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EntanglementEntanglementMeasureforTwoQubits
�Concurrence,Entanglementofformation,Negativity,���

�Concurrence

1.Purestate
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Many-BodySystems
�Electrongas

�Superconductors

�FractionalquantumHalleffect

�Stronglycorrelatedsystems

Entanglementoftwoparticlesinmany-bodysystems?
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1.Tracing����� �������*���������outoverallthedegreesoffreedomexcepttwo

particcle�and	

2.Green’sfunctionapproach
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DensityMatrix
�Densitymatrixforapurestate
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DensityMatrixin2ndQuantization
��particledensitymatrixfroma�particlestate����
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�One-particledensitymatrix����in2ndquantization
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Normalization
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�One-particledensitymatrix+����bytracingout

+������������ �������������$�����)

Normalization

��$
+������������ �)�


���������� ���+���������� �

6



�Ingeneral,one-particledensitymatrix
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�Two-particledensitymatrix
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DensitymatrixandGreen’sfunction
�1-bodyGreen’sfunction
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�2-bodyGreen’sfunction
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wherethenumber1denotesthevariable����%�� �.
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�Wick’stheorem
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�Long-rangeordervsentanglement
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Forfermionsandfreebosons
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BosonsbelowtheBose-Einsteintransitiontemperature
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Non-InteractingFermions
�Extractingtwoelectronsfromametal

 ee
Metal

�Entanglementoftwoelectron-spins?

–Noentanglementiftwoelectronsareseparatedinmacroscopicdistance.

–Twoelectron-spinsareentanglediftheyareclosed?

�Whatmakestheentanglementoftwofreeelectronsinspins?

�Entanglementlength?
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Non-InteractingFermions
�Non-interactingelectrongasinametal
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�Vedral’sdefinitionofthedensitymatrixoftwoelectron[quant-ph/0302040]

�� �� ������ ����%�� ������
�

��� ����� ��
��������
������� ��
�����������

�Ourdefinitionof�� ��

�� ��
������������������ ������� ���


�����
�

���������� ��
�

����������� ��
������� �

�
������ �������%

Noteoff-diagonalelementsinspacecoordinates
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�Results
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Vedral’sresultisvalidonlywhen����
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Zerooff-diagonalelementsofthespacedensitymatrixmakeelectron-spins

entangled

12



EntanglementofElectron-spinsinNon-InteractingFermions
�Densitymatrixat���
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��� �� ������ �isentangledif� ��
��.
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�entanglementlength��suchthat� �� �� �� ��� �
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�Inusualmetals,Na,Al,Cu,etc.
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Usualmetals��������Å

�Entanglementoftwoelectronsinspinwhen�� ��� �����Å

�� �&��
� ��Entanglementlength=Fermiwavelength

Difficulttodoexperiments!

�2Delectrongas(ourproposal)
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where������isthefirstorderBesselfunction.
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Non-InteractingFermions
�Whatmakestwoelectron-spinsentangled?

–Exchangeterm(Fermistatistics),� �

–Transferofentanglementinspaceormomentumtothatinspin

�Entanglementlength?

Entanglementlength=Fermiwavelength

�RoleofCoulombinteraction?

Entanglementinmacroscopicdistance?

Howtoextracttwoentangledelectrons?

Howaboutbosons?
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EntanglementoftheCooperpair
�Electrongas
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�Reduceddensitymatrixoftwoelectrons

�� �� ������ ��������
�

��� ����� ��
��������
������� ��
�������������

���������%���2�� �����%��

where
��������%��������%�����������


������� �� ����

�EntanglementoftwoelectronsformingaCooper-pair?

�� �� �entanglementlength�coherencelength?

Ex.forAl,� ��
���m
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Summary
�Entanglementofelectron-spinsbasedonGreen’sfunctionsapproach

�Vedral’sdefinitonoftwo-electron’sdensitymatrixshouldbemodified.

�Twoelectron-spinsareentangledonlywhenoff-diagonalelementsofthe

spacedensitygotozero.

Entanglementlength�
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Fermiwavelengthfornon-interactingelectrongases

Coherencelengthforsuperconductors?
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�Howtoextractentangledelectronpairs?
�ApplicationtoBuslines?

qubit 1

Bus Line

qubit N qubit i
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