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Lesson 7



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 of the field and intensity

« Correlations and conditional dynamics for control

* From Cavity QED to waveguide QED.



Hanbury Brown and Twiss; Intensity
Intensity correlation

o, IOI(+7))
LIGHT g (r)= 2
SOURCE SIGNAL APDI <I (t)>
HISTOGRAM

R. Hanbury Brown and R.Q. Twiss, Correlation between
Photons in Two Coherent Beams of Light, Nature 177, 27



Correlations of the intensity at t=0

(1(2)%)
(I(t))?

((Io + 6(t))°)
(Lo +4(t))?

~(6(8)%)
1+

It is proportional to the variance

g (0) =




Intensity correlations (bounds)
(9(t)%)
h
g?(0)—1>0
Cauchy-Schwarz

2001(t+7) <)+ (t+7)

g2 (1) — 1| < |gP(0) — 1]

The correlation is maximal at equal times
(t=0) and it can not increase.

g?(0) =1+



Quantum Correlations (Glauber):

oy, o AT It 7))
g \7) ‘ .
-il]( { /) -

The intensity operator /is proportional to the
number of photons, but the operators have to be
normal (:) and time (T) ordered. All the creation
operators do the left and the annihilation operators
to the right (just as a photodetector works). The
operators act in temporal order.

R. Glauber, “The Quantum Theory of Optical
Coherence,” Phys. Rev. 130, 2529 (1963).



At equal times (normal order) :

(a'a'aa)

(2) /(1
g () —
a'a)=

Conmutator: a‘'a=aa’ -1
(a'a"aa)=(a*(aa*-Nay=(a"aa'a)-(a'a)
(a*a*aa)=(A*)-(h) where Ai=a'a

The correlation requires detecting two photons,

so if we detect one, we have to take that into
consideration in the accounting.



In terms of the variance of the photon
number:

) f A9\ f AN\ 9D
o° = (n°) — (n)°

9 ' A
fey o — \N)
gl'.z).: "' l } el

The classical result says:




The quantum correlation function can be
zero, as the detection changes the
number of photons in the field. This is
related to the variance properties: is the
variance larger or smaller than the mean
(Poissonian, Super-Poissonian or Sub-
Poissonian).

o — (n)

g'?(0) = 11

Y.



At equal times the variance gives
g@(0)=1 Poissonian
g?(0)>1 Super-Poissonian
9(?(0)<1 Sub-Poissonian

The slope at time=0:
9(9(0)>g?(0*) Bunched
g?(0)<g?(0*) Antibunched

Classically we can not have Sub-
Poissonian nor Antibunched.



Quantum Correlations (Glauber):
<: I(t)I(t+7) :>

If we detect a photon at time t, g\4)(t) gives the

probability of detecting a second photon after a
time T



Correlation functions as conditional
measurements in quantum optics.

The detection of the first photon gives the
initial state that is going to evolve in time.

This may sound as Bayesian probabillities.
g(7) Interferograms.

g®(7) Hanbury-Brown and Twiss.



ATOMS

SIGNAL
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_Non—classical

Tsubpoissonian antibunched

T(ns)
Classically g?(0)> g®)(t), g?(0)> g?)(0+¢) negative slope
antibunching, g\(0)<1 subpoissonian, also |g?(0)-1|> |g®)(t)-1]



‘ Conditional evolution of the state one atom ‘

W) =10.8)+ ALg) =~ EH0.e)+ * £112,8) - 1
A:<&>> p=p(gK,y) and g =q(g,k,y) /1__(1+126)

p=1-2C,, q=(1+2C)/(142C=2C}) with C,=C,(1+y/2K)""

j ‘ LI’ condilioned > > >

/ N
0, gla*|y)|=]A*pq|? Field atomic polarization

al\t¥

2) B 24 4C{
g+~ (0) = Ipql® =1 (1+y/2k)(1-2C1)—-2C4




For N non-interacting atoms

|x(2)> =100 +4,(¢) 110> +A4,(¢)|01)
+A5(1)120) +A4(2) | 11> +A45(2) )02
. A =—xd,+/Ngdr + & Field with drive £
quatlons of Ay =—(9/2)4,—/NgA4, Polarization
motion of the .
coefficients 0=~ ¥AV2/Nedut 204,
Ay=— (k+7/2) A4 —/2,/Ng4;
+./2/N—1gds+ &4,
As= —yAs—\/E\/JVTlgA4 .



A. Low-intensity theory for g?(7)
g@(r)=|1+AF(7)|%. (17)

where F is a decaying oscillation,
F=e"PTcos(Qy7)+(B/Q)sin(Qy7)], (18)

with B=(k+ 7y, )/2 representing the average decay rate and
(), the vacuum Rabi frequency in the low intensity limit:

o) (K_‘y_L)i2
QOZ g’N_ 4 .

The amplitude of the decaying oscillations 1s given by

4CiN
A=—
(1+v, /k)(1+2CN)—2C;"
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As a function of intracavity intensity
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FIG. 3. Evolution of g(z)(O) as the intensity increases (C; =
39, np =008, and N = 10). The statistics change from
sub-Poissonian to super-Poissonian. The inset presents the
antibunched g®(7) for the point indicated in the plot.



As a function of detuning




g?(0)

Detuning




effective number of atoms

FIG. 11. Evolution of g(z)('r) as a function of the effective
numner of atoms for Ng=0.,0.1, 3, and 8. Each correlation is taken
on resonance. For the cases with atoms, the intracavity intensities
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FIG. 10. g*(7) for cavity 3 with a small effective atom number
N=3, and X=0.06. The main plot (a) shows data collected on
resonance. The inset shows data with a detunine of A=1.5. Plot (b)
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