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@ Local oscillator (LO)

same frequency as carrier

AR AR AR ARARAARARAA]

TYRRRR

Mixer
multiply

low-pass filter demodulated signal

receirved carrier
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@ Local oscillator (LO)

same frequency as carrier

LA LARAARAARAARAARAARAARAARA]

We can select AM or FM signal

by changing the LO phase.

Mixer
multiply

low-pass filter demodulated signal

receirved carrier
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A

NHK
(AM)
594kHz

J-WAVE
(FM)
81.3MHzZ

||
AM signal

1

|

|

SIARARRAARAARAAE

‘ |
Carrier | il
We don’t have to think about photons!

A NZ N | LA 1

Am photon energy = hv

(11T

111 : Planck’s const (6.6x10-4Js)
v: frequency (Hz) m
AETEEEERRREEVER TR v & o

Carrier

/\/\/ .

Frequency (phase) modulation
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AM and FM signals

Optical freq. AM signal
100THz

Carrier

AR
We have to think about photons!

s
Amplitude modulation

Carrier

NN\

Frequency (phase) modulation
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AM and FM signals

Optical freq. AM signal
100THz

Carrier

LT
We have to think about photons!

#

We have to think about the shot noise!

Carrier

VA

Frequency (phase) modulation
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@ Local oscillator (LO)

same frequency as carrier

LOAARA AR R hhndh
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Mixer
multiply

low-pass filter
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receirved carrier
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cillator (LO)

C\ same Lequencv as carrier

Mixer
multiply

IOW-pass filter

W W

receirved carrier
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X

cillator (LO)

O same |requencv as carrier

@ Beam splitter {

low-pass filter

W W

receirved carrier
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% mciuator (LO)
same frequency as carrier

@ Beam splitter

low-pass filter

W W

receirved carrier

£ VW

LO

—b}—»

l

Input
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£ VW

% mciuator (LO)
same frequency as carrier

Lo ¢
—b/—»

' Input

@ Beam splitter /\/\/

low-pass filter  j.10dulated signal

W’W‘wa“w With shot noise!

receirved carrier
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£ VW

@ MCillator (LO)
same frequency as carrier

Lo ¢
—b/—»

' Input

@ Beam splitter ’\/\/

low-pass filter  j.10dulated signal

WNMNW\MWVWM With shot noise!
: : S
receirved carrier Shannon limit!

Coherent communication
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An example of quantum version of coherent communication
Beyond e Shot
Sending OO> — ‘So> — ‘OC>‘OC>‘OL>
station ()1>: Sl>:‘(x>‘—06>‘—(x>
10)=[S, )= |-or)| ezl

o [ =8s) =|-o]o) o)

Receiving

station
/3 12

“«Li>: E‘Sk><Sk‘ ‘Si> (1=0,1,2,3)
=t /

Orthogonal bases
M. Sasaki et al., Phys. Lett. A 236, 1 (1997)




An example of canantfitm ver<ion of coherent communication

Sending 00

station 01
Kl
fiber 11>:

station

Receiving
i P

L 0.1.2.3

M. Sasaki et al., Phys. Lett. A 236, 1 (1997)
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Quantum version of coherent communication

) Receiving
Quantum 1information station
processing (QIP)

Extract information
beyond
the Shannon lIimit

.
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Quantum version of coherent communication

) Receiving
Quantum 1information station
processing (QIP)

Extract information
beyond
the Shannon lIimit

.

We need QIP for coherent states of light!!

2011FE8H24H/KIEH



Schrodinger cat states

N, (|o)—|-a))

N, (|or) +|-e))




Schrodinger cat states
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Schrodinger cat states

N, (|o)—|-a))

N, (o) +|-e))
o= 5L
0= 3




Schrodinger cat states
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W(x,p)

Schrodinger cat states

0.15

0.10 / e 3

0.05 | 71 il N

0.00 —

-0.05 |

-0.10 ' »
40 20 00 20 4.0

p

K. Wakui et al.,
Opt. Exp. 15, 3568 (2007)

H. Takahashi et al.,
Phys. Rev. Lett. 101, 233605 (2008)
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Schrodinger . . .
g qubits continuous variables

bit flip x-dlsplacement

—219
>’ 1> O-x {‘ } ’
l Hadamard l Fourier

p-displacement

conjugate {|+ phase flip {‘p>} Z(S): ezisfc

basis } O.
CNOT |x)|x") = | x)|x+ x'mod2) QND |x>|x'> — ‘x)‘x + x')

computational {‘
basis

e 021)
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Schrodinger .
picture qubits

continuous variables

(Ia) |-a))

. bit ﬂ1p
computational {‘

basis

l Hadamard

conjugate phase flip
u
basis {| + } O.

Q

(o) +-a) x-dlsplacement

(9} 5=

)

l Fourier
p-displacement
{‘ p>} Z(S) _ plist

. 0]

CNOT |x)|x") = | x)| x + x'mod?2)

QND |x>|x') — \x}\x+x')
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Schrodinger .
picture qubits

Q

bit flip »

computational {|
basis

Dy o
vadamard
)+1—)

. phase flip
conjugate {l 4 O
basis Z
)= 0D
2

CNOT |x)|x") = | x)|x + x’mod2)

Helsenbel‘g a x _I_ lp
picture

continuous variables
(Ia) |—er))
(|o) +|-ex))

x-dlsplacement

(9} 5=

l Fourier
p dlsplacement
{ ‘ } 82 isX

QND |x>\x’) — \x)‘x+x')

x| x) = x|x)

plp)=rlp)
[, ]—

h=

L
2

D | —
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Schrodinger . . .
g qubits continuous variables

bit flip » (|a§+::2 x-d1sp1acement
} {| } e—215p
l Hadamard l Fourier
phase flip p-displacement
conjugate { {‘ >} - R
st |+> | > O-|+_Z-)=|0>i|1> p Z(S) — €

J2
CNOT |x)|x") = [x)|x+ x’'mod2)  QND ‘x)‘x') —> ‘x)‘x+ x')

Helsenberg + f'lx) = x|x)
AM signal = x L] 2
FM signal = p

Q

computational {|
basis

D | —
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Generalized teleportation

measurement and

v) @

Diedforward

Ancilla —@
entanglement

x| |v)

CNOT (qubit) QND (CV)

Fidelity = 0.83

M. Yukawa, H. Benichi,
A. Furusawa
PRA 77, 022314 (2008)
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Generalized teleportation
measurement and

feedforward
v)—@— — —
Fidelity = 0.83

. | M. Yukawa, H. Benichi,
Ancilla ‘ } | W> A. Furusawa
entanglement PRA 77, 022314 (2008)
CNOT (qubit) QND (CV)

Teleportation based quantum information processing 1
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Generalized teleportation
measurement and

feedforward
v)—@— — —
Fidelity = 0.83

. | M. Yukawa, H. Benichi,
Ancilla ‘ } | W) A. Furusawa
entanglement PRA 77, 022314 (2008)
CNOT (qubit) QND (CV)

Teleportation based quantum information processing 1
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Generalized teleportation
measurement and

feedforward
v)—@— — —
Fidelity = 0.83

. | M. Yukawa, H. Benichi,
Ancilla ‘ } | W) A. Furusawa
entanglement PRA 77, 022314 (2008)
CNOT (qubit) QND (CV)

Teleportation based quantum information processing 1

v) @ | —

N

Uc) —© x|
S(r)|0)  squeezed vacuum

—_
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Generalized teleportation

measurement and

v) @

Diedforward

Ancilla —@
entanglement

x|

CNOT (qubit) QND (CV)

Fidelity = 0.83

| > M. Yukawa, H. Benichi,
W A. Furusawa

PRA 77, 022314 (2008)

Teleportation based quantum information processing 1

v) @

N

Uc> @

state preparation

—_

.73
X dee’kx

S (r)‘ O> squeezed vacuum

x) cubic phase state

Cubic phase gate
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Generalized teleportation

measurement and

v) @

Diedforward

Ancilla —@
entanglement

x|

CNOT (qubit) QND (CV)

Fidelity = 0.83

| > M. Yukawa, H. Benichi,
W A. Furusawa

PRA 77, 022314 (2008)

Teleportation based quantum information processing 1

v) @

N

Uc> @

state preparation

—_

.73
X dee’kx

S (r)‘ O> squeezed vacuum

x) cubic phase state

CV n/8 gate
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Generalized teleportation

measurement and

v) @

Diedforward

Ancilla —@
entanglement

x| |v)

CNOT (qubit) QND (CV)

Fidelity = 0.83

M. Yukawa, H. Benichi,
A. Furusawa
PRA 77, 022314 (2008)
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Generalized teleportation
measurement and

feedforward
v)—@— — —
Fidelity = 0.83

. | M. Yukawa, H. Benichi,
Ancilla ‘ } ‘ l//> A. Furusawa
entanglement PRA 77, 022314 (2008)
CNOT (qubit) QND (CV)

Teleportation based quantum information processing 2

one-way quantum computation with cluster states
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Generalized teleportation
measurement and

feedforward
v)—@— — —
Fidelity = 0.83

. | M. Yukawa, H. Benichi,
Ancilla ‘ } ‘ l//> A. Furusawa
entanglement PRA 77, 022314 (2008)
CNOT (qubit) QND (CV)

Teleportation based quantum information processing 2

U0 generalized measurement

P

D
x| U

V)

one-way quantum computation with cluster states
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Generalized teleportation

measurement and

v) @

Ancilla )

Diedforward

entanglement

CNOT (qubit) QND (CV)

Fidelity = 0.83

| X ‘ > M. Yukawa, H. Benichi,
| l// A. Furusawa

PRA 77, 022314 (2008)

Teleportation based quantum information processing 2

U’ D U generalized measurement

O

—lLl iky?

pe™ = p+kx
= (pcosO— xsinB)/cosb
0 = tan"' (—k)
Homodyne

one-way quantum computation with cluster states measurement
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one-way quantum computation with cluster states
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one-way quantum computation with cluster states

! 131(7 1 cluster state

cluster state
N O®O@
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one-way quantum computation with cluster states

cluster state

Jda| p=a)|x=a) p=a)
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one-way quantum computation with cluster states

N2
e ,, OO@
U;I’}2U2
(|p=0)
p=0)
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one-way quantum computation with cluster states

jdal‘p=a> x=a> p:a>
75 (NOH)+511-)

)= 75 00)+10). |9 =500)-I1)

multipartite entanglement

\‘p:O> "/ E 0302ﬁ1‘1//>
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one-way quantum computation with cluster states

jdal‘p=a> x=a> p:a>
75 (NOH)+511-)

)= 75 00)+10). |9 =500)-I1)

multipartite entanglement

\‘p:O> "/ E 030261‘1//>

00
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one-way quantum computation with cluster states

jdal‘p=a> x=a> p:a>
75 (NOH)+511-)

)= 75 00)+10). |9 =500)-I1)

multipartite entanglement

\‘p:O> "/ E 030201‘1//>
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one-way quantum computation with cluster states

jdal‘p=a> x=a> p:a>
75 (NOH)+511-)

)= 75 00)+10). |9 =500)-I1)

multipartite entanglement

\‘p:O> "/ E 03021’]1‘W>
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one-way quantum computation with cluster states

cluster state
p=a)

=)
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Quantum version of coherent communication

: Receiving
Ultimate goal ‘Quantum information ~ |station |

processing (QIP)
ELVAVATA
-0 A\
ZAVAVAVA
Extract information

. beyond
AnCllla the Shannon limit

.

We need QIP for coherent states of light!!
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Quantum version of coherent communication

Recelving
° 4 . )
Ultimate goal Teleportation based BRGNS

QIP

ELATAYA
-0 AN\
EAVAVAYA

Extract information

. beyond
AnCllla the Shannon limit

.

We need QIP for coherent states of light!!
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In this talk,

First step of teleportation based QIP for coherent states

Teleportation of a Schrodinger cat state of light

— N, (l0)~|-))

W(x,p) W(x,p)
0.15 0.15 6
4
0.10- = o SRR 0.10- ' £ 0 P T R
3 o R — El b
0.05 - ) 0.05 - | ° 4
0 0.5 1 % 0.5 1
0.00 - phase(m) 0.00- phase(Tr)
v
0.8
-0.05- -0.05~ 0.8
_086 0.6
0.10 04 -0.10 p ]
8 . S04
1B =4 gl S 4008 910 . 00 2345678910
4 T rT—yT7T1 T 4 Photon number 4 L v o e 4 Photon number
280 D wp0p2 O 2 2 0.2 42 0 2
P X p

Input Output

N. Lee, H. Benichi, Y. Takeno, S. Takeda, J. Webb, E. Huntington, & A. Furusawa, Science 332, 330 (2011)
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Teleportation based quantum information processing

v) —@

A

U

- —

c>%

—

ifor’
. jdx e

S (r)[0)  squeezed vacuum

x) cubic phase state

X | Oly)

Cubic phase gate
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Teleportation based quantum information processing

- —

x| S(r)|w)

! [ S(r)|0)  squeezed vacuum ]
*"|x) cubic phase state
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Teleportation based quantum information processing

- —

X[ S(r)|y)
Universal squeezer |

! [ S (r)|0) squeezed vacuum

. jdx ¢ |x) cubic phase state Cubic phase gate
0150
|w>7‘j“
| UlpU
[p=0) x|

~

U
A‘. ~
U,pU,
X2

p=0) EA:
\|7=0) o % 0.0,0,|w)
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Teleportation based quantum information processing

- —

X[ S(r)|y)
Universal squeezer |

! [ S (r)|0) squeezed vacuum

P 3 ) .
. jdx e™ x> cubic phase state Cubic phase gate
. . lr%ml 45\ | /Lb:(p)-i?(x)» -
g SN gt
|W>AT‘ A ,\ an3 = - ~— ,
A " el
|p=0) X, t -
| Uihu, - ==
|p - O> .:Xz l‘ Quantum channels 7 sow
\»=9) 4 X |- U,0,0,|y)
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Teleportation based quantum information processing

- —

X[ S(r)|y)
Universal squeezer |

: [ S (r)|0) squeezed vacuum

P 3 : :
. jdx ™ |x) cubic phase state Cubic phase gate
" n %, 45\ I | /Lluﬁ:(p)-l?(x)—> /Hf
U'pU, | |

anz -— 2 TITTTTT] --------E E
| w> an3 G Prenerees ........i E
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Teleportation of
a Schrodinger cat state of light

N. Lee, H. Benichi, Y. Takeno, S. Takeda, J. Webb, E. Huntington, & A. Furusawa, Science 332, 330 (2011)
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Creation of a cat ‘ __.’

Defined in time-domain

S (r)‘0> = 1 i@tanh” r‘2n>

= J@2n+1)! 2n+1)

Quadrature
o oS

IN

0.6

y
o
3y

Probabilit

0.1

0.4}
0.3
0.2}

O .
Q192384 580 /8 8

o

90 180
Phase [degree]

3mW'—V‘

Photon number

0 90

180
Phase [degree]

40mMVV

012534 S 60T 8
Photon number

K. Wakui, H. Takahashi, A. Furusawa, M. Sasaki, Opt. Exp. 15, 3568 (2007)
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Time-domain EPR correlation Alice

Bob
X measurements
4 . : . . : . : . .
3} ‘-"'-‘ ;".‘ -
2} ,:"xj' T \ ! &
1L " B -
EPR 1) R SIATRNE SATAY, :
) 3 k | !
A A 4 1 1 L ] L L 1 1 ]
X, —Xg — 0 o 1 2 3 4 5 6 7 8 9 10
3 A n A N O time (usec)
LPA ™ Py p measurements
4 : : : . : : : : .
3t :
AMsignal=% | 2| Y. :
noise ok AN g
FM signal=p | 11} ‘ ;
2 noise p _; i MR U
a3 | f :
_4 1 1 1 1 1 1 1 1 1

time (usec)
N. Takei, N. Lee, D. Moriyama, J. S. Neergaard-Nielsen, A. Furusawa, PRA 74, 060101(R) (2006)
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Creation of
EPR beams
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Creation of a cat |
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Teleportation of
a Schrodinger cat state of light
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N. Lee, H. Benichi, Y. Takeno, S. Takeda, J. Webb, E. Huntington, & A. Furusawa, Science 332, 330 (2011)
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SCIENCE

Quantum Leap: Scientists
==rumm Teleport Bits of Light 16.05.2011 20:50
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By Clara Moskowitz
Published April 14, 2011
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XABC News

Scientists teleport Schrodinger's cat

By Carl Holm for ABC Science Online

Updated Fri Apr 15, 2011 12:13pm AEST

N. Lee, H. Benichi, Y. Takeno, S. Takeda, J. Webb, E. Huntington, & A. Furusawa, Science 332, 330 (2011)
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Teleportation based
Quantum Information processing
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High-fidelity universal squeezer with measurement and feedforward

seneralized teleportation

p-Measurement

Input

Beam
Splitter

AM signal = x
FM signal =7

- —
X 30)|w)

Feedforward

Displace in p|—> o

vacuum

OPO

Squeezed

ol \/_x NI=TxVe
A/’ 1

P, = \/— P]

R. Filip, P. Marek, and U. L. Andersen, PRA 71, 042308 (2005)
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High-fidelity universal squeezer with measurement and feedforward

- —
X 30)|w)

seneralized teleportation

p-Measurement

Feedforward
Input o
Q Displace in p|—> '
Beam
Splitter Squeezed
vacuum o
’ =T
: n . |
AM signal = x OPO . X | pr= N D,
FM signal = p .
g p I <x1(£)> =0

R. Filip, P. Marek, and U. L. Andersen, PRA 71, 042308 (2005)
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High-fidelity universal squeezer with measurement and feedforward

seneralized teleportation

p-Measurement

tunability of squeezing
level with T

Displace in p|—>

Input

Beam
Splitter

Squeezed
vacuum

|-p A/’ J_XI
AM signal = x OPO . X | pr= \/1_ D,
FM signal = p | <;C(o>> ~0
) =

R. Filip, P. Marek, and U. L. Andersen, PRA 71, 042308 (2005)
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Output of High-fidelity squeezer

ancilla: -5dB of squeezing
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12} {at {2t
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{4} {4} {4t
el 15l 15
\ i 1 6 i i i 6 | i 1 6 \ i i
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
phase (?x rad) phase (?x rad) phase (?x rad) phase (?x rad)

J. Yoshikawa, T. Hayashi, T. Akiyama, N. Takei, A. Huck,
U. L. Andersen, and A. Furusawa, Phys. Rev. A 76, 060301(R) (2007).
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QND

Quantum Non-Demolition (QND) interaction
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ol

QND

Quantum Non-Demolition (QND) interaction

A

A_l A _ A
UQNDszQND = P>
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QND

Quantum Non-Demolition (QND) interaction  Eo)NIRLI1:

A

A

-] A . A A

A

U(Sll\lelUQND = 131 — Gﬁz

—1 A s

QNDxlUQND = X

A

A
A

A

_1 A _ A
QNDszQND = P>

€

—21X) P,

xl>®‘x2>: ‘x1>®‘xl +x2>

CV-CNOT gate (G=1)
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UQND — €

—i2G* P,

Quantum Non-Demolition (QND) interaction  Eo)NIRLI1:

A_l A _ A
UonoX1Uonp = X,
& -] A > . A A
A_l A . A A

anP\Uonn = P =GP,

_] A _ A
QNDszQND = P>

€

—21X) P,

x1>®‘x2>: ‘x1>®|xl +x2>

CV-CNOT gate (G=1)

N
JZN

QND

P
l BS
SQZ
X
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QND interaction with universal squeezers

Universal
B  squeezer

L. (1 . [a=T .,
x§=x2+(——ﬁ)xl+\/T x{’e”” Mode 1 :

i \/T 1+ 7T
N, L7 ) \/ 1-T .
=p,—| —=—-~NT |p,+.|T Xy e™
P = P (\/7 )P_ (17 B
7 Mode 2
Py =Dyt ﬁéO)e_’
" i 1+ 7T
N E—

Universal
squeezer
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QND interaction with universal squeezers

Universal
B  squeezer

Universal
squeezer
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QND interaction with universal squeezers

Universal
B  squeezer

T )
o - _1 ....... 3
Py = P, _:(ﬁ — \/F)'pz
!
ﬁ? = 132
1 Universal
(G = = T squeezer
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QND interaction with universal squeezers

Universal
B  squeezer

E__. — = '__.I T
.52 = 132
1 Universal
G — squeezer
JT T=0.38 q

-4.2 dB of squeezing
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Experimental results

o = i V@) VE,)
X" =%+ &) AfterHQND
4 I af e -

variance (dB)
N

. ‘ - > _‘ _y(jel)
X, X, Before QND
‘ V()Acz) -2 1
Inputs Outputs

Theoretical values
with finite squeezing of ancillae: -4.9dB

J. Yoshikawa et al., Phys. Rev. Lett. 101, 250501 (2008)
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Experimental results

)’Elom = fcf“ - V(xl) V(xz)
Aout __ AIn An H
Xpn =% TX After QND
~nout __ ~Ain _ Ain _ 4 o ro— -
P =P — P, @ oy
Aout __ Aln K
P> =P < Z 2 | — )
&
I .0
— . — —P —y(xl)
Xy X, Before QND
‘ V(x,) -2 |1
Inputs Outputs

Theoretical values
with finite squeezing of ancillae: -4.9dB

J. Yoshikawa et al., Phys. Rev. Lett. 101, 250501 (2008)
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Experimental results

)'Elo“‘ — 55]‘" V()Acl) V(fcz) V(IA?1) V(ﬁz)

)’Eout — )’Ein + )’Ein ° H
- . 1 After QND
Aout Ain_f\in . 4 [ 1 1 [ 1 il
=P P ; —
Aout __ Aln Z
Py =D; [ B S |
O
1 0 MWVM WWWMM
— - —d _y(fcl)
X, X, Before QND
‘ V()Acz) -2 1
Inputs Outputs
P> %, Theoretical values
— . o > .—p with finite squeezing of ancillae: -4.9dB
1 1
‘ J. Yoshikawa et al., Phys. Rev. Lett. 101, 250501 (2008)
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one-way quantum computation with cluster states

cluster state
p=a)

=)
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

O = +| D)

C

o ® o

a’engbh(a) ~
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

O = +| D)

C

o ® o
© a’engbh(a) ~

GAYAEN Schridinger picture
X(I(S(I) H Za'(sa)‘(b>c = ‘(D>C

a’engbh(a)
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

O = +| D)

C

o ® o
© a’engbh(a) ~

GAYAEN Schridinger picture
X(I(S(I) H Za'(sa)‘(b>c = ‘(D>C

a’engbh(a)

_.2 IS“ [l,a - Z .ra' ]
a’engbh(a) ‘ (D> _ ‘ (I)>

€
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

O = +| D)

C

O.ia) ® O.Sa')
© a’engbh(a) ~

GAYAEN Schridinger picture

2is,| pa— >, iy
e \ a’engbh(a) ) |¢> — I@)
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

O = +| D)

C

o ® o
© a’engbh(a) ~

GAYAEN Schridinger picture

2is,| pa— >, Xy
e \ a’engbh(a) ) |®>C — ‘@)

Heisenberg picture
i}a - 2 .%af — O

a’engbh(a)

C
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Definitions of qubit and CV cluster states

VL1 U Schrodinger picture

CvV

—-21s,,

o ® o
© a’engbh(a) ~

C

Schrodinger picture

®) =+

a’engbh(a) ) |®>C — |®>C

Heisenberg picture
i}a - 2 .%a/ — O

a’engbh(a)

Nonclassical correlation

AM signal = x
FM signal = p

Entanglement
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4-mode cluster states

Linear 4-mode

00

2011FE8H24H/KIEH

pl_x2_>0

Pz_xl_x?,ﬁo

pi—Xx,—x, >0

A

p.— X, >0

FM signal = p

AM signal = x

Diamond-shape

h—% —% —0

p,—% —% =0
4

133_551_552_)0

py—X—Xx, >0




Generation of cluster states with squeezed vacua

LA A A

p,—% =2 p” >0 (r— o)

—r ’*(0) -, "(0)

,/ ,/ e py

—-r; A (0 -y ~ (0

—.Xq . ¥4 / —e n ( ) ’ —e r ( )

_ —\/_e"* 0) _y
mode 1 mode 2 mode 3 mode 4
HBS HBS
90° 90°
80%T -
OPO-A OPO-D
P 90°

T x OPO-B OPO-C
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LA A A

Generation of cluster states with squeezed vacua
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Generation of cluster states with squeezed vacua

LA A A

_x‘)

)
V2e p =0 (r— o)

_r A(O) Ty A(O)
\/ \/ € Py
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M. Yukawa, R. Ukai, P. van Loock, and A. Furusawa, Phys. Rev. A 78, 012301 (2008)

2011FE8H24H/KIEH



4-mode T-shape cluster type B _ % - 50
multipartite entanglement py—% =0
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M. Yukawa, R. Ukal, P. van Loock, and A. Furusawa, Phys. Rev. A 78, 012301 (2008)
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4-mode diamond-shape cluster type | |5,- &% -0

multipartite entanglement Py % =% =0
Py =X —X, >0
4 : 141y 4 ; ‘ (1

2 ’<A(131 _5‘\'3_“{’4)2> I @{%"

A ~ ~ 2 /’7- \ [ 7\‘

= - 2-<A(p,—x;—x4) >
et P & = e
~— 0 W o\ v, R A ,\“H.‘\f-"f% N\,‘M‘L‘v\\y,‘-wv" W ALY ¢u- e A N hpu ~— 0 M .A""z A r**ﬂ-"*"‘«'- g V’"‘ A o\ ,ﬁr,‘w.w,‘v‘_,\"l“\" J'\ “v" M
I 1"76dB™ N s 1" 76dB b
= =
O -2+ o -2}
a a
(1)) ®
3 4 -5.2+0.2dB 8 4 -5.3+0.2dB ‘
Z AW A A M 2 pA AR AR A A W s A A A 1

-6 ; -6 }

-8 : - -8 : :

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

Time (s)

Time (s)

4-.

4 - . - - .
A A A 7. — ~ " A 2
i 2-<A(p;—xl—x,) > jj/ o 2‘<A(/74_)‘|_x2)> €)
= | i -- =
= 0 PPN A AN AN N AN A AN AN = 0 fqu“-.:\... A ad WA AW‘"‘ "\J'\m‘\’-f."\w‘v""- A v/\y."rhmuh'w r
5 -1.76dB 5 " T 1.76dB
S S
o -2F o -2
o o
© ©
3 | -5.8+0.2dB 3 4| -5.9+0.2dB
= Z
6 PVMWMM'W\/\.M'W,MWW 6 *WW-’\“‘V"-MW\.WWVWMWVM
-8 ‘ : : -8 ‘ : :
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

Time (s) Time (s)

M. Yukawa, R. Ukal, P. van Loock, and A. Furusawa, Phys. Rev. A 78, 012301 (2008)
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one-way quantum computation with cluster states

A T A A
 PU, [ = o
‘ l//> O D‘ Homodyne
A T A A
p U.p,U measurement
p=0)
p=0)
p=0)
\\ p=0) > X, F UUUU,|y)
Four-mode linear cluster state i . g
/ L /,.:f;., )
R. Ukai, N. Iwata, Y. Shimokawa, S. C. Armstrong, A. Politi, e Outtl
J. Yoshikawa, P. van Loock & A. Furusawa, Pure squeezing

Phys. Rev. Lett. 106, 240504 (2011)
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Squeezing operation with a four-mode linear cluster state

Theoretical predictions

tp 10dB-squeezing | o
|
- =
X X
Input Output
\ ,/ \‘\_
- 14.7dB
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:
3 7| SNL ——
< 0 Scan ——
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R. Ukai, N. Iwata, Y. Shimokawa, S. C. Armstrong, A. Politi, J. Yoshikawa, P. van Loock & A. Furusawa,
Phys. Rev. Lett. 106, 240504 (2011)
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Squeezing operation with a four-mode linear cluster state

Theoretical predictions
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| Output
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R. Ukai, N. Iwata, Y. Shimokawa, S. C. Armstrong, A. Politi, J. Yoshikawa, P. van Loock & A. Furusawa,
Phys. Rev. Lett. 106, 240504 (2011)
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Squeezing operation with a four-mode linear cluster state

Theoretical predictions

JAVAVAN.
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Time(s)

R. Ukai, N. Iwata, Y. Shimokawa, S. C. Armstrong, A. Politi, J. Yoshikawa, P. van Loock & A. Furusawa,
Phys. Rev. Lett. 106, 240504 (2011)
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Squeezing operation with a four-mode linear cluster state
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Theoretical predictions
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Experimental results
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R. Ukai, N. Iwata, Y. Shimokawa, S. C. Armstrong, A. Politi, J. Yoshikawa, P. van Loock & A. Furusawa,
Phys. Rev. Lett. 106, 240504 (2011)
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Quantum error correction for continuous variables

encode decode correction
Input I I I ) )
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T. Aoki, G. Takahashi, T. Kajiya, J. Yoshikawa, S. L. Braunstein, P. van Loock, and A. Furusawa
Nature Physics 5, 541 (2009)
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Entanglement distillation
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H. Takahashi, J. S. Neergaard-Nielsen, M. Takeuchi, M. Takeoka, K. Hayasaka, A. Furusawa, M. Sasaki, Nature Photonics 4, 178 (2010)
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Measurement induced nonlinearity

: . . o, N3 Gottesman, et al.
Cubic phase gate: V; = CXP (ZYX ) PRA64, 012310 (2001).
s
. S d
sglt‘:: Z€ D Photon number
: : measurement
f D(ip)

>_ éentangled

+ +

‘e
‘e
]
---------------------------------------------------------------------------------------------------------------------------------------------------------
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Measurement induced nonlinearity

: T o, A3 Gottesman, et al.
Cubic phase gate: V; = CXP (ZYX ) PRA64, 012310 (2001).
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Measurement induced nonlinearity

. .17 -, 3 Gottesman, et al.
Cubic phase gate: Vy = CXp (IYX ) PRAG4, 012310 (2001).
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Quantum version of coherent communication

Recelving
° 4 . )
Ultimate goal Teleportation based BRGNS

QIP

ELATAYA
-0 AN\
EAVAVAYA

Extract information

. beyond
AnCllla the Shannon limit

.

We need QIP for coherent states of light!!
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