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Principle of qubit protection I
A. Kitaev, Ann. Phys. 303, 2, (2003)

Coding space separated from
non-coding ones by large gap A.

Absence of decoherence to first
order:

PH.P = P AN

Single error that can be detected.




Principle of qubit protection II

Absence of decoherence to second
order:

1 .
PH.Q-—QH.P = P ® A,
Hg

Can be generalized to arbitrary or-
der in H. — notion of protected
system at order N.

Can we achieve N large in a phys-
ical system 7

Potentially dangerous double er-
ror.




Lattice gauge theory in deconfined regime I
A. Kitaev, Ann. Phys. 303, 2, (2003)

Z> charge U; = H§i) oy Zp flux B = [l;jen0;;

YANGS As
Hgitaey = —72% — 7ZBD
1 L]

Localized excitations with finite energy gap
Ground-state degeneracy depends on global topology of the
lattice.



Lattice gauge theory in deconfined regime II
Two-fold degenerate ground-state on a cylinder

Degeneracy enforced by non-local

symmetries:

row operators:

P=1
J
column operators:
Q;j = 1177 b=l
i



Electric noise: [];jecluster 7}

LLocal errors are harmless
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Creates localized Z5 fluxes.
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Magnetic noise: [[;jeciuster 77
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Creates local Z»> charges.

These errors create only virtual states above finite energy gap.
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The only dangerous errors are non-local !
‘They are suppressed by a factor (noise/Acyf)'-

Electric noise transfers one Z» flux
along v-path and flips F;: Relax-
ation in flux basis or dephasing in
charge basis.

Magnetic noise transfers one Z5
charge along h-path and flips Qj:
Relaxation in charge basis or de-
phasing in flux basis.




Basics of Josephson junction arrays

qu; local phase of Cooper
condensate

~ _ 0 . .
n; = 96" number of Cooper pairs

on island j
27T j — -

HZ—EJZCOS(¢Z'—¢J'—

(i7)
E . Josephson coupling energy

pair

EC:

E U
Aij) + ?CZ(CZ'jl)ninj
©J

Charging energy
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A rhombus with half a flux quantum

Define 0;; = ¢, — ¢; — A;;, then:

YK
012 + 023 + 034 + 041 = 7, mod 27

— Get two-fold degenerate classical ground-state, with 60;; = i%
— Quantum fluctuations (Ec = 0) of phases lift this degeneracy

4

Quantum 4
1<+> 3 —/—— 1<>3

2 Tunneling 5



LLocal constraint on the classical ground-states

Enforces Bo = 1 for classical
ground-states.
Physical origin of Ar.
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Effect of quantum fluctuations of phase variables

Basic Tunneling
Process

Basic tunneling process acts as: H§i) ol

]
Tunnel rate: Ac ~ EJ3/4E(%/4 exp(—45p)

where: Sy = 1.61(E /Ec)Y/2, (Ioffe and Feigel’'man, 2002)
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LLocalization of Cooper pairs, and charge 4e condensate

Physical interpretation of local flip The parity Uj of n; IS conserved
operator Uj: and single Cooper pairs are local-
ized in Aharonov-Bohm cages.

(exp(ig;)) =0

(exp(i2¢,)) = O

No 2e condensate if Ac #= 0, but
4e condensatel

Ujln;) = (=1)"|n;)
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Experimental realization: M. Gershenson et al

AccA Spot Magn Det WD Exp | | Zpm
300ky 10 7680¢. SE |87 TIT Rulgers

W Spot Magn - Dat WD Exp F———— Z0pm
) 4791 Rutgers

At n
00K 1.0 060 SE 1

. (2007)
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Evidence for finite Ac and charge 4e condensate
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Phase stiffness of charge 4e condenstate

2E JE,
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Computational issues I. hierarchical approximation

Series composition of Z> junctions Parallel composition

V(p) = —E5cos(2¢) ES5 = KE>

E. = K 1E

- 2 2 C ¢
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Computational issues II: single rhombus as Z5 junction

Effective Eo Test of coarse graining:
3 0 0 0
2 aqod 3 rhombi in series
g 15 08} E./Ec
O; 0.6
2 4 6 8 10 04¢
Ei/Ec 0.2
Effective capacitance 0%,
:,‘Ceff‘ | | | | | 0.25
af 0.20
3f 0.15}
2// 0.10}
1" | | | | EJ/EQ 0.05+
% 2 3 4 5 6 7 0.00,
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Decoherence induced by finite frequency fluctuations

So far, we have considered only
virtual transition to excited
states.

But the bath may provide some
energy: problem of real transi-
tions.

Spectral width of bath: D

Defr = Min(kgT, D)

n = A/Dese

A A
]
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Toy model

i aaN

0 L+1

H = Hsyst + Hpatn + Hc

L
Hsyst = A Z |]><]|
j=1
L
He=—) |HG+1®X,11/

=0
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Tree approximation
Density of states at generation p:

pp(w) = ap(w — Ap)'?,
restricted to Ap <w < Ap+ Dyp.

R(z) = (in|(z — H) " 1]in)

1
R(z) = z—21(2) (W) d
>p(z) = aprQ/Z _ zp—wzp:ﬂz)

AE




Weak coupling analysis

Assume z ~ 0, and Then, imaginary parts satisfy:
- RZ1(2) < Ay —351(2) ~ cia WD H(=95,)
e < .o
no1—1
2 =R, 1(2) < Api1 —SE,1(2) = eporan Wi DT (—S%,)
z—R>Xn(z) > Anp —3>0(2) = ant(z—l— | Ap])'™

2

Wi..W, 1 n1+1

—331(2) ~ (Dll 5 n1> (clole;H_ ...cn_lozn_lD;_ll_i_ )an(z—l— | Ap)'™
D) ’n/_

— Master equation, with rates appearing at order 2n in pertur-

bative expansion.
— NoO use to make systems of size L with L > n.
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Conclusions

1) Kitaev's Z5 lattice model implemented in the low energy sec-
tor of some Josephson junction arrays.

2) These arrays are composed of fully frustrated rhombi.

3) Topological protection arises in the phase where quantum
phase fluctuations destroy the 2e condensate, while preserving
the 4e condensate.

4) Experimental evidence for this phase: observation of enhanced
immunity against static flux fluctuations, evidence of a finite Ac.
5) Protection still works in the presence of dynamical fluctua-
tions, up to order n = A/Dg¢s.
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