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3 concepts for today

1. Entropy= randomness in system

= thermodynamics, second law, thermal E conversion

2. Temperature:
Can define precisely using entropy, quantum states

Entropy + Second law + Temperatuge Carnot limit

3. Statistical Mechanicgrobability distribution on states at temp.

— Explain change i€y, blackbody radiation, nuclear reactions, ...
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Entropy

Entropy =ignorance

Have 4 bits info

How many bits (0/1) of information
do you need to find the state?

Answer: 4 S=Kkgln16=4kgIn2

8.21 Lecture 8: Thermodynamics: Entropy and Temperature



¢T Heat— Mechanical Energy:

Energy loss seems unavoidable.

L. . hot gas: many possible states
o° : Why? cold gas: fewer possible states

e ° 7 But laws of physicseversible

(a) 462 bytes (b) 617 bytes  (c) 1045 bytes
.gif file sizes~ 450+ 50«#spots
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Shannon (information) entropy
Given a (long) random sequence of symbotsg. ADCCBAD. ..
chosen according to a given probability distribution on symbols

o = minimal # of bits needed to encode each symbol on average

Example: independent coin flips 50% 50% T
HTHHT... = o = 1 bit/symbol (1001)

Example:A: 25%,B: 25%,C: 25%,D: 25% A: 00

A DCCGB A .. _, Bol
00 11 10 10 01 00 ... 97 C: 10
D11

k bits can encode*Zsymbols!
= if 2K symbols eachwp = %, o =k=—log,p
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So far pretty straightforward-sut what if probabilities differ?
A:50%, B:25%, C:.25%

Use variable numbers of bits!
First bit: A— 0,BorC— 1. ThenB— 10,C— 11

A B A CADBC
0 10 0 11 O 10 11 ---

Probability 0.5: 1 bit, 0.25 + 0.25: 2 bits- 0 = 1.5.

General distribution: info entropy

o=—) pilog,p
i

Limit to compression efficiencye-g. English,o ~ 3.2 bits/character



Entropy ©) in physics A measure of ignorance.
Often only have partial information about a systexg(p,V,T,...)

Characterize bynsembl®f states, probability;
Given a physical system about which we have only partial info

S = kgln2 x # of bits to specify(micro)state
= —ks > _piinp (=ksinnifall p = 1/n)
i

e Entropy is a state variable, additivextensivg

21?(?]7?

2[2]2]2

e Reversibility= Scannot decrease 515177

(for isolated system/universe) 212212
kgIn 16 kgIn4
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But entropy carincrease

g - |
ce . AS=Nkgin2 | « =« °

Many systems arklixing
Over a long timesamples all states equallgrgodiq.

Small initial differences=- large changes in small

Second law of thermodynamics

Entropy of an isolated physical system tends to increase over time,
approaching a maximum associated witermal equilibrium
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For isolated system ithermal equilibriumat fixedE, all states equally likely
(p = 1/Ng)

= S=kgInNg

e Dynamics samples states equally over time

o Maximizes— ) pi Inp; whenp; = 1/Ng

Example two quantum SHO'’s with frequeney, E = Ey + 5hw = 6hw
1Vw/2 - — —— —— —— . e
{ J { J
Thw/2 —— —— +— — e —— ——
w2 —e ——0 @ —— —— —— e—
S=kgIn6
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Temperature

Can now defind EMPERATURE

Thermally couple two systems U = U; + U, fixed,

heat S=S+%
S1 =~ S 3—&>§—$: heat< 6S> 0

a—& < 3—822: heat= §S> 0
Heat can flow back and forth

Systems are ithermal equilibriurmwhen entropy maximized:

S  0S

dU;  9U,
Definetemperature 1 oS
T~ oU

e Obeys all properties expect of temperature (Oth law)

o Agrees with other definitions, more powerful



Temperature

1/T = 0S/0U & second law=- limit to efficiency

heat input (cyclic) work out
heat
AQinh =TLAS engine AW = AQin — AQout
(reservoir in TE afl;.)

l “waste” heat output
AQout > T-AS

AW = AQin - AQout < (T+ - T,)AS

AW AQn—AQou (T4 —T-)AS (T -T.)

= = = =
T AQn AQ., =~ T.AS T,

8.21 Lecture 8: Thermodynamics: Entropy and Temperature 11/16



Temperature

Carnot efficiency limitf( T, — T_) /T,

e Engines: next week.

e Most real engine cycles Carnot efficiency. (Exception: Stirling!)

type T Nlc Treal
OTEC AT ~25K 8% 3%
auto engine (Otto cycle) 2300 K 87% 25%
steam turbine coal plant 800 K 62% 40%
combined cycle gas turbine 1800 K 83% 60%

Carnot and actual efficiencies of various heat engifes< 300 K)
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Statistical Mechanics

For system at temperatufewhat isp(statg?

S in thermal eq. witHarge reservoifR, heat
_ : ea
U = Es+ Egrfixed S R

e Energy ofS not fixed, small fluctuations

. _ o . U—E3)/ks
2 states ofs:  E1: #statesk, Er = U — Ex: pr eS<U E1>/k
E,: # statesR, Er = U — E;: pp o eXVU-B2)/ke

_ P _ dsu-g)-su-g)l/k
)

E —FE;

ExpandS(U — Ej) = U — E)) + (§ —E)0S/0U +--- = B e T

1 _& o
p=-e kT (Boltzmann distributioh

E;
Z is partition functionZ = ), e T
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Statistical Mechanics

Boltzmann distributiorp; = %e’%

e Determines probability of state for system at temperature

e Useful for understanding thermal behavior of quantum systems
— “Turning on” degrees of freedom dsincreases
— Nuclear reactions
— Electron motion in photovoltaics

— Blackbody radiation
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Statistical Mechanics

“Freezing out DOF"vibrational mode of hydrogen gas

Boltzmann:p, = e~ ("t1/2)hw/kT /7

11/2hw — H, vibration: /ww = 0.516 eV 8.26 x 102 J_
75 . hw/ks = 6000 K = ppoc X" = (e76000K/T)
W e
%@m —e T = 1000 K:x = e~® 2 0.002
W e = po = 0.998 p; = 0.002 ...
/2w @® 1210000 Kx— e~ 055

= Po = 0.45p; =0.25p, =0.14,. ..

Recall specific heat capaci€y = 0U /9T as function ofT
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SUMMARY

¢ Entropy is ignorance of system detailsS = kgoIn2 = —kg > ; pi In pi

e Second law: entropy tends to increase,
approaching maximum at thermal equilibrium

e Isolated system at fixel, p = 1/Ng, S= kg In Ng

e Temperature defined by = &2
e Maximum efficiency is Carnot efficienaye = (T, — T_) /T

E E;

_ 5 _ B
e Boltzmannp = e &7, Z=> e %’

v
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