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Einstein’s Miraculous Year: 1905
• Einstein, A. “Über einen die Erzeugung und Verwandlung des Lichtes betreffenden

heuristischen Gesichtspunkt,” Annalen der Physik 17 (1905) pp. 132–148.
On a Heuristic Viewpoint Concerning the Production and Transformation of Light.

• Einstein, A. “Über die von der molekularkinetischen Theorie der Wärme geforderte
Bewegung von in ruhenden Flüssigkeiten suspendierten Teilchen,” Annalen der Physik
17 (1905) pp. 549–560.
On the Motion—Required by the Molecular Kinetic Theory of Heat—of Small Particles
Suspended in a Stationary Liquid.

* Einstein, A. “Zur Elektrodynamik bewegter Körper,” Annalen der Physik 17 (1905)
pp. 891–921.
On the Electrodynamics of Moving Bodies.

• Einstein, A. “Ist die Trägheit eines Körpers von seinem Energiegehalt abhängig?”
Annalen der Physik 18 (1905) pp. 639–641.
Does the Inertia of a Body Depend Upon Its Energy Content?

• Einstein’s doctoral dissertation at University of Zurich, published 1906.
application of kinetic theory to the physical properties of solute sugar molecules
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Goals For This Talk

• What is Einstein’s Theory of General Relativity?

• What are some of the consequences of GR?

• What are Black Holes like and do they exist?

• What can we learn from Gravity Waves?

• To do all of this by analogy with Electrodynamics.
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Gallilean Relativity

• Laws of physics look and work the same in any inertial frame.

• There is a universal time that all observers agree on.

• Velocities add “normally” as 3-vectors.

From Newton until the early 20th century, mainstream physics was built upon the
foundation of Gallilean Relativity
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Electrostatics and Newtonian Gravity

Coulomb electric field

~Fe = ke
qQ

r2
r̂

~Fe = q ~E

~∇ · ~E = 4πkeρc
~E = −~∇ϕ ~∇× ~E = 0

∇2ϕ = −4πkeρc

Newtonian gravity field

~Fm = −GmM
r2

r̂

~Fm = m~g

~∇ · ~g = −4πGρm

~g = ~∇Ψ ~∇× ~g = 0

∇2Ψ = −4πGρm
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The “Problem” with Maxwell’s Equations

~∇ · ~E =
1
ε0
ρc

~∇ · ~B = 0

~∇× ~E = −∂
~B

∂t

~∇× ~B = µ0
~Jc + µ0ε0

∂ ~E

∂t

• No more “action at a distance”!

• In what frame does the EM wave have
speed c?

• Maxwell’s equations violate Gallilean
Relativity!

−Q ~v

~F

~B

~F = q( ~E + ~v × ~B)
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−Q ~v

~F

~B

~F = q( ~E + ~v × ~B)
−Q

~B

rest frame of charge −Q
No Force!
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Special Relativity

• Laws of physics look and work the same in any inertial frame.

• The speed of light is a universal constant for all inertial observers.



Special Relativity

• Laws of physics look and work the same in any inertial frame.

• The speed of light is a universal constant for all inertial observers.

Consequences of Special Relativity:

• There is no preferred time – “relativity of simultaneity”

• 4-dimensional spacetime

• Time dilation

• Length contraction

• c is a limiting speed

• E = mc2
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E&M is Fixed – but Gravity is Broken!

Moving masses cause changes in the Newtonian gravitational field
everywhere – instantly. Special Relativity forbids this!

• Coulomb’s law had the same “problem”, but the full theory of
E&M (Maxwell’s equations) fixes it — changes propagate as
waves.

• We need a “richer” theory of gravity that allows changes in the
gravitational field to propagate at finite speed. But how do we
find it?

Einstein’s solution was remarkably simple —

The Principle of Equivalence

• The effects of a gravitational field and a constant acceleration
are indistinguishable.
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General Relativity
Special Relativity + the Principle of Equivalence lead us

directly to view gravity as the “natural motion” of matter and
energy through a curved 4-D spacetime.

(Newtonian potential) Ψ =⇒ gµν (spacetime metric)
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Maxwell’s Equations Einstein’s Equations

∇νFµν = µ0J
µ and Gµν = 8πTµν
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