¢ g
Q _-Q Q] Q1 _ T ooo — (W
2 < ooo > 2.33
T — T T’ Q — T ( ) ,
oooon <l
w|l_Q-1Q1_T-T oo T
000 n=_—+' = < = 1o (2.34)
Q Q T
0000nO000000000000 (210)00000000000
0000000000
00000000000000000000000000000000
0000000000000000000000MO000000000 —
0MO0000000000000000000000000000000
00000Q<00000000000000000000 Q|
0o
r_ 0ooooo — W
@ _—e_ (2.35)
=T T IQ,
oooon ~
T 0o 71
W*ﬂkayz<ﬁ—&)Q>0 (2.36)

gbobboooobobobobooooboobobobobobon
gboboboooooooboboboboooooobooboboooon
gbobobpooooooboboboboooooobobboboon
gboboboboboboboboboboooooooboobobg
gbboobobobobooboobboooobod
ogooboooooooobooobboooboooo Quoubooooo
000000000000 WwWooooooooooooooooo @
gbobopoooobobooooooboboboboboboooon



26 2 0000000000000O0

gbobopoooooooboobuoboooooobooboboboon
goobobooobooboboobobobooboobooboooo

gbooooooooobooobooooooobooboooooboobooooboog
ooboO0ooooooboooooboobooobboooooooboooooag
obobooooboooobobooooboobooooobooboon

26 0OOOOO

gbbooobbooooboobuoooobbboooboaoooog
obobooobobobooonmoboboooobobooboobon
gboboobooboobooboobobbobooooboboobo
goboboobboo0bbD—=p2700DO000D0DOODDDOO 24
gbobobooobooooooooobobbuoboooooboonbog
gbobobobobobobobobobobuooobobobobo
gbobooooobobobbooooboobobobobobobooon
gboboboboboboobobooooobobobobobobo
00000000000 ASOooAS=0000000D0O00AS>00O
gbboobooobooboobonooo

gboobooooboooo yobooboob Lroooooobobo
UO0O00000O00O0O000OOO0O00DOOO00DOOoODOOOOoODoOO

__Q _Q
ASi =7, AS=f (2.37)

gboooobooboboo

_ . Q  Q Th-T
AS=ASI+ASy =~ + 7= 2 Q (2.38)

O00000AS>000000000Ty>T,000 @>000000
ggoboboogbooboogoboooobooobboooobbooobo
ggooobobobooobobobbboooooobooboooan
gbooooooobooboooooboooooboboboo 230000000
gbobopooooboboooooooobobbobobobooobon
gboboboooooobooboboboboboboooobobobon
gbobopoooooboboboboobobobobooobobooobon
gooobooobooboobooboobooboobooon

gbobooboboboooobobobobobobooobobon
ubbooboobooobooboobooobobn

(T, V1) (T, Va)
000000

ooo —_—

oooo




26. ODO0OOO 27

goooboobooboobbooboobboobooobooon
gooobooboobooboobobbobobooboob™oobo
gboobobooboo@moboobooboobooboobooobg
gogbobboobboooboboooobbbooooboobobooan
gbobobuoboooboobobobobobuoboobobooooboon
gbboboboboboooobooboboboooobobobobo
ubobuobuoboooooooooooooooooooooooooo
OooooooooooobbOobOobOoboboooobooboobonbo
gooboboooboobooboobuoobooboobooboboboo
obobooooooooooo oo vwouobooooobooooo
000000000 ((222)000000000O0OO

AS = S(T,V3) — S(T, Vi) = nRlog % (> 0) (2.39)
1

OO00D0D0000AS>0000000000000
goooboobuoobooboobbobboobooobon

gbobobobobobobooooobobooboooooooon
goobobooobooboobobooobooboobooobo

gooboooboboooboooobooboooooobobooooo
obooboooobobooooobOoboooooboOoboooooboOobooon

gbobooobooooobbooooobobbooooobobooon
gboobuoboooooboboboboboboboboooooan
Oo000o0opDOoo0o0o0oooooO0OooooOoUoooooOooO ADBO
0ol naUng00ooobonouoooobooboonooboobonog
gbooobobobooooobooboboboooobobobd—p420
goboobobobobooboobbodb—=p6e0boonooon

ASzR(nAlogﬁ—knBlogﬁ) , m=mna+ng (2.40)
na np

000 (240) 00000000000 OOO0OOUOOOOOUOOOOOOOO
000 (239)0000000000000OOOOOOOOOOOOOOO

goobooooooo*0ooooobooooOobobooooboOoooooboooo
oobooobooooOoobobooooboooboobooooobooooboooon
gobooooooobooboboboboobobobobooboboobon
gbobopooooobobobobobooooooboooboooobon
00000000000 0000000000000004

{00002300000000000000000D0000000DO0O0DOO
goooboobooboobooboobooboooobbooboooobooobooboog
gboboooooobooboobooboobboooboboboboobooboboboon
oobooooooooooooooOoooOooOoboOoOoOoOoOoOooObobOOboOoOonooonon
gboboboooooobobobobobooooboboboboo



3

Jooodooggg

gbooboooboobooooboooooboboooocooboooooon
gooooboboooobooobboooooooooooboooooboboooobooo
ooboooboobooooooooooobooobooobooooooooboboOoo
oobo0obOooboobboobooooboooobooooobobooooDooo
oobooooooobOoOooobooboooboboooboOoooooboooooag
oobooboooooobooobobOooboooooooobooooooo
oobooboooooobooobboooboooooboooboooboooooog
oobooobooooooobooobooobooooobooobooobooooog
oobooobooooooooobooboooooooooooooobooooo
goooooooobooboobooooooooooon

3.1 Uogg

gbobobobobooooooboobuobouoooooobobon
goooboobooboobobooboobooboobooo

gobooobb 100 200000000000 bbOo0ooboo
gooooooboooboooboo

dQ =TdS , dW = —PdV
0000000000 (1.28)
AU = dQ + dW (3.1)

0000000
dU = TdS — PdV (3.2)

0000000000000 0OOoOOooOooOoOnO sovooou(s,v)
gbobobooooboboboboobboboboooolb 8bod

28



3.1. 00000 29

00000 (1.2000000

ou ou

gobobooboogooobo

®) @) e

gboobooooboooboon

0000000000000000000000000000000
H=U+PV (3.5)

00000000000000000000d(PV)=PdV +VdPOO
000
dH = dU + PdV + VdP (3.6)

00000000 (3.2) 000000
dH = TdS + VdP (3.7)

0000000000000 0O0O0 SopPOOO H(S,P)OODODODODO
gbbobooboobooooobuoboooboobooooan

@ @ e

gbobdobobobobobobobobobobobobooobobo
goobooo

0000000000000000000 (S,V)00 (7,v)0ooo

0ooon
F=U-TS (3.9)

gobobooboobobuoobuooboobooboobooo

dF =dU —TdS — SdT = —PdV — SdT (3.10)
DDDDF(T,V)DDDDD
oF oF
el - _ - N 11
<5T)v 5 (av)T (3:11)

goog

00O0000000000000O (S,V)00 (7,P)0D00000O
oooooooo

G=U-TS+PV (=F+PV=H-TS) (3.12)

oooobooooooooooooootL
oooboodyboooooooooc
— O00000oooooo ?0 —p.300

oooooooo

-TSs
U(S,V)——s F(T,V)
—TSs
+PV +PV |TPV

H(S,P)—— G(T, P)
-TSs




000000000000000
00 S(U,V)0 200000000
00000000000000000
000000000000 U(S,V)
020000000000

oooooooooooooooo

00 y=Xos+b00z=2(X)0O
y=¢(z(X))000 30000000
b= o(a(X)) — Xr(X) = B(X)

O0y=¢) 000 (z,¢(x))O
0000 y =Xz+ &X) 0000
0000o0oooooooooon
(z,6(z))00000000 y-000
0(X,®X))0 101000000
go0oo0oooooooooo

00 X = d¢/de O00dX/dz =
¢’(z)>0000200000000
00000 XO00000 0000
000000000 ¢(2)—XzO X
00000oooooD ¢X)0o0ooc
d® = d¢ — Xdz — zdX = —zdXLC
d¢/dX = —2 00000

000000000 &(X)0 X O
00000 ¢(x)—X=000000
¢(z)— X2 OODOOODOOOO

@(X):mzin[d)(,r)fX,r]
000 ¢(X) = —da/dX <0 O
00 ¢X)00ooOoooooooo
¢(z) = max [ S(X) — (~2X)]

30 J ogooooboogooo

googoooobooobbooooboo

dG = VdP — SdT (3.13)
DDDDDDG(T,P)DDDDDDDDDDDDDD
oG oG
el - _ - = .14
<8T>P 5 <3P>T v (3:14)

booooooooboobobooooobobooooobooooboob 100
goboooboooooooboooboooooboboooobooooooooooo
obooooobooooobooboboooooobooboooooobooboo

gbobobobobooooobobobobooobobobobo
gbbobbooboooooooobodgboooboooboooboooan
gboooooboooooobooobobo FO0OODOODOOOOOO
vo (r,v)ooooooooooooooooooo

ou ou
w= () -+ (2) av

000000000000 0000 Cy(l.36)D000oOonoooooooo
oobooobooooboooboooboooooobooD =340 0OD
O0000ooooovuovOoooooooooo (3.2)00000

(a7, =

gbobobuoboooouoooooobobobooobobobobo
ggbobobooobobboooboobboooooobbooooon
goboobooooobog

(3.15)

O000-000000000o0O *o0 31)yooooooooo

oF o F
—F+TS=F-T(=—) =-T?—== 1
U=IF+15 (6T>v (8TT)V (3.16)
00000 (3.14) 0000
_ _ G _ o (0G
HoGers—a-n(29) o (28) e

gbobobboboboboboooooobobobobobobog
googooog

3.2 0UOUOooog

gbobobobobobobobobobobooooboobobon
00000000000 o0o0oooUoo0oooDoOoooOoEB2) o

1 P
dS = —dU + =d 1
S = 7dU + =dV (3.18)



3.2. 000000 31

DDDDDDDDDDDDDDSD(U,V)DDDDDDDDDDD
oS 1 oS P
DN - (22 =2 1
<8U>V T <av>U T (3.19)

gbogbooboobobbooboobboobooboooo

goog

dQ = TdS

oooboOoO0ooOo0o0obOoOobooOoOoOoDoOOoDbbOOoOoodv =000
oooooodropood

aQ _ 48

ar|, ., dT

(3.20)

V=00

ooboobooooobo cyooooboobDooooooooo SO
(T,v)OooOoooOoooOoTOoOOOooOOOoOOoOooOoOoooDOo

ar
00000000000 ooOOooOoooooo U((sS,v)yooooodu =
T7dS—-pPdVv 00000V =0000000dVv=00000000 dT

oboooooobooboboboobobb P=00000D0OOODODO
gboooboogooooo

CV::T<88)V (3.21)

cy)ztr<g§)P (3.22)

gbobobbobobobobobooooobobobobobobg
gbobopoooooooboboobobobobobooooooon
gooobooobooo

0000*000000000000000000000000000
0o0000000000000000

S(T,v)0000 VO (T,P)0000000000000O0O0000
000S(T,V(T,P)000 (T,P)0D000000O0O000000000
0000 7TO00000000000007T00000000

(%)P - <g_§>v * <%)T<g—¥)]3 (3.23)

gobobooboobooooboboooooo roobooguobboooboboooo
00000000 vVOOOOoD7T00000000000000001'0

! O00000000000O00y=f(z)000020¢t000 «(¢)000
dy dy dz

dt ~ dz dt
00000000000000000000



oo T

32 J ogooooboogooo

gbobobooooboobdooooboboboboobooboo

oS ov oS
o =7(22) (2 —gyp( 92 24
Cp=Cv (aV)T(aT)p v (aV)T (3:24)
DDDDDDDDDDDﬁDDD(1.22)DDDDDDDDDDDDDD
goooodn

3.3 UUooouobuoon

00000000000000000000000000000dV =00
000(3.1) 0
AU = dQ (3.25)

goog
oooopoobogdP=0000

dH = dQ (3.26)

gbbooboobobooboboobooboaboooboboon

\% P

gbboooboooobooboobbooboboooboboobooooon
gboboboboboboboboooobooboooooboobg
gogboboooobooobbooooooobboobboooon
gooobooobooboooboobuooobobooboobooon
gbobopoooooooboboboboboboboboboobooon
000000000 326)00000000DLOOO0CODOOOOODODO

ooooOooOoooOoOoobooOoOooooooobooOoOoDgd =00
oodS=o0C00C00OCOCOOCOOOOOOOOOOOOOOOOOOO

AU = —PdV = dW (3.27)

0000
0000000d7T=0000000000000000000000
00000000000000000 F(T,V)0000000 (3.10) O

dT=000000
dF = —PdV = dW (3.28)

gbobboboboboooobooboboboboboboobobg
gbobobuobooobobobobobuoboooobobobono
00000000000 o0oo0ODO0oO0D (390

U=F+TS (3.29)



34. DO0OOOOODOO 33

gbooooobooboboobooboboooooooboovUvbooboobooo
ooboboooboboobobooobooobobobo FOODODDLOOD
0000000000000 0oO0oooOoOOoooOooogo rsoogo
boboboboooogboboboboboooobobobobo
gbobobobooooboboboboboooooboboobobg
gbobooboobogon

34 U0OOOOoObOOO

gbogboooobbobooboobobobobbooboboonooo
gbobooobobobobobobobobuobooooobooan
gooboooooboobooboooon

O000000000000000 20000 20y0000%= f(x,y)
goobgooooboboobobobobobobbooooboon

dz = Adz 4+ Bdy

Ooooo0oOo AoDBO

of . of
ox’ B_(‘?y

0000000000000 AODBO (1.16) 000

oA _oB (_ 7J
oy  Ox - 0z0y

A=

(3.30)

gbbobooboooboo3bogoboooboooobon

oo 3ilgboboboboboboooobobuooooboooon
gbobobobobobobobobobobuobooobobobo
oon

(1) dU=TdS—PdV — (2—5)5 ( ) (3.31)
(2) dH =TdS+VdP — (g—g)s < > (3.32)
(3) dF = —SdT — PV — (g“i )T ( ) (3.33)

(4) dG = —SdT + VAP — (8—P>T (g;)}) (3.34)

000000000000 (PV,T)000000000000000
V=V(I,P)0000 P=P(T,V)0000000000000000
000000000000000000000000000000000
0003300000 (3.21), (3.22)0000000000000000
0000000000000000000000000000



34 J ogooooboogooo

ooooooobooooboboooobobobooobobooooobobodu =
TdS—-PdVOO00O0 T=000dI'=000000000dVvO0OO0O

% _ % _p (3.35)
dT=0 dT=0
0o0ooooooooo
oU a8
) =7(=) -P 3.36
(8V)T <3V)T (3:36)
0000000000000000000 300000000000
oU oP
—) =7(=) —-P 3.37
<3V)T <3T)v (3:37)
o000
D0000000000-0000000 P=RT/VO0DO00O0O
oooooo o
—) =0 3.38
(57), 39
ooooo

uboodgbouoobooobooboobbobboobooooboad
ooooooooboboooobobo -00 140000

000000000 vV=fP//HOO00O0D0OOO0O0ODOOOODOOOOO
googoood

00000000000 00000O0 320000000 (3249)00
O000ooooo 3)uoooo

Cp—Cy = 6TV<§—];)V (3.39)

0000000000000 00O0ODO000DOODOpB/kKO00000OkKDO
0oo0oooooob k>00000MO k<0000 000000ODO
oboooooooooboboboboobooooooobobooomo
gooboobogboobooobbbooboobooboooobon

2
T
cp—cy =21V

>0 (3.40)

00o000o0Oo00ooO0oooO0oo-D00oO0o0ooOooO 3399000
00000000000 ROODDOO30 —p.150

2 JU0U00D00D000000000000000D000D00oOooong
gooobobooobooobooooooooboboobooboboobOoDOobDOoOn
0000000000000 0D0000D000000000o0o 7 0000o0oo
oobooooboooboocoooooooooon

00000000000 0-00000000000000000000 p.150 (1.52)
ooboooobooooooboooooobOobbOooobOOoobboooDboboOoon

Cp(T) - Cy(T) =R




34. DO0OOOOODOO 35

gboboboboboooooboboboobobobobobon
gboobooooboboooobooboboboboboobobobon
gboboobobooooooboboboboboooooobobobo
gboboboooobobuooooobobobobuobooboobobo
gboboobooobooobooobooobad

o00ooOoO0o0o0oo-000ooDoOo*00oOoO0oOoooOooooo P >
pOO0O0O0OO0OODOODOOO0O0ODbOOOOObO0ObOObODbDObOOn
gbobobuoooobooooboobobobobouoobobobo
gbobobobooboobooobooobooobooboobon

gboboobobowvwioobobooooboobo vwoboboooo
oogoooboooooooo ApODODOWVYODDODOOODOOOOOODO AWV,
oboooobobUo pODbOOOODODOO RVL,OOOOOODDOD
gooboboobooboobbooobooboooboobooooo

Uy —U; = PV1 — BV, (3.41)
ooooooooooo
U+ PV =U+ PV, 000 Hy=Hs (3.42)

gbobooboooboobobobobobobooooobooobobo
goooboooboobo-0o0bon

A@oo) = (g—;l;)H (3.43)

gbbobooobuooboooboobobobooboobooboboobo
000000000000 00DU00OO0HDO (PRT)OODODODDOODODODOO

oH oI or
H=— P — T=|— P T 44
d (8P)Td +(6T)Pd <6P)Td L Opd (3.44)

ooo0b0dHE=00000d70dPOOOODOO

or dT 1 /0H
(a7)a= a7, =" (5p) (3.45)
H dH=0 P T
oooooboooooooobo0o0obOo0oO0dHE =T7dS+vdPODODO
00000000 4)00

(g_g)T _ T<g_]*i>T LV = —T<3—¥>P LV = V(BT -1) (3.46)

v(r-
Cp

dooopgO0O0000OO0bOO0OOO0OOOoOO0DODOOO0O-0D00DOOOoOooOO

000000 A=0000000000000000000O00O0000O

A (3.47)

od A~ o0 P




36 J ogooooboogooo

gboooboooboboobooboboooboobooobooobo
U=H-PV=HT)-RTOOUOODODOOOUOOOOODOOOOO
googoood

A>0000000000DOO0000DOOOO0O0O0ODOOOObOD
gboboboobbob-bobuobumobobobobobooood
ooooobooooOo0oOoooboooobobooOogooOog a>o000O
gboboobooobooooooobobobobobobobobobg
gooboobooobooboobooboobooboobooboobo

3.5 Ugoooboognd

ubobobobobobobobobobobobobobooboon
gogboboobbuoooobobboobooobboooobobooann
gboooboooboooobooboobooboobooooboooo
gbobopooooboboboboooooobobobobobon
gbobopooboboboboboooooboboobobobobg
gboboboooooobobooboboboboboooooon
gbooooboooooboboboboobD Booobooooooo

00000o0o0O0O00o0o0oooooooooD (T,pOOOOOOO
goobobouooooogbboboobuob nO0bOoboboobobg

G(T, P,n) = nG(T, P,1) (3.48)

bbb n00000000DODOODOOOOODLO0ODODOOODbO

0
on
DDDDDDDDDDDDDDDDDD(%RR@DDDDD

4 @oo)pE = < )TP — (T, P,1) (3.49)

dG = —SdT + VAP + pdn (3.50)

00000000000000 (348) 000G = nu, dG = ndu + pdn
0000350000000

—SdT +VdP —ndu =0 (3.51)

0000000000000000-0000 (Duhem) 0000000
000000000000000000000000000000000
0000000000000000000000000

0000000000000000 F(T,V,n)#nF(T,V,1)000400

F
dF = —-SdT — PdV +pudn , p= (g_n) (3.52)
TV

‘000000F(T,V,n)=nF(T,V/n,1) 000000



3.5. J00OO0oO0obOoOoDd 37

an
00000MO000F=G-PVO000000000M

oU
AU = TdS — PAV + ndu u=:( ) (3.53)
S,V

0000000000 {n,n2.ne00a-0000a=1,2,3..0
G(T,P,ny,ng,...,ng) O (3.54)

gboooboboobooboob0 kbob0obbooboobobbobbooboog

<8G
e =\ 53—

3.55
8nk)yuz{nky (3:55)

O000o00{n})OOne, OOOOOOUDOOOOOOODOOOOOODO
gboboob0bbO0ob0o0oobooob 2000000

G(T, P,zny,zns, xns,..) = zG(T, P,ny,no, ...)

0000000000 D0O0O0O0O 0000000 xz=100000G=npu
goobooo

G=> npu (3.56)
k=1

gooobooooboobooboognod

dG = —SAT + VAP + > ppdng = Y ppdng + Y ngdpy,  (3.57)
k=1 k=1 k=1

O000oO00-0000000
[e%

—8dT +VdP =) npdue =0 (3.58)
k=1

000000000000000000000000000000000
0000 (T,P{n})0 («+2)000000000000000000
0000000000000000000000000 (ny,ny) 0000
00 ny/ny 000 ny/(n1+n9)0 (T,P)000 3000000

oooooo*gooooobocooOOoOo0OoooboooooooonDao-
00000ooog-000000000D00ODO00000ooDooDod
gbooogboooboobgoobobonon

f=2+a—-p400 >00 (3.59)

00000000000000°00000000000000

> 0DOO0000000O0000000000000000MO0O000000000
100000 4-100000000000-00000000000000000000
00000000000000000f=24a8-a(f-1)—B=2+a—-40000



gboboobobon
P

oo go
ggo

oon 0o

38 J ogooooboogooo

00000000a=1000
f=3-8>0 (3.60)

goobboboooboobbobooboobon

0p=1—f=20 (7,P)000O000OO00OOODOOOOOOODODOO
0pf=2—f=10 0000000000000 O0O0O0OO
O0pg=3—f=00 0000O0O0OO0O0ODOOOOOOOOODOOO

00000000000 =20000p=1000 f=300000
(T,P)OOOODOOOUOOOOOODOUOOOOODOODDOUDODOOD
gbboboooboobbooboobobobobobon

3.6 UUUUoouoboooooooon

gbogbobogbooboboboboobboobooboonon

%zgds 000000000000 (3.61)

€

0o0Do0o0o07T.00deD0O0000DO000O0O0OOO0O0O0ODO0O0O0O0O
O00d=00000

dS>0 000000000000 (3.62)

gbooboboboobobobobuoobobobobobobobo

oboodr=o00boogoooboonog
gobooboooboobooobooboobo 1, 00000 TooO

oooooooogonod=dv—-dwooonoooooono

dU —dW <TdS 000000000000 (3.63)
ooooo0oooooTroooood
W >d(U-TS)=dF 000000000000 (3.64)

goboooooobo

oooooOoOoOoOOoOoO0dv=0o0bObObObOOobOObOOD dw =000
goboobooboobgoon

dF <0 000000000000 (3.65)

oooOooOoOoOOoOoOoOobobOooOooboDbOobOOoOoOoooon daw =
—pPdVOOO dF+PdV =d(F+PV)=dGO0O00000O0O0OOOOO

d6G <0 DO0OO00000OD0DDO (3.66)



3.6. J00oOoooOoooOoooobDoo 39

googboobuooboboobooobooobooobooobo
gboogobooobooboobooboboboboobobooboooobo
ggbobooboboooobbobobooobbooobbboboo

gbboobooobobboboobboobooboobooood
gbbobooboobooobuooboooboobboooboooboon
gbobobooooboooooobooooobaboboboobobg
gboooobooboboboboobobuonooobobobobobg
gboboobooooboooobobobouoooobobobobobg

oooooooooooooooomo sood
oooooooobooogooooog FO0O
ooopooooooOoooobooonD ¢Goo

goog

00000000000000000000000000000000 Choon
000000000000000000000000000000000 T, 1
00000000000000000000000u8(T,P)0u?(T,P) M 170
000o -:: ::-: [ i:':" :

ooooooo »Wo-@ 000000000000 ooooooon
000O000OoOoooo

G(T, P,nt), n®) = n (T, Py 4 n® (T, P) (3.67)

oo T
noooooooooo-MWoooo s oooooooooomaon

000000000000 00D0D0000000D00DDoooonoo
s0000MO0000000oooooonooononong nW4p® =
00D00O0oDoOém® =M ooooooo7ToPOOOO0
p(T, PO 3T, P) 0000000000000 00000000

0G = [T, P) — (T, P) ] 60V (3.68)

000000000000000000000000000 60000
0éG=0000000000000000000000ODDODOOOO
gooooooon

:U'(l)(Tv P) = M(2) (T, P) (3'69)

uboboboobobooooobobobobobooobobobon

obnhLooooooo
gbboboobooboobuooooobbooboooboooboon ooooo

gbobooboobooboooboobobobobboboobomog
gbobobooooobpooboooooobobbobobobobo



oooo

oo

40 J ogooooboogooo

gboboooboboooooooboboboboboboboobog
gbooooooboooooon

Cp>Cy >0, K>Kaq>0 (3.70)

0000000000000 0OO0O0OO0O0OoOO (1) 00oooo
gbooboooboooogn

K Cp
— == —AgOoooo>1 3.71
kada Cv 7 (3.71)

00000000 (3.69) 000000 TOO0O POOOOODOOOO
gbobobooooobbobdob 1boooooboboboobobd
gbobobobobobooboooooboboboobobobobo
gbobobuobooboboboboobobobooooooboobo
gbooooboobooon

00-00000000000000000 A(T, P)OA(T+dT, P+dP)
0000000 A 00000000000000000O00oooo

p (T +dT, P+ dP) = u®(T + dT, P + dP)
0000000000000000000(3.69)00000
o o ou? ou?
ar ap = arT ap
<8T>p +<6P)T <8T)p +<8P>T

onooDpMop®oo0o000000000000000000D000n
00000000000000

oG oG
(a—T)P == (a—P)T =V

gobgoboobooboobooooboo

(W — s@yar = (v —y@Hgp

JddddddoOoo dpOdr00dddooooOoooooooon
goooooo

dp sM - 5@

ar ~ v —v@
0000000000000 00000000000000 Avoooo
000000000000 000000 T, 00000000T,AS =
AQ=AHOOOOODOOOOOOODOODOOQOOOOOLODOOOO

good AR I
AS = =

Ty, Ty



3.7 DOOO0OOOODOOOO 41

000000000000000000
apP L
dT ~ T,AV

000000000000000000000000000-00000

00000000

0000000000000000000000000000000

0000000000000 00000000000000000000

(3.72)

3.7 U00ouoobouoooogd

()0D00-000000000 PV = £(T)

oUu
22000000000 (=— =
@ (aV)T 0

0 0000000oooD f(IxTOOOOOOOOOOO
(3)00oooooo cyocpOOOOOODO

T
@ =Cy 0O U(T) =Uy+Cy dT,:U0+CV(T—TO) (3.73)
ar -
dH T
g7 =Cp 00 H(T)=Ho+Cp | dT'=Hy+Cp(T ~To) (374)
0
oS Cp T
(8_T>P - F0000 S(T.P) = Su(P) +Crlog = (379
oS ov R P
(a_P)T = _<6_T)P = —F oo So(P) = SO - Rlog FO (376)
goon
P T
S(T,P)= Sy — Rlog— + Cplog — (3.77)
P T
goodn
|4 T
S(T,V) = Sp+ Rlog — + Cy log — (3.78)
Vo Tp
G(T,P) = H-TS=Hy—TSy+Cp(T —Tp)
P T
+ T (Rlog B Cplog To) (3.79)

(4)0000000000000 0000 {n} 00000000 0OD 10
2030...000000000b00O0O0Ooob0obOobOobOobboOoDbo
gooooooobobooroboo pPOD0ODODOOOODODO

oo rocgno pPOOO



T given
{3, P
i RT|log x|
AT, P :
Ps xP P P

P,0,00 70000000000
P>pP, 000uM <@ o000
00000,0000000000
00 0000000000000
00 POODODO ROOODODO

+—10,000000000000

42 J ogooooboogooo

O000o0oo0o0o0oooo0oUoo {V,)00000000oooOooo-
goboobooboobooboobn

PV, = nxRT (3.80)

00007T0000000000000000000000000000
00000000000000000000°0000000%,Vx=V
000000000000000000000000000
PV =P> Vi=> myRT =nRT, n=>Y mn (3.81)
k k k
000000000 -00000000000000000000000

ooodbgoobobooobobooobobo vooouoboooooboog

RT
Pk:nk =xL P, xk:%

|4 n

gooooopooooo Y, ARp,=PO0O000000OOODOODOOODOO
000z, 0000000 PO PROOODOOODOOOODOODOO

goobogbooboobooboobooboobobbobooboobon

(3.82)

00000000000000000000000000000000000
000000p40D1atm 0000000 10000000000000000
00000000000000000000000000000000000 2
000000000000 1atmO0000000pM(T,P)=pu®(T,2P)=
p(T,P)+ RTlogz 00000000000(1) 0000000000

(5)DDDDDDDD*D(2.40)DDDDDDDDDDDDD
g
AS=—-R)» niplog— =—R» nilogxi 3.83
¥ nlog ™ = <R 559)

oob legOOOO0OOoUobOoOobOobbOOobbOobooobbooDbObDO
god

G= Z ng [,ug(T, P) + RTlog xk} (3.84)
k
O0000D0000k000000000000
pr = po(T, P) + RT log xy, (3.85)

00007, P)0000D000000D k000000000000
000z, =n/n<100000 e <pd(T,P)DO00OOOOOOO0
000000000000 000000000000000000000
0000000000000 000000000000000000
0000000000000 0000000000000000000
0000000000000 00000000000O0 -00 BO
SOOo000D POODOOOOOOOODO VOOOODOODOODODOODOOOOOOO




4

ooy

goobooobobOoooooobobooboooboboooooooooo
oobooobooooooooobooboobooooo0oooboooobooobn
oob0ooooboooooooooooobooobboooooooooobogon
oobooobooooooobooooooooooobooobboooooooooo
ooboobooooooooooooooboboobboobooooooobobogoo
oobooboooooooboobobooobooooobooboobooooDoog
o-ooboboooooobooobooooooboooooboobooooOooooon
gbooooobooooooboboooooboboooooboOoboooobooon

4.1 O0OO0OOOOODOOO

gbobobobobooobobobobobooooboobobon
gogoboobbooobbobooooobboobboobboon
goobgobooboobooobooboobboobooboobonoo
gbobobbooooobobobobobobuobooooobooan
goboboobbooobboboooobbooooobboboooob
gboboobigebioooooogboaoooobooboaogn
gboboboooboobobboobobuoboobobobobobg
gobobodoooboooboboobbooboooboboooooon
gbobobopoobooboobobobobobobonoobobonbg
gboboboboboooobobobobonooobobobobobg
gboooboobooboboobbilesdbbobobooboobon
gbobobuoooobooboboobobobooboboooooan
gbbooboob20bobbobbooboooboooooan
gbobooboobuoouoobobobuooboobobbooboan
ugbbooobooobbooobbooobbooobboboooon
gogboboobboooboooboooooboboboboobobooad
gbooboboobobobbobooboobooobooboobono

43



goon

44 4 000O0ODOO

gboboboooooobobobboooboboobobobobg
gbobobobobobobobobobooooobobobobog
gogoboboobboobbboooobbbboooobobboooon
gboboobuooobooobboobbooobobooboooobooobooan
gbobobuoboooooboobobobboboboboboobobg
gbboobooboobooobobooobad

goooOoooooooogooopgoooouUu=cCcyroooooogooo
000 cyO0O0obO MOOOODOOODOODOODOOOODODOOODODO

4.2 0O0O0OUO

gboboboboboobooooooboboboooooaobon
gboboooooboboboboboooboboboboboboan
gbobobuooooboobobobooboboboboooooan
goboboobbooobbobobboooboboooobbbooon
gbooobooboobooboobobooboobooboobooobon
gboboboboooooobobobobobobobobooooon
gbobobooooboboboboooboboobooooobobog
gbooboodgbogoood

0000000000000 (ve,vy,v,) 0000000000000
gbooooboobobobobobdoooooobooboboboon
gbobobuoooobooboobobooooboooobobooan
gboooboobodg 000000 o, 00b00bob«0bgoog
ooo yv;Oooob:000oogoogbd obgbooooobooo
gboboboboobboboobobood

> N;=N (4.1)

O00booo0oo0oo0oo0oboo0oooooooood dvgdvydo, O
gooooogd
N

VZ = f(va, vy, v,) dvugdu,do, (4.2)

000000000000 oO0O0O0oUoO0ooooOO0oooDO 4o

/_O:o /_O:o /_O:o f(vg,vy,v;) dvgdvydv, =n (= N/V) (4.3)

00000000000 f(ve,vy,v:) 000 v =|v|=/vz% +v,2 +0v,20

gbbooboooboooboooboooon
ubbooobooooboboooooobboooobbbooob

0000000000N;/NOOOO f(ve, vy, v.)dvgdu,de, 000000

gooobo wobooobooboooobooboboooo



4.3 OOOODOO 45

gbobobobobooobobobobuooooboboboon
Uz,y,z000000000000

vl =02 =072 (4.4)
0000000o00o0oOoooooooog

— 1

X:N;M& (4.5)

O0D0000000vw2+v2+0,2=220000000000000

2 _ — 0 2 _ 2
Vam Z 0y T T g0 (4.6) YHE dz/sin @
godoootoodoooooooooboooooooobooooon r ds
oooon - o . 7 sin /0/ E
Vol = vyl = vzl = 5 @ (4.7) A
T
oddo0oooooooooooooooooooooooooooono

FHREOEEEABOEBEICEFLLY: FBRE

T =7,=7,=00000000»=000000000000000 ?EWNW%Hﬁéwaﬁﬁi

000 1/200000000000000000000000000 2rrsing x ——g = 2rrdz

LY, BE 2 25T, ChEBCABOBE
b2bbbro0o00[JO0DOOOOOOOOO ERLTHE, LEA>TELORE, D% 2]

_ 1 r 1 /7 r P DFEYFABERALT, 7/2 ThH%B,
{|z|=—/|z|><2ﬂ'rdz:—/zdz=—|:||:||:||:| z|v = }
dmr? J_, rJo 2 n+1

4.3 UO4OoOoon

O000000o0O0O0o0oooooO()ooooooooooooUooo
00000o00O0O00o0ooOooO00()oUoUoooooO 1000
gogobobooboobboooboooobbbooooobbbooon
O0oooo0ooOooo()ooooOoooooOooUoOOooOoDOoooOo
O00000o0o0oOo0oOo0o(@)ooooo0oooUooooooo
gbobobuooooboobobobobobobooboooooan
gbobobooboobodd

0000 00000000000 dAODODOOOD &4O0D0D0ODO
0000 », 000000000 dADDDODO v,dtO00O00 v, dtdAD
gboboboobobouboboboooooboboooboobobg
0000000 &000dAODODOD'000 »; 0000000
ooooooo N/VOOOOOOOooooOoooooooooooo
b0 v ooy 0b0O0o0bobooobooboobooboobogn

N;
vdAdt = > ' 7 ViedtdA (4.8)

Viz >0

! D000U00D00000000000000D00D00D00000ooUonog
gbobobooboobobooooooboboboboboobooboboboobo



46 4 000O0ODOO

oboboobbodz 0000000000 OODDOODLOOO vp,>0000
gogoboooobboooboooooboobbuooooooboobg
U000 b0o0oobboobbooobooobbuoobooobobg
gboboobo20b0000bo0ooon

v =33 T vl = QVNZN ol = 5 Toa] (nzv) (4.9)

(2

oobomooooboodonboobooobboobooboobmoon
00000000000 nHooooUooUooooooooood

0000000v=~-1 (4.10)

~| 3

uboob o, 0000000000 p, O00D0O0OO0DOOODOOO
gogoboobobobooobboobobbboooobbbuooon
obobooo 2p, DO0OD0ODODODODOODODODO POODOOD
0dAD 400000000 0=0xx00000000000000

(PdA) dt = > ' 2p;, x —ivixdtdA
Vx>0

N1
= 2N A= A (411
VN i PizVix dt d N PrUg dt d ( )

gobobodobobbooobboobobtooobbuoduouooooooo
O00000000000000 pauz =Dyty =Dz0; =p-0/3 0000
ooobooooooodd

0oo P:%p—-v (4.12)

00000002000000000 mO00 p=mv 000000
00000000000 e=mv?/20000e0 @oooo)O

p-v=2 (4.13)

odo0o0oooooooooooooooooooa
U Nz
godooodoooooooooo

2

pP== 4.15
X (115)
gboooooooooo-obooogoboboo
1 N N R
P=_—-—Rl'=—=—T=nkT" (O00n=N/V 4.16
PN BT = G T=nkT (Q0n=N/V) (419

00000—-00000000000000000 ¢c0D0O000Op-v=cpl
000000000000 P=w/300000—-000p.70)Ue=cp0000



44, 000000O0OMEAN FREE PATHO 47

Ok=R/NA=138x10"3J/KOD0D0000030000000

u:gnMﬂ ooo Lh:%NMﬂ (4.17)

000000000000000000000000000000000
5
H=U+ PV = _NkT (4.18)

gbboodboobooboooboooobon

3 5 Cp

ubboobiO~y ooy 0booboobbooboobooboaoboonogd
gbobobuoooobooboboboobobobooooooooan
gbboobooboobooobooboobobbobooboooon
goobooboooboobobobooon

mug? =

2
muvy= =

i

— 1
mu,? = mu? = §kT (4.20)

N | —
N | —
N | —
Wl =
N | —

god
0000000000 00O0O0O0O000 kT/20000000

gboboooooooobobobobobobuoboooboboobog
ggboboobbo 200b0b00bobooobobooobbooan
O00000O0Cy =5R/20000

00000 (300K)DOOOOoUOoOooooo 320000000 Vo2 OO0
0000000000000 O0480m/s0

4.4 0000000 mean free pathl]

gbobobobobooooobooooooboobobobobon
gboboboooooobooboboboooooooobobonbog
gbobobuoooobdoboboobooobooboboboboban
gbobobuooooboobobobobobobooooobooooan
ubobobuooooboboboboboubooobobobobobg
gbooboobooooobooboonon

ooodb eobOoboobobbboobobMUOUOOODOoDODO
goooobooboobobobobD zooboMUODOODOO 2¢O
gbbooboobooboobooobooobobl3goooooboon

0000000000000 0000000000000000000—p.55(00
goooo NpOOOOOoooOoooooobOooobooooooooobobooooo
000000 BOOOO kOOOODOOO0OO0OOOCDOOOOOOOCOOODOOOD
000 k0000000000000 0O0ODODODODOODOOCOCOOOOOOOOOOO




48 4 0000000

000000 v»0O00000000 4722 0000000000000
00 (410)00000000000000000000OOOOOO0O M
gooooooobobooboob MOOoooooobooboboouooog
vy =v;—v00000000000000O00O0O00OOOO0OOOO0O
0000000000 DO0000O00O v2soooood

Z = 4V2ra®nv (4.21)

0000000000000 000000O00b00000oO000 zOoOd

0000000000000 Z7'0o0oooooooo AO0O0OoOooo

gooosooooo

1 1
4/ 27a?n

gddoooudooooodoooooooooouoooouoouoa

gddbooobooooioobouoouooouoouooooooga

AN=T7Z (4.22)

0000000000V =224L0 Ny =6.0x102 0000
n=Na/V~27x10°m™>, 00000 ~n "3 ~33%x10"m
00000 a~05x107"m0000000 20x10°m/s00000
A~83x107"m, Z7'~42x1070s

gbobobobobobobuonoooboboboboobobg bod
goooboooboobo 1obooboobooobobbobbooo
gboboboooooooboboboboboboooooooooon
gb 10000 1obooooooobobonouonooooobooon
gbboobooobuoobouoobooboboboboobooboboobo

4.5 UOdoooboogd

00000000000000000000000000000000
000000o00000000000000000000000000Q
0-00 CcCOO000000000000000000000000000
v =0v,240v,2+0,200000000000000

3/2 2
[ (e, vy, v,)dvzdvydv, = n <%> exp (—%)dvzdvydvz (4.23)

4 90000 V«?0000000000000000+200000000
(Vi —v)2=v2-27, - v+02=222 0000000000002 =220

00000000 Oo0o0oood0 v, v, 000006000000V, v=wv1vcosfO
goooboooobooooooboOoooOooooobboOooobo o0



4.6. DO0OODO-O0DOO0OOOOO 49

mO000000~,000000000000000 X000 XOO
D00000exp(X)0D00000000000XTY*+2 =eXe¥e? 0D
000000000000000000000000000000000
000000000000 n00000000000000°00000
0000000

0000000000000 0000000o00ooo0oooooonog
00000000 Db0ooo0oDooU0oDOooUoooOooOonn v~
v+dv 0000000000000O0ODO Fvyde OODODDODOOOOO
oooono dvzdvydvzz4wv2dvDDDDDDDD

m \%? mo?
F(U)dv_47m(27rkT) viexp | —os dv (4.24)

gbbooboobboobooboobuooboob vooboooobo

1 [ S8kT
T = —/ vF(v)dv =/ —— ~ 1.128 vpax (4.25)
n Jo ™m

000000 ve2OOODOOD0OOo (rms)0000000O00O0OOO
gboooooood mﬁ/2:3k:T/2DDDDDDDDDDDDDDDD

oooon
—  [3kT
Vo2 = §ﬁ—:,@f@:10%6
m 8

gooboobooboobooobo

¢@—mh:¢ﬁ—wyzam2ﬁ (4.26)
0000000000000 000000000000000

4.6 UO0Uooo-gooobood

ugboogooboooobooobboooboooboboobboon
gdoboobodbbodobboobbuoobboobboobuoono
000000 ¢(r) ooy 00000000000 r=(z,y,2)000
v=(vg,vy,0,) 00000000000000O0O0O0O0OOO0<0000
gooooobooo 1obobboooooooo
L o
g = 5mu + o(r) (4.27)
0000000000 0OrR=0000x=10000000000 1000

o —a? 1-3-5---(2n—1 7 0
[zn(a)Z/O z%"e dz = 2n+(1 )\/ prr Ioni2(a) = —%[m(a)

oo
—az? n! 3]
[2n+1(a):/ 22t lem9 qp = P Ionts(a) = —=—1Izn+1(a)
o 2aqnt1 da

F(v)

'Ulmax (Z V 2kT/m )

| |

Umax 2Umax




50 4 000O0ODOO

goboboooboboooooboboooboboobo coooboo
gobogbooboobooboobooobon

f(r,v) dedydzdv,dvydo,

m \*/? 1 /1
= n0<27TkT) exp {—ﬁ <§mv + so(r)ﬂ daedydzdvydvydo,
(4.28)

0000000000000-0000000000000n,00000
00000000000 (428000000000 XY =eXe¥ 00O
00000000 0000000000000000000000
O0D000000000000

000000000000 (ve,vy,v,) 000000000000 OO
00000000000oo0ooons

n(r):///f(r,v)dvzdvydvz:noexp <—%> (4.29)

Uodobboooobbibibod noUOOOUOO0O0O0DOOOOOe =0

gboogoooooboobooboboboboo
gooooboobooboboboobooboobooboooo

n(z) = n(0)exp (—% z>

00000000 000000 P=pkT 00000000000 MO
0000000 ROODDOOO20000 mg/kT =Mg/RT 00000
000000000007 ~300KOM ~30g/mol0000 RT/MgO
0800mO0000000000000000000000D0O00O0DDOO
0000 1/e~03700000000000000000000000
0000000000000 0000000000000000000
000D00000050km0000000 200KO0300KO000000
000000000000000 010000000000000000
00oDo0oO00ooO0ood

0000000000000000000000000 w@oo)?d00
000000000000000000000000000000 ¢(r) =
—-mw?r?/2 00000000

04000000000000000D 20 2+dz00000000000
obooooobooboooooboobooboobooooonog

000000-0000000000000000000000000000000
gbooooboooboooboobooobobooboboobooboobooboobo
ooboooooooooooooooOboOoOooOobebUOOUObOOOOOOOODDOO
gboboobobobobobooooboobobobobobobobobooboo



5

Jooogog

uboooooobboooooooboobobooooobobooobooonoo
oobooboooooooboooooobooooobooobooooooooon
oboooooooboboooo-ooob0obooooboobooooogn
oob0ooboooooobooobooobooobooooboooooooooo
gooooobobooooooobobooooboogobooooooobog —ooooo
gbooooooo oo 2o oobobobobgoobobon —aog
oobo0ooboobooooooboobboooobooooobobooooDooo
gooooooboooooooboboooboooooboobooooobooo

5.1 UUgoooboognd

gbobobgobobooooobobooboooooboobobon
gbobobooboobobobobooobooboboboobooon
gbobobooooooooooboboboboooooobobon
gbobobuooobooboboboboboboboboooooan
gbobouoooooobdoboboobobuobooobobobobobg
gbobobobouoboooooboobobobobobobobobo
gbooooobooboobobobobobobooooobobobonbg
gboboooboobobboboboboboooooboobobobo
gboobobpooooobooogobobobobobobooooooon
goobobobooooboobooobooooboooboooboboooboo
gbobobuooobgbobobobobuobuooooooooan
gboboubouooogbogbobobobobuobuobobobobg
gbbobooboobodgbuoobuoobuooboobobobaoboo
gbboobbooboobooboobobuobouoobuoobooaon

gbobooboboboooobobooooobobobobobon
gbobobuoooboobobobooobooboboobobobooan
gboboboooobooboboboboboboooooooooon

51

0

gooo
gooo

oooQobooono

T

goooooooooooooonoo
ocoooOooOoooooooooot



Stirling0 000000000

—

123 ...... M
~~logx00DDOOOO0O

M
log M!' = logz (logl=0)
z=1

M—1 M M
Zlogz</ logzdz<Zlogz
r=1 J1 r=2

000 M(logM —1) +1
~0J000b0oobmoooom™
= log]\/fl—%loglw
ood
log]\/[!:]\/[(log]\/ffl)+%log]\1

von (T cae)
8 8M

aO0O0O0O0Oogx00000000O0
ooooooooooobooooooo

m m—+1 m— % m- %

52 S5 0bugnogo

000000000000 boooboooboooboboogoo
0000000000 boobbooboooboooooo
gogooboboboooooboboboboobooo
NOOOOOOoDOOOooooooooooboooooboooboooooobo
ooooeNDOOOOe6eNOODOODOODOODOOODOOOODOOOO
obooOooboobooboobooooooobobooboobooobo 1000100
0=1000000000000000000000000000000~ 10%20
gooooooboooooooboooobooboooboooobooboooooboo
0000000000~ 10Y000000000000000000000

5.2 UUOOOoon

gboboboboboooooboboboobobobobobon
gbobobooooooobuobonoooboobobobooboobog
gbooboboobooboobooboobooboon

gooooob NOODOOOOOOobOoboboboooobooo
gbbooboooboobooobboobboobboooboobon
goboobboooboooboboooooooooobooobboooboon
0000000ONDDODDODDODDODDODODODDOOOWwW=2Y000000
goooooobobobobobobobooobobobobooon
goboon0O0O00D0O0O0ODO0ODLO —DO0ODbOOobOOOobOn
o0 —obobboobobobo NUODOnnOODODODODOO

N!

Gln) = n!(N —n)!

, W= f: G(n) =2V (5.1)
n=0

00000000000 Gn)OOODUODODOOODODDODDOOOODODODDOD
0000000000000 0000000 Gunax=G(N/2)00OD00O0O
goooboooboobooobobooobon

log M! ~ M(log M — 1) (5.2)
gboooao

N N
logGmaX =~ N(logN—l)—Q X E (logE _1)

= Nlog2=1og2" =logW (5.3)

gbooobdobobobobobbobooooobobobobobobg
00000000000000000000'00000000  — p.540

1
log M! = M (log M — 1) +§logM+log\/27T+O(M*1)

1logM!I:II:II:II:I(5.2)I:II:I M=900000000 M=401%000000



5.2. 00O0OO0D0OOO

gooobooogooboogo

log Gmax —1_ (lOg \/N
logW N

EIEII:II:I)

53

(5.4)

O0000ONDDOODODOOOOONOODODOO0000 O log Gax
OlgWOOOOoOoOoODODO20000000001000000DAO

gboboboobooboobboond

ugbboobooobuooboobobooobooboooon
gbboobooobooboobboobootd

gogboobooboobuog n0oobooboobooboobooobo

obooooboon0O0D0000000D0

G(n 1 N!
PW:%:Q—NW

oboooooboobooooooooogd

fls)= 3 P)s" = o (14+5)"

oooooo
X N
=Y 0P = (1) =3
n=0
1) = - P //1 N(N*]_)
n{n — FﬂZ:jOn(nf JP(n) = f"(1) = ——
|:||:||:||:|_2:n(n71)+ﬁ:N(]\;+1)
gogd

0000000000000 00000000 z=n/NOOOOOOO

1 \/ (n—m)? 1
nooz=g, 00000y (z—2)% = (N —

2V N

(5.5)

ooN0OOOOooOOooboooooooooooobooooooobooobobogoo
NOOOOOOOOOOOOOOOD 1/200000000000000000«
000000000 p(x) 0000000000000 xz~1/200 logp(z) 00O

ooooooooon

p(z)dx = @exp l—QN (m — %)21 dz

00000000 (D0000)00000o00U0ooO0ooUooOooUOoOn

googooooboooboobooboooboon

500

200

100

50

20
10

0.5 4= n/N

1.0



xXe

etlogi—t ~ ex(log z—1)
—(t—2)%/2z

0

t=2000 +yz000DO0ODOODOC

)

I'(z+

1
x |1 —_———— ..
<+12x+288x2 518403

x

1) = <%>l 2w

1 139

54 S5 0bugnogo

00000 X;=1000000 X;=0000000 1/2000000000
oooooopooooooooobOoDoDooDoX =X+ X+ ...+ Xy
gooooboboobooooobooboooooooooooooooooo
ocooooNOOOODOOOOO0ODOOO0OO0OOOOOODOOOObOOOOoOn
ooooooOooooboooooOoo0oobooOoo0ooboOooooDbooooX; o
001000000, 1000000000000 OON=100000000
obooooobooooooooboooon

nO00000000DOCOO *O0000 00O

27rn/2rn71

Sp(r) =

(T) B 127rn/2rn B 7Tn/2rn (5 6)
I'n/2) > "7 nl(n/2) T(n/2+1) ‘

000 I'z) 000000
o0 [e.e]
I'z+1)= / e it dt = / evlogt=t ¢
0 0

0000000000000 I'z+1)=2!000000000000
b 0000000000D0DOOD0O0O

xr
F@%+1):efa%“nvﬁwx::(£) o (5.7)
€
0000000000000000»000000000000000
log S log S
logrSu(r) oy g 85() (5.8)
log V,,(r) log V,,(r)

goobgobooboobobooobooboobooboobooo
0000 r-0Y200000»00000000000000M — p.560

53 UUOoOooboognd

ubbooobooooboboooooobbooooboobooan
gbobobooooooobobobbobobobobooooooon
gboboboboobooboboooooooboboboboooog
gooobooobooboobooboooboooboonoobo

0000000000000000000000000000?
gboobooooboooboon

ggboboooobobooboboooobobobbuoobbooon
O00000O000oOo0oOoO0oOOooooOOoOooOooOooOOooooOO /20
O0000o0000oOoO00o0e0OOOOOOOOO 1/6000000O0ODO
gbobobuooooobooboboboobobobonoooooooan
gooboboobboobooobobod

00000 E0D000OO0O00ED E4dE0DOOOOOODOOODOODODO0



53 00O0O0oOobOOobDOOd 55

gooooobobboooooooo

oooooboooboUo Eb0booboobboobboo FOOObD VO
O0000o0o0oUoU0o0ooooo0ooo W(R)ODOOO W(E,V)O
gboboboboobooboobooboooboobo

ooooooog S=klogW (5.9)

oooooooobooOoooo0ooooOo0bD kOOoOoboOoooooOoo
gboboboooooboobonooooboobouooooooboboon
gooooooobboobobvUvbuobboo FO0DOoboboobogobooD

alsfalsfalsfs . e b
1
<_) _ 1 <_) _z (5.10)
9E)y, T \oV)p T
000D00000000000 00 :00000000000000
0D NODOMOOODOOOO0O0000000000000 0

goooboob FO00OO00ODOODOONDODOOODODO e0OO
00000 E/fe(=M)00000000000O0OODOOOOOO

N!

W= anv =

oood legW oo noobobooogd

%:N(logN—l)—M(logM—l)—(N—M) [log(N—M) — 1]
1 98 9SdM _k k., N-M

T~ 9E o dp ¢ ioelV — M) —logM] = Zlog =

oo mMOobooooobobboboooDobobuobboooooog

M 1 Ne
N Tyenm U008 E=irom (5.11)

ooboobooooobooboooobooo vbboooo rpOob0bOO0O0ODOO

ooooboob0o NODOOOOobooboboooobooboboooo
obood:.=1,2,.,3N0 0000000 eNODODOO

(xlax2)°"ax3Naplap2a"')p3N) (512)

oooooooob r'cooy boboobOobooooboboo

w x{Oooo rooooo } (5.13)

1
~ Rh3NNI
Jodoo0o0dd—hA000D000O0O0OO0OO0OO0OO0DODUODODU0OODODDUOOOOO

oboooobd0—pllOOOoOoOoOoobOOoooooobobooooon
goobooboooobobobob 110020 obobobgobono



goooobod

56 S5 0bugnogo

gbobobobobobooooboboboboboobobooboooboon
ocoooooOoooooOoooooonN!OOOOoO00oDoOoOooDooooo
gbobobooooboboboboboooboboboobboboooboooo
ooboobooooooooobobooboooooooobooooooobooon
00000000000000000000000000000%00000

000000000000000000000000000000000
roo000000000000D00D0000nOooDooon voo
000000 VNOODOODOODOODOO3NOOODO v2mEODO

3N 2 3N
P _Fp, oooo > pi* =2mE (5.14)

= 2m i=1

0000 x000000v2m(E+AE)—v2mE ~ /m/2E AE 00O
000000000000 N>100000000000000000
00000000000000—520000000000000000

000000000000000000000 (5.6)0000
VN 7T3N/2
W(E,V) = omE)3N/? 5.15
(EV) = v n TNz 1) 2P (5.15)
000000000 N!OD0O000000000000000000 —p.540
00000000000 NOOOOO0OO0000000000000

V 3. 2E 5 (2rm)3/?
S(E,V)= Nk <logﬁ+§log3—N+§+logT (5.16)

1o(25) SNk D (o8 _ Nk
T \OE)y ov)g V

= (5.17)
o0ooooooooooooooooooooooooooooooo

2E T T
3
E= §N/<;T , PV =NkT (5.18)

O00O0O0ONA=R/k0O0000000000O0— p470000

oooboooobo *obbo coooooooOooboboOoobobooo
gboboboboobooboobboooobuooboobooobonoon

N; =e% P5 | B=1/kT (5.19)
000000000« 000000000000Y,;N;=N0OO

et = N/Ze_ﬁei (5.20)

soboooo N/VOOOO0ooOO0oOO0o0O NOOOOOOOoDOooooooooo N
UD0O00D0O00 NYODOUOON!'ONOOOOOODOODOOODOO0O000000
gooooboooooooooboooooooooobUobOOoboobobDooDbooO
gooobooboobooobooboobooboooboboooboboboobobooooboo
O00D000000000000000 genericphase00000000000OCDDO
00N OO0OD0O0O00-121000N!00000000000000 —[232]0



tomita
タイプライターテキスト
追加付録１参照


53 00O0OoobOOobDOOd 57

0000000 (C2)00oo0ooooo0ooooooUooo

log Gmax = N log (Z e_BEi) + BFE (5.21)

gobooobobooooooboobbooobobooobboon
gbobopooooooooooobobobobbo0 g0bobobo
U000 000000000000000000000000000O0O0000
o0oooooooooooobobooboooboobooboonooo

el NY e dB

gei\] — i _

Nd [log (Y e )] = - o = bds (5.22)
0000 20000000RdE+ EdBO0D0OOO

gboboboooobobobooobobobobobuonooobobo

d(log Gmax) = Z—g (B=1/kT) (5.24)
000000219 000000000000 dS=dQ/T00D
klog Gax = S (5.25)

000000000 000ONDOOODCOOOO]logGmax O logW O
gbbobooboobboooboobooobooooooon

S =klogW (5.26)
Ogo0ooooboobobod—p600000D00O0UDOOD0O0O0OO0OOOOOng
gdooodoobooodooboo0—0o0ooboooboooobooog
dodooboddoooooooooooooooooooooboboooooo
dodddddddddddddddooooooooooooooobDboooo
dodobbodddddddodooooobL bbb oooooooooon
0000000000000 oooobooooo
000 GO000b0000ooooooooooooooooooo Goooa
0000ooOoo0O0O00000 Go00oooooo0o0ooooooooo
J0o0dooooOoo0o00oooooooooooo Soooo Gooooa
gdoodbodoooouoiodoooouooooooboooobon
Jddd0oDoOoO00ooDoOoOoDo00oooGE=G1Gs00oogoooaoa
goboOoboOoooooonoosS=5,+S0000000000000000
O000000Olog(G1Ge) =logGr +1logG, DO O0OODOOOOOOODOO
0000000 logGmax ~logW OOO0OO0OO0O0O (5.26) 00000000 k&
gdoboooodoboooooooooboobooooooa

gooooooooooOm
ooooobo200000000000
ooow=ww,000ooooood
oo0oooooooooogo daw =
WodWy + Wi dWo =000

AWy /Wy + dWa/Wa = 0

ooooooooooooooooo
dEy =—-dE, 00000

dlog Wy /dE, = dlog Wy/dE,

000000000000000000
T\=T, 00T '=dS/dEODOOD

dSl/dEl = dSQ/dEQ

00000o0oooog S=51+52
00000o000o0o0o0o0osSo logW
coooooooooooooo

— 000 [225]0Plank 000000



58 S5 0bugnogo

goooooOo *ooboobboooboooboobbooboooooboobo
oobooobbooobooobooo206eNODOOTIODO0OO0ODOOODOODO
gobooobooooooboooboobooobooobooooboooDboOoDbo
oobooboooooooooboobooooobooooooooooboon
oob0ooboooodb0od—ps3000000D0O0O0O0OOO0O0DOOODOOOO
oboooooobooobooooobOooooobobobo ocobobobooooo
oobooobooooooooobooboooboooooooooooboooonn
0000000000000 0000000000040000000000

1.0 - 0000000000000000000000000000000000
booooood 000000000000000000000000000000000000
000000000000000000000000000000000000
D000 1001000000 1000000000000000000000
000000000000000000000000000000000000
0000000000000 1/200000000000000000000
0000000000000000000000000000%0000000

0 10|00 20|00 30‘00 4060[I

oooooooo 010000000000 5200000010001000000000¢0
obooooooooooboboooooboobobooooobobooon
0000000 52!0~25x1000N=52000000000000

gooooooooooboooooooooobooobooooobooooooDoog
0010101000 000000000000000000000000 — 00
oboooooooobooooooboob —O0O0obOobooboooobobooon
boocoooboooooooboboooooboobooooooboobooooonoog
oobO0ooboooooobooobooboooobooooboooooooooon
oooboooooboobooooobooobooobooboooobooobobooooaon
bd—=s20000000000D0O00bOO0bOobDOoO0DbOobOo0bOoDd
OO0 100000000sM!0000boopooooo0gogoooooDoooo
goooooooooobooooboooooboooobooboobooogoo
00000000 2(26)?/52!0000 80000 1000000000000

54 0LOOOOOOO

gbobooboboboooobboobobuonoooboboobon
oooooooobobooooboobobg Ey, By, Es.....0000
000 F=F00000000000000D0DO0O0DOO G;,0000

4p8306NID00D0DO0DOOOODODOOOODOOODOODODOOOO
goboboooboboboboobobooboobooooboboboboobobobon
gooooooooooooooOooOoobOOob0oO0oOoooooOoODOO0O0oOobooOdeECoOODO
2000000000000 0000000DOOO |gradH|71I:IDI:IDI:IDI:IDI:ID

- d0O000o0oo0ooboo0ooboooooOooD20000



tomita
タイプライターテキスト
→ 「位相空間とリウビルの定理」（『統計物理学』2章抜粋）


54. DOOOODOO 59

ooobobob F;oboboboboobogobo

1
Pi=—— G
Z(B)

O0000000O00O0O0O0oU0ooooOOoUOOoZ(p)ooooooooo
obooboooobobboboooooooooooooO(216)o000

Z(B) = G;e Pk

(8 = 1/kT) (5.27)

(5.28)

ooobooobOoOoobooOooooo0o0oOooooOo FOO E+dEOO
gbbobooobooboobbooboobo

1

P(E)dE = 75

G(E) e PEAE (5.29)

Z(8) = / " G(E) e PPdE (5.30)

Ey
EODDDDDDDDDDDDDDDD—OODDDDDDDDDG(E)D
000000 FOO E+drPOO0O0O0O0O0O0OOOOOOOOOOODOO

(W(E)=) GE)YME= > G (5.31)

E<E;<E+dE
gbooobobooogoboob FOO0DUODOODODObOOODODOD

(5.27)0000000-000000C0O0CO0OOOOOOUOO-0000
oobO0ooboooooooboooboooboooon0looooooog e o
0000000000000 ((B.27) 000000 E;00NDODOODOOOO0OOD
gooooooobobooboooooboobooooboboboooooboDoo
ooboooboooooooooboooooooooobooooooobooooo
obobOobOobobOoobobOooooboooooooobOo —p61000O0O0O
obooooobooocoooboooboboo-oboboooobooboooonog

guooooooooobobod
o0oooooo Z(p,Vv)Ooooooooooooooooo

107 _8logZ

703 98

(5.32)

O000000p=1/kT000000000 TOOO0OOOUODOOOO
00000-00000000o00 316000000

(8k:10gZ> _E__<35>
or )y 12  \oTT)y

gboobobobobooboobbobooboab

(5.33)

F=—kTlogZ (5.34)

E~N
gooooan

0000000000 E~NODOO
0000000 AE~+/NOOOD
O0OAE/E~1/yY/N<100O0O0O
00— 00000020000000
0000000000000000
0000000O00lgyNDOOO
0000000—000 [231]

P(E) AE' < AE

-

E
gboooodooooo

oooooooooorOOOO

goooooooooooogoo
0O AF'000001000000



TODOODODODvOOoDOoooooo
OklogzZ\ (0 F\ _ P
ov Jr ovr), T

gooboobooboobo0 - 00000
doodoodooooooooooo

00000000 E0000O00O Z
0002000 legZ0 NOODOOO
00000000000000000
000000000000 G(E)E «
exp[S(E)/k|0 0000

ngW)ZH%XP§§2*£%}

=—BF(T) (A)

0000dS/dE=1/T >0, d%5/dE? =
~1/T?Cy <0 0DD00S(E)0000
00000000000000 (A)O
S(E) 00 —F(T)/T0000000
000000000000 —p.30

60 S5 0bugnogo

goobobboobooobO0doooooooooooooo™oooong
goboooobooboobooobogoobon

oF OF
(ar) =5 (Gv)p=-"

020000 Cy=(0E/dT)y = —(kT?)~Y(9E/08)v O (E2—E °)/kT? 0
000000000000 NOODOOOOOO(E—-ER2=E2—E° ~NO
00000 AE~NY2000MO00000000000000000000
0000000000 (8%S/0E%)y =—1/T?C, 0000000000

(5.35)

00000000 5000000000000000000Ey =
Me (M =0,1,2,..,N)00000000000000

N
GMfmw—Mﬂ
oooo
al N! BM Be\N
Z=)Y ————e M =(14e") (5.36)
o= MI(N — M)!
ooooooosSooon
— 0 Ne e B¢ Ne
E:——l = = :1 T .
9582 = 1o ~ 1y PURD (5:37)

O00000O0O0O0000O0oOOOoOoOooooDoO (h1l)Doobooo

oo0OO000000000o0oOo0o PO EF+dEOOOOOCODDDDOD
N

Egﬁﬁx{DE]V%nED 2m(E +dE) O

00000000 3NDO0D00000000 } (5.38)

G(E)dE =

00D0000RN D NOOODDODDDO0O0000000000000
gbobopooooboobobobobuoooobobobobobg

4B 1 3N ) 3N p'z
— _ - ) _ - 7
8 o (g e’ = e (55

(5.39)

i=1
gbobobuoooooobobooboboboboboooooan
000000000000 00OO0O00D0DOO00 (-o0,c0)0000D0OO
gboboboobooboboobooobon

VN e SN VN armkT\ 3N/
_ —p?/2mkT _ [ entivhvt
Z‘Vﬂﬁw(/me MO "N!( 02 ) (5.40)

S200000:0



54. DOOOODOO 61

000000000 oobOooo490000o0oboooooog
o0
/ e~ /20dy — \/21q
—Oo

000000000 F =—kTlogZ0O logN!~NlogN-NODOOO

1% 3 2mmk)3/?
F(T,V)=—-NEkT <log N +1+ 3 log T + log %) (5.41)

B OF B vV 3 5 (27ka)3/2
S__<8_T>V_Nk <1ogﬁ+§logT+§+logT (5.42)

DDDDDDDDD|:||]DDDDDDDDDDDDDDDDDD—)[Q?)?)]D]
gojoooooggopoooggooogg
OF\  NET 3
p=—(22) =2 p e piTS = NET 5.43
(av)T v + 7 (5:43)
oo ooogoog

gbobobboboboboboboooooboboboboobobg
gbbobooobuooooboboboboobooboobobo

oooooooooo*o0oobooOoooo Ibbboooboooooo
ooooooboobo roobo0o Ioooo 10 1Ioog0ob 10 11O SEELT IRILF—
0000000000000 I0000O00D {E}0000000 {G;} AYSES
ooobooIlbdb noobobooboooooboboooobobooo
0000000000000000001I0II0000000 E'000

LOBENR (B RE
ooo wHloooooooooooooooooo 0. #ib CRET)

S hELT TR
WHINE®) =3~ G x WH(E - E;) (5.44) fﬁ@;:*»#—wmwmj

HOTLRERFEDLLT, FEI
B FEREZ RO TS,

00000000000wWioD NI0O0000000000000000
I01I000000000000000000(.44)000000000
000000000000000000000001000000 E;0
00000000000000000000000000
p_ G WI(E® — E)

E WIHI(ED)

(5.45)

000000 N0000000000000000D0Do000 SYE)O
O0000000o00o0oO (b9OOoOoDUooDUbooDoOoooo

WH(E® — E;) = exp[S™(E® — E;) /K] (5.46)

0I000000000 I000000000000000000 E°O
0000000000000o0oo0ooooooon SYEY-FE)O E; O



62 S5 0buobgn

goboooon

QSH E2 82511
M0y IOy . 2% —
SY(E" - E;) SUEY) — Bigr 2 OF>
FEo Ey
E; E;
T 2TC

00000000 (0S/0E)y =1/T, (9T/OE)y = 1/(0E/dT)y =1/Cy
D0000CY00000D000000000000000000000
00000047 0000000000000000 (546) 0000
000I00000000000000000((.45 0000000

1 E;

0l000000000000000000000 Zz-'00D00OO0O000

5.5 UUOObooobooOoo

ooooboooobo NOOObOoboboboobuoboobooooo
gogoboobobooobobboooobbboooobbbooon
ubobobuoooooobooboboboboboboboobobg
gboboboobooobooboobobbobboobbobooonon

uboboobobobooooboobooooboooaoooooan
gobobbooobobobobbooboobboooboobooo

0000 ((b44)0(47) 0000 WOOLOODODOOOOO SOODOO N
000000000000 G4anyoooonO

Ei | uN,
SM(E® - B;, N° = N;) ~ S"(E®, N?) — = +

0000000000000 100000 0000000006

ﬁ__<§>
T  \ON)py
000000000000000000000000000000000

oooooobooobooboboobobooob NODOOOOoOO EDO
O F+dE0OD0O0O0ODOOODOO

(5.49)

Py(E)dE = E7'GN(E) e PE-1NE (5.50)

6 00000dG = —SdT+VdP+pdNOOOO G = E-TS+PVO0OO(E,V,N)
000000000000000000000000000

1 P m
ds = TdE—I— TdV TdN

gobooooobooooovuvbouobo pogooOo



5.5, J0o0OOoooOoobood 63

0000000000 0o00o0oGEOoOoOo NODODOOooOoooooooo
00o000ooooooooooooobOooobooobOooDg =@
DDDDDD)DDDDDDDDDDDDDazﬁuDDDD7

=(V,8,a Z / Gn(E) e PE-N) ag = 3" N zy  (5.51)

N=0
00000000000 NOOOODDOOOO ZyOOoOooooooao
00000 E, 0000000 NOOOODODOOOODOO Gu(E)ODO
O0000000000NOOODODOOOO0OO0OEy=—-o00cO0000Mmma
Ooo0o0dooooooooooooooooooooooooooon
godoootboooobouoooboooobooooooouoooon
0000000 NOOOOOoOoooooboooooooooooooo
O000000O000oOOoooooo (31)Doooooo
(5.50)0 (5.51)0 0000000000000 O0OOOO NOOODO
000000 Q(N)O
o0 Z
Q(N)= | Py(E)E =2X &V (5.52)
Ey =
goooooo
000000000000O0000
Odo0oon0o pO0O0OO0O0OO NOOOOoOoooOo

F=§@Mﬁ%%>

LR ()05, e

[I]|

N=0
o o 1 o
N = Y QIN)N==)Y Ne*Vzy
N=0 ~ N=0
1 /02 dlog Z
_ 1 _> :< og > (5.54)
=\ Oa Vv, B Oa Vv, B

0o00o0obooobo0o NOODUODOUOO Fy=—-KTlogzZy OO O

=), = 2 (%)
N\ ov ) Zy \av )y

00000000000 000 (bh2)000 V)ODODLDDOOLOOOO
goooo

F:

(5_;) ( g2 M2 o

"0000A0Ar00000D00000D000O0D000DO000000000O00




64 S5 0buobgn

ooooooooooobobuobdn —kTlog=0 F=—kKTlogZz O
goboboooooboboboooobobobooooobo Jooo
000008 000000000000

J=—kTlogZ=-PV (=F-QG) (5.56)

dJ = —SdT — PAV — Ndpu (5.57)

(5.,56) 00 dJ =—-PdV —VAdPOOOOOO(BS7T)ODOODODODODOODO
00000 NOODOOOOOOOG=Npd(0G/ON)rp=p0000
gbooboobouo-ooboobob-36b0on

— SAT + VAP — Ndpu =0 (5.58)

O0000@MO00000000000000000000 00000
ugbmoboooboogboooboobooobooboobooboaon
gbobobooboobooobooboo

5.6 T-POO*
0000000000000000000000

yxzzsznzzyéalaBPV’ZN(IQV)dV’ (B =1/kT) (5.59)

00000000000000000000000000000
G(T,P,N) = —kTlog Y (T, P,N) (5.60)

googobooobooboobooobooboooo

5.7 UUooooono -~

oooobooboobooooobobooboooo wobouoooo
000000 ZODOOOOOOoOoOoOooOo roogoooo NOOoOoo
ooboboboooooooooooboboobooboboob1100000D
gboboboobooooobobono 1,2,3,. 000000000000
roo0o0ooooooooooooooooooooo Noooo
O0@mooO0OO000o00oO0oooooACOOBOOO 20000000
0000 NoaOONgOODOODODOODOOOODOAAABBABBA.....
0000000000000 NAINg!lOOODOOODOODOODOODON!

*000000000 J(T,,V)00O0O0O00O00000000000 7, 0000
0000 VOO0OO0OD00000000000N!O000000 Zyv00OOO0O00oo
0000000 —[232]



5.7, 0OoOopooOoono 65

00000 Na'Ng!OOODOOOODODDOOODODODOOOOOOOoOoDOd
N=Ny+NpgUOUOOUOooOoboooooooobuobobo

N!
NA!Np!

OO00O00ooO0o0oDoO0o0DOO0OdxkD

AS = k[N(logN —1) — Na(log No — 1) — Np(log Ng — 1)]

N N
= k |Nplog — + Nplog — .61
{AOgN + BOgNB] (5.61)
0000000000000 00000000000 Na:NgOOOOO
Va 3 Ea VB EB
= Njk |log— + =1o Nk |log — —l
Sa + SB A {OgNA+2 N]+ B {OgN + NB
vV 3 E
= Nk |log — + = log — .62
k[ogN—l-QogN} (5.62)

go2000000000000000000DOO0ODO0OODOOODO

O000000O00D0oODoOO (b6l)DDDDOOODOODO (24000000

gbooomooboboooooobooboboooboooooo
gboooobogboobooboobaon

AAAAAAAA.... BBBBBB.......
gbooooooobooogog
AAABBABA....... BBAABB.......

gbobobuooobooboboboboboooooooboaobbobg
gboboboboboobobuobuooooboboobooobooboyd
gbobobuonoooooobuobuonooobouobonoooooonboo
goooobooooog

goobooobobooooboobobobooobbD 20bO0obOoboOoOoO
0000020000 WwW=2/00000000000000000000
oobO0oobooooOoobooobooo 20000000000000000 2
OO0ooDDo0oO0o0I=leg,WOOOOOODOOOOOODOOOOODO
ooboom20000000000000000O000OO0O0O0OODOOOO0
gooo@moo11gooboooooooobooboboobobooooooboooDo
ooo0o1l10oooooooooooooboooooboobooobooobooboooo
ooboooboooooooooboooooboooobooooOo 200400
ooooooooboooboboobbOOobDOobOoUobDOoDb 20b0o00 160
gbooobooOooooooooobooboooooooboooooooboooon
gboocoooboobooooobooboooobooboooooobooooogon
oboboooobooooooboooooobobooooooobooooog



FLERE Y OEER ) FEZT
MUORAIREEHET,

(FiEMT__J s, LY S Ton91
\LIRIT © LR [ RS |

C~Ix1073

6

Jooodbootggoodboogd

gboooooboboboboboboooooobboboboooobon
gboooogoobooboboboboobobbbobobobooobon
goboooooobobobobooobooboooooboobobooooo
obooobooOoooobooooobOooooboOoOoOooboooooboooooo
gboboooobooboooooboooboobooooobooboooboooooboon

6.1 0OOOOO

20000000020000000000000000000000
0D00000000000000000 6 @oo)yO¢ ooy 00000
1000000000000000000

2 2 2 2 2

Dz Dy Dz Do Po
By = 6.1
' <2A4 T on +'2A4> +'< o1 +_2[$n20> (6.1)
0100000000000000MO00000000 2000000

00000000 /00000000000000000000000
00000 00DDO00DODOO0O00ODOO—-7400000000000

Py = 16, Py = IqﬁsinQH

0000 (6.1)0 0000000000 D00OOOOOOOLOOOOO
NOOOOoooooooooo11oooooboboobobooo
000000000 N!DO0DOO S000000000000DODOO

Zn = Z,N /NI

V T 21T (e’ ')
7, = ﬁ/ d@/ d¢/ / dp, dp, dp. dpg dpg e PV/FT (6.2)
0 0 —00 —00

l000DU0D0D0D0D000D000000D0D000000000Ooon
00000 CO00000000A%/20>4kTO00000000000O00O0O0000
goboooooooboboooobooooooooooboboggevobbOOoOoono KO
ooboooO0O0O00000O00 KOODOOOOooooooooooooooooooo
gobooobooobbooooooooooD MeVOUODOODO —pa122000M

66



6.1. JOOODO 67

gooogo VN/N!DDDDDDDDDDDDDDDDDDDDDD
OP=NkET/VOOOOOOODOOOOOOOOOOOOOOD 2000
gogboboobobooobbooobooobboooobbbooon
gbbobuooooboboooboobobooobobobobobg
0000000 kT/2000000000000000 20000000
0 f=50000000 1000000000000 5k7/20000

ugoboobboooouooooobbtbotboooooono 200004d
f

By =) aip’ (6.3)
i=1

000000?00000000000000000000000000
gbobopoooooooboobuoboooooobooboboooon
000000 p, 0000 e=oy/kTO0000O0OOOO

— 1
DDDDDDDDDDDaipi2:§kT (6.4)

0000 oO0O00000 0000000000000 0O0OO0O0OO0O
gooooooobobObOboo 1o obbobboooobboboobo

E_f
~ = 3M (6.5)

OoooOooboooboOon0 fODODO0O0OO0O0O0OUDOUODODOOOOOO
f=600000000000O00O000O00O00O004

1 2
CV:§NAfk:£R, Cp:CVJrR:f%R 6.6)

00000000 v=Cp/Cyd—p.15, pd70001+2/f 0000

goooboobooboobboobuoobbooboooboon gROP
O0000O00000000oDO 20000000000000 kT/200 2 : /
0000 00000000000000000000000 20000 7R
00oooobD HROODoboobobooooboooobobooooboo
0f=5Cp=7R/200000000000000D000DOOOO 20 S
j— j— 1 1 1 1 1
0000000 f=7Cp=9R/2000000000000000O0OODO 10 100 1000 10000
gogbobooboboooobobbobbooobboobboooon 2EFHTF(Hy) DEELE
0000 f=3,Cp=5R/20000000000000000O0O0ODO0O19 (EBEES D BRYIZT ML, BEE
KOEERFH-LBARITEESTESS, )
gbbooboobodgbog2bobboobodobuoobooboobo

32 (300 K)

T[K]

2000200000000000000000000000OOp490000000

- oo B oo _ 1
ax? :/ az’e ”2dm// e % dg = 3

gobooobbobbbe>00000000 cO0D0OO0O0ODODOODOO




p dEl/l/
V 2mE1
T
01\/2E, /mw?

(6.7) 1LFEM 25 U, BRI 2n By fw
= B\ /v 506, “ BRSO N
dxdp DDV I, 2 >OFEMICHEEE
PR A, Jv % IO C

© o dE, 1
7. = BEL 71~
! /0 ¢ hv . Bhu

EEFTZLELTES, (075 2R)

68 6 JO00OOooOoOooOoOoboooboo

gboboboooooboobobobobuoo 1opobobobon
gboboobooooobobobobobuoboooooobobobon
goobopoooooogbobobooonobobobooboobog
oooobob0—p.750 000000000 OOODOODOOOO

gbooooboooboooooobooobobooboboooooooboooboog
O0000o0ooooobo e000ooo krooobobob0ooooooooo
oob0ooboooooobOobOoobo0oooooobooboge0ononoo
0000000ooooooo0o00U0d0kKTr ~eODOOOODOOOOOOO
gboobobobobobbobobooooobooboobobobgn ed
gbogoboboooboooobobobobbobobobobobooooo
00000O0O(6.1)0200000000000000000000OO0OOO
obooobOobooooooooooooboboooooboboooogon

TRAX— T vs RE (=5BOREX)

088

o v g"d @

€1

€2

6.2 UUUOOUOOUOObOOn

gooood

P mwla?

B, =
s
00000000 mO0O000 w0000 v=w/2r00 1000000

00000D0me?00000000000001000000000

oo oo 2 2.2 2 1
le/ / exp _ﬁ<p_+mwx>]dxdp: T

om 2 h  Bhw  Bhv
gooobootoootooooobooooooooooao

— dlogZ; 1
Ey=— =—=kT 6.8
95 5 (6.8)
gooooooooob 0000000 2000000000000
goobooooooooobooooooon

(6.7)

mwz? = —p? = kT (6.9)

000000000000 vO0000E,=2x (kT/2)=kTO0O0O



6.3. OO0 69

gbooboobo-goboobooboobbooboobbon
gbobobpooooooboboboboobobobooooooon
gboboboooooobooboboboooooooobobobonbg
gboboboooooobooobobobobuoboboooobobg
obobooooobobobooooboboNDODOOODObOOoD
obobooobobobobbooooobobobooobo sNDbOoDbOOoDOo
gbbobooboobboboobooboooboobooboobo

ooboooooooooboboogoosNObobooboooooobog
oooooobouoboboobobooboooobobobp830 400 on
000000000000000000000%00000000000
000000000000 0O0UOo0O0OoD (68)0D00UDOUDO

E=3NkT, 000 Cy=3Nk (6.10)

00o0ooogd Cp~Cy0000100000DO0ODOOODOO N =
NaOOOOOCp=3ROO0OO0OO-000000000000000O
gogoooooboobobobbooouobobobboooooooboa

lim Cp(T) = lim Cy(T) =0 6.11

lim Cp(T) = Jim Cy(T) (6.11)
0000000000000000000000040000000000
gdobodboboodbbodbboobboobbuoobboobo
ggoobobobbooooobbooooduobobboooooon

Cp(T) < T3 (6.12)

000000000000000 7300000

6.3 0UOO

voogoooboobooooboboobooboobboobooo
gboboboooooobobobbooboobobobobobobog
oboboboooobooboomnoobobobooooobobon
gbobobuobbobobuooooooboboboboboboon
gboboboboboboboboboooooboboboboobobg
gbobobuooboboboboboooboboboboboaon
gboobobooboobooboobooboobooboobobooboo

33N00020000000000000000000000003N000000
20000000000000000000000000-00000 [218]@

{0000000000D00000D000000000000T=00000000
0000000000000000000000000000000000 10000
D030 (3.22) 00 Cp/T = (98/8T)p DO S(0,P) = S(T,P) — [ Cp(T")/T" dT"
0000000000 lim Cp(T)=0000000000000Cy 00000000

obooooooooooooooo
goooooooooooooooo

I] . I]
1) —O>—0—>—
(2) —=Q@—@>—
1 RIS RIFROEERD

(1) FfAR, (2) #fdE o
2 DDRBE— KHH 5.



70 6 JO00OOooOoOooOoOooboooboo

00000000000000000000000000000°00
gbobobooooobobuoboooobobobobbobonbog
goobgooboobooboobtd—oobobobbobbbooboboo
gogboboobobooboboboooobbbbooooboboboooon
gobdoboboboboooobobobto—oobobobobo
ggboboooooboooobboobobobbooobboboooon
gbobobobobobobobobooooobobobobobobg
goboboooboobooboobooo

o0 TrooooobobobobooooocboobobobobOonog
gbboolobooobooobooooobooooanon

0()00000000000000000 U/V =wT)
0(h)0000000000000000000P=4/30000
oooooooudb0obb0dooooouono P=2u/3 (41500000

gbobobouoooobobooooboobbboobobooboood
gogbobooobbooobobooooobbooooobbbooon
gobboooobbomuooobooobobooooobooboooon
gmoobobbobbobobooboooboooboobo
0000000000000 000000D 3400000 (3.37)0

oU oS oP
(W)T = T(W)T —P= T<8—T>V -F
0 (()00000O

(8U) T du w

) =2 =2 6.13
oV)r 3dT 3 (6.13)

000000 ()00 U =«(T)VODD0O000 (8U/8V)p =w0000
ooooooooooo

j—;:%, ooo %u:ﬂ (6.14)
goobooooooooooood
log u = 4log T + constant
ooooad
u=aoT?, Cy=4aT?® (=000000000000) (6.15)

UbdboebO0obOobobooooobobuonooobobobobobg
000000 73-000000000000000000000

0000000000 R0000R=|(n—1)/(n+1)?00000000000
00000000000000 » '00000000000000000000000
000000000000000 0000000000000 00000000000D0
000000000000000000000000000O00000




6.3. 00O 71

gboboboobooooooboobobobobooooooon
00000000000000000000000000«00000¢

K=0T', 0= % (6.16)

gbobdbcobOoboboobobboboboobooboobobo
000000-000000000000 -00000([223]OoOOO
cubobogoooboOo-ooboobboOobbooboOoboooboonon

o =5.67x 108 W/m?K* (6.17)

ooomwiooooooooo

0010000000 1I0omm000O0 lm0O0O00O0OO0OO0ODOODOOODODOO
OO0000O0O0D000O0 25kWHODO000000 140KO000D0OO0O0O
gobogooo-ooboobooboobobooboobobooboobon
gbobobooooooobooboobobobobobooooobobooobg
ooboobooooooooboooooboobbooooooooobogoon
oooooobooooon

0200000000 T7T0000O0bG780KOO0O0OO0O-000000 DO
oooo0o RODOODO 2150000000000 0DO0O0OOODODOOOO
0000000000000001m?2000000000000000000
0000000M000 1.37kW/m?0000000000000

0000000 *0000000000000000000000000O0O0O0
obooooobobooooobooboboboooobooobooboboooogon
00000000000000000 0.07W/m?20000000000000
oob0oooooooboooboooooooboooobooobooboobooooo
gbooobooboo3ouobooboobbobooboobooboon
gboboboooooooooboboobooboobobobobooooo
googobooboobooboobooboob oobooboo

ocoooooo*oooooobooboo0ooOoooboboooooooo
gbobobobobooboboobobuonooobobobobobg
goobooboboobobooooooboboooobbbooobomm oo
oboboooboboobobooooobobomobobooboob
D0000 max D000 7roo0o0bobobooobooobbogoogn
gogobooboboooobobboobbbboooobbboooon

Soo c/40000000000000000DOOU0O0pP450000D0OO0O0ODO
0000000000000 000 000000000 oooOoooDoodAnoO
000000000000 4700000 ¢/2000000000000000O
gooobobobooo

0000000000 dADDODODODOOODOOOOd 200000000000
0000000000 LdAAAQ20000LO00000000K =xL 0000000



]

0

T
gooooooooobooooood
goboooooooooooooboono

v3V =000000000

72 6 JO00OOooOoOooOoOooboooboo

0000000000000 0000000 000000000000
000 z=y/T0000000000000000000000000
D0000000000000-00000(224)0000000000
00000000000 0000000000000000F(z)000
000000000000 70000

E@mwaﬂﬂmm,x:% (6.18)
000000000 700000 »vO000000000000000
700000000000 00000000000000000000
000000000-00000000000000000000000
00000000000 0000000000000000000000

gbbobboobogooboobooobuooboobboonoo

000000000 LOOO0D000000000000000000
00 LO0ODO A/200000000000000000000000
00000000 00000134000M00000000 ¢00000

A
mzc,L:%-m:Lz&g

ud
c

=—n
2L

0D000000000000000000 LOO0O00000000O

0000000, m,n) 0 (0,0000000000000000

v

P4m?2+n?2 OcO0O00O (6.19)

000000000000 300000000 (I,mn) 00001000
000000000000000 v0v+d/0000000000000
0000000000000000 r=(2L/cv 0+ = (2L/c¢)(v + dv)
020000000000000000000000

g(v)dv = 871-3‘/ vidv (6.20)
c

0000000 L=V 000000000000000000000d
gbobobuobobobobobobobobobobobobobg
gbbobuoooobobobobobouonooobobobobobg
gbbhvobboobooobodbooboobobboobooboo

gooobooobobob rooobooboboobobobooooon
00"0000000000000000D0 AT0D0000000000O0

"00000000000000D000DU00D0000D00D00DOood
goooobooogoboooboobooboooboobooobobooobobooobo
gboboobooooooooboboooobobobobooooboboboboobo
ooooooooooooooOooo0ooooooobobOOooOooooooooDooooo
gboboboooooobobo




64 ODOOOOOODOO 73

00000000000 00O0oUOoOoOO(e20)0V=10000

E(v)dv

kT kT4
::813 V2dy <::8”;3 xzdx,a::z%> (6.21)

00000000000 (6.18)J0000000000OODOODOOOO
gooboboboobooboobooboobobooboobooboboon
gbooboboobooooboobobobouobobobobooood
gboboboooobobobboobobuobooobobobobobg
gbobobooobbobboboobooboobo

T = T — 00

u:/o E(v)dv 3.3 .

gooboboooboboboobo-boobuoobooboooboon
gbobooooboboooooooboboboboboboboobog
ooooobog kroooboobooboooobboobboooLo
ggbobooboboobboobbboboobbooobboooon
gbbobooboobooobooboobobboobooooaon

_ 87Tk3T4 /OO 2 — STkT* 400
c 0

6.4 UOU0OOOOODOOO

000000000000 (621)0000000-000000000
000000000000 »0000000A00000000000
000000000000000000000000000000000
0000000000000000000000000000v0000
000000000 »0000000000000000000000
00000000000 exp(—mo?/2kT) 000000 (6.18) 0000
0000000000000 00000 [224]0

E@)dv = Ae /T dw (: AT e " g3dx, o = %) (6.22)

0A000000000D0000000O00O000O0 TOODOOOOO
obooooodooouooogooooogooouoodoooog
O0vOooooooooooooooooooooooooooooson
Ooooo0skODOO000000 RODOOOOOOOO0OODOOO0OO

ngouoboooboodbobodboobodooogoooooogoo
vbooododboooooduooooooddbooooooogd

3 4 .3

S (TR eE) o
000000000000 (6.21)000000 (622)00000000
00000000000 ARO0O0D00000D00000D00DO00O0O

$7200000000000000 (6.22)I:I[I[I[I[IA:SWh/c3DDDDDDD

E(v)dv =




74 6 JO00OOooOoOooOoOooboooboo

0D000000°0000000000000
h =6.62607 x 10734 J - s (6.24)

ooomoobo Jsooboobbo@moooooooooooooDo
oboobooooobobobooooobooboboboboooo Jo
gbooboooboooobooo

_ 8ok
~ 15¢3h3

gboooobooboooboob-obooboooba

u:/ E(w)dv =aT*, «
0

ca _ 2n°k°
4 15¢2h3
0000000000000000000
00 AO000D00000D0000D0000D0000D00000000
0000D0000000000000000000000000000
000000000 »000000 ADOO0OO0ODOOOODOOD0
00000000000000A=¢/»0000 (623)000000

(= 5.67037 x 108 W/m? K* ) (6.25)

8mhe dA

Oo00o0b0ooboobDobobbooD maxobobooogo

h
TMMX:02MAO”x2§:28mﬁnxlﬁﬁK-m_ (6.27)
(x10% J-m~*)

000 (Amax )O0O00 %

I()\) 0. 6 m)
0. o)

0. o)

1.0 | 0 o)
o)
-3 Km

A
0 1 2 (x1076 m)

gboboboboobobobobooooobobobobobon
gboobobooobooboobooboobobbobooboobon

96.27) 0000 Thmax 000000(625)000000000000-00000
00¢0000000kD ADOODOOOODOOODOOOOOOOODO0OOO
000D000000000000000000k(=R/NA)0ODOOOOOOOOOODO



64 ODOOOOOODOO 75

gboogboobuooboobboobooboboobobooboon
gbobobuooobobobobobobobobobooooooon
goboboobbooobbboooobbbooooobbbooon
oboboooboboboboboboooboboboboboomouoboon
gogbbogobooboobboooobboobbooobobboonoo
gbobobuooobogboboboobobobooboooooan
ubobdgvoobobooboobtdetouonoooboboboboon
gooobooobooboobobobobbooboobooong

en=ne (n=0,1,2,3,...) (6.28)

ggboboobbuooobooobbbooobbobobooboo 10ob0d
gbbodobbe20000p6e8000000000O0O0OO0ODOODOOO
oooogoogd

n=0
gooooooooodo 1|]DDDDDDDDDDDDDDDDlOD(G.S)
oooon

cePe €

— 0
Elz——longz 1_6*58 — ee/k‘T_l

op
gbobbuobooooobobobobobobuobobobg ean
o0 »O0000D0CO0O0O0DCOODODOO ROO0 e=m0O0OD0O0O0
00000000000 (6.2000000000000 (6.23)000000

(6.30)

gbobooboboboooobaoboooobobobobobon
000000 (6.28) 00000,

1
5n:<n+§>5) e=hv

gbobobuoboobobobobobobobuoboboooobobg
0000000000000 0000000000D0O0000e) =hv/2
gbobopoooooooboobobobobobobooooooon
goobobooooboobboooobooboobooobon

ooboobb0 wOoooboboboooooboooboooboobogoo
gboooooboobobooooooooooogd -00 DO

Y 0pooU00U0000D00D00D0D0O0ONDOODOO0ODO0DO00DOOO
0 FOOOOE/e(=M)0000000000 000000 NOOOOOOOQOOO
oooooow =(N4+M-D!I/M! (N-1)! D00O0O0DO000O00O S=klogW O
00000000 SO0000000000o00o0oO0o0o0oooO0oOo0oooOoOp.550
oobooo N, M>»1 0000ODOO0O0OO00O0OO0O0DODOOODODOODOOODOOD
ooooooo0o0odoOg k00OOo0OO00DOoOO00ODOOOOOOoDOObOO 00O
O00[225)|0 000000000 ODOOOODODOUDOOUOUOUDOODOOUDOO
(629) 0000000000 0ODOU0OO0ODOUODOODOOOOODOOO— p.13100

kT/e

0 5
OO0 kT> <00 (6.8) 000000




Yo

7

Jooodoogbood

gbooooobobobobobobobooobooboboboboooon
gboboobooboobobobobooooooobobobobobooobon
gbobobooooooobooobooboboboboboboooobobon
goboooooomooobbooooooooobooooooooooo
ooboobobooooooooboooobooobboooooboooooooobogoon
o001 0@ooboboooooobobooooooboooooooboooonn
googobooboobboooboobooboobooboobooboon
gbobopooooobobobobobuoboobobobbobooobob
gbobobooooooobooboobobobobobooobobooooon
gbobopooooobooboboboobobobooobobooboon
obooooOobooooooboboooomooooooooon

7.1 0O0Odd

ugbbooobooooboboooooobboooobobbooan
gbobobuoboobobobobouoboboboboboboood
ubobobuobooooboboboboboooooobooobobg
gbboobooboobooobooboobobobobooboobob 2000
gooobooobooboobooboobuooboobobooooon

(1) 0000000000 bLO000 KWOOOODOUOOUDODOOD vOO
gobooboooobooobobooboboboooooooon

(2) v>rO0OODODODOOOOOOOOOOoOoooooooooo

E = % = h(v —vp) (7.1)

ooboghrb00Db00OD0O0ODObDOODOODODOODODODO
(2)00000000O0O0O000O0CODODOO0OOOODOOOOOODOO
00000 W(=hy)0OOOODOOODOOOOODOOODOOOOODO

76



v.1. OOOoOOo 7

gogoobobooobbooooooboboooobbooooooon
gbobobooooobobuobooooobobooobobobonbog
goooboobobooboboobowuobobobooogoooo
O00000ooooo0o()ooooooooo
0000000000000 000000000O0OO0oOooon (6.22)

NOOOOOOooooo v, 000
goo0ooOooUoOoooooooo S(U,v)yooooooooooo

ooooooooooobooooo

S=klgWDDODO WOODDOOOOOOOOOO W(U,V)/W(U,V)= 0000 VO000000000
N
(V/Vo)V/" 0000000000000 00000000000 LA M
e=hvy (0000 h=bk) (7.2)

O0000U/wO0000000C00O0000OOO0O0ODO0O0OO0ODOOO
goooboooboobooboboobo@mboboobooboobo
gboboboobbobobobobobuonoooboboboobobg
oobooob100b0oboboooboooooobooboboobooooon
00000000 (1)0D000b0O00-—00O0O0D0000O00Ooooo
0000 woOoooOoooooOoooooo0ooooo0 w (=W/hDOD0OO
goboboooboogobboobbuooo 1ooobbooobboooboobo
goooobbbobbbboooooubbbbboooooobobbobo
gboboboboboooooboboboboboboobobobon
0000000 cO00000Op460 (412)000000000O

Pzgcp OnOODODOOOO (7.3)

0000000p0000000000000000000000000
000000000000000000000000000000000
000p700 (O P=v4/30000000000u=ne00000°

e=cp (7.4)

gbooboboobooboobooboboboboobooboooboooonn

e hv h c
== — = — A=-00000 7.5
p c c A < v ) (7.5)
000000000000 000L0U000 Xooooooooooao oo
O000o0ooboObOoOooOoOoOoOoOo0O00000LOObOO0OooooOOO hy )/
O0000000000O0O00O0oO0O0O0OoOoOoOoOoOoOoOoOoocOoOoocoo hv' (< hw)

.

O00o00ooO0ooOooo (r2)0(rh)0D00DDOOOOOUOODOOO

00 X0OOO0OOoooooooo
gboboboboobbobobobobobooooobobobobo 000D000000000000
gboogbooobooboobooboonoooon

0000000000000 00«wD00000 goOO0O u=clg|lD0OOOOOO
000((74) 000000000 e=cy/p?+m?c20000 m=000000000O0O



78 rooooooooooo

goboooobooobooooboboobooboooboooog
Joooboboboooooboboooooooooo

0000000 1m?20000 14kW/s00000000000000000
0000000000000000500000 63x1080000000000
0000000000 A=050pmO0000 v=6.0x10%s"10000000
00000000000000 1m?0010000000000000000
0000o00osood /s0000001em?000 100 100000000

7.2 OOOoOoodod

000000000 XOO0O0000 p:h/)\DDDDDDDDDDD
oooooooooo poooobooooon
A=2 (7.6)
O0o0oooooooooooooooooooooooooooooon
gooool1920000000o0oooo0ooooooooooooon
g0oo0oooooooooooooooooooooooooooon
pgooooootuooooooooooooouonooooooooon
gododooooooooooooooouoooooooooooon
godoooooootuoudnooooooooouoooooooon
gddoooododoooouooooooooooooooo oo
o0o0oo0ooooooooooooooooooooooooooon
00000000000 00000000000000 -94*0000
O0doo0ooooooooooooooooooooooooooon

73 UdUoUoobobobooooood

gbooobouoooogb vyoboobobobobbobooboon
ggboboooobobooabbooooobobboooobbbooan
ubobobooobooobobobbobuonooobobobobobg
gboboboooooooboooobooonmim—oooooooo
Uaoe000O0DO0OO0O0O0DODOOO0ODODOO0ODODO0ObObOOO0ODDbO0On
gobboobobooobbooobbooobbooobboobboooooo
goobboodbbooobboubbooobooobboooboooo
00000000000000000000000000O000C00O000000
0000000000000« 000000000000000000000

goobooooobob Zzoooooooooooooooboooooo
obooddedbOob0OonoObD ZeOOOODODODOODOODOODO —e
0zZz0000000bo0boobooooboobobooboooobo



3. 0ODOoOoOoOooOooDoOooon 79

000000000000000000000000%20000000
000oO000oooOoooooooooooo r0o00o0o0ooooao
0wO000D0O000000 mOO0O03000000000000000¢
oooooood

mu? 1 Ze?

(= 2 -
r (= mrw?) dmeg 12

(7.7)
godoooooootdo-ododbil wbOdoooooooooood
pgdooooooooooooooooooouooooooogoon
godooooooooooooooooboooooouooooon
pgdooootooooouooooooooooooooooooooon
o0ooooooooooooooooooooooooooooogo EFXZEFD [A—a— K]
oo0doooooooooooooboooooooooooooooonon
o0oo0ooooooooooooooooooooooooa

O0o0000o00ooO00ooOoooOoooOoOooooO(rnoOo

EoR 4Rk TR

)

2 1 Ze? 1 Ze?
p="10_ < - c (7.8)
2 dmeyg T 8meg T

ggboboooobobuoobobooobobobbooooobbbooab
ooooog ro00ooob0b0od0FlE - —-—ccUdr—=0000000
gbboboobooboobooobobobuooboobooboobooobd
goooobooboobbooobooobooboboZz=100000O0ODO
goobobooobooooobooboobooboobobooong

uoboobooooboooboooboooboobooobooboonn
booooboobobooobodobooouobooboboobooboanogn
bob—pgrO000000D000O0O0OOODODLOOOO0O 27r00
0000000000 p=mvi0000000000O0 A/mvO0O0O
szixﬂ (n=1,2,3,..) (79) 000000000000000D00
mu 000D00000000000000

gobooooooooboooooobooo
goooobooboobobooboobobobooonoZ=100b0O0OD

o0 (v.7)OOov0O00OO0OO0OOOOOOOODOOOOOOOOOOD

Th = X1 (7.10)
4
1
Ep=——t %= (7.11)

8ep?h? ~ n?

2 000000000000 000000000000000000000M™
| 00D0DO0OO00000000000000000000 MOODOOOODO0O00
0000000000000 000000UDO0000UDO0O0UDOO0OUO pr/mm

() e B) e



80 r0oooooooooo

gbobooooboboboooboobooboboooobobobo
gboboboooooooboboboboboboobobobobog
goobobb0 n=10000000000000O00DOO0OOO0ODOOO

oboooooooboooooooboo

Ubbrn=100000000000000000000000O00O0
gbobooboboboboobooboobbobooboobobn

= 0.529 x 107%m = 0.0529 nm (7.12)

000000000000 0000000000000 107 mO0000
O0D000AO0ODOODOOODOOODOOOOODOO0OO0O0O0 1AD0
obobOobOooboobobOooooboobobooobooobooooobono
0000000000000001mm=10""mO00000000000000

googobogooobooon

me4

_W
obogbleVvOODOOooOoO1vVOOODOOoOOOOoOOoOoOOoDboOoo
bobobuoboooobobobobobooooobobobobo
ubobobuooooooobobobobobuoboboooooobg
gbooobooboobobboboobooobobboboo

E, = = —2.180 x 10718 J = —13.60eV (7.13)

E,—E, met (1 1
V= =

e 1_2_?) (n,1=1,2,3,.in > 1) (7.14)
00000000000000000000000040 0000000
gobooooooobooooboooooooooooooooonooon
godbotooootooboooootbuoooooooooobooooouon
00000o0oooooob0odm —p.1000

‘00 A=c¢/v0000 X '=R(1/1’-1/2*)00000000000000 (M=cc)
000000 Rw=me*/8%h%c=1.097 x 10'm™' 00000000000000



3. 0ODOoOoOoOooOooDoOooon 81

00000000 *00000o00oo0ooo0oooO(r9ooooo
00000000000 r000000000 pr(=mur)0000O
nh
= — :123...
pr 27'(’ (n ) Ly Jy )
ooy gbboooood
00000 p(=m¢)00000000OD0OOO0OODOOOOOOODOO

27r
(2mpr =) / pdg=nh, (n=1,2,3,..)
0

gbobobooooooobobobobobobobuoboboobog
gobobodb ¢goobboobobooobbg pobboobbOd
gooboboooboobooooobooooboooboobooobom

%pdq =nh, (n=1,23,..) (7.15)

gbobobobon ¢ pooooooooboboobooon
0000000%0000000000000000000000000
uboboobobbboobouoboboboonb =20 ¢gOO00O0ooboaoboyg

Jooobobobooooobbbbo 000000 k000 FOOOOD

g p?

2E/mw2+2mE
000000000000 w/2r=v000000000OCOOOODO

=1 (7.16)

7r\/(2E/mw2)(2mE) =FE/v=nh, (n=1,23,..)

000000000000 00000D00E=nhy00D00000OO
000000000000000000000000 —p90000000
000000000000E=(n+1/2)w0000000000000000
00 n=0,1,2,3,4,5,..00000000

00000000o0oooooo
00000000000000 AOOODOOODOOOOOOD
0000000000p680 100000000 £,000000000
00000000000 dedp0 000 dE/vO00 ROODODOOOOOO
0000000000000000000 (628)0000000000
000D00000e=m0000M/kKT 1000000000000
0000o0o0o0o0000000000000000000o0oooooo
000000000000000000 RN OOD0%00000000 N
0000000000000 3NDOO0006eNDOOOTOOOOO ANDO
000000000000000000000000000000A—0
0000000000000000000000000000

S0000000000000000000000000000000000000
00000D000000000000 (qf), p(t))0000000
‘00000000000000000000000000000000000




[cosq

82 r0oooooooooo

74 UOU0OUO0OO0O0OUOObDOoOoOooooboogl

gooobooobooboobooboobboobooooboon
gbobobooooobobobuoboooooooboboboooon
gboboobooobuoobooadgpboobodnb ¢gooboonod

gboboboboboooooboboboobobobobobon
oboooooboobomoobogoobosebomonbonD ¢gbob O

x=lsing, y=Icosq (7.17)
ooodoooooooOoon
U(q) = mg(l —y) = mgl(1 — cosq) (7.18)

oooooboboboooooon gboooboooobooobooooboon

T =1Igcosq, y=—lgsing, v=/i2+9%=1q

00
2 2
muv ml
K=—=—¢ 7.19
5 5 4 (7.19)
0000000 ¢g00000ooooooooog
0K
p= a—q = ml2q' (= mlv) (7.20)
000000000000000000 pO0000O0O0OOO
2
P (7.21)

= omi2
doddddpUioobobobObOOo0ooooobobobobObooooooooo

oU
p=—mglsing =—— 7.22
g 94 (7.22)

goobobooboobobbobooboob™oooooooooo
ooooTrTooooooood

gobooob ¢go0booobbooobbooob pobbOoOoOO
00o00ooooooooo (pq OO0 H((pp,q UUODODOOODDOO
gbbobooboooooboooboobobn

2

2ml?

H(p,q)=K+U= + mgl(1 — cos q) (7.23)

0000000000000000000 (7200000000 (7.22)00

oH . OH

= = 24

p=



74 OO0O0oOOODOOOOOOOooDobOOobOOoDbOon 83

gbobobooooooooooooboboboooobobobo
0000000000 ((pp,qUOODDODOODODOODODOODUDOOODDOOOD
gbooboooboobooboobog

gogboobooboobooboobooboobo

goooboooobooonobodg mp, meOO0O00OO0OO0O0OD0ODOOO0ODO
I, k0000000000000 0OO0O0ODO0ODOUODO0UO (6.1)ODODODOD
D00000000ml24+mel,’00000000 0000

0000000000000000000000000000 f00
00000000 {q1,¢2,.,¢;}000000000000000000
0 {p1,p2,--,p;} 0000000000000 2f0000000

H(q1,q2, 45, D1, D2, - D) (7.25)

gbobobooobobobooooooboboboboooobobon
O000000000000000UD {}00000o0ooooooo
000000 KOOOO {p}00000000000O0O0O0O0O0O0OO
{¢}00000000000COOOOOOODOOOOOOOOOOO
gbbobobobooboan

oK .
. o0H . o0H

0000000000000 D00{¢}000000{p;}000000O0O0
00000 (r27)0000000000O0O0 IroooooOOooOoOOoUOoD

(QD q2, ..., Qf’pl’pQ’ apf)

Orofco0ooobod—ph8OO0OC0O0O0OOOO0ODOD 2fO0O0000ODO
O000o0oOoooooooooo((renooo0o0oUoOoooooooo

0000000000000 400000000 1000000000000
00 mO00000000000000 21020 0000000000000
00000000000000000000000000

T+ V27 + 23 T — T3 x1 — V2x9 + 73
= B y 42 = \/5 y 43 = 5
000000000000000000M@0O00000 21,2223 0 q1,42, 43
000000000000000000000000000000000000
0000000000000 000000000000000000000]

q1




8

Jooouoogd

gooooboooboobooooooboooooooboboooboobooo
oobooobooooooobooobboobooooooooboobooooDo RO
gbooooobooooooooboobooooobobooono —0ooooobo
gboooooboooobobooooobooboooooooboooooooon
oobooboooooooooboobooOoobooobooooooooon
ooocoooboooooon

81 00O
udobob z,y00noooooagn
Z2=T+ 1y (8.1)
ggoobobboooob«sb0booouobobobboooooooo
=1 (8.2)
o0o0oo0ooOoooOooooooOobooooooO (me)Doooo
z =r(cosf +isinf) (8.3)

gooboboooboooobooon

z1 = x1+iy = ’I“l(COS 01 + isin@l)
Zo = X9+ iy = TQ(COS 05 + isin (92)

goooo

2120 = (2172 — Y1y2) + i(21Y2 + Y172)
= r172[(cos 61 cos By — sin 0y sin O2) + i(cos Oy sin O + sin 61 cos 0)]

= rirg[cos(0; + 02) + isin(0; + 02)] (8.4)

84



8§1. OO0 85

gboboboboooobobobobuoboboooooboobobobo
gbooooooobgoooo

e = nZ::O 5(29)”
= i Ly i L (e
— (2n)! = (2n+1)!
= cosf+isind (8.5)
gooon
z=rel (8.6)

gbobobuoboooobobobobboboooobobobonbo
gbooooooobooobgon

2129 = 11601 19e?? = pipoei(01102)
0000dogd z=x+wO0000O
Zf=x—1y (8.7)

OooooboDoOo0DbOo0dz0 00000000 DODOOO0OOOz0

ogn

o] = a2 + 4 (8.5)
goodn

22* = 2"z = | 2|2 (8.9)
goodaon

0000 0000000000000 0O0OO0OO
f(z) = o
gododdoooooouoooooooo
f'(x) = iae"™® = iaf(x) (8.10)

gbobobooooooobobobobobuoboboobobobog
gboooao

[ fa)dz = (a) (@) (8.11)

gbobobuoooooobooboboooobooboobobooan
gbobobuooobooobooboboobobooboobobobobo
gooobooobooboboboboboobooboonbobo



\

"~

00 x/c000

u(zx,t)

T \/

86 s Dogoooboogon

82 UOOOOOOO

000000000000 0000000000000000O0ooto
000000 2000¢0200000 u(z, t)yDOOOOOOO

u(z, t) =u(0, t —x/c) (8.12)

gbobooobboobobobobd cbobobobo:ubod 20
0000000000000 00mO0 z/c000000000O00O0OO
gbbodbuoobtu00boobonobobboboo

u(z, t) = f(t —x/c) (8.13)
0100000bbbooooobobbboooobbooooo
u(z, t)=g(t+z/c) (8.14)

00000000 0000000 z/c000000000OOO0OOOODOO

000000 8.13)0 t000000000OO0O

ou ou 1 ,
= fl-afe), Sh=—c flt-2/o (3.15)
goooo 18 5
i U
-z __Z= 1
c Ot ox (8.16)
DDDDDDDDDDD(8.14)DDDD
10u ou
7 _ 47 1
c Ot +8x (8.17)

gbboobooboobobbobooboobobboboo

1 0%  O%*u

S =7 (8.18)

c Ot ox
goooooogobobooogguooooooooooouonoooDoon
goooooooouooooogoobooooooooogon

fit—z/c)+ g(t+ x/c) (8.19)

goooooo
Acoskzsinwt  (w/c=k) (8.20)

gbboboobooboooboobbobouooboobooobon

000 (819)0 (8200000000000 DDOOOUOOUDOOO

000000000000 00000000000000000000000000



8§3. 0oOoOoooOn 87

O0O00ooo*00000o0O0000ooooooooogooooon
gboogobooobooboobooobooboobooboobon

wO0000000000@®18) 000000 0ooouoooouooo
boboobd 00000000 0obobooooobobboonbg
gogbobooobbuoobobbooobbuoobboooobobobbg
gbobobuooooooboboboboboboboboboobobg
oobobooooobobobooboobUo OO0 TOOOODOOD

dz000 odz D000 D0OD0O0OOO0OOO0OOOO wOOOOOO
0%u 9%u
odr)— =T/ (z +dz) —d/(2)] = T—5 dzx
(0d2) S = T (o + da) — o/ (@) = TS
00000000 dz0000000O0OOODO (818 OOOOOODOOO

goooboooboobooogn

c:¢§ (8.21)

gboboobobobooobobobobuoooobooboobon
ooboboooooobooboboooooboboobobogoo Looo
gooooboooboobon

u(0,t) =u(L,t) =0 (8.22)
gogoooobtbodddnuooobbobood
u(x,t) = Asin <?> cos 2mvt (8.23)
gooooboobobbboooooobobboooooooo

1 /T

= —1/— =1,2,3,... .24
o (h=1,2.3,.) (5.24)

Un

gbobobobobobobooobuoobuoobooboobooboonon

00000000000 0000 o 0000 kg/mO000 TO NODOOO
(821) 000000000 m/sO0000OO0OODOOODO

83 ULUUOLODOONO

googobogooobooon

10%2u  0*u *u  O*u
L 2z 2 8.25
2 ot?  0x? * oy? * d2* (8:25)

00000000000000000000
o*  0* 02

Vie S 4+ —+— 8.26
x> * dy? * 92? ( )

00000 o(z)

0 o/(z+dx) '/DD




88 s Dogoooboogon

oooao
1 0%u
2 o2
gdooooooootoudoooooooooooooouooon
o00do0ooooooooooooooooooooon

o 0 0

gooboboooboobooboooooobon

= V?u (8.27)

Vi=V.V (8.29)

goboboobooobooboobuobobooboobd—p.890
googoboobooboobboobooboobuooboobobo

w(z,y,z,t) = f(t—r/e)/r  (r=[22+1y%+22) (8.30)

(002000000000000 u(z,y,t)=f(t—r/c)/y/r00000000)

84 00O

gobooboboooboboooboooboouobooboboooboos.e
gogboboobobooobobboooobbboooobbboooon
googbooobooboobooboobuooboobooboobo

u(z,t) = Ae!@t=k2) (8.31)
Jooooboboooooooboboobbooooon
Acos(wt —kz) (0DDDO Asin(wt — kx) ) (8.32)

go0ooo0ooooooooooooooooooonogooooooo
goooooooooooooon (8.18)DDDDDDDDDDDDDD
gooo00o0ooooooboooooooooooon

0 0

— 1 — < —ik 8.33

ot " ! (8:33)
goo0oo0o0ooooooooooooboooooboooonoooon

w? = (ck)? (8.34)

0000000000000 0DOO00DOO00oOOoDAQOODOOOOO
00000000000000000000 wt—kx 000200000
gboooboooobobbooboobooboooboyobo 70O A O

1 w 27
]/:—:—7 = —
T 2r k
0000000000000000000DDOOODOODOO0OOO0O0O0O0OOn
od0dooo0oooooooooooooooooooooo

(8.35)




84. OOO 89

0000000w =27/T (=2mv) D000 O0DO0OO0O0O0O0O0OOO
k=27/A 00000000 OOOOOODOOOOOOO

c:%:VA (8.36)

gbboboboobbobbcooboobooobobobbonon

gboboboboboooobobobobobobooooobon
oooooooooOoo0oobbo0ooobboO00 kbbooboooo

u(r,t):Aei(”t*k'r) (8.37)
gooopooooobooboooon
k-r=00

ooooobooooOoo0 kOOO0OOOoOoOoDObOekObDDOOOO
gbobobooboobobooboaon

A= (8.38)

000000000k OOOODO0O0oO0O0o0o0o0oU0O0 kOOOD
O0000000000k-r=kx+ky+k20000000

Eg%eKWt_k’T)::<—ikze““¢_k’r) etc. (8.39)
00000000 )
3. —iky , etc. (8.40)

000000000000000000000

V ¢— —ik (8.41)

V% e (—ik) - (—ik) = —k* (8.42)
000000000000 000000

00000 0000000000000 boo00ooooooooa
ooono
A(r,t) = Age'@=kT) (8.43)

000000000000 000000000A, 00000 kOO0
gboobooobuoobooobooobod

D000 k-Ay=0, 00000 V-A=0

0000 kxAy=0, 00000 VxA=0



90 s Dogoooboogon

oooooov-E=00V-H=0U00OOODOOoObOOoooDOooDbOoOOo
gbobobooooooobob 00000 000DbbO0ODbOobOobOn
gbobdyO0b0O x00000000000000000O00O00O0DOO
gboooooo

ocoooooooooogoooo
uboooooobobooobooooobOoboooooobooooonn
0000000 «0b0O00D0O0OADOOOO

a-b=azb; +ayby +a.b, =abcost
oo oooooooooo
a-b=0
0o0o0odoooobD e OOO0OO0OOOOOOODOOO
a=lal=va a
000ooooooooooooooon
(aybs — azby, azby —agb,, azb, — ayby)

00000000000 0000000exb0000000D0 exbOOOO
aJb00O00D0DODOOO

la x b| = absinf
000000000000 ooooooDoooooooge=0000

axb=0

googd

85 UOOOOOO

0000000 (z,t)0ug(z,t) 0000000000 uy+up, 000
000000000000000000000000000000000
000000000000000000000000000000000
00000000000000000000000000

gbogbooobobbobooooboboooobobobobon
gboboooboboobobooooboboboobooobobobg
goooon

uboooogn

cos(a + b) = cosacosb —sinasinb (8.44)

sin(a 4+ b) = sinacosb + cosasinb (8.45)



8§5. 00o0OOooOOOd 91

ooooooobuo o0bobuobuobboog

u = Ajcos(wt—kx+ ¢)+ Ascos(wt — kx)
= (Ajcos¢ + Ag)cos(wt — kx) — Ay sin ¢ sin(wt — kx)

= \/A%+2A1A2 cos ¢ + A3 cos(wt — kx + ¢) (8.46)
ooo Asing
¢ r_ 1 S1n
an ¢ Ajcos ¢+ Ay
goon
000000000 2r000000000cosgp =1, sing=0, ¢/ =0
goon
u = (A; + Az) cos(wt — kx) AN\ )
goooboooooooa — —

0000000000000 7000 7000000000cos¢ = —10 nonoonoooo

sing=0000

u = (A} — Az) cos(wt — kx) 00D 0 00000

oo0oDo0oO0ooDA =A00000000000000000000O0O
ugod

0000000000 (8.44)0(845) 00000000 (8.5)0000 eilath) =
¢’ 00 0000000000000000000000000000000

gbooboboobobobooooooboboboboboobg
00000000 844) 00000

Acos(wt — kx) + Acos(wt + kx) = 2A coswt cos kx (8.47)

ggboobbuoooboboooooboboooooboobbooaon
O000000000OD0000000 24ceskx 00000 wODOODO
OO0O0D0OD0O0O000O00DO0O0O0 coskz0OODOOODOODOO
gbbooboooboooobooboooboobo

o00o00o00bOOOoO0o0ooOo0O00ooO0oOooDboOooooomOonoD ¢
00000000000 ¢/20 —¢/2000000000000000007

gooobooboobooboooo

Ak A
kiﬁﬂcﬁr; Ak <k, Aw< w)

gboboobooboobooobooboooboooboobonon

a—> a+b
cos
2

cosa + cosb = 2cos



92 s Dogoooboogon

goooo

+ Acos(w—%)t—(k—%)x)
2 2
= 2Acos <% t— % :c> cos(wt — kx) (8.48)

OO000AkD AwOO0OO0OODODOOODODODD KOCO000 wODO
gbobooboobooooobobooboooobobobobobg
goooo

ubobobobobooboboboboboboooboobobon
gbboboobooboobbooboooobooboooaan

Aw Ak Ak [ Aw
cos(—t——x) :cos—(—t—x)

2 2 2 Ak
gooo0ooooooooooooooooooooooonog
Aw
. — 8.49
v = 5 (5.49)

gbboobooobuoobuoooobooboobobbobo

8.6 ULOOOODOO

0000000000 T7T000000000O00O00O [-T7/2,T/2] 0
gboboboobooooo

fE+T) = f(t)
000000 7-'000000000000000000000000

L ap | — 2nm > . (2nm
f@) = 5 +nZ:1ancos< T t) +nz:1bns1n< T t> (8.50)

2 (T/2 2nm
an = /_T/2 f(t)cos (Tt) dt (8.51)
2 [T/2 [ 2nT
b= /_ MRICE <Tt> dt (8.52)
gogoooooo
fy=3 AeCrm/D (8.53)

n=—oo



6. JoogooOO 93

T
A, / /2 i/ Tt 4 (8.54)
T T/2

00000oooOoOo fy)boooooooo

A_,=A, 000000 (8.55)

gboboboboooobo
boboboobooooboboboboboboooooaobn
gbooboooboobooobooboobooboobboan

00000000 [-##000000000000000000000O0
oooo?®

0000000000 T=0c000000000000000nO

2% n+—w, A, +— Alw)Aw (8.56)

000000 wbhOO0DO0OU0bO0O0T oo O0ODOODODOODOO
O0wl0D Aw=27/T000 0000000000

— i(2nm/T)t olwt
Th_r)réo _E Ape / A(w dw (8.57)
_ — > —iwt
Alw) = Tlgréo o A, = Py [m f(t)e " dt (8.58)

00000000000000 Aw)D f(#)000000000000
(858)0 f(1)D f/(1)000000000 f(+oo)=000000

1 o / —iwt w o —iwt .

- / Ft)etdr = 12 / F(t)e™ !t = iwA(w) (8.59)

7T—oo 27T —00
0000000000 f/(t) =df/dt 00 iwA(w) 00000 0 —(8.33)0
goooobooocooooboooobooocooooonooooooon
0000000000000 w0D00O00D0 KEOO0OO

) = / = o(k)e ke dk (8.60)

—00

gboboboooboooboobsoobooboaon

m=[ L]
=G L Lo

gbbooboboobooobobobobo

k)e kT Ak, dk,dk, (8.61)

Z'k’"'ndacdydz (8.62)

Vir) «— —ikp(k), Vif(r) +— —k*p(k) (8.63)

3 IZIIZIIZIIZIIZIIZI/ z sinnz do = —(—1)""!
n
0

1

oooool, 2,5 5000
000,0000000000



9

Jooodootdbood

gooooob cO0bO0bOobO0obOODOo0ooobobobobobobg
gobobooooobboobbbooob «0yDz000000000000
gboboboooooboobooobooboooboonoooooobobobobo
ooboobooooobooboooooboooboboooboooobooooooo
ooboobooooooooobobooboooboooboooobooobooon
oobo0oooooobOoooboooboooOoobooboooooooooo
gboboooooooobobobobobobobbobobobooobob
gboboboooooobooboobobobobooboobobooooo
gboboboooooooboobobobobobobobooooobon
goobgoobgbooooboobooboo

9.1 UUOooooobood

ugobdbobobobobooboboboooooobooboan
0000000000000 000000 p=hv/e=h/A00000
Op000000000O0O00OO (76)DODOODO

A= — 9.1
D (9.1)
0000000000 k=2r/A00000

p = hk (9.2)

000000000 hoooooood

h
h=—=1055x10"3"J-s (9.3)
2

ubobobuooooobooboboboboooobobobobo
ooooooooooooooobD pOOOO0ODOOODOODOOOO
U000 w=2n 0000000000 D wODOODOOOOODO

94



9.1. JooOooOoOobooOoon 95

U000 wODOO kODO0OD0O0ODOOODOOOODOODbDOODO
836) 0 w=ckODcOOUDOOOOODOOOODOOOOOOOODODO
OO00000b00b00 e=hw0000p=hk000000e=cp0O
00000~ 71000 mO0000000D00O E=p?/2m000000
oooboooobooO0obOO0bOo0ob0O0 = DbOODOODOOO

000000000
hQ

= _— k2
2m

000000000 -00 ED0DDO0OO0DOOODOOODDOO0OO

000000000000000D000000D0D00000D0 k0000

0DwO0O000DO000OO0OO0DD0OO00O0O000D0'0000000000

3, 3,

ik — — W — —— 9.5

! oz ot (9:5)

00 c000O0D0DODOOO00O0O0O (818)0000D00OOO0O00O00O0

0000000w?=c?? 000000000000000 (95000

000000000000 (94 000000U0o0oUooOoooo

hw (9.4)

h? 92

ih%w(x,t) = —

gbboobooboobobboobooboboooobooboan
gbobobuobobobobgosgboboooooboobaobobobo
gbbobooboobooobouoobouoobooboobooong

gboooooboooboboooboobooboooboooobooon

r=00x=L0000000000000O0DO0OOODODOODODODOO
gbbodobuogboooboooboobobooboooboobo

P(0) = (L) =0 (9.7)
D000000D0DD0000000
dn(z) = %sm<%%) (n=1,2,3,..) (9.8)

000000 +/2/LO000000000000y?000000 100000
gboboboooooooboboooobobobobobboboooboooo
0o0ooooooo (-)~'0000000000000000

k:%f (n=1,2,3,.) (9.9)

gbbooboobooboooboobboonoooboobo

nth  nh
00000000000 0000000000000O0DOOOOOoooooon
DDDDDDDDDDDDDDDDDDDDDD(8.33)DDDDDDDDDDDDDDD




=

=)

=]

=)

o

0 L
n=1
0 L "
P >
0 17
-

gboobooood

96 g gooobboOoboon

gbobboboboooooobobobobobooooboobobo
oboboooobobuobuoobooobuobuoono 2Lp0obboD
gbobopoobo-oooobboboboooos1ioooooobono
gbobobobooooo
gbogbooboobobboobooboboon

p2 7”L27T2h2

O0000oO0O0OO0O0o0ooO (98U FEOO00OOOOOOOO
h? d?
— 5 3a¥(@) = Ey(z) (9.12)

gbobobooooobbobobooboobouoboboboobonbo
000 oO0O0000O0D0oDO00U0DOO0ooOOooooooooo (9.8)
goooooooboboboobbooooobobUobooobouog E
00(11)0oo0 00000 o0o0oooU0oooooooouoo
gboooboooboobobobbobooboooooo

goooboobobobobooboboboboobooooo pODO
0000000 ¢e(zx)000O0ODOODOOO

Yz, t) = e EM yp(a) (9.13)

gdoodoboooooooododooooouoobuoobouooooo
0

ih—1y =F 9.14

ihop = By (9.14)

0000(9.12)000000 (96)0000000O0O0UDOOODOOOODO
0000000000000 00O0U0UooooG)DoOooo

gobgobooobooboooboobobbobobooboobooo

b0 rpO0D00DO0OOO0OODOOOODOOOOOODOODOODODbDOD
gbbobooobooooobooboobobooboaboo

9.2 0OU0OODLOOODOOO

0000000000000 0000000b0O0O0ODO00V(z)DOO

gbooboogbuooboooobon
2

2p—m:E—V(x), p=+/2m(E — V(z)) (9.15)
godboboooooooooobooboooooouoooooo
goddooobuuooooboobouoooobooooooooooa
oddodoooooooodooooooooooao

ih%w(x,t) = (—h—ma—; + V(x)) P(x,t) (9.16)



9.2 J00OOOOOODOO 97

gboboooooboobobobobobooobobooboooon

 2m da?

2 2
( s +v<x>> ¥(z) = Bu(z) (9.17)

gboobobooboboobobooog FOb0DODODbObCODOD

ugbbO bobboboobbobboboobboobobooobg

(9.18)

Vi) = W |z|>L/2 00O
1o lz] <L/2 00O

obooboooooboboboboooooobooboooD FOODO
00 WOoODODODODODODDOoOoooooooooooooo?
gbooobooaobooood

2
h (12_1/):{ (W—E)y |z/>L/2 00O (9.19)

2m da? —Ev lz| <L/2 00O

00000000z<—L/20-L/2<z<L/20L/2<z00000000
0000000000000000000000000000mMO0 FO
D000 ¢(+oc) =000¢(z)0 z=+L/20 00000000300
0000000000EOOOOOOOODOOOOOO0OO0O0000
000000000000000000000<E,<WOOOOO00O0
OOWDODOOOO0O00O0000000 (9.11)000000M000000
D00000W=0od 0000000000 000000<Ey<E <WD
00000 ¢, . 000000000000000WO0000000
000000000000000000000000000000000
00000000 |z/>L/20 E-V(z)<0 0000000000

00000040000000000000000000000000
gboboboooooooobobobobobuobobobobobg

000000000000000000000D0000000000000000
oobova000oO0oOoOOOOOOOOOOOOWOOOODODODODOOODODD

0000000000000 0000000000000000000000

‘DooDo0O0DO0 Y(too)=00000000000000DO0O0OO0ODOO0OOOO
0000000000000 E>WOOO00O¥(+e0)=00000000000000OO



98 g gooobboOoboon

goobobod

gbbobooboobooobooboobooboobooboobo
gooobooboobobb—=94000000000O0OD0ODODODLO
gbobopooooobooboobobobobobobooooooon
goobgooobboobooboboobobbooboon

gbobh boobobobooboboboobooboobooboon

2
mw” o

V(z) = — ¥ (9.20)

oo mdboOobO0oooOobOobooobbboobboobonbo

( K2 cl_2 mw?

w2 x) U(x) = Ba) (921)

booobooboobouobobboobooooo 0 FPOODOODO

s=4/2mw/h x, A= FE/hw (9.22)

O00s0O00 f(s)00000000000DO00O
S2
f”—ZerAf:o (9.23)
00000000000 0000000000D00000o0n
Y(00) =0 (9.24)

goooboooboobooboonobdn=0,1,2,3,...000

E, = (n + %) hw (9.25)

Un(x) o e 5/ H, (s) (9.26)
0000000 0U0O0OH,(s)DOOD0OU0O0O0O0DO0oooUoUOoDOoo

g —sgd +ng=0 (n=0,1,2,3,..)

gbboboooooboobonooboobon
O0000oooooooo

Hy(s) =1, Hi(s) =s (9.27)

Hy,(s) =sHp,_1(s) — (n —1)Hp_2(s) (n>2) (9.28)



93 UoboooboOooboOobbooboobo 99

00000O0000O0o00o0oOoooooooooooe.1s) o000
gboboboobobooboooooooboonooooooobobo
goooboooboobooobooon

goooooooao
/m¢y@¢m@mx20ﬁxn¢nz (9.29)

gbobobbdobln=m0000000

| ln@)Pds =1 (9.30)

00000000000 0000000000000000000 {Yu(z)}
000000000MoOD000000000000000000 2000
00D0000000000D000000— p.1090

00000000O0O000000O (925 000000000000
00000000 w/200000000000000000000

hw
E0:7
goddoootoodooobooobouoooooouooooouooon
godoootboouobooooooooobooooooooobouoooon
godoootooooouoouooooboooooooooouoooon
0do0dooooodxz=0, p=0000000 Epb=000000000
O0d0oooooooooooooooooooooooooooon
oooooooooooooooooooooooo

(9.31)

9.3 UUbUOo0buoobuobuobbobn

0000000000000000000000000000000
00000000000 0000000000000000000000
D000000000000000 k0000000 0000000
DooooO

m%¢@¢p:(liv?+V@0¢w¢) (9.32)

2m

0000000V?2000000000000000000V(r)000
gbbobboooboboobuoobuooboobuoobooboo

h2
<——v2 " v<r>> b(r) = E(r) (9.33)

2m

goog

SN

0000000000 (9.26)
1000000000000



0000000000 |Y(z,y,2))?

100 g gooobboOoboon

gooogboobooboooobuoobooboonog

62
Vir) = L (=)

dmeg T

gboboboobobobobobooooobobobobobobg
gooobooobooooboobooboobooboooboooo
gbobobuooooobooboboboobobobonoooooooan
gobobodobbuooobbooobboodobbodisobooooo
gboboboooboooboobuoobbuodbo—p 3o onbonon
gbobobuonooooooooboboboboboboooooan
gboboboomooobuooboob 2s00b0000 2p000

94 UJUOUOOooOoOooOO*

gobooboboboboboboooooobobobobobon
gbobopoooooboboobooooboboboobobobg
gboboboooooobobboboboboboboooooon
gbobobooboboboboooboboboobobooboon

gboboooooobobobobonooooobobobobob
gboboboooobobobobooboboooobobobobg
gbooooboobooboboobnD pbo0obooboobonoo

p(r,t) o< [i(r, 1) (9.34)

gboboboooooobobbobobobuobooooobonog
gboboooboboboboboboboboboboobooan
gbobobooo,oboboboobooboobobooboobon
gbobobuonooooobgbouonooobobbobobobobg
gboboboboboboboobobobooooobobobobo
0 oob’rgooboboboooobobobooobuobooobobooo
ggboboooboooobbuooobboobb 20bb00000O0
gboeb0O0bDO0obOobbOobDOoOobOo3boboboobooboong
gogbobodg 20000000000 buooooooaobboooann
gbbobooboobooobooboobobbobooboobon

gbobobgoboobooooobobobobboobobobobon
gbobobuooooooboooboobobobouobobobobo
gbobobuooooboobobooboboboboboboooooan
gbbobbooobomuooboooboobooobobboooon
gbbooboobuogbooobboobuoobobooboooboooo
goboboobooboooboboooboobooobooboooon



94. DOOOOOOOO ™ 101

gooobboobooboobooboobboobooboboon
o0 OUOD kO0DbO0Ob000OobogboobDuooobobooDbD k0On
U0 p=hk0000000000ODOOOODODODOOOODOD
ubobobuoboooooboboboboboboobooboobobg
gbobobuoooobooboboboboobuoooooooboban
ubbobbooboooooboboobooobooboobooobgd
0000000000000 0OD00O000 AzOO00O0OO0ODOCOODODOO
0000000000000 ApO0O0OD0DOO0°000000

AzxAp > h (9.35)

gobobooobooooboobooobobboboooo
uboboboboboooobobobobooboobobooooo
gbobobuooooooboboboobobobooboooooan
gbobobuoooooobobooooboooboboboobobg
gboboboooobobobobobuoboooooboobobobo
gbobouoooobobbobobobuoooobobobobobg
goobobooboboooboobuooboobboooboobboob
gobooboobbooobooobbbo0od0—o0oooooooooo
0000o0O0o0o0O0o00o0oO00o00O0b00o00O00o0000000000
0000000000 000000000O00O0000000000000000
0000000000 0000000000000000C0000000000
0000oo0o00o0oO0o00ooO0o00oo0o0oooo0o0ooooo00n

gboboboboobobobobobobobobobonooobbon
gbobouooobobobobobouonoooboboboobobg
gbobopoooooooooooboboboboboboboooo
gboboboboboboboboboooobooobobobooo
000000000000000 (r)?00000000000 ¢t0
00 -00000000000000000000000O0DDOO0¢S

gboboobobobobobobobobuoooobobobooon
gbobouboooooobobobobobooobobobobo
gbboboobooboobooboobooboobooboobo
gboboboooooobooboboboboboboooooon
gboboboooo0—0O0bobobuoboooooobobooon
gboooooboboboboboboooboooooooobobo

*OU00D0000000DUUDADIUDUDUUDOUDUOOUDUOLDOOO

000000000000 0000000000000000000000000
gbobooobbobb—0boobooboobbobbobbobbooboo
oobooooooooooooooOooOooOooboOobOOobOOOooooooOobooOoooono
oooooogooooooooooooooOoOoCooOoOooU00 M - 00 G



102 g gooobboOoboon

gbobooboboboboboooboobobbobobobobobo
gbobobooobobobobooooobobobobobobo
gboooboobobooboobooboboobooboboboboobon

gbobobobobooooobobobobobobooooobon
gobobooboobooboobooboboobooooboonoo
gbobobuoboooobooboboboboboooobobobobo
gbobobobobobobuobuobobobobooboooooobg
gbboboboobobobobobboboboboobboooboay

ooboooo

o5}

ooooo

gbobooboooboboboobooobuob AbDUOODbOobOobDOoo
0000000 A0BOODODOOOOOOOODODOOODODOOOOO
0000 PAD PBOOOOO NOOOOOOOOOOODODOCODOO
gbobbouoooobobobooobobobobobobobooood
gbobobbooboogboobooboobooobooboonon

gboooboobooboobooboobbooooobg

Y =1vYa+ 9B (9.36)
0000000000000000000000000000000000

W)? ="y = [Yal? + [UB|* + (VAYB + Yavp) (9.37)

gboboboooooooboboboooooooboboboobog
gbobobuoboobobobobobobobooobobobobo
gbobobobooobobobobobobuobooooobooan
gboobooboobooooobooboobobbobboan

[al® + [y (9.38)

00000000000 (37 )ooo0o0oooooooooooo
gbobobuoooooobobobobobobboboooooonoo
000000 (936) 0000000000000 DO0DOooOoOooUooD
0000000000003 0000000oooooooonoo
gboboboboobobooobuonooobbobouoobaobobo
O000o00o0o0ooOo(¢3nooUoooUoooUooUoooooo



94. DOOOOOOOO ™ 103

gboooboobooboobooboboobooboo 400000
goobgooobooboobobbooobobobooboobooobg
gbobopooooooooobooobobobobobonoooon
gbbooboobboobuoobooboobobobddbdooo

goooooooboboooooobooboobooobobo BOOO
gbooboboboobobobobobuobooooobobobobg
0000000000000 AODDODOOODODOOO0OOO0ODOOoOooOoDO
goboobobobooboobooboboobooboobbo

gboboobooboooooooboboboboboooooooboon
gbobobooooooboboboboboboobobooooooon
gbobobooooooobobobobobooobobobobg
gbobopoooooboooboboooboboboooobobo
gbobobuooooobooboboboboboboboobooooan
gbogbobobobobobobobobobobobobobobg
gbobobuoooobdgbooboobooobobobobobobdg
gbobobopooooboboboboboboboobooooboonbg
0000000000000 0D000000000D0D0000000m?

ubobobobobooooboobbobobobobooooon
gboboboooooooooboobobooooooboboonbog
bobopooobibD—=plMbibmboboobobobbobOon
gbobopoooooooboboboboboboooooooooon
O000000oooododdyws+¢yg0000000000OC0O0O00O00
gboboboooboooboaboo

0000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
00000000000000000000M00000000000
0000000000 BOOOOOOOO0OO0O0O0OOOOO00O0O0OO0O
D00 ADDO0OOOOOO0O0OOOOOOO0O00000O00000AC
000000000000000000000000000000000
O00000 ¢Ya+¢g 0000000000y 0 ¢va 00000000

"00000000000000D00000000000000000000000
0000o00o0o0ooooooooooooOoo00o0 AODDODD BOOOOOOoOoooOO
goboooooooooooobooooooboOoboOoooooOobocOoboOoOoooOoDboOoboOoboo
gooobooboboboboobooooboboobobobooboobobobobob

gobooboboobooboobooboobbooboobobooobooDbo
gobooooooooooboooooboboOoboOoooooboboobocOoOoooOoobooOoDoOnoo
goooooboboboboobooooobooboboboboboboobobobo
goomooooooooooooobooooboooooboooooooboooOooDbDOo
gobooooooobooooooooooboooooooooocooooooooDooonoo
gobobooooobooboobobobooboooooboboboboboooobond

oo oogoooa
—DQ\

goboooooooooooooooo
000000 —-000 [206], p.2

0o
N3 00 A
00 B P
ooooog oo
L\ —
o ¥i it
ooooooot

oooooooooooooooo

(DDDDDDDDDDDDDDDD
DDDDDDDDDDDDDDDDE)



104 g gooobboOoboon

000000000000000000000% 00000000000
gbobopoooooboobobobob@m—p1o800oooooon
gogboboobobooobobboooobbbooooobboboooon
gboboboboobobbobboobbobbooboobobo

000000000 ADOBOOOODOO0OOOC01000000000C
0000000000000000000 Y%, Yo1, Yo, Y11 00000
00000000000000000 ¢g—¢,00000000000
000000000000(,1)000000000000000000
000 000000 10000000000000000000000
0000000000000 000000000000000 ¢n000
00000000000000000000 000000000000
010000000000000000000000000000000
000000000000000000000000000000000
00000000000 ¢ 0¢e00000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000M -00 GO

goooooob *booooboobooboooooooboboooooo
gboboboooooboboboooooooooobobobooooo
gbobobooooooboboboboooooboobobooooboobon
oobooboboooooooobooooooobobooooooooobooon
oobooboooooooboooooooboobbooooooooooboon
obooooobobooooobobooooobonbon

gboooobooobooboob10000000O0000000o0oOooon
googboobobooobooboobooboobboooqbonobonobb
gbobobooooooobooboobobobobobooooboooooo
googobooboobobooboobooboobooboobooboon
gobogboobooooobobobobbobobobobooboboboob
oob0ooboooooobooboobooooooobooobooooonooo
oobooboooooooooboobooooooobooooOooooon
oboooobooooobOobobooobOoboboooobooooobooooo
gbooobooobooboobooboobooboon O

gbooooooogoboooooooobooobobobobobonbooo
boboobOobooooboobooooboobooooog

00000000000 0000000000000000D00000000000
ooooooboooooooooooOoooooobooOooobOboOoooooobooOoooonon
gboboobooooobooboboooboboboboboobooboboboo

goboboooooooboboboobooobobobobobobobobobobob
oobooooobooobooooooobo0oooOoOoobOoOobOoOoOooOOoOobOOOoOoDoOo
gbobooboooooobobobobobooooboboboboo



10

Jouon

gboooobooobooobooooboooboboboooooobooobooooooo
ooboooboooooooooooobooooboobbooboooooooboboOoo
goboobbobooobooooooooobooobooobooooooooo
goboobboooooooboooooooobooooooobboooooDooo
goboooboooooooboooboobooobooboooooooooobooooo
oobooboooooobooooooooboooboooooooooobooOoo
oobooobooooooooobooboobooooo0oooboooobooon
oboooooobooobooooobooboooooboobooooomooooaon
gbocooobooooobooboobooooboboooooboobooom

10.1 0OOOooon

goboobooobooboboboobooooobooooobobobo
goooboooboboobooboon

ho

= = 10.1

h
p=-V 00O

(3
000000000000000000000000000000000

2 2
K_p __h_v2

N 10.2
2m 2m ( )

0000o0O0o0oooooo0oo0 r»=(r,y,2) 00000000000
00000000000000D0O (932)000o0oooDoooooOoO
gbobobuobooooobgoobooboboboboboobobg
gooooboogboooooo

Ooo0b bOoooDoooooooOoOoOooooOoooooag

QY1 +v2) = QU1 + QY (10.3)

goboogoooboobooo

105



106 10 0g0Od

00000000 ¢(r,t)000000000000O0OO0 QOUUOODO

(@ = [0 Q1) dr (10.4)

0000000000000 0000O0000y*000000000dr
00000 dedydz 0000000000000 O0OO0OOOOOOOO0OOO
0000 ¢(r,¢t) 000000000000 (9.32) 0000000

m i) = (p) {p) = (F(r) (10,5

00000000000000000000
F(r)=-VV(r) (10.6)

gbobobobobobobobobooooooboboboooon
gbobopooooooobobobobooboboooooboooon
gbobobuooooooboboboboboboboboooooan
gboboubooooobobobobobobuobooooobooan
gbboboobooboooboobbooooboobobobobn

goooboboboboobooooboooo»ommoooooon
Ubo00o0oooobdbobobobioddibtdooe mbOOooonog
gbooobooobooooboobuooboobobbob eOobon
gbooobooobddcecbbOobboOobbOo0obO0oooboobonoon

AB = BA (10.7)

gbobooboooboboboboboboooooboobobobg
gbobobuooobddcobobobboob qgubobbgquinog
ugboboboobooooboobob 200000 200 p, 00O0O0OUO
gboboooboooobo

h 0O h 0 h
P2l = === TP = — (w + x—w) = =Y + TPy (10.8)
i 0x i ox i
oad .
(P — TP )Y = ;¢ 000 pzx — xpgy = —ih (10.9)

000000000000000000000000000000000
0000000000000000000000000
000000 Q0Q.0000 QiQ2—Q.Q: 00000000

(@1, Q2] (10.10)

goobooboobooboobon

[pzs @] = [py, y] = [p2, 2] = —ih (10.11)



10.2. OO00OOODOOO 107

[mvy]:[p%x]:[pyvz]:[ 27y]:[p27x]:[vaz]:0 (10'12)
goooooo0ooooooboooooooboooooobbonoooono

00000000000000, ¢, :000000000000000
00000z, y, 200000000p,, py, p. 00000000000

10.2 0O0O0OO0OO0OO0O0OO0
000 QODO00000000000 QUODODO000O

Qi = \ip (10.13)

000000 A0 QUOOO0dOD0y 0000 XOOOODQODOOoOooooo
00000000000 000000000000O0Oo00o0oO0obDoOoOn
000000000 0000000o000o0o0o00o0ooo0ooooooo
Ooo0oooooooooooo
p2
H=—+V(r) (10.14)
2m

goobobooobooboooobuooboobobobobboobo

goooboobooboobboobuoobboobooboboon
gbobobuooooooboobobobaoboooobobobobo
gbbobooboobobuodobegboobuooobobonog

Q(cy) = c(Q) = c(Ap) = Aep)

D00D00000000D0000000000 |¢f=10000 c¢=e®

000000000000 00000D0D000000D000Nooooo
0000000000 00000000000000000AM¢0 Q
0000000000Qy=XA 0000000Q'0 Q00000

QQY) =Q'(QY) = Q'(M) = MQ'Y)

O0000(Q@Y) 0D QUOUDO NODU0DD0DOD0D0O0DU0O00O0D0O00oOooooY
0400000000000000000NOODOO0OO0QYw=XNy0OOOODO
000090 Q00000000 0000O0O0ONOODOOODODOO0DOO000OMm

000000 p=(R/)VODOODOOODOODO (841)0000
D ok = (h/i)V kT = 1k okT (10.15)

OO00000Mod k-r=ko+kyy+ k.20

00000000 p?/2mO0000 pO000000O0O0O0OOOOOO
gboooboogooood h2k2/2mDDDDDDDDDDDDDDDD
obooo0s(0000bOobobobobooooobogboobobboobDoo



1/a

e— 00000000

a

0
00000 6(x —xo)

X

108 10 0g0Od

gooopooboboobooboboboboooboboooboono

x(x) = Mp(z) (10.16)

ooaxODODOOOOOoOoOoOOOOOObOOOOOObDOoOoooooDo
gbboobogobooobobbobboobuooboongd

oo if x =z

005 — dz =1 10.17
0 if z#£ux ’ [oo (z — o) da ( )

o(x — xo) = {

otbtr= (‘T’y’ Z)a o= (330,?/0,20), 6(T _TO) = 6(‘T _:C())é(y _yO) X
dz—20)0000
r o(r—1rp) =1y d(r —ro) (10.18)

000000'00000000 r00000000D0O00O0ODODOO0
gboboobooboobooobbdg rpboonb p102000000
gbobobuoooobooboboboobobobonoooooboan
OooOooooooor—r)0000OD0OOOO0O0O—=10300000

OoooooooooOooboOo0og powO00OD0OO0 O*ooooono
(p) = [ " (ryitr) dr (10.19)

gobogbooobooboobooobon

() = [ [0 dr >0 (10.20)

ooopooobD bOOoOOd

(@'p, ) = (9, QY) (10.21)

0000000 Qiooooo00QOOO0ODDDDODDO00NOoNOd
Do0QioDooDoooD QuoDoon (N =oDoOoD

00 z00000000000000000zf=2*=2 00000
000000 pd00D0 0000000000000

[ogemed - [0 ve

ox
0000000000 ¢ —00|p»000000000

' (_Eﬁ)*_ﬁﬂ_
Pz = 1 0x _mx_p’“

gbbodboobooboobobobooobod

QT =Q (10.22)

! D00000D00000000000000D00D00D00000ooOogog
oobooooobooobooooooobobooooooboboooo




10.2. OO00OOODOOO 109

gboboboboooooooooobobobobobuobobobg
gboobgoboooboobooboobooooboobooboobon

0000000000000000000000 PQOO0O000
[P,Q] = —ih (10.23)
0000000000000000000000000000000

AP =/{((P=(P))*), AQ=1/{(Q@—(@)?*) (10.24)

00000000000000000000000000000020

APAng (10.25)

0000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000300000
0QOO00000O0n=1,2 3 ..0000 {)}000000000
000000 {,) 00000000000000000 QOO00O
00000000000000000000

(wma an) = (wma )\nwn) = )\n(wma wn) (10'26)

(Qtbms ¥n) = Am®m, ¥n) = A (Vs n) (10.27)
000000000000 000000000000000000000
An £ Am(=A%) 000

(Vm, ¥n) =0 (10.28)
ggogooobooooboboooooboobooodgtdm=nU0000
(W) = [ () dr =1 (10.29)
gbdboboobooobooboooboboboboboboobobooono
(Y ¥n) = G (10.30)

00d 6, 0000000000O0DODOO0O0m=n00000 10000
0000000D000000000 {¢,}00000004000000
gooboboooboobooobobooboobooon

2900000000000000000 XO00000 (X) = (¢,X¢)0000
P=P—(P), @1 =Q—-{(Q)00000000000000[P,Q:] = [P,QIDODO
goodoooooooa AT:—ADDDDDDDDDDDDDDDX:H+imQ1
Oz =0000000(XTX)=(, XTX¢) = (X, Xeb) > 0000(XTX) = (P?) +
([P, Qi)z+{(Q)»* >0000000000000-000000000000000
O ([P, Q1)) —4PP)QE) <0000000 APAQ > |(i[P,Q))|/20 000 (9.35)
00000000000000000000000000000000

300000000000000 LOO00D000000D00000oooooon
00000 L—-oocOODOOOOO

‘0000000000000 000000000000000000000000
o000 oooobobooooooooooooooo




110 10 0g0Od

10.3 UOO0OOoO

000 QUODO00D000b000b000oODOUOODOo0nDoooDaon
Y= ety O, 00000 (10.31)
n

000000000000 0000000000000 {¢,}0000
000000000000000000000000000000000
000000000 [¢2000000000000 {¢}0

/Wdr =3 chen /wnﬂdr =S e =1 (10.32)

000000000000 00000O0 UOOOOOgooooooo
gbobobooooooboobobobooooooboboboboon
000 QQUOU0oo0o{y,}000000000000O0O0OO0OO0

@ = [wQuar=Y Y chen [vQ0n dr =Y leal*An (10.33)

0000000000000 A\ 000000000 |e?000000
00000 {¢}000000000000000 QUDOODOUODOOO
UOD0O000O0O000OOO00DODOO00DOOO00obOOOoooOoOooOoo

104 0OUOOOOLOOOOOOOOO

0000000000000 0000000000O00DO00D00O0
00000oo00o0o0o0oOooooo0o0o0O00O00O000000ooooo
00o000000D0O000o0oooo

00000 {¢,} 00000000 basis 0000O00000000O0OB
ooooo(e3)0o00oooooo0ooo0ooUooUoooooDo

) = cnlthn) (10.34)
n
0oO0O00O00)-)0000000000000000000 ¢*0

W= ch(tnl (10.35)

0000000000000000000000000000000000000
O0000000000OU00o0oO0oUOU0DOOoUDOOOUODO{e,}0DOOOOD

a=> ane., b=> bue, (00 {an},{bs}00D)

000000000000000O0 e0b0O00O0OD0O00OD0O0O0OOO0OOOOO0OO
(a1,az2,as,..) 000000 (by,be,bs,..)  000000000000000

(Qb%:@hmﬂ&mxhﬁm%“JTZE:%% 0700000000



104. DODOOOOOODODO 111

gboogobobooboobooon
O0o0o0oooooo (1019 000000000000

() = /s0*¢ dr = (o) (10.36)
00000000000000 (1030)0000000000
<wm"¢n> = 5mn (10.37)
oDooooQ
oDoooo
(ol) Zzb* Cn(Umltn) =D bicn (10.39)

0000000000 (p|000000 (b, b4, b%,..)00000000
) 000000 (a1, ¢, ¢3,..) 7 0T000000000000000O

oooboooooooOooooob Quooo

Qmn = (¢m7 an) (10'40)

OmOn0 000000000 QUODODO{y,}0 QUODODO
D00000000000000000 {4,})000000000000
0000000000000 00000000000000000000
D00ooDo0oO0o0ooo0oDoAf =AY’ ooooooooooo

ooooooo AT =A (10.41)
00000000000000000000000000000

0000D0000000000000000 QUOOO (10.4) 0
Q) = (v,Q) }:}:c<%z%qun-—§:§:c<QOn (10.43)
00000000-000000
= ;;c:;cnwmmw = (¥[Qly) (10.44)

ooobo0ooOOobOoO0ooOoDbOoooDyDOOODO UODOODOOOO
00 QUO0OD0O0O0O0D [y)yOOOOODDOD Q) boooDoDOO
000000000000 00 QUOOUOOO (10.13)0DODooooo
OQOOoOooooOo

Q) = Aly) (10.45)



112 10 0g0Od

00000000000 0DO0000DO0o0DO0o00ooo0 Lboooo
00 QOO0O0ODO0O00O0O0ObODOO0OO00ODOOO0ODOOOODoOOO
goboooboooobboooooobboooobbbooon
gboboooooboobobobobobuooooboboboban
gboobooboobooobooboonon

10,5 JUooubobooooboobuoooooon

O0000000O0O0o0o(l040)000b00O0O00D0O0OOOODODOO
obooooooboo0o FOob0oboooboboboboooogoo

d
i 9(0) = HI (1) (10.46)

00000%000000000000000000000000000
00000000000000000000000000000000
000000000000000000000000000000000
HY' (=H)D 000D 000

d

—ih (Y] = (WO)IH (10.47)

00000000000000000000D00D07 00000000

(L)) = e Ry | (y(t)| = (e (10.49)

gboboboooboooobooboobooobooooan
oooboooboboobOoOooooobooooo

(Q)e = (W(O)|QLY(E)) = (Wl T/MQe H/M|y) (10.50)

gbobobobobobobuobooooboobobuobobobg
gbbobboogboobooboobooboboooboon

Q(t) = M/ Qe HI/M (10.51)

gboooooboboboboboboboobobobobobobog
goobbobooboobooboboobo

d 7
S0 = S H,Q() (10.52)

0oooo Y(z)OD 2000 (0D0)000000000O0O0O0O0OU0 000000
00000000000 D00D00D0OD0O0D0ADDOODOOODO

A = 1 n d sA sA _ _sA
e —ZOEA, ¢ =Ae"" =e""A (10.48)



10.6. OO0OO 113

gboobobobooboooooboobobooooooobobobo
gooboboobooooboobuoobooboobooooooo
goboobobobobobobobobobooooooooooon
gbobobopoboboboboooooobobobobobobg
gbobobbooooboobobobobobuobobooboobobg
gbobobouoobobbdobdobdbploebboboboobon
goobobouoooobodgboboboboboboobobobobo
Ubbd—ps3uboonbonbooobooobonobobobobon

0000000000000000 0p00000000 V(z)00000
000000 [z,p] =ik 000", p] = ikna"! = ia(z") 0000000
n=23,.000n=-1,-2,-3,.0000000000 V(z)DOOOOO
00[V(z),p] =iV (x) 000000000000000000000000

de_p (_OHN dp_ __9H
dt  m < 8p> Todt Vi) < 830) (10.53)

gddooobom@uoooboodooobooooooboomobooon
n=2002%p—pz? = x(xp—px) + (vp—pz)r = 2ihe = ik(z?)'0[p?,x) 000
00000n=-100a"'p—pz~ ! =2 (pr—ap)z~! = —ihe~2 = ih(z~1)'0

10,6 OOOO

ubboooobobooobboooboooboo eo0o0bOoOooOO
gbooboooboooobooo

S = 5T X (10.54)

gbooooooobgoooo

. 1 1 1.
|S| = T sina = §bv = §r2¢ (10.55)

bobdg rUv0000D000000O0DO0DLODObOODODDbDODbO
gooboobooobooboobboobbooobooboboooboboon
goboboobbooobbobooooobboobboobboon
gobgobooboobobobooboobboboboobbobboon
gbbooboobooboobooobooboobobbobobo
Ubddp=moddooooogooogoog

L=rxp (=2mS) (10.56)

gbbobooboooboobuoobuooboouoooboooboooo

w_a
a _a P at




ooooooog

114 10 0g0Od

Oooooogde/dt (=p/m)0 pO000000O00OOOOOOOOO
00000000 dp/dt00000000O0O0OOOOOODO FOOODOO
gbooobobooobooboobog

L
i—t:erD:NDDDDDDDDD (10.57)

ooboboooboF=00000000000000ODOO0O0OODODO
oooooooob FOOD rOO000ODODODOOOOODOOO

dL

— =0 10.58

T (10.58)
gbobobuoooooboobdobobooboboboboooooan
gbobobuooobboboboooooobobobooobobg
ubbobooboobooobuoobuoobooboobobobooboo
O0Ooo0oboDOo0O0o0O000boDO00Oz=rcosg, y=rsine0000O
m

m, . .
K=—(@*+9%) = 5

5 [7%+(rd) ]
0D000000000000000000 V(-)00000000000
|L| =2m|S| =mr2¢0 0000 ré = |L|/mr 000

2 2
Hz%(%)+3%ﬁ+VW (10.59)
D000000000L2000000000000000000000
r0000100000000000000000000 2000000
000000000000 30000000000000000000
000D000D00000000 »()00000000000000
000 ¢()000000000000000000000000000
ILID0D0O0000 é(t) = |L|/mrt)? 000000
gddooooooooboooooooobooooooooboooobon
gddoobdooooooioobooobooouooboooooobo
oo oooooooooOooooooooooooo

10.7 0OO4OOQoon

gbobooboboboooobobobobobobooooobon
0000000000000000000000000038

0000000000000 0D00000000000000000000000
oooooboooooooooooboooooooobooOobooOooooObooDODOboOoOoooon
gboboboboboo



10.7. DODOOOO 115

gbobobobobooooobooooooboobobobobon
OOoo(os6) 0000000

h( 0 0

Lo = yp:—2py =7 <ya - Za_y>
h( 0 0

L, = zp,—uap,= ~ (z% - xa) (10.60)
h( O d

L= apy=yme= 5 (50—

0000000000000 00000000D00000D000000
000000000000000000 L2 (=L2+L2+LA0 L. 0O

1 0 0 1 92
L?=-p?{— _—sinf—+ —— — 10.61
{$n989$n 89+sn998¢2} (1061)
h O
=19 10.62
1 0¢ ( )
gooooggooooooguoooog
2 2 2 2
p W, 2o ,0 L
A U S 9,29, L 10.63
2m 2m 2mr2 arr or + 2mr2 ( )

0000000000 L?200 6000 0/0¢ 0000000 0ODOODOODO
I[’0 L,0000000000000000000000000000
gboobuobooooobobobobobobuoboooooboban
gbbooboobooooobooboobobooboooboo

gboboboboboobobobooooobobobobobon
00000000 V(r)DODODODOOOO r=|r|000000OOOO
0600000000 DDOL?000 L, 00000000 HOOO
gbboboboooboboboboboobod (H,Lz,LZ)DDDDDDDD
gooboboooobooboooobooboobooboooboon
gbobopoobobobuooooooooobobobobobobog
ooo (n,,,m)0000O000OOOOOODO

000000000 (106n)0(l0.62) 00 0000000O0O0OOOOO
ooooDoOoOob oD O0OODOOOODOOODOOOODOOO
O0O0D0O0O0L?0 L, 000000000000000

L?=11+1h* (1=0,1,2,3,..) (10.64)

L.=mh (m=—1,—1+1,..,1—1,) (10.65)

000000000000 m=4+400000 L2#12000000
0000000000000000000000000— 00 HOp.1660
00M00000000000000000 VIl+1HARODOODOOI00O
00000000 (0000000000000 00000000000

goooooooooao
x = rsin 0 cos ¢
y = rsinfsin ¢

z=1rcosf

—1+1
-
L?/R? =1(1+1)




116 10 ODO0O0O

gboboboboboooobobobobobobbobobon
ooooob 000 qUOO rO0D0000»0O000OODOOOODOO
00000000000 0000 J=q/2rr000000 L=mrv0O
ubooobuoobg pddbdxoobooooboobbobood
gbooboooboooooood

2 qrv _ qL q
= -2 oog =— 1L 10.
mrd 2 2m ' H=om (1066)

googbooboobooboboobooboonog

—e L

- L =— _ 10.
w=g by 3 (10.67)

gbbodbud-eDbme00booboooobobooboon

_eh
“B_Q

= 9.274009 x 107 Am? (DO DO J/T) (10.68)

Me
gbboboooboobboboobooboobooboooboobo
TODOODOODOooOooOoooobooooooboobooboooooo
goobobooobboooboboooboboobooboog pobo
o0 BUOODOOODOOODOOOOODOODObODODOODOUODOD
00000000000000000000000000000°0

E=—u-B (10.69)
10.8 0O0OO

D0000000000000000000000 (10.11) O (10.12) O
0000000 LOO0O0OD (1060)0000000 L? (= L2+ L2+L2)
0000000000000000000000000000

[La, Ly) = ihL., [Ly, L.] = ihLy, [L., L] = ihL, (10.70)

L L,) = [L* L, =[L* L,] =0 (10.71)

000 Ly, Ly, L, O L’00000000000000oooooon
[’00000000000000000000000000DD0000
oobobooob L,0b000obbd :.00000000000D000

ooocobHOOOOOOOobOOooOoooOoboboooooboooboo
0000000000000000000000L?0L, 0000000

L?> =11+ 1A% (1=0, 1/2, 1, 3/2, 2, 5/2, 3, ..... ) (10.72)

L,=mh, (m=-1, —l+1, ..... , =1, 1) (10.73)

Dooooo LOOODUOOE=—-(¢g/2m)L-B 00000000000 2130



10.8. OO0 117

O00000000o0oO0o0ooooooo |L,m)y DOOOOOO
O0000l=00/200000000000000000 (10.64) 0O
gboboboboboboooooboobobobobooooooobog
O0000000O0O0o0o0oooo0!l=1/2000000000000000
0000000000 00000000D000Y00000000000
ubobobuobooooobobobooboobuobuoboooobonbg
O/=000000000000D0O00O0O0OODOOOOODOODO
gobobooboobooboobooboobooboooboon

OooooOo sooooooooboooobooooooon

1/1 h
S2? = 5 (5 + 1> K2 = th , S, = 15 (10.74)

gbbobbooobooboobooboobbooobooboo

u==guB-§ (10.75)
00000000 ¢0¢00000000000000000000000
000000000000000000000000000000 (10.67)
000000g=-1000000000000000000 g=-20
0000000000 g~ -2002319000000000000000
000000000000000000000000000000000
000000000000000000 1836000000000

fiy = 5.050784 x 10727 J/T (=~ pp, /1836) (10.76)
000000000 S
n=gny 5 (10.77)

gboboobonoOon g~s5.586950 0000 g~ —3.826085 00000
g 3boobbuoooboboobbuoooooobboonooood

gbobobbob g=20000 ¢g=0000000000000000

O000o00o0O0o0oo0ooo0oOl>3/2000000000000

O00000000000000DO AR/2000000AR/2000000

h
S=30 (10.78)

ubobobubtbesebonoooooboboonobonb 300 2x200

0 1 0 —i 1 0
oy = Coy=( 0 ), o= (10.79)
10 i 0 0 -1

Y opooooDO0OO0O000000000000000000000000000000
oobooooooooooooooOooOooooboOoboOoOoOoooOboOoDOboOoOoooono
gooobooboooooobooboboooboboobooboboobooboo
gobobooooboooboboobooboobooboobboboboboobobooobo
oboboobobooOooboooboobooOooooOoobOOobOoOoooOoboOoDOOoOoOOobOOoOn
gobooboooobobooboobooooboobooooboboooboobobooo

1022



118 10 0g0Od

000000000000000000000000 20000000
00000 200000000000000Y%000000000 6,0
000 +100000000 |4), |-)0000000000000000
0000000000000(|1)00000(y)00000000

1 0
(0)=|+>:|¢>, (1)=|—>=|¢> (10.80)

000000000000 00000000 s?200000

109 UOO0oDOooOoon

20000000000000020000000000000000
(r1,01)0 (r9,00) 00000000 ¢(ry,01,72,02) D000 ¢(1,2) O
0000000000 H[1,2]0000 E00000000 ¢g(1,2)0
000000000 102000000000000000000

HI1,24p(1,2) = Eyp(1,2) — H[2,1¢p(2,1) = Byg(2,1) (10.81)

0OOO000000000000
000D0D00000000000 200000000 2000000
00000000000000000000
2 2 2 2
0 9
.Huﬂm::§:<_ A A )-+ ‘ (10.82)

=1 2me ‘ 47T€0|’I"i| 47T€0|’I"1 —’l"2|

000000000000000000000000000000000
0000000000000 20000000000000200000
000000000000000000000000000000000
0000 H[2,1]=H[1,2) 0000 (1081) 0000000

H[1,2105(2,1) = Eyp(2,1) (10.83)

00000000ye(2,1)00000000 H[1,2]000000 EOO
000000000000000000000000000000000
00000v¢ge(2,1)0 ¢e(1,2)000000000000 (—p.107)00
00000000000 0000000000000000000

0000000000000 ¢e(2,1) =ve(1,2) oooo
0000000000000 ¢e(2,1)=—-9vg(l,2) 0OOOO

gboboooboooobobbobbooobbooobboooon
gbbooboobuoobooboboobuobooboobooboaoo

Y Qpooo000O0000O0O00000d0DOdDDODODODOoooooooong
goooooobooooooooboooobobOooboboooobooo




109. OO00OO0ODOOO0O 119

0000000O0000O00O00OO0OUoO0OoOO /200000000
gobobooobboobooobod

gboboobobobooooboboboboobobobobon
000000 AA,.. 000000000000 O00ODO0O0O0O0O0OO
gboboboooooooboboobobobobobooooooon
0000001000 ADDO0 2000 A 00000000000

|AA) = Ya(1)va(2)

gboboboooobobobooooooobobobobobobg

goboooon

1

V2

0000000000y ((2,1)=—y(1,2) 0000000000000
00000000000000000 A=A00000000000

¥(1,2)=00000000000000000000OO0OO0OOOO
00000000000000%00000000000000000

¥(1,2) = —= [$a()ar (2) = Ya(2)pa (1) ] (10.84)

ugboogbooobooobooboobbobboobooboo

gboboboooobooboboobooooobobooboooaobobo
goobobooobooboooooo

gbobobgoboboooooboboboboooboboboon
o0o (n,,,m)00000000O00O0O0OOOOOOOOOOOODOOO
gbboobooboobboobbiud e, =x100000000000
gboboobooboobobbobooboobooboo

uboboboboboboboboobobobobobobobd
gbobobuooooboobooboboboboboboooooan
goooboooboooooboobooboobooboon

200000000 (10.84) 0020 2000000000

w(1,2) = | ¥al) $a(

V2 | Yar(l) Pa(2)
JoobOooooboNDDOOOODODOOO0bODbDOOO0ObO NONDOOODDOOoOoOo
va(l)  $a(2)  va3) -+ va(N)
Yar(l) Par(2) Yar(3) - Pa(N)
st =gl S S5 U

ooooooooooo 20000000b0OOOOO0OObOODOOOOObOOOOOn
oobooobooboo2000000o00b0O0O



11

Jooouood

doooooooboooooooooooooooooMRIOOOOOOO
Odoo0oooooOooooooooooooooooooooooNMROODO
00000ooooooooooooooDooooooooooooooooon
O00000ooopooooooooXo croooooooooooooon
O00000D000oOo00oDoO0oo0DooooooooooooooooX
000000oooooooo0o0o0ooooooooooooooooooooon
gooooooooobdodooddddddoooooooooboobobooo
0000000000000000000000M MRI=Magnetic Resonance
Imagingdd NMR=Nuclear Magnetic Resonance[]CT=Computed Tomography[

11.1 Joooobod

gboboboboboooooobobobobobooooooon
gboboboboboboboooobobobobobobooboo
gbobobuoooobooboboboobobobonoooooooan
gogboboobbooobboboooobbooooobboboooob
obooooobo MRIDOODODODODOOOOOODOODOOOOOOODO
gboboooboboboboboboobobobobobobon
Uooobooobb0Obeocconc000O00OOD0ODOOOOODOODODO
OO0 L=r/20000000000000 SOUOOOOOLOOOOO™
00000 L=RI0O0O0O0O0O0 ID0O0OOI=1/2000000000

lo800buopoooooboboboboboobooboobooboon
gboogoboobooboobobooboobobobbooboon

p=~L (11.1)

gbobdbybO0obOobOoboooolosgboooobobUdlUoo

! 0000000000000 D00D0000000D00D00D0ooOon
oooobooboobooo2000000000000DODOO0OOODODOOOOOODDOO

120



11.1. 00000000 121

oooo0d 02
v = gy /h =267.5222 x 10° T~'s7"

gbbodobuoobuod 00000 eccccc0000ogonoooogn
gboboboooooooboboboboboboboboboooon
U0ecoooc000000O0DOODOOODOOOODOODOOODO

gbobobobobooooobooooooboobobobobon
gbobobooooooboboboboobobobooooooon
gbobobopoooooobobonooobooboboobobonbg
gbobobopoooooooooboobbobobonoooobonbog
gbbooboobooboboboboboobooboobuoood+=z00
o000 BO0O0O0OOOODOODOOOOODODODODbOODO

E=—-uBcos =—p-B=—yBL, (11.2)

o000 —plicOoo0oOoooOOooooooooooooooboon
00000o0oooooo I,=41/2000000000000

AE = ~hB (11.3)

ggboboobbboooobooobobooobbobooobooon
I=1/20000000002I+1000000000O0O

000000000o0o0o000000000o0o0ononooooooo
000000D0000y00000000000000D00001I, =+1/20
0000000000000+1/2000000000000000000
00000000000000000000000000000000n
M=ng 0 +:0000000000000000000,000000
00000000000000000r000000000000000
000000000000 M,00OO0OD00000000000000
00000000000000000000000000000000o00
0000000000 B=1T0O0O 282x1072J 000000000
000007 =300KOOO kT =4.14x10721J0000001, = +1/2
0000000000000 pO00000000000O000MMO0
00000000000000 n0000000000000O00D00OO0
00000 M,0000000000000000

00000000O00O0O0OoO0oD k000D e0000n0onoooon
oboooooooTroooobobooooobo

2T0U0000000000000000000000D An?0000000000
00J/TO00000000000000000000O0 RODDODOO JsOODOO

HiSIZKBHDE—AE



hw

MWV | s AFE = ~hB
BHLK

TR EBHIRICE DR

BEAPOITDOREES

BEHED vy BHOEE

122 11 DOgooOoobooo

11.2 0O0OO0OO0OO0

O0000000000(11.3) 000000000000 AFOOOO
gbboboobooboobuoobooobouooboooboobooo
gbobbuoooobobooobooboboboobobuonoooobo
gooboobboooboboooooobboobboobboon
001TOODDOOO0O0ODOO0OO000D0O0O00 AE=~BO0O0O0OO0ODO
ooooonD 426MH0 0000000000 "mO00OOO0OO0O0OOORF
gboooooooobobobobuooooooooooooooboobo
gbobobooooobbobobbobuonoooboboboobobg
gboboobooboobooobooboooboobooobboan

gbobobooboboboboboooobobobobobon
gbobobuoooooooooboboboboboboooooan
gbooooobooboobooobooboboboboo-00 Imgoooo
googoooboobobooobooboobooo

+,00000000000000B,000000000(11.2)000
00000000
H=—~vByL, (11.4)

D000000000000000000000%000000000
(Le, Ly, L) 00000000000000000 (1052)000000
D000 (1071)000000000000000000000000

d i

7

—L,=—-|H,L,| = —~B L, L= ~ByL 11.

dt T h[ ’ x] Y50 h[ 2 x] Y Do Ly ( 5)
d /) )

—L,=-|H,L,|=—vBy =|L,,L,| = —vByL, 11.6
dt Y h[ ) y] ’7 0 h[ y] FY 0 ( )
d /) )

“IL,=-[H L) =—-~By ~[L,,L.] =0 11.7
L. = [H L] = =By +[L., L] (11.7)

gooooboooobooooL, =00 00O0ob0bOO0oobooobobooooDoo
gbobt:tbOooboobobbobboooboobobooobaan

d2

@Lmz—w02Lx, oo (.UQZ’)/BO

godobooooooodooouooooooooooooon
L,(t) = Lgcoswot + Lysinwot (11.8)

Ly(t) = —Lg sinwgt + Ly cos wot (11.9)

oboooob—-00HUOODMOMODOOOODOOOOOOODOObOODOO
U000 weOOO0OO=0000000000000O000O00O000O0O0OO

3000000 D0O000DO0OD00DOD00OO0DDOOO0ODOOOODOOOOn
0000000000 O0O0oOoD1072Jjoooooo 10 Kooooooooooo



11.2. O0O0OOO 123

D00D000000000-00 L0000 L,()*+L,)* 0000
00000 200000000 wy=7B,00000000000000
00000000000000000000000D0000000000
000000000wO0000000000000000000 v00
000000000000000000000000O000000000
0000000 M (=np) 00000000 woOOOOOOOOO

000000180l ioooooooooooooouooOgs
gbboboobooboobtd wbooboobooboobooo
000000040000000000000000000000000
gogoboboobobooobobboooobbbooooobbbooon
gbooboooboobooboboboobooboobbooobg

gboboboboboooobooobobooobobboooooon
gbobobooooooobobobooboboboboooooon
gbbobobobooboobodobdodibdloccocc0goboon

| S |

RS ERA REIRIS 5

Ho7IL

RFaA4JL RFaAJL
2DMRFIAIVIEFER

ShBEELH D,
I‘ N ‘I RIS EERDBR AL
BHAFEIIKAHRA

NMREE DEAR ZH

ubogboobobobobboobooboonoo

ubooobuooboooboobobibodl wodooboooboo
gbobobouooobobobobobobobobobobobobg
gbobobooooooboboboboboooobobobobobo
gbobopoobobobobobobobobobobooobobo
gbobobooooooobooobobobobobobooooooon
oooooooobob ppOobooooooo

gbobobobbooboobddb woboboboob oo
gboooooboooo

B(t) = (B coswot, —Bsinwyt, 0) (11.10)

‘0000000000000 00000D0D0O0D0D0DU0DU0oUooogog
goooobooogoboooboobooobooboboobooooboobobooboog
gboooboobobooobooboobooooboboobooboobooboooboboon
goboobooboooboooboooboooooobooboboboboooOoOobOobOOoooOoOoDoOoo
gboboboboooooboboboooobobo

AL ML D% ZEEE)

z  (EER)

EER% TIHEN=FFEFHLET D,



124 11 DOgooOoobooo

0000°00000000 «D0000000000000000000
000000000 2%/00000000000000000 BOOO
gbobopooboboboboooooobobobooboboboon
000000000 2 0000000000000 MOOOOOOO
00000 /000000000 w=BO000O0O0OO0OO0OOO0O

RFOOO0OOODOOOOOOOOOOODO 000000000
B 000000000000 ODODOOD14TO000OOOOOOO
0000000000000 000000000000 000000
000000000000000000000002 000000000
0000000000000 000000 At00000ooDooogo
0000000000000 000000000400 1000000
O0o000o00O0ooO0o0ooooooo9oDUOOUUOoO w/20
gbboobooboobisouoobooobg 0000000

oboboobobooooboboobuobuobLD MO z0O0D0ODO
00000 woOOOoOooooooooo0o0oog At000 42000
gboobooboobbooomoboooboooboobooobooobo
gbbooboobooboobooboobobbooboobooon
Z

win (EsEEAER)

U

e

1BHS B oM miELaNS |/ M
- BATC y

o Az

RF/NLRIZ&L B [EER EEEZR (EBRER)

11.3 0JO0O0ooon

gboogboobuooboboobboobooobooobooobo
gbobobooobooooooobobooooobobobobooo
gbobobopoooooboobobooobobob zb0ob0obg
gbboobooobuodobuooboiibl woOoboooooobon

000000 2/ 00000000000000000000O000O
gbboboobooboobboobooboobeodnbodid

0000000000000 000000000000000000000000
ocoooooooooooboooooooooOoOOOObOOOOOOOOoRrRrFOOOOO
gbobooboobooooooobobobooobobobobobobooboooo



114. ODODO 125

00000000() ¢/ 000000000 xzy0000000000O0
00000000000000000000000000000 2000
yO000000000000 MOOOO0DOOD0O0O(i) My, My, M, ...
gboobogboooboobobomuuoboboobooooooobon
gbobboobbooboobbooooobooboooobbobboboyd
O0O0Oo0oboDOoO0O0o0OoOooboOoDO0OOdOdOdFID= Free Induction
DecaylD OO0 O O0OOD0ODOOD¢t0D0OODODOOOOODODODO
000000000 (i) 2%/ 0000000000000 200000
gobobooi1eo0noogoobooobbooobbooobooon
goooboooboobooboooboobobbobooboobon
000000000 0O00O00O0oO0oOoUOUOooOoooOO(v)o
gbobobuooooboooboooodg«gboboboboboban
00 /000000004y 0000000000000C000 MO
woooooboooboboooogbooboooooboboboob
gbobobooooooobooboboooooobooboboboon
000000000 00000000000000000000000

90E/\JLR IO—EF

180 /NJLR

goboobooriDboOoobooooobooooooooboooobooon
gbobobobobobobobobooooboobobobooan
gogboboobbooobboboooobbbooooobboboooab
gboboboooboboboboboboooooobobobonbg
googoooobbobooobooboobooboobooboooon
goooboooboobooobooobon

11.4 0000

obooboboobooobobDoobd00 MUODbUODUOD Bpoooo

+z0000000000b00oboboobooobboboaoaoboo
gboboubooooobogbobobobobooobobobobo
gboboboboboboooobooooobdob 420000000
gboobooobooboobonbod

‘000000000000 D00D00D00O0U0D000DODOOOOoooDg
gobooooobooobobooooboobooooboobobooooboooo

> EEHEREER

:f.r . @
o 4 2 ’
3 (i) 1EF521TB,
(iv) RE&ztg, [E520EA
fEH LTL,
g

(iii)180% /LR T
v 8 OEYIS
ehy F R (REL)



126 11 DOgooOoobooo

00000000000000000000000000000 20
00M,0000000000000000000000000000 T,
000000000000 000000000000000000000
0000000D00000000000000000000-00000
0000000000000 [3009000000000000000

meger U0000000000

M (t) = My(1 — e ¥/

goboooboobooboobooobooboooboobooMyOobnbooo
t gbbobobooboobob-00000000040
0 G ooo0ooo0oooo0oooooobooooood »,y000M,, MO
ooboooboooboooooobobooobooobo i oobooooboOoOo
gbobobuooooobooboboboobobobonoooooooan

M,

. v O0o0o00-00000000000000o00o00on0 70090000
M

N 000000000000000 Mj000

Mm,y(t):M(,) e /T2
i ¢l
0 t googooooogoooooooooooooogoog
i)

gbobooboboboooobobobobobobooooooon
obooooobooboboooooooboDnh <Moo M, 000
gboboobooboobooobobogosobbuobboboboond
gbooboboooboobobooboboboobobboboo

11.5 MRIOOO

gooobooboboooo MRIODODODOOOOOOODOODOOOOO
gbobobuoooboobobuobonooobobooobaobbobg
gbobboboboboooobooboboboboboboobobg
goooboooboobooboobooboobooboobomo
000000000 pT(bDOOOD0OD0D) 00000 OooOoooood
gbobobooooooobobobooboboboboboooooo
goboboobbooooobobooobbboobooobboon
oboooooboooboboboooooobo0obobooooobO MRID
gbobooobobobobobobooobooboboobooan
000000000000000000070000000000000
oooooooobo okKbooooobobobobogobooboobooog
gobooobodoboobbooboboobooboobboobboooooo K
gbooobog icob200000000D00ODL0O0ODOODOODOODbDOODO

"000000000000000000D000000000000000000




11.5. MRIOOO 127

gbooboboboooooobobobbooooboobobon
vooooc0 0000000000000 0DO0ODOODOOOOOODODOO0
gboboboooooooboboboboboboooooboooooon
gbboboobodbidbUeccccc000 nO0O0O0O0O0OOOOO0OO
gbbobboooobouoobotbecccccgbgoboonoooan
oooooooobobobo MRIDODODOOOOOODOOOOODOOD
0000000000000000000000000000000D38

gbobooboboboooobobobobooobobobooon
gbobobuooooobooboboboobobobobobobooan
gogbobodobbuooobboobooobboooobbbooab
gbooobooobobooboobooboobobobobooboobon
gooobooobooboobooboobobbobooboobon
gobobooboobooooobooboobooboobboon
gbooobooo0bO000eccccc 0000000 OOOOODOODOO

gbobboooooobooboooooooboboboboboooon
gbobopooooobooooobobobobobobooooooon
gooobooboobooboobobbobbbobbbOUooooocl
gbobobuooooboobobobooboboboboooooan
gboboboooboobobobobbooboboaoboo

UbooobooboooboobbdUlecconcdgoooboon
gbobobobobobobobobobobobobuoobobog
oboooooboobobbogobooooooobo b xROOooooooo
gbobobuobooooobobobobobooooobobaobono
gboboobooboooon

ggooooobobobooooaon
goooo0o0oooo0o0oobOOo0o0oO0o00DbO00 wOoOOoDOOOOODO
gooboooooooooOooboooooobooooboooooooooooog
ooboobboooooobooooobooooobobooooooobooDooo
oobooobooooooobooooboobboooooooboooooobobogoo
oobooobooooooboooboobooboooboooooboooDboOoDbo
00000000000 -00000[210|000000000000000
oobooobooooooooboooboooboobobOooooboooboOooon
ocooooooooOOoOoOOOO00000 wbOOOOoooooboboboooDbboOo
0000~ BO0000000ODOCCOO0O0OOO0O0O0000DDDO0O w=~vB0O
goooooobooboooboobooooooboboooobooobobooooo

00000000 D0D0D0OD000D0DOD MRIDOODOOOOOOOOO
oob0OoOMRIOOD10000O0O00OO0O0DOOODOOODOOOOOODOO



\ 11 = T2 TR

T EERMABRMNSEINTLDS
RFED2HF O [2RTTHENRIER

1

(e, x1) | |

BHEY 7 \ NG)

|
\ FhE?

.
(T, xe)

mREKIE, SR ER—HF+), FERATR
(DZILHF—) D EREHEORE (2455,

M|

0

==
»ﬁ = 4

12

oo

O00o0o0oooooOoOoO0o0o0oDDOOoObOoOg S=klegWwOOODOODO
000 sSooooooOdooogoooooo0oooooooOoooooogo
gboboboooooooobobooobobobobobobooooo
goboooooobobobobooooboooobobobobooobooo
gboboopoooobobobobobooboboboobobobobon
oobooboooooobobOoobooOobobOoooboobooooooOooo
ooboobbooooooobooobooobooooboOoobOoonooboooo
o000 rO0O00O0DOOOOODOOOOOOKDOOODOOOOOOOODDO
Oo0o000 k0D0O00DOO0O0DOOODOOODOODOOOOOOOOOODDOOO
googbooobooboobooboooboobooboobooboon

12.1 UO000O0OOO0OOO0OO0O0OO0

gbobobobobooooboboboboooobobbobon
goboooboobooboboobooooboooboooooboog
goboooboobooboboboooobooboobbooooboog
gboboobbooobooobooobooboboobooboobogon
gogbobooobbooobb bbobogoboooodobooboogn
gbobobuoooboobobuobuonoooobooooooobaobonbo
gbobobuoooooobobooboobobobooboboboan
gbobopooooobooboboboboboooooobobonbog
gobooboobooboobooboooobooboobn

gboboboboboooobobobobobobooobonbon
gboboboboooobobobooboboboboboboobobg
oobooobooboooooooobooboboobboooboooboooooon
gbbooboobooboooboobobooboobo
0000000000000 ooOOooOoooooooooooO {n}0
gogoboobboooboboooobooobobooobbooon

128



12.1. DO00DOOO0DDOOO0ODbOOO0ODOOd 129

gboboboooooooobobobobobobuooooobooo
goboobooboobooboobboobboooboooboon
gbooobooobooboobooboonoobooooon

gbobooooobooboboboobobooooboobobon
gbobobooooboobuoooooboobobooboboboobobg
gbobobooboobooboog

(a) O0O0O-0000000O0C00OO0OBEOOO

00000000000000000 n; =0,1,2,3,...

(b D0OO0-0000000OFDOODO

00ooo0o0ooooooooooO n;=0,1

gooooossbooboboobooboobuoobuoobonobo
gbobooboobobobobbooobon

(¢ DOODDODD-0O00O0ODOOOMBOODO

1
Nﬁ{DDDDDDDDDDDDDDDDDDDDDDDDD}

gbooobooobooao

oo NODODOOOOOOvoboooooooobobooooooo

(a) BEOOOUOOOODOOODOOODOOO v—-1000000000O
goobgbooobbooboam obogoboooboooog

(N+V—1)

Wee ="y 1)1

(12.1)

(b)) FDOOON<YOOUOOOOOOOOOOOO voOOO NDDO
ubooobogoooboad

V!

Wrp = NV —N)! (12.2)

N>yooobooooooboobooboooooooooboo
gbooobooooobooboon

(o MBOOOOOUOOOOOOODOUOOOOOOODOOOOOO
g0o0COCOOOO0OO0oO0oOoOooN!OOO0ogoooooooooo

o olol|dflo o|o]o|
N=8, V=10
{n:} =(2,1,0,1,0,0,2,1,1,0)



yoooooooooooooo
goooooooboooodoooo
oooooOooobooooooooo
goboooooooooobocoooon
ooovooooooooo

WepOOO 2000000000
gooooooooooooboo

WgE — Wrp

<1
WaE

goooobop.1320000000
gooooooooooooobooo
gooobooooooooogdc

130 12 0000

ooooo
(N+V-1)! 1 1
AL L 1 2)..... N-1)>-"—
Np—n ~ m LYV OEN L >

N O
il 1 VN
m—ﬁ YV -1V -2)... (V—N+1)<m

NN

Wrp < Wnp < WgE (12.4)

O0O0OON(N-l)yOOUOooOoOoooOoooooooool1oooo
oooobbbooooooooobboboboob0o000U0dWyp >~ WeE
VN/N!:WMBDDDDDDDDDDDDDDDDDDD

12,2 JUOO0Oobooooooon

D0000000000000 00000000000 0000 {0
00000000000000 {»}00000000000000000
0000000 N (=Y,n)000000 E (=Y,ne) 000000
0000000 WOOOO0ODOD0OO0O0000000000000000
00000000000000000000000000000000
000000000000000000000000 {n,}000000
000000000000000000000 (551)00000000
Gy(E)=100000000000 {»}00000000000000
00000000

00000000000000O0R;=0,1,2,---0000000000
00000000000000000000000000

=2(T,V) = Ze*B(Eﬂ‘N) = i i e B (eimmn;

{ni} n1=0n2=0

— H i e Blei—mni _ H - L

; ; — e_ﬁ(fi—u)
i n;=0 g

D00 log=(T,V)=—) log(l —e Feite) (12.5)

f=1/kTO0000000 Bu=a0000000000000 (5.53)0
(5.,54)0000000000OOOOOOOCOD

— Odlog = e Peita .
b= op N zz: 1 — eBeita zz: m (12.6)
=~ 3log =) e*ﬁ&ﬁ*a 1

N = da Z 1— e Peta Z Bei—m —1 (12.7)

7 7



122, DO00DDOOO0ODOOODOOO0 131

gboobooboobooobog gs0bobooboobooboon

1

Bl — 1 (12.8)

n; =

goobooboobooboobbooboobooboooboo-boon
000000000000 00DO00OoDOO (127)ooboooOoooDOoo
Updbobobooboood

000000000000000 “HeO0OOODOOOOOODOOOOO
0000000000000 0O00OO0o0DOOoObooOooooDOo@28) 0
000 pu=00g=h 000000000 wOOOOOO g(v)OODO
000000000 (6.23)D00000DO0D0O0OOUODDOOOOO v
gooooboooooooboboo0 oo oobobDob O
gbobobobobobgb p=000000000000O0O0ODOO
gbobobuooooooboboboboobobobobobobg
NOOOOoDOooOooooboobooooooboooooobooo
gboboboooooboobobobobooobobobobobg
good

ubbooboobooboobbod =0, 100000000040
god

1 1

2(T1T,V) = Zefﬁ(EfuN) — Z Z e B (eimmn;

{ni} n1=0 ng=0
1
— H Z e Blei—mmni _ ]._.[(1 + e*ﬁ(&'*#))
i n;=0 %
ooo log=(T,V) = Zlog(l 4 e Peita) (12.9)

)

gbooobooboobooboobooboo

- Olog = g0 Peita ;
BT _Zm—zm (12.10)
— Olog= e—Beita 1
N = da ; 1+ e Peita ; BEim 11 (12.11)
gbobooboboobdg gsgoboobobooboobbobbo
_ 1
i = (12.12)

eﬁ(fi_ﬂ) +1

gbbodoboobooboobooao
gboboobobobobobobobobuonoooobobobon
U0 z100boboobobobobbobbooo



132 12 0000

12,3 0OJOOOoono -~

o0 roogboobobooogoobobobooboobobooooo
0000000000000o0000(9.10)0

nh
P=37 (n=0,1,2,.....)
000000000V =2000000000000000000
Ops, py, p.>00000 (/2L =438V 0000000000000
00000000000000000000000000000000

O00e0e+de00000DOOO0ODOOp=v2meOO0OOOOOOO

_ 4mp?dp y 8V Vx 4mrp?dp 27V

gbobobobobobobuobooooboobooobobobo
goooobooboobooobooo/oboboo1goboobooboo
L, 0000 2+1000000000b00b00bO00b00bDobobb
000000 1/200000000000 1250000000
O0000000O0O00OooOOoooooD (1270 (121)y0ooooo

gooooo
aem | e (12.14)

gbobobobbob w0 —000bO0o0bO+00oobooboan
0000000000000 0ooOooooooonD w(T,V,N)Ooooo

o2m)3/2\/ede  (12.13)

000000000 *000000000000000 (12.8)0000
000 (1212)00000 f# »1 000000000

T~ et e« 1 (12.15)

goobbobooboobbo-0cboobbooobbooboobo
gogoobobb p<oddobbbdnxkldgdoooooog
ubobolgoobdo2b00b0bobuoboobobooboooan
gooobobooobobuoooooboboboooooboobboooaon
ugboboboooooobo-obooooboobooooob-obooboob
gooobooobbooboboooboobooboobboo-oon
0000000000000 0UO0LO0o0OUOOooO0D (12.14)0

N 2 00 2rmkT \ /2
2~ _W(Qm)3/265/1'/ Vee P de = ( WZZ ) P (12.16)
0

000000 <10

N 2rmkT\ 3/?
V<< 7 (12.17)



124. DODO-ODOOOODODOO ™ 133

DDDDDh/\/QkaTD:)\TDDDDDDDDDDDDDDDDDDDD
DoO0000O000000000000' 000000000000

174 1/3
afufulafslslsls (N) > Ar (12.18)

00000O000ooO0oV/NOODODOOOODOODOODOOOoooooooo
gbboboboobooobooboobobbobbobbobbooaan
gbobobuobooboobobobooboboboooobobobobo
gbobobbobobobobobooooobobobobobobg
gboboboooooobobobooooboboboobobobg
goooboooboobobo 2000004

124 (JUOUO-0000O0OOOOO0O

O00000000000000000 p0O (121400000

N om(2m)3/2 oo /e de
|7 h3 o eBle—nw _1
ormkT\*? 2 > /zdz
_ [T vrdr 12.1
(Fr) = [ &5 @-m 2)

000000 »=N/VOOOTOODODOO000000Oe =p%/2m>00
gbobopooooobo oobobuobobtobpe<oobobobg
O00wp=000000 z(—0)00OOD0D0OO0O0OOOOOr=000
000000000000000D000000DoaO?

3/2
o0oo (2777}72”) C(3/2) < % (12.20)

0000 (1219 000000000000O0O0O0O0OD0O (12.16) 00
3
>~ kT logn—glogT—i—constant <0

ooooooO0-=N/VOOOOOOOOOO VOOOOODOODODOO
0000000000000 (a)000000DbO00b0bO0o0ooDoOoOo

0Dp00000

rkTe\ 2
() e/ =n (1221)

0000000000 p, =v3mkITOOOOOO000000 h/p, = h/V3mkT
O0000000000000000000000000000—=p.600000000
0000000 (V/N)Y2~33%x10°m000000,000 Ar ~1.8x10" 'm0
D000D000000000ON!D00D00000000000000000000

2¢(3/2)0 (1219000 2/ 000000000000¢(2) 0000000000
00000000000¢(3/2) =2.612375...0¢(5/2) = 1.341487... 000 M -0 0 JO



134 12 0000

oooooooo Tc0p=00000p>000000000000DO
T<ITcOOp=000O0OOODOODOODOODOODODOODOOD
googoooobooobobon

2rmkT %/

00oddd NpOOooooooooobobobDbh e=000000000O0
0ooooooooooooooooooooooooooooooao
oo o-o0ooooooooooon
(1221)000000000OO0OOOOOOODOODODOO

No(T) T \3/2
SACASPAN | T < T, 12.23
0000000000 (b)00000000000

T/T¢ No/N Cv/Nk
o)b—2 3 ¢ 9

(a)
gooooobooo

2V (2m)*? o eyfede B
E = h3 /0 oBl—1) — (a = 6:“)

3/2 oo ,3/2
_ 3KTV (27rka) 4 / z°/% dx (12.24)
2 h? 3y Jo erTa—1

goobooboooboooboooobobooboo0—-00J0ooO
0000000 cyO00oOoDODoOoO (h)obooo T=TcOOOOOOO
obooo0 I>»ITc0b00b000ooobooboboooooo

E:;Nk‘T, CV:gNk:

O00000T<7Tc000(12249)0 p=00000

E  3((5/2) (T\"? T \%?
NkTc 2 C(3/2) <T_c) = 077027 <T_c) (12:25)

ooooobooo r<iIcbgbobobogbobooboo b

Cy  15((5/2) (T \*?* T \%?
Nt = ACE2) (T_c) = 1.9257 (T_c) (12.26)




124. DO0O-000OOOO0ODOO 135

00000000 T=0000000e=000000000000
00000000000000000000000000000000
W=1000000000000 S=klogW =000006.2007 =0
000000000000000000000000000000000
000000000000000000000000000000000
00T—00 $=00000000000000 Cy =T(85/0T)y 00
00000000 limCy=0000000000°00000 CpOO

gbobobooooooooooobobobuoboooooboonbog
goooboooboobodd—p.16900

gbooboobooboo-boobobooboooboboobg
gboboboooooooboboboboboboooooooooon
bbb p=0000000000000000O0O0DOODOOOOO

gooood
0000000000000 00O00O00000000 w=E/VOO

flg=(f9) = fd
000 (415)00P =2u/3000000 (5.56) 0000000000 00
PV =kTlog=Z0 (125000000000 e =e'/?2 = (2/3)(e%?) O Kﬁbmzmﬁ_ﬁﬁym
D0000000000000000000 0« = Bu, BkT = 10
27V e _
PV = —kT><7ﬁ—@n0WQA; Velog(l — e 7549 de p
2 27V (2m)¥? [ £3/2de 2 NET/Ve — ¢(5/2)
= = F (12.27) v 05135 5
3 h3 0 ePe—a _ 1 3 \ ¢(3/2)
\DDDDDD
00000 (1219 000000(P,V,T) 0000000000000 e
00000000(1219) 0000000 7T00000000000000 AN
000000000 4 (<0)000000000000000O0 OM%__#<:§<\EM_
N 2mrmkT\?/2 |
ne = 7 =((3/2) ( 2 ) (12.28) 0 Ve 4

000000000 p=0000000000012270000 VOOO

goooopPv-00O0O
gboooooobobopPObOOOODDODODODOO-DOO

P/Pc
0000000000 2000000000000000000000 2t X p.6000000
000000000000 000000000000000000000GO \ 0T <TeDDODO
0000000 LO0000O0000000 200000000000000 N, [Te=08
000000000000 GLODOO00000000000O0n Ir|=u Jnooooo

000000000 e=00000000 p=00000000 k=0 U /2NN S
000 A=000000000000000000D0D0O0O0000O0 0 — 1 W%
00000000000000000000000000000-000

goooo-oboboo
gboboobobobooboobooboobobooboaboo

$6.2000000000(3.21)0 (3S/8T)y = Cv(T)/T 00000 S(0,V) =
S(T,V)— [ Cv(T')/T' 4T’ 0000007 - 0000000000000



136 12 0000

01000000000042K00000000000000000000
0000 p=125x10%kg/m* 0000m =668 x10"> kg0 0000000
n=p/mO00000000 Tc00000000000000A=6.63x10734J.s0
k=138x10"23J/KO0O0ODO

000007c~28KO000000000000000000000O0O0
00000000 7, =217K0000000 ADOOOOOOOOOOOO
0000000000000 00000000000000D0-0000000
00000000D00000000000 7,0 A0000000000000
0000000 20000000000000-00000000000000
0000000 3000000000000000000D00D0D0D0O00000
000000000000000000000000000000000 10
0oooo00m

12,5 Oododoooooooo s

O0o000o0ooooooooooooooooooooooooonoa

00000000000 (12.12)00000Ooo0oo
1
f(5):m

goddootuodoooboobooooooooooooooooao
000000000000 0O000O0000O0oUUoUOo0OO (12.13)0
0000000000000y (e)OD0O0DO0O0O0OOO0ODOOOOOUOOD
0oooooooooooooot

(12.29)

o0
/ g(e)f(e)de = N (12.30)
—0o0
goodooooonooon (12.29)|:||]T—>0|]ﬁ—>oo|]|]|]
1 e<pu OO0
fle)=4¢ 1/2 e=p 000 (12.31)
0 e>p 00O

gboooobooooobooboboTrT=00000000D0O0O0O0OO
-y
/ gle) de=N (12.32)
—00
goooobob e, 000ogoooooo
T=00000ODOODOOOODOD 1000 DODObOOObOOO
googoood

Ey = /MF eg(e)de (12.33)

—00

‘0000000 e000 e 000000D0DO0OOOOOO g(e)=0fore <ego
gbobobobobobobD —coclOOODODO



12,5, OOO0OOOOOODOoOOoQg -~ 137

goboooboboobooboboobbbooboobbooooobooboog
gbobobooooooobobobboboooooooobobonbog
ooooooooooo w=100ooooooooggg %iLnOS:OD
DDDDDDDD%iLnOCV:0DDDDDDDDDDDDDDDDDD
god

eo=00000000000000000 w, 0O0ODO0ODOO

Ty = py/k (12.34)

gbobobuoboooboboboboooooboboboboobobg
0000000000000 00 T Ty 000OD0OOO0O0ODO f(e)DDO
oooobbDe—-pu~HET0000oooOo00oOoooOobobOoOoOooD
gboobooboooboobobooboboobooboo

f'(e) 0

e’ 1

— F'(z) = (12.35)

e +1)2 (e+1)(e®+1)
00000000 e—p=kT>20000000000O0DO000DOO0DOO
0000000000 e=pwlz=000000004k7r000O000DO
oo0ooooooooobooooooooooooooooono Too
goooooooooboooooon

ooo00o0oooooono
729 (py)

— —_— = 2 .« e
B= i 690 (kT)* + (12.36)

goooobooboobooboon

729 (pp)

E=FEy+ (KT)? + - - (12.37)

goobbobobooboobooboobooobooboon

2
Oy ~ %HT (12.38)



138 12 0000

gogoooboooooooboboonobbl e, =+1000 10
gooboobbo 200b0b000obooobboooboooboobg
(12.13) 0 20000000000

47V (2m)3/2 3N
oe) = VT STEVEL (£20) (12.39)
203

gbbodoboobooooo uFD(12.32)DDDDDDDDDDDD

h? [ 3N \*/3
= (o 12.40
He =5 (87TV) ( )

000000000 oo0oooOooo (12.33)00

3N v 3N
Ey = —/ Fe3/2qe = )
0

3/2
2MF/ 5
oooOoooo
3N 572
E = E kKT)? + - - 12.41
F
goooooooooooooooo
2 2
T Nk T
Cy ~ — NK*T = — 12.42
Vg — (12.42)
oo0oooo
CV/Nk /’ T
~ ST
------------------------------------------- 3/2
1_
I T/TFI
0 1 2

gboobooooobobobobobuobuoooobobobobo
00 Cy=3Nk/2000000000000000000O0O00OOOO
gboboboooooobobobobooooooboboboboon
gbobobuonooobooboboboobobobobonooooan
gbboobooboobboboob-obboobooboboobooon
0000000000000 00O000O0Cy =3Nk+3Nk/2=9Nk/2
gbobbuoboooooboboboooooboboboboobobg
oo 7T>Ty 0000 Ip0b0b0Ob0 KOUODOOODOoo



12,5, OOO0OOOOOODOoOOoQg -~ 139

0000-0000d00ooooooooooooboog epd -00 DO
oo KOOobooboobooooboooboooboboboooooo
o0 KOboboooboboobouoooouobobooboooooooo
b0 KOoboboooooobooboooobobobooboooo
gboobobdg —bobobo —uoooooobooboooooan
ooo0ogd e6000K OO0
ooooOobooooobooOOo3bo0obo0oboboo Koboooooo
gboboboTrToobobobobuoboooooboboooobon

0200000010000010000000000000000000
000000000D000000 7000000000000 M = 63.5x
103 kg/mol00 00000 Na =6.02x102mol 000 p = 8.93x10%kg/m3
000p00000000000AR =6.63x 1073 Js0k = 1.38 x 10723 J/KDO
0000000 m=9.11x 103 kg
000007 =82000K0000000000000000000000 6p =
340K0D0000000000000 (D.500Cy ~ (12r*R/5)(T/6p)® 000
00000000 3KOOoOooooom

ooo-0oOooDO0ObODOOOOBECOOOOOOODODOOOOOOOOOO
goooboobooie2sbobodbogboobuoboobooboobon
00000000000000000000 “He000D0O0OO0D0OODOOOO
gboboooooobobobobuobooboboobobbobooobon
gbobopoooobobobobbooooooobobobobooobon
OO0O0O0OBECOOOOOOOOOOOODOODOODOODOO BECOO
obooOooooboovoonoo 199 0b0boo0oboboooooooboona
OO0000 RbO NaODOOODOOOOODOOOOODOOOODOOO 20010
gbobobooooooobooobooooobobobobooooboobon
U0 —o0oboobooobobobobobooobooboobooboon
gooooooboobno —obbobbobbboobooboobooon
O000000ooooooooooo0oo0odg BECOoOOoOoooooooo
obooooobooboooOoboooooobobooooboobooono



A

J200000000000000
HRpN

gbooboooboboooooboobobooboobuooooooboOooooo
gboboboooooooooooooooobboboboboobooooo
gboboopooooooobobobooooooboobobobooobon
gbobopoooooboboboboobobobobooobobooobon
oboboooobooooobobooobooooooboboooooon

gboboboboboooooboooooobobobobobon
gbobobooooooboboonooobooooboobobobo
gbobobobooooobobouonooobooooobobaobono
gbobbuobooboboboboboooooobobobobobg
ubobouooobobobobobobobobooooboobobo
gooobooobooboobooboobboboobooo

gbobooooobooobbooooobbobbooobooon
gboboobopoooooooboboboboboooboobobobo
gooooobobobboobD 00000
oT
oz
gboboobo 000000000 0ODOOOOO0ObOO000n0 k>00
gboobooooooobobobooooooobobobobooon
gboboobobooooobobobooooobobobobobg
gboboboooooobobobobobobooboooooon
ooooooooDbo dz00D00O0CO000DO0O0 wde OODODOCOO
dx 000000000 OO0ODOOODOOOODOO

0 . ) ou dj o0*T
a(udx):jq(x)—jq(xﬂ—dx), ooo E:—a—;:mw (A.2)
gdbobodbdgoboogoboobtoouoboooboobboobnoa

00000000000000 ou/ot=000000 j,=00 0000

00 jq=—kK (A1)

140



141

oo0ooooooooond
d?T
@:O 000 T=cx+c (A.3)
godooouodoboodoouon aq,cocddoodooouooao
goooooooood
O00000000o0ooooooooooooooo!

jo = —KVT (A.4)

go0ooobo0oooooooooobooooboooooooooooo
goaooo
ou

—=-V -3 A.
ot V- Jq ( 5)

gbobobuoooooobobobobbobuobobobobobo
gboooboobooboooood

00000000 s(u,n) 000000000 0DOODOOO0OO OO
gbooboobobobonoooboob «Oobobooboboonboo
000000000000 00000ds=du/T 00O

0s 1 du 1 .
o To T e —

gbboogbooboobobboboobobooon

. ]
JS:% (A7)
podbooooooooooooad
0s . 1 .
E:—V']S—ﬁ]q'vj’ (A8)

gboooooobooboboboboboboooooboobobonbog
gbobobuooooooboboboobobobooobooooon
gbobobobobobobobobobooooooobobobg
0000000000 A8)D0O0DO0O00UOOOOOoDUOOUObDOO
00000000000 (A400D0O0OD

N
, 1 —1(J 1.
O':_]q-v?:ﬁ 1(%) (:)\ 1]q2) >0 (A.9)

000000000000000000000000000000000
000000000000000000000V-jgq=0¢00000
0000 (A4)00000 (A5 000000000

% = kV*T (A.10)

1 - _ 2
000 j,=AV(}/T) 000X (=+7*)00000000000000




142 A D200000000000000O0DOC

gbobopoooooboobobbobobobooooboobobo
NN

u=CT+constant O0C OO00000O0OOOOOO (A.11)

goooooooocooboooooooa
ou

e =DV 000 D=x/C (A.12)

ogoboboooboobuobuobopobU0U k00O OobObOOobUODO
gooooooboboooboobobobobobDoooobobon
0000000000000 000O0O0L000O00o0oUO (A10) O

VAT =0 (A.13)

00000000 (Laplace) DO O0O0OO00O0OOOOOOOODOOOO
gboboboboboboobobobuoboooobobobobo
uboboboooooogbobobobobobobobobobg
gbobobobobobobooooooooooobobobobo
gobobooooobo

00000 b 00000000000 xkO0000DOO0OOC0OO0ODOOOOO
0n7,00000DO0ODODOO0O0DDO0O000O00Do0o0000 4ar?j = 0O
O =c¢p, —kdl/dr =7 =ci/4nr?, 0000000 T(r) = —c1/4nkr +c2, O
00000 T(r) =Ty — [ab(Ty — Tb)/(b—a)](l/a—1/r) 000000000
goboobooobodbboobobooobbooobooobboobod

gooodooo vao

V- (%, a%’ %) (A.14)

0doboooboooobboooooboooooboboooooboooo
0700000000000 grad TOODOOODOOODOODO
oTr or or
Oz’ Oy’ Oz
000000000000 0000000DO0DO0DbO0O00OO0DO0andivyg
gooooooooooooboooooo
.. 0jx  0Ojy  0j.
V-7=d BT ]
J v 8x+8y 0z

oobobOoobOooOoobOooboobOooOooboooboobooOooooono
ooooooboooooooboobo

VI =grad T = < (A.15)

(A.16)

0a, Oa, Oa, Oa, Oa, Oay
= = - —= — Al
Vxa=rota (ay 0z’ 0z Oz’ Ox 8y) (8.17)
gooooovovoooooooooad
0? 02 02
VV=Vi=—S+—5+— A.18
oxz? 927 ( )

000000 ODO000O0O0000oobooOooDo vxvv=00000



B

3ot

gbobooooobobobobobooooooboobobooobobobo
gboooboobooboobooboon

B.1 0000OO0OO0OO

gbobobgoboboooooboboobooooboobobon
goooboobooboobooooooboobooon

00000000000 2H, O Og = 2H20

gbobooooboboobobobuoboobobmoboobobgooaon
gboboboooooooboboboboooooooobobobonbg
gbooboobooboooooboboobobbobooboboon
gbobbooboboboooboobobooboboobg =2:-1:20
000{X;}00000000000o0oUooooooo

dovXi = Y viX]
2

O000000ooU0o0o0ooooo {yw}booo0oooooooooo
gbobooooooboobobobobobooooooboobonbg
gbobobuoooobobobobobobooboboobobobobg
0000000000000 000D0O0000ODO0O0D {(}y0O0DOO
gbboobobboooobobobbobbooboobooonogd

(5n1 : (577,2 e =V Vg I ... (Bl)

ogoboboooboboboobooboobuobobooobobOo eoboo
gbbobuobooooobobobobooobobooboobobon
gbboooboobobbobboooban

5nk = I/k(5§ (B.Q)

143



144 B Os3000000000DO

gbobopooooooboboobobuoooobobobobobg
oboosobooooboboonoobobobooD 1bobo

000000000000 (7,P)0000000000000000
0000000000000 00000000000000000000
000000000000000000000000000000000
00000000000000000000000000(3.85)0000
000 (B2)0000

5G = Z(ﬂ (T, P) +RTlog:ck)6nk
k
= [}:u(ukjtp RTkgx@]égzo (B.3)
k

0000&0000000000000000000000000 [...]=
000000000000000000000000000000000
00o0'00000 (B.3)000000

1 —v,

000000000000000000000
1 0
K(T, P) = exp [ﬁ zk: viuf (T, P)| (B.5)

0(00)0000200000000000000 (7,P)0000000
O00o00dboodooodboodoboodnD X, 0OooOoO o 00 X, O
gooooood

[Ha]? (O]

[H20]?
gobooooooooobotoooooocbooooooonooooooon
gobooooooobooocoooocbouooooooooobouoooooo
gooooooooooomoooooooooooooooooboono
goooooooooooobooooooooon

= K(T, P) (B.6)

'!'0Jooo[..)0000000000000000000000000

A:Zkuk<u2(T,P)+RTlogxk) = (%)
goboobooboooooboooooooooboobobo roobobobboboo
gbobobooobooooobooboboboboooobooboboobobDoobooo

dG = —-SdT + VdP + kakdnk = —-8dT + VdP + ZrArdfr

2DDDDDD(B.4)|:||:||:|Pk:kaDDDDDDDDDDDDDDDDK/D
00000000000000000 RTleg(P/P) 0P, 000D00O0ODOOOOOODO
log K' = log K(T, P) — (3", vk)log P = logK(T,Po)f(Zkuk)logPOEIEIEIEIEIEIT
000000000lgK(T, P)=1log K'(T)+(Y,»)log PODOOOO0O000OD



B2 00OO0OO0O0O-0000D00DOO 145

B.2 0J000O00-000dogd

o000 K(T,P)O (T,P)ODOOOOOOOOOOOOOOOOOO
gbobobooboooooobobobuoooobobobobobog
gboboobooooboboboboobooboobooboboon

1
log K(T, P) = 2 > vk (T, P) (B.7)
k

(1) 00000

dlog K 1 o)
<&) _1 Vk(ﬂ) (B.8)
P Jp RT 4 OP )r
ugDDDDDDDDDDDDDDDDDDDDDDDD POOOOOO
100000 V (=RT/P)0000ODOOOOOD 200000000

dlog K\ 1
<M)L_P;% (B.9)

ooooo0o0 ),y 000000 Aé=1000000000000
gbobobouooooobdobon 2+1=30000 200000000
obod-3+2=-1<000000000D00ODL KO POOOODOOD
goboodb pPOO0ODOOD KODOOODOoObooobDobooooo
gbobobpooooooooobobobobobobooooooon
gboboopooooooobobobooboooooboobobobo
gbboboboooboobooboobuooboooboobobogan

oboobooboobobobboboobooboon
gbooboboooboobon

(2) 00000

dlog K\ 1 o ul B 1

u%DDDDDDDDDDDDDDDDDDDDDDDDDDDDD—DD
0000000 (3.17)00000000000000000000030
goooood

-> uHy (=Qy 0000 (B.11)
k

0000000 Aé=100000000000000000O00O000O
O0000dP=0000000 (3.26)0 dH=dQOD0O00000O0O O
ooboooooOooooboooooOooob Qroooooboboboooo

0000000000000 00000D00000D00000000 00000



146 B Os3000000000DO

000000000000 00000000000000000000
000 00000000000 H,0OOOODODOO000000D0
000000000000000000000000000000000
00000000000000000000000000
Q,>0000000000Q,<0000000000000Q; >0
000000000 K(T,P)0 TO000000000000000 K
000000000000000000000000000000000
00000000 O000000

ugbogboobobobobobbobooboobooob
gboobooobooooooo

uboobouogbooobooooboobbo-obooobooan

gboogbooboobooooboobooboonoon
goooboooboooboon

goboobooboboboboooo

O0000 GUOp. 15900000 Taylor DO DO OOOODO

fera =3 5 () S0 = @sw

0000(10.62) 0000008/d¢ =iL,/h00e=/"000 2000
000 «00000000000000000 2x20000000

U = e 09/20:0=(0/2oy (L =ho,/2, L, =hoy/2)
00DY000000000 (,4)0000000000000 (G.3)00
ol = Uo,UT

0000000000 QUOOO ¢O000000 |¢00

Qlg) =ql¢) OO (UQUY) Ulg) =UQlq) = q Ulg)
000 Ulg) 0000000000000 0, 0000 +10000000
00000000000 O

, 0 , 0
[+) = Ul+) = e /2 cos §]+> + e/ 2 gin 5\—}

) 0 ) 0
|-') = U|-) = —e /2 sin o |+) + /2 cos 5=
oddododoooooodooooooooooooooooooao
Dd0dodoodd2r-00doodooooooooooooooon
20000000 4r0000000000O

4{000000000000000000000000000000000000000
000000000000000000000 exp(—igoe) =cos¢p—ioesing, £ =x,y,z




C

040000 Maxwell U 000 00O

520000000000000O000000DOO0O0O0O0DOOO0OOODOOO0
oobooboooobooobooooooooooooooobooooOono
ooooooboooooboboboogooobobbooooobobooog

C1l 0O00Ooboooon

NOOOOoooOoobobooooboobuoboboooboobuooboo
ooooobooobD oo qOoboo 200 OO OoOODO oo oo

goobooo
NI

TN NS
00000000000000000 {N}0000000000G O
0000000000000 legGOOOOO0ON,>10000000
0000Stirlingd 0000000 logM! ~ M(logM —1) 0000

G (C.1)

log G =1log N! = > "log Ni! = N(log N —1) = Y " N; (log N; —1) (C.2)
7 7

ggboboobboouoaooobobg 20bb000obooooboobooan
ugbbg.gbbooboobodboobodabb g0bon

000000 N=) N, =00 (C.3)

00000000 E=) Ng =00 (C.4)
000000000

dlog G = —Z(logNi) IN; =0 (C.5)

)

PMV ~ (M/e)MV2r MO — p54l0 M D0000000 M=90 1%000000
M!'~ (M/e)V2rM (1+1/12M)00 M =100 0.99898... 00000 0.1%0

147



148 C 040000MAXWELLOOODOO

00000000000 {éN;}00000000000 20000

SN=Y 6N;=0, 0E=) &N;=0 (C.6)

00000000000 (Cs) 000000000 6N,0000 0000
000000000000000000000000000000000
000000000000000000000000000000000
0o0000000000000O0

000000000000000000000 «0-0000000
00000 (C.5)0(C.6) 00

dlog G+ adN — BOE :Z(—logNi—ka—ﬁsi) ON; =0

7

0000000 {éN;}00000f0o0foofoofooooooon
oob0o0DOOOb0OOO0legGOOODOOODOOOODOOOD

logN; =a—fs;, 00O N;=e* e e (C.7)

00000000000000000 00 0000000000000
00 (C.3)0(C4) 000000

e =mv?/20000N;,00000000000000000 (4.2)0
00000 00 0000 «X000 XO00O0O0000exp(X)D00M

2
f(vg, vy, v;,)dvzdvydv, = Aexp <— Brgv ) dvgdv,do, (C.8)

OO0OOO0O0D0 e~000O0DDODODOODO ADDOOODOOCOD ADpOO
O0000000OO0O0Ooooooo (4.3)0

A///D : exp <_B7ZU2> dvgdvydv, =n (= N/V) (C.9)

00000000000000000000 (4.20)0

_ A muv? Bmu? 3
E= // TP (— 5 ) dvgdvydv, = §k:T (C.10)

gbbobooboobmuoibnoboobooooobooog
ubobooooboboodobboo0bbooobboobbooboon
RN dvmdvydvzzﬁlwvzdvDDDDDDDDDDDDDDD

[T e [ g = (ﬁ_m)
47TA_/() vexp( 5 )dv—fg 5

T o0 2
3nkT vhexp (_ﬁmv ) Qv = I, (6_m)

drmA  Jo 2 2



Cl 0OOO0OOOoOooo 149

oboobogoobo 490b0b0boboboobobobobooboboboobDoo
googoo

1 m 3/2
— A= 11
=37 n(2wkT> (C.11)

0oooomooo0o0oo
0000000000000000000000 MaxwelOOODODO
000000—000 [222]

0000 ax+by+cz=100000 f=22+4*+22000000000
00000000000000000

goooooooo
0f = 2x0x + 2ydy + 2202 =0 (C.12)

googono
adx + bdy + cdz =0 (C.13)

ooooo0 -AO0DOOOOooooOooo

(2zdx + 2ydy + 2202) — M adx + bdy + ¢d2)
= (2z—Xa) dx+ 2y — b)) dy+ (22— Ac) 62 =0 (C.14)

00006z, 0y, : 0000000000000 0000 0000000000
0000004, y, 000000000000

r=—, y=—, z2=— (C.15)

Oo0o0oO0oDOo0o0o0oDbOOoO0oD A OODOODOOOO00ODO ADOODODODO
OO000ax+by+cz=100000000000

A 2 2 2 2

- b =1 000 \=———— 1
2@4+ +¢) , pERS (C.16)
000000000 fO000000 =z, yo, 2000000000

a b c
_— R — = C.17
2+prrez’ W =0 ( )

o= a2 +b2+4+c2’ a? + 02+ ¢?

OO0 fO0000O0OO0O0ODO

1

_ Nl
a? + b2 4 c2 (C.18)

fmin:
ogood

z;000000000O0000000O0O000O000DbOO0O0O0OO0O0O0o000
OO0000DO0O000D0O000000D0D000ar+by+cz=10000000
00000000 (e,b,e) 0000000000000 OOOOOOOOOOO
oob0oooobooooooooooobooobooobooboooobooooon
ooooooooo



150 C 040000MAXWELLOOODOO

C2 0JU0UOobobobooObbooood

gbobobobobooooobobobobobobooobobon
gooboboobooboobobooobooboooboobooooo

0002000 MO0OO 00010000000 o 090,0000
ooooosShoooooooooooboooboOooooooooDo
000000 v,O00OOOODOOOOooooooD soooooooooo
gbobopooooooobobobobobobooooobooooon
gbobopoooooooboboooboboboboboboooon
goobobooobooon

(%1 v v ’UI]
1 M M 1
w —w
v} v v v
oo s goog s

gbobobobobooooobobobobbobobobobon
0000000 SO0D0O000»000 v 0000000000000

C[S] f(v)f(v1)

0000000000 ¢[S|00000000 v0 2000000000
0000000000000 47000000000000000000
0000000000 v, —»0000000000000000000
00000000000 wOO000000((v;—v) w 0000000
000000000000000000000000000000000
000000000000000000000000

(v1 =) w| = (v} — V) (—w)|
00000000C[S|=C[¥)0000000000 S0000 $00
0000000000000000000000000000

f)f(v1) = f(v) f(v)) (C.19)

000000000000000000 v?4+v2= )2+ (®))?0000
002000000000000000 f(v)~e® 0000000

000000 HOOOOOOOOOOOOOOO ¢8]=C[¢]000000
H(t)=[f(v,t)log f(v,t) dv 00000000000 dH/dt<0000000
00000000000000(C.19000000000000000000
00000000000000000000000000000000000



D

el UUuoouon

obobobobooboboobvyooobo 3aNODOODOO
gbobopoooooooboboboobobobobooooooon
00000oooo0oo(6.30)00

dE_ h 2 hv/kT
& _ (_V) _c (D.1)
T WT) (T 1)
000000000 3NAOO0O0D0Oo00ooboooboooooooo
hy 2 ehl//k;T
¢y =3k (47) T (D.2)

0000 w kTOOOCy ~3ROOD0O0O0O0O0O0O-00000O0O (6.10)
ooooouooobouonD rv>» kT

h 2
(b:ﬂ%égehmT—ﬁO

00000000000 (6.11)000000000MO0000 Cp~Cy
000DMO0000000000000000000000000000
000000000000000000000000000068000
00000000000000000000000000000000 hw
000 kT0000000000000000000000000000
00000000000000000kKTO00000000000000
0000000007 —00000000000000000000
00000000000(M.2) 000000000000 730 (6.13) 0
00000000000000000000000000000000

0000000000000 000O00O00000O00O0OD0OonOO (6.20)
gbobobuooooobooboboboobobobobooboboboan
gbobobuoooooobobobobobobobuoobooobg
gooboboobooboobbooboobbooboonDo

(ON/vp?) v3dv (v <wvp)

g(v)dv = { 0 (v > vp) (D.3)

151

oooooooooooooo
ooooooobooooooo



gobooboooboo

"0 T

152 D O0600000D00ODOO

vpUOOO0DOOoooboooobobobboboboobooboobon
oo 3aN0ODOU0ObU0ObuobuoooobuobuoouoN=Ny0O0O0 10
Ooooo (by)0D0DooUoOo (bl3)0D0U0oO0DUOOoUOOoOO

ONsk [0 (hv/kT)2ew/kT
S o
vp? Jo (eM/FT —1)

3 ,Op/T x
— 3R <@%> /O 3:64(exef1)2d:6 (D.4)
00006p=hyp/k000000000000000T > 6p0000
0000000000000000000000 ~(6p/T)?00000
00000-000000000000000T < €00000000
00 co0000000000000000000 780000000
4 3
Cy ~ 127;R<@£D) (D.5)
0000000000 € 0000000000000000000
000000000000000000000000000000000
00000000000 JO000000000 ¢4)=4/9000000
0000000000000 0000D0o0o0o0nDo0nooonoooonoom

| oooo-000

gooooooo

oo T
0 1 2
00000000o0DoooU0D0onD w/kOD00000 6pL

goooboooooooooooooooooooooooooon
gbobooobobdnb obobobobboboboooboboboon
gbobobuoobooobobobobboobobuobo=000000
gbbooboobooobooooboobuooobooboboboonogad
gbobobuoooboboooooboobobobbooboboobg
gbobobooboboboboboooboobooooboobono
gbobobooooooboboboboboobobobobobg
goboboooboobbobooboobooboobooboobo
goboboobooboobobooobooboonoboonbooo

! Do0U0O0D0O0D0O0D0O00D0000000OD 7*00000000oooog
0000000-000000 7000000000000



E

Joutbgubooubodboodun

0o00ddooooooood ecbooooooooooooooooo
00000 w=ckOODOOO0OO0OO0OODODOOOOODOODODOOOOOO
Oo0ddoooooooonoooooooooooooooooooon
godooobooooouooooooboooooboooobououooon
0000000000000 00000000DO0O0OU0O ek)oDOO
00000000000 w=ck)kOODODDOOOODODDOOOODOOODODO
00000000 wOOO k00000 wk)DOOODDOOOOOOOO
0000000 *000b0o0o0o0oooo0ooooooboooonooa
od0oooo200d0oioooonoooboooooooonoood
000000 AkDA0O00DO0ODDODOODOODOODOO0ODOO0n
0000000000000 0000000000OD Aw/AkDDDODO
godoboodoouooooobooooooooooooooooao
godotddodooooooouoooobooobouooooon

dw

VG =
0000000000000 0000D000w(k)=ck 00000000
0000 e=w/k00000000COOOOOOOOOOOOOOOO
00000oooooOoo0ooooo0O0U0d p/mO0O0OOOOOODO

(E.1)

3—::%:% ooo hw:%k? (+0Doon) (E.2)
000000000000000000000000000 k—0000
O00000000000 w—000000000000000000
O000000 (94) 000000000 p=hk0000000000

gooobooooboobooboobobobooboonbobo
E =hw (= hv) (E.3)

gbobobuoooooobdobobooboboboboooooan
gooboobo-o0obbooboobooo

153



154 E 09000o0oooooooOobooon

0000 0000 kO0000000O000000AkDOODOO
gboooboooboobooboobogoboo

1 > (K =k0)? | ikr—w(r)
viet) = /Ooexp[ AR ] e dk (BE4)

O0000000wk)OOOODDODOOOODOOOOODOOO ARKODODO
gbooboogoooog

w(k) ~ wo +vo(k — ko), wo=w(ko) , vo= (j—:)k:k (E.5)

0000000 (E4)00000O0OQODOOOODOOO

2
U(x,t) ~ exp l— (As) (z — Wﬁ] eilkor—wot) (E.6)

00000000000000000000(Ak)~'000000000
00000000000000000000 x=vt0000000 v0
O0000D0000E1I0DD0000000000O00
O0000000000000000 AkODDO0O0DODO0O0DODOO00O0
000000000000000000000000000000000
Ap=hAk00000 Az=(Ak)"'0000000D0O0O0OOOOYO

Ap-Ax =h (E.7)

udd p.102 -p.103: 00O 0O0O0O0OOOOODOOOOOO
gbooooooobooooboooooooobooooboooooooooon
ooooboooobobooooobobooobooooboobooooobooooo
gobbooobboooobbooobooboboboooobobooobbgoo
0000 AQDO0ODOOOBOOOODODOOUOD AOOOOOODOOOODOO
oo0oo0ooO00o0oo0o0oU00oDOoO0 ADoOoOoooooooooBOOOO
000000 —yyp0O0O00OO0OO0O0O0D0OOOO0ODOO0OO0ODOyYya 000000
OO0 va+yp 000O0BOOOOOOOOODODOOODOOOOODODOODODOO
obooooobooooobooooobOooooboobooocooobOobooon
oobobOooboobOooboobooooobooobboobooOoooooboobooo
oo00o0ooooopooooo0o0ogooooooooooOogoAgOOoooo
BOOOOOOODOOOUOUODODOODOOODOOOO0OOOpP.1020 (9.38) O
O00O00ooDobO a0 00000ygO0O000ODOODOOOO0ODOOOO
oboooobobooooobooboooobooboobooooooobooboooo

! 9?00000000000000A/20000-—100,p.109 (000000)



F

oo oguod

000000000 9.18) 0000000000000

(S lz| > L/2 000 (F.1)
dz? | —k* |z|<L/2 0DOO '
2mE 2m(W —E)

oooooooobobooobob0 F<wgoboobooooo
0D0000000000000 V(z)00OD0OODO0O'000000000
goooboooboobooboOo —p.17d0nd

O00oooo(Fy)OOOUOOOODODOOOUOODOOUOODOOOOOO
0000000000000 0000 ¢(+e0)=000000000

L2 <z 0 ¢ =Be " ¢/ =—Bre "*
—L/)2<zx<L/2 0 ¢=Acoskzx, ¢ =—Aksinkz (F.3)
x<—L/2 0 ¢ = Be?, ' = Bre*
0000000z =+L/20 ¢(z), '(zx) 00000020000000

kL kL
A cos 5 = Be *L2 - Ak sin 5 = Bre w2 (F.4)

oooooooooOoooo0ooDOooOonoO kooobooo

kL 2mW
ktan — =k = 5
2 h

s (F.5)

O0000bob0odbb0OOd coskxz000OUODO sinkx000000ODOOOO

kL 2mW
— kcot — =
2 K2

— K2 (F.6)

lp950 100000000 r=-L/200¢=L/200000000000000
2200000000000000000D000000D0O0DO00D0O0O0O0O0O00
02000+ 000000000000010000000000000000000
00000000+« =00000000¢' 00000« 0000000000000

155



2 _ 02
tanf =

s}

a2 — 02

a2 — 62

156 F O9ooooooooooooo

oOod
kL L?
Y L (F.7)
2 2h
ooooogEsO0(F6)0A0DLOOODODOOOOOOOODOOO
2 _ p2 Va2 — 02
tand = ~——— (>0), —cotﬂzaT (> 0) (F.8)

0000000000000 200000000 (()0D00000 /20
000000000000000000000e=25000000000
O000cos?6 =1/(1 +tan?0), sin?0 =1/(1+cot?9) 0000000

ooooo tanf > 00000 |cosf| = (F.9)

00000 —cot@>00000 |sinf| = (F.10)

QLI 2D

000000 1)0000 y=|cosh|, |sinf| 000 y=0/a0000
000000000000« 00D00000O0ODO AOOODOOOO(FEY)
0000 k0000 (F2)0000000000 FOOOOOODOOO
(F4)0O0O0OO0DO0OO0DO0O0O0OO0OOOOOOOODOO B/ADODOODDDOD
000oo00000O0ooobD Agoogooooooooooooo

O (i)0000O0O000 «0000O0O0DO0O00O0O0OO0 y=60/a00ODO
bbdbebObDbODODOODOODODOODDODODODODOO
UbdbeO0O00DO0O0OO0OD0ODODODODOODOLOD egOgO
00 o000000O0%C0000000a (:\/mWL2/2h2)DDDDD
0000000000000 f~nr/20n=1,2,3,.) 000000 kO
00 (99)ooooooooooo (9.11)0ooooo

a=2.5

Y tanf|i —cotd tand [l —cotf [ tan
L 5F
® 1 1 1 1
™

0 L2 125 T 31/2 2

6
_—
51/2 0

y - .
! / | O

50
0

0 /2 T 31/2 o 57/2

|cosf|, [sinf| 000000 tanf >0, —cotd >0 0
gbooobooobobengboboobboonooboogobd

31DDDDDDDDDDDDDDD1DDDDDD$=7L/2DD x=1L/2000
ooboooobDoobp9s0d 100000DOO0ODOOODOOODO



157

000000000000 00ooooon
000000000000000000 V(x)000000000000
R? 2

" 2mda?

D0000000000000000000000 FEO0O0O000O00 ¢g(z)

00000000000000000000000000 V(-z)000000

Yp(-z) 000000 E0DODOOOOOOOOOO

Hiz] = V() (F.11)

h? d2
H[-2= 2% v (F.12)

0oa 2m da?
Hlz[yp(r) = Eyp(r) 000 H[-zlyp(—r) = EYp(—x) (F.13)

obooobooood —-s000000 0000000000000

00000000000 V(-2)=V(z)00 H|—2] = Hjz)]0OO0O(F.13) 0
Hzlyp(x) = EYp(z) 000 Hlalyp(-z) = EYp(-) (F.14)
0000000000000 ¢p(-2) 0000000000 Hz]OOOO EO
00000000000D000000D0000000000000 20000

Yo = 5(Wn() +Up(-0) , Yo= 3@ —ve(—)  (F15)
0000 H[z|OOUODO FO0O0CO0OCO0OOOOOOOOOOOOO (9.29)

[ viawo@as = § [ viei+ | [ vp-ovea

,i /O;z/}?b(:c)?ﬁzs(:c)dx - i/o:ol/}?b(m)wE(x)dm -0

00000400000000000000000000D0D0O00O0000000
ooooOoobooooooboooobooooboooboooboooboooooo
O000O0000Ovg(x)0ye(—x) 0000000 O0000O0O0OO0OOOOO
D000 —plo700 0000000 EFODOOOOO1I000D0O0O0O0OYe, Yo
00000000 000000 ¢e(—2)=+tyep(x)0000000000000OO
0000000000000 000000000000000Ye(x) 00000
00000000 (F15) 0 ve O o UOO0O0O0OOOOOO0OOOODOODO
O0vg(x), vpg(—2) 00000000000 0O0O0O0O0O0OO0O0OOOOOOO
oboooOoboooooboboooobobobooom —p.109000 30

{0002000000000000 200« =-2x00000000000 100
g20000000000000000DOO



G

J9ouuuBellOOOO

gobooboobooboobooboobooboooobooboon
gboboopooooobobobooboboboboboobobobooob
gbooobgoboobooobooboobooboboooooobooboooooDo
O00o0oooooooOobO0o0o0oOoooooDooOoboOBelODOOOoOoooOO
gbooooOoboooooooboboooooboobooooooboon

G.1 O00O0O0Od

ubobobooboboboboboobobodoo 1ooboan
gbobopoooobobobbobobuobooobobobobobg
0000000o0oU00O00o0oUoO0oOOoU0oOOoUoOOoUOoOO /20000
0S=hr/2000000000000000

az:<(1) (1)),%:<3 BZ)U:G _01) (G.1)

goooboobo - 1080p 117000 000O0OO0O0ODOO

gb300000b0b £1000b0boboboboobooon
gbooboboboboooooboboboboboooooobobo
ubobobouoooob £z1000b00boboboboboboood
Ub0e, 0000 £10000000000000O0DOO0

1 0
(0>=|+>, (1)=—> (G2)

00000000000 n=(sinfcosg¢,sinfsing,cosd) 0000

; B B cosf e sinf
O, =M 0 =Ny0z +Ny0y +N.0, = <ei¢’sin0 " cosd (G.3)

00000 +£1 000000000000 Tro, =000 Det o, = -1
gpoooboo202000000000000000+£10000000

158



G.2. EPROOOOOODO BELLOOOO 159

goobgobooboobooboobobbobooboobooobo

—i¢/2 4
) :< e 008(9/2)> — omi0/2 cosg 14+ o9/ sing =)

e'®/2 sin(0/2)
(G.4)
—e /2 5in(0/2) : 6 : 0
N = = —e~/2gjp = i9/2 6o — |—
| > < ei(;ﬁ/Q COS(G/Q) € S 2 |+> +e COs 9 | >

goboobdobiliboogboboboboooobobobbobobobo
oooooooobobobd —p.146, 000

000000000000000 ¢, 000000000 |+), |-)0
000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
00000 0oooooooboooooooooooooooooood
000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
00000000000000000000000000000000

G.2 EPRUOOOOOODO BellOODOO

oo 1/2DDDDDDDDDDDDDDDDDDD otooooond
000000000000 0000+0000000000000001
)~ )

V2
0000000000000 0000D ADOODOO BooooooOo
gooooouoocooboooooooboooooooobooonood—
AODODOOOODOODOOODOOOD +O000000O0O0O0O00O0 |+—>
00dooBOOODO —0000000O0O0O0DOO0OOO0O0O p.1040

dddd0d000OoOooboooo0o0o000000UoUoUoUoUoUOUOOAD
O00000 +000000000000000O00O0 BOOOOOO
0000000000000 ooooooOoooooo Boooooo
O0000o000oO0oo0oOo0 BOoooooooooo —-o0oooo
gooo+00oo00oocooooooooo (G.5)DDDDDDDDDD
goobotoooboboooobotoooooboonoooooooooboonon

1) (G.5)

'Dooooooo $=8,+5.000000000 0000000 Singlet 00
000000o000ooOoooo0ooUOoooUooD(G4UooOoooooooo

00000 |y) = (+-)-|-'+)/v/2000000000000000000000

ooosS=10000 S8,=0,x1030000000000Triplet000O0O0O0O0OO

[+)
=+
A (=1+)
|-
==+
VAN (=1-7)
‘+l>a|_,> & 0. DEBAIRIL

BREREBDEREHEDREX
COFETIERY ENTERL,

B
N
H%j///
Aaﬁngletﬁﬁi

[+=) — =+
V2
T REUH DIREER YL ZERS
SRS =1T S, =+1 @
2DMDREE |+4), |——) HHD.



160 G 090000BELLODOOO

gogboboobbooobobboooobbooobobobooooboba
00000 EPROCDOOOOD EPROODOOOODOODOO?2
gbbooobboooooooobobooobboooboobod
o0 |+-)0|—-+)0000000000000O0O0O0O0OO0OOOOOO
gbooooobobobonoooboobobooobobobobobg
gboboboobobobobobooobobobobuooboboboon
gbooobooboobobooboobooboobooboon

0000 (G.4)0000O Jdddddddddddddd0dUdU0 fOUDDODODOOOOOO
. A __/B
|ﬂ:eW%m%Hwﬂm%Jg O000(c2eB)000000000000000000 |x)00BOO
0. 00004000 (G4) 00000000 |+, |-)Y000000
|4:€W%mgHWH%;JO 000000000000000000000000000000

1 ) 4] ) 0
) = E(ez¢/2sin§]++’>+eZ¢/2cos§]+—’>

—e'/2 cos §|—+'> + /2 gin g|——’>>

<UZAU/ZB>=<IMJ?J/ZB‘¢>=Sin2g—COSQg:—COSH (G.6)
BellDOODOO AOBOOOOOODODOODOODOODOOOOOO
D000 {»}0000000000000000000000 (oA0?)
000000000000 0000000AO0ODOO BOOODOOOOoOOd
000000 n, 0000000000 0; (BOO —0y)0000ODOOO
ggooboobofzs1bdgggobbbooooooobbooooooo
000000000000 00D0O0000 w000 o3(w)D0000 wO
00000 £1000000000000«w000000 P(u) (>0)0
000D0DAOBOODOODOOODOOODODOOOODOOODOODOOOO
0000000 moo0oooAdOBOOOODODODOOOODOO

(oho?) = =Y oi(wo;P), Y Pw=1  (G7)
u u
O0000o0ooo000e; =41 (:=1,23)00000000000

—0103+(01+03)02:1DDD -3

2 Einstein-Podolsky-Rosen 00 0 0000000000000 00O0O0OOO0OOOO
goooooooooboobooboobboobobooboobobb —Dbhobooboo
oobooooboob—paro7bOO0OO0OOOODOODOOOOOODOODOOOO
O00000000000000 0,0 0,00 ADBOOOOOODOODOOOOOOO
gooobooboobobbobooooboboboboobooboobooobobooobo
ooo0oO0ooOoODOOO0000OoOooOoOOOoOoOoDAOOOODODBOOOOOODO
obooooobooooooobooooooOOoOobOOo0obOOooboOobooOoobooboOooon
000000000 e00, 0000000000000 MMDO0O0O -00000][209]



G.2. EPROOOOOODO BELLOOOO 161

000080000 UDLODLOOD Pw)OODOOODLOOOOOOOODO
oboooboobooboobogonoobD BelDOODOoboboooOoOd

—3 < (o1'05) — {o1'03) — (0205) < 1 (G-8)

oooo0oooooo nOn; 000000 ¢; 0000000000
00000000O0O000ooO(Ge)ODoOOODOoDUoOoODODOOoOOooOo

(o2aB) = —cos 0 (G.9) i
O00000BelOOOD (G OOOODODODODDOOODODOODOO P 2
<O'11AO'3]?> - <O'1AO']23> - (0903B> = —cos 013 + cos 015 + cos O3 0
ny, ny, ng U0 D0 O000000000000619 =693 =20, 613 =20 N3
ooooooooood
— 0820 +2cos = 2cos (1 —cosf) + 1 (G.10) 2cos ) — cos 20

000000000 0< @< 7/200000 1000000BellOODO
0 (Gl 0O000UuooDoéd=n/30cosf=1/200000 3/20000

OooO00o0opooo0oO0OoooOoOooooOoUooooOoooDoAOO
nmUOn 00000000 0BOO n3sUna 00000000 OO0ODOO
000AOBOOOODODDOOOOOODOOODOOOOODOOOOOO
0000, =%+1(:=1,2,3,4 0000000000000

(01 + 02)o3 + (02 — 01)04 = £2

000000000000000000000000000000000
0000000000 000000000000006A=-6B000

—2< (0107) — (01'05) — (03'0}) — (opoy) <2 (G.11)

Ubooobooibd mUOnUns U na OO0 OOOOOOOOO
0000000n0ns00 0000000000 0O0ODODO Singlet O 0
O0000000000O0o0Oo0oUoOoUoOooO (GYoooo f)

ns3

(G.11) 00000 =2(cosf +sinf) = 2\/§sin(0+%) (G.12)

O00000<#<7/20200000000000000000O0GCDODODO
oobooobooobooobooboobooooboobooboooboogo
000000000000000O0OoOooooooooooooo?

0000000000000 D0000 —00000[228]0



162 G 090000BELLODOOO

GHZ OO *0 Bell0DDODODOODOOODOODODODODODOOO
000000000000000000000000000000000
00000000000000000000000Yes/NoDOOOODO
00000000000 0000000000000000000000
00000000 000000

000000 1/200000 300000000000000000
00000000000 o4, 0y, 0,0 X, Y, ZOOOOO0OOOODO
00410004,y :0000000000000000000 Z0O0O
00 >=+1000000 |+), |-)000000

X[+) =1=), X[=) =|+), Y|+) =il=), Y[=) = —i[+)  (G.13)
000000000000000000000000

X?=Y?=2?=1000000 XY =-YX, ..0000CO

(G.14)
O0000000000000 @ XoY; = Y1 Xs, ... etc.

00000000000Bl0000000000000000000
000(G5)000000000EPROOO 00200000 X, YO
000000000000000000000 +000000 —000
0000000000004+10000000000000000000
0000000000000 000000 000000040000
X1X,0Y1Y,0 2,7, 000000000 -100000000000

XiXol) = =), iValy) = —[¢), Z1ZaY) = —|)  (G.15)

0000000 (G.13)0oU0ooooUoooUoooooooooooo
ob2000000000000000000000000000 44,2,
0000 X, Xo 0O Y, Y2 00000000000 0000O00O0O0O00
b0 +0bb000U0bbo0o0 -DoUobo0oUUobboU™™ EPR
gbooooboobooboboboobuoboooboobooboooo
gbobobobobobobobobobobobobobobobo
gboboboobooboobooboobobbobooboobon

Bel 00 0000000000OOOOOOOOOOOOOOO |+-)
0|-+0000000000000000000000000000
000000000X000000 |+), |-Y000000000

=)= S )+ =) =] =) = = =)

=)= S+ ) = [+ =)+ = ) = = =)

4 X1X2 a Y1Y2 oo X1X2Y1Y2 = X1Y1X2Y2 = (7Y1X1)(*Y2X2) = Y1X1Y2X2 =
YiYoX X OOOO



G.2. EPROOOOOODO BELLOOOO 163

00000000000000X,;X. 000000 (+1,+1)0 (=1,-1)
000000 may=+1000000000000000000000
0000000000000 0000000000000000000
00000000000 0000000000000000000000
0O00 4+10000000000000000000000000000
0000000000000000000000 (21,2541, y2; 21, 22) O
000041, —1;+1,—1;41,-1), (=1,+1;+1,-1;+1,-1) 000800
0000000000000 DO0O00000000000000000
000000000000000000000000000000000
000000000000000000000000000000000
BelDDOOOODOOO

000 00000 GHZOOOOOOOO3000000o0000

) = 251 ++0) = |- =) (G.16)

000000000 |voooooooo 400000
Qo= X1X2X3, Q1= X1Y2Y3, Q2=Y1XoV3, Q3 =Y1Y2X3 (G.17)
gdodooobooon —10 100000 on

Qo|¥) = —|¥), Qi|¥)=|¥) (i=1,23) (G.18)

0000000 {Q;}000000000000000 (G.13)0(G.14) 0
0000000000000000000 X, YOOOOOOOO0OOO
000(G14)000000000000000000000

Q11Q2Q3 = X1YoY3 V1 XoY3 VYo X3 = X YY) YoXoY) YaY3X3
= X1 (—X2) X3=-Qo (G.19)

gboboboooooobooboboboooooobobobobo
O000Y, X, =-XoY, UO00O0O0OUOO0ODOODOOODOODO

00 [$)0000 Q1,Q.,Q; 000000000 0000000000
ggogog
x1yoys =1, yiwoys =1, yysx3 =1 (G.20)

0000000 300000000000000000000000 2=
+10000y=+100 y3=+10y=-100 y3=-10000000

S0p000Q,000000000000000000000 1,2,300000 X,Y,Y
0D0000000000000000000000 X,YOO0OOOOOooooooo
Q1,Q2,Q;: 0000 |¥)00000000000000000000000000000
0000000000 GHZOO |9)0000000000000000000000



164 G 090000BELLODOOO

000000Q1,Q.,Q;:0000000000000w; =1, 3 = +1
000000000000000000 (1, 22,33 y1,y2,y3) 000
0000000000000000Q1,Q.,Q;00000000000
0000000000000000 (1,32, 23, ¥1,y2,y3) 000000
0(G20)0300000000000000000000000000
(+1,41,+1;+1,+1,+1)0 (+1,-1,-1;+1,-1,-1)0 .00 8000 O
00000000000 00000000000000y2=1000

T1Y2y3 X Y172Y3 X Y1Yox3 = T1Tow3 = 1 (G.21)

00000000 0000000 |[vWO Q00000 —-1000000
00000000 0D0000 max3=—-10000000000
OOMEPROODDOOOODOOODOOOODOOOODO(G.2000 300
000 mzex3=—10000000 £100000000000000000O
goooobooobboobbooobboobobboooboooboo
gbobobuoooobooboboboobobobooboooooan
gboboboobobobobooooooboboboboboboood
good

00000 XO0YOOOO 4100000000000 |+), |-/000
0|+, |- 000000000007 0000 GHZOOOOOO |9)
0Q =X%Y;000000000000000000

|Q/> _ %( | +! +//+//> + | +! _//_//> + | 7 +//_//> + | 7 _//+//> ) (G.22)

00000000 +100000D00D0D0DODODOO00000O00O0O000
Oooo0000 X4h,Y,,Ys0000000000000000000O
O0O0000D0OO0O000n0 @-,:0000000000Q9,@Qs000
00000 (G22)0000000000O0OOO0O000OOOObOOOO
o oOo000obooooooogeboogoo

1
@) = —5 (=" +|+H )+ [+ )+ 1+ +)) (G2

000o0b0b0 X1 XX 0000 —-100000000000000

‘00000000c000D0D0D000D0O0O0D0DNOO0qO0000 (G.1900000
oooooooooobooooooooooOooooobooOoboOOoOoOooOooOobOoboOoOoooon
ooboooooooooo

00000000000 D0000000D00000D000U00Ogm

B Y e e N g N L) B

=" v vz 7



H

Jiouoguboubouotubotdd

gboooboooboooooooooooobooooboooooobooooog
oooooooooboo

O00000ARUOOOUOOUOOUOL/AO IOODOOODO
Io=1,+il,, I.=1I,—il, (H.1)
O0o0oo0ooooooooobooooooooonod
L 1) =1, (LI ) =—1_, [Iy,I-]=2I, (H.2)

00000 00000000000If=71_,It=1, 0000
[LOOODDO0mO0ODO00DO00ODO000 m)000000000O0
0000000000000 LOmO000000000000000

Lm) = m|m), L*|m) =m?lm), ..., f(L.)lm) = f(m)m)  (H.3)
00000000 (H2)ODOoOoooooooooooooo
LI, =I(L+1), LI =I_(I,—1)
ooooooooooon
I Itlm) = I+ (I; £1)|m) = (m £ 1) I+|m) (H.4)

00000000)m)#00000 m+10 [,O0OO0O00000/|m)
0000000 |m+1)0000000000000000000000

I lm)=cm+1), I_|m)=¢cm—1) (H.5)
Joooooooobobboooooooooobobooooooo

165



166 H Ooooooooooooooooo

000000000 000000000000000000000
00000000000 00000 ,OODO0O0O0O0oOoOo/oooo !
0/>/'000000.000000000000000000000O0

Iy=0, I_|I''=0 (H.6)
0000000000000000 PP=L2+12+12 000

I_1. = (I, —il,)(I, +il,) = L2 + 12 +i(I.1, — I,1,)
= IP+I}-L=I"-17-1, (H.7)

000000000000
(I* = 12 = L)|l) = I_L;|l) = 0 (H.8)

goooo
Py = (12 + L)|i) = 10+ 1)) (H.9)

000000000 ((+1) 00D0D0O0OOOOOOI%0 I, 1,00
00o0oodQo I, 0000000, =1,2,3,.0000

P (L)) = (Y Pl =10+ 1) (1)) (H.10)

ooooo
(Il < |I—3), (j=1,2,3,...)

0Or’0000000o0oooon l(l+1)00000ooooood

Ll = (I,+il,)(I, —il) = L2+ I} —i(I.1, — I,1,)
= IP+I+L=I"-12+1, (H.11)

O@yoooooooooooo
(41 =1+ =1+ -1'+1)=0

O000!>'000000V=-l0000L, 00000000000
000 +10000000001l-(-)=00000000!I=00/20
booooooooboboboboboonL,0oogoo

m=1,1-1, 1-2, .., —(-2), —~(I-1), = (1=00/2) (H.12)

0000000000000 2+10000000000001

!m=4l0000000 L*+1,*2="-1.,°=1>0000000000 —p.1150
0000p10900000 P=1I1,, Q=1,, [I.,I,)=4, 000000000000
ALAIL > ([, I,))/2 = |{I.)|/2=|m|/200000000000000 0



167

00000000 (H7)oUoo [, 000000000000 00
(I I )mm =11+1) —m? —m=(I+m+ 1)1 —m) (H.13)

0000000000 5 00007,0 (m+1,m)000000000
I_0(m-1,m00000000000000000000
(I*IJr)m,m = Z(If)m,k(IJr)k,m = (If)m,erl(IJr)erl,m
k
ooooooool_=nf000

(I ) mm+1 = (I4);, oooooo

m—+1,m

000000000000 00 m) 00000000 DOOOOODODOO
gboboobooaboo

I mstom = (I )mams1 =/ (L+m+ 1)(1 —m) (H.14)
O00o0o00oooooo!!gooon (H.5)DDDDDDDDDD

Il Lm)y = VI+m+D)I—m)|l,m+1)

I|l,m) = JIl+m)(l—-—m+1)|l,m—1) (H.15)

0000000000000 0D00O0O0DDDDoo000 L,LmOOO00O0
o1 1’0 r,1,I,0000000000 . 00000 (H2)0000
0000000000000 00000p.1220

0 (11.5)0(11.6) 0000 Ly =L, +iL,00000000000
d

&Li = FiwoLy (wo =vBy) (H.16)
000000000000 00000000
Li(t)=e ™', L (t)=e"'L_ (H.17)
oood
Ly(t) +iLy(t) = (Ly+iL,) e ™ot (H.18)
Ly(t) —iLy(t) = (Ly—iL,) et (H.19)

000000000000 L, L,00000000o0000o00000d

L,(t) =  Lgcoswot + Lysinwgt

L,(t) = —Lgsinwyt+ Ly coswot
0000000000 (115016 0000000000000 DDOO
ry00000000000000O0ODOO0O0d

02000000000 (11.4)00 H=—-yByL, = —hwel, 0000000
0000000 I.(¢), I-(1) 0000000000 (1051)000000000
0000000000000 (H17)000MO000(G.3)0(G.5)0000Mm



11uoggodoogbood

00000000000000000000000000000000
000000000000 »0000 #=v0000 mO0O0

L= E T X M;vV;
%

O00000000DO0oO0OoOooOo (los7)b0o0oo0on0 Fy=mig 0
gooboooon

d
EL:;rixmig:er, F =mg (I.1)

oooooootomOoOoOoO0Or-r000 GOOOOOOOOOOODO
= my;, ’I‘Zi m;r;
" i mz’

gbobobobobobooooooobobobobobobobobog
gboooobooobooboon
gbobooboboboooobaobooooboobobobobon
gbobobuoooobooboboooboobobobobobobon
gogboboobbooobbboooobbbooooobboboooab
ooooooooo ood0oboo0oooon s, 0o0ooboooooon
0000000000 vw=s20000000000000

L= Zsz(mzszﬂ) = <Z mﬁ?) =010, C= zjmzsl2

0000000CcO00'0000000000000000000000
ggoooobobobtbooooobobobboboooooooooo
L o 1 o _ 1.2
K:zi:imivi :Z§mz(szﬂ) :50(2

i

000000 I0000000000000000000000000000

168



169

gbobobobobooooboboboboboobobobon
00000D0D000000000000000000000 OG = |r|=10
ooooooooo0ooobooOoOo coogooooobo ceoooooo
gboooboboooobooo

L:CQ%

O00o00oo0o0o0oo0oo0o (I)yoUr-0 LOOOO

d l
—L=—1L
a Tt
DDDDDDDDDDDQ:(O,O,—g)DDD
d mgl d mgl d
N x:_—L , —L :—L{L" —LZZO
dt cQ VA&t Cn dt

O0(11.5)-(11.7) 00000000000 DOOOOOOO0OOOOOO
gogboboobbooobooobooobboooobobbooan

ooo
_mygl

YT on
godoooogoogod

Q>w, 0000 CN% > mgl

gbobobobobobooooooobouoooooobobobonbo
gbobobuoooobdgbobobooboobobooobooboooban
gbobobuouoooobogbobobouoboooobobobobo
gboboboobooboobo@mobobooboobbobooboo
gbooboobooboboboobooon

gbobobgoboboooooboobobobobbobobobon
gbobopooboobooooooobobobobobodbooonbogoon
gboboboooooobobobobobobobobobobooo
goboboobbooobooobooobboooobbbooon
gboboooooboobobboboboboboooobobobobo
bobobuobooooooooboobobobobobobobobo
gbogbbobobobooooboobobobobobobobobg
gbbodgbogbuoobobbobog 3booboaoboonod

gooboboooboboooobobooooboboooobobooboooobboo
googbooboobboobogonD 2800000 00bo0oboooboon
gbogoobooooobobo2o0oooobobobmbobobooooo
gbooobooboobooboobooboo@muoobobooboobo
obooooooboobooooobooboob 1 s9boooooooooboooon
oobO0ooboooooboooobOoombboboooooobooooooon
OO0 30 00Euer 00000000 440000000000000O0O00O0O

EAPOITDEEES

EHDE—AVIDOERIE, 20
R OERHE (X E L TRETEY
=i, ROML ELTOREIL
REREE, AEHENILL
DERIFIZOARBIZELS,



J

Ji1i20000o0googd

goooobooboooboooobaon

(=24 ()
n=1

000000s>1000000s<10000000000000000
00000s00000000000000000 000000000
7T2 7T4
((2) = " = 1.6493.., ((4) = o5 =1.08232..,
000 ¢(2)00000 f(z)=2%/4,(—r<2z<m)0000000000

2 2 X (_1)n
L

00000z=700000000000000000000
C(3/2) = 2.61237..., ((5/2) = 1.34148..., ((3) = 1.20205...,

googoooogd
gboogbogoooo

1 e~ B 00 B 00 B
D DD S
e = —¢€ n=0 n=1

googoobon

oo ps—1dy X [0
/ 1 = Z/ ¥ le T dy
o e'— /o
o) o 1

— (/0 xs—le—wdx) > — = r'(s)¢(s) (J.2)

n=1

0D00000N(s)000000000000000000000000I(3/2) =
V7/20T(5/2) =3y/7/4000000124000000000

< g12dx /7w < 232dx 37

/ = e . = 25/

et —1 2 et — 1 4

170



171

00000007400000000000000000-0000000
00000000004 =3=60 ¢4)=7%/9000000000
0000000000000 NOOOOOI(N)=(N-1)!0000

gbogoboooboobgooboobooboooboobooobo

_ — = e % (_1)nefnz _ (_1)n7 e ne
e +1 1+e® n=0 n=1

gooboooon

© g5 ldr (-t 1
[T e = () Tk 09

000Ms>1)! 0000000000000 0000000

Y=Y Y = () S

n=1

O00000000000000000 s>0, a<0(e*<1)000O

1 o x5 lda = ene
) = = < J.4
o) =rg ) weoT T X (566 09
Joooboboooooooobboobboooooboobbooogn
d
——9(s,¢%) = ¢(s —1,e”) (DODDs>1) (J.5)

gboboobooobooobobboboao

lim gb(s,ea):{ ) >0 g5 =1 (J.6)

a—0— o0 (3 < 1) a——00

ubobobobobbooooobobobobobobobobon
000(12.19)0 (1221) 0000000000000 0OO0ODOODOOO

To\*? _ ¢(3/2,e*) u T
(7) - B e 1o 50 -0

kKlc Tt
000000000 (1224)00(1221) 000000 TcOOODO

E__3(T\?4(5/2e
NkTc 2 <Tc) ((3/2) (7:8)

oooooooD T Trobooo T>T7c000000
Cv _ 15¢(5/2,¢%)  9¢(3/2,¢%) (7.9)

Nk~ 4 ¢(3/2,¢)  4¢(1/2,¢%)

ls=1000000000000 log20 000000 lim(s—1)¢(s)=10000

s—1



g
—3X = 1-2+3—-4+...

)

O000X =-1/120000

r=—1

172 J 0120000000000

00o0o0ooo0 (Jyhoooooooooooooooo

dov 3 (Tc\? ¢(3/2)
7= (7) s (1.10)

00 7T0000000 PVYOOOO(122) 000000 Ve(T)ODO
0000(12190000 (1227) 000000 «O0OOODOOODO

14 ¢(3/2) P $(5/2,¢%)

Vo~ 9G/2en) NKIVo . C(3/2 U
D|:|D|:|D|:|V<V0(T)D|:| a=0000000

_ ((5/2) NkT _ 2rmkT\ >/

- o S = <2 (T) M (312)

gbooboboboooboooboboboooobbobobooP >o00
gobobooboboobobobobbobbooobooboo

O00000000o0O0o0oooO0o0o0ooD (J1)ooobo sOoooo z0
00000000 Rez>100000000000000%00000
00000000000 0000000000¢(2:)0 z2=100000
goobobooboobooboobuoobooboobobooon

1== TZ
I'(z)((z) cos — (J.13)

(-2 == -

gooobooobooboooobooobo

z

€)= =5 T (5)¢() 0000€0-2) =6 (1.14)

O0000I(;) 0000000000000 bOoODOO

4(0):—%, C(=2m) =0, n=1,2,3,.. (7.15)

000000000 m¢u)oooo ¢)booopoooooooooo
000000000000 O0OO0 Rez=1/20000000000000
gooboobogboooboobooboobooon

ubogbuogobod =200000000000000040

1

() =1+2+3+4+.. =0

(J.16)

gbobboboboooobboobobuonoogbobooboobobg
gbbobooboobdoooooooooooooooooooom

00000000000000D00000000000D000000000000
booobooboooooboooooooobooOooommoooobooobooobooooo
gboboboooooooobobo



173

gboboboboboooooboboooobobobobobon
goboboob8udp8rbogobboobboonob oo
00000000000 v,=ny (n=1,2,3,..)0000000000
gboboobooboooboobooboobobooon

_hl/l i
2

n=1
gboobobobooboobobobobobobuooboboboobog
00000 (Jle)ODO0OODO0DDODOOO0D0OO0b0 oOoOoUooooOoOoooo
ggbobodobo 20b000o0oodgb sguonoboaobooooonbon
ggbooobobooobbooobooobboooobobobooooon
gboboooobobobobobobobobooooobobobobg
goooboooboobooboooobooobon

Eo (J.17)

00000000000000000000000000000000
000000000000000000000000000000000
oooooooo

000000 2,3,5,7,.0000000000000p1, p2, p3, P4 -
000000000 200000 600=23x3x52 00000

o0
n=2m.3m2.5m. 7 =T p™ (m; =0,1,2,3,...) (J.18)
=1

O000000000U00O0o00b0DO0n0OO0O0OO0ODOO {m}0O 1010
oooooo0bb0O00<p?<10O000D0O0

o0
S =14p ) (0 = _ (1.19)
m=0

00000000000000000000000000

C(s):Zn_sz Z Z Z (2m1.3m2.5ms .. )~
n=1

m1=0 mo=0msz=0

9 9 9 9
— Z 9—sm1 Z 3—sm2 Z FTSM3 L. — H —

mi1=0 mo=0 ms3=0 =1

(J.20)

gbobbobobooooooboboboboboboobobon
000000000 6/72=0.607927... 0000

00 p0000p»p000000000000p '000000000O0O00O0O
0000000000000000000 p000000000 p~200000
00000 pO00000D0D0O00 1-p 20000000 20000000
o000 30000b000oooboOos0ubo 7 M boooooDoooon

(1-272)(1-32)(1-52) (1 =72) -
0000000 (J20)000 ¢(2)=«2/60000000000



L O

00000000000000
800000 124
00000 124
vooooooo
v0ooooooo
B (=1/kT) 59
MoooO0OO0O0OO0O0O0O 39
s000000OooO 108
000000000000 109
pnOooo00000 19
~0ooo00000 15, 40, 47
40000000 120
rooooooooo 54
roooooooog 55
AD0O0O00O0O0O0O0O0 136
(HDooo0000000000 36
~O000 124
7/2000 124
Aloooooood000000 63
(00000000000000
133, 167

88, 142
88, 142

gooooobooood

BelOOOO 160, 161

BEOOOOOO-ODOOOOOO
goog 129

cpOO0Ooooo 14
crooog 120
cyO0ooooo 13
cl 106

ErPROOOOOOOOOO 160

mooooooobobooooon

29
rDOOOOOOUO-ooobooO
oo 129

FIiDOODODOODOOOoOO 125

c000000000000 29
gOQo 117
GHzZOO 163

HOoooooooo 14
Hooooooooo 82
A0D0O00O0D00O0O 56
rOOD0O0O0ODOO0OODOODOD
ooooooog 94
hOOoO4ooooog 75,77
hoOOOODOOOOO 94
HAOOOOODDOOOOoOoO 122
HOOODODOOOOO 150

QLooogoo &4
Joooooo 12

Kooooog 2
kbooooogoobo 47

logdO0DOOOO 7

MBOOOOOODOO-O0OO
ooooo 129

mold OO0 3

MROOOOOOOOOO 120,
126

NODOooooo 4



N goooooog 3
NMROODOGOOGOO 120

rPOOOO 4
PaOOOOOO 4

QUOO 10
qO 106
qO0 00 104

rROODOODOO 4
RFODOO 124
RFO 122

soooooooo 17
Singlet 0O 159

TOOOOO 121
TOOODOOO 4
nooooooo 126
L,OOOooOooo 126
730 69

voooooooog 10
voooog 4
wooodo 10

zOoOoooogo 59
000000 85

ooo

RFO 122

RFOOO 124

oooooooooo 77

00000000-0000000
0 153

0o0O00o0OoO00O0oO0O0 151

ooo 8

oooo 9, 34

oooooo 3

0000000 52, 147

175

goooog 51
EPROOOOODOOOOO 160
googobogooog 117

oo 88

oooo - 107
o000 89, 153
oooo 8t

ooooo 41
googoooobooboog 82
ogooogog 82
goooooooon 97, 155
googooog 71

goo 92
ogoog 25
goog 126

HOOODODOOODOO 150
gboogodg 126
NMROOOGOOGOO 120
goooooogo 96
ugbooogooad 63,80
goooooooo er

0ooooog 67,75 95
oooooooog 75
FID 125

MROOOOOGOGOoooo 120,
126
googogg 58
gooogogno 52
gooooogo 108, 109
ugboogogon 108, 111
gooooog 111
goooooogo 98
goo 105
ooooooobooo 114
ogooogog 14,29
gboogogooog 104
goo 116

0ooooo 17, 21, 30



176

gooooogo 141
goooogooog 23,57
gboogooooaon 63
googogno 52

oooo 71

oo 1

oooo 2

oog 131
000

oooo 136

oood 123

oooo 124

0000000000 47, 66,
165

goooooo 49
googoo 127
ooogoo 144
gooogo 32
gboogodg 144
ugboogoooan
gboogodg 143
oo 107
gooog 23
goog 82,113
gooooog 115
gooooogo 115, 162
gooooogo 114
gboooood 115
gog 121
O0o0OgoDONMRO 122
goo 117

googd 68, 89

gboog 101

goog 102, 110
goooo 102
googo 101, 160
googo 88
googoooogo 90

36, 42, 131

oooooood

goooogg 59

ooo 36

gooooooo 19

ooog 12

oo 90

ooooogoo 165

goo 110

oo 104, 110

oooooorooo 54, 167

goooooroog 55

oog 99,109

ooooo 109

ooo 40

oooooogono 69, 83

gooo 105

ooog 4

ooooooo 45

00 0Obasisd 110

goog 80,99

gooooo 117

oooopoooooo 29

goo-ooooogoo 36, 64

gooooo 37

ooo-oooooooog 30,
60

gog 85

goog 21,23

goo 115

poooono 124

qld 106

qu oo 104

good 146

ooo 88

oo 123

ooog 38

goooo 8

oo 106, 111

103, 159



gooog 112
ogoog 39
goog 1
googno 52
gbooooog 135
ooog &4
goog 50
ooog 70
goog 117

googobogooog
uboooboooooad

gobogo-gogooobogo

o 41

googobogooobooon

goog

117

0ooooo0oood
oog 92, 153

ugbobooooon

goog
goooo
goog

2
126
106

goo 106

ago 77
goog
goooo
good
oo 165
goog
good
oo 70
good
goooo
goooo
goooo
good
goog
good

34, 70
103
138

76
127

70
69, 151
162
81, 106

96, 107

80, 107

72

goooooo 79

110

goo 107

gooogog 111
goooo 107
ooo 23,26, 54

ooooooobog 27,42, 64

goooooo 7r

ooo
oooo 18

oooo 122, 165
ooo 38

0ooo 38

gOQ0 117

cO 106

CTOOOO 120
GHzZOO 163
oooooo 121
ooooo 121
oooo 125
oooooooo 120
ooooooo 120
0oooooo 116, 120
oooog o 115

oo 10

oooog 76
ooooooOo 49
0000 44,51
0000000 143, 144
oo 159
ooooooo 29
000000000 166

gboooboodood 104, 110

gooog 27
Oo00oOooOoOoFIDO 125
goog 12
goog-obooooo 35
goog-ogobooogo 36
gooooog 12
ooooogoo 34,41



178

00 107, 137

ooog 137
googobo-oboooogoo 71,
168

gooogbo-ogooobobod
71

ogooog 115

ugboboboboogod 112

gooooooooog 96, 112

ogoog 18

goooopgoo 18

gooogo 12

gooono 162

googoooobg 150

gboogodg 159

ooooo 6
ooooO 59, 132
ooog 10, 11
00 150
ooooo . 47
oog 45

OOoooooogo 57,65
ooo 65

Singlet 0O 159
oooo o 79, 100
ooooo 90
OO0O00oooOooo 52,54

goo 117
gboogodg 125
googooog 117, 120

ugoo-oooo 126
goo-oogod 126
goog 53

ogoo 88

goo 122
goooo 83
ogoogd 83

00000 133, 167

goooooogogo . 121
gooogog 121

gooog 2
gooog 2
goog 2
goooo 115
oo 90
gooogno 105
ogoogd 55
ogd 40
goo 11

o 37

goo 100
ooog 44
ooog 44
oooooog 4
ooog 127

goooo 126

ugodg
ugboogodg 136
googoo 63
googoogog 16
gooog 7
googo 67
goog 37
goooo 104
goo 126
oo 89
gooogo 9,15
ogoogd 16
goo 26
gboogodg 13, 26
goog 11
googog 103
ooooooo 114
goog 126
gooogog 53
ooo 114



oooooo 125
ooooo 126
ooo 136
ooooo
ooo 109
oooooO
oooo 137

730 69
LOOOooooo 126
nooooooo 126
TOOODODOODOOO 139
oooo 14
oooooooo 87,91
goooo 13

oooo 11

oooooo 2
oooooog 94
ooooo 152
oooooo 152
0000-00000 69
oooooO 108

ooo 78, 100

68, 81, 98

133, 167

o000 138
ooooo 9
oooo 16
oooo 13
000000 54, 56
oooog - 51
oooog - 51
oooo - 67

ooooog 78,94
goooooo 24
ooooooo 41
goooog 97

god
oo 108
gooooog 10, 28
googoog 88,142

0 86

00000 47, 66
oooo 53
OooO 55, 60
D0ooooO 49
oooo 38
oooooo 39
r/2-000 124
0 24,10

ooo 3
oooooo 3
0000 142
ooo 18

0ooo 19, 25
og 2
Doooooood
000 2,26, 140
0000 140
Do0ooo0o 142
oooooo 12
oooood 5
OoOd 16, 69
00000 152
oooo - 8
ooo 13

00 61
ooooo 28
ooooooog . 10
oooooog
ooooooo 24
ooooooog 28
oooooooo
00 140

oo 19

ood
gooog 31
goooog 6
googobogooog

133

69, 135

112



180

gooobooood 113

goog 118
000 124
googo 117, 158

0000000000000 119,
129
oo 89
oooo 4
0o 92,153
oooo 143
oooo 95
ooooooO
ooooo 86
oogo o 117
ooooooO
0ooooooo
oo 89
oooo - 157
oogd 150
00O 32, 145
0ooooO 143
ooooogd 25
ooog o 107
ooooo 17
oooo 22
ooooo 23,26
ooooog 159
oog 1
ooooo sl
Ooooooog 69, 74
00 13,31, 47
000 15, 40, 47, 67
oog 7
ooooo . 27
100000 124

104, 110

82, 107, 112
83, 113

goog 3
ogoog 49
googoog 110, 159

goboboboooboboboon
oo 6

ooooooooooog 4

ogoooog 92

gooooogo 110

gooogodg 93

gboooboodood 137

googooo 136

ubooo-oboobaao 129

gooooo 131

gooooo 119, 128

oooo 77,131

ugoog 131

googod

good 109

ogoogd 8

googog 85

ogoo 78

goo 3

ogd 40

oooooog 43

gooooog 111

googog 56

ooooog 4

oo 42

oo 153

googd 95, 153

goog 3

goo 2

goog 59,81

ooooog 47

ooog 144

gooooooooo . 47

goo 88

googo 90

gboogodg 131

BelOOOO 160, 161

gogoooooooooog 29

99, 101, 109



ooooo 38

000000000000000
0 134, 168

oooooog 72,90

oooooo 9

ooo 8

ODoooooooog 58

000-0000000 4,41

ooooo 115

oog o 70

oogd 16

ooooooooog 71

0oooo 40

ooooo 116

000-00000000000
81, 96

ooooo 80

ooooo 79

000-0000000000 134

000-0000000000 129

ooooo 131

0oooo 118, 128

oogd 53

ooo 113

oooooog 21

0000000 47, 55, 128

0ooooooo . 55

god
googoooog 33
goooooono 48
ggoooo-ogooooo 129
gooooo-oogoooo 50,
99
oooobooooono o4
goog 113
gboogodg 104, 159
oo 3

ood
gooooooo 11
goog 123
oo 16
aoo 126
agoo 123
oo 89

ugodg
gboogooaano 12
gboogogooog
uboooooooooo
googoooono 78

4

3

181

123, 164

O

ooooog 88, 142

goooogao 142
AO00 136
gooogo 109
ooogd 4,41,55,6
googoooao 5

goog 62
googoooono 80
goog 116

goooooogo 10
googoo 104
gooogo 109
gboogogog 68
gboogodg 132

0

4

ggbooo-oogoooo
googoooono 29, 30

goog 80
gooogogog 99
goog 75,99
ugbood-ogooao
goooo 9, 109
ooog 141

ugodg
uboogooooo

78

73

148

146


tomita
タイプライターテキスト

tomita
タイプライターテキスト


182
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 (1) の双方とも最初の等号は熱力学関係であるのに対し(3) は熱力学的根拠がないが、このようにして導入された積分定数 Φ は、６N次元位相空間の 体積 と量子力学的な 状態数 を対応させる因子であるから、ハミルトニアンには依存しないだろう。→ p.3　
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