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Sorting superfluidity from Bose-Einstein condensation in atomic gases
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With the right configuration of laser beams, researchers could measure how much of an ultracold atomic gas is

actually superfluid.
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More than 70 years after its first discovery, superflu-
idity is still challenging researchers to unveil its most
subtle aspects [1]. Among its many odd properties, a
superfluid is characterized by a zero viscosity, i.e., the
ability to flow without apparent friction. Long after
the pioneering observations of these effects in liquid he-
lium in the 1930s and 1940s, the development of laser
cooling techniques for atomic gases has offered experi-
mentalists a new framework for investigating the fun-
damental concepts of superfluidity and its not-so-direct
relation with Bose-Einstein condensation. Writing in
Physical Review Letters, Nigel Cooper and Zoran Hadz-
ibabic from Cambridge University, UK, now propose [2]
a novel protocol to experimentally address superfluid-
ity in gases of ultracold atoms independently from con-
densation. Application of this method to strongly corre-
lated atomic Fermi gases with nontrivial pairing mech-
anisms [3] will hopefully contribute to our understand-
ing of puzzling condensed matter phenomena such as
high-temperature superconductivity.

Soon after the first observations, Fritz London
proposed that Bose-Einstein condensation—the phe-
nomenon in which bosons below a transition temper-
ature accumulate into a single one-particle quantum
state—might be responsible for superfluidity of liquid
helium. Several decades elapsed before London’s hy-
pothesis got a direct experimental verification from the
measurement of the momentum distribution by means
of neutron scattering experiments [4]: even at the low-
est temperatures where the superfluid fraction is al-
most 100%, the strong correlations between the atoms
forming the liquid deplete the population of the Bose-
Einstein condensate state to only 10% of the total mass.

The situation is substantially different in dilute ultra-
cold atomic gases. At low temperatures, such gases are
in fact almost fully condensed and superfluid, but a con-
ceptual difference still exists between the two proper-
ties. Researchers now routinely measure the condensate
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fraction by looking at the velocity distribution in time-
of-flight images, but some conceptual aspects of super-
fluidity are still awaiting experimental investigation. In
contrast to the complex microscopic structure of liquid
helium, the simplicity of the theoretical description of
dilute atomic gases allows a deep understanding of the
basic mechanisms underlying superfluidity phenomena
in simple terms.

One of the neatest formulations of the concept of su-
perfluidity involves the response of the fluid to rotation
in the so-called “rotating bucket experiment”: while the
normal component of the fluid is dragged by the bucket,
the superfluid component is almost unaffected by the
rotating walls [1]. This idea was first put into practice
in 1946 by Andronikashvili using a torsional oscillator
and a bulk three-dimensional sample of liquid helium
(see Fig. 1, left panel): the appearance of a superfluid
is detected by the drop in the moment of inertia [5]. In-
teresting measurements of the reduced moment of iner-
tia of atomic Bose-Einstein condensates have been per-
formed by looking at the frequency of the so-called scis-
sors mode in an anisotropic trap and at the time evolu-
tion of the shape of an expanding condensate after re-
leasing the trap [6].

The definition of superfluid fraction can be formu-
lated in a formal and quantitative way in terms of the
response of the fluid to an external vector field [7]. If
placed in a rotating trap, neutral atoms behave in fact as
if they were subject to a constant magnetic field parallel
to the rotation axis; in this picture, the absence of re-
sponse to rotation is the superfluid analog of the Meiss-
ner effect of superconductors in which magnetic fields
are excluded from the material. Along these lines, it was
soon recognized that the study of the response of the
gas to artificial magnetic fields may offer a much wider
range of experimental possibilities to investigate super-
fluidity.

The idea of creating artificial magnetic fields for neu-
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FIG. 1: (Left) In 1946, Andronikashvili carried out a classic ex-
periment on superfluid liquid helium by measuring the pe-
riod and damping rate of a torsional oscillator consisting of a
stack of closely spaced cylindrical plates hanging by an elastic
thread and immersed in the liquid helium. The normal com-
ponent of the fluid was dragged along by the rotating disk sur-
faces, while the superfluid took no part in the rotational mo-
tion, which allowed measurement of the fraction of the super-
fluid component as a function of temperature (bottom panel).
(Right) Cooper and Hadzibabic [2] propose an optical method
to measure the superfluid fraction in ultracold atomic gases.
The pair of copropagating laser beams with different orbital
angular momenta create an azimuthal vector potential that im-
parts angular momentum to the normal component but leaves
the superfluid one at rest. Spectroscopic analysis permits mea-
surement of the induced angular momentum and hence the
amount of normal vs superfluid gas. (Illustration: Alan Stone-
braker)

tral atoms dates back to the work of Dum and Olshanii
[8] and is based on the Berry phase that is accumulated
along an adiabatic closed contour in real space. In the
case of three-level atoms, two coherent laser beams can
be used to drive the atoms into a state that does not cou-
ple directly to the light field (a so-called “dark” state) via
a coherent population trapping mechanism. The energy
separation between the dark and bright states guaran-
tees adiabaticity if the atomic motion is slow enough.
The vector potential A associated to the spatial depen-
dence of the dark state can be designed via the geome-
tries and the time-dependence of the laser beams. The
resulting magnetic field B = V x A imposes a force
on the neutral atoms analogous to the Lorentz force on
charged particles. The efficiency of this approach to
manipulate Bose-Einstein condensates has been recently
verified with the observation of quantized vortices for
large enough values of the applied effective magnetic
field [9].

The paper by Cooper and Hadzibabic investigates this
physics in a ring-shaped geometry where three-level
atoms are dressed by a pair of specially tailored coprop-
agating optical beams carrying orbital angular momen-
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tum (see Fig. 1, right panel). This configuration cre-
ates an azimuthal vector potential that winds around the
ring. Once the atoms have thermalized in the presence
of the magnetic field, the induced current pattern is used
to assess the superfluidity of the cloud: if this is nor-
mal, a rotational momentum pattern will be created in
the gas; if the cloud is instead superfluid, the atoms will
preserve their original zero value of the momentum. A
simple way of reading out the atomic momentum is pro-
vided by the strong dependence of the dark state wave
function on momentum value: the differential popula-
tion of the different spin states is proportional to the nor-
mal, nonsuperfluid fraction.

The simplicity of Cooper and Hadzibabic’s proposal
suggests an extreme flexibility in its application to a
number of physical situations. Although the paper dis-
cusses the simplest case of Bose systems in a multiply-
connected geometry, no difficulties appear to prevent
the proposal from being combined with the great tun-
ability of system parameters that characterizes atomic
systems, such as the interaction strength, the dimension-
ality, and even the quantum statistics of the atomic con-
stituents. In many cases, a measurement of the super-
fluid fraction will be a crucial complement to standard
observables such as density profiles and time-of-flight
images after switching off the trap.

A most relevant system where such issues are
presently under active investigation is quasi-two-
dimensional Bose gases. A remarkable recent experi-
ment [10] has extracted information on the spatial co-
herence of the atomic matter field by letting a pair
of two-dimensional clouds interfere. Even though it
has demonstrated the transition from an exponential
to a power-law decay of the long-distance coherence,
such an experiment can hardly detect the universal
jump in the superfluid fraction that characterizes the
so-called Berezinskii-Kosterlitz-Thouless transition [11].
The method proposed by Cooper and Hadzibabic ap-
pears to be an ideal tool to assess superfluidity inde-
pendently of condensation and coherence. In the future,
such techniques are expected to be of great use in identi-
fying the different phases of strongly correlated atomic
Fermi gases where superfluidity may arise from non-
trivial order parameters that are not detectable in coher-
ence experiments.

The concept of superfluidity is not limited to sys-
tems at or close to thermodynamic equilibrium, how-
ever. Very recently, experiments on quantum degenerate
gases of exciton-polaritons in semiconductor planar mi-
crocavities have started exploring many-body physics in
a regime where the standard concepts and tools of sta-
tistical mechanics cannot be straightforwardly applied.
An external pump is in fact needed to compensate losses
due to the very short polariton lifetime and the nonequi-
librium stationary state is determined by a dynamical
balance of pumping and losses [12]; this fact, rather than
a hindrance as initially believed, is nowadays leading to
interesting new physics. Bose-Einstein condensation of
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polaritons has been demonstrated from the long-range
coherence of the emitted light [13], and the superfluid-
ity properties of these nonequilibrium polariton gases
are presently attracting a strong interest in both the ex-
perimental [14] and the conceptual points of view [15].
To put these investigations on a quantitative level, pro-
tocols to directly measure the superfluid fraction inde-
pendently of condensation will be of extreme utility.
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