Title: Contextuality as aresource for quantum computation: the trouble with qubits
Date: Jul 27, 2017 03:30 PM

URL.: http://pirsa.org/17070054
Abstract:

Pirsa: 17070054 Page 1/44



CONTEXTUALITY AS A RESOURCE FOR QUANTUM COMPUTATION

Robert R;:lu:s.'sendomC (UBC), Dan%Br\owne (UcL),
Nicolas Delfosse (Station Q), Cihan Okay (UWO)

Voo 110 NQE D
%\?\N: 1610.08529

\
BRA (9017) /1R DR EN A
XPRA (201/), arXiv1511.08506

o

Pirsa: 17070054 Page 2/44




Pirsa: 17070054 Page 3/44




Main Result

Contextudlity is a resource for quantum computational universality in
models of quantum computation with magic states on qubits.

Stabilizer Operations

N Clifford Il Measure

Jisete 20 A gate Bl o

feedback

] I I
S S ——— -

Bravyi-Kitaev, PRA 2005

Pirsa: 17070054 Page 4/44



Introduction
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Introduction

Contextudlity what?
Clifford who?
Computation why?¢

Seriously, MAGIC? [1]

fane '-' %’
AWIZARD DID
'

Lucy Lawless, TV's Xena on “Xena: Warrior Princess’
‘Frink: [ see, dlright, yes, but in episode AGOY
Lucy Lawless: Wizard! *

memegaenerator.net

= The Simpsons, “Treehouse of Horror X

[1] A Wizard Did It, TV Tropes, http://tvtropes.org/pmwiki/pmwiki.php/Main/ AWizardDidlt
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Computation Why?¢
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Computation Why?¢

What powers
quantum computation?

Factoring Sudin

Time factoring
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Computation Why?¢

What powers How practical is
quantum computation? quantum computation?

Factoring Algebraic Problems — Quantum Simulation

Quantum

Fclcfor‘inpgw
e

Time

Graph Problems Machine learning

Page 9/44



Can we have a theory of quantum speed-ups?

Obstacles:

L ¥ | 1. No classical analogue
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Can we have a theory of quantum speed-ups?

Factorihg
Quaritum

factoning
e /‘)_

Mumber of digits

Obstacles:

1. No classical analogue
2.  Emergence

3. Existence

A3 DA One Minute Commercial 33 D 3

A sub-theory of quantum speed-ups
=> Normdlizer Circuits and Quantum Con'lg_)uf('mon,

JBV, Technical University of Munich, arXiv:16]

" Algebraic
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Can we have a theory of quantum speed-ups?

Obstacles:
1. No classical analogue
2.  Emergence
3.  Existence
. uw !m‘
This talk -> a more common approach: A )
. ) ~wl
resource theories based on contextudlity ’&f{\’
me,ﬂ,;;n *  Veitch, Ferrie, Gross, Emerson, NJP 2014, arXiv:1201.1256
‘ s ¢ Man, Eisert, PRL 2012, arXiv:1208.3660 ¢

Tim factoning *  Howard, Wallman, Veitch, Emerson, Nature 2014, arXiv:1401.41/74
— +  Delfosse, Alard Guerin, Bian, Raussendorf, PRX 2015, arXiv:1409.5170
*  Raussendorf, Browne, Delfosse, Okay, Berme jo-Vega, PRA 2017, arXiv:1511.08506

Mumber of digits

- *  Bermejo-Vega, Delfosse, Browne, Okay, Roussendorf, arXiv:1610.08529
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Quantum contextudlity (with sharp measurements)

Quantum mechanics

Kochen,Specken JMM 1967, Bell, RMP 1996
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Quantum contextudlity (with sharp measurements)

Quantum mechanics

prob(alColor: Tree)=tr(P_p)

Kochen,Specken JMM 1967, Bell, RMP 1996
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Quantum contextudlity (with sharp measurements)

Quantum mechanics

prob(alColor: Tree)=tr(P_p)

P

Definition: Non-contextual Hidden Variable Model

Value assignments /

ontic states A=tA 3 -«

A,(Color) = orange
)\g(Color*) =

Kochen,Specken JMM 1967, Bell, RMP 1996
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Quantum contextudlity (with sharp measurements)

Quantum mechanics

prob(alColor: Tree)=tr(P_p)

g Position g
- B B

Definition: Non-contextual Hidden Variable Model

Value assignments / Probability Consistency
ontic states A=tA 3 -« Distributions q , Equations
AfColce]~ Sege problalColor Tree)=

A, (Color) = I Zesqp(u) AP
{ @ @ Q ‘‘‘‘‘‘‘‘‘‘‘‘‘‘
C Q p AP, € Spectrum(P,)

Kochen,Specken JMM 1967, Bell, RMP 1996
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Clifford Who?

Quantum computation via state injection

Clifford gates

\.f\l/ LR 45
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Clifford Who?

Quantum computation via state injection

Clifford gates State in jection

PASTamm 7 | 7

S ¥

TIY¥)

-
L/

1
T - eitls
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Background

DiVincenzo, Peres, PRAG7 =  Contextudlity appears in quantum codewords

Anders, Browne, PRL 2009
Hoban. Browne. PRL. 2011 —  Contextudlity is necessary in MBQC

Raussendorf, PRA 2013
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Contextudlity Wars
in Quantum Computation
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The trouble with qubits:

state independent contextudlity




The trouble with qubits:

state independent contextudlity

X X XX,

4z,

X]ZQ Z1X2 'Y1Y2

irsa: 17070054 Page 25/44



The trouble with qubits:

state independent contextudlity

X]Xz
ab

I Contradiction :
1 (ab)(de) 1

| #-(ad)(be) |

[ ——— |
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Main Result I:

Any non-SIC Clifford scheme of quantum computation via state injection onn 2 3
qubits is universal only if its magic states exhibit contextudlity
(w.rt. the scheme’s operation)

Non-SIC &
Non-contextudal

input states exist

Constraint: Clifford gates must preserve the
Pauli observables under con jugation

Subset
Pauli

observables
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Main Result II

Universal state-injection schemes on qubits powered by

contextual magic states (wrt the scheme's operations) exist

Non-SIC <=

Tomographic
Non-contextudl

completeness
input states exist
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Main Result II

Universal state-injection schemes on qubits powered by

contextual magic states (wrt the scheme's operations) exist

Non-SIC &

Tomographic
Non-contextudl

completeness
input states exist

g - TN 1 qubit |

i Contextudl resource state N Clifford
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Main Result II:

Single-qubit Pauli measurements are not SIC
Measurable Inferable

e
X]XZ

— Z]Zz +Y2
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Main Result I

Magic resource state for 1-qubit Pauli measurements

o o e o o o mm m mm m wm m mm mm mm m— mm m— m— — —

Basic MBQC tricks:
Left pattern = Identity gate

| |

I |

| |

| |

Combine magic states \ | :

TI+> =|0)+ei4| 1) ) ! Ruggﬁ' paH;r\q_ 1=~T gate !

with regular |+> states. y tiseeal T T =NeT) E
|

I :

I |

Then apply CZs.

Raussendorf, Briegel, PRL 2001
Raussendorf, Browne, Briegel, PRA 2003

— o o e e o e e e e me m mm e mm mmm m wm m —
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Proof of Main Result |

Non-SIC schemes cannot prepare contextual states

INon contextual ) Clifford = Pauimm Cifford matPaul

————

|Noln con’rex’rtl.lal > |Noln con’rex’rulal >

No universality arXiv1610.08529
PRA 2017, arXiv1511.08506

IGHZ) + 1) =

Measure contextudlity witness
2SR X, =YY X, = YIX2Y3 = XiY2Y3) SH o

Universd

QCSI
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Non-contextual Hidden Variable Model

1. Identify Pauli operators with vectors of Z,2" -> Uj:;OE'OXZTZW 7%, )(T"‘l X ¥
; oL co X

2. Define [ab]=a--b.-a.-b, mod 2

3. a€Z,™ acts on value assignments A, -> A, ,(0,) = A\ ,(0,) (-1)eb]
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Non-contextual Hidden Variable Model

1. Identify Pauli operators with vectors of Z,2" -> g, :iOZ'OXZTZT‘ 7%, X?X‘ X%
n n

2. Define [a,b]=a,-b,-a,-b, mod 2

3. a€Z,?"acts on value assignments A, -> A,,(0,) = A (0},) (_1)0.b}

Ay,
® |0 |o L
o |0 |0
® |0 |o
7
0 n Gy
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Non-contextual Hidden Variable Model

1. Identify Pauli operators with vectors of Z,2" -> Uj:;OE'OXZTZW A) AT
; oL co X

2. Define [ab]=a--b.-a.-b, mod 2

3. a€Z,™ acts on value assignments A, -> A, ,(0,) = A\ ,(0,) (-1)eb]

Unitary evolution

. Iy
& |o L
72n 10
® e 2 .
._
o |o |o 00 ’
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Non-contextual Hidden Variable Model

1. Identify Pauli operators with vectors of Z,2" -> Uj:;OE‘OXZTZW 7%, )(T"‘l X ¥
; oL co X

2. Define [ab]=a--b.-a.-b, mod 2

3. a€Z,™ acts on value assignments A, -> A, ,(0,) = A\ ,(0,) (-1)eb]

Unitary evolution Measurement O _

Pirsa: 17070054
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Lawless’ Principle Algebraic constraints

Au( Uaab>=)\LJ( O-CI)AU( Ub>

O—Go-b = O—Cj+b

for commuting observables
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INTUITION

1. Identify Pauli operators with vectors of Z,*" -> g‘j:ioz-oleozw 792, Xfx‘ Y%,
( L BT AT

2. Define [a,b]=a,-by-a,-b, mod 2

3. a€Z,* acts on value assignments A, -> A,.,(0,) = A\,(0,) (-1)eb]

Measurement O _
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Connection with

Wigner functions
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Connection with Wigner Functions

1. Identify Pauli operators with vectors of Z,*" -> g :ioz-OXZ;’ZW‘ 7% )(?Xl X%
n n

2. Define [a,b]=a,-b,-a,-b, mod 2

3. a€Z,?"acts on value assignments A, -> A

(o,) = A\(0,) (-1)lab]

u+a

 Unitary evolution

Non- contextudlity <
P=2,pP,

A_' is an orbit representative

Wpi (u) =tr(AP)2 O
A, =22 N/(T,) O,
Aui - O-UAOi O-u+
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Example: one Qubit case

G- e 7™ ye, A, (0)=A0,)sign(lT, .00
¢ U A(O,0.)=A(T)N(T,)

W, W,

A ELXY.Z3--> £41,41,41, 413
A2 ELXY.ZB--> £41,41,4,-13

A, is an orbit representative
W, () =tr(A P)2 0

Ay =273 N(0,) O,
A= 0A) O Galvao, PRA 05, quant-ph/0405070
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Summary
Contextudlity is a resource for qubit quantum computation
arXiv:1511.08506 .,
arXiv:1610.08529

f

L —— -
=

{
L]
Open Questions: ST

Sufficiency?
Quantifiability?
Beyond SIC-condition?

Classification?
Gottesman-Knill?

Other gate sets?

1 IRAYAEEEY
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Summary
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Open Questions: i 11101 3 (NNED
Sufficiency?
Quantifiability? ca,,l i
Beyond SIC-condition? '
Robert Dan Classification? Nicolas Chiin
Raussendorf  Browne Qottesman-KnillZ Deffosse Okay
e . Other gate sets?
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Summary
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DOpen Questions

Suf ficiency?
Quantifiobity? =,
Bevond SIC-condition?

bhcka Chan

Classfication?
Gottesman=Kndi?

Dther pate sets?
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