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Quantum Simulation

mimicking quantum systems for the purpose of understanding their states, phases, and dynamics
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Problem-types that quantum simulators have addressed
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Quantum simulation is not just for condensed matter

Quantum simulation experiments may provide insight on problems in particle physics

HEP tells us that gauge fields are ubiquitous in nature
* Photons: electromagnetism

* Gluons: strong force

W and Z particles: weak force

How to achieve artificial gauge fields in a lattice
* Lattice shaking
* Laser-assisted tunneling (Spielman Group)

Time-dependent artificial gauge fields = dynamical

|

Monika Aidelsburger Thesis 2015 EXCITING!
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Why do we want to simulate solid-state systems?

Many exciting questions on exotic superconductivity and magnetism,
quantum Hall effects, topological matter...

optical honeycomb lattice

An ultracold quantum simulator offers several advantages
« Controllable defects
 Long-lived quantum coherence
* The ability to prepare many identical copies
« The ability to study out-of-equilibrium physics

diffraction image

We can provide great insight into the behavior of solid materials with crystalline lattice structure
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1-D lattice band structure ‘
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Crystalline Lattice

A periodic set of points that has some set of symmetries
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Energy Bands of Particles in a Lattice

A solid’s band structure describes the allowable energy levels for electrons in a crystal lattice

Band structure explains material properties
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Energy Bands of Particles in a Lattice

A solid’s band structure describes the allowable energy levels for electrons in a crystal lattice

p + geometry/topology of state space

Band structure explains material properties
Electrical Resistivity
Optical Absorption
-
Quantum Hall Effects
Orbital Magnetism ) : i
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Bosons VS. Fermions

Bosons Fermions
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We use the bosonic isotope 8’Rb to make a Bose-Einstein Condensate
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An exotic state of matter: Bose-Einstein condensate

The de Broglie wavelength describes the wavelike behavior of matter:
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Optical Lattice Potential — “Optical Lattice”

time-averaged electric field intensity

Mathema ‘

Experimg

We use multiple pairs of intersecting beams to make 2D or 3D lattices
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An Optical Honeycomb Lattice

Normalized Potential Energy

This allows us to create an ultracold atom analog of graphene
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Solid-State Graphene

A crystal’s band structure and the geometry/topology of state space determines its properties
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 Andrew Geim, Konstantin Novoselov — 2010

Nobel prize
« Dirac singular points with Berry (geometric) phase

» Klein tunneling
« Half-integer quantum Hall effect

« Twisted bi-layer graphene and Moire patterns

M. Katsnelsen, The Physics of Graphene
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Quas|momentum = 4° graphene

My artificial graphene also has Dirac points with interesting topological properties
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Ultracold Atom Analog of Graphene

Tight-binding band structure
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Direct Probe of Dirac Singularity

Theory Experiment
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Direct Probe of Dirac Singularity
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Two band model

population dynamics driven by:
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Effective Size of Dirac Singularity
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Direct Probe of QBTP
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Conclusion and Future Work

Dirac point
Conclusion b ;d+¢o | | <o
« An ultracold atom quantum simulator is a powerful tool that ¢ Oo
allows for simulation of real materials or toy Hamiltonians .| : L
« Measurements of quantum distance allow the non-trivial = X /o
topology of Dirac points and QBTPs to be directly revealed | | °O¢O ¢WL¢O
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Quantum Simulation of Quasicrystals

2X Nobel laureate Linus Pauling once said, “There is no such thing as quasicrsytals, only quasi-scientists.”

Al-Mn alloy
Shechtman et al, PRL 1984

Oct. 18, 2021

Dan Shechtman - 2011 Nobel prize in Chemistry for discovery
Quasicrsytals are aperiodic but ordered, with no translation
symmetry

Superconductivity discovered in a 5-fold quasicrystal in 2018
« Unusual superconductivity?
What sorts of other interesting and unusual states of matter
might be realizable in a quasicrystal?

* No translation symmetry means no well defined

quasimomentum or Fermi surface

A 5-fold rotation-symmetric ultracold atom quasicrystal would
be very interesting

« Quantum physics of quasicrystals

« Wave packet diffusion

* Phason excitations

« Topology in quasicrystals
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