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Problem

) | 1) @ |92)
e Normally, a state 1s called entangle
iff it can’t be written as a product state.

e« Any fermionic state can’t be written as a
product state.

\

— All fermionic state is entangled |



Preceding study

e« Schliemann et. al/. (2001)

e Slater number, Schmidt number
(<Schmidt decomposition)

e Ghirardi et. al. (2002)
« Complete set of property (< EPR reality)

e Qur work: We extend Ghirardi’s framework to
be able to treat arbitrary subsystems In
fermionic sytems.

e We introduce orthogonal subspaces.

—quant-ph/0910. 1658



Outline

. Normally, a state i1s called entangled
iff it can't be written as a(product| state.

— > No

e written as a

e Any fermionic state can’t
\ product state.

te is entangled |
No

Decomposition of . Bell inequality
expectation values (CHSH inequality)

¢*\\\\\\\\\\\\\Need for a structure of

Reasonable extention orthogonal subspaces
to fermionic systems

— All fermionic




Decomposition of expectation values
In distinguishable particle systems

e VU1 ®0y = (Ol ®]1)(]1®02)

T T

|
Operator acting
on one particle




Decomposition of expectation values
In distinguishable particle systems

e VU1 ®0y = (Ol ®]1)(]1®02)

e |Y) can be written as a product state.

Decomposition of expectation
values

(Y] 01 @ O2 |Y)
= @01 @1 |9) (Y| 1® O |y)

— Same result as in local realism



| Setting
In distinguishable particle system

o(a) — o o—3 o(b)

e CHSH (c(a) :=a- o)
Ocrsy = o(a) @ o(b) + o(a’) ® o(b)
+o(a) ® o(b’) — o(a’) ® o(b’)

e Local realism|o(a)| <1 = |Ocysyl| <2

 Quantum mechanics (WOOHSH ) =2v2 A
singlet T



Setting (detail)
In distinguishable particle system

L R
i

e Operator
c(a) ®@o(b) = o(a)|L)(L|®a(b)|R) (R

e State

) = % (11, L), 11, R)y — 1, L), |1, R),)



Setting
In fermionic particle system

L R

e Operator
o(a)|L)(L| ® o(b) |R) (R

{@@LH{®%mﬁNﬁ+ﬂ+ﬂ)
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1 2
Ao(a)|L){(L|®a(b)|R) (R| A




Setting

|n fermionic system

- -

e Operator
()U»(Lwéa()ﬁ%-R\ Or

/'

= Ao(a)|L)(L|®a(b) |R) (k| A

. Operator actlng on one particle

= 3

Ao(a)|L) (L|@ LIR) (R4~ ©

ILLA/\

ALIL) (L] ® a(b) |R) (R| A



Setting
In fermionic particle system

L R

(a)| —e~eo—s o(b)

e Operator
Or ® Or

. AOL@ORA AOL@ORA
« Operator acting = = A0; ®1rA

on one particle
(A0, ® 1rA XAl ® OrA
\A]lL R ORpA

= 3




Relation

Distinguishable

Operator

Or ®Ogr (=: M)
Or®1g (=: My)
1; ® O (=: Ms)

= M:M1M2

Decomposition

(Y| M [)
= (Y| M1 [v) (¢| M2 [1))

Fermionic
Operator
AOp @ OrA (=: M)
AOp @ 1RrA (=: My)

Al;  OpA (ZZ Mg)

= M:M1M2

Decomposition

(Y| M [)
= (Y| M1 [v) (| M2 [1))



Examples In fermionic system

{uh>=f4baEHﬁJ%
e State
v2) = A(la, L) |5, R) — |8, L) |a, R))

e Decom- Wl M 7751) — <77b1 M, w1> <1/)1 Mo w1>
POSITION | (1o M |tha) # (o] My |th2) (12| M2 |1h2)

» CHSH (a=T1,8=])
(ha| Moprse |1h2) = 2V2



Relation

Distinguishable
Operator
Or ®Ogr (=: M)
Or®1g (=: My)
1; ® O (=: Ms)
Decomposition

(| M |1)
= (Y| M1 |¢) (| M2 |)

Separable state

W)> — ‘O{,L) ‘ﬁa R>

Fermionic
Operator
AOp ® OrA (=: M)
AOp @ 1RrA (=: My)

Al;  OpA (ZZ Mg)
Decomposition

(| M |1)
= (Y| M1 |) (| M2 |)

Separable state

Y) = Ala, L) |6, R)



Key points

e Alo,L),|B,R), is not a product state.
However, expectation values for this state
are decomposed.

e L,R play an essential role In the
decomposition.

e When expectation values of a state are
decomposed, it can’t violate CHSH
Inequarity.



Reconsideration of fermionic
particle system (2 particle)

 Orthogonal subspaces (Vi L V5)

Vi = span{
Vo = span{

e Operation

L), 1L, L)}

/\7 R> Y H/? R>}

A0 ® O A
A0 ® 1,A

Al ® O, A
e Separable state

Vi

Vo

1), 01, 14

) = A1) [12)

[12) , Oa, 15




General ization

ortosnal y; Ly, 1y,
Operation
A1 ® O ® O3A ( M)
AO1 ® 15 ® 13A (=: My)
Al1 ® O ® 13A (=: M>)
Al ® 15 ® Og (Z Mg)
M = MiM>Ms
e Separable state
(%UWMM

= (V| My |) (0| Ma |9) (¥| M3 )
) = A1) [2) |¥3)




Discussion

e A structure of P — A setting of
orthogonal subspaces experiment

e Arbitrariness of orthogonal subspaces V

!



Summary

In indentical particle systems, 1t IS not
appropriate to define entanglement using
direct product.

Introducing a structure of orthogonal
subspaces, we can treat 1dentical particle
systems in the same way as distinguishable
particle systems.

There 1s arbitrariness to select a structure
of orthogonal subspaces.

A structure of orthogonal subspaces can be
Interpretated as a setting of experiment.
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