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Cosmology: The Questions

• How much do we understand our Universe?

• How old is it?

• How big is it?

• What shape does it take?

• What is it made of?

• How did it begin?
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The Breakthrough

• Now we can observe the physical condition of the 
Universe when it was very young.

3



Cosmic Microwave Background
(CMB)

• Fossil light of the Big Bang!
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From “Cosmic Voyage”



Night Sky in Optical (~0.5µm)
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Night Sky in Microwave (~1mm)

7



Night Sky in Microwave (~1mm)
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Ttoday=2.725K

COBE Satellite, 1989-1993



Spectrum of 
CMB
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(from Samtleben et al. 2007) 



• The spectrum of CMB has a peak at 1.1mm.
• Let’s compare it with…

–Microwave oven: 12cm
–Cellular phone: 20cm
–UHF Television: 39-64cm
–FM radio:  3m
–AM radio:  300m

You can “see” CMB by TV 
(not by a cable TV of course!). 

Perhaps you can “hear” CMB 
by a cell phone?
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Arno Penzias & Robert Wilson, 1965
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•Isotropic



“For their discovery of 
cosmic microwave 
background radition”
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COBE/DMR, 1992

•Isotropic? 

•CMB is anisotropic! (at the 1/100,000 
level) 14

Smoot et al. (1992)

1cm

6mm

3mm



“For their discovery of the blackbody form and anisotropy 
of the cosmic microwave background radiation”
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COBE to WMAP (x35 better resolution)
COBE

WMAP

COBE
1989

WMAP
2001 16
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WMAP at Lagrange 2 (L2) Point

• L2 is 1.6 million kilometers from Earth

• WMAP leaves Earth, Moon, and Sun 
behind it to avoid radiation from them
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Wilkinson Microwave Anisotropy Probe



Journey Backwards in Time

• The Cosmic Microwave 
Background (CMB) is 
the fossil light from 
the Big Bang

• This is the oldest light 
that one can ever hope 
to measure

• CMB is a direct image 
of the Universe when 
the Universe was only 
380,000 years old

• CMB photons, after released from the 
cosmic plasma “soup,” traveled for 13.7 

billion years to reach us.
• CMB collects information about the 

Universe as it travels through it.
18



CMB: A Messenger From the Early Universe...
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CMB: The Most Distant Light

•CMB was emitted when the Universe was only 380,000 years old.
•WMAP has measured the distance to this epoch very precisely.
•From (time)=(distance)/c we obtained 13.7±0.1 billion years.
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How was CMB created?

• When the Universe was hot... can you imagine?

• The Universe was a hot soup made of:

• Protons, electrons, and helium nuclei

• Photons and neutrinos

• Dark matter
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Universe as a hot soup

• Free electrons can 
scatter photons 
efficiently.

• Photons cannot go 
very far.

proton
helium
electron

photon
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Recombination and Decoupling
• [recombination] 

When the temperature 
falls below 3000 K, 
almost all electrons are 
captured by protons 
and helium nuclei.

• [decoupling] Photons 
are no longer 
scattered. I.e., photons 
and electrons are no 
longer coupled.
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1500K

6000K
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24proton helium electron photon



H + photon –> p + e–
Ionization

Recombination
p + e– –> H + photon 

X=0.5; the universe is 
half ionized, and half 

recombined at T~3700 K
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photons are 
frequently scattered

decoupling at T~3000 K
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A direct image of the Universe 
when it was 3000 K.
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How were these ripples created?
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Have you dropped potatoes 
in a soup?

• What would happen if you “perturb” the soup?
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The Cosmic Sound Wave
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Can You See the Sound Wave?
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Analysis: 
2-point Correlation

• C(θ)=(1/4π)∑(2l+1)ClPl(cosθ)
• How are temperatures on two 

points on the sky, separated by θ, 
are correlated?

• “Power Spectrum,” Cl

– How much fluctuation power do 
we have at a given angular scale? 

– l~180 degrees / θ

32
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COBE/DMR Power Spectrum
Angle ~ 180 deg / l

Angular Wavenumber, l
33

~9 deg~90 deg
(quadrupole)



COBE To WMAP

• COBE is unable to resolve the 
structures below ~7 degrees

• WMAP’s resolving power is 35 
times better than COBE.

• What did WMAP see?

34

θ
COBE

WMAP

θ

http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg
http://preposterousuniverse.com/writings/cosmologyprimer/images/wmap-cobe.jpg


WMAP Power Spectrum
A

ng
ul

ar
 P

ow
er

 S
pe

ct
ru

m

Large Scale Small Scale

about 
1 degree 

on the sky

COBE

35



The Cosmic Sound Wave

• “The Universe as a potato soup” 

• Main Ingredients: protons, helium nuclei, electrons, photons

• We measure the composition of the Universe by 
analyzing the wave form of the cosmic sound waves. 36



CMB to Baryon & Dark Matter

Baryon Density (Ωb)

Total Matter 
Density (Ωm)

=Baryon+Dark 
Matter

37

By “baryon,” I mean hydrogen and helium.



Determining Baryon Density From Cl

38

more 
baryon



Determining Dark Matter Density From Cl

39

0.09

0.49
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Cosmic Pie Chart

• Cosmological observations 
(CMB, galaxies, supernovae) 
over the last decade told us 
that we don’t understand 
much of the Universe.

Hydrogen & Helium
Dark Matter
Dark Energy 40



Going Farther Back in Time!

• OK, back to the cosmic hot soup.

• The sound waves were created when we perturbed it.

• “We”? Who?

• Who actually perturbed the cosmic soup?

• Who generated the original (seed) ripples?

41



Again, Theory:
• The leading theoretical idea about the primordial Universe, 

called “Cosmic Inflation,” predicts:

• The expansion of our Universe accelerated when it was 
born. 

• Just like Dark Energy accelerating today’s expansion: the 
acceleration also happened at very, very early times!

• Inflation stretches “micro to macro”

• In a tiny fraction of a second, the size of an atomic nucleus 
(~10-15m) would be stretched to 1 Astronomical Unit 
(~1011m), at least.

42



Cosmic Inflation = Very Early Dark Energy

43



Again, Theory:

• The leading theoretical idea about the primordial Universe, 
called “Cosmic Inflation,” predicts:

• The expansion of our Universe accelerated when it was 
born,

• the primordial ripples were created by quantum 
fluctuations during inflation.

• Detailed observations give us this remarkable information!

44



Quantum Fluctuations?

• You may borrow a lot of money if you promise to 
return it immediately. 

• The amount of money you can borrow is inversely 
proportional to the time for which you borrow the 
money.

45



Quantum Fluctuations

• You may borrow a lot of energy from vacuum if you 
promise to return it to the vacuum immediately. 

• The amount of energy you can borrow is inversely 
proportional to the time for which you borrow the 
money from the vacuum.

• This is the so-called Heisenberg’s Uncertainty Principle, 
which is the foundation of Quantum Mechanics.

46



Quantum Fluctuations

• Why is this relevant?

• The cosmic inflation (probably) happened when the 
Universe was a tiny fraction of second old.

• Something like 10-36 second old (don’t faint just yet!)

• Time is short, so you can borrow a lot of energy:

• Quantum fluctuations were important during inflation!

(Energy You Borrow From Vacuum) 
= h / (Time For Which You Borrow Energy)

47



Are we stardust?
• Actually, we are more than stardust:

• We are children of Quantum Fluctuations.

• When the Universe was born and underwent 
inflation, quantum fluctuations were generated.

• These quantum fluctuations were the seeds for ripples 
in matter and radiation.

• We were born in the places where there was more 
matter.

• And, we can (almost) directly observe the pattern of 
the quantum fluctuations using, e.g., CMB! 48





Recap
• CMB is the fossil light of the Big Bang, and the oldest light 

that one can ever hope to measure directly.

• The present-day temperature is 2.7 K.

• The CMB photons were decoupled from electrons when 
the universe was 3000 K.

• The ripples in CMB form sound waves, and we can use 
these waves to measure the baryon density, dark matter 
density, geometry, the age of the universe, etc.

• We think that the cosmic inflation in the very early 
universe created these ripples from quantum fluctuations.

50



Planck Launched!

• The Planck satellite was successfully launched from French 
Guiana on May 14.

• Separation from the Herschell satellite was also successful.

• Planck has mapped the full sky already - results expected to be 
released in ~2012. 51



Planck: Expected ClTemperature

• WMAP: l~1000 => Planck: l~3000 52


