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Intro + Qutline

* Correlations, Quantum Correlations
» Why study Quantum Correlations?

» Different Quantification Methods:
1) Information-Based

2) Local Operation

) Measurement-Based

) Distance Measure

) Geometric Representation

» Evolution of Quantum Correlations
1) Entanglement Sudden Death in Two Qubits
2) Entanglement Sudden Death in Two Harmonic Oscillators
3) Correlations in Atomic Spectroscopy
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State Representation of Quantum Systems

|0> two-level
|1> quantum
system
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State Representation of Quantum Systems

|0> two-level
|1> quantum
system
Pure State | |7
Al AB*
= A|0)+ B|1 = =
mEZIOE | SIS e
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System C = System A + System B

Y. #|w), ®ly),
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System C = System A + System B

Y. #|w), ®ly),

V)= (01)-[10)

/

Bell State

Maximally Entangled
Pure State
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Bennett et. al., PRA, 53 (4), 2046 (1996).
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How much entanglement is there
between the two qubits?

Look at m realizations of the pair
of qubits, and ask :

Bennett et. al., PRA, 83 (4), 2046 (1996).
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How much entanglement is there
between the two qubits?

Look at m realizations of the pair
of qubits, and ask :

By performing local operations and classically communicating
with each, how many Bell states (n) can Alice and Bob create?

Bennett et. al., PRA, 53 (4), 2046 (1996).

Pirsa: 12110096 Page 13/90



How much information is required to create the
state of interest?

W. K. Wootters, Phys, Rev. Lett. 80 (10), 2245 (1998).
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How much information is required to create the
state of interest? Ebits!!

W. K. Wootters, Phys, Rev. Lett. 80 (10), 2245 (1998).
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How much information is required to create the
state of interest? Ebits!!

Entanglement of Formation = von Neumann entropy of the
reduced density matrix of p

W. K. Wootters, Phys, Rev. Lett. 80 (10), 2245 (1998).
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How much information is required to create the
state of interest? Ebits!!

Entanglement of Formation = von Neumann entropy of the
reduced density matrix of p

E(p)=S(p5.)=S(pu)

/ not as straightforward

straightforward for mixed states
for pure states

W. K. Wootters, Phys, Rev. Lett. 80 (10), 2245 (1998).
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How much information is required to create the
state of interest? Ebits!!

Entanglement of Formation = von Neumann entropy of the
reduced density matrix of p

E(p)=S(p..)=S(pu)

/ not as straightforward

straightforward for mixed states
for pure states
P = sz'|l//f><wi|
Monotonic Function .’
of Concurrence i E(p) = min Z pr(Wf)
i

W. K. Wootters, Phys. Rev. Lett. 80 (10), 2245 (1998).
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Concurrence iIs a very useful tool to study entanglement

Asma Al-Qasimi and Daniel F. V. James Phys RevA 77,012117 (2008).
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Concurrence iIs a very useful tool to study entanglement

Example: Studies of Entanglement Sudden Death (ESD)

Asma Al-Qasimi and Daniel F. V. James Phys RevA 77,012117 (2008).
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Mathematical Description of System Investigated and
its Dynamics

X-states
at) 0 0 wi(t))
_ 0 b(t) zit) O
A= 0 z'(t) ctt) 0
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Mathematical Description of System Investigated and
its Dynamics

X-states
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Mathematical Description of System Investigated and
its Dynamics

X-states
at) o0 0 w(t)
‘ 0 b)) zt) 0
)= 0 z'(t) ctt) 0

w(t) 0 0 dt) | _ _
' Unitary evolution

_ Liouvillian of the two
Master Equation ¥ _qubits

P-1IF 1 1L [B1+L B

Lipl= (M 61 o6t 141616611

+.ﬁ_"2£f[c3'*pd'_]+[dgb.dl_]
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Mathematical Description of System Investigated and
its Dynamics

X-states
ait)y o0 0 wi(t)
: 0 b{t) zt) 0
o) = 0 z(t) ct)

Unitary evolution
' Liouvillian of the two
Master Equation Y _qubits

P-1IF 1p1+L AL 6

Depopulation due to stimulated and

L[o]= (ﬁ+21 )W [6L,601 |+[6Lp.61] * spontaneous emissions

+.ﬁ_"2£f[c3'*pd'_]+[dgb.dl_]
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How to Calculate Concurrence

For mixed density matrix p,
Find eigenvalues, {A}, of the R matrix,

where R = pAp'Aand A=0,®0,,

C =max(./A; —-/A, = /As =/, 0),

)\1>)\2>)\3>)\4
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How to Calculate Concurrence

For mixed density matrix p,
Find eigenvalues, {A}, of the R matrix,

where R = pAp"Aand A=0,®0,,

C =max(./A; —-/A, = /As = /A, 0),

)\1>A2>)\3>)\4

C = 0 no entanglement
C =1 maximally entangled
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Find P(t) =

C =2max{0,| z(t)| --/a(t)d(t), | w(t) | —/b(t)c(t) |

C = 0 equivalent to solving two quartic equations in X.

X — e-(2"ﬁ+1)Ft
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Find P(t) =

C =2max{0,| z(t)| --/a(t)d(t), | w(t) | —/b(t)c(t) |

C = 0 equivalent to solving two quartic equations in X.

_ t=0 =>X=1
X: -(2A+1)I't
© t=0=X=0
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o O O

. 1
p(0) = 3

0
1
1
0

0O 9O 5D
O_\_\.O
—
|
O

T. Yu and J. H. Eberly.
Phys. Rev. Lett 93,
140404 (2004).
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a 0 0 O
&
50) 110 1 1 0
p(0)=
Si¢d 1 1 0
00 0 1-a
T. Yu and J. H. Eberly.
Phys. Rev. Lett 93,
140404 (2004).
é
showed that, at T=0 there is N0 solcmer o 1200 X g0l
suddendeath forO<a<1/3only. W it
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Partial Transpose Criterion for Separability

p = density matrix of total system

transpose over one system: Z '® P A A
A

Tmpnr = Pnpwmr

A. Peres, Phys. Rev. Lett. 77, No. 8, 1413-1415 (1996).

Pirsa: 12110096 Page 31/90



Partial Transpose Criterion for Separability

p = density matrix of total system

transpose over one system: Z ® P A .
A

Tmpnr = Pnumr

o has at least one negative eigenvalue - System entangled

Otherwise = System either entangled or separable

A. Peres, Phys. Rev. Lett. 77, No. 8, 1413-1415 (1996).
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The weakness in the separability criterion does not
prevent it from being useful in some studies.

For example, in the study of the phenomena of
Entanglement sudden death (ESD), the
nonexistence of ESD can be proven with certainty,
but not its existence.
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The weakness in the separability criterion does not
prevent it from being useful in some studies.

For example, in the study of the phenomena of
Entanglement sudden death (ESD), the
nonexistence of ESD can be proven with certainty,
but not its existence.
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(General) N-photon-two-mode state undergoing dephasing

N
p(t) = Zpkk(()) N -k, kXN -k, k|

k=0

£ —%(k—-m):{l"p&l“: [ .
+ Zp,\_m(O)e 2 N —k,k)YN—m,m|

k.m=0
k#m
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For opr:
|
v)=—

IS an eigenvector with eigenvalue:

{e“IN—k,m)~|N-m.,k) |
9=Arg(ﬁkm)

——(/\ m)* (I, +T, )t
e -

‘p/m(f)‘ — ‘/Oim(o)

Al-Qasimi and James , Optics Letters 34, 268-270 (2009).
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For opr:
1
V=5

IS an eigenvector with eigenvalue:

{e°IN —k,m)~|N-m.k)|
6 = Arg(p,,, )

——(/\ m)* (Ty +T, )t
e’ Negative!

o ‘pkm ({)‘ ‘/Oi\m (O)

For a general two-mode-N-photon state
undergoing pure dephasing, there is no sudden
death of entanglement.

Al-Qasimi and James , Optics Letters 34, 268-270 (2009).
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For opr:
1
V=5

IS an eigenvector with eigenvalue:

{e°IN—k,m)~|N-m.k) |
6 = Arg(p,,, )

——(/\ m)* (Ty +T, )t
e’ Negative!

o ‘pkm({)‘ ‘pi\m (0)

For a general two-mode-N-photon state
undergoing pure dephasing, there is no sudden
death of entanglement.

Al-Qasimi and James , Optics Letters 34, 268-270 (2009).
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Quantum Discord: Measurement of Quantum Systems
Disturbs Them

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
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Quantum Discord: Measurement of Quantum Systems
Disturbs Them

A B

(0) = S(PA+S(PB)-S(0)  doneity manis

of system i

Perform a measurement on system B only.

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
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Quantum Discord: Measurement of Quantum Systems
Disturbs Them

A B

(0) = S(PA)+S(PB)-S(0)  conerty mutn

of system i

Perform a measurement on system B only.

Calculate I(p) before and after the measurement and compare.

!

1(0)

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
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Quantum Discord: Measurement of Quantum Systems
Disturbs Them

A B

(0) = S(PA+S(PB)-S(0) doneity manis

of system i

Perform a measurement on system B only.

Calculate I(p) before and after the measurement and compare.

L/

Q(p) = I(p)- C(p)

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
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Quantum Discord: Measurement of Quantum Systems
Disturbs Them

A B
(0) = S(PA+S(PB)-S(0)  doneity manis
of system i

Perform a measurement on system B only.

Calculate I(p) before and after the measurement and compare.

1 / To obtain final

Q(p) = |(p) - C(p) form of C(p),

maximize over
all measurements

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).
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Discord versus Entanglement

(B 0 VI (¢ 0 0 a)
10 (1-8) (1-p) 0 ' ' ‘ ' . 1/0 (1-e) 0 0

Pg=

- . : _ Pa =73
:IO (1-2) (1-p4] 0| 09| Maximally Mixed Marginals ~i0 0 (-« 0.
| | I [P « states ' ;
/:" 0 0 ﬂ 08! ®  Wemer slates o 0 0 G"
pure states
[ states
0.7}
T 06|
[
8 05 Lo*
n a
Q osf
""""
0.3 o
O /
0.1 ’
0. | L |
0 01 02 03 04 05 06 0.7 08 09 1

Entanglement of Formation

|

pU'erner = [+ :’ l//><V/| ‘l//>: _L(‘OO>+’“>)

J2

Al-Qasimi and James, Physical Review A , 83, 032101 (2011).
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Discord versus Entanglement

(B 0 0 B (@ 0 0 a)
s zl‘O 1-4) =410 ! . ‘ ; p :120 l-a) 0 0
i 20 (1-8) (1-B) 0 oo ki 20 0 (l-a) 0

A0 o A .l "6 Wererisias @ 0 0«

pure states
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-

Discord
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Entanglement of Formation

|
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9]

=

Al-Qasimi and James, Physical Review A , 83, 032101 (2011).
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Discord versus Entropy

fa 0 0 a)

_110 (1-a=b) 0 0
Per™310 0 (1-a+b) 0|
}a 0 0 a)
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Wemer states
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Discord
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Spectroscopy Using Atoms

1

v)=ple)+e

1@

e))

In a Ramsey Experiment, by measuring the population of atoms in
a certain state, ¢ can be determined.

* Chwalla et al., Appl. Phys. B 89, 483 (2007).
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Spectroscopy Using Atoms

1

V)= le)+e

1@

e))

In a Ramsey Experiment, by measuring the population of atoms in
a certain state, ¢ can be determined.

* Chwalla et al., Appl. Phys. B 89, 483 (2007).
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Spectroscopy Using Atoms

1

v)=ple)+e

1@

e))

In a Ramsey Experiment, by measuring the population of atoms in
a certain state, ¢ can be determined.

* Chwalla et al., Appl. Phys. B 89, 483 (2007).
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Correlations in Quantum-Enhanced Atomic Spectroscopy®

2 ions in a trap with dephasing going on.

* Al-Qasimi, James, Blatt, and White (In Preparation)
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Correlations in Quantum-Enhanced Atomic Spectroscopy*

2 ions in a trap with dephasing going on.

Initial
State ]l,/f>=A‘Lg>~+~B‘ge>+C|eg>+D‘ee>
a 0 0 0
Evolves into 10 bz 0
the form: P=l0o %
0 0 0 d

* Al-Qasimi, James, Blatt, and White (In Preparation)
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