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 Hybrid entanglement as a “Schrodinger cat” state

o All-optical quantum information processing using
hybrid entanglement

* Generation scheme and experimental results —
entangling quantum and classical states



Schrodinger’s cat paradox
E. Schrddinger, Naturwissenschaftern. 23 (1935)

The Brussels Journal (29 October 2007)
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Entanglement between “quantum” and “classical” systems



Coherent states and single photons

e Coherent state: ‘ > —|a|/zzr‘n> “Classical”

v" Coherent states are most classical among all pure states
- semi-classical descriptions available
- most robust against decoherence (“pointer states”)

v' The two coherent states | o > and | -a > are “classically” (or macroscopically)
distinguishable for a >>1, i.e., they can be well discriminated by a homodyne
measurement (HD) with limited efficiency.

(For 70% of HD efficiency: D=99.7% for a=1.6 and D>99.9% for 0=2.0.)

e Single photon: ‘1> “Non-classical”

v Discrete light quantum containing the minimum quantized amount of energy
available at a given frequency.

v" Negative values in well-known quasi-probability distributions such as the Wigner
function.



Hybrid entanglement

 Hybrid entanglement between a single
photon and a coherent state:

(Hla)+v)l-a)

%(]@\ Alive)+|g) Dead ))

» The closest optical analogy to Schrédinger’s
Gedankenexperiment when « is reasonably large.



Can we quantify “quantum
macroscopicity’’?

“What is the correct measure of ‘Schrddinger’s-cattiness’?

Ideally, one would like a guantitative measure which
corresponds to our intuitive sense; | shall attempt one
below, but would emphasize that the choice between this
and a number of similar and perhaps equally plausible
definitions Is, with one important exception (see below),
very much a matter of personal taste, and that | very much
doubt that 50 years from now anything of importance will
be seen to have hung on it.”

(A. J. Leggett, J. Phys.: Condens. Matter 14 (2002) R415-R451)
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A general measure for bosonic systems

C.-W. Lee and H. Jeong, Phys. Rev. Lett. 106, 220401 (2011)
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« It can be applied to any harmonic oscillator systems such as
light fields.

* Independent of the decomposition of the component states.

e For an arbitrary state, it simultaneously quantifies (1) how
far-separate the component states of the superposition are
and (2) the degree of genuine quantum coherence between
the component states against their classical mixture.



Superposition of coherent states

‘Schrodinger cat” states of light:

cat) = N(|a>+ei¢\—a>) o >>1
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Macroscopic quantumness / of |a>+|-a>
with increasing o

Wigner function



Macroscopic quantumness / of

Pses = Nrlla){a| + | - a){-a| + I'(|a)(-a| + | - a){a])]

Wigner function /=250



Macroscopically quantum?

e Coherent state: I(Ja)) = 0 regardless of the value of .
e Hybrid entanglement

1
2 (e )<
- maximum value |=af +1

 Well known states in the “Schrddinger-cat family” with the
maximum values of “macroscopic quantumness” I:

v’ Superposition of coherent states: |a)+ |—a)
v NOON states: |n)|0)+|0)[n)
v GHZ state: |H)" +v)"



o “Micro-macro’” entanglement or “macro-macro”
entanglement as analogies of Schrodinger’s thought
experiment
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Micro-macro entanglement

N. Bruno et al., Nature Physics 9, 545 (2013); A. I. Lvovsky et al. Nature Physics 9, 541 (2013)
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e D(a)(]0) + |1)) and D(a)(]|0) — |1)) are distinguishable by a single-shot
photon number measurement with a high probability [Sekatski et al., PRA
012116 (2014)].



Micro-macro entanglement

N. Bruno et al., Nature Physics 9, 545 (2013); A. I. Lvovsky et al. Nature Physics 9, 541 (2013)
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» However, if so, even a coherent state
@) = D()(|0) + 1)) + D(e) (|0)~[1)
should be interpreted as a macroscopic superposition state. Is it acceptable?
* The value of macroscopic quantumness is only /=1 regardless of the value
of a.

H. Jeong, M. Kang and H. Kwon, Optics Communications 337, 12-21 (2015)
http://dx.doi.org/10.1016/j.optcom.2014.07.012 (2014)



Usetulness for a loophole-free Bell test

* Required detection efficiency: > 0.67
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H. Kwon and H. Jeong, "Violation of
the Bell-Clauser-Horne-Shimony-Holt
inequality using imperfect
photodetectors with optical hybrid
states," Phys. Rev. A 88, 052127 (2013).
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Schemes for all-optical quantum computation

Single photon qubits

108
esources 1 Cluster (2006) H)—[0), [V)—]1)
bell pai
S 0 Vi) =a]H)+b]V)
: Parity (2008)
operation) 4 s 5 /

Coherent state qubits
pLOQC

Coherent (2008)

a)=>0.), [~a)—>|L)

Zeno (2007) 10 CSQC

unbit>:a‘a>+b‘_a> . -1ID_4. T 1.0_3‘ o 102

threshold for loss

“The best compromise for medium scale quantum computing (100s of logical
operations) appear to be the CSQC scheme and the Parity State scheme.”

T. C. Ralph and G. J. Pryde, Progress in Optics, Ed. E.Wolf, 54, 209 (2009)



Teleportation and quantum gates using
coherent state qubits

(Jeong et al., PRA 2001, Jeong and Kim, PRA 2002, Ralph et al., Proc. SPIE 2002, Ralph et al., PRA 2003)

Nearly deterministic Bell measurement

Alice Bob

detector A detector B U

beam splitter

a
Input state

From Jeong et al., PRA 64, 052308 (2001)
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From Ralph et al., PRA 68, 042319 (2003)

« Single qubit rotation (Z-rotation) cannot be realized deterministically.

« Sensitive to photon losses

e Optimized value a~1.6 [Lund et al. PRL 2008]



New approach:

S.-W. Lee and H. Jeong, "Near-deterministic guantum teleportation
and resource-efficient quantum computation using linear optics and
hybrid qubits,” Phys. Rev. A 87, 022326 (2013).

a|H )la )+ bV )-a)
@ “Single-photon”

“Optical hybrid qubit” o

@ “Coherent-state”
| mode




Single-qubit operations

Arbitrary Z
rotations

Single-qubit
rotation

a|H)la) +b\V)|—a) — aH |a) +be"|V ) -a)

Pauli X
(bit flip)

Ph0t$|ri];-)quit ‘H> <:>‘V>

| mphase | ‘05><:>‘—05>

shifter

aH)l@)+bV)-a) — aV)-a)+bH)+a)



Near-deterministic teleportation

S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013)

> s ‘| Failure
) Co)—> B. ;: E probability
= Kk -
&) —— B, . ¥ ‘ftf'e*_*,j Pf =e “ /2
B N O
&, ( | YO P. ~0.6% for « =1.5
L X\|Z ]| $> P, ~0.02% for oz =2

-> Universal gate operations can be performed using “gate
teleportation” in a nearly deterministic manner.



Comparison with previous schemes
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Comparison with previous schemes
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The new approach seems to outperform the previous ones
with hybrid entangled states of @ =~ 1 as resources.

S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013)



Necessary resource states

e “Hybrid” quantum information processing:
Hybrid pairs
1
5 Hla+V)-)

e Optimized amplitude: a =~ 1.1

[S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013)]



Necessary resource states

e “Hybrid” quantum information processing:
Hybrid pairs
1
75 (0]} +|1)]-)

e Optimized amplitude: a =~ 1.1

[H. Kim, S.-W. Lee and H. Jeong, in preparation]



Generation of hybrid entanglement

e Cross-Kerr nonlinearity

[62] C.C. Gerry, Phys. Rev. A 59 (1999) 4095.
[72] H. Jeong, Phys. Rev. A 72 (2005) 034305.



Generation of hybrid entanglement

e Cross-Kerr nonlinearity

[62] C.C. Gerry, Phys. Rev. A 59 (1999) 4095.
[72] H. Jeong, Phys. Rev. A 72 (2005) 034305.

* Highly nontrivial and demanding

73] J.H. Shapiro, Phys. Rev. A 73 (2006) 062305.

[74] |.H. Shapiro, M. Razavi, New ]. Phys. 9 (2007) 16.
[75] ]. Gea-Banacloche, Phys. Rev. A 81 (2010) 043823.
76] B. He, A. Scherer, Phys. Rev. A 85 (2012) 033814.

[77] B. He, A.V. Sharypov, . Sheng, C. Simon, M. Xiao, Phys. Rev. Lett. 112 (2014)
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Single photon added coherent state

a'|a)
=~ |ga)
V1+a
1 N \/ 1 I
735 4 @
120~
sy —9
110 a=2——>ga=2414 F =0.98
133 F | a=4——ga=4236 F =0.998

20 22 24 26 28 30 @&



Amplifying Coherent State by Photon
Addition




Single photon addition

) a’ )

Downconverter ' Pump

[Zavatta et al., Science, 2004 ]



Generation of hybrid entanglement

X'
’ “click”
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Generation of hybrid entanglement
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Generation of hybrid entanglement

X'
‘ “click”

r't ——
P ‘ 1PN 77
‘Stgg‘p silent
Iar)z X
Pump

Downconverter

0),

ra” [0)|a) + t]0)a " |a) =~ |1)|a)+ [0)|lga) with g>1



Generation of hybrid entanglement

X'
’ “click”

't ——

Pump ‘ “silent”

0),

‘stop
a a+ ga

Downconverter 2

~ [1)|a) + |0)|ga)



Generation of hybrid entanglement

0), e
' 4
' “click”
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Generation of hybrid entanglement

X'
‘ “click”
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‘stop
a a+ga
I )2 Pump X D(- )
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Tele-amplification of coherent-state qubits

ala) + b|—a)
Input state

J. S. Neergaard-Nielsen, Y. Eto, C.-W. Lee, H. Jeong and
M. Sasaki, Nature Photonics (2013)

Classical information

—————————————————————————

Schrodinger cat
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Bob
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Tele-amplification of hybrid entanglement

Improved Fidelity Success Probability
F' P
1.00000 | s ,
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H. Jeong, A. Zavatta, M. Kang, S.-W. Lee, L.S. Costanzo, S.
Grandi, T.C. Ralph & M. Bellini, Nature Photonics 8, 564 (2014).



Entangling quantum and classical states of light

Hyunseok Jeong, Alessandro Zavatta, Minsu Kang, Seung-Woo Lee, Luca S.
Costanzo, Samuele Grandi, Timothy C. Ralph & Marco Bellini, Nature Photonics 8,
564 (2014).

Experimentally realized part for small-size hybrid entanglement

pump ]
' \ down converter
0), >

pump stop m|0 'a >+\1>|—a’j->

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




Experimental setup

H. Jeong, A. Zavatta, M. Kang, S.-W. Lee, L.S. Costanzo, S.
Grandi, T.C. Ralph & M. Bellini, Nature Photonics 8, 564 (2014).



State tomography and entanglement

Photon added coherent state
06 Coherent state

0.8
0.6
L4
0.20 i % 0.4 +
015 i
010 iy
0.05 1
0;0 L | T T T T T T T
1.0 15 20 25 3.0 35

[14

Jeong et al. Nature Photonics 8, 564 (2014)

a, ~0.31

~1 F ~0.76

NPT ~ 0.45



State tomography and entanglement

Photon added coherent state
06 Coherent state
0.4
02
0.0

0.8
0.6
L4
0.20 % 0.4 +
015 i
010 iy
0.05 1
D;D L | T T T T T T T
1.0 15 20 25 3.0 35

[14

5347 .
“H. Jeong et al. Nature Photonics 8, 564 (2014)

a, = 0.31 a = 1
a ~1 F ~0.76 Next
challenge

NPT ~ 0.45
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Remarks

* We have studied hybrid entanglement of light:
» Interesting — an analogy of Schrodinger’s cat
» Useful for optical quantum information processing
» We’ve made it (in a small scale).



THANK YOU



