Chapter 1
Quantum Fluids of Exciton-Polaritons
and Ultracold Atoms

Michiel Wouters

Abstract We give an overview of the physics of quantum degenerate Bose gases of
ultracold atoms and of exciton polaritons in microcavities. The physical systems are
described and the main experimentally accessible observables are outlined. We give
a schematic overview of recent trends in both fields.

1.1 Introduction

The physics of the quantum Bose gases took off from the theoretical side, when
Einstein predicted that the bosonic statistics induces a phase transition in a nonin-
teracting gas at low temperatures, when the interparticle distance is comparable to
the de Broglie wave length [39]. Below the transition temperature, the gas enters
the Bose-Einstein (BE) condensed phase, where a macroscopic number of parti-
cles occupies the lowest momentum state, leading to the coherence of the phase
over macroscopic distances. The first physical example of this type of transition
was superfluid Helium. Due to the strong interactions between the Helium atoms
however, its theoretical description is complicate and the connection to the ideal
Bose gas is not so direct. Still the macroscopic phase coherence and superfluidity
are not qualitatively altered by the strength of interactions, so that the ideal Bose gas
remains conceptually a good starting point to understand the remarkable behavior
of superfluid Helium. It was in this context that Bogoliubov analyzed the effect of
weak interactions and Pitaevskii constructed the classical theory for inhomogeneous
Bose-Einstein condensates.

A physical realization of the weakly interacting Bose gas was lacking for many
years. The condition of weak interactions nRS < 1 is only satisfied when the in-
terparticle distance (n~!/3) is much larger than the range of the interactions (R,).
No gases satisfy this condition at thermodynamic equilibrium. Several ideas were
pursued to create metastable quantum gases that are in the weakly interacting limit.
Both excitons in semiconductors and very dilute atomic gases were conceived to
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be good candidates to achieve this goal. The first successful realization was ob-
tained with dilute atoms in 1995 [13]. The condensation of excitons on the other
hand proved to be much harder due to the complicated solid state environment. By
coupling the exciton to a cavity photon, polariton quasi-particles are created. Be-
cause of their much lighter mass as compared to the exciton, they are much easier to
condense in the ground state. Unambiguous proof hereof was obtained in 2006 [28].

The ultracold dilute atomic gases have turned out a very flexible system, and
can be used as emulators for a wide variety of quantum systems and the field has
witnessed a vigorous expansion. It is beyond the scope of the present introduction
to cover this field. We will rather restrict ourselves to the physics of bosonic atoms
in the regime of weak interactions. On the polariton side, the relative simplicity of
the experiments has allowed for many milestone experiments to be performed in a
relatively short time. The field being still much smaller than the cold atom one, we
will cover relatively more of the polariton physics.

1.2 The Systems

In the following sections, we will start with short separate introductions to the mi-
crocavity and cold atom systems to describe their specific features.

1.2.1 The Microcavity Polariton System

1.2.1.1 Microcavity Polariton Properties

A microcavity is a solid state Fabri-Perrot cavity with a distance between the mir-
rors of the order of one micron. The mirrors are flat so that the photon modes have
a conserved momentum in the directions parallel to the mirror plane, making them
a two-dimensional (2D) system. At small momenta, their dispersion is in good ap-
proximation quadratic wc (k) = a)g + k%/2m ¢, where the effective mass is four or-
ders of magnitude smaller than the free electron mass m¢ = 10~%m,. The resonance
frequency a)OC is in the electron volt range, the typical energy scale of electronic tran-
sitions. The mirrors are usually Distributed Bragg reflectors (DBRs) with a quality
factor of the order of 10.000, yielding photon line widths in the 0.1 meV range,
corresponding to a few ps life time [15].

When a material is placed between the mirrors, that has an electronic transition
in resonance with the optical mode, the electronic excitations couple to the light.
Of particular interest is the coupling to an excitonic transition (bound electron hole
pair) in the material, illustrated in Fig. 1.1(a). When a photon creates an exciton,
the center of mass momentum of the exciton is equal to the photon momentum. The
relative wave function of the exciton being fixed, the coupling between a photon
and exciton at momentum Kk can be seen as the coupling in a two-level system. In
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Fig. 1.1 (a) Overview of the microcavity polariton system. A cavity photon is strongly coupled
to an exciton transition in an embedded quantum well. (b) The dispersion of the upper (green) and
lower (blue) polaritons, compared to the bare exciton and photon dispersions (dashed lines). (c),
(d), (e) comparison of the different excitation schemes: resonant (c¢), parametric (d) and nonreso-
nant (e)

second quantization, this coupling can be described by a term in the Hamiltonian of
the form

Q2
= Tszg(kmx(th.c. (1.1)
k

where the coupling parameter §2f is the Rabi frequency and ¢ annihilates a cavity
photon. The operator ¢ describes the annihilation of an exciton (electron-hole
pair). To enhance the binding energy, the exciton is usually confined in a quantum
well. The eigenstates of the full linear Hamiltonian H = Hy + Hpg, with the free
Hamiltonian

Ho =Y [ock) ¥ K)Yc k) +ex ¥y R yx (K)], (1.2)

k

can be obtained by diagonalizing it at fixed k. The dispersion of the quasi-particles,
the so-called lower and upper polaritons, is shown in Fig. 1.1(b). The splitting be-
tween upper and lower polariton was first experimentally seen by Weisbuch et al.
in 1992 [56]. Note that in (1.2), we have neglected the momentum dependence of
the exciton energy, which is well justified since its mass is around four orders of
magnitude heavier than the cavity photon.

The coupling between excitons and photons is determined by the Rabi frequency
§2R, that is of the order of a few meV in GaAs up to 50 meV in GaN (discussed in
Chap. 10), 130 meV in ZnO (see Chap. 11) and even higher in organic materials [1].
A larger Rabi frequency makes the polaritons more robust with respect to temper-
ature. Experiments with GaAs microcavities are conducted at cryogenic tempera-
tures around 10 K, where polaritons in GaN (see Chap. 10) and organic materials
can be observed at room temperature. Many experiments are however conducted
with GaAs microcavities, because the growth technology for this material is much
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more advanced thanks to its use in commercial opto-electronic applications. Much
progress has however been made in the fabrication of GaN microcavities and many
of the pioneering experiments on polariton condensation have been conducted on a
CdTe microcavity [28, 33, 42].

The microcavities are structurally identical to Vertical Cavity Surface Emitting
Lasers (VCSELSs). The only difference is that their excitonic resonance is carefully
tuned to the cavity photon. The most important consequence hereof is that unlike
photons, the polaritons interact significantly with each other. Indeed, the excitons
consist of electrons and holes and their (exchange dominated) interaction is re-
sponsible for the polariton-polariton interactions [11]. It is theoretically modeled
by adding the interaction term

Hp = %/dx VYL (0 Yx () Px () (1.3)

to the Hamiltonian. Its approximation by a contact interaction is well justified, be-
cause the range of the exciton-exciton interaction potential is of the order of 10 nm,
where the polariton physics takes place on the um length scale.

On resonance, the polariton is half exciton and half photon, so that the effective
polariton-polariton interaction is g7 p = g/4. The relevant dimensionless coupling
constant that characterizes the strength of interactions in a 2D gas of particles with
mass m is § = mg/h* [7]. This means that even though the excitons are in a regime
of strong interactions § = myg/h> ~ 1, the polaritons are in a weakly interacting
regime. For example in GaAs microcavities, the dimensionless interaction constant
is of the order of § =my pg/h>~0.01.

A second major difference with the bare exciton gas concerns the role of disorder.
A certain degree of disorder due to growth fluctuations is inevitable. Fluctuations in
the quantum well width result in an inhomogeneous effective potential for the exci-
tons, with a correlation length on the nm scale and gives a inhomogeneous linewidth
in the order of one meV. It however turns out that when the Rabi frequency is larger
than this inhomogeneous broadening, the polariton modes are quite insensitive to
the excitonic disorder [45]. The major source of disorder acting on the polaritons
comes from the fluctuation in the distance between the two DBR mirrors. A mono-
layer fluctuation gives an energy shift of the order of 0.5 meV, which is of the same
order of magnitude as the other polariton energy scales.

Controllable manipulation of the potential acting on the polaritons is possible by
a variety of techniques, that are discussed in Chap. 8. Among the most successful
strategies of creating potentials acting on the polaritons are etching (see Chaps. 8
and 9), stress induced traps [4], surface acoustic waves [10] and controlled variation
of the DBR thickness (see Chap. 6).

So far, we have simplified the discussion by neglecting the polarization degree
of freedom of the polaritons [47]. The photon however has two polarization states.
In GaAs for example, there are four exciton polarization states. The photon only
couples to the m, = %1 excitons. The other two states with m, = +2 are not coupled
to the light because of angular momentum conservation. They are dark and do not
form polaritons.
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The single particle polariton eigenstates have a well defined linear polarization
due to the splitting of both the photon and exciton linear polarization states. For
what concerns the polariton-polariton interactions however, the conservation of an-
gular momentum in collisions results in the conservation of the circularly polarized
states. The interactions turn out to be anisotropic: the interactions between cocir-
cular polarized polaritons is larger than between countercircularly polarized ones:
g+1 > |g4y 1. This is due to the fact that the dominant contribution comes from
the Pauli exclusion principle (exchange interaction). For countercircularly polarized
excitons, both electron and hole spins are however different, so that the exchange
contribution vanishes. The interactions due to higher order terms have been found
to be negative g4y <0 [31, 54].

Discussions on the spin physics of polaritons can be found in Chaps. 3 and 4.

1.2.1.2 Experiments with Polaritons

In its ground state, the microcavity is empty. Polaritons can be injected by means of
optical or electrical injection. The polariton life time is mainly limited by the finite
photon life time. In state of the art microcavities, it is around 10 ps, which is of the
order of the other time scales of their dynamics and thus presents a severe limita-
tion. Therefore, polaritons are often continuously injected in order to compensate for
these losses. Two different optical injection schemes should be distinguished. The
first excitation scheme is resonant excitation (see Fig. 1.1(c)): A laser is tuned to the
polariton frequency at a given wave vector. The second scheme is nonresonant ex-
citation (see Fig. 1.1(e)). In this latter case, the laser is tuned to an energy above the
polariton energy. High energy excitons or free electron-hole pairs are formed, that
subsequently relax to the bottom of the lower polariton branch. Electrical excitation
has a similar effect.

An important difference between the resonant and nonresonant excitation
schemes concerns the U (1) phase symmetry of the polariton field. In the case of
resonant excitation, the coupling of the external laser amplitude F; to the micro-
cavity adds a term to the Hamiltonian

Hp = Fre L'y (k) + h.c. (1.4)

that explicitly breaks the U (1) symmetry. The phase of the polariton field is deter-
mined by the phase of the laser and in particular its spatial and temporal coherence
is determined by the coherence properties of the laser light. Under nonresonant ex-
citation on the other hand, the U (1) symmetry is not explicitly broken and polariton
coherence can spontaneously form. Various models to describe this symmetry bro-
ken nonequilibrium state are discussed in Chap. 2.

An excitation scheme that is intermediate between resonant and nonresonant ex-
citation is the so-called parametric excitation [25, 51]. The lower polariton branch is
excited resonantly at an energy above the ground state carefully chosen so that po-
laritons can scatter into the ground state (signal) and an excited state (idler) through
a single collision. The parametric scheme is illustrated in Fig. 1.1(d). Where under
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parametric excitation, the phase of the pumped mode is fixed by the laser, the signal
phase is chosen spontaneously, because only the sum of signal and idler phases is
fixed ¢; +¢; = 2¢p,,. Therefore, the spontaneous formation of coherence is observed
when the density of polaritons in the signal mode is increased.

Finally, under pulsed resonant excitation, the polariton phase is only fixed as long
as the laser pulse excites the microcavity and is free to evolve afterwards. The main
limitation of this scheme is, as we mentioned earlier, the finite polariton life time
that makes the density drop on the same time scale as the other time scales that are
involved in the dynamics.

1.2.2 The Cold Atom System

Similar to polaritons, also the dilute clouds of ultracold alkali atoms are not in their
ground state, which is the solid phase. The relaxation to a solid however needs
three-body interactions, which are very slow at low densities and the gas phase is
metastable with a life time that can be of the order of one minute. This is much
longer than the time needed to reach thermal equilibrium and much longer than the
typical time scales of the dynamics. It is therefore a good approximation to neglect
the finite life time of the trapped atoms.

Since the realization of Bose-Einstein condensation, the field of ultracold atoms
has witnessed an explosive growth. Nowadays, many experiments are performed on
atoms of bosonic and fermionic [21] statistics, that can be combined with ions [61]
and strongly coupled to light [8]. The scope of this chapter is limited to point out
some aspects of the physics of ultracold bosonic gases. More extensive reviews of
their properties can be found in several text books on the subject [38, 39]. Due to
the three-body losses, the maximum density of the atoms is around 7 = 1014 cm™3,
This means that the typical interatomic spacing is similar to the polariton spacing of
around 1 micron. Quantum degeneracy is reached when the de Broglie wavelength
reaches this value. Due to the much heavier atomic mass, the temperature require-
ment for the atoms is much more severe and of the order of 100 nK, eight orders of
magnitude smaller than in the polariton case. Thanks to the excellent isolation of the
atomic clouds from any environment, these ultralow temperatures can however be
routinely achieved. While the BEC phase transition does not rely on the interactions
between the atoms, the transition temperature is affected by atomic interactions (see
Chap. 16).

Spin conservation laws in the collisions of atoms make that for several combina-
tions of hyperfine states, the number of atoms in each state is conserved. Mixtures of
a well defined number of atoms in each hyperfine state can thus be prepared, which
allows to study atomic gases with tunable effective spin.

Interactions between ultracold atoms have a range that is of the order of 10 nm,
much shorter than their spacing. The interaction can thus be well approximated by
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a contact interaction, that reads in three dimensions (omitting technicalities con-
cerning their regularization)

Arhlag,
V(x)= Té(r), (1.5)

where ay. is the scattering length, that is typically of the order of the range of the
interactions. Making use of so-called Feshbach resonances, the scattering length
can be tuned at will. Both positive and negative signs for the scattering length can
be reached. In absolute value, it can be tuned from zero to values larger than the
interparticle spacing. In the latter regime, the atomic gas enters a very controlled
strongly interacting regime.

An alternative route to the regime of strong interactions in bosons is by using op-
tical lattices. These are periodic potentials generated by standing laser fields. They
allow to realize a tunable bosonic Hubbard model, where the dramatic effects of
interactions between bosonic particles were first evidenced in the superfluid to Mott
insulator phase transition [22].

Interactions can be meaningfully compared between 2D polariton gases and 2D
atomic clouds. The latter can be created by applying a standing laser field that con-
fines the cloud in one dimension only. In experiments on the 2D Bose gas, the inter-
action strength is tunable and takes values in the range g = 1072-0.3 [12, 24, 26].
As discussed above, Microcavity polariton in GaAs microcavities are in the lower
values of this range.

The coupling of ultracold gases to cavity photons has been achieved as well,
making for a systems that is at first sight strongly analogous to the microcavity
one. For example, in Ref. [8], a BEC was placed inside an optical cavity, that was
tuned to an electronic transition of the atoms, a situation very similar to the quantum
well embedded in a microcavity. An important difference between the two cases is
the dimensionality of the photon. Where it has in the semiconductor case the same
dimensionality as the exciton, in the atomic case, the photon is zero-dimensional
where the condensate is 3D. A second ingredient that causes an important differ-
ence, where the motion of the Ga and As atoms is negligible for the crystalline
solid state materials, the atoms move while they interact with the light, leading to
optomechanical effects [8].

1.3 Observables

1.3.1 Microcavities

The measurement of the polariton state inside the microcavity is straightforward,
thanks to the one-to-one correspondence between the microcavity polaritons and
the light that is transmitted through the microcavity mirrors [46]. Using standard
optical techniques, the polariton density can be measured in real space n(x) or in
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momentum space n(k). Using a spectrometer, the energy spectrum is readily ob-
tained, resulting in images of n(x, w) or n(k, ). When a streak camera is used, the
time evolution of the density can be monitored with a ps resolution.

By interfering the light that is emitted at different positions, the spatial coher-
ence gV (x1,x2) = (T (X)) (x2))//n(X])n(X2) can be measured [28]. From the
interferrograms, also the average phase difference between different regions in the
condensate can be extracted. This has allowed to evidence the existence of quan-
tized vortices in polariton condensates [32]. This interference technique to visualize
vortices has been first used for atomic condensates by Inouye et al. [27].

It is important to point out that all the measurements of polariton gases are per-
formed over times that are very long as compared to the polariton life time. For a
steady state measurement, this means that actually a long time average is recorded.
In practice, the cw experiments are performed with long pulses. A typical mea-
surement takes a time that is long with respect to the pulse duration and thus av-
erages over many realizations of the condensate. For the observation of vortices,
this means that only an average phase profile is measured, that completely misses
moving vortices. For pulsed experiments where the time evolution is followed, the
measurements record the average over multiple realizations of the dynamics. Again,
the particular trajectory of a single realization cannot be followed.

1.3.2 Ultracold Atoms

The main observable of ultracold atoms is the density: the atomic (column) den-
sity can be imaged through its absorption of laser light. It has turned out that from
the density, combined with an engineered evolution of the system before recording
it, an enormous wealth of information can be derived. The clearcut observation of
BEC in 1995 was a density measurement performed a certain time after the trap
was switched off. The free expansion maps approximately the momentum to the
distance and thus gives a good estimate of the momentum distribution. A further
analysis shows that the mapping of distance to momentum is modified by the inter-
actions during the early stages of the expansion. Note that in the polariton case, the
momentum distribution is also obtained by a kind of free expansion of the emitted
photons. There however, interactions are always negligible, because the propagation
takes fully place outside of the microcavity, where photon-photon interactions are
absent.

Also from the in situ measurements of the atomic clouds, important informa-
tion can be extracted. By using high resolution optical [48] or scanning electron
microscopy (SEM) techniques, the atomic density profiles can be measured with a
resolution that is better than the interparticle distance and the lattice spacing of opti-
cal lattices. Thanks to the single atom sensitivity, also higher order correlations can
be measured. This technique will be described in Chap. 18.

A crucial difference between the measurements of ultracold atoms and polari-
tons is that in the case of the ultracold atoms information is obtained from a single
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shot measurement. A picture of a single realization of the ensemble of atoms is
taken. This is relevant for phase measurements. Two atomic clouds can be made to
interfere with each other and a particular realization of an experiment will always
show interference fringes, irrespective of whether the phases of the two clouds are
related or not. This makes it straightforward to observe spontaneous vortices [24].
The presence of a vortex is signaled by a fork like dislocation in the interference
pattern between the condensate and a reference condensate. By repeating such an
experiment many times, the probability distribution for the number of vortices can
be measured.

Spectral information on the Bose gases can be extracted by applying time-
dependent laser fields. An example is Bragg spectroscopy [50]. In this type of ex-
periments, two lasers with frequency difference Aw and wave vector difference Ak
are applied to the gas. A large response of the atoms is observed when (Ak, Aw)
coincides with a resonance in the structure factor. Another example is modulation
spectroscopy, where the standing laser field that creates an optical lattice is modu-
lated [52]. The excitation frequency and spectrum turns out to be a precise probe for
the properties of the quantum fluid.

For the measurement of temporal coherence, Ramsey type experiments can be
used. A proposal for the measurement of the temporal coherence of atomic conden-
sates is discussed in Chap. 15.

1.4 Physical Properties

1.4.1 Condensate Shape

In contrast to conventional condensed matter systems such as the electron gas or
superfluid Helium, both the ultracold atoms and polariton gases are strongly in-
homogeneous. The overall trapping potential acting on cold atoms is usually well
approximated by a quadratic potential. In the polariton case, not only trapping poten-
tials can be present, but also the excitation that injects particles is inhomogeneous.
The physical consequences of the inhomogeneity are very different for systems at
thermodynamic equilibrium and for nonequilibrium gases.

In the case of cold atoms in equilibrium, the effect of a shallow quadratic trapping
potential can in good approximation be described in the local density approximation.
This means that the gas can be treated locally as homogeneous at a given chemical
potential 1 (r). This chemical potential varies in space as (£ (r) = (o — Vexr (T), where
Vexr 18 the trapping potential. What at first sight could seem to be a complication,
actually turns out to be a convenience: one has access to a range of chemical poten-
tials in a single experiment. Measuring the local density, it is possible to extract the
equation of state p(n), from which thermodynamic quantities such as the pressure
and phase space density can be extracted. A discussion on this method in the context
of the unitary Fermi gas is given in Chap. 17.
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In the polariton case on the other hand, the inhomogeneity induces more com-
plicated phenomena. Due to the nonequilibrium situation, that breaks time reversal
symmetry, the steady state can sustain flows of polaritons. In other terms, the super-
fluid phase is not guaranteed to be homogeneous in the steady state. For a general
inhomogeneous potential V,(r) and inhomogeneous injection of particles P(r),
it is not possible to find a steady state with a uniform superfluid phase. Because of
these flows, it is a much harder problem to find the steady state. It has been observed
that when exciting the polariton gas with a very small pump spot, the condensation
mainly takes place at a finite wave vector. The physical interpretation is that most
of the particles are flowing away from the region where they are created [42, 57].
It is even possible that under certain conditions, these flows appear under the form
of quantized vortices [32]. Thanks to the polarization degree of freedom, even more
complex topological structures such as half vortices can be generated [34].

1.4.2 Coherence

1.4.2.1 Spatial Coherence

The order parameter of the Bose-Einstein condensation phase transition is the long
range phase coherence, which means that for large separation |x; — X2| — oo, the
first order coherence goes to a nonzero condensate density (W' X)) (x2)) =nc #0.
In ultracold atomic gases, the nonzero value of the condensate density in a 3D con-
densate was observed experimentally in Ref. [6].

For one and two dimensional systems at finite temperature, the Hohenberg-
Mermin-Wagner theorem asserts that no true long range order can exist, n, = 0.
In two dimensions, there is still a phase transition from a normal gas at high temper-
atures to a superfluid phase at low temperatures, that is of the Berezinskii-Kosterlitz-
Thouless (BKT) type. Above the transition temperature, the phase coherence decays
exponentially <¢T(X1)¢(X2)) ~ exp(—|x1 — x2|/€.). Moreover, above the transi-
tion temperature, one expects to see the spontaneous formation of vortices. Below
the transition temperature, the coherence decays as a power law of the distance
(1//T(x1)1/f(x2)) ~1/|x; —x2|%(T). For T — 0, the power goes to zero as well and
long range order is recovered at zero temperature. In a finite size system, the gas can
already show coherence over its full extent at finite temperature.

Pancake shaped clouds of bosonic atoms have been used to study the Kosterlitz-
Thouless transition experimentally. The spontaneous vortices were observed and the
transition in the analytic behavior of the coherence was observed when the gas was
cooled through the transition. The most difficult aspect of the cold atom experiments
is the finite size of the system. The BKT transition is theoretically usually studied
for homogeneous systems, but the finite size effects can mask the algebraic decay
of long range order [23].

As we have pointed out in the general description of polariton quantum fluids,
Sect. 1.2.1.2, only in nonresonantly and parametrically excited microcavities, there
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is a spontaneous formation of coherence. Due to the nonequilibrium character where
the steady state is determined as a balance between driving and dissipation, the
phase fluctuations of the polariton condensates are much less understood.

A fundamental question concerns how the nonequilibrium situation affects the
long range decay of the coherence. Theoretical calculations based on very different
formalisms predict that in the limit of slow phase decay, the coherence still falls
off algebraically in 2D [53] and exponentially in 1D [59]. While this behavior is
the same as the equilibrium Bose gas at finite temperature, the exponent (2D) and
coherence length (1D) are now determined by the strength of the losses rather than
by the temperature. Moreover, the details of the coupling to the reservoir affect the
coherence [60].

Clear experimental results on the spatial decay of the coherence are not available
yet, mainly because the size of the polariton gas is still limited and because in many
experiments disorder is too large. In the recent experiments by Spano et al. [49] on
a high quality sample, the coherence length of a parametrically excited polariton
condensate, the spatial coherence was found to extend over the whole condensate,
without any sign of algebraic decay.

1.4.2.2 Temporal Coherence

The coherence of a Bose gas does not only decay as a function of spatial distance,
but also as a function of the time delay #; — #,. For polariton condensates, the tempo-
ral coherence is in principle directly available from the spectrally resolved images

T
n(x,a)):%/o dtidtre™ (YT (x, 1)y (x, ). (1.6)

The line narrowing at the threshold for condensation/parametric oscillation illus-
trates the expected increase in coherence time a mode gets macroscopically occu-
pied. The same phenomenon takes place above the threshold of a normal laser.

Let us discuss briefly the main mechanisms that limit the coherence time of a
laser. Far above the threshold, the temporal coherence of a laser is limited by the
Shawlow-Townes phase diffusion, that predicts an exponential decay of the coher-
ence with a decay time rng =4N/y, where y is the bare cavity line width and N
the number of photons. The losses and gain contribute both equally to the magnitude
of the decay rate. When the gain medium not only provides a gain for the photons,
but also changes the refractive index and hence the cavity frequency, an additional
contribution to the linewidth appears, the so-called Henry linewidth enhancement
Ty =’y /N, where @ = dwc /dR is the ratio of the change in cavity frequency to
the change in optical gain.

Both the Shawlow-Townes and Henry mechanisms are present in polariton con-
densates as well. In addition, the coherence time of polariton condensates is also
limited by the polariton-polariton interactions [58].

For the case of atomic Bose-Einstein condensates, when losses are neglected,
the only mechanism for phase decoherence comes from the interactions between
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the atoms. The analysis by Castin and Sinatra, presented in Chap. 15, shows that
the ensemble (microcanonical, canonical, grand canonical) changes the functional
behavior of the temporal coherence.

1.4.3 Superfluidity

The phase coherence of a Bose-Einstein condensed gas has profound consequences
on its hydrodynamic behavior and shows effects such as persistent flows and quan-
tization of vorticity. It has turned out that the phenomena associated to superfluidity
are robust with respect to particle losses so that many of the phenomena that were
first studied with “He and ultracold atoms can also be observed in polariton gases.

A major consequence of Bose-Einstein condensation on an interacting system
is the change in the spectrum of elementary excitations from quadratic to linear.
According to the argument by Landau, this change of the excitation spectrum is
responsible for the dissipationless flow of the superfluid component, because the
energy cannot be lowered by creating excitations on top of the superfluid, at least
for superfluid velocities below the speed of sound. When the speed of sound is
exceeded, excitations are created and the superflow is dissipated.

The use of an energetic argument could suggest that the dissipationless flow is
limited to systems at thermodynamic equilibrium, but this turns out not to be the
case. The Landau critical velocity can be derived without relying on energetic min-
imization arguments. Let us limit ourselves to the case of static defects. The excita-
tion spectrum on top of a moving condensate (in equilibrium or not) is obtained in
the rest frame of the defect by a Galilean transformation. A static defect can only
create excitations at the frequency of the condensate. As long as the condensate
speed is below the speed of sound, no excitations can be created.

In the polariton case, this mechanism results in a strong suppression of the
Rayleigh scattering when the polariton gas is in the superfluid regime. Since it is for
this physics not important whether the superfluid phase coherence is spontaneous or
not, the easiest experiment to observe the reduced scattering is under resonant ex-
citation. Following the suggestion by Carusotto and Ciuti [9], this suppression was
experimentally observed by Amo et al. [2], where a resonantly excited polariton
condensate was collided with a natural defect on the sample. In the atomic conden-
sate case, the experiments probing the dissipation of superfluidity were performed
soon after the realization of BEC. The defect they used was created by a laser field
that exerts a repulsive potential on the atoms [41].

The Landau argument being based on the linear excitation spectrum is only valid
for weak perturbations that do not strongly change the condensate density and speed.
For strong defects, the theoretical analysis by Frisch et al. [20] has shown that the
critical velocity is lower by a factor of more than two. The physical reason is that a
large defect strongly alters the density and speed of the superfluid. This implies that
locally the Landau criterion can be violated when the asymptotic speed is still below
the sound speed. In this case, the dissipation of the superflow does not take place
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in the form of elementary phonon excitations, but rather in the periodic shedding
of vortices (at lower speeds) or in the creation of a dark soliton (at higher speeds).
Experimentally, both in cold atoms [37] and in polariton condensates [3, 36] (see
Chaps. 6 and 7), this instability of the superflow was observed. An extensive discus-
sion of the theory of the critical speed in atomic condensates is given in Chap. 12.

The quantization of vorticity is a key feature of superfluids. Soon after the re-
alization of Bose Einstein condensation of ultracold atoms, quantized vortices and
vortex lattices were generated by rotating the trap. The study of rotating atomic
gases have allowed for a detailed study of many phenomena of rotating Bose gases,
such as the Kelvin modes of vortex lines and the Tkachenko modes of vortex lat-
tices [18]. Currently, there is a great interest in reaching the regime of ultrafast
rotation where correlated quantum hall states can be created. One of the most
promising techniques are artificial gauge fields created by a properly designed laser
field [14].

Furthermore, when many vortices are present they can form complex tangles,
a quantum turbulent state. The theory of quantum turbulence applied to ultracold
atomic gases is discussed in Chap. 13, where pioneering experiments are discussed
in Chap. 14.

In polariton condensates, mechanical rotation speeds needed to induce vortices
are technically not achievable, but in this case the nonequilibrium situation can lead
to the spontaneous formation of vortices [32] and even the formation of vortex lat-
tices has been predicted [29].

The interplay between the polarization degree of freedom and superflows gives
rise to the existence of topological defects that are more complicate than standard
quantized vortices. These objects are discussed in Chaps. 4 and 5.

1.4.4 Disorder

The effect of disorder on quantum systems has proven to be very rich. The original
studies were motivated by the unavoidable presence of random fluctuations when
solid state structures are fabricated. The problem of a particle moving in a random
potential whose magnitude is described by a statistical distribution has become an
important field of research. Already on the level of single particle physics, random
potentials have a dramatic impact on the behavior of quantum systems. The solu-
tions of the wave equation are qualitatively different. As it was shown by Anderson,
waves are always localized in a 1D random potential, where in 3D, there is a mo-
bility edge, i.e. an energy above which the waves can propagate through the whole
space.

In the case of ultracold atomic gases, potential fluctuations are absent, but this
makes the atomic gases an almost ideal testing bed for the precise study of the effect
of disorder on quantum systems, by applying an additional laser field with random
intensity distribution [44]. The polariton system is rather in a standard solid state
situation, where the disorder is unavoidable and often of the same order as the other
energy scales.
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In the cold atom gases, the Anderson localization of waves in a 1D random poten-
tial was clearly demonstrated by several groups. The disorder is made by applying a
laser beam on the atoms whose intensity varies randomly in space. In the presence
of such a random potential, the atoms can no longer propagate, but the density dis-
tribution at long times shows an exponential decay, characteristic for the Anderson
localized states [5, 43].

When interactions enter into play, the physical picture becomes much richer. On
the one hand the interactions screen out the disorder potential and thus delocalize
the Bose gas, on the other hand the interactions cause dephasing that is detrimental
to superfluidity. The ground state of the strictly noninteracting Bose gas is the state
where all the particles are in the lowest energy state, that is exponentially localized.
These exponentially localized states below to the so-called Lifshitz tail. In the ther-
modynamic limit where the number of particles goes to infinity, the density goes
to infinity as well. An infinitesimal amount of interactions dramatically changes the
ground state, that spreads over many of the low-lying localized states and forms
many islands, a ‘fragmented’ state.

When the interaction strength is increased, the density spreads out and starts to
cover space more and more homogeneously. Consequently, the coherence of the
Bose gas improves. On the mean field level, the defragmentation transition coin-
cides with the Bose glass to superfluid transition, where the spatial coherence decay
goes from exponential to algebraic. Interactions can thus enhance the coherence of
a disordered Bose gas. This trend is opposite to the quantum depletion of a homo-
geneous condensate that grows with the interaction strength. This effect of quantum
fluctuations starts to dominate when the mean field theory breaks down, i.e. in the
case of strong interactions when the interaction energy is of the order of the tunnel-
ing energy to go from one to the next valey in the disorder potential. The disorder
potential then amplifies the effect of quantum fluctuations due to interactions in a
way that is similar to a periodic potential, where the celebrated superfluid to Mott
insulator phase occurs. At a critical strength of the disorder potential, a phase transi-
tion to the Bose glass phase occurs, that is in analogy with the Mott insulator phase
not superfluid. The difference between the Mott insulator and Bose glass phases is
that the excitation spectrum that is gapped in the Mott insulator and not gapped in
the Bose glass phase [19].

1.4.5 Dynamics

An advantage of both the atom and polariton systems is that the time scales of their
dynamics are slower than the temporal resolution of the measurements. This allows
to study the temporal dynamics of the observables. Moreover, the external forces
acting on the systems can be varied fast with respect to the dynamics.

For cold atoms, the collective excitations that are excited when the clouds are
shaken have revealed a wealth of information on their properties. For example, the
frequency of the breathing mode gives information on the equation of state, where
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the scissor mode is very sensitive to the superfluidity of the gas [39]. Typically, the
oscillation amplitude is moderate and the oscillation frequencies can be computed
in linear response theory.

A more recent direction of the field concerns the study of dynamics far from
equilibrium. For a review, we refer to Ref. [40]. One of the pioneering experiments
on the dynamics far from equilibrium was performed in 2006 by Kinoshita et al.
They created a one-dimensional Bose gas, that is a close experimental realization of
the Lieb-Liniger gas. The atoms were put in a superposition of the momentum states
+po and it was observed that the momentum distribution remained non-Gaussian,
even after thousands of collisions. This lack of thermalization was interpreted in
terms of the integrability of the Lieb-Liniger gas. This experiment motivated a great
body of theoretical studies on questions concerning ergodicity and integrability [40].

A second field of interest concerns quantum quenches. Here a control parameter
is changed so that the system undergoes a phase transition. For classical phase tran-
sitions, this is typically the temperature; for quantum phase transitions it is rather the
coupling constant that tunes the system through the quantum critical point. It is then
predicted that excitations will be created through the so-called Kibble-Zurek (KZ)
mechanism [30, 62]. In the case of Bose-Einstein condensation, those excitations
are quantized vortices and they were observed experimentally by Weiler et al. [55].
In these experiments, the temperature was quickly lowered below the critical one
and the spontaneously formed vortices were observed. Related experiments were
performed with exciton-polaritons [35], where the density was suddenly increased
above the critical density. The subsequent buildup of the spatial coherence was mon-
itored, but no spontaneous vortices were observed, because so far no experimental
technique exists to visualize them (see Sect. 1.3.1).

With respect to dynamics, we remind that the polariton system is intrinsically in
a non-equilibrium situation when the driving compensates for the losses. One has to
resort do descriptions of the dynamics to assess the properties of the stationary state.
In most cases, the steady state of the ultracold atomic gases corresponds to a thermal
state that can be described with statistical methods. The flexibility of ultracold atoms
has however also generated proposals to study driven-dissipative dynamics with ul-
tracold atoms, where an environment is engineered so to introduce nonequilibrium
phase transitions [16] and topological states of matter [17].
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