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Lesson 2



Tentative list of topics to cover:

• From statistics and linear algebra to power spectral densities
• Historical perspectives and examples in many areas of 

physics
• Correlation functions in classical optics (field-field; intensity-

intensity; field-intensity)
• Correlation functions in quantum examples
• Correlations and conditional dynamics for control
• Correlations in quantum optics of the field and intensity
• Optical Cavity QED
• From Cavity QED to waveguide QED.



History



• Auguste Bravais (1811-63), French, 
physicist, also worked on metheorology. 

• Francis Galton (1822-1911), English, 
statistician, sociologist, psicologist, 
proto-genetisist, eugenist. 

• Norbert Wiener (1894-1964), United 
States, mathematician interested in 
noise.



Correlations for filtering



A data filter. 
• If the signal is known: take the data vector xj

with length m calculate the internal product 
with the signal vector si of length n, with n<m

• Start with i=j=0 until i=n y j=n and get C0
• Move the signal vector over the data by one 

unit i=0  j=1 until  i=n y j=n+1 obtaining C1, 
continue this way until you reach Cm

• C(m) will be maximal when the signal and the 
data coincide. The noise will average down to 
zero. 



These filters can be calculated from basic principles 
of based on measurements.  

Examples:
LIGO

Modern hearing aids

The Wiener–Khinchin-Kolmogorov theorem alows
the us to use the power spectral density to calculate 
the correlation, this is much more effective 
numerically (n ln(n)) instead of n2



LIGO used correlations to find gravitational waves.

Phys. Rev. Lett. 116, 061102 (2016) 



The original experiment of Hanbury 
Brown, Jennison, and Das Gupta











Correlations in particle physics







This is the way they now 
measure the size of the 
quark-gluon plasma

arXiv:nucl-th/9804026

The physics of Hanbury Brown–Twiss intensity 
interferometry: from stars to nuclear collisions
Gordon Baym, Acta Phys. Polon. B29 1839,(1998)

https://arxiv.org/abs/nucl-th/9804026


Astrophysics



Arno Penzias and Robert Wilson from Bell 
Labs discovered the remnants of the Big 
Bang in 1965. Trying to understand some 
noise [Cosmic Microwave Background]. 



How is the CMB generated? 

379,000 after the Big Bang, the universe has 
cooled enough to form neutral atoms y the 
majortity of the the radiation can now escape. 

This radiation is almost uniform but has very 
small fluctuations (∂T/T~10-6) which come from 
quantum fluctuations. Gravity plays a very 
important role. The fluctuations are the seeds for 
the formation of galaxies, etc. 



(CMB) John Mather and Gary Hinshaw Scientific Directors
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Results from Planck 2013

Some 379,000 years after the Big Bang





COBE launched in 1989 4 year result: resolution 7 
degrees ans 100 µ-Kelvin.

2006 Nobel for George Smoot and John Mather



5 years WMAP band K (20 to 30 GHz)



Band Q 33 to 50 GHz (6 mm)



Fluctuations on the  WMAP 
5 years (subtracting the milky way) 200 µ-Kelvin



Correlation function of the fluctuations on the CMB 
showing the acoustinc sound horizon. ArXive 

1506.01907



Power sepectrum (Planck) of the fluctuations in CMB 
as a function of multipole moment l and angle. ArXive 

1506.01907, James Pebbles Nobel Prize 2019



What do those 
fluctiations tell us? 



• The matter distribution was very uniform in 
the early universe, but it had to have 
fluctuations to generate the structures that we 
see Today (galaxies, etc.)

• These fluctuations in the density affected the 
temperature of the emitted photons in each 
region:   In a dense region, the photons had 
to overcome a larger gravitational potential, 
so they should have acquired a larger red 
shift cooling them. 



Later oscillations (acoustic sound horizon) are 
not possible with the existing baryonic matter. 
They are related with non baryonic dark matter.
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