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Abstract: <span>We present an entanglement verification method for systems with underlying qubit-mode structure, which does not require full
knowledge of the bi-partite density matrix. It is applied to a quantum key distribution experiment with coherent signal states and one of two different
detection schemes: For heterodyne detection, it is possible to detect entanglement even in the presence of loss and noise whereas for Stokes operator
measurements, entanglement verification fails.</span>
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Mode-Mode and Qubit-Mode Entanglement
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Entanglement

The definition of entanglement is simple:

If paB = >, pipa’ ® pg' — separable.
Otherwise — entangled.

But can a given state be written in such a form?
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But can a given state be written in such a form?

BLACK BOX

unknown p
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Entanglement

The definition of entanglement is simple:

If paB = >_.pipa’ ® pB' — separable.
Otherwise — entangled.

But can a given state be written in such a form?

- |
BLACK BOX r_j I*—{

unknown p  perform measurements

from the outcomes, can we exclude separable states?
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Entanglement

The definition of entanglement is simple:

If paB = >_.pipa’ ® pB' — separable.
Otherwise — entangled.
But can a given state be written in such a form?

- |
BLACK BOX :j |ﬂ

unknown p  perform measurements

from the outcomes, can we exclude separable states?

Usual technigue: Suppose we measure on p°“? — find some
inequality that is true V separable states.
If violated by actual outcomes, we have shown entanglement
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Example 11

Alice & Bob both measure z & p
— T 4,Zp & pa,pp with the usual uncertainty relation

Var(z 4)Var(ps) > i
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Example 11

Alice & Bob both measure £ & p
— T 4,Zp & pa,pp with the usual uncertainty relation

Var(zg)Var(pg) > }1

Construct new operators

~ N i il ~ " i i
X =azZa+_Ip P =apa—_pB

Then calculate the sum of uncertainties:
Var(X) + Var(P) > a?+ % for separable states.

= violation implies entanglement
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Example 11

Alice & Bob both measure & p
— T 4,Zp & pa,pp with the usual uncertainty relation

Var(zg)Var(pg) > %

Construct new operators

~ . i i A " | i
X =azZa+_Ip P =apa—_pB

Then calculate the sum of uncertainties:
Var(X) + Var(P) > a?+ % for separable states.

=> violation implies entanglement

In Words:

Simultaneous eigenstate of X and P = from (P4), we can infer
the value of (Pg) to greater precision than the uncertainty
___principle allows

Irsa:
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Example 2 2

Partial Transposition
Again, start with (p°%)T4 =3~ p; (%) ® p5 > 0
T4 2 0= o is entangled
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Example 2 2

Partial Transposition
Again, start with (p*%)T4 =3~ p;(p%)T ® p5 > 0
o’4 2 0= o is entangled

how to test this: o724 > 0 iff Tr(cTAM) >0 VM >0
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Example 2 2

Partial Transposition
Again, start with (p*?)T2 =3~ p;(p4)" ® pl3 > 0
T4 2 0 = o is entangled

how to test this: o724 > 0 iff Tr(cTAM) >0 VM >0

= = all we have to test {epambility are measured results on o
E  trick: Tr(c’* My Mp)
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Example 2 2

Partial Transposition
Again, start with (p°?)74 = 3. p;(p%)T ® p3 > 0
o’4 2 0= o is entangled

how to test this: o724 > 0 iff Tr(cTAM) >0 VM >0

—_—

= all we have to test {epambility are measured results on o
E trick: Tr(c MsT Mpg)

YM > 07 -take all polynomials of {af,a} & {bf,b}:

1 (@) @) @) ..
@ (@'a) (a'?) (&' ...|>o0
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Example 2 2

Partial Transposition
Again, start with (p*)72 =37, p;(p%4)" ® pi5 > 0
T4 # 0 = o is entangled J

how to test this: o724 > 0 iff Tr(cTAM) >0 VM >0

~ all we have to test :zeparability are measured results on o
trick: Tr(c MsT Mpg)

YM > 07 -take all polynomials of {af,a} & {bf,b}:

'_'::hi.

> &f =al
1 (@) (@) @) ... » infinite size
@ (afa) (@ @) ...|>o0 » consider

sub-determinants
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Example 2 2

Partial Transposition
Again, start with (p*?)’2 =3~ pi(p4)" ® p5 >0
T4 # 0 = o is entangled

how to test this: o724 > 0 iff Tr(cTAM) >0 YM >0
= = all we have to test ieparability are measured results on o
trick: Tr(c MsT Mpg)
VM > 07 -take all polynomials of {af,a} & {bf,b}:

1 (@) (@) @) ... » infinite size
@" (ata) (@' (@) ...|>o0 » consider

sub-determinants

» sufficient for
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Qubit and Mode 3

=

Intuition: QUBITS: correlated or anti-correlated results
MODES: Increased precision from distant measurements on
non-commuting observables
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Qubit and Mode 3

—e

Intuition: : elated or anti-correlat
MODE S: Increas G distant measurements on
ncommuting observables

pap actson H4 @ Hp
£ A;={0)(0,l00(1} B;={i,z5}

Tr(pAB[AIﬁj 52 BEE;]) = Xij.kl < positive semi-definite
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Qubit and Mode 3

—e

Intuition: : elated or anti-correlat
MODE S: Increas = distant measurements on
ncommuting observables

pap actson Hy @ Hp
¥ A={0)(0,00(1} B;={i,z7p}

Tr(pags [ﬁ:fﬁj ® Bié;]) = Xij.kl < positive semi-definite

same trick as before: Tr(pap’*| Azﬁj X B,ZE}E]) = Xij.kl
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Qubit and Mode 3

SE—

Intuition: : elated or anti-correlat
MODE S: Increas S distant measurements on
ncommuting observables

pap actson H4 @ Hp
Y A, ={0)(0],l0)(1]} B;={1,%,p}

Tr(pags [fi:f ﬁj ® BEEI]) = Xij.kl < Ppositive semi-definite

same trick as before: Tr(pas [(AIA;,-)T ® B‘;&]) = Xij.kl
x(pis) = x*(paB) >07?
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Qubit and Mode 3

= —— =

Intuition: : elated or anti-correlat
MODE S: Increas = distant measurements on
ncommuting observables

pap actson Hy @ Hp
£ A={0)(0,0)(1} B;={1,%5}

Tr(pas [}iz ﬁj ® ﬁié;]) = Xij.kl < positive semi-definite

same trick as before: Tr(pas [(AIA;,-)T ® B‘;&]) = Xij.kl
x(pis) = x*(paB) =07

simple, sufficient entanglement criterion

Pirsa: 07060030 Page 33/39

3] Rigac at 3l PRA 72 0123241 (2006)




Reiterate

» Non-local measurement operators on a "qubit-mode” state
» Arrange measurement outcomes in a special matrix y

» Rearrange according to partial transposition

» Check the positivity = sufficient ent. criterion

Pirsa: 07060030

Page 34/39






Applications

{10){0f. |1)(1]} homodyne
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