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Accuracy Threshold Theorem

A quantum computation
can be as long as required
with any desired accuracy

as long as the noise level
IS below a threshold value

F)

Knill et al_; Science, 279, 342, 1998
Kitaev, Russ. Math Survey 7997

Significance: Anaronov & Ben Or, ACM press

z = . o) Preskill, PRSL, 454, 257, 1998
-imperfections and imprecisions are not

fundamental objections to quantum computation
-it gives criteria for scalability

-its recgjgements are a guide for experimentalists
i 1S @ benchmark to compare different technologies-
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ePauli matrices:

]l=([1) {:);UI=X=({: {]i)fay=Y=(g _:):a'==Z=(

elensor product X; =1 1R--- X ®---® 1L

eBloch sphere: a geometric representation of the state
¥ = cos0|0) + e*®sin8|1) or . |
p = 3(1 + sin[0] cos[¢] X + sin[0] sin[d]Y + cos[0]Z) < x|

ofi = 1.05 x 1073 Js, k = 1.38 x 1072 J/K

1 Tesla= 10* Gauss (Earth Magnetic field=0.5 Gauss)
pp, = 26.75 x 107 /(Ts)

e Freq. of the spectrometer v = 26.75 x 107rad/(Ts) = 11.7T /27 =
500M H =

e Corresponding 3 = A X wi/RT

= 1.05x 10" Js x 2w x486 M H=/(1.38 x 107*J/K x 300K ) = 7.8 x 10~°
e Definition of T (relaxation time): M.(7) = M?[1 — 2e(~7/11)]

s omddefinition of T2 (decoherence time): M. (7) = MY[exp(—27/T3)] page 36/159
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ePauli matrices:

10 01 0 —i
]l=(0 1);JI=X=(1 0):ay=Y=(0 1-):'ul'z

eTensor product X;; =1Q1R--- X ®---® 1L

eBloch sphere: a geometric representation of the state
¥ = cos0|0) + e®sin8|1) or
p = 3(1 + sin[0] C05[¢]XI+ sin[d] sin[o]Y + cos|0]Z)

oi=1.05x 10 Js k=1.38 x 100 J/K

1 Tesla= 10* Gauss (Earth Magnetic field=0.5 Gauss)
pp, = 26.75 x 107 /(Ts)

e Freq. of the spectrometer v = 26.75 x 107rad/(Ts) = 11.7T /27 =
500M H =

e Corresponding 3 = i X wi/kT

= 1.05x 107 Js x 2w x486 M H=/(1.38 x 107*J/K x 300K ) = 7.8 x 10~°
e Definition of T (relaxation time): M.(7) = M?[1 — 2e(~7/T1)]

s omddefinition of T2 (decoherence time): M. (7) = MU[exp(—27/T3)] page 41/159
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eBloch sphere: a geometric representation of the state
¥ = cos#|0) + &¥sinf|1) or |
p = 3(1 + sin[0] cos[¢] X + sin[0] sin[d]Y + cos[0]Z) < x|

oii = 1.05 x 1073 Js, k = 1.38 x 107 J/K

1 Tesla= 10* Gauss (Earth Magnetic field=0.5 Gauss)
pp = 26.75 x 10” /(Ts)

e Freq. of the spectrometer vf = 26.75 x 107rad/(Ts) = 11.7T /27 =
500M H =

e Corresponding 3 = A x wi/kRT

= 1.05x10"#Js x 2w x486 M H=/(1.38 x 10*J/K x 300K ) =~ 7.8 x 10~°
e Definition of T (relaxation time): M.(7) = M?[1 — 2e(~7/T1)]

rrsa omddefinition of T2 (decoherence time): M. (7) = MP[exp(—27/T3)] page 42/159
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elensor product X =1Q1R--- X ®---® 1L
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p = 3(1 + sin[0] cos[¢] X + sin[0] sin[6]Y + cos[0]Z)
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ohi =1.05 x 10734 Js, k = 1.38 x 1072 J/K
1 Tesla= 10* Gauss (Earth Magnetic field=0.5 Gauss) L)

pp, = 26.75 x 107 /(Ts)

e Freq. of the spectrometer v = 26.75 x 107rad/(Ts) = 11.7T /27 =
500M H =

e Corresponding 3 = A x wi/kT

= 1.05x 10" Js x 2w x486 M H=/(1.38 x 10~*J/K x 300K ) = 7.8 x 10~°
e Definition of T (relaxation time): M.(7) = M?[1 — 2e!~7/T1)]
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Initial state of Hydrogen,the target,,
in the state 0, |
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P. Shor, PRA, 52, 2493, 1995; A. Steane, RSLA 452, 2551,

Noise
model !
bit flip copy
information
01 0 — 000
B—2 31k

bit flip  No cloning theorem
phasc fli (Wootters & Zurek, 1982)
a|0) + ,BTI) Encode

alo) — B]1)  @]000) + B[111)

Quantum  Classical
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P. Shor, PRA, 52, 2493, 1995; A. Steane, RSLA 452, 2551, 1996

Quantum  Classical
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NMR implementation of the decoding and error correction:
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NMR implementation of the decoding and error correction:

Toffoh gate:
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,

R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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NMR implementation of the decoding and error correction:
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,
R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,
R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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NMR implementation of the decoding and error correction:
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,

R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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NMR implementation of the decoding and error correction:
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,

R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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The demonstration of quantum error correction is in the shape of the green curve which
does not have the first order error. The curve is much flatter than the red one.

Experimental Quantum Ermror Correction:
D. G. Cory, M. D. Price, W. Maas, E. Knill,

R. Laflamme, W. H. Zurek,T. F. Havel and
S. S. Somaroo, PRL 81, 2152, 1998
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. — Implementation of the 5 bit code with
P E m =i 1 the stabilizer Z?Y3Y*X°, Z'Y?Y’X*,
€3 [xe) = mrﬁl'_’ ) Y?*Z°Z*Z° and X'Z*X*Z*, including de-

= coding and error correction for a basis of 1
Correcting Z errors qzbit errors [1].
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Implementation of the 5 bit code with
the stabilizer 2Z2Y3%Y*XS5, 2Z'YZ2Y3X4,
Y2Z3Z'Z° and X'Z%°X3Z*, including de-
coding and error correction for a basis of 1
qubit errors [1].
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