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this is a feasibility problem!

given  p(ablzy)
find W, {A7}, {By}
st. plablzy) =Tr[VAZB/] Va,b,z,y

U is a state
{AZ}, {B;} are measurements
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this is a feasibility problem!

given  p(ablzy)
find W, {A7}, {By}
st. plablzy) = Tr[VAZB/] " Va,b,z,y

U is a state
{AZ}, {B;} are measurements

but not an efficient one :(
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S D PS a re ef-ﬁ Ci e nt p ro b Le m S semidefinite programs

maximize Tr[AX]
subject to A;(X)=B;, i=1,...,m
r(Xx)<dc;, j=1,...,n
X >0.

given  p(ablzy)
find W, {AT}, {By}
st. plablzy) =Tr[VAS B VYa,b,x,y
U is a state
{AZ}, { B/} are measurements
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not all is lost!

NPA hierarchy 1 inefficient problem =) D<) efficient problems
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not all is lost!

NPA hierarchy 1 inefficient problem =) D<) efficient problems

if any of these problems is infeasible,
then p(ab|xy) cannot be quantum




Th e N PA h ie ra rChy Navascués, Pironio, Acin

suppose there exist state and measurements explaining p(ab|xy)

S1={1}ufAzyu{BY)
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suppose there exist state and measurements explaining p(ab|xy)

S1={1}U{Ag Ay, A}, A1} U {By, By, B, By }
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Th e N PA h ie ra rChy Navascués, Pironio, Acin

suppose there exist state and measurements explaining p(ab|xy)

[U), AglW), Ag| W) , AT[W)  Aj[W), By| W), By V) , BY|), By |P)

23




Th e N PA h ie ra rChy Navascués, Pironio, Acin

suppose there exist state and measurements explaining p(ab|xy)

(W), Ap| W), Ap| W), ATW) , AL |W) , Bo|W), By| W), BY|W) , By |¥)
T, = (U|0f0,|®), 0;,0; €S,

Too = (U|T) =1

Tas = (W] A)' B[ W) = p(00]01)
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Moment matrix

If p(ab|xy) is quantum, then

(Blw) (A5 (Ao  (AD)  (A) By (By)  (B)) (B
(AD)  (AQAD) (ApAg) (AgAY)  (AjAr)  (AGBp) (AoBY)  (ApBy)
(Ap)  (AgAg) (AsAg) (AjAY) (ApAr)  (AgBp) (ApBY)  (AgBy)
T, — | (A0 (A1) (AYAg) (AYAY) (ATAY)  (A)By) (AVBY)  (AVBy)
! (A1) (A14g) (A1Ay) (ALAY)  (AjAD)  (A1B)) (A1BY) (A1By)
(By)  (ByAp) (ByAg) (ByAY) (ByAy) (ByBp) (ByBY) (ByBi)
(By) (BpAp) (ByAg) (ByAY) (ByAy) (ByBp) (ByBY) (B;By)
(BY) (BiAy) (BiAg) (BiAY) (BAy) (BiBp) (BYBY) (BiBi)
| (Bi) (BIAy) (BiAy) (BiAY) (BiAy) (BB (B1BY) (BiB)]
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(Ap)

Moment matrix

1. physical terms

- pA(O‘O), <

By) = p”(0|1), (A B;) = p(00|11), (AgBy)
(4o (AD) (A1) (Bo)  (By)
<A0A1> <A0A0> <AOA1> <AOBO>
(AbA3) (ABAD) (AVAL) (ALBY)
<A0A1> <A0A0> <AOA1> <AOBO>
(A1dg) (A1AY) (A1A7) (A1)
(BYAY (BYAY) (BYAL) (BYBY)
(ByAy) (ByAY) (ByAl) (ByBy)
(BiAy) (BAY) (ByA}) (BYByp)
(BiAy) (BiAY) (BiA]) (BiBy)

= p(01[11)

(BY)
(ApBY)
(ASBY)
(A1BY)
(A1 BY)
(ByBY)
(BLBY)
(BYBY)
(BIBY)

(B1)
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(V[W) =1
(T|¥)  (A45)
(AD)  (AgAp)
(Ap)  (AgAp)
(A7) (AJAp)
(A1) (A14p)
(By)  (ByAp)
(By)  (BpAp)
(BY) (BAG)
| (B1)  (BiAg)

Moment matrix

1. physical terms 2.normalization

(Ap)
(A5 Ap)
(ApAp)
(A} Ap)
(A1 Ap)
(ByAg)
(ByAg)
(Bi4g)
(Bi4)

(A9)
(AQAY)
(AIAO)
(ALAD)
(ALAD)
(BYAD)
(BLAY)
(BOAD)
(BLAY)

(A1)
(ApA)
(ApA1)
(A1A})
(A1A])
(ByAL)
(By A1)
(BiA})
(B1A)

(Bp)
(ASBY)
(A;BY)
(A)BY)
(A1 BY)
(BYBY)
(BYBY)
(BYBY)
(B{BY)

(Bp)

(BY)
(AGBY)
(ALBY)
(A9 BY)
(A1 BY)
(ByBY)
(B;BY)
(BYBY)
(B} BY)

(B1) |
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d Ar=1

(U[W) (A9
(AD)  (ADAQ)
() (ata
b= (Al (ALAD)
(BY) (BYAY)
(BY) (BLAY)
(BY)  (BYAY)
| (Bl) (BlAY)

Moment matrix

1. physical terms 2.normalization 3. completeness

(Ap)
(A5 Ap)
(ApAp)
(A} Ap)
(A1 Ap)
(ByAg)
(ByAg)
(Bi4g)
(Bi4)

(A9)
(AQAY)
(AIAO)
(ALAD)
(ALAD)
(BYAD)
(BLAY)
(BOAD)
(BLAY)

(A1)
(ApA)
(ApA1)
(A1A})
(A1A])
(ByAL)
(By A1)
(BiA})
(B1A)

(Bp)
(ASBY)
(A;BY)
(A)BY)
(A1 BY)
(BYBY)
(BYBY)
(BYBY)
(B{BY)

(Bp)

(BY)
(AGBY)
(ALBY)
(A9 BY)
(A1 BY)
(ByBY)
(B;BY)
(BYBY)
(B} BY)

(B1) |
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(AD)
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(Ap)
(AJAQ)
(A} AS)
(A9 AQ)
(ALAS)
(BYAY)
(B3 AY)
(BYAY)
(BLAY)

Moment matrix

1. physical terms 2.normalization 3. completeness 4. orthogonality

(ATAT) =0 Va#d

(Ap)
(A5 Ap)
(ApAp)
(A} Ap)
(A1 Ap)
(ByAg)
(ByAg)
(Bi4g)
(Bi4)

(A})

(A1)
(ApA)
(ApA1)
(A1A})
(A1A])
(ByAL)
(By A1)
(BiA})
(B1A)

(Bp)
(ASBY)
(A;BY)
(A)BY)
(A1 BY)
(BYBY)
(BYBY)
(BYBY)
(B{BY)

(Bp)

(BY)
(AGBY)
(ALBY)
(A9 BY)
(A1 BY)
(ByBY)
(B;BY)
(BYBY)
(B} BY)

(B1) |
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Moment matrix

1. physical terms 2.normalization 3. completeness 4. orthogonality 5. projectivity

A, = A,
(P|w) (45)  (4g) (A (A)  (By)  (By) (B))  (Bi)
(AD)  (AgAg)  (AgAg) (A3 Bp) (AoBY)  (AgBy)
(Ap)  (AgAg) (AsAy) (ApBy) (ApBY) (AgBy)
[, =| (A (A4 (AyA) (AYB)) (AVBY)  (AVBy)
(A1) (A14g)  (A1Ap) (A1B)) (A1BY) (A1By)
(By) (ByAp) (ByAp) (ByBy) (ByBY) (BBy)
(By) (BoAg) (ByAg) (By By) (ByBi) (ByBi)
(BY) (BiAy) (BiAp) (B By) (BIBY) (ByBy)
| (B1) (BiAg) (BiA) (B1 By) (BiBY) (BiBj)]




TR EE R

By Ay

(U|T)

(AD)

AN
o

T S S S S S S

OO RO O ==O

— A3

(Ap)
(AJAQ)
(A} AS)
(A9 AQ)
(ALAS)
(BYAY)
(ByAY)
(BYAY)
(BLAY)

Moment matrix

1. physical terms 2.normalization 3. completeness 4. orthogonality 5. projectivity 6. commutativity

(Ap)
(AGAp)
(ApAp)
(A} Ap)
(A1 Ap)
(ByAg)
(ByAg)
(Bi4g)
(Bi4)

(A})

(A1)

(Bp)
(ASBY)
(A;BY)
(A)BY)
(A1 BY)
(BYBY)
(BYBY)
(BYBY)
(B{BY)

(Bp)

(BY)
(AoBY)
(ALBY)
(A9 BY)
(A1 BY)
(ByBY)
(B;BY)
(BYBY)
(B} BY)

(B1) |
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T, >0
(W) (AD)
(4D (ADAD)
R

o= on (aa
(BY)  (BOAD)
(Bl) (BiAD)
(BY)  (BOAD)
(B) (BlAD)

Moment matrix

1. physical terms 2.normalization 3. completeness 4. orthogonality 5. projectivity 6. commutativity 7. PSD

(Ap)
(AGAp)
(ApAp)
(A} Ap)
(A1 Ap)
(ByAg)
(ByAg)
(Bi4g)
(Bi4)

(A})

(A1)

<
<
<
<
<
<
<
<

(BY)
AOB0
AIBO
AOB0
AlB0
BOB0
BlB0
BOB0
BlB0

0)
0)
0)
0)
0)
0)
0)
0)

(Bp)

(BY)
(AoBY)
(ALBY)
(A9 BY)
(A1 BY)
(ByBY)
(B;BY)
(BYBY)
(B} BY)

(B1) |
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we can now go back to problem

find W, {AZ}, {B!} find T
sit. plablzy) =Tr[VAIB!] Va,b,x,y

Uis a state st 1.

{AZ}, {B}} are measurements 9

3.

4.

D.

6.

7.

given  p(ablxy) giwven  p(ablxy)

known terms
normalization
completeness
orthogonality
projectivity
commutativity
PSD

doable!
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feasible >

we can now go back to problem

find W, {AZ}, {B!} find T
sit. plablzy) =Tr[VAIB!] Va,b,x,y

Uis a state st 1.

{AZ}, {B}} are measurements 9

3.

4.

D.

6.

7.

given  p(ablxy) giwven  p(ablxy)

known terms
normalization
completeness
orthogonality
projectivity
commutativity
PSD

feasible
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infeasible ¢

we can now go back to problem

find W, {AZ}, {B!} find T
sit. plablzy) =Tr[VAIB!] Va,b,x,y

Uis a state st 1.

{AZ}, {B}} are measurements 9

3.

4.

D.

6.

7.

given  p(ablxy) giwven  p(ablxy)

known terms
normalization
completeness
orthogonality
projectivity
commutativity
PSD

infeasible
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we can now go back to problem

given  p(ablxy) giwven  p(ablxy)

find W, {AZ}, {BY} find T
sit. plablzy) =Tr[VAIB!] Va,b,x,y

Wis a state s.t. 1. known terms

{As}, {B}} are measurements 2. normalization
3. completeness
4. orthogonality
5. projectivity
6. commutativity
7. PSD

N7 < feasible
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Consider a higher level of hierarchy

S1={1}U{47} U{B/}
Sy = S; U{ATAT} U {ABYY U {B'BY}

Construct higher moment matrix given  p(ablzy)

ind T
Ly = (U010, 1), 01,0, € S, s

. known terms
. normalization
. completeness

1

2

3
(ASALBY). (ARALBBY, (BBLY) s

6

7

s.t.
new elements, e.g.

. projectivity
. commutativity
. PSD
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An infinite hierarchy




An infinite hierarchy




An infinite hierarchy

[tighter results BUT heavier computation]
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An infinite hierarchy




An infinite hierarchy




The dual approach: SOS

given  p(ab|xy)
find T

known terms
normalization
completeness
orthogonality
projectivity
commutativity
PSD

s.t.

NSO oUW =
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find

s.t.

The dual approach: SOS

given  p(ab|xy)
Iy

NSO oUW =

known terms

normalization

completeness

orthogonality NPA
projectivity !
commutativity

PSD
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find

s.t.

The dual approach: SOS

given  p(ab|xy)
Iy

NSO oUW =

W

known terms

normalization

completeness

orthogonality NPA
projectivity !
commutativity

PSD
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for whatis it NOT enough?




for whatis it NOT enough?
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