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Statistics

Statistics as quantum evolution
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Anyons

Anyons: vortices with flux & charge (fractional).
Aharonov-Bohm effect < Geometric Phase.



Overview

Superconducting Hamiltonians:
« Topological phase of matter

But SC are hard to simulate in the laboratory:
* Non-conservation of particles
« Zero energy, localisation at boundary
* Braiding not possible (yet)

Spin-1/2 states are easy to simulate in the laboratory
(photons, atoms, ions, Josephson junctions, NMR,...)

We find spin analogs of SC and simulate braiding.



Superconducting fermion chain

Consider two sites with tunnelling and pairing interactions

Hgc = _(CLICLQ + CL;CH T aiag + azai)

Number of fermions is not conserved
due to pairing term.
Parity of fermions is conserved.

We will treat this Hamiltonian in two ways:

Fermions

Spins /\ Majorana




The Ising Hamiltonian
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Local to local Hamiltonian by non-local JW transformation.
The ground states is still doubly degenerate
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It takes N flips to change from one state to the other.
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m will cause dephasing
of the qubit state.



Majoranas from fermions

"Real” and "imaginary"” decomposition gives
Majoranas:
a+al _a— al
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They are fermions that are their own anti-
particles:

" =

v =7

Up to how Majoranas are just a mathematical
construction.



The Kitaev Hamiltonian

Consider the superconducting Hamiltonian:

N-—1 N-—1
Hsc = — Z (aIaM T CLICLIH + h-C-) = —4 Z Y2i7Y2i+1
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b'b=0or 1 Degenerate states. Leave at the end-points.



The Kitaev Hamiltonian

The degenerate eigenstates is a stable qubit:
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g §[ In the presence of chemical
potentials the edge modes are

exponentially localised at the end.



QC: Manage expectations

« Tiny energy gap:

o Temperature
Finite extend:

o Perturbations

o Position inaccuracy
Adiabatic transport

State manipulations:
o Preparation
o Measurement

What are Majoranas?




Kitaev vs Ising

The JW trans between spins and Majoranas is non-local.

= (Ie5)or s ai= (1)

J<t 7<t

Both Hamiltonians are local.

Spectrum is the same: unitary time evolution operators
are the same.

Eigenstates can have different properties:

Local Majorana quasiparticles that do not overlap map to
completely dispersed states of spin with complete overlap.



Unitary mapping
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Majoranas as anyons

Fusion and braiding of Majorana fermions
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Majoranas as anyons

Adiabatic braiding of Majorana fermions

Y1 a1 V2

Braiding
'
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This gives two possible solutions
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Photonic quantum simulator
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Do spin adiabatic
evolution.

JW transformation

Geometric phase in TFIM
O =-arg ks, e-Hit e-Ha1 | f3,>)

H,\ { Rotatingin TFIM & H)

P

e H,




Photonic quantum simulator

Adiabatic dissipative evolution:
pg = —arg({(mry|P1Py- - Pplmpy))

P; project the state to the eigenstate of I
Can take P;~e

for large t.

"Imaginary-time evolution”



Photonic quantum sgmula‘l'or'

Three spins: 2° = 8 states: W) = Z cjlg)
j=1

O—0O—=0

single photon  BD30 BD30
s\ . —— =
Pre HWP oy —

Pre: State preparation

HWP: Half Wave Plate
BD: Beam Displacer 30 or 60 mm

Use photonic mode for spin state
Use polarisation to couple to the environment



Photonic quantum simula

Produce geometric phases:

single photon

tor
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Photonic quantum simulator

Produce geometric phases:
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single photon  BD30 BD30 BD60
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Abelian Statistics

. a 1 *z (b)) b Z (o))
Experimentally produced ?

geometric phases:
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¢ (jxxD)
Initial states Final states

Fidelity:
94.13 £ 0.04%

(errors deduced from
Poissonian photon
counting noise)
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Tomography

[Nature Commun. 7, 13194 (2016)]



Non-Abelian Statistics

Exchange A and C Majorana fermions
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Non-Abelian statistics emergesas HR # RH



Non-Abelian Statistics

Exchange A and C Majorana fermions

..........

~

........

_____________________ LT LA e et > >
4 5 6 4 5 6
b ‘ ¢ d 5
oo Q) - S el B o Q)] el T2 ee) B ) et )
1 2 17T 2 1773 2
4‘: 2 4': 4:)
A0 = =5 cl®
3 ©3 3

........

_______________
__________________________

Non-Abelian statistics emerges. 2° = 64 states!



Non-Abelian Statistics

To implement it we use the following processes:

* Basis »

rotation
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Non-Abelian Statistics

Fidelities:
Most gates F>97%
Total Fidelity >91%
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Summary

Spins are favourable for quantum simulations with
photons, atoms, ions, Josephson junctions, NMR,...

Topological phases such as SC fermionic systems
exciting:

o encoding protected quantum information

o demonstrating new physics (anyons)

Here we simulated their braiding properties, construct
one-qubit gates and demonstrate fault-tolerance.

Outlook: Quantum algorithms are similar to evaluating
Jones polynomials ->
Quantum Machine Learning...



Outlook

Deutsch-Jozsa Algorithm: 0) = HR*H|0)
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