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Quantum science: Nobel award, 2012

e Background: Paradoxes in quantum mechanics?
Measurement, EPR paradoxes

 Wineland: Schrodinger’s Cat with ions
lon traps, quantum logic, atomic clocks

e Haroche: Schrodinger Cat with photons
Microwave resonators, Quantum circuits

e New technologies: where is this heading?
Quantum cryptography - secure communications
Quantum computing and emulation
Gravity wave detectors and nano-mechanics
Ultra-cold atoms and atom lasers



215t century QC development

e 20t century: universal QC < 10 qubit
— growth < 1qubit/yr ®, for factorization need >10°

e 215t century: targeted QC, NP & #P hard problems
— D-wave QC, Google, NASA; Ising’ QC, Stanford.

 This talk : new technologies and proposals
e QFT dynamics: early universe BEC simulator
e Boson sampling: #P-hard problems, metrology
e Coupled paramps: 'Light meets magnetism'
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Moving up in the complexity hierarchy




Quantum computing technologies




Developing technologies




Quantum emulation

 Quantum field theory: exponentially complex
— Essential to current theories of cosmology
— Energies a trillion times larger than CERN
— How can we compute what theory predicts?

e Use ultracold BEC as relativistic simulator
— Check predictions with approximate methods



On the one hand, we are On the other hand, we can’t
reaching the very small  see beyond the very large
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No light can reach earth from outside
the observable universe.



Planck spacecraft was

launched in May 2009. On \

21 March 2013, the ==

S mission’s all-sky map of the
il CMB was released

heae ) |

The CMB is a snapshot of the oldest light in
000,000,000 veAn our Universe, imprinted on the sky when the
Universe was just 380,000 years old.

A We can’t see beyond that BGV theorem



Quantum models of the Big Bang

e vacuum

Potential energy on top of the hill is
converted into kinetic energy of the
rolling ball at the bottom of the hill.
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True vacuum

In reality the Universe has
at least 3 dimensions.

Bubbles appear during the
transition to true vacuum.

Are we in one of the
bubbles....lonely....?

Similar to water boiling or bubbles in champagne



What is the observational evidence?

Planck spacecraft, Bicep 2, Polar Bear,
21 March 2013 South Pole Telescope
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LHC ? (completed in 2008, Higgs
particle discovered in 2013, Nobel
price 2013)

LHC is the world's largest and
most powerful particle collider.

The energy density is 13 orders

of magnitudes smaller than the
energy density during

cosmological inflation era !

Use instead some analog physical system,
which simulates the false vacuum decay

El. circuit ~ pendulum




Analog quantum simulator

Take 2 BECs and couple them
with a laser light.
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Their phase difference behaves like
a pendulum, which has stable and
unstable points.
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Early universe models



More complex models



Test case: Interferometry on an atom chip

Sidorov, Swinburne



Coupled Bose gas model master equation



Stochastic time-evolution equations



Comparison to Rubidium experiment



Wigner simulations vs phase noise




New SUT experiments underway

Previous experiments limited by:

 Uncertainties in initial atom number ~ 40,000
e Magnetic field fluctuations (unshielded)
 Microwave oscillator: only stable to one part in a trillion

 New experiments underway:

e six times less phase noise



Wigner simulations of squeezing




Simulation of Treutlein experiment

Comparison: 1200 atom - experiment:

e Variational method (Sinatra) predicts -12.5dB
 Wigner method predicts -11dB squeezing

e Experiment observes -4.7dB
e Difference due to: technical noise? initial thermal noise?

e New simulations planned



Simulation of condensate splitting

Motivated by Schmiedmayer experiment at Vienna Tech.

e Experiment observes -8dB suppression of correlation noise
e 2D coherent state splitting simulation at SUT
e Simulates a sudden increase in S-wave scattering

* Noise reduction in 2D: -6dB cross-correlation noise

* Prediction: correlation oscillations



Simulates 2D splitting, initial coherent state



Two methods:
(1) Numerical guantum simulations

(2) BEC quantum emulation



Early universe quantum simulation




Potential well with microwave coupling




Relativistic field theory at c=1 cm/s!



Equivalent Sine-Gordon equation



3D Universe: BEC simulations




The original: Coleman’s ‘false vacuum’




What about metastability: local minimum?

O. Fialko et. al., Europhysics Letters 110, 56001 (2015).



Effective potential



Vacuum bubbles expand at light-speed




Tunneling rate depends on well-depth




3D bubbles




Metastability in 3D : bubble universes




Early universe models

 What is now being measured?

e Cosmologists are measuring third order
nonlinear correlations

 Observed correlations mostly gravitational

 |sthere a qguantum noise contribution?



Work in progress

e Effect of finite trap?
e Effects of finite temperatures?

e Removing TW approximation



 Blooming cosmology: CMB, BICEP2.

* [nflation might be correct: can we test it?

 Time to bring cosmology into the laboratory

e Analog quantum/numerical simulator with BEC!
e O. Fialko, et. al. Europhys. Letts 110, 56001 (2015).

e What can we measure experimentally?



