
Thermal Density Distribution

nT(r) =
1

! 3
dB

g3/2(exp(! " Vext(r)))

For high temperatures we recover the Gaussian for a harmonic trapping
potential.

λdB =

!
2π øh2

mkBT

Thermal density distribution
for fully saturated gas (just at Tc)
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Field Operators

ö! (r ) = !
k

" k(r ) öak

öψ+ (r ) = ∑
k

ϕ∗
k (r ) öa+

k Creation operator (creates particle at position r)

Annihilation operator (destroys particle at position r)

[ öψ(r), öψ+ (r)] = δ (r− r�)

[ ˆ! (r ), ˆ! (r !)] = 0

[ öψ+(r), öψ+(r �)] = 0

Commutation relations
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Many-Body Hamiltonian 
- Second Quantized Form Bosons -

|{ nk}! =
1

"
∏k nk! ∏

k

�
â+

k

�nk |0! Occupation (Number/Fock) state for bosons, 
created from vacuum state.

öH =
!

d3r ö! + (r)
"
− øh2

2m
∇2 + Vext(r)

#
ö! (r)

+
1
2

!
d3rd3r � ö! + (r) ö! + (r�)V(r− r�) ö! (r) ö! (r�)

V (r ! r") General two-body interaction

V (r − r �) = g! (r − r �) =
4" øh2a

m
! (r − r �) in the ultracold regime.
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Equation of Motion for Field Operator

iøh
∂
∂ t

öψ(r) = [ öψ, öH] =
�

!
øh2

2m
∇2 + Vext(r) + g öψ+ öψ

�
öψ

Generally not solvable!

Approximation for condensate mode: (Bogoliubov approx.)

ö! (r) ! ! (r)+ " ö! (r)

Classical field Field Fluctuations

We assume that fluctuations are small compared to classical field.
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Macroscopic Wavefunction and 
Gross-Pitaevskii equation

This wavefunction can be obtained as a solution of a nonlinear Schršdinger equation, 
the Gross-Pitaevskii equation.

Kinetic energy term External potential 
term

Mean field
Term due to 
interactions !

Chemical
potential

Macroscopic wavefunction or order parameter:
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Thomas-Fermi solution of the
Gross-Pitaevskii equation

With large number of atoms with repulsive interactions (g>0), the macroscopic 
wavefunction is spread out due to the interactions, so that its curvature 
becomes very small.

Remember

Thomas-Fermi solution

is good when 
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Thomas-Fermi solution of the
Gross-Pitaevskii equation

With large number of atoms with repulsive interactions (g>0), the macroscopic 
wavefunction is spread out due to the interactions, so that its curvature 
becomes very small.

Neglect Kinetic energy term !Remember

Thomas-Fermi solution

is good when 
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µ =
øhωho

2

�
15Na
aho

�2/5

RT = aho

�
15Na
aho

�1/5

Thomas-Fermi solution compared to the
 Harmonic Oscillator Ground State

Axial profile Radial profile

Parameters: 106 87Rb atoms 

*200 *200

RT
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Experimental Measurement

In trap column density of 80000 Na 
atoms. Dashed line indicates single 
particle ground state density distribution.
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Full Numerical Solution of GPE

Attractive Interaction Repulsive Interaction

from: Dalfovo et al. Rev. Mod. Phys. (1999) 
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Attractive Interactions - Collapse of the Condensate

E(w)
Nøhωho

=
3
4

!
1

w2 + w2
"
− 1√

2π
N|a|
aho

1
w3

Ground State Energy via Variational Ansatz assuming a Gaussing of width waho

Quantum pressure can stabilize condensate
with attractive interactions in a trap!

Quantum Pressure Interaction Energy

from: Dalfovo et al. Rev. Mod. Phys. (1999) 

Monday, November 16, 2009



Attractive Interactions - Collapse Dynamics

Condensate Forms

Condensate 
Collapsed

from: Gerton et al., Nature 408, 692 (2000)
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Der Beginn der modernen Quantenoptik

1956 Hanbury-Brown & Twiss 

Hanbury Brown
1916-2002
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Der Beginn der modernen Quantenoptik

1956 Hanbury-Brown & Twiss 

Photonen einer thermischen Lichtquelle sind korreliert !

Hanbury Brown
1916-2002
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Glauber formuliert q.m. KohŠrenztheorie

Glauber formuliert allgemeine q.m. Theorie der Kohärenz 
(1963)!

Wichtig: Detektionsvorgang Šndert den Quantenzustand des Lichtfeldes

Für thermische Lichtfelder findet er dort:
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Von der QM zurŸck zu klassischen Physik

Wie kann klassisches dynamisches Verhalten in der 
Quantenmechanik beschrieben werden?
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KohŠrente ZustŠnde des Harmonischen Oszillators

Für harmonischen Oszillator erstmals eingeführt durch 
Schrödinger (1926).

†berlagerung aus statischen 
Wellenfunktionen kann dynamisches 
Verhalten der klassischen Physik 
reproduzieren!

Aber: Oszillierendes Wellenpaket hat 
immer noch endliche Ausdehnung 
(nicht punktfšrmig!)

Monday, November 16, 2009



KohŠrente ZustŠnde des Harmonischen Oszillators

Für harmonischen Oszillator erstmals eingeführt durch 
Schrödinger (1926).

†berlagerung aus statischen 
Wellenfunktionen kann dynamisches 
Verhalten der klassischen Physik 
reproduzieren!

Aber: Oszillierendes Wellenpaket hat 
immer noch endliche Ausdehnung 
(nicht punktfšrmig!)

Monday, November 16, 2009



Analoges Problem in der Optik

Klassische elektromagnetische Wellen sollen quantenmechanisch 
beschrieben werden!
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Analoges Problem in der Optik

Klassische elektromagnetische Wellen sollen quantenmechanisch 
beschrieben werden!
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KohŠrente (Glauber) ZustŠnde des Lichtfeldes

Klassische e.m. Welle (Maxwell)

KohŠrenter Zustand (Glauber)
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Wann werden Quantenfluktuation unwichtig?
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Wann werden Quantenfluktuation unwichtig?

G. Breitenbach et al., Nature 387, 1997
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Gequetschte LichtfeldzustŠnde

Monday, November 16, 2009



Gequetschte LichtfeldzustŠnde

G. Breitenbach et al., Nature 387, 1997

Monday, November 16, 2009


