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The moment matrix of assemblage

a

x

ex. two settings y, y0 , three outcomes for each setting b 2 {0, 1, 2}

⇢
a|x

(first level)

�[⇢
a|x] =

0

BBBB@

p(a|x) p(a, 0|x, y) p(a, 1|x, y) p(a, 0|x, y0) p(a, 1|x, y0)
p(a, 0|x, y) p(a, 0|x, y) 0 v1 v2

p(a, 1|x, y) 0 p(a, 1|x, y) v3 v4

p(a, 0|x, y0) v

⇤
1 v

⇤
3 p(a, 0|x, y0) 0

p(a, 1|x, y0) v

⇤
2 v

⇤
4 0 p(a, 1|x, y0)

1

CCCCA

consider a local map on Bob’s state

�[⇢̂
a|x] =

X

ij

Tr[B†
j

B
i

⇢̂
a|x]

define the “moment matrix” of Bob’s assemblage:

�[⇢
a|x] = p(a|x)

X

ij

Tr[B†
j

B

i

⇢̂

a|x]
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The moment matrix of assemblage

a

x

⇢
a|x

keep going to higher level…

consider a local map on Bob’s state

�[⇢̂
a|x] =

X

ij

Tr[B†
j

B
i

⇢̂
a|x]

define the “moment matrix” of Bob’s assemblage:

�[⇢
a|x] = p(a|x)

X

ij

Tr[B†
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a

x

convergence:

QQ(1)

✏ =?

⇢
a|x

The moment matrix of assemblage

keep going to higher level…

consider a local map on Bob’s state

�[⇢̂
a|x] =

X

ij

Tr[B†
j

B
i

⇢̂
a|x]

define the “moment matrix” of Bob’s assemblage:

�[⇢
a|x] = p(a|x)

X

ij

Tr[B†
j

B

i

⇢̂

a|x]
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Testing Tsirelson’s bounds
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Testing Tsirelson’s bounds

max I · P
subject to �[⇢

a|x] � 0 8a, x
X

a

�[⇢

a|x] =
X

a

�[⇢

a|x0
] 8x 6= x

0
I · P =

X

a,b,x,y

I

a,b,x,y

P (a, b|x, y)
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Testing Tsirelson’s bounds

max I · P
subject to �[⇢

a|x] � 0 8a, x
X

a

�[⇢

a|x] =
X

a

�[⇢

a|x0
] 8x 6= x

0
I · P =

X

a,b,x,y

I

a,b,x,y

P (a, b|x, y)
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l = 1

l = 2

l = 3

l = 4

CHSH Ineq. I3322 I2233

2.8284 0.3621

0.2550

0.2512

0.2509

0.3078

0.3050

0.3050

Tsirelson’s bound

CHSH Ineq.

I3322

I2233

2
p
2 ⇡ 2.8284

⇡ 0.25088

(
p

11/3� 1)/3 ⇡ 0.3050

The upper bound of a given Bell inequality converges (?) to Tsirelson’s bound when 
increasing the level of hierarchy   . l

The moment matrix of assemblage
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Device-independent quantification of steerability

a measure of steering - steering robustness (SR) of assemblage              :{⇢
a|x}a,x

min t � 0

subject to

⇢
⇢
a|x + t ⌧

a|x

1 + t

�

a,x

unsteerable

{⌧
a|x}a,x any assemblage

-Marco Piani and John Watrous 
Phys. Rev. Lett. 114, 060404 (2015).
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Device-independent quantification of steerability

a measure of steering - steering robustness (SR) of assemblage              :{⇢
a|x}a,x

min t � 0

subject to

⇢
⇢
a|x + t ⌧

a|x

1 + t

�

a,x

unsteerable

{⌧
a|x}a,x any assemblage

-Marco Piani and John Watrous 
Phys. Rev. Lett. 114, 060404 (2015).

SR = min tr

X

�

�

�

� 1

subject to

X

�

p(a|x,�)�
�

� ⇢

a|x � 0 8 a, x

�

�

� 0 8 �

a

x

⇢
a|x
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Device-independent quantification of steerability

min

X

�

�[�

�

]tr � 1

subject to

X

�

p(a|x,�)�[�
�

]� �[⇢

a|x] � 0 8 a, x

�[�

�

] � 0 8 �

�[⇢

a|x] � 0 8 a, x

X

a

�[⇢

a|x] =
X

a

�[⇢

a|x0
] 8x 6= x

0

X

a

�[⇢

a|x]tr = 1 8 a, x

I · P = v,

SR = min tr

X

�

�

�

� 1

subject to

X

�

p(a|x,�)�
�

� ⇢

a|x � 0 8 a, x

�

�

� 0 8 �
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Device-independent quantification of steerability

Bell violation
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Summary and Outlook

The moment matrix of assemblage

Device-independent quantification of steerability

The gap between quantum set and our approach

Device-independent quantification of measurement incompatibility

IR(M
a|x) � SR(�

a|x)

Possibility of self-testing

Hierarchy relation between steering, entanglement, and Bell nonlocality
Motivation
Characterizing quantum correlations and the moment matrix

The moment matrix of single party state
Device-independent quantification of steerability
Summary and outlook

Steering and l



Thank you for your attention!


