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The problem
Understand many-body quantum systems
Examples:
high energy physics, condensed-matter, neutron stars,
quantum chemistry, Nature is an assembly of interacting particles !
Equilibrium properties and dynamics
For instance, phase diagrams and phase transitions, time evolution,
The difficulty: exponential growth of the Hilbert space and
consequently of the system’s density matrix
Example: 25 spin ½, without any spatial degree of freedom has
dimension 225 = 33 554 432 configuration space

Approximate solutions: very often uncontrolled

Analog simulators
classical vs quantum

R.P. Feynman

Classical analog simulator:
Strasbourg astronomical clock
1354, 1571, and 1842

“Nature isn't classical, dammit, and if you want to make
a simulation of nature, you'd better make it quantum mechanical...”

Analog simulation of
Quantum systems

The vision
Simulating Physics with Computers
Richard P. Feynman
Received May 7, 1981

Can we simulate quantum Physics with computers ?

Exponential growth of the Hilbert space when increasing the number of interacting particles:
untractable, in particular for fermions
1) Universal Quantum Computer
Ongoing research, pillar 2 of QT Flagship, but extremely challenging
2) Quantum simulator
• Write an Hamiltonian to describe a physical system
• Find a well controlled system to simulate this Hamiltonian
• Measure the system’s properties like ground state energy, excitation spectrum, collective modes,…
• non universal

Diversity of platforms to realize quantum simulators

The goals of quantum simulation

Obtain results on the system that cannot be
obtained by standard methods or numerical simulations
Explore novel geometries, parameters, or configurations
that are not available in the initial system
Invent novel systems or devices based
on the acquired knowledge

Non-trivial questions:
How to verify the simulation results ?
How to detect and correct errors ?

Quantum simulators
Analog simulator
Choose precisely the parameters of the system that we wish to simulate
For instance, bosons, fermions, dimension, distance between particles, sign and strength of interaction,....

Digital simulator
Simulate the time evolution of the state vector by expansion of the evolution operator U(t)
Trotter expansion
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In practice, useful only when H1,H2 ,…involve a few particles

See for instance Lanyon et al., Science 2011, Blatt’s group, Innsbruck

Quantum simulators

Superconducting qubits

From Pedram Roushan, Google Inc., ICQSIM, Paris, November 2017

Simulation of the
Bose-Hubbard
Hamiltonian

Signature of many-body
Localization on energy
Spectrum in a 9 qubit chain
P. Roushan et al. Science 2017

Simulation of quantum magnetism using trapped ions

10 spins, 210=1024 configurations
18%
of the
time

Monroe’s group,
Nat. Comm, 2011

Lowest degenerate
excited states,
each 4% of the time
Measurements in the x basis

Simulation of quantum magnetism using
assembled 2D arrays of individual atoms
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Fully loaded arrays (> 50 atoms)
98% filling fraction
Barredo, Science 354, 1021 (2016)
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Controlled interactions: Rydberg excitation

Rydberg atoms
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Fully loaded arrays (> 50 atoms)
98% filling fraction
Barredo, Science 354, 1021 (2016), IOGS

Also, 1D Chain of trapped Rydberg atoms at Harvard & Collège de France, J.M. Raimond, M. Brune, S. Haroche

Tuning interactions in a 8 spin-chain with periodic boundary condition

Ising Hamiltonian

ni = (1 + s zi ) / 2

Vij = 1/ | ri - rj |6

H Labuhn et al. Nature 1–4 (2016)

Quantum simulation with ultracold Gases
Diluteness: atom-atom interactions described by 2-body
(and 3 body) physics. At low energy: a single parameter,
the scattering length a
Control of the sign and magnitude of interaction
Control of trapping parameters:
Periodic potentials, « optical lattices »
Time dependent phenomena: out of equilibrium situations in 3D, 2D,1D
n(k) of detection
Simplicity

n(k)
1
Quantitative
1 Comparison with quantum Many-Body theories:
Gross-Pitaevskii, Bose and Fermi Hubbard models,
search for exotic phases, dipolar gases
disorder effects, Anderson localization, …

Link with condensed matter (high Tc superconductors),
k/kF
astrophysics (neutron stars),
1 Nuclear physics,
1
high energy physics (quark-gluon
plasma), k/kF

Simulation of magnetism with neutral gases
Realize with cold atoms situations similar to fractional Quantum Hall effect for which many questions are still pending

A charged particle following a closed contour acquires a phase (Aharonov-Bohm )

Any scheme that creates a geometric phase on a neutral atom can simulate orbital magnetism
Adiabatic following of laser induced dressed states (Berry’s phase)
Lines currently explored:
• Gauge fields on a lattice & Hofstadter butterfly (fractal single-particle spectrum)
• Topological superconductors & spin-orbit coupling
• Non-Abelian gauge fields

The range of equivalent magnetic fields that can be generated in this way goes
much beyond what can usually be achieved with real fields on real crystals
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3D cold
Two-dimensional
gas

physics with quantum gases
M. Aidelsburger, J. L. Ville,
R. Saint-Jalm, S. Nascimbene,
J. Dalibard, J. Beugnon,
arXiv:1705.02650

Collège de France, J. Dalibard, J. Beugnon, S. Nascimbène
Institut d’optique, T. Bourdel
LPL, H. Perrin
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Hermite-Gauss
beam = 2D conf.

2D gases
in boxes:
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Freezing the motion along
the vertical direction
one plane of atoms
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Typical Typical
parameters:
parameters:

Free motion in a 2D box of arbitrary shape
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!z = Hz
350 – 1500 H
!z = 350 – 1500
N = 103 – 10N5 = 103 – 105

Similar to the 2D electron gas
in a quantum well

= 10 – 250 nK
T = 10 – 250T nK
Typical
parameters:
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Quantum simulation with ultracold fermions
YBa2Cu3O7
d : 0.4 nm
Tc = 92 K
n(k)
n(k)
1
1

d : 0.5µ m
Tc : 1µ K
1

1

0.5 micron

Seeing atoms
one by one!
k/kF
k/kF et al., MPQ 2010
Bloch
Greiner et al., Harvard

Quantum simulation with ultracold fermions
YBa2Cu3O7
d : 0.4 nm
Tc = 92 K
n(k)
n(k)
1
1

d : 0.5µ m
Tc : 1µ K
1

1

0.5 micron

Seeing atoms
one by one!
k/kF
k/kF et al., MPQ 2010
Bloch
Greiner et al., Harvard

The Fermi Hubbard model in 2D
Spins ½
Repulsive U

M. Greiner, Harvard
I. Bloch, MPQ
M. Koehl, Bonn
S. Kuhr, Glasgow
M. Zwierlein MIT
J. Thywissen, Toronto

A. Mazurenko et al., Nature 2017

Equation of state of a Fermi gas with tunable interaction
Spins ½
Attractive U
Unitary
limit

S. Nascimbène, N. Navon, K. Jiang, F. Chevy, C. Salomon, Nature 2010

Normal phase

SF

Theory:
Van Houcke,
Werner,
Kosik, Prokof’ev,
Svistunov,
Ku, Sommer
Cheuk, Schirotzek
Zwierlein
Nature Phys.,
2012
and 2017

5% agreement with a many-body theory in strongly interacting regime

Equation of state of a Fermi gas with tunable interaction
Spins ½
Attractive U
Unitary
limit

S. Nascimbène, N. Navon, K. Jiang, F. Chevy, C. Salomon, Nature 2010

Normal phase

SF

Theory:
Spin
1/2
Van Houcke,
Werner,
Kosik, Prokof’ev,
Svistunov,
Ku, Sommer
Cheuk, Schirotzek
a = -18.6 fm, n~2 1036cm-3
Zwierlein
Tc=1010Phys.,
K , T=TF/100
Nature
2012
and 2017
Neutron star

5% agreement with a many-body theory in strongly interacting regime

Searching for superfluid Bose-Fermi systems:
4He - 3He mixture

4He

?

Volovik, Mineev, Khalatnikov, JETP, 42, 342 (1975): Fermi liquid theory of mixture

Expected Tc ~ 1 to 20 µK ?

Bose-Fermi Superfluid Counterflow with 7Li and 6Li atoms
I. Ferrier-Barbut, M. Delehaye, S. Laurent, A. T. Grier, M. Pierce,
B. S. Rem, F. Chevy, and C. Salomon, Science, 345, 1035, 2014

Fermi Superfluid
6Li

7Li

BEC
time

400 ms

Bose-Fermi Superfluid Counterflow with 7Li and 6Li atoms
I. Ferrier-Barbut, M. Delehaye, S. Laurent, A. T. Grier, M. Pierce,
B. S. Rem, F. Chevy, and C. Salomon, Science, 345, 1035, 2014

Fermi Superfluid
6Li

7Li

?

cB
Critical velocity for
superfluid counterflow

BEC
cF
time

400 ms
M. Delehaye, S. Laurent,
I. Ferrier-Barbut, S. Jin,
F. Chevy, C. Salomon,
PRL, 115, 265303, 2015

Counterflow critical velocity
Y. Castin, I. Ferrier-Barbut and C. Salomon, Comptes-Rendus Acad. Sciences, Paris, 16, 241 (2015)
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Sound Modes: Vc = cB + cF
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Currently explored problems
Equilibrium quantum systems, bulk or lattice
Phase diagrams, equation of state, superconductivity and spin imbalance, superfluidity
Out of equilibrium systems and quantum quenches
Transport and dissipation, Kibble-Zurek scenario, many-body localization
Quantum magnetism
Individual particle detection, lattices systems, frustration, impurity problems
Topological systems
Quantum Hall effect, spin-orbit coupling, gauge fields, Majorana fermions and link with quant. computation
Simulation of lattice gauge theories
Abelian or non-Abelian Higgs mechanism
Theory
All of previous topics, preparation, measurements, use dissipation and entanglement
Thermalization of an isolated quantum system, quenches, entanglement growth

