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Class 19 :  
The cosmic microwave background and the 
“Hot Big Bang” theory 
  Discovery of the cosmic microwave 

background 
  Basic idea of the Hot Big Bang 

Penzias & Wilson (Bell-Labs) 

I : The discovery of the cosmic 
microwave background 
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  Arno Penzias & Robert Wilson (1964) 
  Were attempting to study radio emissions 

from our Galaxy using sensitive antenna 
built at Bell-Labs 

  Needed to characterize and eliminate all 
sources of noise 

  They never could get rid of a certain noise 
source… noise had a characteristic 
temperature of about 3 K. 

  They figured out that the noise was coming 
from the sky, and was approximately the 
same in all directions… 

  The COBE mission 
  Built by NASA-Goddard 

Space Flight Center 
  Launched Nov. 1989 
  Purpose was to survey 

infra-red and microwave 
emission across the whole 
sky. 

  Primary purpose – to 
characterize the CMB. 

  Had a number of 
instruments on it: 
  FIRAS (Far infra-red 

absolute 
spectrophotometer) 

  DMR (Differential 
Microwave Radiometer) 

  DIRBE (Diffuse Infrared 
background Experiment) 
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Our Galaxy observed by the 
DIRBE instrument on COBE 
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Almost uniform intensity of microwaves in 
all directions (isotropic 2.7K black body 
radiation) 
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Subtracting off the mean level leaves with a 
“dipole” pattern… what is this?? 

Subtracting off the dipole finally reveals the 
emission from the Galaxy that Penzias and 
Wilson were looking for! 
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Subtracting contribution from Galaxy 
reveals fluctuations in the CMB 

WMAP 
(2004)  
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II : The hot big bang model 

  Penzias & Wilson had discovered radiation left 
over from the early universe… 

  The hot big bang model… 
  Independently developed by James Peebles and 

George Gamov 
  They suggested that the universe started off in an 

extremely hot state. 
  As the Universe expands, the energy within the 

universe is spread over in increasing volume of 
space… 

  Thus the Universe cools down as it expands 
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A very (early) brief history of our Universe… 

  The Big Bang (t=0) 
  The first second… LOTS and LOTS happens: 

  The four fundamental forces come into being (successively 
splitting off from one “superforce”) 

  Inflation (more later!) 
  A slight asymmetry between particle and antiparticle leads 

to the creation of slightly more matter than antimatter (by 1 
part in 109) 

  Quarks are formed and condense to create protons, 
neutrons and other hadrons (quark-hadron phase 
transition) 

  By end of first second, Universe is an expanding “soup” of 
photons, protons, neutrons, electrons and neutrinos… it is 
radiation-dominated (a lot more energy in the radiation 
than the matter) 
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  Primordial nucleosynthesis (t~3 mins) 
  Universe has cooled to T=109K 
  This is cool enough that deuterium (2H) can survive 
  Deuterium formation is first step in fusion of 

hydrogen to helium… reactions proceed very rapidly! 
  What determines how much helium is produced?  It’s 

a race against time, driven by 2 factors: 
  Rate of the nuclear reactions (depends on density and 

temperature, both of which are dropping in the 
expanding Universe) 

  Neutrons are decaying with half-life of 15mins 
  We can measure the isotropic composition in 

“pristine” gas and find perfect agreement with the 
predictions of primordial nucleosythesis… 
  Gives us a great way to measure the average “baryon 

density” of the Universe 
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What happens next? 

  Universe continues to expand and cool 
  Consists of ionized hydrogen and helium, free 

electrons, and lot and lots of photons 
  Photons are efficiently scattering off the free 

electrons 
  Epoch of Recombination (t=250,000 years) 

  Universe cools to about 5,000K 
  Electrons and hydrogen nuclei start to combine to 

form neutral atoms 
  With the free electrons gone, photons now “free 

stream” through the Universe 
  At this point, photons have spectrum of a T=5,000K 

black body 
  This radiation gets redshifted and becomes the CMB 


