PHY682 Special Topics in Solid-State Physics:
Quantum Information Science

Lecture time: 2:40-4:00PM Monday & Wednesday

Today 10/12:

1. Reminder: Homework 4 due Sunday 11:59pm 10/18

2. Today: Ising anyons and quantum computation; Kitaev chain and
Majorana zero modes

3. Week 8: Magic state distillation and surface code



Simple review question

Which model has anyons 1, e, mand f? e.g e and m fuse to f
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Which anyon model hasanyons 1, §,6? Y XY =1, Yy Xxo =0, c Xog =1+



Review: Ising anyons
O Anyons: 1, §, o

L Fusion: 1x1=1,1x9¢=9, lxo=0¢

&
ww:l,wxo—a, Coopts pair

S Woi Vet
Q Physical picture: 1 is condensate of Cooper pairs,  Bogoliubov J v LP e

. . t ey,
fermion, o Majorana zero mode bound to a vortex fos J 7
& N brak
(oo prv fa,)’

. e
3 Qubits? st 2o b
/\' L =» one qubit (not so practical, as final
({_ﬁg}k\ = (1_‘1‘__@) X = 2 @ fusion product is o)
OXTXOTXO z@ 1 —i—@ W {|{(c0)0:10:0),|(00)0;y0:0)}

O'XO'XO'XO'XO':@'O'
S A Y e

(Crorerercpe = ¢ o ro = (@] oy
=>»\2n o can encode n-1 qubits (assume fused to vacu
—

~



Basis change, exchange and gates
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Possible realizations

Topological superconductors
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Two qubits using six Ising anyons
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Equivalent representations
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Equivalent representations
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Equivalent representations
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Topologically protected gates from Ising anyons
are Clifford gates

Recall: 0 Theorem 10.7: (Gottesman—Knill theorem) Suppose a quantum > )=

computation is performed which involves only the following elerments:

state preparations in the computational basis, Hadamard gates, phase —~ Tf( (D :/

gates, controlled-NOT gates, Pauli gates, and measurements of

obsery w (which includes measurement in the
putational basis as a special case), together with the possibility of

(—/ classical control conditioned on the outcome of such measurements.
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- Some physical-system dependent improvements
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O Magic state distillation for non-Clifford gates (later)



Initialization and Readout in Ising-anyon qubits
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v’ Z-basis measurement of the first qubit: detecting the fusion outcome of fnek
anyons 1 and 2. If no change in energy is detected, then - 0 state; \{¥
if observe change in energy, then = 1 state M

v’ Z-basis measurement of the 2"d qubit: detecting the fusion hge W > (700,\‘»9 L

outcome of anyons 5 and 6

v’ X-basis measurement of qubit 1: detecting the fusion outcome of anyons 2 and 3.

X-basis measurement of qubit 2: detecting the fusion outcome of anyons 4 and 5.

(or one can apply appropriate Hadamard gate befere-Z measurement)



Kitaev chain
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Kitaev chain: general Hamiltonian
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Fermion parity and qubit encoding
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Segments of Kitaev chains for qubits
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Braiding Majorana “fermions” using T-junctions

Alicea et al.,Nat Phys (2011)
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Challenges using Majorana zero modes for QC

O Presence of unwanted anyons (or Majorana modes)

- use Josephson-charging energy switching braiding protocol N_._I—. _@_{l\—\J.

U Leakage to an external reservoir: For closed system, Majorana qubits protected twuy_
But contact with S-wave superconducw can lead to tunneling of Cooper pair and Bogoliubov particles

ext. by, A
. — Si/Sio,
Majorana ; & ) )
end state Al Al =>» heterostructures for topological nanowires
InSb exhibit long “contaminating” times
nanowire Ibias > ‘ A

U Finite-temperature issue = use engineered p-wave wire (rather the intrinsic
topological one): energy gap protects the localized states on the domain walls from
extended states

U Note that there is strong evidence for Majorana modes, but braiding has not been realized



