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NEWTON’S 2ND LAW

FORCE = MASS × ACCELERATION    (a)

e.g. Gravity              Rate of Change of Velocity   (v)

If time is run backwards, velocity is reversed:  e.g. merry-
go-round:

but a is unchanged

⇒ Newton’s 3 laws work as well backwards 
as forwards!

(what about magnetic fields?)

(what about quantum mechanics?)
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Reversibility and Parking

Large 
final 
space

Small 
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space

“Disorder” is proportional to (log of) 
available space/number of available states

“Entropy (S)” is measure of disorder

L. Boltzmann:   S = k  log  W
           ↑  ↑                       
  Entropy      no. of available states

2nd law of thermodynamics:  entropy always 
increases with time.

Origin of time asymmetry?

  :  WHY DO INITIAL STATES HAVE 
LOW DISORDER?
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but: inverse of shuffling process is itself a 
shuffling process!
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THE “ARROWS” OF TIME*

PSYCHOLOGICAL — can remember past, 
affect future.

BIOLOGICAL — plants/animals start small, 
grow bigger

ELECTROMAGNETIC — both light bulbs 
and stars emit radiation, don’t absorb it.

THERMODYNAMIC — disorder (entropy) 
increases

COSMOLOGICAL — Universe expanding

______________________________

*Excluding “CP-violating” arrow detected in 
high-energy experiments.







CAN COSMOLOGY EXPLAIN THERMODYNAMICS?

  Friedmann-Robertson-Walker

In standard (“FRW”) model, all scenarios (independently 
of Ω) agree about the past:
reduced mass density

“BIG 
BANG”
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WHY IS DISORDER LOW AT “SMALL” END?

Possible futures of the universes:
         open(Ω<1)                      flat (Ω=1)                    closed (Ω<1)






