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E. Schrodinger (1935)

[Entanglement] is not one, but rather the characteristic trait of quantum mechanics,
the one that enforces its entire departure from classical lines of thought.
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- Photons: Aspect et al. (1982)

- lons: Rowe et al. (2001)
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- Atomic nuclei: Sakai et al. (20006)
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- Mesons (proposed): CERN, Frascati, KEK (1999, 2006, 2008)
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Iﬁ_l -Ei *YL % "‘E Introduction (2/2)

EXDEFRRDIBEICHDZME
(ex.) EAERET, (anti-)bunching, BEC

* FRETE:  Maxwell-Boltzmann — Fermi-Dirac / Bose-Einstein
* R FEEL:  Combination of Feynman diagrams
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EXDEFRRDIBEICHDZME

(ex.) 2{F885T, (anti-)bunching, BEC

* FRETE:  Maxwell-Boltzmann — Fermi-Dirac / Bose-Einstein
* R FEEL:  Combination of Feynman diagrams
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Outline of this Talk
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Outline of this Talk
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Source

01:51'@) /74

No correlation for any local observa
(W01 ® O2|¥) = (V|01 ® 15

® -

nles

U (V|1 @ O2|T).



Source

O1=0d1-d |—A

No correlation for any local observa
(W01 ® O2|¥) = (V|01 ® 15

& Separable (factorized) state:

sETHDONEHEEA  EEN T OIS
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nles

U (V|1 ® O2|0).

W) = |91)1]1)2)2.
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O1=0d1-d |—A

No correlation for any local observa
(W01 ® O2|¥) = (V|01 ® 15

& Separable (factorized) state:

F  EREN T OIS

Source

‘ /7402:52'

nles

U (V|1 ® O2|0).

W) = |91)1]1)2)2.

Entangled state = Non-separable state: |U) = |e1)1|f1)2 + |e2)1]f2)2

# [1)1|2)2.
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Source

O1=0d1-d |—A

No correlation for any local olbservables

3

(U071 ® O2|¥) = (V|01 @ 15|U) (P11 @ Oz | V).

& Separable (factorized) state:  |W) = [11)1|Y9)o.

Entangled state = Non-separable state: |U) = |e1)1|f1)2 + |e2)1]f2)2

# [1)1|2)2.

£T7H DN o 1HEE « Non-factorizability
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- Distinguishable:
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Non-factorizability
— Superposition of 2 situations.
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Non-factorizability
— Superposition of 2 situations.

ple: the labels are just formal.
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Non-factorizable,
but physically only 1 situation.
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Non-factorizability
— Superposition of 2 situations.

ple: the labels are just formal.
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& Non-factorizable,
but physically only 1 situation.
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1) Schliemann et. al
2) Zanardi

3) Ghirardi et. al

4) Ghirardi et. al

5) Viola et. al

©) Tichy et. al

7)IT et. al
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(2001)
(2001)
(2002)
(2004)
(2007)

(2009)

(2010, 2011)
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Slater rank.

Algebraic structure.

EPR-like argument.
Disagreement between 1) and 3).
Convex structure of state space.
Detection process.

Measurement setups,
Correlations.
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(ex.) Bipartite (N = 2) bosonic state |
S : Symmetrizer.

W) =10)1]0)2 + [1)1|1)2 = S{[1)1|v2)2]- 1) = (j0) —il1))/v2
2) = (|0) +i[1))/V2
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(ex.) Bipartite (N = 2) bosonic state |
S : Symmetrizer.

W) =10)1]0)2 + [1)1|1)2 = S{[1)1|v2)2]- 1) = (j0) —il1))/v2
2) = (|0) +i[1))/V2

Entangled

- Schliemann D IEZ=:

Entangled if
W) = c0[0)1]0)2 + c1|1)1]1)2
under an appropriate basis.

Schmidt DR ICE DK X R
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(ex.) Bipartite (N = 2) bosonic state

S : Symmetrizer.

W) =[0)1]0)2 + |1)1|1)2 = S{|t1)1[w2)2].  |v1) = (0) —ij1))/v2

Entangled

- Schliemann D IEZ=:

Entangled if
W) = c0[0)1]0)2 + c1|1)1]1)2
under an appropriate basis.

Schmidt DR ICE DK X R

o) = (|0) +1[1))/V2

Separable
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- Ghirardi D12 Z=:

Separable if
W) = S l11)1]92)2]

by using orthogonal vectors.
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Source

O1 | A

AEZTRDAEIC KB XA]
Left / Right states:  |L), |R) (L|R) = 0.

:I=

M

173

+ B .
I = 1; ® |L){L|, [ =1, ® |R)(R]|.
HAERE D 14

(U|S (01 ®02)S|¥) =(V|S (01 ) S| (TS (I} ® O2) S|).
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[A] 78

O1 | A

-

Separable states w.r.t. L / R measurement:
V) = S [th1)1[th2)2] + ).

Y1) = [a)1[L)1,  [Y2)2 = |@')2|R)o,
S(01 ® 02)S|¥") = 0. No contribution to data.
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[A] 78

O1 | A

-

Separable states w.r.t. L / R measurement:
V) = S [th1)1[th2)2] + ).

Y1) = [a)1[L)1,  [Y2)2 = |@')2|R)o,
S(01 ® 02)S|¥") = 0. No contribution to data.
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x S(|0,L)1|1, R)2).

Separable w.r.t. L/ R measurement

Up / Down: |+) = (|L)

W) oc S(10, +)1|1, —)2 +[1

+ |0’

Entangled w.r.t. U/ D measurement

=
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/’/\

14/24

=




575 DN DEXTE

|\Ij> — ‘07L>1|17R>2 T ‘17R>1|07L>2
OCS(‘O,L>1‘1,R>2)

Separable w.r.t. L/ R measurement

Up /Down: |+) = (|L) £| R))/V2.

W) o< (10, +)11, =)2 + |1, 4+)1]0, —)2)
+|P’)

Entangled w.r.t. U/ D measurement

vost | |
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(ex.) Bipartite bosonic state |
S : Symmetrizer.

W) =0)1[0)2 + [1)1]1)2 = S{|1)1[¥2)2].  |v1) = (o) —ij1))/v2
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= (|0) +i[1))/v2
Entangled Separable 21 = (10 +11)/
- Schliemann D1z ZE: - GhirardiD 12 2E:
Entangled if Separable if
W) = c0[0)1]0)2 + c1|1)1]1)2 W) = S [[Y1)1]1h2)]
under an appropriate basis. by using orthogonal vectors.

AESORENLEHICAY  {|0), 1)} — {|v1),|v2)}
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Separable state w.r.t. Left / Right measurements -

Hl N\ [ H2 )
W) = S [[Y1)1[v2)2] + [¥). ‘Vl :
1)1 = a1 L)1,  [Y2)2 = |a)2|R)2, :
'U’) : No contribution to data. V2
- Distinct measurement setups: — 7: g
Vi={la,L)|a} Vo ={|d/,R)|a'} s )
Vi L Va. orthogonal
V ={V, Vo }. H(V)*

H(V) o RIRE Pl RE TR R RE 22 ]
= H(V)" DAERERREZEE
H=HV)BH(V)".
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- Subspace corresponding to the observed data ' -
H(V) = S[Vi @ Val. ‘W
- Symmetrizer as a map: Vs
S:Vi@Ve—H(V) i1y
one-to-one map due to the orthogonality of V "
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Universally Separable States
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Universally Separable States
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Q. EARHAIERTEICTUTHEFDH DN LU TLVZRWL
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Universally Separable States

S0 2N AIEDRE ICHEIT VRS

Q. EARHAIERTEICTUTHEFDH DN LU TLVZRWL
RREISTFEET DM 7

A. No for fermions. Yes for bosons.

) = |)®* i.i.d. pure states.
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Universally Separable States

S0 2N AIEDRE ICHEIT VRS

Q. EARHAIERTEICTUTHEFDH DN LU TLVZRWL
RREISTFTET D207 - ~

A. No for fermions. Yes for bosons.
W) = [$)¥° iid. pure states. |
Q. EABAEREICTULTHEEFEDONLTWS
RREIXFET 2D 7?

etc...
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NEDIRY Y, Tz AVRD, ERED s BOBBRRICTEET S
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i) B ICE DK EEMNSHIBZ EIF
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- 1.1.d. pure states D universal separability




il
g

IIIA

23/24




&

=

) EFHONOHENEDEREIE

X.) N = 2 bosonic states

Zlel 1|el 2 —> Z)" |€// llel_|_3

Schmidt decomp.
varying meas. setups: le;) =Ule;), U € U(6)

0.333
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ex.) N = 2 bosonic states

\/—Zlel 1|el 2 —> Z)" |€N llel_|_3>

Schmidt decomp.

0.333

varying meas. setups: le;) =Ule;), U € U(6)

i) HDIREE DESHEDIGER, EFNHFRE TORENZREE DEE

- Tichy et al. (2009): Analyses based on measurement setups.
Detector level density matrix, Effective indistinguishabllity

- Second quantization, occupation number representation.
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