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Supersonic expansion of a quantum gas 
 
 
Can concepts of an expanding universe be studied in the lab by analogy? A remarkable experiment 
by Eckel et al. forced an ultra-cold quantum gas to expand hypersonically, after which they observed 
redshifts of the long-wavelength excitations, as well as the production of topological defects. 
 
This thesis will first introduce the fundamental concepts of quantum gases and their possible 
excitations, such as sound waves, solitons and quantized vortices. There will be an optional 
theoretical component to explore the interplay of such excitations by conducting dynamic computer 
simulations using existing code. Then the experiment by Eckel et al. will be presented and discussed. 
 
 

 
Supersonic expansion of a Bose-Einstein condensate ring. Experiment (top) versus theory (bottom). 
Figure taken from Eckel et al.. 
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azimuthal phonons are redshifted; i.e., their wavelength
grows as shown in Fig. 2(a) for both experiment and theory.
These images show the oscillation of a standing-wave
phonon, constructed by perturbing the condensate with a
potential of the form sin!m!", where m is the integer
azimuthal mode number of the phonon. The (approximate)
axisymmetry implies that m is conserved, in analogy with
conservation of the comovingwave vector in cosmology. The
phonon wavelength is therefore stretched by a factor
a # Rf=Ri, the ratio of thegeometrical radii of the expanding
ring. This is related to the usual redshift parameter z
through a # z$ 1.
Figure 2(b) shows the measured phonon amplitude "n vs

time for various a and m, and it clearly shows a shift in the
frequency. [In this paper, we measure frequency and time in
the laboratory frame, as opposed to using the comoving

proper time as defined by the effective metric, Eq. (C7).] To
measure the frequency shift, we fit the oscillation before and
after expansion to extract #m;i=#m;f, shown in Fig. 2(c). At
any given time, the phonon oscillation frequency is
#!t" # c!!t"m=R!t", where c!!t" is the azimuthal speed
of sound at time t. As the ring expands, both the atomic
density and c! decrease. For the combination of harmonic
confinement in the vertical direction and roughly quartic
confinement in the radial direction, we find c! ! R"2=7. The
solid black curve shows the resulting #m;i=#m;f # a9=7

scaling; a full Bogoliubov calculation, with the azimuthally
averaged potential, is shown as the solid colored curves.
We understand the phonon’s behavior during the expan-

sion epoch in terms of a 1D equation for the phonon
amplitude $m,
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FIG. 2. Redshift of long-wave excitations. (a) Atomic density difference "n at various times for both experiment and simulation for a
mode numberm # 2 and scale factor a # 4.1. The density scale of images after expansion is multiplied by 10. (b) Phonon amplitude vs
time for various a and m. The grey bands indicate the time during which the BEC is inflated; their intensity denotes the expansion
velocity relative to that expansion’s maximum. Vertical dashed lines in the m # 2, a # 4.1 panel indicate the times shown in (a).
(c) Ratio of initial to final frequency vs scale factor a. Red circles indicate m # 1 modes; cyan squares, m # 2. The solid black curve is
the a9=7 expectation, and the colored curves (with mode numbers matching points) are the result of full Bogoliubov calculation.

FIG. 1. Measured (top) and simulated (bottom) supersonic expansion of the ring with scale factor a # Rf=Ri # 4.1!3", where
Rf # 46.4!1.4" %m [Ri # 11.3!4" %m] is the final (initial) radius [44]. An initial distance d transforms into a larger distance d0.
The time elapsed in the figure is approximately 15 ms.
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