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Thermodynamics : Transformations between heaat and work relarlionships between macwoscopiC

properties of a macroscopic system . Pa
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.

N 23기
' f ( P,T √ ) =

0
-L =다.
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Lo Thermodynamic System : Lange numbers of Partide,

⇒ It obeys Thermodynamic Laws

Oth Law : Thermal equilibriom wa Definitionoftemperature A ,
Ist Law : Conservation of Ehergy f Foum of a Transition 팽다

.

⇒ TH =TB

DW = Q FW with W - 1 PdV (work done by a system)
Q = Heat observed by a system

2nd Law : Entropy ,[송용를이*④
n isolated
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Carnof heat engine : Eingine Limitation of Perfoumance

. Misconceptoftheory:HeatParticle,caloric( 열고 ) 의 floid 로이해
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'
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,
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.
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Preliminary probability Theory

1
.
Definition and Simple Properties

S 의 하위집합
w

∞

Let x→ S = EX 1
,
x2
,

- Xn 3 and E CS (E = even + s )

Then
, Probability of the event P (E ) can be defined as

. Objective ( EXPerrmental )way : P( A ) =lin∞ ANA
. Sobjective (Theori cal ) way : Lack of infoumation ( Uncertamt φ)

f Theorical EsTimate
.

집합이론에 의지
,
다음성질들이 성립한다

.

mutually

P ( AUB ) = β (A ) + P ( B ) - P ( AOB)
1s:ve

P (A) + P (B )

P ( BIA) = P ( A, β ) 8 P ( ANB ) = P(AJ P (B )
㎡

A가 일어났을 때
P ( A ) P(BIA) = P (B) ( independene )

B가일어날 확률 ⇒ P ( AIB )
= B )P
(A) P (BIA )

⇒ P ( B ) =늙 P(AI ) P(BLA 2)( whenAsare mutvally
excluoxve )

. permutation (order -dependence ) = nPa=! ABinomial Coefficient
. Combination ( order - Independene ) = n ( k 수업 ) =없!
Sort of Probability

① Discrete Probabilify Distribotion
X" xa with P조 높 P디

f (x) = Ʃ x= P : (Mean ,ExPetafion ,HVevay-e )
(f(x) > = Ʃ f (x: ) P로



② Continvous Prob Distbn
Jp /x1 dx = 의

P (x) dx = prob s. t . E ε[
x ,xtdx ] f< x > = fdx- xPx)

W

density < f(x) = Sax . f (x ) p (x )

*Variance[ Dispersion ,m ean- squared deviation )

X - SX ) ≡ Deviation from the mean valve
.

⇒ (x- <x >] = (x2 - <x 2 = o (1 positive & negoyive deviaton can cel )

:
6 xβ= < ( x* - < x > )

>

= ( x -2 x <x >+( x )p > = <x
2 ) - < x >

2

µ 6x ≡y (* < x) )PS (standard Deviation
,
BMS )

* Definition of nth moment

Un ≡ < xn > = fdx . xn p (x )
σ 62=

1동
( 4, - <x>. P,

* Linear Trans form S
∞

(

x - < x)) β
p

(xndx
.

if y = axeb (a
,
b = Cons+ )

①< Y >= a < x ) + b .

② ( y2 > = < azx2 + 2abx+ b= ) = a
2 <x=> + 2ab < X> + b?

l
[ y>

2
= a

2
.< x)

β
+ zab < x> + b2

=⇒ 6y
β

= < y2 > - < y22 = az . (<x=> -<x> ) = az . 6x
β 6y = abx

for continvous variable , 6 y ) =fes yglyldymms = f( axtb) flxndxmm
same same

= a . (x >+
6

.6급
=

④ - (asxz+b ) ]
β

y (y) dy = a
2
. 6x?

(f) Chebychev Tnequality P / 1x -(x >| 2 k 6 )
≤
2



2
. Binomial Distribotion

Prob distbn of getting s heads of N indepependent Bernoull : tvials

PN ( k)=수각 ]pkqN ← = ( 차 )p
γ ( 1 - p )

N -k ( Bepeated Individval )

( Ptq = 1 )

⇒ By binonial expansion ,(x + y
)
↑

=

찮( 상 ] xkyN
-k
이때 x= 1

.
7 =ε

=Ʃ Pr ( k) = I ( makes sense )

① Mean < K > =다
K

. Pu( s)= .. "( 차 )K EN
- K

= p음찮 ( 많 ) pkqN
- s

= p( JpK
= p)( P + q)N

=
P . N. ( P +q ) N

- 」
= NP : SK)

= NP

② Variance : 6k
2
= < K2 > - < K >

2

<K2)=
.

K
2
. Pv ( k )=

.

( 심 )KKqu
-
K =

p

γ+ p큼 ] ( P+ε )나
=C룹 + p염 ) pK

= N (N - 1 )
p
β + NP =

N
2
p
: - NPγ+NP =

N
2
p
= + NP ( 1 - P

⇒ GK
2
= Napa + NP (1 - P ) -N 2P = =NPEGK=NPE

,Belaeng
,
wiath

Ek PEnAPMoxiwatton
for ous
largeurn+" 은신?함에?

…

↑
"
"

…
…

"
;

"

n ! = f
.
& xne* dx ( Gamma function ) O

" ef(x) = eninx
- x

부( 윷적분하면 동맹가능] Sharp
,
peals

L
.

Λ xne-

xm

! y* f (x) = ninx - x



Todetermine x*
,
f
'
(* 1 lx* =* - ) lx* = θ .

∴x
*
= .

'

and
,
f
"
(λ ) = - x 이르도 f

" (x* ) - ☆ ( o
.

Taylovexpand
,
fox )f ( x *) + f '

(

x*) ( x-* *+ *"(x
*)
(4- **

,

)
=Cinn - n ) + 0 ( * -o)- ' n( x - np ( :x *= n ) Cupte and order )

.

⇒ n ! 2 .
"

enmn- n

-z
"

dx = e
man -

nf
.

e
-ndymum

: M ! 2 Zyn- e)"for langer .

= ZIn
,

Gaussian

Integrortion
녀 Inn ! = nInn- n t in (2πn ) 2 ninn - n

DFronBinomial to Gaussian -Ink !
√

Pr ( s) forLangeenough N
, lnPr(k ) = ln N !- ln (10-k )

1

. +senp
+ N( - 1s ) lnq

.

By using Stemging Paproximat ion ,

lnPa (k) 부 NlnN - ) -( N-k)ln ( N- k) - N - k ))+ slnP+//( N-1)lhq
- kenk +k 다최댓값을 가지는 K* 값을 국해보자

톱 inP () =
-lnk - X+ln( N -kl +* enp -enlk* = 0

lk*

:
π-K

)

p = K
*
q

.

k
* ( P+ 6 ) = NP = LIS > ∠ K) = K.

」

then
,
*ln P ( slk *

=-
*
-N -lk *=( k ;=

-

K ( N-
+)1 sts

= NPCNM, FNP , = N- Gz
" lnP (a ) " ln p (ls ← ) +θ(k -k * ) +* (-6 ) (k -

k *
p

Taylor expansion



.

0

.
PR ( k ) = C .

.φ
-

22( 1 K-K*
)

활률 분프로전에 의해 C를 구하면

IP$→f. sdk.p (a) = fanp ( m 1 =J , dk
.

C.e -2(
k)"
= 1

m

.C
La Gaussiam Int

.

= 2π GK
2

Po (s )πe -
(

k
-(k)):
:

for lange N , 이항분포를 가우스 분포로

근사 다능하다
.

Ssommary )
N)끼

PCx3dx : probability of events Binomial Distribution > Gaussian Distrib

< x ) : Expeceation valve ⇒ Pv (a) 수심 ] p "q µ
-k

PIB) = E262 ≡ < (x-< x2 ) > =x (x>
2

ex) Coin [oss HTTH as B =it = NP

P미미의보) *)(
4 62 = NP8

⇒ for sequencePrqN- B =pNforinbiased
"

events ( Bandomness )

⇒ forGiven(ompositionCex : 3=2 )neglecting"seqvene 숲
'

events can be Predictable = NPNEr Ika
5

in sNo o

k노부의
√

So
,
BS ) 에서 sharp 해지니 다른 민 eVe서

무시자능



3
.
Momen+s & Cumulants

By definiton,hthmomentofvaviable x fromtheorigin[ s µ n=
( xn>= fdx- xnp(×x)

B어, IntegratToniscompleX… Let'
s introduce Convenient skTll

(Characteristicfunctiomumomentgeneratingfunction ( f1 ) P γ ( k ) =

Def) " ( k ) = [ e
-kx ) = fdx . e

-k4 -
p ( x)( f)2 e

*x)= 1 +Ʃ
( -ƩKx)

"

= f× 옳 *)(
"

xn p (x )
밍

그

.마디)(다 . Idx .xnpllmma
.

)
αI

,.
← 고)

"

µ .
. µ n

= in
. α
K의a

= . "

있
=삶]

∞ = -( )
"

" (k) lk
= 0)Comulant generaying function

Def ) In( k )= ln [ e -
k *>= 돔 . )

"
(Xn) ..을만록하는 (x" )

.

then
,
특심합구 정의에 의해 < x"

)

. =또) .v ( " ( k) ] 가 된다
.

① ( λ YC = : . ln ↑ (kls
=

. =
로p 없k = .

1s= 0

=

o,' µ , = M .
= Sx ) :- *Yc = ( x

>쁜

( : prcl = < e 0>=< 13 = 1 )
_

② ( x) 6= Ʃ ? . 2enp(kllaifm -뷰1
.

= µ2 ← U .

2
= < *2 ) - < x )

2
= 62: .<X>

c

= 62



③ (X3 >. = 23. . ln(k ) lk =o
=(" -☆ )←( 뷰) ( 없)에

*없 )(뽑기 .~
"

제에((뷰'

( i
3을 각 미분항에 분바하여정리)

-2배

= µ 3
- 3 .µ .µ2 + 2µ .

β
= ( x3 > - 3 < x > ( x) + v [x 23

skemness
(Usefolnski(

1
,Piagraimmatichepresentatio …

nth cumolant (X
" )
c
: Closter conneoted among n Points

1
nth momen t sxny : All Possible ways of distriboting n Poimts

into smaller clusters

ex= . ( x 1 ) = < X ' Y . 김대입정리 1x
<X)
.

= (x)- (x>
.

n( =2 ) . . + . . * R ) = Xx 2
)
. +<λcSX

"

sc

( =☆ ) : :/
. * ()= ( x).+ 3 . (x3. (x1)

.+π
"

'

∅
= (x3 )

.
+3 . l<× 2 > - (x

)

) (x) + (x)
3

∴x 3)
.

= (x
3) - 3 (x=><x) + 2 (x>

3
.

affer n =45 ,6 …goon .<x 4 ) = <x
×

) . ← 4. ( x
3
.< x)
.

+ 6 .< x=)
.
Sx"> ? +[ x >

.

4

+ 6- < x2 )
c

2

□ 말
.

↑ : : : ⇒<x4)
.
= <x×> - 4[ (x3 > - 3 (x><x ) +2 (x>"] (x>
- 6 . / <x 2 ) - <x> ) < x) × ( x > 4 -3 < *3(x

2

① ④ @ ①
= <x×> - 4 < x 3 > <x > + 12 .<x2 ><x )

2
- 8 (x)

4

I I ③
- 6.(x + 6 <x ) ×* (x74 -3

'

*)β+ 6 (x2) (xx
- 3 . <x >

4
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.

several Bandom Variables

JointProbabilitybistribution: P ( α,
X
2,
,
Xn)dx-dxv= Prob[ E ε [ πλ , π tdx ] ) 이다

.

m.결

Joint Characfevistic function ≡ P () , ☆2 , ", Su ) = S e
-ㆍ( , x1 + Kzxzt … + kNX× )

>

= f ↑dx *ez-kaxα . P ( X1,Xa , , xn )

①J .intmoment< 4 (μ

'
22
…
4 *m

" ) = / =, dx α. xam
αp

( X1
,
λa
,

…

(xn )

다,) ]
"

( - 없게 !
m"

… 「.]
m.

P
(

k ,- kall* = 0
② Joint cumulant by symmetvy ,

( *1
m
'x
2m
? …X

×M .
=( -(! 서

…
f 쉽다.!m

"

enp ' (k. "kv )l = 0
*( STatisti cal Independency

Def) PN (x ,x2 , … ,xN) = p . (x1 ) PR(x2) … Pa (xn )

<f (x.) g (&) > = fdx , dzf ( *) g( x=) IP( x).λ2 ) 에서
,
If X 1

,
x2 is Stntistically

= fdx, dx= f (x, ) P (x | g(*)P (x2) = ( f(x ) ) < g ( x= ) > independent
,

5o
,
under the same Condt:on ,thechavacferistic function becomes

⇒ P γ(K ) , ", KN )= /평d 4ae- Ia * *P( *,,x ) v

=폐 J dxa eikaxa Pa (xa )
mm

= &(
Pa (x× )

= 폐 "( Kα)
Similarly ,Sx 1 m,

x2 m…
-Yxm µ> =

<
x 1m>

<x2 ma)…
(xm>



Bot
,

cumulant became little bit different
.

[ *. µ'km 2…
v버

=1 - .
)
↓ …( -

다.] " "(* ( kn )
= O fon any myomy Fo .

I : enpe. Pv
= lap , t laPze . >

*(Moments / Cumulants of Gaussian distributTon
X-ag2

( 7.

F ) P(x ) = :e- 26.

µ

dvueitsPllle -
ly)
=ri0
ng
,
x
-
e = - y )

FonCtion )

= eku
.

"

f.δdne --라y-라이 =πf .,βdy- er
(n
+ 6 'ca)?

디 이모리
. lnp (k ) =

- ISU-리s
2

이다
.

따라서
,
이는 Camolant genevating function으로부터

- ( x >c = -다, en ☆ ( k ) k = o =µ = sx " >

(xβ> c =습 :26) = 62. 이고
,

lnp (s) 의 1s 에대한최고가 2이므로

= (X2 > - (X72 . ( : comolant -momet relaylon )
tx

"7
c
= O for D >2

. : mean = µ
,
Vavrance =82 인distribution이된다 .

h Gaussian distvibution 의 중요한 성질
.
시 mapping 으로 이 성질을 가진 분포를 대응할것

,

(f) for aubitaryGaussian ,Ss "
e -alxens
'dx =Ta

'



5
.
Probabiliey Distribotion for large N : Centval limif theorem

o

* [ X = tvariable ex) ns
P (X) = ff P(x.,xuydxdyn after N step

, final displacement ?

X =Ʃx는 Constlaind g)S ∞
"

s
( a)da= 의

PAPSLAFEIO =J
-
SXETP AXdXNP(,,nvepundrce lX

-ㆍXYakedX<K(X:2)로

P ( X)
-∞

= P (X , )P(x ) …Pulxr ) 오적절히 급젬항분배

*,dceikX
.f.fa /e -k"p (y,) ) fdxe. e-ik2 .P(k ) J … (opt .uterm )

" P( (a) )
N 위 예제에서

,
P = Pz"

= * .
"

.

e*
λ. ;( 1 K) z (1) - Pi ( k 1 ) = Pv (같은 확율

<나서 움직임가정)
=

πSesdk . e π
kX.

p (( 6 )/ ↓이다. fPX) 의 µ (1s) 형배 표현

(eg) 예시 상황의 Probability을Distribotin구해보자 . 뭉다다 : affer Nstel,distributo. )
P.(

D

. F ) p(x ) = P . 8(x - e ) +ε( Sxte ) 이다 Λ Λ
∞ e : ie 7 x

( = P (tl- E, et ε ) =P(
X

.et

, dx = p
. )

Then , ( (s )
)
" = Ke- ㆍkx >

)
↑ = (

e- ike p + ell . q )
"
e Binomial Polynomial

=. ( 상 )pn.
q

µ
" .enke@- N -zn)ke 따라서

,
위식대입

P (X) = π .f
∞

ds . 오
*λ

( 심 ) p " qn -
n.

e (
ann) e

∞
-* (s [ X - (n-N ) e ]

졌청 ( M 1pnqNn .Jdsemm
~ =s( 1)e)mp



= -P (X )dX = 옳 ( 임 )p
"

qµ
-n

. δ [ X - (2n - N ) e ] dX
n = 0 X = -NI

: iiiililldinn >
n = N X = Nl .

-Ive tNe
X = (2n-v )l+ε

⇒ X = 2n
(

' N) l 이될확률(2-(= N )e )2
래

PCxldX
( "Nl-ε

= ( 상] pn 'qu -
n '.

( n
'
: Dummy index)

for ofheuwise
,
P = o .

:
P ( -N ) e ) = ( 삼 ) p " qN -n

(ex : X = ( 2n - N ) e → ) ,

Central Limif Theovem ( N 7)> / )

Consider X=2, then,for vandomvaviableX ,Chavacteristicfonction
↑↑ * ( B ) = /

e-ㆍKX ) = [e들)= Sek*e "…e-
k×>

= 다*) " ( X " >
en ", ( B) = ."<X).=.리) "((xitxkt…*>

.

Let
'

s assume thay xs ane statistically independent
.

Then
,

In thecumulantformola ,Crosstermsshoulddisappear(hy ! )

<X"o =( x
, "
>
c +( a ") ct . +x

" >
c

= 옳 (α=" >.
> Somofromdomvaviables의 Cumulany ) = ( randon vaviablel Comulary

의 summ
Independent and Idetical

⇒ 여기에
,
α
1

,

;
Xn 이 Identical distribution을 가진다고 하자 .

µ disecibufion
^

← 이 조건과 Statistically Zndependeny 도전을 묶어서 함께 I .2 .

) 라고 부른다 .



Them
,
< Xn )

c

= N . <x
7c가 된다. P(X,.xn ) = P (x1

)
P (x)2…

P . (xm)
= P(x.) P(x21 . P (xN )

Now, Lee
'

s Tnroduce y = *
-<X)

C =
N(브

=
-

X- N.<x
.

π

It is the Linean transformation of vavrable X
.

so
,
If we calculate

comulany of y
'

( ×2- 2N< X>+1
-

Ne. ;
"

:
"

잖 :있*- =

*

.=Av~: )→6③
7
.

: Lo Zntortion :LTneavtromsform이니,뒤항극시가능 ,계선해도같은결과

" iym) c
=
NnDCK =

N*
N .(xm)0

~ N
- n
→ 0

for m22
"

즉
,

N ))) 1 →∞ 일때
,
m 22 인 ym )

c
= 0

「

N→∞

l( y ' ) c = o 이므로
(y =)c = 62

이 조건에서 Y 의 확률분표는 N ( 0
,
(x= )c ) 인 Gaussian distuibution 이다.

㎡
P (y )

=e- 2
(

x 23.µ N 과관계X,

(따라서 , P(x) 가무엇이든지 ,N → ∞ 이면 SIngle varTable gausgian으로 변환

가능하다
.

fN⑫⇒ N 의정확한값을몰라도통계적분석가능하다.
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.

Classical Thermodynamics

1
.

The oth & Ist Law of Thermodynamics δ
A = B

1 ) Oth Law : The abstract definiylon of fempevatore 에
C
"

⇒ If two systems are in thermal equilibrium with a thind
,
the two systems

Shouldbein thermal equilibliom each other
mmmm

definition
>thermalContactmws for a Sofficiently long time

,
and no

"

net energy
" transfer

in the statTonary state
.
Then they should have the same

Physical quantity,Specially hamed : Temperatore

I definition of thermal Contact
.

>Whenthetwosystemsareable to exchange enevay while keeping external
Parametens

,
they are sald to be in themal Contact

. TA = To

t The definTtion of femperature : A mbiguity
( TB = Tc ⇒ TA

= TB

Q
.

How can we deftne femperatuve
"

aigoroosly
" ?

×
2) Statistical Definition of Temperature

.

. We will define the temperatore through 2 , the number of microstates .

Microscopicstates( µ- states ) *1 Macroscopic states ( M - states)

/
N = 100

t sharp peak

시대 시 TT … H T

: } sequences
↑

-*며

mape

THH TTH … H H Interested in R = numben .f H = Composiyion

For unbiased
, equally probable

⇒ Pu ( k ) = (Im Pk . qu
- k

.

Nomber of PossTble Confrguration = 2100 ~ 1030
=RN

( B )= Multiplicity = Density of state
AllPosslble U -statesareequallyikely. exD

P.o .. (400 )
w 10
- 9

. Huye difference

P10.. (500 ) because of 2



⇒ From this
,
we can get the following ( Powerfull )postulate

,
which is trve from now on

.

Fona systemoflargeN , thereisa strongtendency that the system tends to be

In Macroscopic state that maximizes the number of microstates ( =R)

belonging to that macrostate in thenmal equilibriom

*이제,간단한상황을통해β 의성질을확인하고,이를통해온도를엄밀하게정의하자.

Ill"
, "
/1 l1 1

, a
"

â O "
. Two M - state sysfem s initially isolated

∞ ε ∅

1‰ OnO OO " ㅇ 0000 On
1

'
'

. For SimplTcity
,
only 2 - energy level

111111 1 Il/11 available

(E 10
, N , V ,

) ( ㆍ20 , µ2 ,√2 )

V

make these two thermal Contact
.

fon sufficiently long time
⇒ Thermal equilibriom

" II : 11111

{ '
. What valve is E 1 ?

1 비 I We should know E = B .E

1 σ ⑦ 수 OO 9000 e1,8 ,;
,. 0 .

' wheve B = number of Partides in the
i" s

excited state
.

SE
. Theh

,
the moltiplicity of the system

( E
,Nim) [ E2

,
N2,~ Macrovariable N

,
V fixed

fixed frxed RNCK) - ' QN ( E, VIN)
Λftotd-R

= - β( E )whereEt. t = E
10 +ㆍ20 = E 1 +E

2 =Const

⇒Bythe postulate we have seen
, Rto+ (Efot) should be maximized

. 숱 >

티
⇒ Rtt ( Etot) = R

,
( E , ) × Q. ( E2 ) 6 : two independent system

,
think aboot

the moltiplicity : Composition )
=-

R
,( 타 )×

-
R.(Et . r - 1

Now
,
we are to find Eit ,Wheredfe o .



⇒ dRtot = R= ( Ez ) ×αd티 + α .
(타 ) λ 2β리 dEz

= R
.
()-2. (2 )/Rπ인티FE

*Ʃα IEz= *]d 1 = 0 .
So
, 임의의 티에 대해 항상 이 식이 참이기 위해서 (: dE (td ㆍ2 = 0 )

" π웨티= 티*
= 2엄 IEZ = E* 식을 ln 의 미분형으로 표현하면

,

티 en(티)I = E (*
= 2enRal ㆍ)I =* 이다

.

이는 간단하지만 강력한
,위의

>가설에서 유도원식이다
.

Condition of thermal cqoilibriom

⇒ 이 때
,
이 조건식의 차원을 살펴보자

.
IR-Q 는 nombv 이고

,
ε에 대해 미보타니 [E " ] 의

차원을 가진다
.

또한
, 어hLaw를보면이 열평형조전에서온도가정의된CC는 사실을

알 수 있다
.

따라서
,
적절한 상수를 통해 아래와 같이 정의식을 만든다

.

KB .

TX = 컵 ln- R ( E ) kB : Boltzmann constant [ J/Ky

"
⇒ 이는

, macrostate obsenvable T
"
와 Statistic ( Probabilley ) origin 을 관계하는

관계식이다 !

⇒ 따라서
,
계의 엔트로피 (Entropy ) S 를 S = B ID-& (E) 로 정의한다면

,

아래와 같은 관계식을 얻고
,
이는 fundament에 definition of Temperayure 이다

.

* = εk β .ln -R (E ) = JES(또 (absoluye temperayure )

⇒ Thos
,
by using this equation, Condition of Ti =πThermaleqoilibviom is

,

이제,열평형조건식과, 이를통해온도를엄밀하게정의했U,Direcyronofhealflows
를 알아보도록 하자

.

주어진 조린에서
,

F10 , t20 ) equil:1m ( E 1
*

,

ㆍ2
← ) 이다

.



θ이 때
,

평형을 이루는 지점에서 Rtot 가 최대이므로
,
아래 식은 참이다

.

2
, ( (

← ) 2(z* ) : R, /E 10 ) 2.( 이양변에 ln 을씌우고정리하면(:ln증가합)

⇒ lnR , ( )← ln -R. (ㆍz* ) ≥ ln - ? .( 1
) + ln-?2 (ㆍ20 ) KB 곱해서 정지

⇒ S . [(* ) + S= ( Ea→ ) ≥ S . (E 10) + S= (E2 ∞ )

: DStot = DS +
4

S

220 :Forislatedsystem, total entropy should be increased

Clausios statement of 2nd law

For sm에 δ5 = S , ( E , ← ) - S , ( E 10 ) + S2 ( E2
* ) - S= [ E20 )

, Energy of sfstem can bedescribed as

{ 1
*
= E ,

0
+ δ E 1 And

,
by opper stafement

,
δS = (업,δ 1 +αδ J.E2

F
= E20 + δ ㆍ2 지더이. . - 기.1 δ1

수-π ] δ| ≥ 0 .

⇒ This means if 「20 , T,

0

,
δ E , > 0

.

Energy flons from high fempevatore t. lon temperature
.

3) The first Law of Thenmodynamics

S Micro states > → dhn < Macro states >

- EN varcables EPa ,도국 ↓ * > ←
- A few macroscoplc observables ( Variables)
ex) E

,
N
,
V
,
T
.
P …

⇒ In thermal equilibrium
,
the macroscopic properties of system are charactevized

by a set of functions of states ( state wariables
,
상태함구 )

⇒ Macroscopic observables do not change ( fixed valve ) under time evolution

or Privious history
,
because they are

" functions of states
"

wt If not
,
Oth haw 위반한다

.



EX)[ 약간의양재역학이가미된,InfTnitePotentTalwel) 을고려해보자.
(
1 - P )

V=∞
V = 0

om

V = o H . ψ (x ) = E - 4 (x) .forthiscase , y =-2 .

> ψ ex
이고
, ψ
(
0) = 4 (L) = ① 이므로

ㅇ ㄴ
⇌

: ψ(× ) = C.sinkx. K :에 이식을 풀면 「

'

1=2
En n

.
kn'=

n
fQume
-
lt

cnegL
, Enlevel,dishifledcrete

valne,

energschanges_
:

n의
- = 0

( n = 0
,

1
.
2 … )

1 (x
4
,42 ,43
,

ummm

? [ (EXternal Parameten)

Intemnal parameter
.

If n = : → 5
,
Enengy changes ( Internal Parameter )

⇒ 이처럼
,
계의 에너지에 영향을 두본 변화 인자를 구분할 수 있다

.
여기서
,
아래의 정의가 유래한다

.

( 9 ) Work : Energy changes induced by varlation of EXfernal Paramefers

( = dve to the changes of enenge level)
∞

∆

DE = W ( Nafurally
,
계에 가해진 일 개념이다 ) .o

π )Heat: Energychangeswhenall the external parameters remain fixed

DE = ②
.
1 계에 흡수된 열 ) ..

iiill combine iπ
,
i π) fogether ⇒ DE = W + Q

…

The Ist Lan of Thermodynamics

⇒ Note that

[
DE : Energy 의변화량

"

W
, Qshouldbe defined only through the Process (= Energy in tvansi+ )

Allof these discussions are valid doring fhermal equilibrium
.

'

ㆂ

⑥∞ ∞
"

"
1 Systemgotbroughthepoints thata safisfytheamal cquilibliom

,

iat everyinstany moments ,s 0 2 ismaximize
3
V

⇒ For Infinitesimal process
,
dE = fQ + fw ( or δQ+δW )
. Inexactive diffevential

,

wbich meaks Path - dependent
.

Exact vs Inexact
.

. Exact : s
,
for ε= f(x

,
y )
,
df = f (xtdx

,
yedy ) - f( x, y ) = /합]ydx + (엽]* y

⇒ ∞(합!지습(삶)×]s. = A (x. y) dx + B (x
.
y ) dy



In this case
, Jab df = f (b) - fla) ( Path independency ) "

.1I⑪
Pf) F = ( A (x, y ) , B (x, y ) ) then

, 8
,F

. d *= / ,
d

55 . @×E) 여기서는 Z 방향이나

× *(고,( 엽)
, ] 높 0 이다면

,

= ① 이므로
"

조C.0 한
tdxT t.d)y = 0 .so . ' d*

df
8 .1o

n

'

즉
,

이것의 필요조린이 df 가 exast differential 이다
.

⇒Pathe Indepondence ⑭

. Inexact diffeventinl : naturaly
,
Path - dependent Propemty

.

^

②
- . ( S

, )>
ex) Let ff = xg .dx + x2 . dy

.

^

.
.
.. '

" '

ff
=
o + Sy

= . 며

1
p . dy - 1

⑩

∵ x

So
., "

'
'ff = o +

f

.
' xy dx = .

Ef)C Contoon map
②

없
. .. .

..없니 "* s

4) Heat Capacity
< Ist law : δQ = d ε - FW >
Question : How much beat should be added to the system

,
to increase the femperature ?

I The answercomesfromhewdefinition ,HeatCapacity C≡)이 때
, Energy of the s7stcm을 T

,
V의 합으로 간독하자

.

( 과연 이래도 충분한가 ? 그렇다 ! ) E = E (T
.
√ ).

⇒ dE ( T
,
γ ) = (더!

.

이「(테 ),dv .

= dQ + dw
.

⇒ δ여] .대톱+dv- δ w.

이때
,
System이 quasi - sfatic process [ Slowly enough to hemaininfheamodynamicequilibrim )

을 따른 다고 하면
,
dW = - PdV 이다

⇒ δQ =수]: +/ , + pJav
이제
,

이 식을 이용해 Heat Capacitf under centain Condifion 을 구하자



11/11, clamped
.

p Constant volume ,Cr=(. 1111l( dv = o )
⇒ o 이

때
.Aount of beax) = (Amount of Internal enengy cbange )

,
외부에서 가해진 heay가

모두 emevgy로 전환된다
.

= v

② Constant Pressure.( =(양 (뭐)
.

m

+ f (테)
.
+ " ] :( 1

.( dp = o )
movetreely
I///y

℃
⇒ (. -C = (()

.

← β ] (밖) , 8 extra
velayion 이 더해되면

정리 가능
.

: Cp ) Cv . ( like idea l gas exc … )
⇒ D ≡ > 1 .

(Adinbatic index) b

2
.

The Ideal Gas In ganeual
,
we can say this 0 ssmg eheropy

.

(ap - Co = * V ?
2

.

1 ) The cquation of state

*TheEmpirical stafement of gas

Boyle' sLaw : Pa at constant Temperature

⇒ Empiricarl Laws
,
combined into one forpmul a

Charles
'

s Law : V aT ay constant Pressove

Pa J ay constant vosome
.

PV = NKBT
.

The equation of stafe.

paN

⇒ These Laws were foond experimentallφ
,

so physicisfs wanted how to explain this theorically .

To explain this
,
they made a fen assumptions

.

* Assumptions
a) No Infer- mol colan inferactions

b) Point -ike Partides withtbeseassomptTons
,

CJ Random 1y moving.

Let
'

s use kinetic treovy
.

d) Elastic collisions withthewall : "NocollislonsbetweenParticles because of a)
.

-

EN particles in Becyangular box >
ㅣ

{
←

y

U*

⇌ Before& Afterthecollistonof apoart ;sde
, momentom cbanges^

z σ OPI 2mUx = mux - 1- musc )송‰
"

없
…

늙
…

ㅣ

닮 다 ,= : M☆ ( : Ot = ,밤사나cr ㅣ
wall



so
,
the force asting onthewall by tW Purticles is " 5 v[NOO

{
F = 출고 =들넓⇒ P =F = A 스 곧×)

. 이 때
,
Moment 의 정외에 의해

,

= v
< U*2 ) =
π
( )=이므로,

⇒ P = Em - N . SUx= )
.

=

3π
MN

( o2 > ( : 특 방향 구분 의지 × )
ㄴ

'ffr
U 3= Kf μ,주 µz

?

=

3N
. IIm ( oay) = N KBT

( : The equoation of state )
√

∴ (

,IImmniaroscops"23

몰

I
50

, wecangetthe belationbetwernUrandT like this .

Macroscopic (F) N β 3 = n . NA . kB = D B
.

⇒ PV = MBT
.

Im .< u 2 >

2
.
2 ) Maxwell - Boltzmann Distribution

. 기체 분자의 속도 분포에 대한 확률 밀도 함수를 유도해보자.
여기서

,
우리는 속도의 크기에 대해 분석하고 싶으니 U에 대한

확률밀도 함구 f( o2 )을 찾고
,
이때 ω

"
= Uxz + byz+ UE2

. wheve Ox
, Uy, oz are independen t 이므로 아라)당같다

.

⇒ f ( oz ) = f ( uxz ) f ( uya ) f ( Uz2 ) ( In thenmal equilibrium
,
Uxa
,

µy
2

,
0ε
로
의 확율 분포는 같다)

이름을연족하는 함수는 지구팀수이므로
,
f 를 아래와 같이 표현가능하다

.

⇒ f ( ox2 ) = C.
e - auz (사션

,

boltzmanndislribㆍon e
- βε 에 비례함 통해 직관적유루가능 )

J "dx . flux2)= f dxe-ay?-
I

( Normatikcayioncondition ) . =
1 . : C

= π①
-∞

⇒ Let
'

s use the Consequence of the ideal gas : m < Ux2 ) = SBT
.

with ProbabilTty densi +y f(Ux2 ) ,

Im ( oxa ) =m
-

fsux ne -avxy= KB⇒2 **]= kBT, 2 = S . "dux .e-aux1
I

=

다

.":

a,
dt
.et = aaf.

δ

.

c . e
- tdt $ calcolateintegral , t = alx 2

dt = 2avxdU× )
=

zd. H3 ) = raII ( )= 4

a(: I ( 매)=nI (n
)

,() =π )

: zam = RBT , a
=2km … ②

so
,
in D

,
② we know C

,
a

.

낟
Finally

,
we can get the resolt

.

α

mu즈
adu
0

=wft ( a
)

= f ( oxa) f ( o=)f ( oz2)= C 3 e -
awz

=2M ( π. Jβe- ;- os
Ux

For Conventlonal porpose
,
we use final representayion

.

⇒ If we want to change this Tto the familiau form
,

f( o ) =
2T)/βe

-
2 ☆T-

m㎡

be cavefullwhenyouintegrate? You need t . infegrale in dβU,
Thay : s

, dβ o . f( 0 ) = 4π$ 2do ) f ( o ) .
…
Maxwell - Boltzmann Distribution

.

hatwelknow,
4
πu ㆍ

f( o ) ,
「

sveryfamiliar foum
.



23) Eqv; Partition Theorem
.

. In the Canonica ) Ensemble
,
we can show this statement

.

PCE ) X e
- β E

, β= Twa In this level
,
wejustadoptthis is trve

.

… BolfEmann Distvibution

(

f)Canonic 에Ensemble (T fixed ensemble )

Prohabllily theorg 이용
,
Pr W =.ns, ⇒ Pr e- βE .

T- Sorvounding
,
C = C∞

Iinterested
s/stam

Then
,
total energy of the system is the sum of each degree of freedom energy

.

"

…

Et.e
= : E( x :) = ε . (x 1 ) +E =(xz ) + … +En(n ) 이다 .

따라서
,

Where
,
SE : > = fd .x ε:P ( ㆍ) = fdxidxz … d4n . ε2 . e

- β . (E 1
ta2 t . + En )

J(E: e -β
E:):d 4 ,e -

βE,

Sdxidx. - dene -
βCE1 taat … tEn )

vo NormalizatTon
=

Jdx: e-
βE

:2 fdx,e -
β E;

=
SdxrEeeia"

=
-Plnfers ⇒ 여기서

,
물리적 직관을 발휘해야 한다

.

Jdxze - βεr Let ε: ( x1 ) = α .:
2

.

⇒ (EE) =- enf
!
dxee - αβ) = - zenfa ]=- 크[lnπ-lnα- en β)

[E: ) =
2β= ZKBT ( β a 1definition : β =KBT=끝

. en퇴 >
…

Eqvipartition thm

⇒ Singledegreeoffreedom 에해당하는에너지인[E : > =
35이다.

ex) For n = 3
,
C,.2 , 3 ) ⇒ K = ( εƩ ) = 23kBT … 이는 2

. 1 ) 에서 검중한 식이다
.

Q
.
In Qoantom mechanics

, enengy is discrete valve … why integral is ok ?
⇒ DE SS BBT

,

I더 wonks well In our region ?



2
.
4 ) specific Heats

. We com define specific beat of the system like this :

Co Er
or nu

where Lange Cmeans heay capacity
.

Cp = Cp orn
. Now , idelgas 의경우에는 , E = NKBT 이므로 다음과 같다

. ( In monoatomic case)
( : ) co = π(×= π(). = k ,( : dV= 0 )
iC ' ) For copsyany pressure , 7

E 는 「만의 협수
,
아래에서 엄밀하게

CP =π (δ+) = π l dε

-δ w) .=π* /()( 틈] K
+] ).

]
보이겠다.

8

= COT Y. NKB! For Quasi - stayis process
! P

defipable

Wa - pdr= Co + KB
.

← * kB ( F . r 자유도 = 3 )
.

f≡=… adiabatic exponent

Y E 가 ideal gas 의 경우
,
「 만의 함수임을 보이겠다

. 여기서 우리가 필요한 가정은
"

qoasi- static
"

뿐이다
.

.Lef E = E (
T
,V )+hen , dE(π, v ) =(). + (틈) +dv = fQ + δW

. In quas; static
,
fW = . pdv

∴

I As me mill see later, enthropy can be velaled to the heat with tamperatore : f) = Tds
⇒ Tds = dE - δw = (품)

.

d+ (틈),dV + PdU .

Tε 나놓고 ,정지해서dS에 대한 항음식 구하면
,

⇒ ds = *(뭐남µ+
( 쁨이*≈이
v

=밖웨 (.습
.

다렸많
.

"

I This is troe for allConditionofT,
(U )sowecansay ① =① '

,
② = ②

'

씀(
.
=÷(). … @

이제
,
S 는 상태함수이므로 Stv = Sv, 이다 .

이를 v@ = 뷰 ⑤

(+=()++ ' …⑤ 로 정리하면
ㆁ

⇒ *업 ← -*( ) (+
.α~ + Jα [NK

"

"

]
①

"



⇒ ㆍ도 상태함구이므로, EvT = ETv 이다 . ( 미분순성 장관X ] 즉
,
① = ①

'

이므로 위식을 정리하면
,

조 () ,= 0 for all T.따m , "( ), = 0
.

E is not the fonclion of V .

:
InIdeal gas system

,
E only depends on the temperayure .

3
.

The 2nd han
. Tbe only way tofall the divection of time flows

.

. Before we go forther
,
lep's talk aboot thermodyhamic process

.

Themmodynamic Process : Transformation
.

changes of tbermodynamic state .
'

3
.

1 ) Quasi - static Process
Belayed

6
t So slowly performed thay the system is in the thermal equilibriom dt every moment

.

~ Bevensible processs
pressore is measwred ( definable ) af every moment : tW = - PdV can be used

. Otheawise
, You cannot ose iy

.

Pcexl )
tot t For ideal gas Pu = NKBT

,
during Quasi - static process

,
we can see that :I 11111/1/1

∴
「

Y .?
Y

:? ? P → P
'
= p +δ p s p

"
→ . pa

sTheumal equilibrium ay every homent
.

∵ V → V
'
= VeSV→ V

"
→ . 를

T → T
'
= T +δ T→ J

"
→ … PV = Comst

e( x 2 ) ilcisl" √
ㅿ

…
Sudden exPansion forverysmall time infervaal

: = : = = = : = "
\

^ .
:
:: : " :. Nearly vacuwm

, molesules not yet reack
,
Cannot find p

.

CIsotbermal expansion
.

'

"

YyIII
λ

"

"'
nr

*
-

H맞
.김숍염암 ,s.hrecrpaottyC + D

Sysyem

a) Free expansion : 갑자기 중간 가림판 제거
,

(Won quasi - static Process

. DT = o ⇒ OE - o for ideal gas

∴ : ? : :
?

? ?
"

. DW = O ⇒Noposhingmatevia에
,

no worlk !:

. DQ = OE - OW - O - 0 = O
.

No heat exchange
.



b) Quasi - stafic isothenmal expansion ( Reversible ? )
. Pressove Ean be defibed always : tw = - PdV

.

" : ! i ! ??;
?

,
. OT = θ ⇒ EE = O

DQ

- ow = f ,tw- f .'pav--NB
.

"dN = -NkBTln
. DQ = DE - DW = -DW

_

V2 > U , ( Expansion ? : DWSO 4 Q 20

V25 U , ( Compression )
: OW 7 O DQLO

☆)Adiabatic expansion. :
Thermally insulated & Qoasi - stalic

" FQ= 0 .
=

dE- δ W- Cv = (퉈) = )( Edeal gas condition )"

"'"! !! ! !?∵ - tw = - Pdr
"

1
,

- "
, ⇒ CudT + PdV = O d「를 P

,
V 에 다해 정리하면 아래와 같다 .

⇒ Go .Pdvtudpy +pav = 0

. ICutNn) Pdv + Cvudp 양변을 CVP오놓고 적분하면 σ = Ci 이고로
.

NKB
= CP

' Iavefp=o . 1 en PVo =C . :PVO=
const.
… state equation of adiabatic

ㆂ PV0 = const
,

: Move steep because σ > 1 exPansion
.

PV = coust : Isothermal expansion

가

3
.
2 ) The second haw ( Stafement based on the observation )

. Clausius
'

s statement
. ( = No perfectrefrigeraton )

⇒ No process is possible whose sole effect is the transfer of heat from d colder to hotter bolt
.

mms

= with no othe r effect
.

( 여타의 효과 ]
a THㅣ . Kelvin

'

s statement ( = No parfeat engine )
ε

⇒ 1No prosess is possible whose sole effect is the complete

Equivalence ? Convension of heat into work
.

tan
In

"

^

Q
.

How abovt isotheumal expansion ). Its DE = 0
.

50
.

E Clausius violater>

DQ +DW = 0
.

[S∞'+ 3 + Kelvin vilafer ?
Kaw

A .
No ! why !

↓ = .< Kelvinviolater >



. Engine : A system operating a cydic process thay converts heat into work
.

ran
패 Engine

'

s Efficiency n = 지 = 바왜
-⑪
왜

⑮
≤
1

E ' W ( work
'

" domebythe sestem) where Qn
,

Qu 5 o In this diagram
.

tas
다

Canvow ind; cate the sign )
.

(f ) Befrigevorto .

n Qn
Ty

* proof of the equivalence of Kelvin& Clausios
'

s statement
. B ( W

II K → C : Let
'

s assume we have kelvin violator k . har
.

v ⑪ nQis
패

hai- 4 ,

TH
Qi - Q

, = W +Qs - Q ⑪

5 π ㅌ = E
μ

= Q2
"
( : W - Q . )

.

n ⑫
π

pr'
π

so
,
( Q .
- Q . ) = Q ⑫

'
이국도

,

외부에서 일 없이 Tπ 에서 「n 로 Heat transfev가

i) Co K : Let
'

s assume we have t
.

발생한다
.

⇒ ε
'
= Claos; os wilator ε

Qt ait
I더

_

C E→ W Let Q = Q.
π⑪-①

재
: ∴

E
' -KelvinviolatouE

E γ λW = Q2-Q 1

Qa Qst
π 0= Qz-Qt

In

3
.
3) The Cannot Engine

.

Def) Any reversible engine working between two given temperature
.

s
.

( Based on Carnot's assompfion)

Tz
t ⑫ ) If we think the diagnam liles this

,

We can say one Strong angument
.

C > W- ⑬- Q , "
I

8w 2 O .
Q

, and Q 2arealsopositive,
"

.

rQ , Pf)( 우선
,
Q 1 F 0 이다

.

( Kelvin 2nd haw ]
ㅠ

Q . < ① 이라고 해보다
.

정의에의해
,
Q .20 이다

.

그러면 다음과 같이 카로노 엔진 연결이 가능하다
.

z * 'it is
(
"
: Bevensible engine ! ) - ± + ⇌

1 ⑫⑫
'

,
ω c =

W = O⑫ - Q ⑪
'

Q⑫
'
= W+ Qi '이다 .⇒

Q
⑫' =n

- , + Q.
∵

절제조린에외해,
W
> 0 이다. ( (C2 로 분석 )

.

> Q2
.

ai k r. Q⑪ T
π

따라서
,
Q2- ⑫> 이 이고 ,

Q
, - Q , 3

oosct
.

* Qa' -Q⑫
「
로

이론
,

알째 열기관이 Clawsios violat가되드로불가능하다.

듯 4 -'7
,

따라서
,
전제가틀렸다

.

: ω> 0 일대 Q , 3 0 .

Q⑫ = ① i tW > O
.



중요한 정리인 카드노 정리를 알아보다

CaI unot 's theorem : No engine operating between the two temperatures is more

efficient than the Carmot engine
.

Pf) Let ' s assume the following situafion

OS Q⑫
'
a tQ.

z

A⑫-용도
W

C 、 non
-
c =

ㅌ

OsQip t "
π

Q 1 - a .
'

↓
T

.

clausios
'

s

W = Q2 - Q 1
= ⑫-

Q
. ' ⇒

Q
⑫ '=

Q
"- Q 1 ) + . 2.이때,By2 nd Lam,

Q 2x ⑫'
Q , ≥① , "

Then
,
hecannowsee ,Rno = .Ro y nnoEno.

If Hno = Ma
,
then Q2 = Q⑫" . Q

, = Q

,

6

. so ,mownon -C iscarnotengine!

☆) Corllony
① All reversible engine have the same efficiency

.

P8) Weknow MB ≤ Y. ⇒ ≤ Q ⑫ ⇒ Q⑫
'
그 Q2

.

t a- Qa'≤ o Nottoviolate clausius' s and caw,염더일용 ,
"

ㅌ We have Q2 = Q2 ' J ⇒MB=R
.t a 1

- Qi
'

≤ o Q
1
= Q.

π

: 5 o
, any reversible engine has the Same efficiency !

⇒ Based on these statements
,
( 7 EnC

,
U, = 7o ) we can tbink the simplest condifion

.

Let
'

s think reversible
,
Tdle -gas working

,
frictionless idealized angine

.

⇒ From reversible
,
duving beat transfer, Do Lemperature of system abange !

[온도가 바뀐다면 , 어느 한방향에서는 열이 낮높이되어서클라우시우스 2 법칙 위배 ) 애매 …

⇒ TH
,

T. 우온도의 가역기관에서
,
각각의 온도와 같을 때만 beay transfe와 가능 [실제로는 불가능 )

.

⇒Then,ehgine이Tu<→ 7 일 때는 열교환X : Adiabatic process !
_

. 이제
,
이러한 배경을 바탕으로

,

간단한 Cann머 Cyale 분석하자
.



왜pr
a bis Engine : Cydic process

,
converts heay in to work

.

5
√

패 i( ) ab ( ISotheumal ExPansion )
⑪ DT = O

,
DE = O. = OQI + OWI

.

d

us
0 Tn 내

가
⇒ DQ 1

= δW = fo
.Pdv = NkBTHln쁨. > 0 .

iπl ba ( Adiabafic expansion ) 이때
,
Pata = PbV이다.

PV
δ
= Const

.

2 V
θ- 1 ? =cons

+

. ( : idea l gas equation )
.

⇒ 아비(
어
=
π DQ2 = 0 이니

,
DWS = DCVoT= Cr( T -T서 )

대

TCi: ) ad ( Isothenmal compression )

DF = 0
.
OE = 0

.
OQ

=
-; = NKBT .en(%) < 03

da (AdiabaricCompression) 6 Q 4=① . 이어=πDW4 = OE4
=

Co ( TH - Tπ)
.

⇒ DEt.t = ④1 + DE3 ) + ( DE2 + DE 4 ) = ② alse , 용
=

. . 옳=
⇒

왜
⑪

=

03
= K☆

Tuln(uyNkknl
(음 .] =ππ 이로 것. 예-=- π

∵ 모든 reversibleenginel 조 =M . 때이다 . : n ( Tv.T )
~

- 지금까지 Tempevatme 의 정의는

- oth Law s noy rigorows

Definingfemperature scale using cannot engine efficienay
.

- Ideal gas Law

π
Universarloaytodefisetemperayunescas x only for ideal gas

tiQ ⑪ Q⑫ = Q 1
-W

1
.

Q3 = Q2-W
2

→ gas propeaty dependert

C → wi = θ 1
- n Q 1

= Q2 - ? ( T2
,

[3 ) Q⑫
= 1 - π ( π,Ʃ) ] Q ⑪

r = Q⑫ ( 1 - 3 ( Tz
,

τ3 ) ]⑫ Ʃ) = [ 1- n( ← ,[ z) ] [ 1 - y(z ,☆ ]] Q 1
.

C → Wz ras
π

⇒ Q 3 = Q
, ( 1 - 정 ( π

,
93) )

A Q⑬

3 C → Witwz

t Q3
13

∴ -( T .[ 3) = ( 1 - ( r , 2)] ( 1 - n (Tz
,

[3)」

Let' sguess i -

n =f

(7 .) (
Ts)
←f 3

iaT

. α☆
= TB

Lulinean eq



3
.
4 ) Clausius

'

s theorem

Pa
ds ,dtQs "

⑪⑪
Intheven wold ,cyde ishot thnysimpleandheautiful .

지

het' stbink aboutthesitwation below .

T
. ( Thermas constamy reservoir )

.

< ↑
퍼
IlT ,

sa
,

h δQe 7 0 : system s absorbs heay
ll ts,w "

tQz
T. ⇒ DW = 들 δQ.

atQm '

S "

:

IDW Because of the camnot engTne propecty, me lonow

1 ΛAQ
_

… [
⑤:= 품. ⇒δ 물

=.
Ed< C

where tQ:
0
: fWa x fQ 2

C , twe
.

?

⇒ fQ:
0
= (fQ는Qi=Ʃ d: 0 =「.출토(

!

I
Λ
t일

OWtt= OWs + DWa = DW + 총 thr

= 0W + 출 ( δ-δ Q = ) = 출 f ::=
「 .출( δ 얕) = Q 0 .

vQo
fQ. > 0 . ⇒ Q . ≤ 0 .

⇒

다 .칠( δ 옆)= 0 .Clausias
'

s violator
.

!
K 2 DW = Qo

.

…출 Q:≤ 0 . iffQ:infinetisinal valve, o Qs 0 .

⇒ For any cyde
,
Q ≤0 . Theequalityholds for the reversible process

.

"

3
.

5 ) Entrophy
a -

ha

.
"

+

forer 를 고려하다 . Forvevribleprocess,o t = f
/

a

'ay, %$
"

5: 으



IJa
'

",- ffa]. …
f

ftQver: S( B )-S / A) ldse tQer )
. . Path in dependence

Property. (⇒ Exact di ffeventi에
@ For arbitary Process

,

There is upper bound of beay exchange
'

P8) f tQ = S
*
β①+ f ↑tQu

=0
. Y

. β
-

t

①
=f
. β

-
fQrer= S ( β)-S(A )

uppen bound
…

or .
ftQ
s
ftQrev =ds da ≤ fQnev = Tds

.

of heay exchange
.

⑤ Forthermally isolaeedsysyem ,fQ =
0

. ⇒ T . ds =
0

: ds ≥ ①

⇒ 열적 고립계의 엔트로피를 감소하지 않는다
.

.
.Anotherfoumofandhar

⇒ 평형상태에서 Sl maximized
.

Holds for boyb Bev &zerrew process of theum odyraoies

. Forreversible (qoasi -stayic )process , dQ = Jds .fW = -Par +는 *d
displacement

dE = δ Qtn tW ( volusework )generoalizedher

= Td. - pdy +udN + … = dE ( S.V , N~ ) forse
^

= f Qrnver t fWirrev ⇒ fQv ≤ fQrev = Tds
.

이고
,
dWr ? fWe. = - Pdv

s T
,
PE genevaljzedforce

,
ds
,
du s 가 dis place ment exM . dN

T가 달라지면
,
ds 가 flow √ ( chemiicarl Pofentia ) ) a (number of Paryicle)

Nortura
= P가 달라구 ] 면

,

dV 가 fJow
vaviables (exsan siwe )

= µ가 달리지면
,
dN 1 flow . du 7 o .

ex) compression tWon ? fWre. ) o expansion fWirr If Wrev
duco " "

( Sy3tem 이 한일) - TWirn' I - itWrei

f Wim
'
≤ of Wrev

'

⇒ 이제
,

dE (S
,
V , N ) 은 다음과 같이 표현할 수 있다

.

∴

dE = Tds - Pdl + wdN

= ](.θ s + () s+ ( )n. ( ,했다. ( ) =-↑ . (엾) =µ
⇒
P
=
(

).
lwhere Nis fTxed )

*Mathmaticalskills of ParyT에 devivatives

In λ ( y
,
ε )

,
dx = (엽]

d

+( 씀], dz,wheve d = ( 씀),θx+ ( 1), dy.



⇒ d×여.=θ
x

+( ( 렸 .(명×+san= oto . θ x
7,z )

: (럽)
.

=

(엽), ; *(끝
. (1I× [☆]=- 1② 이제, 이를 이용하다

.

β=-() .() . = -()s (8) . <=θ )
⇒(같+× 서 = 1

. ( : ∞ )=(렸
)

.

3
.

6 ) EXamples

① Beversible isothermal expansion (αT = 이
) Ideal gas

「

For ideal gas
,
we know E = E ( T)

.

⇒ DE = vQ + OW = O

""!tlls ⇒ DQ= -oW = NKBT.ln()

Lo
Resenvoir (T = fixed )

. How abou + Entvopy ?

⇒ DS = fpds =f
,
fQrev = toQ ( ∵ T = fixedl

( : lDS)l ns
= FOQ = NKBln (vi ) '

0'bS )trt=6S )nst6S )nam=
π ) (DS] bmth = D

①=-
NKBln(vi미 < o . (

- : reversible )

② Joole 's expabsion ( Iureversible )
IIIll11 , ull61 " DQ = 0 ( : Adiabatic process)
、

'
' WW = O ( : Free expansTon )"

,

""높 " "
, 한학있 "

, ⇒ DE = bQtoW = 0 = DE(T )
.

sudden

, nnssc " expanjon , 1 1 (W',Pz,la ) :T 1 =9
.( V . PI , T , ) affer equilibvium



. How abovy Entropy ? t It is irrevensible
,

so we cannot say direlly
"
ES

"

I Instead
,
Let

'

s eonsiden reversible Path from ( 1
,
P 1
,
π . ) → [ V2, P2,T. )

C .이 가역과정 /비가역과정 모두
,
TnTt에 → FT 에State가 동일하면

,

OS가 가역과정으로 구해진다
.

∞ 엔트로피는 상태함인이기 때문
. ( Assume Isothevanal eversibleprocessㅇ

⇒ Tds = fQrer = dEtPdV ⇒ N . KBT . ln () = frds ∴DS = NKBlnlvi미
⇒ :OS )sys = NKBen ( r) > 0 .
I bs)I baeb = O ( : No heay exdange ? ]

oStrt : Nkblnln) 3 0
.

( : Ihheversible )

)HowtogetOS)tofonly using System vaviables

( sys ) res). o 0 = C . ( Tb . Ts) ( c : 비열)
TS N TbO > Ty= Tb

DSPres = ft①= - 0
Q

Q

os) Ies = ftQver =fAT
⇒ ④ s)ves = (이 -)

= Cen ) ( C : constan + )

⇒ DS)+ 0+=
oS)(s +( os )res=C . [- lnx + x -1 ] = 0 ( x = )

: DSres = C . (x ; )

!oseot
=osrest 6 Ssns 20

) x=
T5
s ax 1 x < 1 ( Ts < T ☆ )

b

며 Dseosses ; . ] ost+ ) 0

( Ts = Ts )
DSsys = - C . enx



*1l Limitation of 6S≥0

( : ) System should be isolated in order to dpply oS 2 0

⇒ Example case : Test tube . cell

. '1//1 ,"//
l

, rwater bucket
ㅓ cell

⇒ The red area ( System ) is the region we ave interested in
,
which is inferacting

with the sornounding
.

( Non - isolated system )

( π) Measurable / Contvollable : S [ E ,√ , N )

4
.

Thermody namic Potentials
4

.1 ) Ex tremum prin aiples 관심있는 system을 미치의 이상적인 heay batb에 둘러쌓고 있다고 가정하자
.

1" L / / / / / 1 11
. Eres >7 DE : Assume Eres is constany

Heay Cileal reserviin )
bath

"

"
g

sys

일ㅌ ㅜ

"

↓
y
④

⇒ T of reservoin is constant
.

4 Thermay contact with the system long enoogh time
isccllilcuil { a The role of reservoir : To fix T

.?( s) ( s) ← ( B )

non - isolated isolaxed ⇒ DS20
S7stem femprayuve → T

- ostof = bs)ons tbs)nathwhere$ Jbay = fQ== foQbak - oQses
ㅜ

DEsys - DWsys
= s$-T } → 이는 모두 S7Stam 8oaliey 이므도

,
이제 Beservoir el

detailedinfoumalTon 이필요없다 .xs
"

subschip ; 를

=T
'

TOS - DE + OWJ 20 drop 하다
.

: DE - TDS ≤ DW
…

system infoumartion) 의한 식

⇒ T가 충분히 오랜 시간이 지난 뒤 열평형에서 59s4em의 온도이고 DE
,
DS
,
DW 는 각각

sysfeme의 내부에서지 변화 / 엔트로피 변화/ 595tem 에 해준 일의 변화이다
.










































































