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the first (Rubidium) condensate
E. Cornell and C. Wieman, JILA, Boulder, 1995

condensate: macroscopic matter waves



“finger prints” of quantum matter waves

W. Ketterle -MIT, 1996



theory of light:

classical light described by
Maxwell equations

quantum theory of light

theory of cold bosons

atoms are particles

cold bosons are mesoscopic matter waves 



Full theory in second quantization:
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Bogoliubov approximation:
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Heisenberg equation for atom field
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condensate thermal
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classical fields approximation

Ψ̂(x) = ϕn (x)ân
n
∑ →Ψ(x) = ϕn

n

nmax

∑ (x)α n

NOTE: this is NOT a common wave function.
close analogy to classical 

electromagnetic field

to define a meaningful two point correlation function one has to account for  
the resolution of  detectors: 

< E(x,t)E(x ',t ') >= 1
ΔxΔt

E(x + ξ,t +τ )E(x '+ ξ,t '+τ )dξ dτ
ΔxΔt
∫∫

one particle density matrix as determined for a SINGLE realization of  
BEC experiment - coarse graining:

ρ(x, x ';t) = 1
Δτ

Ψ*(x,t +τ )Ψ(x ',t +τ )dτ
Δτ
∫



The name of  the game:

coarse graining



Onsager-Penrose definition of  the condensate:

ρ(x, x ') =
N j

Nj
∑ φ j

*(x)φ j (x ')

note similarity to 
coherence modes for noisy e-m fields 

and 
natural orbitals for atoms and molecules

trivial example - classical field for 
an ideal gas
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for sufficiently long observation time shows the content of  the state: 
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E. Witkowska, M. Gajda, and K. Rząż. Phys. Rev. A, 79, 033631 (2009)

probability distribution of  number of  excited 
atoms
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E. Witkowska, M. Gajda, and K. Rząż. Phys. Rev. A, 79, 033631 (2009)



classical fields approximation - 
the only quantum mechanical method that 
allows to study single realizations of  the 

BEC experiment



application to a steady state in a harmonic trap:

coarse graining

K. Góral, M. Gajda, and K. Rzążewski, Thermodynamics of an isolated Bose gas and a role of observation,  
Phys. Rev. A 66, 051602(R), (2002)



some applications of classical fields





spontaneous soliton formation  
in rapid cooling of  quasi one dimensional Bose 

gas (W.  Żurek - 2009)

















Comparison of thermal distributions of dark solitons and Yang-Yang collective excitations

T. Karpiuk, T. Sowiński, M. Gajda, K. Rzążewski, and M. Brewczyk,  Correspondence between 
dark solitons and the type II excitations of the Lieb-Liniger model. Phys. Rev. A, 91, 013621 (2015)





solitons in dipolar condensate
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collisions 
elastic?

inter-soliton potential



K. Pawłowski and K. Rz. Dipolar dark solitons. New J. Phys. 17 (2015) 105006

collision of  two solitons 
 in a 1D dipolar gas



 T. Bland,  K. Pawłowski,  M. J. Edmonds,  K. Rzążewski,  and N. G. Parker, Anomalous oscillations of dark solitons
 in trapped dipolar condensates, arXiv:1610.02002



single Rydberg atom in a condensate



80 000    Rb atoms 87

J. Balewski, A. T. Krupp, A. Gaj, D. Peter, H. P. Büchler, R. Löw, S. Hofferberth
& Tilman Pfau, Nature 502, 664, (2013)

a single atom in N=202, l=0 state



“potential well” 
formed by Rydberg electron



fraction of atoms evaporating from a condensate as a 
result of intermittent action of a Rydberg electron

T. Karpiuk, M. Brewczyk,  K. Rzążewski, A. Gaj, J. B. Balewski, A. T. Krupp, M. Schlagmüller, R. Löw, S. Hofferberth and T. Pfau, 
Imaging single Rydberg electrons in a Bose–Einstein condensate, New J. Phys. 17, 053046 (2015)



N=182, l=0, m=0

N=180, l=2, m=0

N=180, l=2, m=2

N=110

“imaging” orbital
sequence of 50 atoms single atom



N=202, l=2, m=0

 T. Karpiuk,  M. Brewczyk, and K. Rzążewski,
J. B. Balewski,  A. T. Krupp,  A. Gaj, M. Schlagmüller, R. Löw,  S. Hofferberth, and T. Pfau,
Condensate losses and oscillations induced by Rydberg atoms, Journal of Physics B, (in press)



summary

classical optics is a source of  inspiration for classical 
fields approach to cold bosons

link to experiment requires account for the finite 
resolution of  the measurement

unified description of  a nonzero temperature gas - analogy 
to partially coherent light


