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Lesson 9



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) part iii
• Optical Cavity QED
• Correlation functions, quantum examples
• Correlations and conditional dynamics for control
• Correlations of the field and intensity
• From Cavity QED to waveguide QED.



Correlation functions tell us something 
about the fluctuations.

Correlations have classical bounds.

They are conditional measurements.

Can we use them to measure the field 
associated with a FLUCTUATION  of one 

photon?



Mach Zehnder Interferometer Wave-Wave Correlation
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Spectrum of the signal:

Basis of Fourier Transform Spectroscopy



Hanbury Brown and Twiss Intensity-Intensity Correlations
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g(2)(0) ≥1
g(2)(0) ≥ g(2)(τ )

Cauchy-Schwarz

The correlation is largest 
at equal time



Intensity correlation function measurements:

g(2)(τ ) =
: Î (t)Î (t +τ ) :

Î (t)
2

Gives the probability of detecting a photon 
at time t + t given that one was detected at 
time t. This is a conditional measurement:
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Correlation function; Conditional measurement. 

Detect a photon: get a conditional state.

The system has to have at least two photons.

Do we have enough signal to noise ratio? 
|LO|2 +         2 LO S cos (f)
SHOT NOISE               SIGNAL



How to correlate fields 
and intensities?



Detection of the field: Homodyne.

Conditional Measurement: Only measure 
when we get a photon click. 

Source: Cavity QED
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The Intensity-Field correlator.



Condition on a Click
Measure the correlation function of the Intensity and 

the Field:
<I(t) E(t+t)>

Normalized form:
g(3/2) 

q(t)=h q(t) = <E(t)>c /<E>

From Cauchy Schwartz inequalities:
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Photocurrent average with random conditioning



Conditional photocurrent with no atoms in the cavity.



After 1 average, pp~200 mV



After 6,000 averages



After 10,000 averages



After 30,000 averages



After 65,000 averages, noise pp~1mV



Flip the phase of the Mach-Zehnder by 146o



Monte Carlo simulations for weak excitation: 

Atomic beam N=11

in black the
classically
allowed region



This is the conditional evolution of the field of 
a fraction of a photon [B(t)] from the 

correlation function.
hq(t) = <E(t)>c /<E>

The conditional field prepared by the click is:

A(t)|0> + B(t)|1> with   A(t) » 1 and B(t) << 1

We measure the field of a fraction of a photon!

Fluctuations are very important.
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Conditional evolution of the state one atom

Field   atomic polarization

conditioned
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Field with drive E
PolarizationEquations of 

motion of the 
coefficients

For N non-interacting atoms



𝑔( ⁄! #) 𝜏 = 1 + 𝒜ℱ



This is the conditional evolution of the field of 
a fraction of a photon [B(t)] from the 

correlation function.
hq(t) = <E(t)>c /<E>

The conditional field prepared by the click is:

A(t)|0> + B(t)|1> with   A(t) » 1 and B(t) << 1

We measure the field of a fraction of a photon!

Fluctuations are very important.



Regression of the field to steady state after the 
detection of a photon.



Detection of the Squeezing spectrum with a 
balanced homodyne detector (BHD).



,]1)([)2cos(4)0,( 0
0

ttpntn dhFS -= ò
¥

!

The fluctuations of the electromagnetic field are 
measured by the spectrum of squeezing. Look at the 

noise spectrum of the photocurrent. 

F is the photon flux into the correlator.



Spectrum of Squeezing from the F. T. of g(3/2)(t)=h0(t)



Monte Carlo simulations of the wave-particle correlation 
and the spectrum of squeezing in the low intensity limit 

for an atomic beam.

It has upper and a lower classical bounds





Single quantum trajectories simulation of cavity QED 
system with spontaneous emission.



(i) Spectrum of squeezing obtained from the averaged (ii) h0(t) 
correlation function that shows the effects of spontaneous 
emission. 



Classical g(2) Non-classical h Squeezing

N=13; 1.2n0



Other systems



Twin photons from down conversion



Phys. Rev. Lett. 87, 050402 (2001)





Optical Parametric Oscillator 





Fig. 4
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Calculation of hq(t) in an OPO well below threshold 
with the classical bounds 



Maximum of hq(t) in an OPO below threshold



M. Mehmet, H. Vahlbruch, N. Lastzka, K. Danzmann, and R. Schnabel, 
Phys. Rev. A 81, 013814.





Single ion resonance fluorescence











• The wave-particle correlation hq(t)=g(3/2)q(t) 
measures the conditional dynamics of the 
electromagnetic field. The Spectrum of Squeezing 
S(W) and hq(t) are Fourier Transforms of each other.

• Many applications in many other problems of 
quantum optics and of optics in general: 
microscopy, degaussification, weak measurements, 
quantum feedback.

• Possibility of a tomographic reconstruction of the 
dynamical evolution of the electromagnetic field 
state.
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