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tƘȅǎƛŎƛǎǘǎ ƭƛƪŜ ǘƻ ǘƘƛƴƪ ƛƴ ǘŜǊƳǎ ƻŦ άŎƘŀǊŀŎǘŜǊƛǎǘƛŎέ ǎŎŀƭŜǎΧ

Χ ǘƘŜ ȫǘȅǇƛŎŀƭΩ ǎƛȊŜ ƻŦ ǎƻƳŜǘƘƛƴƎ ƻǊ ǎƻƳŜ ǇǊƻŎŜǎǎΦ 



tƘȅǎƛŎƛǎǘǎ ƭƛƪŜ ǘƻ ǘƘƛƴƪ ƛƴ ǘŜǊƳǎ ƻŦ άŎƘŀǊŀŎǘŜǊƛǎǘƛŎέ ǎŎŀƭŜǎΧ

The Universe is full of different structures with vastly 
different characteristic scales.



Can you conceive of a number this big? 



Can you conceive of a number this small?

(I have great difficulty in doing so!) 





¢ƘŜ ȫtƭŀƴŎƪ ƭŜƴƎǘƘΩ ςthe smallest scale 
at which geometry makes sense. 



The Hubble horizon ςthe edge of the 
observable universe. 



These scales of the Universe 
are far beyond those of our 
ŜǾŜǊȅŘŀȅ ŜȄǇŜǊƛŜƴŎŜΧ



But we can bring them back 
to a more human scale by 
ŎƻƴǾŜǊǘƛƴƎ ǘƘŜƳ ƛƴǘƻ ǘƛƳŜΧ
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(amount of time light takes to circumnavigate the earth)

1/7 of a second



(amount of time light takes to travel to the moon)

1 second



(amount of time light takes to travel from sun to  the earth)

8 minutes 20 seconds



(amount of time light takes to travel from the Sun to Pluto)

5 hours



(distance to Proxima Centauri)

4 years, 3 months



(our interstellar neighborhood)

25 years



(70 lightyears ςǘƘŜ  ŜȄǘŜƴǘ ƻŦ ƻǳǊ ŦǳǊǘƘŜǎǘ ǊŀŘƛƻ ǎƛƎƴŀƭǎΧύ

50,000 years



όƳƻǎǘ ŜȄƻǇƭŀƴŜǘǎ ǿŜΩǾŜ ǎŜŜƴ ǿƛǘƘƛƴ олл ƭƛƎƘǘȅŜŀǊǎΧύ

50,000 years



(Andromeda ςƻǳǊ ƴŜŀǊŜǎǘ ƎŀƭŀŎǘƛŎ ƴŜƛƎƘōƻǊΧύ

2.5 million years



2.5 million years



2.5 million years
55 million years

ό¢ƘŜǊŜ ŀǊŜ ŀōƻǳǘ мл Ƴƛƭƭƛƻƴ ǎǳǇŜǊŎƭǳǎǘŜǊǎ ƛƴ ƻǳǘ ƻōǎŜǊǾŀōƭŜ ǳƴƛǾŜǊǎŜΧύ



300 million years



300 million years

(Data from the Sloan Digital Sky Survey) 



300 million years

(The edge of the observable universe is 46.5 billion lightyears away) 



How did this all come to be?



Cosmologyςa brief historical overview

ÅFor all intents and purposes, modern cosmology begins with Einstein.
Å In trying to make Newtonian gravity consistent with special relativity, 

Einstein realized that:
ÅDǊŀǾƛǘȅ ƛǎƴΩǘ ǎƻ ƳǳŎƘ ŀ ŦƻǊŎŜΣ ōǳǘ ŀ ŘƛǎǘƻǊǘƛƻƴ ƛƴ ǘƘŜ ŦŀōǊƛŎ ƻŦ 

spacetime. 
Å¢ƘŜ ȫ9ƛƴǎǘŜƛƴ ŜǉǳŀǘƛƻƴǎΩ Ὃ ψʌὋὝ determine how spacetime

reacts to the presence of masses, and v.v. 

ÅThe orbits of planets around stars is simply 
the consequence of masses moving along 
ǎǘǊŀƛƎƘǘ ƭƛƴŜǎ ȫƎŜƻŘŜǎƛŎǎΩ ƛƴ ŀ ȫŎǳǊǾŜŘΩ 
geometry. 

ÅGeodesics-- c.f. airplanes on the surface of 
the earth.

ÅSpacetimeis dynamical!
ÅThe same must be true of the universe on 

the largest scales.
ÅBut this cannot be, right?



Cosmologyςa brief historical overview

ÅEinstein was so embarrassed by the fact that his theory 
predicted an expanding/ contracting universe, he modified it.

Åά¢ƘŜ ōƛƎƎŜǎǘ ōƭǳƴŘŜǊ ƻŦ Ƴȅ ƭƛŦŜέΥ 
ÅὋ ψʌὋὝ + Ὣ ɤN the cosmological constant*

ÅUntil of course, Hubble observed that all distant galaxies were 
all moving away from us, by looking at how the spectrum of 
hydrogen was `red-ǎƘƛŦǘŜŘΩ   



Cosmologyςa brief historical overview

ÅSo stars appear to be moving away from us at a rate given by 
IǳōōƭŜΩǎ ƭŀǿ--ὺ Ὄὶ

ÅThis implies that the universe is expanding.
ÅRewind the film far back enough, then all matter must have 

been squeezed into some very hot, dense initial state. 

Å Friedmann, Lemaitre, Robertson and 
Walker wrote down solutions to 
9ƛƴǎǘŜƛƴΩǎ Ŝǉǳŀǘƛƻƴǎ ǘƘŀǘ ǊŜǇǊƻŘǳŎŜŘ 
IǳōōƭŜΩǎ ƭŀǿΦ

Å Implies that the universe began in 
ǎƻƳŜ ǎƻǊǘ ƻŦ ŀ ȫōƛƎ ōŀƴƎΩΦ

Å Lemaitre referred to the initial state 
ŀǎ ǘƘŜ ȫǇǊƛƳŜǾŀƭ ŀǘƻƳΩΦ  



TheBigBangmodel is the simple result of 9ƛƴǎǘŜƛƴΩǎequations,with addedsimplifying
assumptions of symmetry (homogeneity, isotropy) and the properties of matter
(thermal equilibrium)ΧandIt makespredictions!





The Cosmic Microwave Background



9ǾŜǊȅǘƘƛƴƎ ǿŜΩǊŜ ƳŀŘŜ ǳǇ ƻŦΗ



The Cosmic Microwave Background



The Cosmic Microwave Background



The Heisenberg uncertainty relation


