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Abstract

The field of atomic quantum gases has seen rapid and sometimes surpris-

ing developments since its beginnings in 1995. In this article, I summarize,

highlight and comment on selected topics.

Bose-Einstein condensation (BEC) in atomic gases was first observed in

1995, and has changed the face of atomic physics. It is for atoms or matter

waves what the laser is for photons: a macroscopically occupied quantum

state. It was regarded as an elusive goal until it was discovered in 1995. Al-

though BEC was immediately viewed as a major accomplishment its impact

has far exceed expectations. Now, 20 years on, there is no question that the

field remains exciting.

It is impossible to give a review over the developments during those 20

years. Instead, in this article, I want to illustrate how often predictions or

expectations changed in the pursuit of Bose-Einstein condensation. There

were many surprises, and some advances and breakthroughs happened al-

though they were predicted to be impossible. A lesson we can learn from

this is that we should always carefully read the fine print when something is

proven or assumed impossible, and try to figure out if the assumptions can

be circumvented!

Since the early history of Bose-Einstein condensation provides several ex-

amples for such “impossibility theorems”, I digress into those earlier devel-

opments in the first part of this article.

Wolfgang Ketterle
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1.1 Validity of the prediction of Bose-Einstein condensation

Einstein predicted Bose-Einstein condensation in 1924 in the second of two

papers where he generalized Bose’s treatment from photons to massive par-

ticles [1]. Using statistical arguments introduced by Bose, he found that

below a critical temperature, bosonic particles condense in the lowest en-

ergy state of the system. In contrast, at very low temperature photons can

simply disappear.

However, for about a decade, this prediction was not taken at face value.

Einstein himself wrote to Ehrenfest, “From a certain temperature on, the

molecules ‘condense’ without attractive forces; that is, they accumulate at

zero velocity. The theory is pretty, but is there some truth in it [2]?”

In 1927 George E. Uhlenbeck concluded that the predicted BEC phase

transition was an artifact of the replacement of the summation over states

by an integral and wrote that no “splitting into two phases” would occur

[3]. It was understood only in 1937 that discontinuities of thermodynamic

quantities require an infinite number of particles, and true phase transitions

occur only in the thermodynamic limit.

Kahn and Uhlenbeck showed that Bose-Einstein condensation is analo-

gous to condensation of real gases, and that the quantization of the trans-

lational motion can be neglected in the thermodynamic limit. With these

conclusions, the previous objections against BEC were no longer valid [4]. A

fascinating account of how our current understanding of phase transitions

emerged and Einstein’s predictions were vindicated is given in Ref. [5].

1.2 Can quantum gases be realized in Nature?

Even if the theory was consistent, the question arose whether quantum gases

would exist in nature. Already in his 1925 paper Einstein pointed out that

real gases would not reach values of densities required for an ideal gas to

be saturated although helium and hydrogen come close. Since their critical

densities are 5 and 26 times lower than the saturation density of the ideal

gas, Einstein speculated that quantum statistics could affect their equation

of state [1].

Fritz London wrote in 1938 about Bose-Einstein condensation: “Since,

from the very first, the mechanism appeared to be devoid of any practical

significance, all real gases being condensed at the temperature in question,

the matter has never been examined in detail; and it has been generally

supposed that there is no such condensation phenomenon [6].” He reiterates
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this view in his famous Nature paper: “but in the course of time, the degen-

eracy of the Bose-Einstein gas has rather got the reputation of having only a

purely imaginary existence [7]”. But then he connects the observed lambda

phenomenon in the specific heat of liquid helium to the discontinuity of the

specific heat for an ideal Bose gas. This paper made the first close connection

between Bose-Einstein condensation and an observable phenomenon.

However, superfluid helium is a liquid, and it was generally assumed that

Bose-Einstein condensation of a gas would never be observed. Schrödinger

wrote in a textbook in 1946: “The densities are so high and the temperatures

so low that the van der Waals corrections are bound to coalesce with the

possible effects of degeneration, and there is little prospect of ever being able

to separate the two kinds of effect [8].” What Schrödinger didn’t consider

were dilute systems in a metastable gaseous phase or quasiparticles!

For completeness, I want to mention the work on liquid helium in vy-

cor. This example also illustrates that at least in principle, there is another

way around the prediction that interactions dominate in all real material

at relevant densities and don’t allow the observation of a BEC in a weakly

interacting gas. In the 1980s, experimental [9, 10] and theoretical work [11]

showed that the onset of superfluidity for liquid helium in vycor has fea-

tures of dilute-gas Bose-Einstein condensation. At sufficiently low coverage,

the helium adsorbed on the porous sponge-like glass behaved like a dilute

three-dimensional gas. However, the interpretation of these results is not

unambiguous [12].

1.3 Why hydrogen is not the only quantum gas

Bose-Einstein condensation in gases appeared on the agenda, when Hecht

[13] and Stwalley and Nosanow [14] used the quantum theory of correspond-

ing states to conclude that spin-polarized hydrogen would remain gaseous

down to zero temperature and should be a good candidate to realize Bose-

Einstein condensation in a dilute atomic gas. These suggestions triggered

several experimental efforts, most notably by Greytak and Kleppner at

MIT and Silvera and Walraven in Amsterdam. The stabilization of a spin-

polarized hydrogen gas [15, 16] created great excitement about the prospects

of exploring quantum-degenerate gases. Experiments were first done by fill-

ing cryogenic cells with the spin-polarized gas, then by compressing the gas,

and since 1985, by magnetic trapping and evaporative cooling. BEC was

finally accomplished in 1998 by Kleppner, Greytak and collaborators [17].

See Refs. [18, 19, 20, 21] and the contribution of Kleppner and Greytak to
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this volume for a full account of the pursuit of Bose-Einstein condensation

in atomic hydrogen. Major efforts have also been directed toward reaching

quantum degeneracy and superfluidity in a two-dimensional gas of spin-

polarized hydrogen, at Harvard [22], in Amsterdam [23], Kyoto [24], and at

the University of Turku, where evidence for the 2D phase transition was

reported in 1998 [25].

It is interesting to look at the unique role which was given to spin-polarized

atomic hydrogen in the early suggestions [13, 14, 21]. In the quantum theory

of corresponding states, one defines a dimensionless parameter η which is

related to the ratio of the zero-point energy to the molecular binding energy.

This parameter determines whether the system will be gaseous down to zero

temperature. For large η, the zero-point motion dominates and the system

is gaseous; for small η, it condenses into a liquid or solid. The critical η value

is 0.46, and only spin- polarized hydrogen with η = 0.55 exceeds this value

[21]; alkali vapors have η values in the range 10−5 to 10−3.

In reality, all spin-polarized gases are only metastable at T = 0 due to

depolarization processes. The lifetime of the gas is limited by three-body

recombination. Since the triplet potential of molecular hydrogen supports

no bound states, spin-polarized hydrogen can only recombine into the singlet

state with a spin-flip. In contrast, alkali atoms have both bound singlet and

triplet molecular states, and their three-body recombination coefficient is

ten orders of magnitude larger than for spin-polarized hydrogen. However,

the rate of three-body processes depends on the square of the atomic density,

is suppressed at sufficiently low density, and is almost negligible during the

cooling to BEC. For magnetically trapped atoms, dipolar relaxation is an

additional loss process, and hydrogen and the alkalis have comparable rate

coefficients. So in hindsight, the unique benefits of hydrogen over other gases

were not crucial for gaseous BEC. Although spin-polarized hydrogen has

been called the only “true quantum gas,” the difference from alkali vapors

is just the range of densities and lifetimes of the metastable gaseous phase.

The work in alkali atoms is based on the work in spin-polarized hydrogen

in several respects:

• Studies of spin-polarized hydrogen showed that systems can remain in a

metastable gaseous state close to BEC conditions. The challenge was then

to find the window in density and temperature where this metastability

is sufficient to realize BEC.

• Many aspects of BEC in an inhomogeneous potential [26, 27, 28] and the

theory of cold collision processes (see e.g. [29]) developed in the ‘80s for

hydrogen could be applied directly to the alkali systems.
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• The technique of evaporative cooling was developed first for hydrogen

[30, 31] and then used for alkali atoms.

The work on spin-polarized hydrogen paved the way for the alkali atoms,

and provided inspiration and guidance to the author and the whole field.

1.4 Ultracold atomic gases were not the top contender for
BEC until 1995

The first BEC conference in 1993 in Levico featured Bose-Einstein conden-

sation as a shared goal of different communities. The review book based

on this conference summarized work on different systems, from helium to

excitons and positrons [32]. The articles in this book and the participants of

this conference demonstrate that laser cooled alkali atoms were not regarded

as a top contender, with phase space densities a million times lower than

required for BEC. A major focus was on spin-polarized hydrogen where the

phase space density was only a factor of 6 away from BEC, and exciton and

polariton systems. Right before the conference, evidence for BEC in exci-

tons in cuprous oxide was reported. However, the initial evidence [33] was

later retracted [34] when it turned out that the saturation of the density

of the exciton gas was not caused by quantum degeneracy, but by inelastic

collisions. I made a deliberate decision not to attend the 1993 BEC con-

ference since I felt that BEC was so far away that I should better spend

my time working in the lab than learning about the possible science with

Bose-Einstein condensates.

Indeed, many people doubted that BEC could ever be achieved, and it

was regarded as an elusive goal. Many believed that pursuing BEC would

result in new and interesting physics, but whenever one would come close,

some new phenomenon or technical limitation would show up. A news article

in 1994 quoted Steve Chu: “I am betting on nature to hide Bose conden-

sation from us. The last 15 years she’s been doing a great job [35].” It was

not clear if laser cooling could be combined with evaporative cooling. Laser

cooling works best at low densities where light absorption and light-induced

collisions are avoided, whereas evaporative cooling requires a high collision

rate and high density. The problem is the much higher cross section for

light scattering of 10−9 cm−2, while the cross section for elastic scattering of

atoms is a thousand times smaller. In hindsight, it would have been sufficient

to provide tight magnetic compression after laser cooling and an extremely

good vacuum to obtain a lifetime of the sample that is much longer than the

time between collisions. However, many researchers assumed that a major
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improvement had to be done to laser cooling to bridge the gap in density

between the two cooling schemes, and pursued research into such directions.

Examples include the dark SPOT MOT [36] (to boost densities), an AC

magnetic trap [37] (to avoid dipolar relaxation), sub-recoil cooling [38] (to

achieve lower temperatures), and a cryogenic MOT [39] (to obtain extremely

high vacuum and use superconducting coils). Another reason for doubts was

the unknown collisional properties at very low temperatures. Would three-

body recombination or dipolar relaxation lead to an unfavorable ratio of

good to bad collisions when BEC was approached? This actually happened

when cesium was cooled in magnetic traps [40], but turned out not to be

a problem for sodium and rubidium. Would the condensate have such high

densities that it would self-destruct by rapid inelastic losses [41]? This ac-

tually almost happened for atomic hydrogen where only a small condensate

fraction was achieved, since the condensate suffered from rapid loss [17]. In

contrast, alkali condensates were limited in density by their much larger scat-

tering length and the resulting repulsive interactions. In hindsight, the JILA

and MIT groups were very lucky when they picked rubidium and sodium.

Even now, twenty years later, these are still the condensates with the most

favorable properties for cooling and stability.

It is interesting to recall some doubtful comments from reviewers of my

NSF proposal in early 1995 “It seems that vast improvements are required (in

order to reach BEC)...the current techniques are so far from striking range

for BEC that it is not yet possible to make an assessment...”; “The scientific

payoffs, other than the importance of producing a BEC itself, are unclear.”

And a third reviewer: “...there have been few specific (or realistic) proposals

of interesting experiments that could be done with a condensate.” Despite

the skepticism, all reviewers concluded that the proposed “experiments are

valuable and worth pursuing,” and I received the funding I urgently needed.

The 1995 BEC conference took place in June in St. Odile, France, and

this time, I attended it after having seen evaporative cooling the year before

[42]. There was much more representation of the laser cooling approach

with six invited talks, but twice as many talks covered excitons, helium

and hydrogen. However, since the Boulder group observed BEC a few weeks

earlier, BEC in atomic gases became the hot topic and the central subject

for discussions. Since then, ultracold atoms have dominated the agenda of

the BEC meetings, and the field has been exciting and rapidly developing

for more than twenty years.
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1.5 Quasiparticle condensates

Metastability is key to the observation of Bose-Einstein condensation. Ul-

tracold atoms have finite lifetimes due to inelastic collisions and background

gas collisions of seconds to minutes, much longer than equilibration times

and other dynamical time scales of the system. It is this huge separation of

time scales, which distinguishes ultracold atoms from most other quasipar-

ticles systems, for which BEC has been studied, including excitons [43, 44],

polaritons, magnons [45] and photons [46]. The polariton system turned out

to be very rich [47] , and was used to study quantized vortices [48, 49],

half-vortices [50], superfluid flow [51] and Josephson oscillations, [52], going

even beyond what has been done with ultracold atoms. For magnons, room

temperature BEC has been demonstrated [45].

The condensation of magnons in the B phase of superfluid helium-3 de-

serves a special note. In 1984, the spontaneous phase coherent precession of

spins was discovered [53], but only in 2007 interpreted as BEC of magnons

[54]. One can argue that this system was the first realization of a phe-

nomenon in Nature described by the equations for a weakly interacting BEC.

Magnons provide even systems where the BEC is stable, not metastable

[55, 56]. In certain magnetic insulators, a phase transition between different

magnetic phases can be described as Bose-Einstein condensation of magnons.

The magnon BEC is a magnetically ordered equilibrium state featuring a

transverse magnetization, which spontaneously breaks the rotational sym-

metry of the spin Hamiltonian [57]. Such an ordered state has diagonal

long-range order, in contrast to superfluids which have off-diagonal long

range order [58]. Ref. [59] distinguishes these two kinds of Bose-Einstein

condensates.

The very different physical regimes for quasiparticle condensates have

expanded the research agenda for Bose-Einstein condensation and led to

a deeper understanding of the underlying concepts.

1.6 Early surprises

When BEC was realized in 1995 [60, 61], the robustness of the condensate

was a positive surprise. Inelastic collision rates were favorably low, and re-

sulted in long lifetimes of the condensed state, which immediately enabled

detailed studies of the properties of BECs. The Rice group showed in 1996

that even for attractive interactions, small condensates of about 103 atoms

were stable due to the zero-point energy of the trapping potential [62]. This
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corrected their earlier evidence for reaching the quantum-degenerate regime

with 100 times larger condensates [63].

Even the phase of the condensate turned out to be robust, as shown in the

early interference experiments of two Bose-Einstein condensates [64]. I was

personally very surprised when I learnt about the experiment in Boulder,

where the phase coherence between the two components of a condensate (us-

ing two hyperfine states of rubidium) survived even during phase separation

and damping of the relative motion between the two components [65].

Creating BECs was conceptually simple, but it required adaption of tech-

nology that was not available in most atomic physics labs at this time,

including sensitive cameras, ultrahigh vacuum technology, and high current

control for magnetic traps. This explains why it took almost two years after

the first demonstrations of BEC in 1995 before the next groups succeeded

in reaching BEC (in 1997, the groups of Dan Heinzen [66], Lene Hau [67],

Mark Kasevich [68], and Gerhard Rempe [69] followed).

1.7 Feshbach resonances

A game-changing element for atomic quantum gases has been the use of

Feshbach resonances. Fano-Feshbach type resonances have been studied for a

long time in nuclear and atomic physics as features (usually enhancement of

inelastic scattering) showing up when the collision energy is varied. Ultracold

atoms are always close to zero collision energy, therefore the resonances have

to be tuned (e.g. via external magnetic fields) through zero energy [70]. It was

only two years before BEC was observed, that B. Verhaar’s group pointed

out that external fields could also change the elastic scattering properties

and therefore the strength and sign of interactions of quantum gases [71].

Now, Feshbach resonances are an indispensable tool in many quantum

gases experiments [72]. However, it took a few steps before that happened.

Initially, only magnetic traps were used to confine BECs, and the search

for Feshbach resonances focused on Rb-85. However, very soon after trans-

ferring BECs into optical traps, Feshbach resonances were discovered (in

sodium [73], almost simultaneously with enhanced photoassociation in ru-

bidium [74]). Feshbach resonances in condensates were accompanied by fast

losses — the three-body rate increased by three orders of magnitude [75]. It

looked like the “gain is not worth the pain.” These first experiments were

carried out with only a few mW of infrared laser power for optical trapping

requiring a tightly focused beam and therefore a very small trap volume.

Now, much longer lifetimes are achieved with higher power lasers and much
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lower densities of atoms. Still, for very strong interactions, near the unitarity

limit, the lifetime of BECs is extremely short, preventing the clouds from

reaching equilibrium [76, 77]. This is in contrast to fermions [78], where near

the Feshbach resonance Pauli blocking strongly suppresses inelastic three-

body collisions, but not the two-body collisions which are responsible for

interactions and equilibration [79].

Finally, Feshbach resonances are used to create extremely weakly interact-

ing quantum gases (by tuning the scattering length to zero). Depending on

the properties of the Feshbach resonance, losses can be very small in these

regions. For lithium-7 it was possible to vary the scattering length over

seven decades [80]. Feshbach resonances are almost ubiquitous. In 1994, in

rubidium-87, a negative search was conducted to find a resonance over a

range of 500 G [81] (this atom has several Feshbach resonances but not for

the lowest hyperfine state in this range of magnetic field). In contrast, for

the lanthanides (erbium and dysprosium), about 200 resonances are found

over a 50 G range [82].

It is hard to imagine where the field would be without Feshbach reso-

nances. They were crucial to obtain BEC in some atomic species, promi-

nently for Rb-85, where a detailed study of the collapse of BECs with at-

tractive interactions was performed [83], and for cesium [84]. They enabled

the study of the BEC-BCS cross-over [85, 86] and of Fermi gases with uni-

tarity limited interactions [87, 88], two major highlights in our field. They

are the preferred technique to create ultracold molecules by combining ultra-

cold atoms [72], bypassing the need to cool the molecules directly (which is

still a challenge and frontier of the field). These developments have created

a new subfield, molecular collisions in the ultracold regime, and ultracold

chemistry with full control over the initial quantum states. Another new

subfield enabled by Feshbach resonances is three body physics and Efimov

resonances [72].

None of these developments based on Feshbach resonances were antici-

pated in 1995! It took until 2002, when research (and number of publications,

see figure in Ref. [72]) on Feshbach resonances took off and transformed the

field.

1.8 From weak to strong interactions

When BEC was realized in ultracold atoms, the new features (compared

to liquid helium) were the weak interactions and the exciting prospect to

observe and verify Bogoliubov and mean field theories in a quantum gas.
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For ultracold Fermi gases, I expected that the main direction would be

demonstrations of Pauli blocking and other concepts, assuming one would

be limited to weak interactions, e.g. smaller than the Fermi energy.

Now, in 2015, some of the most impressive accomplishments for quan-

tum gases have been studies of strongly interacting systems. This became

possible by increasing the strength of interactions via Feshbach resonances

(see above), by reducing the kinetic energy in optical lattices, or confining

the system to lower dimensions. A comprehensive overview summarizes the

various frontiers in many-body physics with ultracold atoms [89].

1.9 Many new species

The first years focused on alkali atoms, the atoms for which laser cooling was

well established. By now, many more atomic species have been condensed.

This includes atoms that cannot be confined in magnetic traps [90], one of

the key technologies used in earlier BEC work, and thought to be indis-

pensable for cooling to BEC. These atoms have to be confined in optical

traps. Using high-power infrared lasers, such traps can now accommodate

large atom clouds, and have even replaced the magnetic trap in many ex-

periments with alkali atoms [91].

The list of atoms includes all stable alkali isotopes, some alkaline earth

atoms (calcium and strontium which are used as atomic clocks and offer a

richer electronic structure with metastable states and very narrow transi-

tions), chromium, the lanthanides ytterbium, erbium and dysprosium (the

last two and chromium have large magnetic dipole moments due to unpaired

inner shell electrons), and hydrogen and metastable helium.

Mixtures of different atomic species are being studied, including spinor

condensates, which are mixtures of atoms in different internal states that

interconvert depending on external parameters, resulting in a rich phase

diagram. See Ref. [92] for a recent review.

Still, I continue to be surprised at how big a market share of research the

alkali atoms still command.

1.10 Techniques and technology

Evaporative cooling is the crucial technology in all quantum gas experiments.

Before BEC was accomplished, there was a lot of research on new laser

cooling schemes, including sub-recoil schemes with the goal of achieving BEC
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with laser cooling. Within a very short time, most of the groups working

on laser cooling transitioned to studies of BECs. Evaporative cooling of

atoms was just so much more robust and applicable to higher densities

than any sub-recoil laser-cooling scheme. First demonstrated in 1988 by

Thomas Greytak, Harald Hess and Dan Kleppner [31], evaporative cooling

was the enabling technology for the first atomic BECs, and is still the only

cooling method that works for cooling atoms to quantum degeneracy. A

paper on purely optical cooling of strontium to degeneracy also relied on

elastic collisions when a ”dimple” trap was used to increase the phase space

density [93] — this can be regarded as evaporative cooling of atoms in the

dimple, but the “evaporated” atoms are now not discarded, but kept in a

shallow trap.

For species that are not favorable for evaporative cooling, sympathetic

cooling can be used. This may be necessary for many molecular species which

can have large rate coefficients for inelastic collisions, and was required for

fermions for which elastic collisions freeze out due to the Pauli exclusion

principle. The latter does not apply for fermions with dipolar interactions,

which are long range, and therefore elastic collisions don’t freeze out at zero

temperature [94].

Laser cooling has been used as a pre-cooling stage to cool atoms and load

them into optical or magnetic traps. Only two BEC experiments loaded

magnetic traps directly via collisions at cryogenic temperatures, using he-

lium covered walls [17] or helium buffer gas [95]. Fifteen years ago, when

I started to collaborate with John Doyle on buffer gas cooling, I expected

cryogenic cooling of atoms to become more prevalent for two reasons: to

cool other species, and to overcome the limits of laser cooling in density

(due to light-assisted collisions) and atom number (caused by absorption of

laser light in large clouds). Now it has become clear that laser cooling can be

used for many atoms even when they have a complicated level structure, and

only very few experiments use condensates larger than a few million atoms

[17, 96, 97]. In contrast, cryogenic buffer gas cooling is frequently used as a

first cooling stage for molecules since direct laser cooling of them is difficult.

New techniques are constantly developed, and become indispensable tools.

Optical lattices have opened broad new research directions [89]. More re-

cently, quantum microscopes combined lattices with single site resolution,

and allow now observations of single atoms and their correlations [98].

New techniques are often enabled by new technology. Laser and optical

technology has rapidly advanced. Laser sources are now much cheaper, more

powerful, and more reliable, and it is possible to do experiments with many

different lasers of different colors. This is a big step forward from my own
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labs in the mid and late 1990s, which fully depended on dye lasers that are

now almost universally thought of as giant extinct species.

1.11 Quantum simulations

BEC was immediately recognized as a new quantum liquid, extending the

tradition from the superfluid quantum liquids helium-3 and helium-4 to

gaseous systems at a billion times lower density. This immediately created a

shopping list of scientific directions, including the study of phase transitions,

sound and other collective excitations, vortices and superfluidity. Ultracold

quantum gases have now realized the simplest case of bosonic and fermionic

superfluids (as reviewed in Refs. [99, 86]).

In the spirit of a quantum simulator, one can now add bells and whistles to

those systems and realize different Hamiltonians. A toolbox of various atomic

species, multiple laser beams and radio-frequency or microwave radiation is

used to “quantum engineer” interesting, often paradigmatic, Hamiltonians

and to study their properties. Prime examples are the BEC-BCS crossover,

fermions with infinitely strong interactions, population-imbalanced fermion

systems, Bose-Hubbard and Fermi-Hubbard models, and Anderson localiza-

tion [100]. Temporal modulation of lattices can break time-reversal symme-

try realizing systems with non-trivial topological properties [101]. Twenty

years ago, I would have never imagined that Bose-Einstein condensates can

now be used in a quantum simulator for charged particles in strong magnetic

fields [102]!

1.12 Outlook

Many new developments were featured at the biannual international confer-

ence on Bose-Einstein condensation held in September 2015 in Spain (see

Fig. 1.1). These conferences started in 1993 when progress towards achiev-

ing BEC intensified. Despite keeping the name, the meeting now covers all

frontiers in quantum gases. The 2015 conference opened with a celebratory

session “BEC 20 years”. Bill Phillips, 1997 Nobel Laureate for laser cooling,

captured the spirit of the meeting in a talk entitled “40 years of laser cooling,

20 years of BEC: still surprises.” It seemed apt that the 2015 senior BEC

prize was given to Greytak, Hess and Kleppner for their early demonstration

of evaporative cooling of atoms. The award talk highlighted the major ob-

stacles during the early days of research towards Bose-Einstein condensates,

and the solutions that many younger researchers now take for granted.
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Some of the current frontiers discussed at the meeting include new systems

such as ultracold atomic gases with Rydberg excitations to obtain strong in-

teractions and correlations, highly magnetic atoms that show strong dipolar

interactions, and quantum fluids of photons. New techniques are being devel-

oped, such as single atom microscopy, and shaping quantum gases into two

reservoirs connected by a thin channel for transport measurements. And new

scientific avenues have emerged, including spin-orbit coupling and artificial

gauge fields, the creation of topological defects (Kibble-Zurek physics) dur-

ing quenches across the BEC phase transition, disorder and many-body lo-

calization, ergodicity and pre-thermalization, the entanglement of few atoms,

and polarons in BECs and Fermi gases. Although the community of re-

searchers in this field has grown rapidly, it still feels like a big family marked

by a friendly atmosphere with a collaborative spirit.

One major goal for the future is to obtain a deeper understanding of

entanglement, strong interactions and correlations in few and many-body

systems. This can be realized by using ultracold atoms and molecules to

assemble interesting quantum systems. Materials with topological proper-

ties, including the fractional quantum Hall effect, topological insulators and

Majorana fermions, new forms of superfluidity (including p-wave and d-

wave pairing, FFLO states, models for high-temperature superconductors)

and frustrated spin systems all rank high on this list. A challenge is to use

fermions as particles and bosons as fields to simulate dynamic gauge fields,

such as toy models for QCD.

Atomic physics can go beyond the realizations available to an electron sys-

tem by using bosonic and fermionic atoms in various spin states — finding

the bosonic version of fractional quantum Hall states, for example, or super-

fluidity in a three-component Fermi system. But almost certainly, there will

be surprises and unexpected breakthroughs. In the long term, the hope is

that insight into new quantum phases of matter will pave the way towards

fundamentally new materials and new devices.
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