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Abstract: | will introduce a tool to construct self-testing Bell inequalities from the stabiliser formalism and present two applications in the
framework of device-independent certification protocols. Firstly, I will show how the method allows to derive Bell inequalities maximally violated
by the family of multi-qubit graph states and suited for their robust self-testing. Secondly, | will present how the same method allows to introduce
the first examples of subspace self-testing, aform of certification that the measured quantum state belongs to a given quantum error correction code
subspace, which remarkably includes also mixed states.
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The framework
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Device-independent protocols

measurements choices
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Device-independent protocols

Flavio Baccari
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Device-independent protocols

Flavio Baccari

Infer properties
p(ala“-:a'N .’,171,...,1'}\!) 4 on the underlying
state and measurements
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Device-independent protocols

Flavio Baccari

T L2 I3 TN

Local correlations = what can be achieved classically

p(ai,...,an|z1,...,ZN) =/d/\p(/\)p(al\ml,)\)...p(a,N|$N,)\)
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The geometrical picture

Sets of

correlations p=({plarp..,an|z1,...,2N)})
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The geometrical picture

Flavio Baccari ™

Sets of -
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correlations p={{plas,...,anlz1, ..., 2N)})
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The geometrical picture

Sets of
correlations

p= ({plai,...,an|z1,...,2N)})

A fundamental
tool for DI protocols:
Bell inequalities
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The geometrical picture

Sets of
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Self-testing of states

Inferring directly the state from the
correlations

p(ai,...,an|z1,...,2N) q )

Possible up to undetectable symmetries = local isometries

Flavio Baccari

@

i

(

Formal self-testing statement

W®...0Un(¢) 8 [+)%) = [p)oljumk
\- State producing \_ Uncorrelated
the observed degrees of
freedom

correlations
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An example
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CHSH and the maximally entangled two-qubit state

Flavio Baccari

(AgBo) + (AoB1) + (A1Bg) — (A1B1) <2

5@ = 2\/§ Maximal quantum violation

Local
isometry

1
[4) = NG (100) + [11))
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A hard challenge
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Verifying the output of some computation

Flavio Baccari [
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How to tailor a self-testing scheme to a state?

Flavio Baccari

[4)

Requires choosing a suitable set
of local measurements

It has to be extremal
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How to tailor a self-testing scheme to a state?

Flavio Baccari

Requires choosing a suitable set W)
of local measurements

Finding a maximally violated
Bell inequality

<IN\ H f-P+B82>0

Better for experimental
implementation

More promising for robustness to
errors
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Solving the problem
for graph states
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Making use of the stabiliser formalism

Flavio Baccari

Silva) = [Ya) N R S;i=X® Q) Z;

jen(i)

The stabilising operators are defined
by a connectivity graph

: 1
N Sl = X122ZN
N—1 2 S2 = Z1X22;
N —9 3 Sy =XNZ1ZN—1
4 k
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Associating a Bell inequality to each graph state

Flavio Baccari [

Silva) = |[va) i=1,...,N Si=Xi® @ 2
jen(i)
1 1 1 1
Step 1 X, = (M, + M) 2 (Mg — M)
V2 V2
X, —» MY Zz—>M1{"") ik 1
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Associating a Bell inequality to each graph state

Sz|'¢)G>:|¢G> A . S; =X ® ®Zj
j€n(i)
W Dy L (g
Step 1 5 (M \_/'_Q‘Ml ) B (Mg \/;41 )
X MP Z; —» MY i#1

N

Step 2 S:=X:® ® Z;
JEN(%)
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Associating a Bell inequality to each graph state

Flavio Baccari

Sz|'¢)G>:|¢G> A - S; =X ® ®Zj
Jjen(i)
Step 1 o (M7 + MMy (Mg — M)
P s N Z 7%
X MP Zi— MY i#1
Step 2 Si=X0 Q) Z

Step3  Zg = V2|n(1)|(S1) +W2 Z (S;) + Z (S5)
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Associating a Bell inequality to each graph state

Flavio Baccari

Silve) = [ve)  i=1,...,N S;=Xi® X Z;
jen(i)
Example

(1) (1)

s MV+M

5 == jé LM MmN
(1) 1)

. MY-M

B o= 20 = L MPm®

: M —

Sy = [EN) 0 1 ﬂ/fl(z)
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Associating a Bell inequality to each graph state

Silva) = [Ya) N R S;i=X® Q) Z;

jen(i)

Example

N 1 1 2
Tiing = 2 (M) + MY M)
1 1 2 3
+{(Mg? — M) Mg M)
M (045 - M)

N—-1
+ Z <M1(2—1)Mé1)ﬂd—1(2+1)>
1=3
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From the maximal quantum violation to self-testing

Flavio Baccari

Maximal quantum violation = stabilising conditions

(Mél) L Ml(l)) Z1 4 (M(gl) — Ml(l)) Choosing the right
\/§ k \/§ mec;sf::emeit:
X, M Z; + MY

X -

Ie = V2An([(S) +v2 Y (S + D (S)

L JjEN(1) jgn(1)
ﬁg — (2\/5 _ 1)|TL(1)| + N —1 Achieved by the

corresponding graph state
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From the maximal quantum violation to self-testing

Proving that the violation is maximal By

Io = <BG> Deriving a sum of squares for the
Bell operator

ba1-Ba) =22l - 52+ 22 T -5y

+ ) (1-5;)?
jgn(1)
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From the maximal quantum violation to self-testing

Proving that the violation is maximal Hadaaccan [

Io = <BG> Deriving a sum of squares for the
Bell operator

n(1 5 1 .
ba1 - Be) =" =52+ 2o ¥ -5,

+ ) (1-5;)?
jgn(1)

tr(pBa) < By
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From the maximal quantum violation to self-testing

Flavio Baccari

From the sum of squares to a self-testing statement

If |@) achieves Bg * Si|¢) = |¢) forall

forall 2

(X;,Z;} =0
XF=1
zZl=1
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From the maximal quantum violation to self-testing

Flavio Baccari

From the sum of squares to a self-testing statement

If |@) achieves Bg * Si|¢) = |¢) forall i

N
for all 7
{X:,Z;} =0 :-sc:Jc;Ietry Pauli X, Z;
Xo1 T S =) g
Z2: =1
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We recover the CHSH self-testing

Flavio Baccari

1 2 Mgaximally entangled
2-qubit state
Step 1 Step 2
5 Ao + Ay = Ag —Hy S > 5
Xa= Zp= S1=Xa”Z
A 5 A \/5 ~1 ~A ,,B
XB:BO ZB:Bl SQ :XBZA

Step 3
Ig = V2(51) + V2(Sz) = (4oBo) + (Ao B1) + (A1Bo) — (A1B1)
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Quick comparison with other schemes

Flavio Baccari

IMPORTANT DISCLAIMER: We are not the first
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Quick comparison with other schemes

Our method

Self-testing

Bell inequality .

Efficiently — 4
Measurable

Potentially
robust
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Self-testing

Bell inequality

Efficiently
Measurable

Potentially
robust
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Quick comparison with other schemes

Our method

Bonus:

Precise strategy that
could be exported
to other states

&

Flavio Baccari
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Self-testing

Bell inequality

Efficiently
Measurable

Potentially
robust

Pirsa: 20120017

Quick comparison with other schemes

Our method

Bonus:

Precise strategy that
could be exported
to other states

And more:
see next
N

Flavio Baccari
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A novel notion of self-testing
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A common belief: no self-testing of mixed states

Flavio Baccari

P:sz' |93 ) (] ﬁZZPfgﬁg

Local
measurements

oo,

\ Problem: not extremal in the middle
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A common belief: no self-testing of mixed states

Flavio Baccari

P:sz' |%:) (] ﬁzzp’iﬁi

Local
measurements

[¥)

Problem: not extremal in the middle

No way to distinguish between

0

and

(1 - p)y) (] + pi
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A common belief: no self-testing of mixed states

Flavio Baccari

P:sz' i) (i ﬁzzp’iﬁi

Local
measurements

Problem: not extremal in the middle

Solution: the whole line is extremal
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Stabilzers: from single states to genuinely entangled subspaces

Finding good candidates: genuinely entangled subspaces yhagyacean

Quantum error correction
codes

Logical qubit
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Stabilzers: from single states to genuinely entangled subspaces

Finding good candidates: genuinely entangled subspaces e

Quantum error correction
codes

Stabilizer codés

Defines a subspace
of dimension

i) = [) i=1,...,N 5
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Example: the 5-qubit code

S, = Xy 7075 X,
So = XoZ3/4 X5 [%0) Encodes 1 logical
S = XX Zu ) qubit

S4 = Z1 X9 X4 Z5
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Example: the 5-qubit code

S1=X12>23X4
So = XoZ374 X5 |l‘b0) Encodes 1 logical Flavio Baccari
So= X1 XeZTx 1) qubit

S4 = Z1X2X4Z5

Make the substitution and define the Bell inequality

k
5 MMy o g - ()
1 —> 1 —* —
V2 V2
X = M Zi = M i#1

Iy = () + MOWPMOMP) + MPMO MO M)

(M + MIYME MO M)y + 2((M§Y = MOYMP MO M)y < 5
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Example: the 5-qubit code

S1=X12223X, .
So = XoZ3741 X5 |l‘b0) Encodes 1 logical Flavio Baccari
s = X1 X3Z47s [%1)  aubit
Sy =21 X2X4Zs

Make the substitution and define the Bell inequality

% = Mg + ) (MY - M)
V2 V2

(i)

X, o M, Zi —+ .-’LL(” i#1

Is = {(M{" + M) MP MP M) + (MO MP MO M)

MM + MOYMI MO MO £ 20 MY — MIYMB MM <5

Prove the maximal quantum violation

B, —Bs = % (11—51)2+%(11 —@)Z% (1—53)2+~/§(15§4)2
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Example: the 5-qubit code

51 =X12223X, s ¥
So = XoZ3741 X5 |l‘b0) Encodes 1 logical Flavio Baccari
Sy = X1XsZ4Zs W)  wbe
Sy =21 X2X4Z5

Make the substitution and define the Bell inequality

% (MM + M) B (M — M)

' V2 V2
X = M Z —+ MY i#1

/\ I = (M + MMYMP MO MDY + (MO M M M)

HM + MOYMI MO MEY 1 2((M — MMYMP MO ME) <5
Prove the maximal quantum violation

Bl - B; = \,lﬁz (TI S'.)z ; L(l 5’;)2 | Jlﬁ (1| 83)1 3 (1 .E;‘A}"
|¥0) |91)
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Notion of self-testing of genuinely entangled subspaces

Flavio Baccari

How do
we define
self-testing here?
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w Q)

State fyoducing
the observed
correlations

Notion of self-testing of genuinely entangled subspaces

%) ®|junk)

Uncorrelated
degrees of
freedom

Flavio Baccari
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Notion of self-testing of genuinely entangled subspaces

Flavio Baccari

ool (1) = VBlnllig + VI Bl

iIsometry k
State producing /

the observed

correlations additional
degrees of freedom

that
does not change the observed
correlations
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Notion of self-testing of genuinely entangled subspaces

Flavio Baccari

Local (@) = VP [Yo)ljo) + V1 —plP1)li1)

iIsometry k
State producing /

the observed

correlations additional
N degrees of freedom

that
does not change the observed
correlations

We include mixed states!
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The toric code

- Z
X Z e P
Xy
X Z
X pA
Ze P o7
Z

Self-testing of a subspaces
spanned by 4 orthogonal states

Example of subspaces
self-testing for any N

Flat structures at the boundary
of the quantum set for any N
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Outlook
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Many open questions

1) Robustness to néise

2) Does it apply to other stabilizers? Maybe hyper-
graph states?

3) Can one self-test fault tolerant quantum
computation?
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Ivan Supi¢ Jordi Tura Remigiusz Augusiak Antonio Acin

And to all of you for your attention
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