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The Big Bang & the Early Universe 

           - Thermal History of the Big Bang,
              MWB & Co.

           - Nucleosynthesis as Probe for the 
              Early Universe

          

Source: Weinberg, 2008, in: Cosmology, Chap. 3.1 and 3.2,
  (and references therein)



  

The H II Region M8

• M8 is a cloud of hot 
gas. 

• Its spectrum has 
emission lines of H, 
He, C, Fe, and other 
elements.

• The universe is made 
of the same material 
as the Earth.



  

The Hubble Deep Field

The universe is 
extremely large.

We observe QSOs 
more that 10 billion 
light years away.



The Hubble Expansion

   

Galaxies are moving away with v = H d , v=vel. d:distance
H: Hubble constant

=> Universe has a beginning at about  T=1/H
       BIG BANG



  

The 2dF Survey:  A Map of the Galaxies on the Sky

But the best evidence that the 
cosmological principle is true 
comes from the cosmic 
microwave background.  Wait 
until ext lecture.



  

The Cosmological Principle

“When averaged over a large enough volume, the 
universe appears the same in all locations.”

The significance of the Cosmological Principle:

• The universe has no boundaries (boundaries look 
different).

• The structure of the universe is not so special that the 
laws of physics are inapplicable.

The Cosmological Principle only holds for regions 
larger than 500 Mpc.



  

The Friedman Equation 

 



  

How the Distances between Galaxies (or Anything 
Else) Increase in an Expanding Universe



  

 
Solutions for the Friedman Equation



•Evolution of the Universe: Thermal Evolution of the Universe

3E6yrs
                           1E9yrs
      
           
                                      
                                                                                                                                           13.7E9yrs



  

 
Thermal History in QCD Regime (<1E-6 sec)



  

 
Thermal History after 1E-6 sec to 3 minutes
a) Basic Equations of the Standard Model:



  

 
Basic Assumptions of the 
   Standard Big Bang:

- thermodynamical equilibrium 
  (of all components)

-  neutral  (net charge = 0)

-  radiation dominated 

  => particle distributions depend only on
     the temperature T (see thermodynamics) 



  

 
 Basic Equations:

Thermodynamical Equilibrium implies
adiabatic expansion in comoving frame

Conservation of energy 



  

I) Equation of State for extreme 
Relativistic Particles (or massless)

energy density:

pressure

entropy density

=>

&



  

The Time Evolution of the Temperature

Acceleration by GR

Combination with entropy conservation 

plus EOS for entropy S:



  

 
Thermal History:
Remark: Only Particles with m<kT are present in 
               noticable numbers (thermodynamical equilibrium) 



  

Concept: Particles fall out of 
equilibrium when reactions cannot 
keep up with the T decline!!

=>  Weak freeze-out (slowest reactions).
 



  

 
Estimate for weak freeze-out:

For T = 1E11K, particles which only couple via weak interaction
   freeze out.



  

Electron-positron annihilation:

m(e) = 511 kEv = 4E9K

T > me,   e- + e+   <-> photons

T < me,  e-  + e+  ->  photons

=> Neutrinos and photons have different 
   temperatures thereafter



  

Ratio of T(nu)/T(el) after T < 4E9 K



•Evolution of the Universe: Thermal Evolution of the Universe

3E6yrs
                           1E9yrs
      
           
                                      
                                                                                                                                           13.7E9yrs



  

The Big Bang Light Was Discovered in 1965 by…

Arno Penzias Robert Wilson

1978 Nobel Laureates in Physics



  

The Cosmic Microwave Background

Frequency  (= c/λ)
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• The peak of the spectrum is at 
about 1 mm.  These are micro-
waves so the light is called the 
Cosmic Microwave 
Background, or CMB.

• The corresponding temperature 
is 2.7 

• The spectrum is not measurably 
different from a black body 
spectrum.



  

The Light from the Big Bang Now Looks Cool



•Recombination & the CMB

      
           
                                      
                                                                                                                                          

Saha Eq.

Baryon Frac.

H recombines at

T is red-shifted
With scale a(t)

0-Order Expectation for MWB

Penzias & Wilson (1963)



•Anisotropy: The motion of the Earth

3E6yrs
                           1E9yrs
      
           
                                      
                                                                                                                                           13.7E9yrs

Doppler
Shift

600 km/sec



What the CMB really looks like

Earth motion & galaxy

Intergalactic electrons & clusters of Galaxies                                                                      Residual at the 1E-5 level



Does this look totally random to 
you?



Spherical Harmonics

l=0
l=1
l=2
l=3
l=4
l=5

m=0m=1m=2m=3m=4m=5



Build up a 
power 
spectrum by 
averaging over 
m-modes.  
(large 
uncertainties 
for low-l 
modes)



CMB Power Spectrum



• Actual thermal 
perturbations

• Doppler boosting 
due to velocity 
perturbations

• Gravitational redshift 
due to density 
perturbations

Why do we see spots?

Results depend on the scale of 
perturbations relative to the acoustic 

horizon



CMB Power Spectrum

Sachs-Wolfe



Doppler Peak: Half an Oscillation



CMB Power Spectrum

First Doppler Peak



Second Peak

For the next peak, (1 full oscillation), the sound waves 
are beginning to fight the dark-matter dominated 
gravitational perturbations 



CMB Power Spectrum

Damped Peaks



Power Spectrum 
vs Cosmological 

Parameters



The Flatness Problem

•  

Definition of critical density:

Equation of State EOS:

With  

With Friedman equation => 

For ordinary matter                          =>  

=> Any deviation from flatness with grow with time !!! 



Why is the CMB isotropic? •  
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