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N
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W
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 and U

niversity of C
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L
ecture objectives:

• G
ive you a sense of w

hat the second law
 of therm

odynam
ics really 

says about how
 nature w

orks: W
hat restrictions does it im

pose on 
processes that can occur in nature?

• Illustrate the law
 w

ith specific, everyday exam
ples and experiences 

it ties together and unifies: H
ow

 do w
e see this underlying principle 

expressed in operation in our com
m

on experiences w
ith the w

orld?

• E
xplore a few

 ideas about the underlying foundations of the law
: 

W
hy do w

e think it’s true, beyond just the observational fact that it 
has w

orked so far? W
hat do these ideas have to say about how

 w
e 

see ourselves in relation to the rest of the w
orld (e.g. our experience 

that tim
e has a direction)?

• Provide a com
m

on background of concepts for everyone to 
participate in the discussion/questions.

T
he Second L

aw
 of T

herm
odynam

ics &
 the A

rrow
 of T

im
e
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T
he second law

 is considered one of the m
ost 

fundam
ental and w

ell-established principles of 
physics…

“The law
 that entropy alw

ays increases—
the second law

 of 
therm

odynam
ics—

holds, I think, the suprem
e position am

ong the law
s 

of N
ature. If som

eone points out to you that your pet theory of the 
universe is in disagreem

ent w
ith M

axw
ell's equations—

then so m
uch 

the w
orse for M

axw
ell's equations. If it is found to be 

contradicted by observation—
w

ell, these experim
entalists do bungle 

things som
etim

es. B
ut if your theory is found to be against the second 

law
 of therm

odynam
ics I can give you no hope; there is nothing for it 

but to collapse in deepest hum
iliation.”

– A
. S. E

ddington (1929)

…
but w

hat is the basis for this confidence, and w
hat 

does the second law
 really even say about nature?
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C
ontext: R

eview
 of E

nergy &
 the F

irst L
aw

 of T
herm

o.

• T
he first law

 of therm
odynam

ics (law
 of conservation of energy) puts a 

sw
eeping restriction on how

 things are allow
ed to happen in nature (&

 thus on our 
ability to m

anipulate things to achieve outcom
es w

e’d like):

E
nergy is like the currency in nature’s accounting: E

very process or configuration of a system
 has a 

num
ber, called its energy, that can be calculated and assigned to that state of the system

. T
hat am

ount 
of energy m

ust be m
ade available from

 som
ew

here in order for the process to occur.

T
he first law

 says that the total am
ount of energy stays the sam

e (energy is conserved), even as the 
arrangem

ent of things changes, so the energy added to one part of a system
 to m

ake som
ething 

happen m
ust be lost from

 som
ew

here else.

(For m
ore details on this, the first lecture is at w

w
w

.scienceintegration.org/C
oncepts/essay1.htm

l)

• So if w
e w

ant to know
 w

hether a given state of things w
e’d like to achieve is 

possible, the first law
 tells us that w

e m
ust look to see if there is a source of the 

energy needed to achieve that state (e.g. how
 m

uch food m
ust w

e eat to clim
b a 

m
ountain of a certain height?)

B
ut experience tells us this is not the w

hole story about energy…
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W
hy w

e need a second law
 of therm

odynam
ics:

T
he first law

 does not capture the directionality w
e experience in the 

flow
 of energy. It seem

s that no m
atter w

hat type of energy w
e start 

out w
ith, as tim

e passes and the energy is transferred from
 one form

 to 
another, m

ore and m
ore of it goes into a form

 w
e call heat. A

nd once 
it’s in the form

 of heat, there are additional lim
its (beyond that of 

conservation of energy) on how
 m

uch of this energy can be recovered 
into other form

s useful for tasks w
e w

ant to accom
plish.

So, form
ulations of the second law

 of therm
odynam

ics attem
pt to 

capture this experience that as tim
e passes, energy tends to “spread 

out” and becom
e less accessible, less able to be harnessed for any 

given task, even though there m
ay be plenty of energy available (to 

satisfy the first law
). 

T
o see how

 pervasive this additional restriction is in our lives, w
e need 

only look at a few
 exam

ples…
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C
om

m
on observations about the w

orld pointing to the 
underlying principle em

bodied in the second law
:

• I can’t run m
y projector for the next 5 m

inutes by using the heat it has 
generated during the last 5 m

inutes as the energy source.

• M
ore generally, m

odern society is dom
inated by the need to find 

concentrated sources of energy (petroleum
, for exam

ple) and to “conserve” 
them

. 

• W
hen I drop a ball, it settles dow

n to rest on the ground. I never see it 
spontaneously rise from

 the ground back up into m
y hand.

• If your room
 is w

arm
er than the outside tem

perature, it takes effort to keep 
the room

 from
 cooling off.



Science Integration Institute
w

w
w

.scienceintegration.org

9/7/02

C
om

m
on observations (continued)…

• A
ll else being equal, a car w

ith a diesel engine gets better m
ileage 

than a car w
ith a gasoline engine.

• Y
our hom

e or office becom
es disorganized unless you put effort into 

keeping it orderly.

• T
im

e has a direction: w
e can’t “take back” our actions, w

e rem
em

ber 
the past but not the future, w

e forget things as tim
e passes, etc.
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•  H
eat energy flow

s spontaneously from
 a hot object to a cold object, and 

not vice versa.

•  K
elvin (1852): “It is im

possible, by m
eans of inanim

ate m
aterial agency, to 

derive m
echanical effect from

 any portion of m
atter by cooling it below

 the 
tem

perature of the coldest of the surrounding objects.” 

• C
arnot (1824 - later refined by C

lausius in the 1850s): H
eat engines (w

hich 
convert heat energy into w

ork – an autom
obile engine is a com

m
on 

exam
ple) alw

ays w
aste som

e heat. T
hey never convert 100%

 of the heat 
energy into w

ork. M
ore precisely, the m

axim
um

 efficiency of a heat engine 
depends only on the ratio of the cooler tem

perature at w
hich w

aste heat is 
discarded, to the higher tem

perature at w
hich heat is taken in:

†
 

m
axim

um
 efficiency =

 w
ork produced
heat input

 =
 1- T

c

T
h

 F
orm

alized W
ays of Stating the Second L

aw
:

“W
e dance round in a ring and suppose,

B
ut the Secret sits in the m

iddle and know
s.”

—
 R

obert Frost
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Statem
ents of the Second L

aw
 (continued)

• T
he total entropy of the universe never decreases (as tim

e m
oves 

forw
ard); it can only increase or rem

ain constant.

In order to state the second law
 in its m

odern form
 (w

hich is m
ore general and m

ore 
precise), C

lausius (~1865) defined a quantity he called entropy (from
 the greek w

ord for 
transform

ation).

W
henever heat energy flow

s into an object, the entropy change (

†
 

DS
) is given by the am

ount 
of heat flow

 (

†
 

DQ
) divided by the tem

perature (T
, on the K

elvin scale) at w
hich the heat 

transfer occurs:

 

†
 

DS
=

DQT
B

ut w
hile this allow

s us to state the second law
 in a sim

ple form
, entropy is a rather 

m
ysterious and non-intuitive quantity…

w
hat does “heat energy tranferred divided by 

tem
perature” really m

ean??

So our next task is to gain a better understanding of entropy…
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A
n intuitive concept of entropy as “disorder”…



Science Integration Institute
w

w
w

.scienceintegration.org

9/7/02

L
R

L
R

O
ur observation: “A

ll 4 balls on the left side of the box”

N
um

ber of w
ays of realizing this state: 1

O
ur observation: “2 balls on each side of the box”

N
um

ber of w
ays of realizing this state: 6

B
oltzm

ann: R
elating E

ntropy to M
icroscopic Physics

A
 sim

ple exam
ple to illustrate the idea of entropy as a 

precise m
easure of “disorder”:

Interpret entropy as ~ “num
ber of m

icroscopic w
ays to realize an observed state”
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It’s for the sam
e reason that your files becom

e disorganized if you stuff them
 random

ly back 
into the draw

er after looking at them
! T

here are m
any w

ays (detailed arrangem
ents of the 

files) for them
 to be disorganized, but very few

 w
ays for them

 to be organized, so the 
probability is very low

 that they w
ill just happen to end up in an organized state.

T
o see the connection betw

een B
oltzm

ann’s entropy and C
lausius’ entropy, interpret 

tem
perature as a m

easure of how
 m

any new
 states becom

e accessible to a system
 w

hen you 
give it a little bit of energy (rem

em
ber energy is like the currency that allow

s a system
 to gain 

access to certain states).

T
hen C

lausius’ m
ysterious “heat divided by tem

perature” becom
es B

oltzm
ann’s “num

ber of 
m

icroscopic states” and w
e can say that…

H
eat flow

s from
 hot to cold sim

ply because it is m
uch m

ore probable (it 
m

akes m
ore m

icroscopic states available) than if heat w
ere to flow

 in the 
reverse direction.

B
oltzm

ann’s interpretation of entropy provides new
 perspective on w

hy 
entropy tends to increase (or equivalently, w

hy heat energy flow
s from

 hot 
things to cold things)…
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A
 few

 observations, questions, and loose ends to ponder…

• Is it reasonable to assum
e that system

s in nature are random
ly exploring all the m

icroscopic states 
available to them

?

• M
axw

ell’s D
em

on (posed in 1867; lively discussion continues in the physics com
m

unity today) 
• A

re entropy and heat “subjective?” W
hat happens w

hen w
e can control the m

otions of m
olecules 

on the m
icroscopic level?

• L
ink betw

een concept of entropy and inform
ation theory/com

putation: increasing entropy am
ounts to 

losing inform
ation about the detailed state of a system

.

• W
hy can’t energy reorganize itself (e.g. w

hy can’t the heat energy in the room
 that w

as produced 
w

hen I dropped a ball, collectively reorganize to raise the ball back into m
y hand?) A

ppears that 
fundam

entally, m
olecules “forget” inform

ation about their history. T
hey no longer know

 w
here they 

cam
e from

, so the inform
ation is no longer recorded or stored anyw

here, that w
ould be needed to 

recover the original state (like the ball in m
y hand). W

hy is this the case? W
hat exactly does it m

ean for 
nature to truly forget inform

ation about the state of things?

• R
ecent challenges to the second law

 m
ake these foundational issues m

ore pressing (quantum
 

coherence, July conference)

• L
ink to our ow

n experience of “forgetting” and the direction or arrow
 of tim

e w
e experience

“T
im

e flow
s on, never com

es back. W
hen the physicist is confronted w

ith this fact 
he is greatly disturbed.” – L

eon B
rillouin
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F
or F

urther Investigation…
• von B

aeyer, H
ans C

hristian. W
arm

th D
isperses and Tim

e P
asses: The H

istory 
of H

eat. N
ew

 Y
ork: R

andom
 H

ouse, 1998.

• H
obson, A

rt. P
hysics: C

oncepts and C
onnections. N

ew
 Jersey, Prentice H

all, 
1995. (C

hapter 7).

• B
rush, S. G

., The K
ind of M

otion W
e C

all H
eat (2 volum

es), N
orth-H

olland, 
A

m
sterdam

, 1976. (H
istory of the subject w

ith translations of m
any significant 

original papers)

• L
eff, H

arvey. “T
herm

odynam
ic entropy: the spreading and sharing of energy,” 

A
m

erican Journal of P
hysics, O

ct. 1996, p.1261.

• R
ecent conference and w

eb site on second law
 “challenges:” 

http://w
w

w
.sandiego.edu/secondlaw

2002/  (conference)
http://w

w
w

.ipm
t-hpm

.ac.ru/SecondL
aw

/   (w
eb forum

 for ongoing discussion)

• N
otes from

 this lecture and last lecture on energy: 
http://w

w
w

.scienceintegration.org/lecture1.htm

• Science integration e-m
ail discussion list (lecture announcem

ents, continuing 
discussion of topics, etc.):
http://w

w
w

.scienceintegration.org/list.htm


