Note: Quantum SHO
D ————— R ‘
 1Quantum Simple Harmonic Oscillator, gSHO

 Photons occupy an electromagnetic mode (referred as the modes in
quantum optics, typically a plane wave)
 1Hamiltonian

 WNumber operator
 mEnergy Quantization (equally spacing in energy)
*The energy in a mode is not continuous but discrete in quanta.

 1Vacuum state with zero-point energy

There iIs a zero point energy inherent to each mode, which is
equivalent with fluctuations of the electromagnetic field in vacuum, due

to the uncertainty principle.
« 1Schrodinger picture

 1Heisenberg picture
*The observables are just represented by probabilities as usual in QM. _




Note: Quantum Mechanics
e ————— SRR

e 1AXIOMmSs

o 1State

» 1 Operator

v Density Matrix

More on States
O Coherent States

e OUncertainty Relation = Minimum Uncertainty States

= Entanglement




* Energy quantization E, = ho(n+ =).
* Equally spacing in energy difference
* Zero-point energy = 0 pblled

V() = Hp(E)exp[—€2/2], e=2n+1, n=0,1,23...
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Poisson Distribution:
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Z nP(n) = |o|* = n, " mean = variance
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Bose-Einstein Distribution:
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* Boltzmann’s law ‘ P(n) x exp|—FE,/kgT],
P(n) exp|—FE, /kgT)

B Z:f—o exp|—E,/kpT|’
exp|—E,./kgT| (1 — exp[—hw/kgT]): F, = n hw

1 * average photon number
vl — X P n ] = .
" 1;()” ") expfuw/kpT] —1' at temperature T
| 1)
P(n) = n
)= 1 G"
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Bose-Einstein Distribution:
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* thermal state ‘ Pth = Z ~ar l(r‘H— 1) n){n|.
An? = n + n?,




Note: Coherent States (CS)

m————- I’
D Eigenstate of Annihilation operator

O Displacement Operator
 OProperties of CS
 ORepresentation of CS
 JExpectation Value of E-fields
 JGeneration of CS

More on States

e OUncertainty Relation = Minimum Uncertainty States
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time sequence data:
Exp. data from Oscilloscope

with Max. Likelihood estimation
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Poisson Distribution:
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Z nP(n) = |o|* = n, " mean = variance
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(An%) = (@%) — (7)* = |af” = (7).

We introduce the eigenstate of annihilation operator, called the coherent state,

ala) = ala),
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Eigenstate of a
e ——

We introduce the cigenstate of annihilation operator, called the coherent state,

ala) = ala),

o) = €72 slod” Z ‘ mean = variance
\/n'
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Displacement Operator:

a ad’—a*a
o) = D(e)|0) = €™ 0),
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: The probablhty of ﬁndmg n photons in |a> is given by a P01sson dlstrlbu—
tion.

. The coherent state is a minimum-uncertainty states,

. The set of all coherent states |«) is a complete set,
1
da=m) - d°a = 1. 1
/\Oé><0é\ a=T2 n)(n|, or W/\OMO&\ a (1)

. Two coherent states corresponding to different eigenstates o and [ are
not orthogonal,

(@]8) = exp(~ 5 laf> + a8 — 3 |8") = exp(—gla — 5. (2)

. Coherent states are approrimately orthogonal only in the limit of large
separation of the two eigenvalues, | — 3| — oo. Therefore, any coherent
state can be expanded using other coherent state,

o) = / 42516)(Bla) = - / d2pe118-0l ) (3)

This means that a coherent state forms an overcomplete set.

. The simultaneous measurement of a; and as, represented by the projection
operator |a){al, is not an exact measurement but instead an approximate
measurement with a finite measurement error.
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Representation:

(‘1|(}) = (—)1/4exp[—ﬁ(q — ((I)) —+ ?@q + 729], a)
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Phase space
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Coherent states

wave-nature

2264C s2ard 2084< IssH

with Popo Yang

Popo Yang, Ivan F. Valtierra, Andrei B. Klimov, Shin-Tza Wu, RKL, Luis L. Sanchez-Soto, and Gerd Leuchs,
Physica Scripta for the New Focus issue: Quantum Optics and Beyond - in honour of Wolfgang Schleich. | 7 6




Expectatlon value of E-fields:

mean n mberfphotons
< N >=< a|N|a >=< aldti|la >= |af

phase of the field

o = |a| exp(if)
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“ Generation f CS.:
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