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Introduction

What is quantum simulation?

International Journal of Theoretical Physics

Key idea: classical computers are inefficient to describe N interacting
particles (N � 1)
Hilbert space grows exponentially with N
Proposed solution:
Build a well-controlled system which would realize a given Hamiltonian
Directly measure its properties: ground state, excitation spectrum. . .
⇒ non universal simulator, but more accessible than a universal quantum
computer quantique universel.
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Introduction

Relevant topics to be simulated

I Equilibrium quantum systems, bulk or lattice
Phase diagrams, equation of state, superconductivity and spin imbalance,
superfluidity

I Out-of-equilibrium systems and quantum quenches
Transport and dissipation, Kibble-Zurek scenario, many-body localization

I Quantum magnetism
Individual particle detection, lattices systems, frustration, impurity problems

I Topological systems
Quantum Hall effect, spin-orbit coupling, gauge fields, Majorana fermions,
link with quantum computation

I Simulation of lattice gauge theories
Abelian or non-Abelian Higgs mechanism

I Relevant theory
Preparation, measurements, dissipation and entanglement
Thermalization of isolated Q-systems, quenches, entanglement growth
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Introduction

Platforms for quantum simulation

Examples of possible experimental platforms:
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Quantum gases Quantum gases

Basics of quantum gases

Cornell & Wieman (1995)
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Quantum gases Quantum gases

1995: first Bose-Einstein condensates of dilute gases

E. Cornell

Rb

C. Wieman

Na

W. Ketterle

Nobel prize 2001

T > TC T < TC
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Quantum gases Quantum gases

Bose-Einstein condensates and degenerate Fermi gases
Gallery of quantum gases

Cu Zn

Tl Pb Bi Po At Rn

Sc Ti V Cr Mn Fe Co Ni

Cs Ba

Ag CdY Zr Nb Mo Tc Ru Rh Pd

Fr Ra

Au Hg

Ce Pr Nd Pm Sm Eu

La Hf Ta W Re Os Ir Pt

Th Pa U Np Pu Am

Ac

B C N O F Ne

Al Si P S Cl Ar

Ga Ge As Se Br Kr

In Sn Se Te I Xe

He*

Li Be

Na Mg

K Ca

Rb Sr

H

Gd Tb Dy Ho Er Tm

Cm Bk Cf Es Em Md

Yb Lu

No Lr

alkali rare gases

lanthanides

1995

1995

1997

1998

2002

2001

2003

2001

2004

alkaline earth

20122011

2009 transition metals

+ molecular BECs with: two fermions (K2, Li2, Er2, LiK. . . ), two bosons
(Cs2, RbCs. . . )
+ or molecular Fermi gases with fermion+boson (KRb, RbCs, LiK. . . )
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Quantum gases Quantum gases

Critical temperature

Criterion for degeneracy: more than one atom per state.
Size of a state in phase space: λT = h√

2πmkBT
de Broglie wavelength

T > TC

λT � d

T ∼ TC

λT ∼ d

T < TC

λT > d

all particles in the same
wavefunction?
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Quantum gases Quantum gases

Critical temperature
Saturation of the excited states

With a density of state (DOS) of the form

ρ(ε) = A(ε− ε0)k

where ε0 is the energy of the nondegenerate ground state.
Ex: power law trap U(r) = CrD/δ in dimension D: k = δ + 1

2 .

f (ε) =
1

eβ(ε−µ) − 1
=

1

z−1eβ(ε−ε0) − 1
z = eβ(µ−ε0) < 1.

Atom number in the excited states:

N ′ =

∫ +∞

ε0

f (ε)ρ(ε)dε = AΓ(k + 1)(kBT )k+1gk+1(z)

where gk+1(z) =
+∞∑

n=1

zn

nk+1
.
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Quantum gases Quantum gases

Critical temperature
Saturation of the excited states

The atom number in the excited states is bounded from above:

N ′ < N ′max(T ) = AΓ(k + 1)(kBT )k+1gk+1(1)

gk+1(1) is finite if k > 0. Then N ′ < N ′max(T ) is bounded from above. If
we definte Tc such that N ′max(Tc) = N, we get

N0

N
> 1−

(
T

Tc

)k+1

Tc ∝ N
1

k+1 .

gas in a 3D box: k = 3/2, n′λ3
T < g3/2(1) = 2.612

1D, 2D: no BEC
gas in a trap U(r): n′(r)λDT = gD/2

(
e−β[U(r)−µ]

)

⇒ upper bound n′(0)λDT < gD/2(1)
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Quantum gases Quantum gases

Critical temperature
Saturation of the excited states

Observation of the saturation of the excited states in a uniform gas (3D
box trap).

STATISTIQUE DE BOSE–EINSTEIN ET CONDENSATION § 2. La condensation du gaz de Bose parfait

demonstrate a simple experimental configuration for
trapped-atom interferometry and use it to confirm the
coherence of our quasi-uniform BEC.

Our setup for producing 87Rb condensates in a harmonic
potential is described elsewhere [16]; we create BECs in
the jF;mFi ¼ j2; 2i hyperfine ground state using a hybrid
magnetic-optical trap [17]. The dark optical trap [18,19]
that is central to this work is formed by three 532 nm laser
beams—a ‘‘tube’’ beam propagating along the x axis and
two ‘‘sheet’’ beams propagating along the y axis. The
green laser beams create a repulsive potential for the atoms
and confine them to the cylindrical dark region depicted in
red in Fig. 1(a). To create a uniform potential, we addi-
tionally cancel the gravitational force on the atoms at a
10"4 level, using a magnetic field gradient [16].

As outlined in Fig. 1(b), all three trapping beams are
created by reflecting a single Gaussian beam off a phase-
imprinting spatial light modulator with three superposed
phase patterns [20]. The tube beam is an optical vortex
created by imprinting a 24! phase winding on the incom-
ing beam [21], the sheet beams are created using
cylindrical-lens phase patterns, and the three outgoing
beams are deflected in different directions using phase
gradients. With a total laser power of P0 # 700 mW we
achieve a trap depth of V0 # kB $ 2 "K.

We evaporatively cool the gas in the harmonic trap down
to T # 120 nK, when the cloud size is similar to the size of
our optical box [see Fig. 1(c)] and kBT % V0. At this point
the gas is partially condensed, but the BEC is lost during
the transfer into the box trap, which is not perfectly adia-
batic. Over 1 s, we turn on the green light and then turn off
the harmonic trapping, capturing >80% of the atoms.

In Fig. 1(d) we show in-trap absorption images of the
cloud just before and just after the transfer into the box trap.
The images are taken along the y direction, using high-
intensity imaging [8,9,22] with a saturation parameter
I=Isat # 150. For each image, we show the line-density
profiles along x and z, obtained by integrating the image
along one direction. If a cylindrical box of length L and
radius R is filled perfectly uniformly, the density distribu-
tion along x is simply a top-hat function ofwidthL. Along z,
the line-of-sight integration results in ‘‘circular’’ column-

and line-density profiles,/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" ðz=RÞ2

p
. In the experimen-

tal images, the edges of the cloud are rounded off for two
reasons, both related to the diffraction limit of our optical
setup. First, the 1=e2 waist of the 532 nm trapping beams is
diffraction limited to# 3 "m, which leads to some round-
ing off of the potential bottom near the edges of the box.
Second, our imaging resolution is diffraction limited to
# 5 "m, making the cloud edges appear more smeared
out than they actually are. The green dashed lines in the
right panel of Fig. 1(d) are fits to the data based on a
perfectly uniform distribution convolved only with the
imaging point-spread function. The fits describe the data
well and giveL ¼ 63( 2 "m andR ¼ 15( 1 "m. These

values are consistent with the calculated separation of the
green walls, reduced by the diffraction-limited wall
thickness.
After the transfer into the box trap, the cloud contains

N # 6$ 105 atoms at T # 130 nK. From this point, we
cool the gas to below Tc by forced evaporative cooling in
the box trap. We lower the trapping power P in an expo-
nential ramp with a 0.5 s time constant, thus proportionally
reducing the power in all three trapping beams. Initially,
the trap depth is much larger than kBT, so significant
cooling occurs only for P & 0:5P0. At the end of the
evaporation, we always raise (over 0.5 s) the trapping
power back to P0 so that the cloud cooled to different
temperatures is always confined in the same potential.
Figure 2 qualitatively illustrates the effects of evapora-

tion and condensation in the box trap. We show images of
the cloud both in situ and after 50 ms of TOF expansion
from the trap.Whereas in a harmonic trap cooling results in
simultaneous real-space and momentum-space condensa-
tion, here it has no dramatic effects on the in-trap atomic
distribution. The density is gradually reduced by evapora-
tion, but the shape of the cloud does not reveal condensa-
tion. On the other hand, in momentum space (i.e., in TOF)
the effects of cooling are obvious and the signatures of
condensation are qualitatively the same as for a harmoni-
cally trapped gas—the momentum distribution becomes
bimodal and the BEC expands anisotropically, with its
aspect ratio inverting in TOF.
We now turn to a quantitative analysis of our degenerate

quasiuniform Bose gas. We assess the flatness of our trap-
ping potential and contrast the thermodynamics of con-
densation in our system with the case of a harmonically
trapped gas.

P/P0 = 1 P/P0 = 0.4 P/P0 = 0.2 
3
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FIG. 2 (color online). Evaporation and Bose-Einstein conden-
sation in the optical-box trap. Cooling is achieved by lowering
the trapping laser power P. We show absorption images taken
after 50 ms of TOF and in situ [insets, with same color scale as in
Fig. 1(d)]. The bottom panels show cuts through the momentum
distributions recorded in TOF. In contrast to the case of a
harmonic trap, no dramatic effects of cooling are observed
in situ. However, BEC is clearly seen in the bimodality of the
momentum distribution and the anisotropic expansion.
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FIGURE 5. Expansion ballistique d’un gaz de 87Rb confiné dans la boîte repré-
sentée en figure 4. Le paramètre de contrôle P/P0 mesure le rapport entre la puis-
sance P des faisceaux lumineux formant la boîte et la puissance totale disponible
P0 [P0 = 0.7 W, correspondant à une hauteur de barrière kB ⇥ 2 µK]. Le nombre
d’atome est inférieur au nombre de saturation pour l’image de gauche, et supérieur
pour les deux autres images (Gaunt, Schmidutz, et al. 2013; Schmidutz, Gotlibo-
vych, et al. 2014).

tiel uniforme plutôt qu’avec le potentiel harmonique utilisé dans la vaste
majorité des expériences d’atomes froids ; en effet, les interactions entre
atomes jouent ici un rôle quasi-négligeable dans la structure du condensat
et lors du temps de vol. Nous reviendrons en détail sur ce point plus tard,
mais indiquons d’ores et déjà que pour les densités réalisées ici, de l’ordre
de deux atomes par µm3, l’énergie d’interaction par particule est inférieure
au nanokelvin, alors que les températures explorées sont de plusieurs di-
zaines de nanokelvins.

Un exemple de temps de vol est montré en figure 5. On voit comment
une fraction notable d’atomes avec une impulsion très faible apparaît pour
un gaz suffisamment dense et froid. En faisant cette expérience pour dif-
férents nombres d’atomes et une même température, on peut vérifier la
saturation prédite par Einstein (figure 6). En dessous du seuil évalué plus
haut, un nouvel atome va rejoindre avec une probabilité proche de 1 la
fraction thermique formée par l’ensemble des états excités : aucune singu-
larité n’apparaît donc dans la population de l’état fondamental. Quand le
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We have observed the Bose-Einstein condensation of an atomic gas in the (quasi)uniform three-

dimensional potential of an optical box trap. Condensation is seen in the bimodal momentum distribution

and the anisotropic time-of-flight expansion of the condensate. The critical temperature agrees with the

theoretical prediction for a uniform Bose gas. The momentum distribution of a noncondensed quantum-

degenerate gas is also clearly distinct from the conventional case of a harmonically trapped sample and

close to the expected distribution in a uniform system. We confirm the coherence of our condensate in a

matter-wave interference experiment. Our experiments open many new possibilities for fundamental

studies of many-body physics.

DOI: 10.1103/PhysRevLett.110.200406 PACS numbers: 03.75.Hh, 67.85.!d

Ultracold Bose and Fermi atomic gases are widely used
as test beds of fundamental many-body physics [1].
Experimental tools such as Feshbach interaction reso-
nances [2], optical lattices [3], and synthetic gauge fields
[4] offer great flexibility for studies of outstanding prob-
lems arising in many areas, most commonly in condensed-
matter physics. However, an important difference between
‘‘conventional’’ many-body systems and ultracold gases is
that the former are usually spatially uniform whereas the
latter are traditionally produced in harmonic traps with no
translational symmetries.

Various methods have been developed to overcome this
problem and extract uniform-system properties from a
harmonically trapped sample [5–13], relying on the local
density approximation [5–11] or selective probing of a
small central portion of the cloud [11–13]. Sometimes
harmonic trapping can even be advantageous, allowing
simultaneous mapping of uniform-system properties at
different (local) particle densities. On the other hand, in
many important situations local approaches are inherently
limiting, for example, for studies of critical behavior with
diverging correlation lengths. The possibility to directly
study a spatially uniform quantum-degenerate gas has thus
remained an important experimental challenge. So far,
atomic Bose-Einstein condensates (BECs) have been
loaded into elongated [14] or toroidal [15] traps that are
uniform along only one direction while still harmonic
along the other two directions.

Here, we demonstrate the Bose-Einstein condensation of
an atomic gas in a three-dimensional (3D) (quasi)uniform
potential. We load an optical box trap depicted in Fig. 1(a)
with 87Rb atoms precooled in a harmonic trap and achieve
condensation by evaporative cooling in the box potential.
Below a critical temperature Tc " 90 nK, condensation is
seen in the emergence of a bimodal momentum distribu-
tion and the anisotropic time-of-flight (TOF) expansion
of the BEC. We characterize the flatness of our box poten-
tial and show that both the momentum distribution of the

non-condensed component and the thermodynamics of
condensation are close to the theoretical expectations for
a uniform system, while being clearly distinct from the
conventional case of a harmonically trapped gas. We also
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FIG. 1 (color online). Preparing a quasiuniform Bose gas.
(a) The optical-box trap is formed by one hollow tube beam and
two sheet beams creating a repulsive potential for the atoms. The
atomic cloud is confined to the dark (red) cylindrical region.
Gravitational force is canceled by a magnetic field gradient B0.
(b) The three trapping beams are created by reflecting a single
Gaussian beam off a phase-imprinting spatial light modulator.
(c) The atoms are loaded into the box trap after precooling in a
harmonic trap. (d) In situ images of the cloud just before (left) and
after (right) loading into the box and corresponding line-density
profiles along x (bottom plots) and z (side plots) directions. OD
stands for optical density; the line densities along x (z) are
obtained by integrating the images along z (x). The blue dashed
lines in the left panel are fits to the thermal component of the
harmonically trapped gas. Thegreendashed lines in the right panel
are fits based on the expected profiles for a uniform-density gas.
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(a) The optical-box trap is formed by one hollow tube beam and
two sheet beams creating a repulsive potential for the atoms. The
atomic cloud is confined to the dark (red) cylindrical region.
Gravitational force is canceled by a magnetic field gradient B0.
(b) The three trapping beams are created by reflecting a single
Gaussian beam off a phase-imprinting spatial light modulator.
(c) The atoms are loaded into the box trap after precooling in a
harmonic trap. (d) In situ images of the cloud just before (left) and
after (right) loading into the box and corresponding line-density
profiles along x (bottom plots) and z (side plots) directions. OD
stands for optical density; the line densities along x (z) are
obtained by integrating the images along z (x). The blue dashed
lines in the left panel are fits to the thermal component of the
harmonically trapped gas. Thegreendashed lines in the right panel
are fits based on the expected profiles for a uniform-density gas.
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(a) The optical-box trap is formed by one hollow tube beam and
two sheet beams creating a repulsive potential for the atoms. The
atomic cloud is confined to the dark (red) cylindrical region.
Gravitational force is canceled by a magnetic field gradient B0.
(b) The three trapping beams are created by reflecting a single
Gaussian beam off a phase-imprinting spatial light modulator.
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FIGURE 6. Saturation du nombre d’atomes occupant les états excités de la boîte
de la figure 4. Figure communiquée par Zoran Hadzibabic à partir de données
extraites de Gaunt, Schmidutz, et al. 2013; Schmidutz, Gotlibovych, et al. 2014.

nombre d’atomes excède une certaine valeur, de l’ordre de 60 000 pour la
température (⇠ 30 nK) et la boîte utilisées ici, la fraction thermique sature
et tout atome en excédent vient occuper l’état fondamental.

2-3 Le cas d’un gaz piégé

Le résultat obtenu au paragraphe précédent, conséquence de la loi de
Bose–Einstein, s’applique en fait à de très nombreux types de potentiel de
confinement Vtrap(r) d’un gaz parfait de bosons. Tant que l’on ne consi-
dère pas la limite thermodynamique (que nous étudierons en § 3), les seuls
ingrédients nécessaires pour que la borne N

(max)
exc (T ) soit pertinente sont :

— un spectre en énergie discret, E0 < E1 < E2 < . . ., assuré si le poten-
tiel de confinement tend vers l’infini quand |r| tend vers l’infini ; c’est
en particulier le cas d’une boîte de taille L finie ;

— l’hypothèse que la somme discrète :

N (max)
exc (T ) =

X

j 6=0

1

e(Ej�E0)/kBT � 1
, (41)

obtenue en donnant au potentiel chimique sa valeur maximale µ =
E0, converge aux grandes énergies, hypothèse raisonnable pour un
potentiel de confinement réaliste.

Cours 1 – page 9

Zoran Hadzibabic, 2014
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Quantum gases Quantum gases

Critical temperature

Measurement of the condensate fraction in an harmonic trap

ω̄ = (ωxωyωz)1/3

kBTC = ~ω̄N1/3 � ~ω̄

N0

N
= 1−

(
T

TC

)3

Ensher et al., PRL 77, 4984 (1996)

Orders of magnitude: N = 106, ω0/2π = 50 Hz
=⇒ TC = 250 nK ultracold!
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Quantum gases Quantum gases

Phase coherence

I weak interactions (dilute gas)

I the same wavefunction for all atoms

interferences between condensates
coherence length = cloud size

photo MIT 1996

photo
Munich
2000 →
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Quantum gases Quantum gases

Role of interactions

I weak interactions (dilute gas)

I the same wavefunction for all atoms

I effect of interactions: mean field

I Gross-Pitaevskii equation

(
−~2∇2

2m︸ ︷︷ ︸
Ecin

+Vext(r)︸ ︷︷ ︸
Epot

+ g |ψ|2︸ ︷︷ ︸
Eint

)
ψ = µψ

g = 4π~2a
m coupling constant for the interactions

a scattering length
µ chemical potential
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Quantum gases Quantum gases

Hydrodynamics

Equivalent formulation of GPE using ψ(r, t) =
√

n(r, t) e iθ(r,t)

(1) ∂tn +∇ · (nv) = 0 continuity equation

(2) m∂tv = −∇
(
− ~2

2m

∆
(√

n
)

√
n

+
1

2
mv2 + Vext + gn

)

(2) Euler equation

v = ~
m∇θ superfluid velocity irrotational flow
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Quantum gases Quantum gases

Hydrodynamis and superfluidity

Hydrodynamics equations enable to describe

I The expansion of a quantum gas

I The low energy collective modes of a trapped gas (breathing,
quadrupole, scissors modes. . . )

I Excitations: phonons, solitons, free particles. . .

I The formation of vortices in the presence of rotation

A signature of superfluidity: vortex
lattice in a rotating condensate.
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Quantum gases How?

Quantum gases in practice

Experimental methods
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Quantum gases How?

Experimental methods

What does ‘low temperature’ mean?
cold: T < 1 mK ultracold: T < 1 µK

tools: lasers, ultrahigh vacuum, magnetic fields and RF fields, electronics,
instrumentation. . .
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Quantum gases How?

A typical setup for Bose-Einstein condensation

lasers

chamber

&%
'$

&%
'$

overall view (rubidium experiment, LPL)
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Quantum gases How?

A typical setup for Bose-Einstein condensation

vacuum chamber
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Quantum gases How?

A typical setup for Bose-Einstein condensation

laser sources
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Quantum gases How?

Reaching condensation
The traditional recipe

I A very high vacuum (10−11 mbar)
nλ3 ∼ 10−20

I Precooling in a
magneto-optical trap :
108–1010 atoms @ 1–100 µK ; nλ3 ∼ 10−7

I transfer to a conservative trap (magnetic, optical, hybride...)

I evaporative cooling downto TC : nλ3 ∼ 1

I resonant absorption (or fluorescence) imaging of the 104–106

degenerate atoms @ 1–100 nK.
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Quantum gases How?

Evaporative cooling
. . . or how blowing on your coffee cools it down

Lower the conservative trap depth: energy is
redistributed via elastic collisions.

equilibrium at T1 lower trap depth
equilibrium at
T2 < T1
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Quantum gases How?

Observation of the condensate expansion
Time-of-flight analysis

Time-of-flight: free expansion of a condensate due to the initiale
momentum width and the repulsives interactions.

ttof [ms]

g

0 5 10 15 20 25

expansion and free fall
of a rubidium
condensate (LPL 2011)
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Quantum gases Which knobs?

Quantum gases seen as tunable quantum systems

A widely tunable system
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Quantum gases Which knobs?

Quantum gases seen as tunable quantum systems
Which advantages?

I simple systems, well understood parameters

I extremely low temperatures accessible down to ∼ 1 nK

I bosons, fermions, mixtures have been trapped and cooled to
degeneracy

I tunable interactions

I large variety of trapping geometries (incl. low dimensions)

I effective magnetic field (with gauge field)

I large variety of direct or indirect probes

I natural analogy with optics (atom laser, quantum optics. . . )

I analogy with condensed matter systems (atoms playing the role of
electrons)

I good candidate for Feynman’s quantum simulator
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Quantum gases Which knobs?

Control of interactions
I s-wave collisions: modelled by a contact interaction gδ(r)
I g = 4π~2a

M a: scattering length
I tune the scattering length with a magnetic field using Feshbach

resonances
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Quantum gases Which knobs?

Control of interactions
Example: collapse of a dipolar gas

Collapse of a chromium dipolar gas, obtained by setting a = 0.

Pfau (Stuttgart), 2008
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Quantum gases Which knobs?

Gallery of conservative traps

I magnetic traps: from macroscopic coils. . .

. . . to atom chips

I light traps

potential ∝ intensity; repulsive
or attractive depending on
laser detuning with respect to
atomic resonance

I adiabatic potentials (RF traps)
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Quantum gases Which knobs?
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Quantum gases Which knobs?

Various trapping geometry

I harmonic traps : 3D, 2D, 1D

Ex: series of 1D tubes

I optical lattices

a 3D optical
lattice is the
analogue of the
ion crystal lattice

I double well:
M. Oberthaler 2005
Josephson oscillations

I disordered potentials

I curved traps: LPL

I ring traps:
NIST 2011 / LPL

These potentials can be modified in a dynamical way.
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Quantum gases Which knobs?

Observables

I Absorption imaging

I Time of flight

I High resolution
fluorescence

I Bragg spectroscopy

I RF spectroscopy

I measurement of local
correlations

I . . .

momentum distribution. . .
. . . or zoom on initial state

expansion and free fall of a BEC (LPL)

ttof [ms]

g

0 5 10 15 20 25

S. Kuhr, Munichreconstruction of the dispersion relation
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Quantum gases What for?

Quantum gases as a model system

A model system

for condensed matter
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Quantum gases What for?

A model system for condensed matter

I Bloch oscillations

I metal – insulator Mott transition

I spins on lattice

I Josephson oscillations

I Anderson localization

I superfluidity of bosons or paired fermions (BCS)

I Abrikhosov vortex lattice in a superfluid / a type-II superconductor

I low dimensional physics (2D: Berezinskii-Kosterlitz-Thouless
transition, quantum Hall effect; 1D: Tonks-Girardeau gas, Luttinger
liquid)

I . . .
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Quantum gases What for?

Optical lattices
Optical lattices: far off resonance standing light waves.

E

U0

λL/2
Important parameters:

I period λL/2; 1st Brillouin zone −~kL < q < ~kL
I band gap ∼ ~ωosc = 2

√
U0Erec with Erec =

~2k2
L

2M

I bandwidth of fundamental band / tunnel coupling:

J ∝ δE ∝ e−2
√

U0/Erec can be made very small

I effective mass in the fundamental band:
Meff ∝ 1/δE can be made very large
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Quantum gases What for?

Bloch oscillations in the fundamental band

Structure of the fundamental band:

The velocity oscillates in the presence of a constant external force:

q̇ =
1

~
F ⇒ q(t) = F

t

~
ṙ = v(t) =

1

~
∂E

∂q
(q(t))
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Quantum gases What for?

Bloch oscillations with a non interacting BEC

With a cesium BEC – Feshbach resonance such that as = 0.

Bloch period: τ =
2h

MgλL

(a)

(c)

(b)

1 cycle 1000 cycles

10000 cycles 20000 cycles

(d)

0.58 ms 575.38 ms

5.7538 s 11.5076 s

(Nägerl 2008) 173
-1
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0
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o
m
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m

(h̄
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20856
//

//

//

//

//

//

number of oscillations N

Up to 20000 oscillations!
⇒ use Bloch oscillations for measuring g or h/M.
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Quantum gases What for?

Mott transition
A quantum phase transition at T = 0

Bose-Hubbard Hamiltonian, n̂i = b̂†i b̂i number of particles per site

Ĥ = −J
∑

<i ,j>

b̂†j b̂i +
U

2

∑

i

n̂i (n̂i − 1)

J : tunnel coupling
U on-site interaction energy

U < J superfluid: coherent state |φ〉
(delocalized wavefunction)

U > J Mott insulator: Fock state |N〉

Greiner / Bloch / Esslinger 2002

The Mott insulating state is strongly correlated. Application:
entanglement for quantum information.
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Quantum gases What for?

The Mott insulating state in a trap
Inhomogeneous gas

The Mott state is organised in concentric shells with different filling.

µ

N = 1 N = 2 N = 3 N = 2 N = 1

The density is expected to present steps (wedding cake).
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Quantum gases What for?

Mott transition revealed by single atom imaging

High resolution fluorescence imaging:
the layers with N = 1, 2, 3 atoms per
site are identified by single-atom
imaging.
Site with an odd number of atoms
appear as bright.

M. Greiner 2011
S. Kuhr et I. Bloch 2011
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Quantum gases What for?

Exploring the phase diagram of Fermi-Hubbard model
Fermions in two spin states – M. Greiner 2016
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Quantum gases What for?

Quantum simulation with a few atoms

Thermalization of small
ensembles after a quench

M. Greiner 2016

Quench
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Quantum gases What for?

Out of equilibrium dynamics of large spins on a lattice
Chromium atom: S = 3⇒ 7 spin states
Initial state: Mott insulator, filling 1, spin up (mS = 3)
t = 0: sudden spin rotation

θ
Detection: Stern Gerlach experiment:

measure of spin populations

-3
-2
-1
0
1
2
3

→

Parameters of the dynamics:

I Tunneling between sites

I van der Waals interactions

I Dipolar interactions

[Bruno Laburthe group, LPL Paris 13 / Paris Nord]
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Quantum gases What for?

Out of equilibrium dynamics of large spins on a lattice

Mean field description fails. The spin dynamics reveals particle correlations
⇒ many-body physics at play.

mean field theory theory including correlations

Full theory possible only at short timescales ⇒ long time evolution given
by the quantum simulator
Challenge in this system: measure entanglement.

[Bruno Laburthe group, LPL Paris 13 / Paris Nord]

Hélène Perrin Quantum computing February 11, 2021 45 / 72

lnperrin
Pencil



Quantum gases What for?

Anderson localization

Non trivial localization effect due to destructive interferences (E > VD)

The disorder is produced
by optical speckle
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Quantum gases What for?

Anderson localization in 1D

Exponential localization of the atom velocity distribution.

V. Josse / P. Bouyer / A.
Aspect 2008
C. Fort / M. Inguscio 2008
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Quantum gases What for?

Anderson localization in 3D

Observed in 3D in 2011 by B. DeMarco (Illinois) & Josse / Aspect
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Quantum gases What for?

BCS state in degenerate fermions

Pairing of fermions with opposite spin
Repulsive interactions: BEC of bosonic moleculess
Attractives interactions: superfluid BCS state of Cooper pairs

Hélène Perrin Quantum computing February 11, 2021 49 / 72

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil



Quantum gases What for?

Superfluidity of fermion pairs in the BEC-BCS crossover

atomic BEC

molecular BEC

superfluid of Cooper pairs

W. Ketterle 2006
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Quantum gases What for?

Equation of state of the interacting Fermi gas

Unitary Fermi gas:
Limit a→ +∞
and σ =

4π

k2

Many-body physics of
strongly interacting particles,
difficult to compute, easier to
measure

F. Chevy / C. Salomon 2010
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Quantum gases What for?

Superfluidity in the fast rotation regime

Ω = 2π × 24

Ω = 2π × 35.8 Hz

vortex lattice

supersonic flow at
Mach 18

Y. Guo et al., PRL 124, 025301 (2020) (BEC group@LPL)
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Rydberg atoms in optical tweezers

Rydberg atoms in optical tweezers

Individually controlled atoms

Hélène Perrin Quantum computing February 11, 2021 53 / 72

lnperrin
Pencil

lnperrin
Pencil



Rydberg atoms in optical tweezers Properties

Properties of Rydberg states
Scaling with the principal quantum number n
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Rydberg atoms in optical tweezers Properties

Properties of Rydberg states
State preparation: two-photon transition

Hélène Perrin Quantum computing February 11, 2021 55 / 72

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil

lnperrin
Pencil



Rydberg atoms in optical tweezers Interactions

Dipole-dipole interactions in Rydberg states
Scaling
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Dipole-dipole interactions in Rydberg states
Experimental setup

[Béguin et al., PRL 110, 263201 (2013)]
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Dipole-dipole interactions in Rydberg states
C6/R

6 dipole-dipole interaction

[Béguin et al., PRL 110, 263201 (2013)]
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Dipole-dipole interactions in Rydberg states
Resonant DDI: spin-exchange coupling
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Dipole-dipole interactions in Rydberg states
Rydberg blockade
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Rydberg atoms in optical tweezers Interactions

Dipole-dipole interactions in Rydberg states
Rydberg blockade [Béguin et al., PRL 110, 263201 (2013)]
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Correlations between Rydberg atoms
Rydberg patterns
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[P. Schauss et al., Nature 491, 87 (2012)]
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Many-body physics with Rydberg atoms
Spin Hamiltonian simulation
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Many-body physics with Rydberg atoms
Ordering single trapped Rydberg atoms

[D. Barredo et al., Science 354, 1021 (2016)]
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Many-body physics with Rydberg atoms
N-atom oscillations

1013 nm 420 nmV
ij

a

c
1. Load

2. Arrange

3. Evolve

4. Detect

b

d

0

0.5

1

0

0.5

S
in

gl
e 

R
yd

b
er

g 
p

ro
b

ab
ili

ty

0 0.5 1 1.5
Time (¹s)

0

0.5

I array of single atoms in tweezers
with stochastic filling

I rearrangement of filled sites

I collective excitations of one
atom among 1 - 2 - 3

[H. Bernien et al., Nature 551, 579 (2017)]
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Many-body physics with Rydberg atoms
Excitation patterns for 13 atoms
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Many-body physics with Rydberg atoms
Oscillations of many-body state with 13 atoms
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Bernien et al., Nature 551, 579 (2017)]
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Many-body physics with Rydberg atoms
Phase transition with 51 atoms
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Many-body physics with Rydberg atoms
Recent results: more than 200 atoms
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[P. Scholl et al., arXiv:2012.12268 (2020), Browaeys group]
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Many-body physics with Rydberg atoms
Recent results: more than 200 atoms

a b

c d

1. Load 2. Rearrange 3. Readout

[S. Ebadi et al., arXiv:2012.12281 (2020), Lukin group]
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Many-body physics with Rydberg atoms
Observation of the antiferromagnetic state
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