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Quantum circuits in this presentation were set using the LaTeX package Qcircuit, developed at the
University of New Mexico by Bryan Eastin and Steve Flammia. Qcircuit is available at
http://info.phys.unm.edu/Qcircuit/ .






Quantum information science

A new way of thinking

Computer science
Computational complexity
depends on physical law.

New physics

Quantum mechanics as liberator.

What can be accomplished with
quantum systems that can’t be
done in a classical world?
Explore what can be done with
quantum systems, instead of
being satisfied with what Nature
hands us.

Quantum engineering




Metrology

Taking the measure of things
The heart of physics

New physics
Quantum mechanics as
liberator.
Explore what can be

done with quantum ice
systems, instead of ;_mnc:ple
being satisfied with restricts what can

what Nature hands us. be done.
Quantum engineering

Old physics
Quantum
mechanics as nag.
The uncertainty

Old conflict in new guise







(Really) high-precision interferometry
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(Really) high-precision interferometry
Hanford, Washington Advanced LIGO

= differential
SR strain ~3x 1023
sensitivity

differential
displacement | ~ 1072 m

sensitivity

from 10Hz to 103 Hz.
Laser Interferometer Gravitational

Observatory (LIGO)

High-power, Fabry-
Perot cavity
(multipass),

recycling,
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interferometers

Livingston, Louisiana



Mach-Zender interferometer
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(b)

Squeezed states of light
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Squeezed states of light
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Groups at ANU, Hannover, and Tokyo
continue to push for greater squeezing at
audio frequencies for use in LIGO Il or IlI.

(c)

Time (ms)

Squeezing by a factor of about 3.5

G. Breitenbach, S. Schiller, and J. Mlynek,
Nature 387, 471 (1997).




Quantum limits on interferometric
phase measurements

V2Axs
Ap = T~
Standard Quantum Limit (Shot-Noise Limit)
Aoy =Dz = ——, | Ap= =
V2 VN

As much power Heisenberg Limit

in the squeezed
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main beam







Ramsey interferometry
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Cat-state Ramsey interferometry

J. J. Bollinger, W. M. Itano, D. J. Wineland, and D. J. Heinzen, Phys. Rev. A 54, R4649 (1996).
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Fringe pattern
with period 21r/N

(signal) = {o.} = —cosNuwT
(noise) Ac. = V'1 — cos?NwT = | sin NwT|
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Optical interferometry Ramsey interferometry
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Something's going on here.



Optical interferometry Ramsey interferometry
Entanglement?

Between arms Between atoms

(wave entanglement) (particle entanglement)
~r/In2 e-bits — Zlog N e-bits 1 e-bit

Between photons Between arms

(particle entanglement) (wave entanglement)

? 1 e-bit
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Cat-state
interferometer

Single-
parameter
estimation

preparation
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Achieving the Heisenberg limit
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Is it entanglement? It’s the entanglement,
stupid.
But what about?

e [ he optimal state for optical interferometry, the optical cat state
(|V,0)+1]0, N))/v/2, called a “NOON" state, does a tiny bit better
than inputting the optimal squeezed (Gaussian) state, but has
just 1 e-bit of entanglement (either wave or particle), compared
with the much larger ~ % log NV e-bits of wave entanglement when
inputting the optimal squeezed state.

e Flip half the spins in a cat state, and you get a state with the
same amount of entanglement, but one that is worthless for
metrology.

e Measurement sensitivity and optimal initial state depend on lo-
cal Hamiltonians h;, but entanglement measures are usually con-
structed to be independent of such mundane details.

We need a generalized notion of entanglement that
includes information about the physical situation,

particularly the relevant Hamiltonian.






Beyond the Heisenberg limit

The purpose of theorems in
physics is to lay out the
assumptions clearly so one
can discover which
assumptions have to be
violated.




Improving the scaling with N S s g ™
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Improving the scaling with N
without entanglement g oo s w rammia s sraiie,

Product
input

Product
measurement




Improving the scaling with N without entanglement.
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Improving the scaling with N without entanglement.
Two-body couplings
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Using quantum circuit diagrams
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