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Gates

@ Unitary: |¢) — U|y)

@ n— qubits = dim(#) = 2"
@ Universal single qubit gates:

1 1 1 1 0 ;
\/§<1_1>: [H] ’<o eiw/4>:

@ Universal two qubits:
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Anyons and quantum computing
Desiderata

@ Fault tolerance

I
Gap

‘H = Protected subspace

@ Topological quantum computing—non-abelain anyons
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Lindner & Stern, Science
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Non abelian anyons

Theory and experiment

Theory
Localized modes of interacting) fermions or spins

J

Integer and Fractional Quantum Hall Effects

Theoretical realization
@ Anyons in FQHE
@ Majoranas: electron/+/2

Experiment
Fractional charges in FQHE, Evidence for Majorana

3
P,

0

Avron, Kenneth (Technion) Braiding fluxes

Montreal 2014 6/34



Outline

o Motivation

@ Aharonov Casher

Avron, Kenneth (Technion) Braiding fluxes Montreal 2014 7134



Aharonov Casher

Topological Zero modes

@ Geometric setting:

/-

@ Pauli equation: spin1/2, g =2

, 2 1
_ — o > = —
((=iV—-A)-0)">0, or 27T/de/\dy

@ Zero modes: .

Zero modes Continuum
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Aharnonov Casher
holomorphy

@ Decoupling in 2-D:

) . 0 07 — iAz
(=iV—-A) -0 = 2/(81/\2 0 )

@ Zero modes:

((—=iV — A)-0)(¥,0)! =0,= (9, — iA)Y =0
%,_/
1—st order pde
@ Holomorphy:

U(z,2) € Ker(0; —iA) > P(z) 9(z,2)

holomorphic
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Aharonov and Casher

Index

@ Poissons’ equation—source B

= 5

@ Polynomial decay:

o

1
_ —1 1 _
o = exp(A~'B) fvd |z ;AT = o log z

Aharonov-Casher Index theorem: Number of zero modes
D=[or]—1 J
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Confined and free zero modes
b, >1vs P, < 1

Two types of Charge-Flux composite J

(] @ w0

Oy>1 O =dy =3/4
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Braiding fluxes

Gates from braiding fluxes

curvature

@ What gates can you make by braiding fluxons?
@ Catch 22: Holonomy without curvature!

@ ¢, R;Thinkof 1/2 < by < 1

@ No gap protection
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Adiabatic evolution
AB-Anyons

@ Adiabatic evolution for moving fluxes
o Gapless
o Gauge issues
o Defrosting

@ Confined zero modes

@ Super Critical fluxons; &, > 1
o Aharonov-Bohm abelian phases

627714)2

¢1

Localized zero modes
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Deconfined modes

Anyons

@ Holonomy—Abelian & non-abelian
@ curvature & topological

curvature

@ Topological if: D =N — 1
@ Identical fluxes 1 — §; < & < 1

@ Burau rep of braid group : < ! ;V g >, v = g=2mi®
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Outline

e Braiding fluxes
@ Zero modes
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Aharonov and Casher

Fluxons

@ Log-Superposition:

dz10g) = IA = (Ay + Az, 112)

(¢1,¢1)®@  @( =position

° °
@3 =flux (P4, C4)
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Weak individuals, ¢, < 1, strong community, &7 > 1

Point fluxes

(®41,¢1) (P2, C2)

° °
(¥5.¢5) (P4, Ca)

@ Zero modes; 0 < ¢, < 1

v(zio) = P@) [[(z—¢a) %2, deg(P) < o7 —1

polynom d
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Outline

e Braiding fluxes

@ Adiabatically Moving fluxes
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Bad defrosting

Dead frozen
@ Defrosted Hamiltonian

(= (1) H(A) = H(Aq)

control

OA=J
E 1
| (&> E\ ‘

Current

@ Wrong sources
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Gauge fields of moving flux

Defrosting and Gauge freedom

@ Motion generates weak electric fields
E =-vxB ‘

local/zed on fluxon fluxon

Defrosted potentials

A=Az —((1), A= —v-Az—((1)

Inertial frame

@ Closed path in control {; = closed path in (Ao,ﬁA)
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Topology in Gappless Adiabatic evolution

What is the time scale?

@ Gapless. Distance between fluxon defines time scale:

. m, .. .
time scale = F(dlstance)z, distance = |(a — (p|
dim analysis B S2E
Energy Re(
Control Im¢
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Parallel transport

Connection

@ Zero modes:
Po, : Span{Zioli=0.....D -1}, (zlvo) = [(z - a(t)~**

a

projection zero modes

Ca=Cp="=[thg)=00

@ Evolution within Pp

D
U(z,t) = P(z,t) ¢, P(z,t) =Y pi(t)Z,
0

polynom

Connection

PDD{’(/) = O, Df = 8; — IAO

No motion covariant derivative
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Outline

e Braiding fluxes

@ Metric and connection
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The connection

Metric

@ Geometric—independent of time schedule:

Ppd|y) = Pp axg - Agly)
’ > za:flung;lace m
@ A (non-orthogonal) basis
2y, j=0,...,0—1
@ Hilbert space metric

(Q)jk@: (holZZ|o) ”
control !

@ Diverges when fluxons collide:

@k(Ca=¢p=...) =00
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Connection

Beauty parlor

P(z.t) = Y0 pi(t)Z = p(t) = (Po. -, PD1)

0=(d+A)p, A= g '(9.9)
@ Semi-pure

semi pure gauge

semi pure gauge

# g 'dg ,
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Factorization

holomorphic x anti-holomorphic

@ Heuristics

@x(G:) = @]  ZZ* [vo(Q) ,
S—_—— SN——
anti—holomorphic holomorphic

Factorization of metric

9(¢, ¢, P) =V d)  G(P) V(¢ D)
—— N — —— ——
DxD Dx(N—1) (N=1)x(N—1) (N—1)xD

m] = = = 2 G
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Branch structure v

Fluxons and cuts

@ The matrix W
Ca

Wak(€) = ; dz Z%¢o(z;¢), ael,....N—1,

y Y3

3o

>4

o0 = O3
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Outline

e Braiding fluxes

@ Magic
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The magicwhen D =N — 1

Conservation laws

0=(d+9g'(9g)) p=>0=(gd +(99)) p
——

connection
= (V'GVd+I(V*'GY)) p=V"G(Vd+ (dV)) p
facto;/;ation holor;:)rphy
— V' G(Vd+ (dV) )p= V'G d(Vp)
holomorphy Dx(N—1)

D=N-1
@ V*@G = [0 a square matrix
@ Invertible (since g > 0)
@ d(Vp) =0 = p(¢) a function on control space

@ Curvature localized at branch points (;
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Monodromy

Branched surface

y A . 23 o3
3

002

G2 -
-

G 00p = 003
X
dvp)=0

@ V a function on branched control space
@ Monodromy of p induced from W
@ Holonomy is topological
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Monodromy

@ W (C) = [Sde IR (€~ Cp)~ %
a/(C) ng 55 Hb_1 (5 Cb)
branched
@ What happens to ¥, as fluxon a goes around it:

b b
N\ PN
a a

@ The monodromy matrix, non-abelian
M(va, vp) = < 1= va+tvavp Va(1y— Vb) ), detM = v,
a

1—1;,

@ Eigenvalues(M) = {1, vavp}
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Summary

Pauli Anyons
@ Point-like fluxes are non-abelian anyons
@ When ® = N — 1 braiding of fluxes is topological

@ Outlook

@ Spin connection
@ Conic Anyons (Kenneth)

(=] = = E DA C
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Further Reading |

@ J. Preskill, Lecture Notes
® O. Kenneth and J. Avron, ArXiv & Ann. Phys. 2014.
¥ Y. Aharonov and R. Casher, Phys. Rev A, 1979
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http://www.theory.caltech.edu/people/preskill/ph229/
http://arxiv.org/abs/1403.2216

Integrals: dz A dz

@ D= N —1: pa function on branched control space.
@ p has the monodromy of W

@ Stokes

@ Cuts and more
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