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1.1 Identical Quantum Particles

Bosons:

• integer spin

• symmetric wave function

Fermions:

• half-integer spin

• anti-symmetric wave function
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1.2 What is Bose-Einstein Condensation?

• λdB =
~√

2MkBT

• n =
1

d3

• λdB

d
≈ 1

• Tc ≈
~
2n3/2

2MkB
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1.3 Cooling Techniques

magneto-optical trap

laser cooling evaporative cooling
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1.4 Experimental Apparatus

Costs about 1.000.000 EUR
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1.5 Time-of-Flight Absorption Pictures

JILA (1995): 87
37Rb , N=20 000 , ω1 = ω2 = ω3/

√
8 = 2π× 120 Hz
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1.6 Periodic Table of Chemical Elements
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2.1 Magnetic versus Electric Dipolar Systems

• Magnetic systems:

– Interaction strength: CB
dd = µ0m

2, with m ∼ 1 to 10 µB

– Realized samples
Boson: 52Cr Griesmaier et al., PRL 94, 160401 (2005)

Boson: 87Rb Vengalattore et al., PRL 100, 170403 (2008)

Fermion: 53Cr Chicireanu et al., PRA 73, 053406 (2006)

Both: Dy Lu et al., PRL 104, 063001 (2010); PRL 107, 190401 (2011)

– Observed effects: magnetostriction (Cr), Bose-nova explosion (Cr)

• Electric systems:

– Interaction strength: CE
dd = 4πd2, with d ∼ 1 Debye

– Realized samples
Fermion: 40K87Rb Ospelkaus et al., Science 32, 231 (2008)

Boson: 41K87Rb Aikawa et al., NJP 11, 055035 (2009)

– Observed effects: thermalization (40K87Rb)

• Ratio: CB
dd/C

E
dd ≈ 10−4
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2.2 Trapping and Interaction Potentials

• Harmonic trap:

Utrap(x) =
M

2
ω2

(

x2 + y2 + λ2z2
)

• Interaction potential:

Vint(x−x
′) = g

[

δ(x− x
′) +

3ǫdd
4π|x− x

′|3
(

1− 3 cos2 θ
)

]

, ǫdd =
Cdd

3g
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2.3 Mean-Field Results (T=0)

• Aspect Ratio:

Eberlein et al.,

PRA 71, 033618 (2005)
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• Time-of-Flight:

Stuhler et al.,

PRL 95, 150406 (2005)
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2.4 Beyond Mean-Field Results (T=0)

• Aspect Ratio:

Rx

Rz

= κMF (1 + δκ)
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Lima and Pelster, PRA 84, 041604(R) (2011); arXiv:1111.0900
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3.1 Laser Speckles: Controlled Randomness

Experimental Set-Up:

Fragmentation:

Lye et al., PRL 95, 070401 (2005)

14



3.2 Wire Trap: Undesired Randomness
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Distance: d = 10 µm Wire Width: 100 µm

Magnetic Field: 10 G, 20 G, 30 G Deviation: ∆B/B ≈ 10−4

Krüger et al., PRA 76, 063621 (2007)

Fortàgh and Zimmermann, RMP 79, 235 (2007)
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3.3 Bogoliubov Theory of Dirty Bosons

Assumptions:

homogeneous Bose gas: U(x) = 0

δ-correlated disorder: R(x) = Rδ(x)

Condensate Depletion:

n0 = n− 8

3
√
π

√
an0

3 − M2R

8π3/2~4

√

n0

a

Superfluid Depletion:

ns = n− nn = n− 4

3

M2R

8π3/2~4

√

n0

a

Huang and Meng, PRL 69, 644 (1992)

Falco, Pelster, and Graham, PRA 75, 063619 (2007)
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3.4 Collective Excitations

Typical Values:

Lye et al., PRL 95, 070401 (2005)

ξ = 10 µm
RTF = 100 µm
lHO = 10 µm

}

ξ̃ =
ξRTF

l2HO

√
2
≈ 7

~�

Æ! 0(�)=Æ!
0(0)

543210
10:80:60:40:20

n = 0, l = 1

n = 0, l = 2

=⇒ Disorder effect vanishes in laser speckle experiment

Improvement:

laser speckle setup with correlation length ξ = 1 µm

Aspect et al., NJP 8, 165 (2006)

=⇒ Disorder effect should be measurable

Falco, Pelster, and Graham, PRA 76, 013624 (2007)
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4.1 Optical Lattice

• Counter-propagating laser beams create periodic potentia l

• Different possible topologies at 1D, 2D, and 3D

• Hopping and interactions are highly controllable

19



4.2 Time-of-Flight Absorption Pictures

• Superfluid phase:
delocalization in space, localization in Fourier space

• Mott phase:
localization in space, delocalization in Fourier space

Greiner, Mandel, Esslinger, Hänsch, and Bloch, Nature 415, 39 (2002)
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4.3 Theoretical Description

Bose-Hubbard Hamiltonian:

ĤBH = −t
∑

〈i,j〉

â†i âj +
∑

i

[

U

2
n̂i(n̂i − 1)− µn̂i

]

, n̂i = â†i âi

System Parameters:

Fisher et al., PRB 40, 546 (1989)
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4.4 Landau Theory

Quantum Phase Diagram (T=0):

Blue line: 3rd strong-coupling order

Blue dots: Monte-Carlo data

Red line: Landau theory

Black line: Mean-field

Santos and Pelster, PRA 79, 013614 (2009)

Extension to Higher Orders:

Teichmann, Hinrichs, Holthaus, and Eckardt, PRB 79, 100503(R) (2009)
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5.1 Summary and Outlook

quantum simulation anisotropic superfluidity

strong disorder driven optical lattices
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5.2 Announcements

1) School Low-Dimensional Quantum Many-Body Systems

of Collaborative Research Center SFB/TR 49

organized by Andreas Kreisel and Axel Pelster

Hotel Deutscher Hof, Trier

August 16 – 21, 2012

2) 514th Wilhelm and Else Heraeus Seminar

Quo Vadis BEC? IV

organized by Carlos S á de Melo and Axel Pelster

Physikzentrum, Bad Honnef

August 21 – 25, 2012

http://users.physik.fu-berlin.de/˜pelster
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5.4 Many Thanks!
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5.5 Bose-Einstein Condensation of Light

Set-Up

Result

Klaers, Schmitt, Vewinger, and Weitz, Nature 468, 545 (2010)

Pelster, Physik-Journal 10, Nr. 1, 20 (2011)
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