
QUANTUM MECHANICS
Quantum Mechanics, together with General
Relativity,  constitutes a  milestone in modern
Physics.
While General Relativity is the most
comprehensive theory of  gravity,  Quantum
Mechanics  is the theory that describes the
behavior of particles at a microscopic level.
It grew out of the difficulties that classical
mechanics  had in  explaining the behavior of
atoms.



Electric
Field,
for
instance

Location in space

Particles exist
only at a point
in space.

Waves extend over a region of space.

Particles and waves

According to classical physics, any physical entity is either a particle or a wave.

[ This slide and the next four are courtesy of D. Watson]



Electrons

Metal slab

Light (in the
form of 
photons)

         Light can be either a particle or a wave
 
   Particle example: the photoelectric effect -- the 1905 
   explanation of which, in these terms, won Einstein the
   1921 Nobel Prize in physics.

Quantum Mechanics: wave-particle duality



Quantum Mechanics: wave-particle duality

Light can be either a particle or a wave

 Wave example: the Doppler effect.

To observer

Lasers Observer sees:

V (close to c)

V (close to c)



Quantum Mechanics: wave-particle duality

Particle example: collisions between free electrons 
are “elastic” (they behave like billiard balls).

Wave example: electrons confined to atoms behave like waves.

Atom

Nucleus

Electron “cloud”
(extends over space as a wave does)

Electrons can be particles or waves



How to evoke the wave properties of matter

 All the elementary constituents of matter have both
wave and particle properties.
If a subatomic particle (like an electron, proton or
neutron) is confined to a very small space, it acts like
a wave rather than a particle.
How small a space?
q The size of an atom, in the case of electrons
(about 10-8 cm in diameter).
q A much smaller space for protons and
neutrons (about 10-11 cm diameter).
q Generally, the more massive a particle is, the
smaller the confinement space required to make
it exhibit wave properties



Heisenberg Uncertainty Principle
• Another key element of quantum mechanics
• Goodbye to deterministic world
• We cannot know/measure both the exact position and the

exact velocity of a particle at the same time,
i.e., if we measure one of the two quantities very accurately,
the other one will be poorly determined.

• The uncertainty in position and velocity are linked by the
fundamental Planck constant  h  (small!)
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[This and next two slides
 courtesy of M. Begelman]



Fermions and the Pauli Principle
• Two species of particles: Fermions and Bosons…
• Bosons are social animals: the more the merrier

• Fermions are individualists: only one of a kind in a
given place with a given velocity



PAULI EXCLUSION PRINCIPLE
• Applies to fermions

– most elementary particles
electrons, protons, neutrons, neutrinos --- not photons

• No 2 fermions can occupy the same quantum state
– “quantum state” = position and momentum (velocity)

• If fermions are forced to occupy similar positions (i.e.,
high density), then:
– their random velocities increase, implying higher pressure

– degeneracy pressure has nothing to do with temperature
Degeneracy pressure plays a major role in white dwarfs and neutron
s ta rs .


