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Three excursions

Quantum Metrology

Quantum

⑳Computina



Quantum sensing and computation

— Why together?
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Excursion #1
•

Heisenberg vs. Grover



Heisenberg and standard quantum limit

Setting: Magnetic field of unknown strength B—measure it!

The Hamiltonian is

H = �B

nX

i=1
�
(i)
z .

Couple magnetic field to spin(s).
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Option 1

H = �B

n=1X

i=1
�
(i)
z .

• Choose n = 1 (one single spin only).

• Prepare initial state (|0i + |1i)/
p
2, evolve H for some fixed

time t, measure observable �x.

• Repeat N times.

Accuracy:

�B / 1p
N

This is the standard quantum limit



Option 2

H = �B

NX

i=1
�
(i)
z .

• Choose n = N (prepare N spins).

• Prepare initial state (|00..0i+|111..1i)/
p
2, evolve H for some

fixed time t, measure observable X :=
N

N
i=1 �

(i)
x .

• Repeat once.

Accuracy:

�B / 1
N

This is the Heisenberg limit. It provides a quadratic speedup.



In both cases ..

.. evolution happens in a 2d Hilbert space.

#



Grover’s data base search

Find a data base entry w among N , using a quantum oracle

Uoracle|wi = �|wi, target

Uoracle|vi = |vi, 8v 6= w.

• Grover’s algorithm does this in /
p
N oracle calls.

• Classically, require / N steps.

Again, a quadratic speedup. Is the analogy superficial, or does

it have a basis?

Who's number is01627615421 ?

-
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Grover too: evolution in 2d

We observe: Coherent accumulation of phase powers both Heisen-

berg and Grover

*



Lessons from Excursion #1

Heisenberg Grover

Output W

field B



Lessons from Excursion #1

Heisenberg Grover

??? Output 6

number of
fieed B-> solutions v



Lessons from Excursion #1

• Want w to arise with probability p(w) > 1/2, say. However,
you do not care about the precise value of p(w).

• You (the Grover-operator) are interested in sampling from p,
not in knowing p.

Heisenberg Grover

??? Output 6

number of
fieed B-> solutions v



Excursion #2
•

The threshold theorem of fault-tolerant
quantum computation



Threshold Theorem

Theorem: If the error of every operation in a quantum computa-
tion is below a critical constant value ✏, then arbitrarily accurate
logical gates and measurements can be performed, and arbitrarily
long quantum computation is possible and e�cient.

Broadly acceptedversion in of 2005 (Aliferis &Presbill)



Threshold Theorem

Theorem: If the error of every operation in a quantum computa-
tion is below a critical constant value ✏, then arbitrarily accurate
logical gates and measurements can be performed, and arbitrarily
long quantum computation is possible and e�cient.

looks like lookslike
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Threshold Theorem

Theorem: If the error of every operation in a quantum computa-
tion is below a critical constant value ✏, then arbitrarily accurate
logical gates and measurements can be performed, and arbitrarily
long quantum computation is possible and e�cient.

looks like lookslike

budget
start

paajs r
on a

badquality in->goodqualityout
Clotof



10�4 is good enough

better↓
- 10-2 : Threshold
- 15" : Safe place
- 18-0 : No need tokhere



Accuracy of what?

• Quantum error correction does measure expectation values,
only the outcomes of individual measurement events count.

..
of transforming the quantum state

·The procedure of QEC don not usually
incorre obtaining expectation values of

observath

No corresponding accuracy
needed.

>
&



Accuracy of what?

• Quantum error correction does measure expectation values,
only the outcomes of individual measurement events count.

hetwo rules ofquantum measurement

1882-1970 1902-1984

⑧⑮p(s)=Tr(π,e)
xDorm ↑

A
.M

.
Dirat

Doesmetrology Quantum computing
Live mostly here ? Livesmostly here.

see



Of battles past

[L] E. Dennis, A. Landahl, A. Kitaev, J. Preskill, J. Math Phys 43, 4452 (2002).

[R] Z. Nussinov and G. Ortiz, Phys Rev B 77, 064302 (2008).

#

·M
=Tmem<exp(a() >mem=const(1)



Dennis et al.

Dennis, A. Landahl, A. Kitaev, J. Preskill, J. Math Phys 43, 4452 (2002).

~ 1⑪--, ,,-
*Active error correction

by stabilizermmut.

* Memory time
Tmem(exp (4)



Nussinov and Ortiz

[R] Z. Nussinov and G. Ortiz, Phys Rev B 77, 064302 (2008).

- 1⑪--, ,,-
* Passive error
protection by
Hamiltonian with
finite gap .

*Tmem=const(1)



Intuition about this

stabilizer 3) Anihilatemeasurement - anyons
freeze the IIII4 · O 2)

anyons

Zend -Poste
1) make two anyons
by localexcitation

Both are correct , considerdifferent settings.



About the Zeno e↵ect

⑮BOmeasurement in
basis [10) , 113 .

117 1-1111 111

zeno:it
IIIIII =

Zenof:111111 1991136712139991992911929-



QEC as Zeno e↵ect

*QECilike the "corrected"Zeno effect,
but with one difference :
-

·The measurements of QECaregenerate.

· QEC does not differentiate inside the
code space. Conpurpose
↳ DEC-Zeno does notprotect from

Mar
subspace

undesired evolution in the code space

need more ! -
error#
-X----: Stabilizermmuft
Codespace correction



QEC as Zeno e↵ect

↳ QEC-Zeno does notprotect from
undesired evolution in the code space

need more !

Need aspecialrelation between noise
and code . Described by the Knill-Lathamme-
conditions :

states in codespaceerras

[ilEEsli) =(ilj) ·OCEIEs)
complex number

Ifsatisfied , then QEC-Zeno protect
from evolution in thecodespace .
↳Protectedmemory



Summary of Excursion 2

* QEC is a zeno-type thing

* You measure to project, not to learn.

arming : YOU MUST
NOT

· Forbidden le
1/((((((((((((((((((((((((((((((((((((((()/Ih

learn the encoded state
.

·Pain th" You couldleara

the errormodel, butyou do
notcare

very
much- CQEC in not fine-tuned)



Excursion #3
•

Error-corrected sensing



The problem of decoherences

A-
* Decoherence kills thesignal
=> back to standard quantum limit

* QEC kills decoherence

... but the signal along with it

so not ageneralsdution



Error-corrected sensing

-- noiseSetting signal
I

= -(,+
Hamiltonian-not-in-Lindbladspan (HNLS)conction

:

H Span (1 , La ,L , (ii)
-
-

I heorem
*

The Heisenberg himti acheivalle-I if and only of the ANLS conditionhald. I
-

[*] : S.Zhan,M . Zhang , J. Probile ,L.Jiang, NatureCommun



Back to QC: The Eastin-Knill Theorem

The HNLS condition has acountripantin FTQC :

Theorem : (Eastin-knill) No quantum
-

code can unitmilg andtamusally- -
implementa mitmalgete set.-

Is this a killerfor quantum
fult-tolerance ?

no : mind the anumptions !

B.Earlin and E . Krill, Phup . Rev . Lett. (2009)



Back to QC: The Eastin-Knill Theorem

Transmissal&umtarg encodedgaten :
-

- encodedgate action
- happms locally anF- individualgubch .
-

Eitof Proof : Suppose you were universal.
-Can find Usuchthal VMI

- But that's an error.
Like-HNLS · You arredthe signalwith the noise.



Measurement overcomes Eastin-Knill

Dispense the assumpLim of "unbury".
Measurement helps youdo a universalset.
---

Andamardfor all CSScoden:

15-qubit CSScode
RMx(4 , 1) has(4) transposalT-gate
-

IF universal



To sum up ..

voz-1970

u↳Dirat

* Both sensing and computation get
mileage aut of coherent accumulation
ofphases.
* In QC,

measurement in either for

projecting or sampling-


