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Experiments with photons show that the number of particles in a Bose-Einstein condensate can have
strong fluctuations.
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The most familiar type of Bose-Einstein condensate
(BEC) is one made of identical atoms, which, when
cooled to extremely low temperatures, collectively fall
into the same single-particle quantum state and form a
giant matter wave. But BECs can form from other types
of bosons, including polaritons and photons, and unlike
atoms in an isolated trap, these particles can be easily
created or destroyed within the medium in which they
are produced. Researchers have now revealed unusual
statistical effects in a BEC that can exchange particles
and energy with such a medium. Julian Schmitt and colleagues at the University of Bonn, Germany, produced
a BEC of photons within a bath of photoexcitable dye
molecules that acted as a “reservoir” of photons and a
heat bath, showing that particle fluctuations in the condensate could be a substantial fraction of the total number of particles [1]. Their experiment, reported in Physical Review Letters, is a rare example of a quantum gas
in the so-called grand-canonical ensemble of statistical
physics. Their work also shows that it is possible to make
a BEC in which particle number isn’t conserved, thereby
addressing a long-standing question in statistical physics.
Like other systems containing large numbers of particles, BECs are described statistically. Different statistical ensembles, that is, large numbers of particles prepared under specific thermodynamic conditions, can have
similar physical properties. But generations of physicists
have argued that this should not be the case for particle
fluctuations in a BEC [2]. Specifically, when a BEC can
exchange both heat and particles with a thermal reservoir—conditions described as a “grand-canonical ensemble”—theorists have predicted a fluctuation “catastrophe,” in which the fluctuations in the number of particles
are as large as the total number of particles in the condensate. In contrast, under “canonical ensemble” conditions, only heat (not particles) can be exchanged with a
reservoir, so the total number of particles must be conDOI: 10.1103/Physics.7.7
URL: http://link.aps.org/doi/10.1103/Physics.7.7

served and large fluctuations aren’t allowed. Similarly,
large fluctuations shouldn’t occur in a “microcanonical”
ensemble, in which both energy and particle number are
conserved.
So far, experimentalists haven’t seen these ensembledependent statistical effects in BECs. One reason is practical: in the case of an atom BEC, the atomic gas has
to be isolated from its environment in order to cool it
to low temperatures. These BECs are therefore usually
prepared in microcanonical ensemble conditions [2]. In
principle, it should be possible to see particle fluctuations in the BECs of exciton-polaritons [3] that can occur in solid-state systems. But both the accurate control
of the reservoir and a precise measurement of the fast
(picosecond-scale) fluctuations have proven difficult. Finally, theoretical work has questioned if it is possible for a
BEC to form under grand-canonical ensemble conditions
[4].
The Bonn group shows that, in fact, these conditions
are possible in a BEC of photons, a system they first produced several years ago [5]. In their setup, they generate
photons by using a laser to excite dye molecules within
an optical cavity with a mirror on both ends (Fig. 1,
top). If these two mirrors were perfectly flat, only the
motion of the photons in the longitudinal direction (perpendicular to the mirrors) would be quantized, and the
photons would be free to move in the transverse direction—behavior that is equivalent to the photons having
an effective mass. But the mirrors in Schmitt et al.’s
setup are slightly curved, which provides further confinement and also quantizes the transverse motion of the
photons. As a result, the trapped photons behave as a
two-dimensional gas of massive bosons in a harmonic potential. The dye molecules in Schmitt et al.’s experiment
have been carefully chosen so that, when excited, they
emit photons with energies similar to the sublevels in a
particular longitudinal cavity mode (in this case, ∼ 2.1
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FIG. 1: A Bose-Einstein condensate of photons. (Top)
Schmitt et al. produce a photon BEC by using an optical
pump to excite dye molecules in an optical cavity. The surrounding molecules act as a heat bath and a particle reservoir. (Center) When the effective size of the reservoir is large
enough, the setup produces grand-canonical conditions and
Schmitt et al. observe large fluctuations in the number of
particles in the condensate. (Bottom) These fluctuations disappear with a small reservoir. (APS/Alan Stonebraker)

electron volts). To form a BEC, the de Broglie wavelengths of bosons must have substantial overlap, which
for atoms only occurs at submicrokelvin temperatures.
But the effective mass of the cavity photons in Schmitt
et al.’s experiment is many orders of magnitude smaller
than that of a hydrogen atom, allowing the photon BEC
to form at room temperature.
In this setup, the molecules in the cavity can both
absorb and emit photons, and therefore act as both a
particle reservoir and a heat bath. The Bonn group uses
a so-called Hanbury-Brown-Twiss setup to measure the
average fluctuation δn0 around the mean number n0 of
condensed photons. The researchers can alter the type
of reservoir—and hence the statistical ensemble conditions—by tuning the number of dye molecules and altering their chemical composition to change their transition frequency. In fact, the researchers can decrease
the thermal coupling between the photons in the cavity and the reservoir by increasing the difference between
the dye transition frequency and the cavity mode frequency. These control parameters allow them to modify
the effective size of the reservoir by over three orders of
magnitude. The influence of the reservoir size on the
fluctuation properties can be spectacular: When 30% of
the total photons in the cavity are in the condensate, and
the reservoir is at its largest, the research team observes
0
a relative fluctuation number δn
n0 ' 80% (Fig. 1, center). This unusually large “flickering” is to be expected
for the so-called grand-canonical fluctuation catastrophe.
Yet, if they reduce the reservoir size, for the same condensate fraction, the relative fluctuation number δn0 /n0
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gradually approaches 0 (Fig. 1, bottom).
Schmitt et al. have found that the photon counting
distribution in their system for arbitrary reservoir size
agrees with a simple statistical model. A key assumption
of this statistical model [6] is that the number of optically excited molecules (i.e., the number of photons in
the reservoir) plus the number of photons in the cavity is
constant in the steady-state regime. For this to be true,
the nonradiative decay of molecular excitations in the dye
solution has to be low, as it is in Schmitt et al.’s experiment. For a large enough reservoir (one quadratically
larger than the condensate), grand-canonical ensemble
statistics is obtained both in the experiments and in the
theory.
Whether it is possible to make photons form a true
BEC has been the source of some debate. The reason
is that even when the mirrors in an optical cavity are
highly reflective, photons have a finite lifetime. To compensate for this loss, Schmitt et al. need to continuously
excite new photons in their experiments. At first glance,
it would seem a continuously pumped system can never
reach thermal equilibrium, an issue that has been discussed at length in the literature on photon lasing and
condensation [7–9]. But a recent nonequilibrium theory
[9] has shown that, at least for dye systems such as the
one studied by Schmitt et al., increasing the cavity photon lifetime allows a thermalized, Bose-Einstein-like condensation of photons to form. The key point is that the
photons can reach thermal equilibrium with the vibrational temperature of the dye molecules through repeated
photon absorption and re-emission. As long as these processes occur faster than the time it takes a photon in the
cavity to decay, thermal equilibrium can be reached.
Schmitt et al. have essentially performed “reservoir engineering”: they have devised a laboratory system that
allows them to master the fluctuations of a Bose-Einstein
condensate. The physics of their system could apply to
other many-body systems, such as exciton-polariton condensates in semiconductors, and could be helpful for understanding nonequilibrium situations with nonthermal
statistics. One interesting path to pursue in the future
would be to see how interactions between the photons
in the cavity affect the statistical properties of the photon BEC. In particular, these effects may be related to
the superfluid propagation of light and to the physics of
strongly correlated photonic systems [10].
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