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Novel quantum optics -
engineered quantum systems

ULTRALOW temperatures to below 1nK

TESTS QUANTUM THEORY IN NEW REGIMES!

Quantum optics and integrated photonics
Bose-Einstein condensates: atom ‘photons’.
Quantum superfluid fermions: atom ‘electrons’
Nano-mechanical oscillators
Ion traps
Superconducting quantum circuits
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Theoretical challenges

Many interesting theoretical challenges - for example

Simulations of quantum paradoxes
Experimental analogs of the early universe



Early universe: dominated by quantum
fluctuations? Planck CMB survey



Early universe quantum models

Early universe models

The simplest model has a scalar inflaton field
Relativistic, interacting quantum field dynamics
φ(x) is described by the Lagrangian

L =
1
2

∂µφ∂
µ

φ −V (φ),

where V (φ) is the potential down which the scalar field rolls



The original theory: Coleman’s ‘false vacuum’



Inflationary universe models

This is the start of more complex quantum models

Need to assume a comoving, expanding frame
Can include a background gravitational tensor
Most inflation models have friction terms as well
Also possible to have vector early universe fields

First step: understand the simplest case



Problem:
quantum theory is exponentially complex!

BEC many-body states have exponentially large dimension

Typical BEC: n particles distributed among m modes

take n 'm ' 500,000:
Number of quantum states: Ns = 22n = 21,000,000

More basis states than atoms in the universe

Can’t calculate with a 10300,000×10300,000 matrix!
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Proposed solution

Complementary study: quantum+phase-space simulation!

Quantum emulation creates a laboratory model
Phase-space simulation creates a computer model
Each involves DIFFERENT types of approximation
Can study BOTH and compare them

Goes beyond the linearized approximation



Wigner-Moyal phase space methods

Simulates quantum observations - but not probabilistic!

Generally doesn’t give positive probabilities
No stochastic evolution
Can’t always be sampled
Not suitable for Bell violations

Large occupation: ‘truncated’ Wigner



Dirac to Moyal: ‘Possible heavy criticism’



Overcoming Dirac’s objection

How do we overcome Dirac’s objection?

Take the case of large occupation numbers per mode
Time-evolution equation can be truncated for n→ ∞

Resulting Wigner distribution is approximately a
probability

Sampled values like weak quantum measurements

Advantage: Quantum simulations with existing
computers!
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Test case: Interferometry on an atom chip
(Siderov, Swinburne)



Coupled Bose gas model

A D-dimensional Bose gas with two spin components that are
linearly coupled by an external microwave field. This system
obeys the following nonrelativistic Heisenberg equation for
i = 1,2 and j = 3− i :

i h̄∂tΨi =

{
− h̄2

2m
∇

2
x +giΨ

†
i Ψi +gcΨ†

j Ψj

}
Ψi −νΨj ,

Here, ∇2
x represents the D-dimensional Laplacian operator,

and gi , gc are the D−dimensional coupling constants. The
field commutators are:[

Ψi (x) ,Ψ†
j

(
x′
)]

= δijδ
D
(
x−x′

)



Scaled equations

Result of operator mappings:

i∂τψi =

{
−1
2

∇
2 + γψ

†
i ψi + γcψ

†
j ψj

}
ψi − ν̃ψj ,

Scaling:τ = t/t0, ζ = x/x0,

t0 = h̄/gn

x0 = h̄/
√
gnm .



Interferometry experiments

A two-component, 4×104 atom 87Rb BEC is in a harmonic
trap with internal Zeeman states |1, −1〉 and |2, 1〉, which can
be coupled via an RF field.



Truncated Wigner simulations replicate BEC fringe
visibility

Blue line = Wigner simulation, black line = Wigner +
local oscillator noise, red dots = GPE, error bars are
measured
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Stochastic time-evolution equations

i∂τ ψ̃1 =

{
−1
2

∇ζ
2 + γ |ψ̃1|2

}
ψ̃1− ν̃ψ̃2,

i∂τ ψ̃2 =

{
−1
2

∇ζ
2 + γ |ψ̃2|2

}
ψ̃2− ν̃ψ̃1. (1)

For the truncated Wigner calculations, with an initial coherent
state of ψ̄(ζ ), so that ψ̃(ζ ) = ψ̄(ζ ) + ∆ψ̃(ζ ), one would
have: 〈

∆ψ̃(ζ )∆ψ̃
∗(ζ
′)
〉

=
1
2

δ
(
ζ −ζ

′) .



Potential well

Figure : Plotted is V for ν̃ = 0.1, u = 1, γsa = 0.5 as a function of
θ and φa. At θ = 3π/4 a saddle point occurs, which corresponds to
π phase jump between the two components. It is a known and
dynamically unstable stationary state of the GP equations [?, ?].



Equivalent Sine-Gordon equation

ψ1 =ue i(φs+φa)/2 cos(θ )

ψ2 =ue i(φs−φa)/2 sin(θ ),

Canonical momentum: π = ∂τφa/4γsa ,

Commutators:
[
φa (ζ ) ,π

(
ζ
′)]= iδD

(
ζ −ζ

′) .
Sine-Gordon equation:

∇
2
φa−∂ζ0ζ0φa + α̃ sinφa = 0



1D Universe: BEC time evolution
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Figure : 1D space-time dynamics. Coupling ν̃ = 0.1.



2D Universe: BEC time evolution
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Figure : 2D density evolution. Coupling ν̃ = 0.1.



3D Universe: BEC simulations
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Figure : Plot of 3D density evolution. Coupling ν̃ = 0.1



What about relativity?

General law:

∂
2
t φ − 1

a2(t)
∇

2
φ +dH∂tφ =−∂φV (φ),

where d is dimensionality, a is the scale factor and ȧ/a = H is
the Hubble constant. BEC model, including local fluctuations
in the valleys:

∂
2
t φa− c2

∇
2
φa +

4ν2ξ

h̄2c
∂tφa =−∂φaV (φa).

ie, H =≈ 3ν2/h̄mc2.



What about metastability?

By varying the tunnel coupling ν periodically in time, it is
possible to stabilize and establish the unstable vacuum at
φa = π as a local minimum, which would correspond to a false
vacuum in the sense of Coleman. The truncated Wigner
representation then is applied to study the fate of this vacuum
quantum mechanically. To stabilize the unstable vacuum we
consider rapid oscillations of the tunnel coupling
νt = ν + δ h̄ω cos(ωt), where frequency of oscillations
ω � ω0 ≡ 2

√
νgρ0/h̄ and δ is some parameter to be fixed

later. This allows us to create models that are either
metastable or not, and to compare their predictions.



Conclusions

We can create a universe in a vacuum chamber.
Will it have tiny worlds, with people attending tiny
physics symposia?
When those tiny people observe the world around them,
do they collapse our wavefunction?
Of course this will not happen, but it is worth thinking
about!
Can we collapse the wavefunction of the universe?
Stay tuned for further ‘universal’ developments
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