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Quantum Entanglement & Quantum Information Processing

Quantum Entanglement &

Quantum Information Processing

E——

® Source: Polarization-entangled photon pairs
(SPDC source) W) =|H) \V> +e'

),

UV-pump f~

BBO-crystal 2
horizontal

Spontaneous Momentum Conservation
Parametric K K,

Downconversion

Kpump

* http:/ / www.physics.uiuc.edu
People/Faculty / profiles / Kwiat
index.html Pump

s (signal)
Energy conservation

Nonlinear i (idler)

Kwiat, P. G., Mattle, K., Weinfurter, H., Zeilinger,
+'2) crystal

A., Alexander, V. S. & Shih, Y. H. New high-
intensity source of polarization-entangled photon Ppump = Ps + O,
pairs. Phys. Rev. Lett. 75, 4337-4341 (1995).
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Quantum Entanglement & Quantum Information Processing

Quantum Entanglement &
Quantum Information Processing

| f,
(top, left) Richard Jozsa, William K. Wootters, Charles H.
Bennett. (bottom, left) Gilles Brassard, Claude Crépeau,
Asher Peres. Photo: André Berthiaume.

C. H. Bennett, G. Brassard, C. Crépeau, R.
Jozsa, A. Peres, W. K. Wootters,
Teleporting an Unknown Quantum State via Dual .
: . . Q. Zhang et al., Experimental quantum
Classical and Einstein-Podolsky-Rosen teleportation of a two-qubit composite
Channe/S, PhyS Rev. Lett. 70, 1895-1899 (1993) system, Nature Phys. 2, 678-682 (2006)
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http://en.wikipedia.org/wiki/Richard_Jozsa
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http://en.wikipedia.org/wiki/Asher_Peres
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http://en.wikipedia.org/wiki/Phys._Rev._Lett.

Quantum Entanglement & Quantum Information Processing

Quantum Entanglement &

Quantum Information Processing

® Quantum Cryptography

A. K. Ekert, A o
Quantum cryptography res [N~
based on Bell’s theorem, v
Phys. Rev. Lett. 67, 661—

663 (1991).

R. Ursin et al., Entanglement-based quantum communication over 144 km,
Nature Phys. 3, 481-486 (2007)

7
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Quantum Entanglement & Quantum Information Processing

Quantum Entanglement &

Quantum Information Processing

® Quantum Computation -One-way quantum computer

4 3

R. Raussendorf & H. J. Briegel, A one-
way quantum computer, Phys. Rev. Lett.

86, 5188-5191 (2001)

P. Walther et al., Experimental one-way quantum

comuting, Nature 434, 169-176(2005)

|+) —I R,-)
|+) =% R,

Readout

Input Black box

b —

Inversion

Identification
probability
H

- o
-t O -A
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Quantum Entanglement & Quantum Information Processing

Quantum Entanglement &

Quantum Information Processing

® Quantum Computation -One-way quantum computer

a Prism
Concave mirror | A
( a 2 1 C 2 1
Lg
D7 D8 R;
RA ; ; ° B B
o3 as, 8s{(PBS:) o 5(B) ' , ;(B) ' ,
PBS IF Lens QWP Lens | IE PBS |+> R.(-a) |+> R (o)~ H
HWP HWP
PBS
N7 pes B [+) —3-R.(-B) )R (B)- H
La gm UV lens ng L's b
HWP (QDB) (OL,B)Z(R,O) P N
UV Laser (355nm) T
\ < PAS A0
b N
z
S O
BSY pBSY 2

\ 4
\ 4

-

¥
i) i) iii)
Kai Chen, Che-Ming Li, Qiang Zhang, Yu-Ao Chen, Alexander NG R 25,
Goebel, Shuai Chen, Alois Mair, and Jian-Wei Pan, Experimental % Bl “,
Realization of One-Way Quantum Computing with Two-Photon
Four-Qubit Cluster States. Phys. Rev. Lett. 99, 120503 (2007).

Y
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Orbital Angular Momentum (OAM)-entangled photon
pairs

Encoding Qutrit (3-level Quantum System) in OAM of light:

o The OAM is associated with the transverse phase front of light beam

Ol,

OAM = -1 hbar OAM = 0 hbar OAM = +1 hbar

The phase fronts of light beams in OAM eigenstates rotate
http://www.physics.gla.ac.uk/Optics/

e Such light beams are conveniently described in terms of Laguerre-
Gaussian modes

R — N
11
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Entanglement Detection

Orbital Angular Momentum (OAM)-entangled photon
pairs
The quantum correlation between Laguerre-Gaussian modes can be

created in a down-conversion experiment: | o
a, Experimental configuration used to

a Colncldence detect the quantum correlations in
Hologram detection OAM of paired photons generated in
Beam ' >———\‘ an SPDC
preparation > .

is transferred to the sum of OAM of

| : Monomode- & b, Experimental data demonstrating
fibre that the OAM of the pump beam (myp)
Crystal .—». -6_

Mair, A., Vaziri, A.,Weihs, G. & Zeilinger A. Entanglement of the orbital angular the generated phOtonS (m1 and m2) .
m momentum states of photons. Nature 412,313-316 (2001). In thlS particular case the State Of
m, =-1 ’

P the down-converted photons is a

coherent quantum superposition of
all the different possibilities for the
OAM state of the photons fulfilling
the condition mp=m+ + mo.

Ex: mp =0

1
™S
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Entanglement Detection

General Trend towards

Quantum Information Processing

Detection of Genuine High-order Entanglement

13
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Entanglement Detection

Detection of Genuine High-order Entanglement

Local Measurement Settings

Correlation Criterion

14
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Entanglement Detection

Local Measurement Settings (for qubits)

Ex: Settings for Polarization-Entangled Photon Pairs

ceessesesseses, ® HWP+QWP:
' Single Qubit Rotation\

polarization

w(
-t

analyzer

e PBS or Polarizer:

Qubit State Selection /

“ e Single Photon Detector:
Qubit Detection

P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. H. Shih, "New
high-intensity source of polarization-entangled photon pairs", Phys. Rev. Lett. 75, 4337 (1995).

15
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http://research.physics.illinois.edu/qi/photonics/papers/kwiat-prl-75-4337.pdf
http://research.physics.illinois.edu/qi/photonics/papers/kwiat-prl-75-4337.pdf
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Entanglement Detection

L ee— E—

Correlation Criterion (for qubits)
Ex: Bell-type Inequality
S=E(6,,60,) +E), 6, +E(6,,605) —E©,6}), Bell kernel

and E(61, 0,) is given by

C(6y,0,) + C(0i,05)— C(01,05) — C(0i,0)
C(601,6,) + C(07,0;, )+ C(01,05) + C(67,6)

S$>2: Quantum Correlation

P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. H.
Shih, "New high-intensity source of polarization-entangled photon pairs",
Phys. Rev. Lett. 75,4337 (1995).

16
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Entanglement Detection

L ee— E—

Correlation Criterion (for qubits)
Ex: Bell-type Inequality
S=E6,,60,) + E), 6, +E(6,,60;) —E®©,6}), Bell kernel

and E(61, 8) is given by 4 Local Measurement Settings

C(6y,0,) + C(0i,05)— C(01,05) — C(0i,0)
C(601,6,) + C(07,0;, )+ C(01,05) + C(67,6)

S$>2: Quantum Correlation

P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. H.
Shih, "New high-intensity source of polarization-entangled photon pairs",
Phys. Rev. Lett. 75,4337 (1995).

17
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Entanglement Detection

| —— —

Correlation Criterion (for qubits)

Ex: Entanglement Witness

Target state: |@) = L(|HH> +[VV))

V2
Experimental State (output): P
Entanglement Witness: Wy = %I — | PN P]
Correlation Criterion:
. P2 is a Entangled state close to
T'r [ch ,0(1)] < 0 1

@) = E(IHPU +[VV))

e— R——

18
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Entanglement Detection

L T e— R ——

Correlation Criterion (for qubits)

Ex: Entanglement Witness

Correlation Criterion:
P® is a Entangled state close to

TrWeps) <0 B) = —([HH) + |VV))

/ V2

Local Operator Decomposition (LOD) i.e. Measuring State Fidelity

- . |
We = =1 —|PNDP|: PP =-([+0., R0, +0, R0, —0y ®0y)

o AL 4
. . op = |+)X+] — |-)—|
7 = = VAVE RyR| — LY

L — —————

19
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Entanglement Detection

Correlation Criterion (for qubits)

Ex: Entanglement Witness

Correlation Criterion:
P® is a Entangled state close to

TrWeps) <0 B) = —([HH) + |VV))

\ V2

Quantum State Tomography (QST)

,/000 Po1 P02 Po:?
___|P10 P11 P12 P13
P — P20 P21 P22 P23

P30 P31 P32 P33

20
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Entanglement Detection

— ——

Correlation Criterion (for qubits)

Ex: Entanglement Witness

Correlation Criterion:
P® is a Entangled state close to

l 1
TriWape) <0 ) = = (JHH) + [VV)
\ \/5
Quantum State Tomography (QST)
Local Operator Decomposition (LOD) i.e. Measuring State Fidelity
QST LOD

# of Local Meusurement Settings 15 3

L Teeee—— RE—

21
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Entanglement Detection

Detection of Genuine High-order Entanglement

Local Measurement Settings

Correlation Criterion

22
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Entanglement Detection

Local Measurement Settings (for qurrits)

Ex: Settings for OAM-Entangled Photon Pairs

Coincidence
Holog‘ram detection

Beam '

preparation “‘—> . D l
= Monomode- &
fibre
Crystal

Mair, A., Vaziri, A.,Weihs, G. & Zelhnger A. Entanglement of the orbital
angular momentum states of photons. Nature 412, 313-316 (2001).

Hologram: e Single-mode Fiber: e Single Photon Detector:

Single Qutrit Rotation Qutriit State Selection Quitrit Detection

(lowest order spatial component)

\ spatial mode analyzer

23
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Entanglement Detection

Correlation Criterion (for quirits)

Ex: Bell—type Inequality (4 Local Measurement Settings)

S; =+ P(A; = B) + P(B, = A, + 1) + P(A, = B,) Bell kernel
+P(Bz=A1)_P(A1=B1_1)_P(B1=A2)
—P(A, =B, —1)—PB,=A, - 1),

where

2
P(A, =By +k) = > P(A, = j, B, = j + kmod3)
i=(0

S$>2: Quantum Correlation

A. Vaziri, G. Weihs, & A. Zeilinger, Experimental two-photon, three dimensional entanglement
for quantum communications. Phys. Rev. Lett. 89, 240401(2002).

24
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Entanglement Detection

L — R———

Correlation Criterion (for quirits)

Ex: Bell—type Inequality (4 Local Measurement Settings)

S; =+ P(A; = B) + P(B, = A, + 1) + P(A, = B,) Bell kernel
+P(Bz=A1)_P(A1=B1_1)_P(Bl=A2)
—P(A, =B, —1)—PB,=A, - 1),

where

2
P(A, =By +k) = > P(A, = j, B, = j + kmod3)
i=(0

S$>2: Quantum Correlation
Genuine 3-level entanglement??

A. Vaziri, G. Weihs, & A. Zeilinger, Experimental two-photon, three dimensional entanglement
for quantum communications. Phys. Rev. Lett. 89, 240401(2002).

25
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Entanglement Detection

L T e— R ——

Correlation Criterion (for quirits)

Ex: Bell—type Inequality (4 Local Measurement Settings)

S; =+ P(A; = B) + P(B, = A, + 1) + P(A, = B,) Bell kernel

+P(B,=A) —P(Ay =B, —1) = P(B; = Ay) 4 Local
—P(Ay =B, — 1) = P(B, = A, — 1), Measurement
where Settings:

(A1 ,B1) (A ,B2)
(A2 IBI) (A2 le)

S$>2: Quantum Correlation

2
P(A, =By +k) = > P(A, = j, B, = j + kmod3)
i=(0

A. Vaziri, G. Weihs, & A. Zeilinger, Experimental two-photon, three dimensional entanglement
for quantum communications. Phys. Rev. Lett. 89, 240401(2002).

26
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Detecting Genuine High-order

Entanglement

. ° ° |
Correlation Criterion (for quirits)

Ex: Entanglement Witness
Target state: IMES) = (e/*7|L)|r) + |G)lg) + ¢P7|R)|1))//3

Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring
Quitrit-Qutrit Entanglement of Orbital Angular Momentum States of an Atomic
Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and
bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state
| tomography. Phys. Rev. A 66, 012303 (2002).

T — e
27
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Entanglement Detection

Correlation Criterion (for qutrits)
Ex: Entanglement Witness

Target state: IMES) = (e/*7|L)|r) + |G)lg) + ¢P7|R)|1))//3

(1) Quantum State Tomography

Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring
Quitrit-Qutrit Entanglement of Orbital Angular Momentum States of an Atomic
Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and
bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state
tomography. Phys. Rev. A 66, 012303 (2002).

27
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Entanglement Detection

Correlation Criterion (for quirits)
Ex: Entanglement Witness
Target state: IMES) = (e/*7|L)|r) + |G)lg) + ¢P7|R)|1))//3

(1) Quantum State Tomography (2) Experimental State Fidelity:
Feop = <M:ES|,66XP|MES> = 0.74 = 0.02

Xp

Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring
Quitrit-Qutrit Entanglement of Orbital Angular Momentum States of an Atomic
Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and
bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state
tomography. Phys. Rev. A 66, 012303 (2002).

27
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Entanglement Detection

Correlation Criterion (for quirits)

S ——"

Ex: Entanglement Witness
Target state: IMES) = (e/*7|L)|r) + |G)lg) + ¢P7|R)|1))//3

(1) Quantum State Tomography
Pexp —

(2) Experimental State Fidelity:

Fexp = (MES|pey,IMES) = 0.74 = 0.02

(3) The experimental state is identified as
Genuine three-level entangled through the
correlation criterion:

Fexp > 2/3

Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring
Quitrit-Qutrit Entanglement of Orbital Angular Momentum States of an Atomic
Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and
bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state
tomography. Phys. Rev. A 66, 012303 (2002).

27
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Entanglement Detection

Correlation Criterion (for quirits)
Ex: Entanglement Witness
Target state: IMES) = (e/*7|L)|r) + |G)lg) + ¢P7|R)|1))//3

(1) Quantum State Tomography (2) Experimental State Fidelity:

Pexp = Fexp = (MES|pey,[IMES) = 0.74 % 0.02
(3) The experimental state is identified as
Genuine three-level entangled through the
correlation criterion:
80 Local ement Settings  [ox > 2/3

Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring
Quitrit-Qutrit Entanglement of Orbital Angular Momentum States of an Atomic
Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and
bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state
tomography. Phys. Rev. A 66, 012303 (2002).

28

20101081 1HE#—



Entanglement Detection

Generic multilevel Bell-type Inequalities (BI)

Son, W,, Lee, J. & Kim, M. S. Generic Bell Inequalities for Multipartite Arbitrary Dimensional Systems Phys.
Rev. Lett. 96, 060406 (2006).

Quantum state tomography+correlation criterion

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state tomography. Phys.
(QST‘I’CC) Rev. A 66, 012303 (2002).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and bound entanglement.
Phys. Rev. A 63, 050301 (R) (2001).

Local operator decomposition (LOD+CC)

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state tomography. Phys. Rev. A 66, 012303 (2002).
Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number withesses and bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

29
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Entanglement Detection

Generic multilevel Bell-type Inequalities (BI)

Son, W,, Lee, J. & Kim, M. S. Generic Bell Inequalities for Multipartite Arbitrary Dimensional Systems Phys.
Rev. Lett. 96, 060406 (2006).

Quantum state tomography+correlation criterion

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state tomography. Phys.
(QST+CC) Rev. A 66, 012303 (2002).

Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and bound entanglement.
Phys. Rev. A 63, 050301 (R) (2001).

Local operator decomposition (LOD+CC)

Thew, R. T., Nemoto, K., Weihs, A. G. & Munro, W. J. Qudit quantum-state tomography. Phys. Rev. A 66, 012303 (2002).
Sanpera, A., Bruss, D. & Lewenstein, M. Schmidt-number witnesses and bound entanglement. Phys. Rev. A 63, 050301(R) (2001).

d: level #; N: qudit # Bl QST+CC LOD"‘CC

Multilevel &

Multipartite X 0 0

Genuineness

# of Local N d2N - 1 2(dN-1)

Measurement Setting

29
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Entanglement Detection

Q1: 2-local measurement settings are enough for detecting, e.g., states
close to

1
\w>:\/§(\.h, h) +10,0) + |—h,+h)) ?

Q2: 2-local measurement settings are enough for estimating
experimental state fidelity without full Quantum State Tomography??

Q3: 2-local measurement settings are enough for detecting Genuine
General High-order Entanglement and for estimating experimental
state fidelity without taking full Quantum State Tomography???

30
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

Detecting states close to /) = 7(|00> + 1), +122),.)

Observation:
1
ab), ta+b=0
) = —(!00> +12),, +121),,)

7
ab) _1a+b=0

z: normal basis

x: fourier basis
*

31
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Efficient Detection of Genuine

High-order Entanglement

1
Detecting states close to [¢) = %(|Oo>zz + 1), +122),.)

(1) Correlator 1 (2) Correlator 2
1 1
) = ﬁ(lo%x +12),, +121).,) ) = E(IOOM +12),, +121),.)
where k, = k) (k|, k€{0,1,2}, o€ 2,7
L e ——————
32
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

1
Detecting states close to [¢) = ﬁ(|00>zz + 1), +122),.)

(1) Correlator 1 (2) Correlator 2
) = —=(100).. + [12)., +[21)..) ) = (00}, + [12),.. +[21),.
é1=(0, —1,) ® 0,
+(1. - 2.)®2,
+(2, —0,) ® 1,
where k, = k) (k|, k€{0,1,2}, o€ 2,7
L — ———————
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

1
Detecting states close to [¢) = ﬁ(|00>zz + 1), +122),.)

(1) Correlator 1 (2) Correlator 2
) = —=(100).. + [12)., +[21)..) ) = (00}, + [12),.. +[21),.
¢ = (0, —1,)®0,
+(1. - 2.) ®2,
+(2. —0.) ® 1a
+(0. —2.) ® 0,
+(1, -0,)®2,
+(2, - 1.) ® 1,.
where k, = k) (k|, k€{0,1,2}, o€ 2,7
= ——
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Efficient Detection of Genuine

High-order Entanglement

1
Detecting states close to [¢) = EUOOM + 1), +122),.)

(1) Correlator 1 (2) Correlator 2
) = —=(100).. + [12)., +[21)..) ) = }<|oo>x F2),. 4+ [21),.)
élz(ﬁz—iz)@)ﬁaz ( i)@)éz
+(1. - 2.)®2, (1o = 2,) @2,
+(2. - 0.) @ 1, (2: —0,) ® 1,
+(0. —2.) ® 0,
+(1, -0,)®2,
+(2, - 1.) ® 1,.
where k, = k) (k|, k€{0,1,2}, o€ 2,7
L — —_—
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

1
Detecting states close to [¢) = EUOOM + 1), +122),.)

(1) Correlator 1 (2) Correlator 2
) = —=(100).. + [12)., +[21)..) ) = (00}, + [12),.. +[21),.
é1=(0,—1,)®0, 62—(633—133)@)@
+i. -2 @2, +(, ~2,) 02,
+(2, —0.)® 1, (2, —0,) ® 1.
+(0, —2,) ® 0, (0, —2,) ®0,
+(1, -0,) ®2, (1, —0,) ® 2,
+(2, - 1.)®1,. (2, — 1) ® 1.
where k, = k) (k|, k€{0,1,2}, o€ 2,7
L — —_—
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

Correlation Criterion

1

Target state: |v) = —=(100).. +[11)... +122)..)

Experimental State: P

Entanglement Witness:
Wy =3I — (&1 + &)

Correlation Criterion: Py is a Genuine 3-level
. Entangled State close to
TT[W¢,0¢] <0 J

1

e ———
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Efficient Detection of Genuine

High-order Entanglement

Detecting states close to |¥) = —=(/00),, +|11),, +22)..)
Experimental Implementations

P Ry

—_
N

2 Local Measurement ):—{/ O
Measurement of orbital

: ffident —=>1
Settings are sutficient angular momentum eigenstates

to implement souree i

A w =+1 m=-1 : ‘:
Wr(p = 31 — (Cl + 02) Preparation of + e ’\QD/
the superposition Mode Detectors DDJ :

A e

.............................................

Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nature Phys. 3, 305 (2007).

A. Vaziri, G. Weihs, & A. Zeilinger, Experimental two-photon, three dimensional entanglement for quantum
communications. Phys. Rev. Lett. 89, 240401(2002).

e
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Efficient Detection of Genuine

High-order Entanglement

Efficient Entanglement Criterion:

Z<Hf§ii> d(l—l)(q ) + g

j=1 \k€Y;

vertex

edge

e ==
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Efficient Detection of Genuine

High-order Entanglement

Efficient Entanglement Criterion:

Z<Hf§ii> d(l—l)(q ) + g

j=1 \k€Y;

g-colorable Graph states -> g local measurement settings are
sufficient for detection, independent of the qudit # and d

1000 e
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

Z<H§:ii> > é(l—l)(q—nq)ﬂ%q

Here €y, called correlator, 1s an new type of
correlation operators such that

¢k |G) =ta|G),

where t,=1,t,=2,¢t, =9,....

e ==

36

20101081 1HE#—



Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

Robustness of the Criterion (Witness)

The capability of the witness to identify an originally pure
state, >, in the presence of white noise as a Genuine
High-order Entanglement.

Here the contaminated state 1s of the form

py = [+ (1= p) W)W

where p 1s the probability of uncolored noise.

S — B
37
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Efficient Detection of Genuine

High-order Entanglement

cluster, /=2
HEEEEEE
2 g - N e——

4
Number of qudits N Number of qudits N
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Efficient Detection of Genuine

High-order Entanglement

cluster, /=2
HEEEEEE
2 g - N e——

4
Number of qudits N Number of qudits N
38
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Entanglement Detection

More about R
CORRELATORS C,

Q: What are correlators?

They detect correlations between two groups of qudits:

Ny e

--------------------

® - 312

____________________

mn o & .
' . 1 = = = == " -

Local Measurement Setting

- Fourier basis

.1 1:considered system | : bipartite splitting
. : normal basis | | i

39
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Entanglement Detection

More about X
CORRELATORS C,

Q: How do we derive correlators from the state
vector?

1 2
Bed=s [0 Slallp)l)
9 a,p,y=0
a+f+y=0
62= @_L)@( 0 iiz+§xiz)
+(1.-2)®(0, 0. +11)
+(§Z —(A)Z) ®( i (A)Z + Qxﬁz)
T 0.-2.)® (0,0 i 1)
+1.-0)®(02 +2, i)
) +2.-1)® (0,1, 6 2)
where k,=k) (k| X},

40
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Entanglement Detection

More about X
CORRELATORS C,

Q): How do we derive correlators from the state
vector?

2
)’
C = (GZ — iz) X (AXAZ + ix i )= Sufficient condition for
R o R dependent systems
i -2 5 +20 +11)=} AN SA N /A
+(1,-2,)®(0,2, +2, ) =D <Po'>,<p1'>,<p2'>>0
+2,-0)®0,1 +10.+2.2)=p,
T 0.-2)®0, 12
(Do) ):(P2) >0 . A
Sufficient condition for +(1Z -0 Z) X ( 2. 1
dependent systems A .
+(2,-1)® ( O
where &, =|k) (k| x}.
41
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Entanglement Detection

More about A
CORRELATORS C,

Q: Why (P1).{P).{Ps) >0 Po=0.-1)® 00, +1,
1s a sufficient condition p=(-2)®02

for dependent systems? p,=2.-0)®O01 +1

Ans: For any biseparable states, e.g., ()

we have (5,) = [<6z> <1Z>]

() = [<1> (3, >]<6§ +§x6Z+AxiZ>,
(b2} =((2:)-(0.))(0.1. + 10, +
It 1s 1mpossible to have < p1> < > < >

Whereas a contradiction reveals the dependent
systems.

42
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Entanglement Detection

ONLY THE MINIMAL TWO MEASUREMENT
SETTINGS ARE NEEDED

Witness for N-qudit cluster state

WC=-(d_1)n+2-I+ n6k+l+1—[6k+l
d ik La +1 I, +1

ey
2 local measurement settings: -.. .-

Witness for N-qudit GHZ state ‘GHZ§> = ﬁz\@

WGH2= (d—l)n+21+ gO+I g +1

d 1, +1 e ot

2 local measurement settings: ..-
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Efficient Detection of Genuine

High-order Entanglement

Remarks
Detecting (2x2 x 3x3 x 2x2)-dimensional Hyperentangled

N @l 4al g, 1 - 1_ D=1
k=1 3ta, 3d(D—1)

photons

(a) Source Measurement
BBO

d ZH
D=3 @@ | X pfe
d=2  @&-@

O mode-matching lenses

@@ O N
_______ el olo ___nL@a
A B '\i'.'t_':; 5pa

photon photon

polarization (@), spatial mode (@), and energy time (@)

J. T Barreiro, N. K. Langford, N. A. Peters,& P. G. Kwiat, Generation
of Hyperentangled Photon Pairs, Phys. Rev. Lett. 95, 260501 (2005).

S — B
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summar y

Efficient Detection of Genuine

High-order Entanglement

Remarks

Estimating Quantum State Fidelity without Quantum
State Tomography

Qudit Graph State
(Glp|G) >

NS

Hyperentangled State:

N (k) , (k) a
1 a;’ +as’ +itg.1 3d
HlolH) > 3d(1 — — 1 2 k — _92d
(H|p|H) = 3d( D)<(§3 3, >+D

7‘ ‘
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Efficient Detection of Genuine

High-order Entanglement

Remarks
Speed up the present Experimental Verification of High-

order Entanglement

*J. T Barreiro, N. K. Langford, N. A. Peters,& P. G. Kwiat, Generation of Hyperentangled Photon Pairs, Phys. Rev. Lett. 95,

260501 (2005).
* Molina-Terriza, G., Vaziri, A., Ursin. R. & Zeilinger, A. Experimental Quantum Coin Tossing. Phys. Rev. Lett. 94, 040501

(2005).

S. Groblacher, S., Jennewein, T., Vaziri, A., Weihs, G. & Zeilinger, A. Experimental quantum cryptography with qutrits. New
J. Phys. 8, 75 (2006).

*Barreiro, J. T., Wei, T.-C. & Kwiat, P. G. Beating the channel capacity limit for linear photonic superdense coding. Nature
Phys. 4, 282 (2008).

*Mair, A., Vaziri, A., Weihs, A. G. & Zeilinger, A. Entanglement of the orbital angular momentum states of photons. Nature

412, 313 (2001).
*Vaziri, A., Pan, J.-W., Jennewein, T., Weihs, G. & Zeilinger, A. Concentration of Higher Dimensional Entanglement: Qutrits of

Photon Orbital Angular Momentum. Phys. Rev. Lett. 91, 227902 (2003).
*Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nature Phys. 3, 305 (2007).

*Inoue, R., Yonehara, T., Miyamoto, Y., Koashi, M. & Kozuma, M. Measuring Quitrit-Qutrit Entanglement of Orbital Angular
Momentum States of an Atomic Ensemble and a Photon. Phys. Rev. Lett. 103, 110503 (2009).

*Taguchi, G., Dougakiuchi, T., linuma, M., Hofmann, H. F. & Kadoya, Y. Reconstruction of spatial qutrit states based on
realistic measurement operators. Phys. Rev. A 80, 062102 (2009).
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Summary

Quantum Entanglement & Quantum Information Processing Entanglement Detection

Efficient Detection of Genuine

High-order Entanglement

Remarks
Speed up the future Experimental Verification of High-

order Entanglement

L’>§|1’>

/55”4 >

.~ BS3\.. - S
T 3)

----------
-----

......

- g

Ptag
-
~ -
----------------

Vallone, G., Mataloni, P. & Cabello, A. Multiparty multilevel energy-time entanglement.
Phys. Rev. A 81, 032105 (2010).
*
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Quantum Entanglement & Quantum Information Processing Entanglement Detection Summary

Detecting Genuine High-order

Entanglement

—
Q1: 2-local measurement settings are enough for detecting, e.g., states
close to
1
V) = —=(+h, =) +10,0) + [=h, +1)) 7

V3
Yes

Q2: 2-local measurement settings are enough for estimating
experimental state fidelity without full Quantum State Tomography??

Yes

Q3: 2-local measurement settings are enough for detecting Genuine
General High-order Entanglement and for estimating experimental
state fidelity without taking full Quantum State Tomography???

Yes

—_ —
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Summary

® Genuine High-order Entanglement can be

efficiently detected without complicated local
measurements.

® The present detection schemes can be applied
for the present and future experiments.

¢ Estimating Quantum State Fidelity without full
Quantum State Tomography is possible.
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Thanks for your attention!!

L — T
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