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Can we ever build a quantum

computer?
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Quantum systems are fragile and interact easily with the
environment and loose quantum superpositions and thus the
information
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Decoherence

Occurs when the quantum system interacts with its
environment.

Loose the quantum parallelism.

Is a way to try to partly explain why we do not see quantum
features in our daily life, like the schrédinger’s cat paradox




Quantum Error Correction

A way to protect quantum information from decoherence and
guantum noise.

Classical error correction - many copies of the same bit.
Cannot copy unknown quantum states.

Instead store one qubit into a big entangled state
Logical 0 = 000 + 111

Logical 1 =000 - 111

and do subspace measurements to detect errors like
100+ 011 (do not destroy the information)



Fault Tolerant Quantum Computation

Fault tolerant QC use Quantum Error Correction Codes to
garantee a correct answer despite errors.

Need more qubits, large overhead.

If the error probability per gate, p, is below a certain treshold
p, the computation will give the right answer.

One error in 100 up to 10 000 gate operations is the expected
required treashold to date. Can we meet this experimentally?
Need more than error correction?



Other ways of achieving fault tolerant

QC

* Encode qubits such that they are not affected by the
environment, so called decoherence free subspaces and

noiseless subsystems.
* Topological encoding of qubits.

* Use gates that use geometric properties of the quantum state
space, for example Berry phase, to reduce faults in the
computation.



Equivalent models of quantum
computation

Quantum circuit model
One-way quantum computer
Adiabatic qguantum computer
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Topological quantum computer

can simulate each other efficiently



Quantum circuit model
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One-way quantum computer

(measurment based quantum computing)

* Use atwo dimensional lattice of very entangled qubits and
perform single measurements as gates.

* Has been prepared in an optical lattice but no computation
has been performed in this system.
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Adiabatic Quantum Computation

* Task is to reach a specific ground state of a quantum system
that is the answer to the problem.

* Close to quantum annealing that D-wave is using in their
guantum computers.
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Topological quauntum computer

e Use anyons as qubits and braid them to perform the gates.
* Anyons are quasiparticles in two spatial dimensions.
* Can be realized with fractional quantum Hall effects.



Physical implementations of QC

There is not a main system for the implementation of
universal quantum computation today.

Different systems have advantages and disadvantages.

The five DiVincenzo’s criteria for QC:
1. Scalable system with defined qubits
2. Ability to initialize the input state

3. Decoherence time longer than the gate operation time, can then do
error corrections successfully

4. Universal set of gates
5. Ability to measure each qubit



Qubits: Electronic states in charged atoms

Gates: Laser couples the qubit states with the vibrational
states of the atomes.

Advantage: High gate fidelity (97-99%), Scalable design,
multiple trap regions.

Record: 14 controllable entangled ions.
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Qubits: Photons as qubits

Gates: Beam splitters, phase shifter and mirrors
Measurements: photon detectors

Advantage: Photons do not interact easily, long decoherence
times

Disadvantage: Cannot make two qubit gates by interacting

two photons but instead project onto the desired space with
some probability. Resulting in big overhead.



Superconductors

e Qubits: superposition of charge currents
e Advantage: Pre-existing manufactor technology.
e Disadvantage: Not high gate fidelities, need low temperature




Nuclear spins being up and down in a given direction form the
qubits.

Quantum computation is an avarage over all molecules in the
liquid.
Disadvantage: Not scalable.

Used to implement Shor’s algorithm for 7 qubits.




An array of potential wells is created by a pattern of
crossed laser beams

These are used to trap atoms.
Disadvantage: Hard to address single atoms.
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D-Wave Systems

A quantum computing company based in Burnaby, British
Colombia, Canada.

Have two commercial quantum computers, D-Wave one
(128-qubit processor from 2011) and D-Wave two
(512-qubit processor from 2013).

Based on superconducting qubits.
Using quantum annealing to find

solutions to a specific optimization
problems.
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Google and NASA and others bought a
D-Wave two.




energy

Quantum annealing

QA is used to find solutions to optimization problems.
In quantum annealing quantum tunneling effects are
used to find ground state.

Different from simulated annealing where the
temperature is lowered to find the ground state.
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* To see if there is any speedup one has to compare with
an optimization algorithm on a classical computer.

e One test D-wave did found the D-wave two run 3600

times faster than an general optimization algorithm on
a classical computer.

e But the result depends on which optimization
algorithm is used...



Other researchers compared D-Wave one with a specific
simulated annealing optimization. They found no speed up.

They found evidence of quantum annealing instead of
simulated annealing.

Might need error correction codes to increase the
guantumness in the system and better speed up.

Most of the scepticism from academia towards D-wave is
about their marketing or how journalist reports their
progress.



Beyond Quantum Computing

Can other physical theories solve even harder problems than
a quantum computer can solve?

It has been shown that a quantum computer can simulate

some quantum field theories so maybe there is nothing
beyond a quantum computer.

But what about quantum gravity?

It has been shown that non-linear quantum mechanics NP-
complete problems could be solved, but then also send
signals faster than light.



Summary

* |tis hard to contol quantum system and avoid
interaction with the surrounding, need more
research to meet the requirement for reliable
guantum computer

* There are not one specific system or model for
QC

* D-wave has evidence of quantumness but still
need to prove that there is a speedup



What to look out for in the future:

* D Wave progress
 Topological QC

* New algorithms (new error codes)
* Towards the fault tolerant treshold
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