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lgbbogbobooobuoouobobuooobooobooobooobboobobo
gog
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gboogobdobodgboobobuodbobobbodbboobuoobbooooboon
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1 O0O0oOoOoobooo

1.1 ODoogogon

[0]<4,5>
000 (0000000)0000000 (system) DOOOO0OOODODOODOOOOO
000 (macroscopic) 000000000000 ODOOOOOOOOOOOOOOOOO
gbobbuoogobobbooobbbbilox 10x 1000000doooooogn
gobobboogobbobooooboobboooobobobooobobobooaon

00O (isolated system)
gboobogoooboooooon
OO0 NDOOOOObO rpODbO0ODbO0ODbDOOD

0000 (closed system)
gbobobooggbbboooobbboooobboobogo
gobnNDODOOooboooboobooboobobbooboobouoobog
gboboboogobbbuooobbbbooabbbodgo

000 (open system)
gooddooooobbbbobbooooog
goddooooobbbooooooooouooooob
guodooboooobbbtooooooououooobon

goodooooobbbboouooooo

e 000 (adiabaticwal )OO ODO0OOOOO0O0O00OODOOOOOOOOOO
e 00O (diathermal wal )00 000000000000 OOOOOOOODO
guoooooooooobon

e 000 (homogeneous system)

e 0000 (heterogeneous system)J 00 OO OO0 (phase) D000

D00 (00)]<5,6 >

0000000000000 00000000000D00O00D0O0 (state quan-
tity,state variable) 0 0 0 0000000000000 O0OOOOOOOOOOOOO
guodoobbobobbooodooouoobbbbuooooooobobobobbooooao
goboobooobbtbdoodb NOODOUooo pobogoviobuooobobboono
J00000o0  NOOODTODOVOOUOODODODOOOOoObOOoOoooobbooon
Oo0o0b0o0o0o0oobb0o0o pPODOO0O0OO0ODODDODDODOOOODDODODOOODOO

000000 (extensive state quantity, additive state quantity) —0 000000000
0000 vOoOoOoDoOoOo FOD00O0O NODODDO MOODOOoOoga s
000000 (intensive state quantity) —0 0000000000
0000 7TOOO POO0O p(=M/VODODODO e...



1.2 OOOooon

[0D000]<6,7>
000000000000000000000000000 (equilibrium state) O O
0000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000

00000 000 (zeroth law of thermodynamics)

00000 (0000000d0do)0d0(booooooooooooooog)
0000000000000 (=T, A#PR)000000000O0O0OCOODOO
ool UUubUubob oo
(temperature) 0 0 0 O

[DO0o000]<7,8>

00000 ((000)000o0O000ooO0oooo0ooooooooooooooo
gooboooooobbboooooobobbobooooobobborooooooo v
guoddoooobobbbbbuodoooouoobobbbbobbuooooo

T ="T,— 1
0‘70 ()

oboobogboboovoboboorobooobuobobooboobobobgobg
gboogobodbooooobuodbbouobbobbodbooobooboon
000000000000000000000 (absolute temperature) 7 0000000
gb:tooogg

T = 273.15 + ¢ (2)

O0D0000000000000000273.15K(Kelvin)D00000373.15 K 00000
Jooddobdoobodoobodoobouooboo-2r300o0booooooon
gododdodoboouoouoodoooouoboooooooonoouoobooon
gododddouoodobooooooooboouoooooboooonoouobooon
oo roobodoodobooooooboDoobDoooooouooo
gdodooououooooon

T X War (3)

[D000]<8,9>

gdddodoooooooobobobbbbbbb b0 oooooo
0000000000000 0ODO0O00000000000 (steady state)D000O0O0O
(000D D0O0OO000 (stationary state) 00000 OOOO)



1.3 UDUooooboogd

[0000]<9,10 >

O00000000000000000000 (ideal gas) 00 O0O0OOOOOOODOO
gooobobobboboobobbobbbbobbootobouogooooooooooooon
0000000000000 U00UoUoooOooDoooOoOOoCOOD (ooogoooo
00000000000) 0000000000000 0o0oooooooooooooo
gboogobodbobbuoobboboboooobuoobboobooobooboon
0000000000 (18l10)o0ggoooooooooooooo

000000000000 (16620) 00000000000 00OOODOOOOODOO
gbobobuoogoobbuoooooboon

PV = BV, (4)

0000000-00000000 (17870) 000000000 OOO0DUOoOOOOoOOO

T
V= V,— 5
- )

0000000000—000 NODOOODOODOO kg=1.38x10"2J/K

PV = NkgT

000 n, 0000000000 (N =nmNaAON,ODOOOOOODO)
PV =nuaRT

00000000 R=NpAkpOOOOOOOOOR=831Jmol'K'OODOO

//00000//(0000000000000ooooon)

00000000 (Boyle, Robert: 16270 1691) 0000000000 D0OO0O0O0OOD0OOO0OOOOOO
0000000000000 ooooooooooooooDooooooooooogooo
les6 0000000 DOOOODOOOODODOODOOOOUOOODOODODODODOOOODOn
0000000000000 odoodDoooooooooobDooooooooooooo
00ooopooooogoOles20 000000000000 0O00O0O0ODODOOOOODODOODOOOOOOOd
000000000 (Mariotte, Edme: 16200 1684) 00 OO0OO0OO

0000000000000 000000000 (Charles, Jacques Alexandre Cjsar: 1746 0 1823) 0 OO
00oDo00ooOoooooooooooooooooooooooooooooooooooooooon
00oddDoooooooooooooodooooooodoooooooooooooooooDoooon
gorsso@ooooooooboooooooboooboooooooO0ooooooboobooo
gooooOoboOooboOobD-0DoooU0obo0oboobOooDOobOooogrsTom
O00-0000000000000 (Gay-Lussac, Joseph Louis: 1778 0 1850) D0 000000000000



booooooooooooooooooooooboooooo0oooooooobo1IO0OobDOo00oon
Oo000ooo0o0booO0o00oooo0ooooOo0owsobO0o0oOooooooo1e3900000000
wB20000000000000000O000-0000O0000O000O000O0O0O00C0O0O0C0O00O0O0O0
Obo0oobobooOooooooobooooooowesoooooooooooooooooooooooon
oooooboow4000000 o000 0O0bOO00OO0O00OOOO0O0OOO0O0-0000O0
O0ooO00mooo0oooooweDmoooooooboooboooo0ooo0ooo0b0o0Bb0On
00ooO0o0o0oO0o0oO0o0oOo0o0ooOo00Oo0oOOo0o0O0oOO00000000O000000o0
00o0oO0o0o0o0o0-000000000000000000000
000000o0000o0o0o00bD0o0o0oo0oooU (Avogadrod Lorenzo Romano Amadeo Carlo:
17760 1856) D00 UOUODO0OOOUOOO0OOOOOO0OOUOOO0OOO0OOUOODOOOO0OOO0OOO
Dooooowesooooooooooooooooeoioooooonooboononooon1sesnn
00000000000000000000000000000000000000000000000O0
000000000000000000000000000000000000000000O000

[D00000000000000]< 10,11 >
O0000000000000000000 (velocity distribution) 0 0 0 O O [v,, v, +
dv, |0 [vy, vy + dvy |0 [v,,v, +do,] 0000000000000

dN = N f(vz, vy, v,)dv.dv,dv, = N f(7)d*T (6)
000000000 f(vyDOoODOoOOoOoOOoOoOooo
/ F@) T =1. (7)
O0AO0DD0OO 0000000 DOOO0DOOOOODOOODOOOD
av Av,dt . 5,
AN = N2 f(0)d37 = N2 1(5)dPo (8)
V V
000000000000 2me, 000000000000 AODODOOOO
Adt
dFzdt = 2muv,dN = 2va37f(17)d317 9)
0000000000000 000O00000oooO (pressure) O
1 N oo 00 00 o 9
P:Z/dFA:V/_OOdvz/_OOdvy/O dv, f (V) 2muv; (10)
guoooooboobooobd
PV = Nm /°° oL ()02 (11)
guoooooooon
| @@ = 02) = (o) = (03) (12)
goooog ) 5
PV = Nm§<172> = N§<ekm) (13)

gobobogogobood



0000000000ooooo0o0oU0UdUO0(boboooogooooon)

3
<€kin> - ak:BT

goooood
PV =-F

00000000000 f(vyOOOOoOoOooooOooOodf(vODOOooDoOoooooo
gboooboooobod

//00000//(0000M000000000000)

0000000000 (Bernoulli, Daniel: 1700 0 1782) 00 00000000000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000000000 172500000000000000000000000000000
000000000000000003000000000000000000000000000000
000000000000000000000000000000000000000000000mM0
0000000000000 0000000NO000000000000000000000000000
0000000000000000000000M17380000000000000000000000
000000000000000000000000000000000000

[D00000000000000]< 12,13 >
gbobouoogbboooobbbouooobbooobbbooobboooobn
gobbuooogbbobooooboboooobboboooobobbooooooboobo

D00000000000007T 00000000
P(z) = Pye ™m9*/ksT (14)

n(z) = nge M9/ *ET (15)

000000000000 0D00D0O000 000000, 00000000 200
gobobuooggbbobuoooobobobooooboboboooobbbooooooboobo

n(z)f(v,)dv.dz = n(2") f(v))dv.dz' (16)

000000000 (D0o0o0oOo0O00o0oooO0oO0o0UooooOoOooDooooooOo
O000)dv.dz = dv.dz 00 n(z)f(v.) =n(2)f(v,)000

) = M p) = fon)emmote = st (17)




ggoooogbooogooogooood mv;2/2+mgz’:mv§/2+mgzDDDDDD
ogono
f(vz)o(e—mvg/QkBT (18)

gbbboooobbobooobbboooobboaon

f(vl‘7 vyy vz) X e_mvg/QkBTe_mvg/y{:BTe_mvg/QkBT (19>

gboboboooobbbooobbbooooboboa

00000000000 (Maxwell’s velocity distribution)

m 3/2 2
=\ —mv?/2kgT
/@) <2kaT) ‘

0000000000000000000000000000000000001 0
000000000 (0000000000000 p1200)0(000000000O0O
0000 (Philosophical Magazine, 1860) 0 00000 (1.11) 000000000000
fua) f(uy) f(v) = (v +0i+02)0000000000000000)

//00000//(0000M000000000000)
0000000000000000000 (Boltzmann, Ludwig Eduard: 1844 0 1906) 00000000
00000000000018700000000000000018690000000000000000
000000000000 00000000000000000000018680000000000000
00000000000000000000000000000000000=000000000000
187200000000000000000000000 HODD0000O00000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000187100000000000018770000000000000
0000000000000000018840000000000000000000000000000
000000000000000=00000000000000000000000000000000
0000000000180 00000000000000000000000000000000000
000000000000000000000000000000000000000000000000
0001906000000
00000000000000000 (Maxwell, James Clerk: 18310 1879) 0000000000000
0000001000000000000000000140000000000000000001600
000000000001850000000000000000185500000000000000000
000000001871 00000000000000000000000000000000000000
0000000018790 0000000184000000000000000000000000000
000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000=0000000M0



gboooboobOobooboooooooboobooobooooooooboooooooboooon
goooooooooobobbooboboboobooomoooooobooobooooogbooooo
oood

[DO00o00o00o00]

00000000000000100000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000200000000000000000
20000000000000

7717 U —>7717 ﬁé (20>

ooooooon ‘7:(m1771+m2772)/(m1+m2)|:||:|DDDD 1712:771—172:1)12’fl|:|
ggd

- Mol . m
171:V—|—# :V+72012ﬁ (21)
my + My mi + msy
- miv . m
172:V—1712 :V—72U12ﬁ (22)
mi + my mi1 + mo

00000000 (000000000000 oooooooooooooooO)oo
ooooobooobbooboobooboboobboobooobuo2bbOOoODbO
gooo

o00000000oooOoO0000oO0ooooOoOoOoOooooooooooo

Odoooog2000pooogbooogooooonoo
myms Mmyp — Mo, miyms

2
) (mlvf — mgv§)+4 Uy Vg4 ——"—0197-V
my -+ Mo My + Moy my -+ Mo

mo — My

mivt—myvl? = <
mi + Mo

0000000000000 000000000000000000 (#h-7,) =0000
DDDDDDDDDDDDDDDDDD<17-17§2):ODDDDDDDD

my —me 2

<m11)12 — mgv’2> = ( ) <mlvf — mgv§>

my + Mo
0000d0o0ooooobobobOo0o0ooooooooon

(5mied) = (gmand) (23)

gooobobobbobobbbboobobotodddddoogooooooooooooon
gbobboooobbbooobbobboogobobuooobobon
Jooooooobobobobooooo

gbobouogbobobodbbooobbobbuooobbuoob1o0bboogbo
goooboobbobbbbbobobbbobbbbbbddooouououuoooooon
goboboooobbboooobobod
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14 OD0O0OOO0OQObOOoOoOoooo

[D000000ooooooOO0)< 13>

00000000000000000000000NOO0O000.012kg0 2C 000
00000 Ny=6.02x102 00000000 (Avogadro’s number) 00 002C 00O
01/120000000 (atomic mass unit) 0000 1u= 5me,00000000000
00000000000000 (mole) O nme 00 00N = g NaD

00000000oooo00 (00 ADODOoOoOD0O0 F)P=F/A000000O
O00000000001INm ?=lkgms?m2?=1Jm3=1Pa0 00000000000
000 P=(2/3)(E/V) 0000000

0000000000000 000000000000000 (0oooooooo
0000 MV?/200000)00000000000

U = (H), (24)

= Zpl + = ZZcb — 7)) (25)

i)

[00]<13-15>
000000000000000000(00000000000000000000
00000000000)00000000000000000000000 (work)(D
000000000000)00F 00000000000000d5000000F, O
00000000000000000000

SW = —Y_ F,-d5= F,ds = —PdV. (26)

goboboogoboboboooobobod

00000000 000000OO0O00OUdU (p)00oO0o (g

= ¢dg (27)
oDDDDDDDDDDDDDDD(E)DDDDDDDDDDD(@Z)
W =E -dD,, (28)

000000000000000(3)00000000000 (D)

SW = B - dD g, (29)

000000000000000000000000 (chemical potential) p OO
o0 N
oW = pndN (30)

11



gboboboogobbobuooogboob

SIO000O0DODODO (Systeme International d'Unités)

Ub: D000 m O
e 198300 0O0ODOODO1IDOO 29979245800 10000 DO0ODLOOODOOonOO
oo

e 19600 0000ODOOOODOOOSUOIOOOO 200 bds000OOOOO
UoooobooboobobOooesores. 730000 noon

e 18890 (18990 7)000UDOUOOOOUDOO
e 00 (17990)00000ODOOUOOODO 10000000 1

U0: 00000 kg O
e JJ00DDOUUDOODUD (DDDOUUDDODODUDODODOUODDODOODDODOO
0.1700000000000)

o JODOODOODLOUODLDOOD IODOODLODOOOLDOOO

ub: 0 s 0O
e UODOO 13300000 DOO0OUOODLOOOO0DOUOODLDOOODOODnOO
09192631 7700 000DOODO

e JJUI0OODUDOOODDODO 1/86400

Ooo: 0000 A O
oo mdbooooooooooooooo20b00b0boooooooonoon
000000000 iIm0000000002x107'NO00D0OO00O0O0O000O0

goooo: 0000 K O
O0000000o00ooo 1/273.16

OO0O: 00 mol O
0.012kg0 00 12000000000D00ODO0ODODODODODODODOD

O0: 0000 ed O
000540 x 10200000000000000 68300 10000000000
gopboooog

SID0000O000

O0:NODODOOO kgms 2=Jm~!

O00: Pa0000 kgm 's™?2=Nm—2=Jm 3
00000:JO0000 kgm?s 2=Nm
00:0 0000000 t/0=T/K-273.15
000:HzO0OO st

gbobouogbbbouoobbbouoobboooobbboooobboaooobon
gbogbuogbooboboobodbuoobooboooboobbobbobbobon
gboogobodbbooobbobbuoobbooboobboooobooboon
gbooboogaogn

oo goboobooobbbobodooouoooooooboobooo
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1.5 Uoddg

[D0000000000]< 16,17 >
O000d7T000000000000(00000)QUO0OO0 (heat capacity) 0000

5Q = CdT (31)
000000D00000000 (specific heat) 0000
C=DMec (32)
1000000000000000000
N N,C

C=-
Ni N

= NmolCmol (33>

gbobobuogobbbooobboooobbooobbobooobbbooooboon
OO00000000DO0ODO0ODO0ODO0ODO0b0O0Ob01g000 45.COO B COOODO
gogobbobobobbbbiliobbbdoooooooobbbbbobbbooouooaon
OO000 1calorie=4.184 Joule U0 O O0OUODOODOOODOOODOOODOOOOODOOODO
googobuogobboouoooboobboobooobuooobooooboon
gobobuoooon

//00000//(0000@0o00oooooooon)

000000o0ooDooooogoD: 1728-1799 00 00D O0DOODOOOODOO 2000000000
gooooooobooboooobooooooboOobDooOOobOUOooOOobOUooOooOooDOooOOoDOooOoDbOoo
gooboodoooobooboooooboooboooOodooooboOoooOUooboooogoooo
0000000000000 000000D000O0OIlatent heat 00000000000 OODOOODOO
0O O capacity for heat 0 D 000000000 ODOOOspeciticheatd 0000000000
00000000000 o000oogo (Mayer, Julius Robert von O 18140 1878) 00 OO 0OOOODO
ooooboboobooooosuooboooobooooboooobobooobobOo400ogno
00000000 o0ooDo0oDo0oDooDo0oDoooooDoooooo48soooooooooo
obooobooboobooobo0obooboobuoobooboboboooboboboboboboooUoboo
gobodoooboooboodooooooooboooboooooUoboobOoOoooboooDbooOoo
0oo0oooo0ooooU0ooo0oooooooDooDdoDooDdoDooDooooDOooOoDOooOooDoon
000000D00o0Doob0o0ooob0o0o0o0oooDOo 1420000000000 00O00DOOOOOO
ooboobooboobobobobobobooboobDoobuoobobobooboo4sooooooo
ooooboooboobooboobooooo4sbgoobobobooboobooboobobobooboo
00000oooobDoobo0ooooooooooDReIDDO0DD0D0DD0ooooooDoooooog
00o0ooooooooooooooooooog

0000000000000 0000 (Joule, James Prescott: 1818 0 1889) 00 O 0OOODUOOOOO
0o0o0o00oD0o0oD0oooDb0o0oDb0oD0oD0oDO0bOO0oD0DO0ODO0oDO0ODODOoDOoDODOoDOoOoooo
000ooooooooooooooooooobo0oodooooooooooooooooooooo
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gboboooobooooobobiloobooboobooboobooooooboooobobooooooboon
goooooobooobooobooboooooooooobooobboooboobbouoboboos4sn
oobooooboboooooobobooobooobooooooobooobobooobooobbooobooboooboon
gbobooooboooboooooooboooboooobooooboooooobooooboboobobobon
oooo=000000b0000b0oboboboobbooooboobOobDoobOooDobooooDoo
gooooooobooooobbooooboobooobooooboooobDoooDoboboobDooWoooo
obobooooooooobobooobobooooobooooobooDbn

[0D0000000]< 34,35,100,102 >
00000 (isochoric heat capacity) D0 0 0000000000000 0O0O00O0OO
0000000000U=3/2)NkgT OOOODOO0O0OO

3
00000 (isobaric heat capacity) D0 0000000000 COOOUOOOJT OO0
000000000 0O0O0O0O0O0OC0O0O0C00O0ODbOO (3/2)Nkgdr OO OOOOOV =
NkgT/POODOOOOOODOOOOOOOOOOODOOOOOO

Nk
PdVE:f’< PBdT>::AM@dT. (35)
0000000000000 :

gboboboggbbbuooobbouooobbooobobbooobbooooboon
gbbboooobboooobbbooobbboaon

CV > —kp (37)

0ooooooo
Cp = Cy + Nkg (38)
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1.6 UOUO0Oooooood

[D00000]<17,18 >

00000000000000000000000000000000000000
0000000000000000000 (00000)00000000000000
0000000000000 (0000000)000000000000000000
0000000000000000000000000000000 (virial expansion)
0ooo

PV = NkgT + B(T)P + C(T)P*+ - -- (39)
PV = N@T+B%ﬂ§+ﬁﬂﬂ(%)+~-
= N@TF+B%D%+B%D(§2+~1 (40)

[D00-00-0000000000]<18-20>

Figure 1: 00O 0O-00-0000000000000O00DO0

00000000 (hardeore)0 20000000000000000000000O
000000V -NbOOOOOOOOOOOOOO0O00000000000000O0OO0
O0oo000oo0ooOo0ooo0o0oooOo00oopPOOOOOOODODOOOCOOODOO
N/VO10000000000000 (b0o00o00o0oo0o00)o00oo00ooo0o
000000000000000-00-0000000000 (Van der Waals’ equation
of state) 00 0O OO0

QW(%Y%%V—N@zN@T (41)

U0 U000 xboooooooobbbbooooooobbboooooon
gbobogbobodbboboboobboobbboboboobbogoobooboon
gbuogbobobobodboooobuodobboobodgbobobbooboobbon
googoboobodbooobuooboobbooobbobbooboobobon

15



0000000000000000000000000000 3740000000 2210
0 (221 x 10°Pa) 0 0 0 O
00000000000000000000000000000000000000
000000000000000000
000000-00-0000000000 (41)0 (40)000000000000 By(T)OoO
oon

//00000//(0000@M0O00oooooooon)
O00000000000000000000000 (Van der Waals, Johannes Diderik: 18370 1923) 0O
00000o0o0bbO00Do00o0b0bOoDoDo0o0oooDooDOooDIs73D 3600000 DODOoOoOonog
O000o00o00ooO00oo0o0o0ooOo0o0ooo0oo0oo0o0ooooooooOo0oooooooon
oo00o0o0ooooo0d0=0000000000000O0D000000OoODODOoObDODODOO™
gobboobooobbooobbooouooboobubbooboobbooobooob D
gooooogooooOo0oooo0ooooooo0oooooDoUoooUOoooboUoDoooDoog
ooo0o0ooooooooooopoooodoooooooooUoooOUoo0OogooooDoooOod
OO0000000000000000O Theory of Corresponding State0 00000000 0O0O0OODOOO
gooomoooobobbbooooobooobooo

[D00000000000]< 22,23 >
goboboogobobbooobobobboooobobuoooobbboooan

V(T,P)=Vy[1+a(T —Tp) — k(P — B)] (42)

O00000000000000 (coefficient of thermal expansion)

10V
a=—2" 43
ol . (43)
000000 (isothermal compressibility)
1
__1ov (44)
Vo OP |_p

gooo
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1.7 0J000ooooon

0000000000 ]< 23>

OobOoboboobooooooobobo

0000 (reversible process) D0 0 0000000000000 0O0O0O0O0O0 (0OO
0)0ooooOooooooooooooooooooooooooooooo@Eooo
OooboboobooboboobooobooboboobboobobobboobOoboobon
000)00000000000000000O0oOoooooOOoOoOd

00000 (irreversible process) D0 0000000000 DODDODODOOOOOOO0O
OobOobobobooooobobobobooooooobobobn

O000000000000000 (quasi-static process) 0000000000000
Ooodooooooooooooooooooboooooooooooooooogo
00o0o0{@oo0o0oo0o0oo0o0oo0o0oo00 (boooo)o0o0oo0ooon)

OooO0O0O00000000000000 2=0-—2=L00000U0Fhiction = —nv
Oooobooooboooboooboodoooodgooooon

L d
W = / Ffrlctlondm / n d:; (45>

OO0000000,U0000000 W =n 00000000 00000000000
Ooooboboboobooo!

0O00000000)

0000000000000 00000D0000000000 (adiabatic process) O
goobodboobobuoobobobobuoobbobobboobbuooboobooboon
00000000000D00000000 (adiabatic quasi-static process) D00 0000
gbobogboobogboobbuodboobbuodbboooboobobooboon
0000000000000 000000 (000000 ooOoOOoOooOoUOoooo)o
godbogobodgboobooboobbuoobobobboobooobooboon
0000000000000 000UooooooooOoOoCOoOooOOoOoUOOOO (Doo
000000 F/w)00OD0OOOOO0O000ODOODOCOOO0O0O0oooooooo

0000000000000000(000)0000 (isothermal process) 00 000
000000 (heat bath)y D00 O0O0O0O0O0OOO0OO0OOOOOOOOODOOOODOO
gbbobuoooobbbuoooobbboooon
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[D0000000000000]< 23,24 >

googdooooobbboooooooon

0000 (isothermal expansion)d (T, P(V1),V1) — (T, P(V,), Vo) D0 00000 O
00 (heat bath) 0000000000 COOCOOOO0O000O0OO0OOOOOOOOOO
0000000000o0O0O00o0oooooooow(l—2)=000000000000
0000000000000 00O00O00O0O00o000ooOoOOoOoOoUO (Dooooo
O0000000000ooooo0o0gUuoooDoooo0ooooooo)oooooo
O0000D00OD0OD0ODODODDODDODDOO F=(3/2)NkgT0 0000000000000
000000000000 (00000000 oooooO0oooooooo)o

gddddddoduooooooobobbbbbbbbooboooooooooo
guoddooooobobobbbboooooooouobobooboboboboo

2 v qv v
MﬂLﬁ@z—A}%ﬂVMV:—N@TVyV;:—N@Tmﬁwﬂ. (46)

0000 pP(7T,V)DOOD0O0O0O0D0OO0O0OO0O0O0COO0O0DOODOOODODOOODOOODbODOO
goboboooobbboouo -wihboooobbboooooo

0000 (isothermal compression)O (T, P(T,V,),V,) — (T, P(T,V4),V,) 00O OO
godddoooobbbboooooooooooobb

1 V;
W@eUz—/fﬂW&W:N@Tm§>O (47)
2 1
000000000000000000WO0000000000000

gbobobuoogbbouooobbooooobbooobbobooobbooaobbn
gbobboooobbbooobbbbooob2a00b0

[DD0DD]< 24,25 >

0000 (state function)0 0 0000 000000000000000000000
00000001 00000000000000000 NOTOVOOOO0O0O0O0000O
00000
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oooobbgoooobobuood

[0D0O0D0]< 25,26 >
0000 (differential)

Fy(z,y, 2)dx + F,(x,y, 2)dy + F.(x,y, 2)dz = F(F) - dFf (48)

0000000 fO0000 (total differential)

of of of .
et 5+ 5,02 2=Vf-dr (49)

000000000000 (O00)(exact diferential) 0 0 0O
00000 (@O00)o0o

df =

VxF=0 (50)
0oo
d
df = 3" Fdz, (51)
=1
0o or o
F, 0F
0000000000000000000000
2 2
oy _ 9 (53)

8xj8xi N a{L‘ZaZL']

[0000]<28—32>
000000000 F(A-dFO000000 ¢(0000000000000000
0000000000000 (integrating factor) g(r) 00000000

0 0
oz, (M) E3(r) = a—%g(f}Fj(f') (54)
2000000000 0000000

Fy(x,y)dx + F,(x,y)dy =0 (55)

00 (z-y00O0OODOO)0 COOOOOOODO f(zryy)y=COO000OD0OD0OOOOOO

of | Of dy
8x+8yda7 0 (56)
ooooooooooooo
_of _9f

gbbguubbbOouoggg
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1662
1687
1784
1787
1803
1811
1824
1827
1831
1838
1842
1843
1847
1848
1850
1860
1865
1873
1877
1900
1902
1905
1916

1925

ooooboIogn

goobooodgd
ggbbobooobbbooogn
gogobobbooogooo
0000000 (1802: OO-0D0OO0O0O0O0O0OO)O
gogboboboood

ggbobobooogboo
gogbboboogooboobod
ggoboboooodd
ggbboboogobobobod
gogoobooobooodn
gogboboboooobobooooooobooo
gobobobooogobooooo
O000000000000O0O0O0O000O0 (Doooo 1obo)oooo
gogbbobooobobobooooboo
gogbboboooobbob 20000000
gobobobooogobooooo
gogoboboooobobooooon
ggbbobooobbbooogn
ggbboboooobbooooboboo
gogoboboooobobooooon
gogboboboooobboboooobbobodad
gogboobobooogobbos3sbbuooan
gogobobbooogoooood

gogoboboooobobooooon
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2 O0OoOooobd

21 0OJO00Oo1dd

[D0D00100]< 33,34 >

00000000000000000000000000000000000000
000000000000000000000000000000000000000
000

0000 100 (the first law of thermodynamics)

Oooooooooovvdoooooooooooooooooooooonoo
oo
dU = §W + 6Q (1)

0000000 (internal energy)U 00 0000000000000 0O0OOOOOO
000000000000 (work)W OOO0O0O00OO0OO0OOOOOOOOOOOOOODOO
gbobobooddobbbgooooooo

Wiy = —PdV (2)

ooogboooobuooboboobboobog  pPObOODLbOObLOODDOODO
gbuogbobobobodbooobduoboobbodgbogobbooboobbon
gbobobuoooobbboooobobboooobboboooobobobooa

00 (heat) Q0000000000000 OODOOOODOOOOOOODOODOODOO
gbogbobodgbbbuooboobbuoobbobobobogboobobooboon
gbuogbobobobodbooobuagboobboogboobbooboobbon
gbobboooooogbbbuoooobbbooooobobogoo

gbobbi1o00bbobuoooobbbuogoobobogo

1. 00000000V 00000000 (000000000000 000000
00)0

2. 000000000000000D0OD0DO 100000 (perpetuum mobile) 0 00O
goo

. Ubboboooodvoboobooonog

gbobooboggbobbooobbooobobbooobbobooonobbooooboon
gbooobdgo
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//00000//(0000@0o00oooooooon)

0000000000000 000000000000000000 (Helmholtz, Hermann Ludwig Ferdinand
von: 18210 1894) U000 O0UOODOUUOODLOOOUOOUOOOOUDOOOOOUOOOOOOUOOO
gboboobooobobo42000000000143000000000000O00O0O00O0O00OO0O¢O
gobooboooos4L200000ooboobboobbob4oooooooooooboonbooo
goooboboooogoowsooooooooboobooooooooooooooboooooboon
gbobooboooboobOoobooooow20booooooooooosssooooooooooogon
gbooobOobOoooobooboboesbOooooooobobooeOOoooooooooooaon
gopDiriooooboobooooooobooowmroboogoooooossooooooooon
oooooooboore2b0oooooooooooooooooooooooooooooooooon

[D00000000]< 35,36 >
0000000000000 bO0ob0obDoboogéd@=0000

AU = 6W,,, = —PdV (3)
0000000000000 00000 (Doooooo)ooo
dU = Cy(T)dT (4)

00000 C,y, 00000 (0D0O0O000000O0OODODOOO Cy =(3/2)Nkp)

NkgT

Cydl = —PdV = —-—2—qv (5)

Cvy T V

Vit - _p—
Nks T, " (6)

guoooooboobooobd
TV*3 = const. (7)
PV®/? = const. (8)
T

Do = const. 9)

0000000000000~ =Cp/Cy 0000~—10~40(y—-1)/y00000

gbbbouogbbbuoobbouoogbboooobbboooobboooobn
gboboboodgoboood

e ]IIDDODODODODOODUOODODDDOOODODOOODOOCy~(3/2)NkpOOOO
e 2000000000 DDDOODOOUOUOUIODO2000 Cy=(5/2)Nkp OO OO

e D OOODLODLDOUOOODLDLDDOOOLODLOLODUOUOOODLDD
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[0 O0D00]< 36,37 >
goodd1l1ooo

dU = 6Wrev + 6@7"6’1} - 5VVZ'7"7‘ + 6@2'7"7‘ (1())

000000000000 00000DLO00O0LO00DO0ODO0bO00D000 Q=0
Oofdoooooobouooboobouoobooboooboobooboodv ooboooooon
dU 0000000o0oboooooooooboooooo?ooooobooooooaoa
000000000000 0ooo0ooboOooooob0o0o0 -w ooboooooooo
O00000000O0000o0o000oooO0oooooooOoO (sw)boooooooo
0o

SWipy > 6Wyey = —PdV. (11)

aoooooobooboooooooooboéQLbooobobooobboboooboboooo

6@2‘”‘ < 5Qrev‘ (12)

[DDDD]<37>

00000000000000000000000000000000000000
00000000000000 (working materia) 0 000000000000000
0000000000000 (eyde)00000000

de:O (13)

gboboboooobbbooobbobboooobobobuoooobbboooobobobooo
gobobblggoboboooobbboooobboooobobbuoooboboon

gbuogbobobobodgboobobbobobooboobobobbuooboobbod

gbbboooobbbooobbboogobb 2000000
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22 JUo0bobbooooobobbbood

gboogobuodbdgbboobooobuooboooboobooobuooooboon
googobodbboobobbobbuoobbobobboobboooobooboon
gbuogbobobobodgbooobuaobbbooboobobobbooboobbon
000000000000 00UoUoUooOooDUoooDoDooOOO0ODOOOO0O (Doooo
0)0D00000O000000oo0O0O000oooO0o0oo0oooooOoOoooooooOoO
goboboooobbboooobobboooobboboooobbobooa

(0000000000000 0]<37—39 >

gboboboggbbbuooobbuoooobbooobbobooobbboooobon
000000000 (Carnot’scycle) 00000 (DDO0OO1824 0)D0OODOODOOOO
00000000000 000000 (heat engine) 000O0O0O. OO0OO0OOOOOO
gboboboooobboboooooo

P

v

Figure2: 00 0000000000000 ODO0QOOOI)oOoOooOOI)ooooolLv)
gobooo

1. (T, Vi, P\) — (Ty,, Vo, ,)00000000

Vo P
- - 14
V. B (14)
AU; =0 (15)
Vs
AQ[ = —AW[ = NkBTh lnv >0 (16)
1
2. (T, Va, P) — (T,, Vs, ) 00000000
T 3/2
Vs _ (—h) (17)
Va T
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AQr=0 (18)
AW[} = AU][ = Cv<Tc — Th) <0 (19)

3. (T.,Va, Py) — (T, V,, P)DO0O00000

Vi P
R 20
T (20)
AU =0 (21)
AQ[][ = —AW;r = NkgT, ln% <0 (22)
2
4. (T,,Va, P)) — (Ty, Vi, P)0000000D
T 3/2

E = <_C) (23)

Vi Ty
AQry =0 (24)
AW]V = AU]V = C\/(Th — Tc) >0 (25)

00000000000000000000000AQ, 0000000000 —AQ;;;
00000000000 —AW =AQ,+AQ; 0000000000000 (17)0(23)
00 Va/Vo=Vy/Vi0OO Va/V, = V3/V; 0000 (16)0(22) OO

AQr n AQrr
1y T,

=0 (26)

00000000000O0000 (26) 000000000000 ODOOOOOOo
goobbobdgbbooboooboboobboobboobboobbbooboon
gooooobobobbbbobobobobbobbbbbboboooooououoooooon
goo

00000000 000ooo0o0oooo0oooooooo(ooooood
0)0000000000000000000000D (CoDODOO18480)0

//00000//(0000000 HomeOO)

00000000000000 (Carnot, Nicolas Leonard: 1796 0 1832) 00 0000000000000
000 20000000000000000000000000000000000000000000
0000000000 LNM.OOOOOOOO 181400000000000000000000000
240000000000000000000000000000000000000000000000
00000000000000000000000000000000 (1824)000000000000
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000000
00000000000000000 (00000000000000000)000000000000
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0000000000o0o0U00o00ooo0U00o0o0Uo0o0ooO0oUo0oUOooOoDoUooUooUOO (oo
00000)0000000000000000000000000000O000ODO0O00000O0O 200
ocoooooooooooooboboOooooooooD BE.ODODOOODOODOOODOOOODOOOO

[DO000000)<39—41 >

(26) 000000000000000000000000000000000000
000000000 (0000000)0AQOOOO000000O00OOOO0O00000
000000000000

O0000000ooooo((@ooooo)Od

fégT”:o (27)

guoodgoooooooooooobobbbbbbbbboooooooooada
goddoooooobobobobbn
25@1"61}
/ (28)
1

T
0000000000000 000D00O000 6@,/ 0000000000000

gogoboobbbbbbbbbbbbbbddooiooooooooooooon
000000000000000000000000dédQ OO0 /TOOODODOODOO
Q.,/T 00000000000 ODDOOODOOOOO

000000 (entropy)—O0 0000

. 5@7’6’[} . 1 5@7‘6’[}
as = =, Sy &_A = (29)

[Do0O0O0O0oo0oooooo]
0000000000000000000000
Vi
—NM:N@G%—QNW;:A@+AQM (30)

1

000000000 (effciency) 00000000 OOOOOOOOOOOOOODOOO
HEN

y IAW]_ AQr - AQuy
0C1 AQr
00000000000 (16)0 (22) 0000

(31)

T, —T. T.
= =1-—. 32
U T, T, (32)

gboboboooobbbooobbobboooobobobuooonooon
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23 JO0o0oood

(0000000000000 000]<41 >
00000200000000000000000C0ODOO (booooDOoDoOOOO
0)00ooooooooog

gboobooz200

l.00ooOoOoOoOoOoOoOoOoOoOOOUOOOOODODOODODODO (ODDODOO
O0o00o0o0)ooooooogd

2. 00000oboboooobbooobobbuooobbbooobbbooOon

. 02000000000000000000DLDODDODUOOUOOOUOOOB
goboboogobbbuooobbobooooooo

203 0000bb0o0obooobobbobobro2b0000bobo0obbooboban
gbldbboobodgboobodoboobboobobooobboooboobobon
gobobobobboogogoooob2.0bbbboodooooboboobboboooon
gbogbobodbogbobuobuodgboobbooobbodgboobobooboon
gobooo

000000000 (26)000000000000DO (12)00000O0DOOoO0obooOo
000000 (Doooooooon)

AQr  AQur _

0 33
T, T, ° (33)
00000000000000 (290000
0Q _ 0Qrey
— < =dS 34
T - T (34)

[00000000000]<41 >
000000000ADO0O000000000000000BOOOOOOOOO0O
0000000000000000000000000000000000000000
0000000000000000000000000000000O0O0O0OBOOOO
0A0DD0000000O0OOO0000000000000000000AOOBOO
00000000000000((34)0000

35 rev B6
ﬂm—SM%3A % ZAAé?

OO0bO00000O0bo0ob0éQ=0000000D00O0O0ODOD0ODOOODOODODOODO
gbobobuooooobbuoooobbobboooooobooo

(35)

gbobooggbooobd: goboooboobbuoobboooboonoboonoon

ds >0 (36)
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gbboogoobooguobbuoobboobbuodoogboooboooboobon
goooooboboboobobobbbbobobboooboodooooooooooooon
goo

//00000//(0000M000000000000)
O00000000000000000000000 (Clausius, Rudolf Julius Emmanuel: 1822 00 1888)
gooooboobooooboboboooobobbooooobbboooobbbooobbbDooogoobo
18000000000 booooos,ibodbobooobooboobooooobobooeTobog
goooboboboboweyobgoogobbbooogobbobobooooobbbbooooub o
gogoobbbbooooobbboogwobgoggbobooboooooobobobbboooooobo
obooboooooooboooboboboboboobooboboboobooobbobobooooooo
ooboobooboobobobobobooboob0o0obDo0obooboboboboboboDouoboaOoo
gooobbbbooooobboboowke bbb bobbbooooooboo
oobooboooboobooboboboobooboo

[D000]< 41,42 >

() 00000001 0000000000000000000000000000
000000000000000000000000000000 (00000000)
000000000000 000000000000000000000)

gboboboooobobbuooo110n

AU = 6Qyep + Wyep = TdS — PAV + pdN (—¢dq) (37)

O000000oooooooooouooooDoooo (S,V,N,g,--)0000000
obooboobboobvuvoobuooboobooboobon

ou ou ou
T="- ., —P== L = — , (38)
oS VN g oV SN ON SVgo
ou
(¢ == e ) (39)
q S,V,N,-

gogooboobbobobobbobobbbbobobbootobouogooooooooooooon
gboooogbooobooborgovooooooo

oU as|  dQ

oU 08

| =712 -P 41
av|, v, (41)

gbobobooooboo
US,V,N)O SO0O000000000000O0O0ooooooooooo S(U,v,N)Oo
gobooo
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1 P W
ds = TdU + ?dV — de (42)

0000000000000 000000000000oOO0o0O0 (ds=000000
gobooo

[D0000000000000])< 42,43 >
O000000000000000000000000000000 U =(3/2)NkgTO
OO0000 PV =NkEgT OO

3 aUu av
ds = §NkBF+Nk37, (43)
UN? (Vv
sw) = s+ vian ()" (1)) (44
Uo Vo
= gNkB InU + NkpInV + const. (45)

obooboobooboobooboobobbobvvovoobooboobooobo
gbobbuoooobbbooobbbbooobboboagon

TN\*?(V

SIV) = ST Vo) + Nkl (7)) (1) (46)
To Vo

= gNk‘BlnT—i—NkBIHV—I—const., (47)
T\ (P

S(T,P) = S(Ty, Py) + Nkgln (—) (—) (48)
T, P

= gNkBlnT—NthlP—i—const. (49)

googoboobodbbooobooobbooboobobobbooboobbon
gobooggbuodg3sbugbobboobboobbobboobooboooboon
gboogbobodbbbuogobobobbuoobbuoboboobbogboobooboon
gbobboooobboooobbobod

goboboboooooobooooooobboooooobboooboboboooooboog
RN

5Q = dU + Pdv. (50)
goboooboogn
3 T
0Q = Nkp | =dT + —=d 1
Q= Niy (5T + zav ) (51)
00000000oooooOo0o0oOoOoooO yTUoDoOOoOo
5Q 3dT AV

000000000O0O0O0O0O00dSOO0O0O SOoO0ooOoOooUoUOoO @Wnoooo
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24 00U

[0 00]< 52,53 >

goddolobbbbugoooooooouooooobbbbboooooada
guoodooooobbbbboooooooooobbobbbboooooa

0000000 000O00oO0o0obO0oooooDOobOboooOoobOoOooboOooDOo -AW
0000000000000 000000000oO0o0oooooooooo@no(12)o
oooood0o -Awoooogouooooo (ow,.,000) 00000000000 o
gooboobbbooduoooobbbboddoduoouoouobnboobooooya
oooo!

[DO00D000]< 53 —55>

00 T,0T,(<7,)000000000000000000000000000000
000 - AWOOOOOO0ODO0000000 AQ,0000000000000 —-AQ,O
0oo

AW + AQy + AQ. = 0 (53)
(AW < 0,AQ, >0,AQ. <0)0000000000000
AW
_ 54
"= A0, (54)

gobooogo
goobobob2000b0b0bboodobbboooobboooobobbuooonooboon
googoboobodbooobdouobbooboobobobbooboobbon
gbobbodgboobbuooboobbuoobbbuoobbooboobobooboon
gbobogodbooobuoobboboobboobuoobboobuooobooboon
gbobobuoodoob200bbbuoooobbbooooboboob2b0bb0ooan

//00000//(0000@0o00oooooooon)

0000000000000 000 (Kelvin, Willam Thomson, The Baron Kelvin of Larg: 1824 O 1907)
0o0oo0000oooooooooooooooooooooooooooooooooollooooon
goooboboOo4bOoooobdooobobooboooooooDoobOooDobUooooDboo
g0000o0o0b00o0DO0o0ooogDe00000DO00ODOOOOObDOODOOODOoODOs48000O
Oo00ooooooooooooo0ooooooooooooooooooooooooooooooog
Oo00ooooooooo0o=0000000000000000000000000DOOOO0O0O000
O00o00ooDoo0ooDoO0oooDoooooooo0oooooooooooooooooDooooog
goo00obOoboO0ooO0obooooOooOoobOooDOow7odoooooobooboooobooooDbOoo
0000000000000 ooooDoooDOo0oooDooo0oDoooooOooooOo18920
00000000 LargsO Kelvin OO OOOOO0000000 KelvinOOOOODODOOOOODDO Largs
000000ooooooooooooooo0ggooooooooooo000ooooDoooooogg
oooooooooooooooon
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25 JUoboboogoz2bbgooobon

000000 HOD]<43,44 >

Oob0O00O0oooooooooobooobooboOoOoooooooooooOOobobOonod
ooo0o0Oo0O0000000000000000OoOOoOobO0oooooOooOooboboOoooo
0000000000 (Boltzmann’s eta theorem) 00000000000 00C000OO
00000 f(o,t) DO00D00O0O00 (vh,02) — (05,0) DO0O0O00O0OO00O0O0O0OO
Ooooogoo

af (0, ¢) // ) F ()] o, B, B, §) P d, (55)
DDDa@m@%mﬂuﬂjmmwmmmmmmmm@DﬁDDDDDDDDDDDD
doodoogooooobouogbouoooo 200 og bbb uogooo
oo e bbb oo booo
Jdododogoogoooooooooo oo oooogo
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD(DDDDDDDD
0EODOD)

//fﬁf VIn f(3,7,0)d3T d°F (56)
Oo00oooooooooooboooooooooonogon
O _ [ s[5 0m 0 + f5.0) (57)

DDDDDfD(55)DDDDDDDDDDDDDDDDDDDDDDDDDD

4/d3~/d3 /d3v1 (@) f () — F(T) @) W f (@) F(T) — W(f (@) F(T))]

X0 (U1, Uy, U3, V). (58)

dt

000 (r—y)(lnx—Ilny)>0000

dH(t

—élgo (59)
DO00OHOOOOOOOOOOOOO0O0HOOOOOO00 f(3,t)f(T,t) = f(T,t)f(7, )0
0000000000000000000000000000000000-HOOOO
0000000000000000000000000000000000000000

gbobobuoooobobbuooooboboooon

[Dooooo0]
00000000000000000000000000000000000000
0000000000000000000000000000000000:0000
000000 f0000(00000000000)00040000,;0000000
w;,;00000000000000000000000(000000)00000

dfl Z f]wj—>’b Z fiwi—d‘ (6())

31



guoodooooobobbbbboooooooouobboobbbbbouoooa

goooogg
d
%Zfizo (62)

gobobuoooobbbuoooobobbooooobooo
gboboboogobbobuooobboo

gbobooogobobooodgon

00000000 w; =w,;(000000)0000000004« 0000

as

P _kBZi: (filnfi + fz)

- _%B ZZ [(fywss = fiwiz) In fi + (fwi; — fyw;e) In fi]
= ZZ Ji— f] Wi hlfz hlfj) (64>

gobodobbooogobbbooooobboooonooon

das(t)
dt

gooobobooboboboboboboboboobuoobuoobobooboobon

>0 (65)

fi = const. (66)

(0000000000000 0000]<45 >
gbobobouoggbbbouooobbbouooobboooobbboooobbooabn
gooooobobobobbbobobobooddddddodooooooooooooon
gboogobuodbobboboboooboobbooboooboobbooboon
(Loschmidtd 1876 0 )00 000000000 COOCOOOOOO0O0OO0OOO0OOOOOOO
gbobbuoogobbobooobbbbuooobbboooobbboogbobooo
0000000000000 00000000000000000000 (ZermeroO
19860)000000 (Poincaré) 0O 0OOOO0O0DO0OOO0OOODOOOOODODOODOO
gboobodgbbodgboooboobbuoobbodgbobuoobbuooooboon
HOOooOoooooooooooobobobooboboboobobooooooooo
oboobooobooobooobooHOobOoobooboobobobooobobooboobo
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gbobbuogobbuoooobbboooobbbooobobboooooobobn
00 (Ostwald) D000 (Mach) DOOOOOOOOOOOO0OOOOOOODOODOOOO
gboboobobuogugbooobogbbuoobboobbouobbooboboon
gbobboogobboooobbboogbbboaon

gbobooboogbbobouooobbouooobboooobobbooobbboooobon
gbuogobbuogboobbogbuoobboobooboobbooboobbon
gbobboobboodbbboooobbboogoboo

//00000//(0000M000000000000)

00000000000000000000 (Ostwald, Friedrich Wilhelm: 18530 1932) 0000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000 18780000000000018870 1906000000000000000000000
0000000000000 00000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000000000018800000000000000000000000000000
0000000000000000000000000000000000000000000189100
0000000000000000000000000000000000000000000190900
0000000000000000000000000000000000Ostwaldd Wolfgangd 1883 O
194300000000000000000000000

000000000 (Mach, Ernst: 18380 1916) 0000 000000000000000000000
0000000000000000000000000000000000018600000000000
000000000000000000000000000000000000000000000000
000000000000 000000000186400000000000018670000000000
00000000000000000000000000000000000000000 18830000
00000000000000000000018860000000000000000000000000
0000000000000000000000000000000000000018950000000
0000000000000000000000000

[D000000000]<45—49 >

O000000000000000 (microstate)d 6N OO OO OOO (phase space)
Ooo0000 (¢,p,)00000COCOOO00O0O0O0O0OODOODOOOOOOOOOOOO
goddoooooooo

0000000000000000000000000000000000000000
00000000000000000000000000000000000 (g.(t), pu(te))D
000000000000 (q(),p(t;)000000000000000000000
000000000000000 (g(t),—p(t)00000000000000000

33



0000000000000000000000000(0000000)0000000
000000000 (q(ty),—p(t;)00000000000000000000000
0000000000000000000
00000000000000000000000000000000000000
0000000000000000000 QOO00000000006NO000O000O
00000ADDDODOOOOO3NOOOOOOOOOOOOD (0O0O0VOOO000)

Q(V) = AVY, (67)

0000000000000000000000 QV/2)=AV/2¥00000000
Q(V/2)/Q(v)0 (1/2YN0000 N~ 10¥00000000000000000000
0000000000000000000000000000000000000000
00000000000000000

oooooo sSoooboooo oubooooboobooo?boooooogoo
gboboogbobobooobbon

Qpot = Uy, (68)
000d0odbOOoO0o00oooooooooooooon
Stot251+52 (69)
000do0oooooboboboOoOo0o0o0ooooooobobooOoooooooon
S o InQ (70)
0000o0o0oooooooooooooooboobbboboooo0oooooOooOoa
000000000 0000000000000bObOO0OO0O000000000000O
0000000000 000000000000D0DbOOO000DD0DODbOOOO000DO

gbuogbobobobodbooobuaoboobboobodobboobboobbon
gbobbuoooobbbuoooobbboo

O00000000oooo((@oooo)o

gboobobbooooboboboooobbobooooboboooooobon
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26 UJUooboooodo

[D00000000]< 50,51 >

00000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000

Uy + Uy = U = const., Vi+ Vo=V = const., Ny + Ny = N = const. (71)

gbboboodgbobboooobbbuoogn

S =5 +5;. (72>
godoooooooo
0, = ~au, + Dav, - M, (73)
T T T
1 Py H2
dSy = —dUy + —dVy — —dN. 74
2 T 2+T2 2 T 2 (74)

000 (71)00 dUy = —dU,0 dVy = —dV,0 dNy = —dN, 0 0 O
1 1 R M1 ,MQ)
= = | — — — - _ - ‘/_ - .= N
45 = S 5, (Tl E)ﬂh+(ﬂ B)dl (n Ty e (1)

OOooobooobooboobooooooboboooogoddS=000b00booonogon
gboboboogobboooobobod

Ty =15, P =Py, M1 = [ (76)

0000000000000000000000000000000000000000
00000000000000000000000000000

00000000000000000000000000000 (Vi, Ny = const.) 0
00 (75)0 dV, =00dN, =000 0

Ty=T,  (PL# Py, 1 # p2) (77)
O0000o0oooo00ooonoooooa s=5,+500000000ds, =—ds,0
(75) 0000000000000 O0O00Oooooo
dU = dU, + dUy = (Ty — Ty) dSy — (Pi — Po)dVi + (jin — i) ANy =0 (78)
00000 (Si, N, = const.) D000 (78) 0 dS; = 00dN, =00 0 0
Pi=P. (T #Ty, pm#p) (79)
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gooo

[D00000000]< 51,52 >
00000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000 (partial equilibrium) 0 00000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000
00000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000 (local equilibrium) 0000000000
00000000000000000000000 (global equilibrium) 0000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000000000000
0000000000000000000(0O0000)00000000000
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27 0OO000O0O0OO0OoOooOad

[D0000000000]< 59,60 >
0000000UD0000000S0VONOOOOOOOOOOOOO

dU = TdS — PdV + pdN. (80)

gboogobdobodgboobobuodbobobboobboobuoobbooobboon
gbobbuooogbbbduooobbboooobbbooon

K
dU =TdS — PdV +>_ j;dN; (81)

i=1

gddbouodotdououoooodoouoouoouoouooooo
U(aS,aV,aNy, -, aNg) = aU(S,V, Ny, -, Ng). (82)

a=1+c00000000000UD eD0O0O0OOLOLOOOLOODOO0O0OOOUOOOOO
00 (Euler’s quation) 00000

K
U=TS—PV+> N (83)

i=1

oboooodbobgJqvoboobuoobuobbobbobboobooboob

00000000000 (Gibbs-Duhem relation)

K
SdT —VdP +»_ Nidp; =0 (84)

i=1

(81)00D0DOO0O0000U0U00U0000DUDUOOOODOODDODOOODODODDODOOO
goobobobdoogobobooooobbobooooobobobbooooobboboooon
goboboooobbobooooboboo

[0000000000000]<60—62>
00000000000 (84)00

mdfiT):-—gg%zsz¥+yl§%ZQdP. (85)
000000000
ﬂPJU:SG@%)+N@h{Q%fﬂ(%ﬂ (86)
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00000 V(P,T)=NksT/POOOO

du(P,T) = — <3(P0, Ty)ks + kpIn [(%)5/2 (%)D dT + %dP. (87)

dT04dPO000 0000000 0ODOOODOOOOODOODOOO (Py,Ty) — (P, T) —
(P,T)0O0DOO0 (s =s(Py,Tp))

(P, T) = u(Po, Ty) — kpT'n l(%)w (%)] + @ - So> ka(T—Ty).  (88)

gbooogboooboon
b}
,LL(PQ,TQ): <§—SQ> k’BTQ (89)
gbooodbodabodanod

W(P,T) = kgT <“(]Z°7T?) —In [(%)m <%>D (90)

gobooo
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3 Uuobooooono

3.1 JUbooboggooon

(0000000000000 00000000D000]< 85,86 >
O00000000oooooooOo0 (o00oooOoo)yoooooooood

gboboogboboboooboboo E
d

dt

0000000000000 0000000000000000000000
as _

dt

> 0. (1)

0, S =05 0 (2)

gbobobooggbobbuooobbooooobboooobobbooobobooooboon
gbogbobobobodgbobogbuogbbooboobobobbooboobbon
gbogboodgbuodbobboboobobboobogboboobooboboboobod
0000000000000 000 (D00D0ooooOooooooooOoooooooOo
00000000 6@, =TdS; =0)000000000000O0O0O0O0O (W, <0)00O
0000000000000 W, <0)O00oooooooooooooOogoooo
(0Q,>0)0000000000000000000OD0O0O0O0O0 (dS=dSy=T0Q, > 0)0
googoboobodbooobuogboooobuoobobobbooboobbon
gobooo

gbobboooobboooobbbooobbobodan

gobobooogon
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3.2 JUbboboodoooobbuooooobobbouooo

[D00000000000O]< 86,87 >
00000000 0000o0o0o0U0ooDoo00oDoooU0U (bobooooood
00000000U0ooooooo0O0)DooooooooOooooooooo

dU = TdS — PdV + pdN + - -, (3)
oU ou ou
T=—5 ) —P=_— ) = 5~ ) (4>
IS |y n.. Vs, ON|gy,..

00000000 0000UoUooUoooo (bobooooooooUoOoooOoooo
O00000o0ooo)

1 P 0
L_os| P_os| o p_0s "
T oU|,. T V|, ' T 0N,

O0000000000oo0o00ooDo00 (DoocoUooDooOooUoood
O00000)ooooOoooU0oooooooOodooooooooDoOoOooOooo
ooooSU,v,N) 0000000000 0000000000000000000
O00000000000000000000000000000000 (thermodynamic
potential) 0 O OO

[D0000000o0ooOoOO0O0oooooooOo]

2.344)0 0000000000000 ODOODOOOOOOOOOOODOODODOOO
gboogbobuobogboobbuogbbogbbobooboobboobooboboon
goboboodgobbbooooboon

S S kgl UN (v
U, V) =S5U, W N — —
) =itV + ke () (7))
0o )
3/2
6(5_50)/Nk3 _ <£) <K> (7)
Uo Vo
dooouvooooooa
v 2/3
U= U, (70) o2(S—50)/3Nkp_ (8)
gogg
ou 2U
T = — =
95|, ~ 3Nkp ©)
ou 2U
YR —— (10)
v, " v
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gboogbobboobbuooboobbuoobboboboobbogbooooboon
goobad

[D000000000000000000]< 88 >

ooooooog (U,S,V,N,--) 0000000000000 O000Oooooo
googobbooobbuoobbobobuoobboobboobobooobooboon
gbobbbouoooobbobuouooouooooobobbooooobobobbooooon
gboobbooboobooobooobobbuoobboobooooobooboon
gboboboooobbooan

00000000000000000000000 ¢00000p=90£/6¢0000
000000000000000000000000000000 £(g,¢) 000000
000 H(g,p)00O0D0O000O0O00OO

H(q, p) = %‘j}‘”q Le.d) (1)

0000(1)Ooooooooooooo ¢00ooooooD0poOOO0OO00O0OOO
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3.3 Uobuonooooobobbood

[00000000]< 88,89 >
+0000000 f(z) 00000 f(2)000 p(z)00000

df = %dm = p(x)dx (12)

000000000000 (Legendre transformation) 00000000 200000 p(x) =

f(x)000000000000 (r, f(z)) 00000000000 p0y0000000
0000000O000y000

g=[f—ap (13)

Jgodddubpubbbgbooogooooon
dg = df — pdx — xdp = —xdp (14)

gboudpdbbodobooobbuooobbdgbpbboobbooobooon
00000 (13)Dooooooooo

g() = f(f ) — o) (15)

[DO000000]<91,92 >
00000000000000000000000000020000
of of

= — — = 1
df = = ydx-+ 3 dy = p(z,y)dz + q(z,y)dy (16)

xT

000000 ,000000000000000
9(p,y) = f — xp. (17)
00 ¢0pOyO0OO0DOOO
dg = df — xdp — pdx = —xdp + qdy. (18)
000y000O00O0D0O0000000O00O000000
h(p,q) =g —yq. (19)
000000000 RO pO 000000

h = dg — ydq — qdy = —xdp — ydq. (20)
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3.4 UJUoooooooooon

[000000D000000]<92>
guoodgoooooooooooobbbbbubboobbouooooooooada
000000000000 (Helmholtz free energy) F(T,V,N)O OO

oU
F=U-=%8=U-TS. 21
55 (21)
0ooooo
dF = —SdT — PAV + pdN + - -- (22)

gobbooboboooguobobobbbbbddodooubnoobobbobuoboooa
goodooooon
OF _OF

9 = . —P ="
T |y ... ov

OF

= =% L (23)

TV,

I
T,N,-

oobooobogobooobooobo FrFO00bLO0OO0ObO0OROODOOO
obooo00 FOO0O0OO0ODOO0ODOO0ODLDOODOODODODODOODOODOOD

[D000000000000000]<92—94 >
gbobouoogbbouooobbooobboooobbboooobboooobn
0000000000000 U0oooO0o0o00oooOoooooOooUoooO (Do TO
0000000000000o0O0O000ooooo0)0oooooooooooooo
ooooooo?
2.10 (4)0000oToOooooooooDooooo

5Q < TdS (24)

0000000000000 00000oooooO0oO0210 (HWOoOoooooooo
O0é/QLOO00000DO0D0O0MWN=dU-osWwDOOoDOooowobhooooogno
Oo0O00oo0oooog oW=-PdvOOO

dU + PdV < TdS (25)
0000000000000000000 (T =const.0dV =0)00000

d(U—-TS)<0 (26)
00000 (00000000000000)000000000000000

gboboooogobobogobboobbuooobbooobbooobbboon
gobobboooooboobbuooobbobboooooobooo

dF =0,  F=Fu, (27)

goooood
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[D00000000000000000000]< 95,96 >
000000000 (8)

VO 2/3
00O
ou 200 (Vo 2/3 - v 2/3 )
T(S,V) = —=| = (_) 2S-S0)/3Nks _ <_) S0y /3
( ) 95 v 3Nk \V € o\ 7 e

OO0 SOO0DbO0ODbOoOd

sir.v) =5 v (2 (1)

gboboboooobobooaon

3 TN\3? /v
F(T,V)=U ~TS = *NkyT — T (SO 4 Nkl [(—) (—)D (28)
2 Th Vo
god
OF T\*?* /v
SV = —o - Sy + NkpIn l(ﬁ) (70)] (29)
_ OF|  NkgT
P(TV) = —o5 v (30)
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3.5 UJuooon

[D00O000]< 96,97 >
000000 (enthalpy) H(S,P,N) 000000000000 0000000000
0000000000000000000000

ou
H=U—-_—=V=U+PV. 31
FTG + (31)
goodoooooobobon
dH = TdS + VdP + pdN + - -, (32)
oH oOH OH
T="o| ., V=Z= p=2| (33)
aS P»Na'" aP S7N"" aN S7P7"'

[D00000000]<97,98 >
OO000DO00O000O0ooooobobooowze oooog

other
dH|, = d(U+ PV)|, =dU|,+ PdV|,
= (5Q|P+5 ;telzjer_PdV|P)+PdV|P:5Q|P+6 Jteﬁ;r (34)
oo oooggooooooogggoooooggooooooououogo g

046Q|,0000000000000dU|,=4Q|,00000000000000000
gbobbuoooobbbdooon

000 PO0OO00OOOOOODO (ODOODOOOisobaric, adiabatic) DOO0OO00OO0OOO0O
gbobobuooogobood

dH|p = SWTee < §Wirr (35)

other — other*

000000000000000000000 Wi =0000

other
dH|, <0 (36)

gogoobboboobobbboboobobotododdduoooooooooooooooon
gboobooooobooooboo

dH =0, H = H, (37)
0000000
[DO000O00000]< 100 >

gooobbioogobobbodoobbbooooobboooobouooooo
goo

5Q|  oU

“=ur| Tor|, (38)
5Q|  OH

Cr=ur|, = ar|, (39)
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3.6 0000000000 (DOUOOUODOD)

[D000000000]< 102 >

0000000000 (Gibbs free energy) G(T, P,N)0O0O0O00000000000
D000000000000000000000000000000000 (free enthalpy)
00000000000

ou ., oU
G = U-3e8—55V
= U-TS+PV=F+PV=H-TS (40)
0oooooo

dG = —SdT + VdP + pdN + - - - (41)

oG oG oG
_S:— V:— = — e, 42
or PN-~~’ op T,Nn-, : ON TP-~~’ ( )

0000000000000 00o0o00oo0oU0oooOoooooUoooog (20
(83))0 0O
G = uN (43)

goboboooobbbooobbo1oggobobbuoobbobooooboo

[D000000000000]< 103 >
0000000000000 (isothermaldisobaric) 0000000000 COOO0O
oboooodoboooboooboobuoobooboob roobooobDoobooobog

5Q < TdS (44)

000006Q =dU -sWOOOODO0O WOO0OOOOO0O00000000000o
W =—Pdv 00D
dU + PdV < TdS (45)

O00000000Oooooo (T,P=const.)DODOOO

d(U+ PV =TS)| <0 (46)

00000 (0000000000 oooo)boooooooooooooo

gboogobobobodbooboobooboobbooboobooboobbooon
gboboboboooobobbouooobon

gbooooog
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3.7 ODOoooouooogad

[D0000000o0O0]< 110,112 >

gbobouoggbboooobboooobbuooobbobooobboooobn
gbuogbobobobodbooobuaoboobboobodgbboobuoobbbon
ONOOOODOOoOOooobooooobobobooNDObDuooDo pweNODODODO

pU000oogoboooooon

ooooooo u(s,v)
dU = TdS — PdV

or
ov

_or
03

S |4

Dooooo H(S, P)
dH = TdS + VdP

aT
oP

_ov
, 08

P

O0000000000oooo F(T,V)

dF = —-SdT — PdV

a5
oV

_op
, O

§
0000000000 G(T,P)

dG = =SdT + VdP

_05
oP

v
L, OT

P

[0 0000000000 ](grand potential)

(48)

(49)

(50)

(51)

(54)

(55)

oo NDOOOOoooobobobobobobobooooboboooobooo
gooobobbbbbbbbbbotbodddddoooooooooooooooon

gobobuoooobboboooobobbooooobooo

®=F—uN =—PV
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000O0®(T,V,,)0 FOOOOOOOOOOO0O00000000000000000
00
d® = —SdT — PdV — Ndu (57)

O000%(7,V,u) 0 2000000000000000

os| _op oP|  _ N
v\, T oy, OV

oN
’ oT

T,p

oS

. (58)
Vi,u 8'“

Y
Vi Vv

//00000//(0000MO000000000000)
000000000000000 (Gibbs, Josiah WillardD O 18390 1903) 00 000000000000
00000000000000000000000000000000000000000018580000
0000000000D0000 1863000 PhDOOOODDO0O0OO0OO0D0D00000O0OO0ODO00O
000000000000000000000000000000000000000000000000
0000000000000000000018710000000000000000000000000
0000000000000 00000000000000000000000000000000000
000000000000 000000000000000000018730000 34000000000
0000000187600 1878000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
000000000000000000010000000000000000000000000000
0000000000000000000000000000000000000000000001880
0000000000000000000000000000019010000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000000000
000000000000000000000000000000000000000000000000
00000000

[DO00D00]< 118,119 >

0000000000000000000000000000000000 (00)0
0000000000000000000000 (Jacobian) 0000000200000
0000000000 (300000000)0

d(u, v) ’

ﬂﬁw:@@y):

gbobbuoooobboooobboooobobobbbooobbbuooabbn
goooo

v
} (59)

du
3 %
9y

1. ogobobogd




2.00000000000

— - . (61)

. ugoooooon
O(u,v)  O(u,v) 0(s,t)

or.y) ~ 0(s,0) w,y) (62)
4. 0000000000 ooogog

oey)  (9uv)\ "

3u0) <a<x,y>> (63)
5. 000 0onooddogn

[D0000000000]< 113 -116,119 >

gbobouoogbboooobboooobbuooobbobooobboooobn
00U, =0, 000000000000000000b0bO0ob0obOobOobobOonDg
gobogobbogbbooobbooobbooobbuooobboobboobo
gooboooobooo

11
U(T, V) = U(Ty, Vo) + Oy (T — Tp) — aN? (— — —) (65)
VW
Ooo0o0o0o U, =0,000
aN? /1 1
T, —T = — — = 66
1= (- 1) (66)

gboogobbbooboobbuogbboboobbooboobbuoobboobn
gbobobuoooobbbooobbbbuooobboboooobbob

gboboboggbobbooobbouoobbbooobbooobnbuoooooboon
0000000000000 000000000000000000g(A,Vy) — (P,V,)
gbobbuooobbbduogoboboooobobooobobobbod

Uy = Uy = PVi — RV, (67)

OooO00o0O0OO0oO0OoOoOOOODOODODODODO (Hi=H)OOooooooooooooo
goodgobboogooooo

oS

dH:TdS—I—VdP:T(— 05

AT + ——

orT oP

dP) +VdP =0 (68)
P T
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gbbobuooogbbbuoooobbboooon

0s ov
2 v 1] 4V
or| __op, " ToT," Y a1 (69)
oPl,~  oS[ Cr  Cpo
aT |,

00000 («00000)00000000000 (0000)00000000000
000 (Ta-1)00000000

000000000000000000000000000000000 (v=V/N,
kyT —TODODO)

a
<P+ﬁ)w—®:T (70)
Jdododooooooooooogoogn
T a T a
dodooogn 5
v 2a
T— —v="—"—b 72
or T T (72)

gooobboboboobooboobobbboboboodddddiododooooooooooon
gbboboodgbobboooobbbuoogn

O00000000O00000bOo0o0ooOoooOoooooUooO(ro)ooooo

ov a 2ab\ !
5T:<P—§+—QF) (73)

O000ooooooo (T(ov/oT)=v)00
a Ov\ a 2ab

3k‘BT 2\/5 ak:BT a
P=_ _
2b + b \/ b b2 (75)
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3.8 JUuouooon

[000O0000]< 119 >
00 Ty D00 Py, 00000000000 6U0SSO6VOOOOOOOOOO0O

o0O0oo000O00oO0oon
6Q = 0U + PV (76)

00000000000000000000 6Qe = Than,dSO 000000 6Q < 6Q,e =
Thun6S 0000 (76) 0 0
SU + PouindV < ThatndS (77)

gbobobuoooobbbooobobbbogoboobobooon

U — Thatn0S + Poatn6V > 0 (78)
O0ooogéun
ou ou 0?U 0?U 02U
U = 5| 35+ 5| 9V +3 lasz (69) + 25 08OV + 55(6V) ] (79)
DDDD@U/@SzTDE)U/@V:—PD (78y00000.
0*U (72 0*U
T — Tyhan) 0 P-P o ) ———050 — (0 >
( bath) S — ( bath) V+ - [852( S) asav SOV + av2( V) 1 >0 (80)

gbbbuoooobbbooobbobbooobbbuooobbboooobobobogo

O0o0D00O000000O0OCCOCOCOCOOO0OOODODODODODODOO (RV)DOOOOO
gooooobobobbbboobbbboboooooduodgooooooooon
0SOé6vVoon

QU QU U
S (65)? + 22656V + 8V2(5V) (81)
gooooogoooooo
0°U 0°U QPUPU (U
° - o - 2
o57 " vz " 952 V2 <asav> -0 (82)
g1oo0of
PU or| T
gooooooooooboooooooooobD 20000
PU  or| 1
ou_ opp 1 4
VT V|, Vs " (84)
dooooooooooooooooooog 3oooo
o(%.5%) __amp) _ amwviawr)  Top| )
oS, V) oS, V) aSV)aT V) Cyov,

goboboooobbbooobboboooobooo

ol



gboboboogobbobooodgbboboo

ov

oS 0 ov
oP

_ > , R
ar |, ap

)
S T

[0-0000000000000]< 120 >
goboboogobbbuooobboboooobooo

0-0000000000000 (Le Chaterier-Braun’s principle)
guodgododododuooooouoddduduudUuUuUuUuUubLUubLLboo
gogodooobobbbooooobbboooooooooooo

//00000//(0000M000000000000)
00000000000000 (Le Chatelier, Henri Loius 0 1850 0 1936) 0000000000000
000000000000000187700000000190800000000000000000000
000000000000000000000000000000000000000000000000
000000000000000000001840000000000000000000000000
000000000000000000000000

gboboboogobobboooooboboooan

0ooooO0o U
dU = TdS — PdV  (+udN) (87)

000000 H=U+PV
dH = TdS +VdP (+udN) (88)
0000000000000 F=U-TS
dF = —SdT — PdV  (+udN) (89)
0000000000 G=U—-TS+ PV =uN

dG = =SdT' +VdP (+udN) (90)
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4 OJ0O00O0O0OO0OOOOOOO0OOO

gbogbobobobodgbobogbuoobboobooboobbooboobbon
OO0 QO0o0O0ob0ob000o0O0oooo0obOoboooooboooo

gboobooo

(000000000000 Q— W)

4.1 0O0O0OO

[0000000000000]< 124,125 >
00000000000000000000000000000000000000
00000000000000000006NO00000000 ({¢(0)},{p.(t)})00
000 (v=1,2,---,3N)00000000000000000000000O00000
D00000000000000 H{e®)},{p.)})) 0000000000

oH oOH
'V - ) .V - - : 2
G =g p 94, (2)

0000000000 H{e®}{p.)})) =FEO0O0O06N-10000000000
0000000000000000000000000000000000000000
00000000000000

000000000 ADDDOOOOOOOOOO (0000 A®#{ge@®)}, {p0)})0
000)000000000000000000

dA 0A 3N [9A O 0A 0 0A
- ( M H) _ 94 3)

FRETS 0q, 9p, Op,0q,) Ot

v=1

000 {A,H}000000000000OO

[0000000]<125-127 >

000000000 E~E+AE00ODOOOODOOOOODOOOOOOOOOOOO
000000000000gadd 6NOOOOOOOOOOOOOOOOO AE/|gradH|
00000000 AwD

Aw:/ SN :/ dw (4)
E<H{pv}{qw})SE+AE E<H({pv} A })SE+AE

00000000 dwd6NOOOOO0O0O0000000000000 E0O0OOOOO
0000 w(E)DOO

w(F) =

ABNpd3Ng = dw. 5
[H({pu}v{qu})SE H{pv} {w H<E ©)
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gooo

gooo

[D000000oooooooooo)

godbobobuobuooogbobobobuoboooooobobobaboon
0000000000000 00000D00000O (saddle point method) D 0O OO0
googobuodgbbodoobuoooboobbooboooooobbooboon
gboobooon

F(z):/ t*~letdt. (7)
0
godd 200000 inbb00oooooo

T(n+1) = nl, r <%> — (8)

#-'00000e«'000000000000000000O00O00O0O0OOOOOOGg
goboboooobbbooobobobooooobooon

n! = F(n + 1) = /OO e T dr = /OO e wtning g, (9)
0 0
flx)=—z+nhz0000
n n n n
e L (0 )

O00000000oooonD f()=0000x=n0000000 f(x)0DDDODOO

1 1 1
—x4+nlhr=-n+nlnn— %(x—n)2 + W(w—n)g — 4—ng(x—n)4—|—---. (11)
200000000
efx+nlnz ~ (E) ef(a:fn)2/2n. (12>
e

gbobobuoooobbbooobobbbogoboobobooon

n! ~ (E) / e~ (T2 gy — (E) 2mn. (13)
(& —o0 €

0000000000000000000000000000000000004000
000000y=(z—n)/y/n000

n .2 Yy Yy
I =~ (- 21— d

= V2mn (g)n <1+%+--'> (14)

gbooobdao
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4.2 00O0OO0O0OOOOOOOOOO0

0000000000000000000000000000000000000000
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