Multipartite entanglement and
sudden death in Quantum Optics:
continuous variables domain
Part III - The OPO - Entangled

Marcelo Martinelli



EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It I1s Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.

_—

Che New ork Cimes

PRINCETON, N. J., May 3.—Pro-
fessor Albert Einstein will attack
acience's important theory of quan-
tfum mechanics, a theory of which
he was a sort of grandfather. He
concludes that while it is ‘‘correct”
it is not "'ecomplete.”

With two colleagues at the Insti-
tute for Advanced Study here, the
noted scientist is about to report to
the American Physical Society what
is wrong with the theory of quan-
tum mechanics, it has been learned
exclusively by Science Service,

The quantum theory, with which
science predicts with some success
inter-atomic happenings, does not
meet the reguirements for a satis-
factory physical theory, Professor
Einstein will report in a joint paper
with Dr., Boris Podolsky and Dr.
N. Rosen.




EPR and Entanglement

Anybody who is not shocked by quantum theory has not understood it.

Niels Bohr

MAY 15, 1935 FHYSICAL REVIEW VOLUME 4.7

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A, EmxsteIN, B, Popolsky AaND N. Rosewn, Teslifule for Adnenced Study, Princefon, New Jersey
{Received March 25, 1935)

In a complete theory there 15 an element corresponding
to each element of reality.



Einstein, Podolsky & Rosen's paper

I'f, without in any way disturbing a
system, we can predict with ceriainty (i.e., with
probability equal to unity) the value of a physical
quantity, then there exists an element of physical
realtly corresponding to this physical quantity.

etther (1) the quantum-
mechanical description of reality given by the wave
funcltion 15 not complele or (2) when the operators
corresponding to two physical quantities do nol
commaute the lwo quantities cannol have simul-
taneous reality.



EPR's example

ly) = o(X; — X, —L)o(p; +P,) (localized in X; —X, ¢ p; + P,)

We see therefore that, as a consequence of two
different measurements performed upon the first
system, the second system may be left in states
with two different wave functions. On the other
hand, since at the time of measurement the two
systems no longer interact, no real change can
take place in the second system in consequence
of anything that may be done to the first system.

A measurement of X, yields X,, as well as a measurement of p,
gives p,. But x, and p, don’t commute! < [x,p]=1h



EPR's conclusion

etther (1) the quantum-
mechanical description of reality given by the wave
Sfunction 1s not complete or (2) when the operators
corresponding to two physical quantities do nof
commute the ifwo quantities cannol have simul-
taneous reality.

If (1) 1s false, then (2) 1s also false! Hence, (1) should be true:
quantum theory, although it allows for correct predictions, must be
Incomplete. Measurements should just reveal pre-existing states,
which are not described by this incomplete theory.



Bohr's reply

CCTOBER 15, 1935 PHYSICAL REVIEW VOLUME 48

Can Quantum-Mechanical Description of Physical Reality be Considered Complete?

N. Bouw, Imstitule for Theoretical Physics, University, Copenhagen
(Received July 13, 1933)
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Few words about
entanglement characterization

« “EPR” criterion [M. D. Reid, PRA 40, 913 (1989), M. D. Reid
and P. D. Drummond, PRL 60, 2731 (1988) & PRA 40, 4493
(1989)]
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Entanglement Test - DGCZ

*DGCZ separability

criterion: p= ZP& Pi = ZPﬁ p; @ p; [Q‘z‘a i@j] = 27552’3’
R “ 1
{_Ji Separability = ((Ad)*), + ((Ad)?), = 2 (a® + )
a

b= ap1 — o,
a

Lu-Ming Duan, G. Giedke, J.I. Cirac, P. Zoller,
Inseparability criterion for continuous variable systems, Phys. Rev. Lett. 84, 2722 (2000),

After some (simple) algebra:

(A%p1 + A% — 2)(A%ps + A2 — 2)
_(|C’j‘?| + |Cq|)2EU:



Entanglement Test - DGCZ
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Entanglement Test - DGCZ

q

P1¥Ps
q.%Q,

P1-P2
d4-d2



Entanglement Generation

P1¥Ps
q.%Q,

P1-P2
d4-d2



Entanglement Test - Peres & Horodecki

. POSIthlty under Partial Transposmon eparability Criterion for Density Matrices

(discrete variables) Asher Peres*
PRL 77, 1413 (1996)

pzzwAij@pg => o= wilp))" ®p}
A

non-negative eigenvalues -> Separability




Entanglement Test - Simon

. . . Peres-Horodecki Separability Criterion for Continuous Variable Systems
« Continuous variables:

K. Simon

PRL 84, 2726 (2000)
PT: W(q1,p1,q2, p2) — W(q1, p1.q2, — p2)

V+éQEO —> \7+é(220

V = AVA
J 0 0 1

Simplectic Eigenvalues >1

L

Diagonalize: — (QV)?
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Entanglement Test - Simon
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Entanglement Test - Simon

q

P1- P2
q.*t q,

P1+ Py
d4- 9o



Tripartite Entanglement

* Extend DGCZ criterion to three variables
Detecting genuine multipartite continuous-variable entanglement

PHYSICAL REVIEW A 67, 052315 (2003)

Peter van Loock! and Akira Furusawa’

g;Ef31111+f32.{2+;?3113.. I;EEIE;I—I_EZII;E—FESEESE
F - ’_:'ll [ - a T—_— b
((Au)),+((Av)),=flhy 03 .21.22.83).

» Apply PPT to multiple partitions

PHYSICAL REVIEW LETTERS

Bound Entangled Gaussian States VOLUME 86, NUMBER 16
: . DOL: 10.1103/PhysRevLett.86.3658
R. F. Werner®* and M. M. Wolf"

Gaussian states of 1 > N systems

ppt implies separability.



OPO and Entanglement

PDC + Cavity

Signal
Pump
Ko, ®
—Q—0—
Otom(t)

Twin photons + phase correlation

- Sub-threshold
squeezed vacuum (degenerate case) - OPA
entangled fields (non-degenerate case)
-Above threshold: Intense entangled fields
Squeezing of the pump



Usual treatment of the OPO: Master Equation

dp

B _ i i 1) asal — aats— aaat
o - [Hu +H1,p} + 5 [iapﬂ, aa'p — paa ]
Quasi-probability representation
dP(X t) 1 Jd o L, .
— ——D;;(X.,t)| P(X,t
zd:ri_ ' 2 Oz; Oz; 5(X, )| P(X, 1)

D(X,t) = B(X,t)BT(X,t)

Langevin Equation

— = AX,t) +B(X, ) X" (¢)



Usual treatment of the OPO: Langevin Equation

Linearization ~
do X (t)

- = ASX(t) +BX™(t)

Input — Output Formalism XU (1) = BSX (t) — IX"(¢)

Frequency Domain -

X(Q) = \/% /_ B 6X (t)exp(—iQt)dt
X(Q) = [~ (A +iQD)~'B] X™(Q) Xou(Q2) = — [B(A +iQ0) "B+ 1] X (Q)

X(Q) = -M;(Q)X™"(Q) X)) = —Mp(2)X™(Q).

M; () = (A +iQI)~'B Mo(R2) =1+ [B(A +iQI) 'B]



Covariance Matrix X Spectral Matrix

V(t,t +71) = V(1) = (X (@)X (t + 7)) S(Q) = (XU (@)X (-)]")

V() = \/%/— IS{ﬂjexp[iﬂTjdﬂ

Complete description of the state: Wigner function (for a Gaussian State)

. 1 1 - .
W(X) = xp| ——XTyv1X
(X) 4m2\/det V; =P ( 2 ! )

Where is the complete information about the OPO state?

SorV?
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Covariance Matrix

[ Sp1 0 Crpz 0 Cphip O
Cplpg 0 SPQ 0 OPQP(] 0
V —
CplpO 0 Opgpo 0 SpO 0
i 0 OqlqO 0 Ong(] 0 Sqo )
CTLIT'ZZ;ITJ = é <{xi; £Lj }> — <213-3> <ilfj> S:f:j — C?;I?j&:j

18 independent terms !



Noise correlations

Signal




Energy Conservation

1 T 0, = o
ol -ol,=0 0P, + 0P, = 00,
Intensity Correlation Phase Anti-correlation
A. Heidmann et al., PRL. 59, 2555 (1987) A. S. Villar et al., PRL 95, 243603 (2005)
Signal - Idler Signal + Idler
N




But if we look for a complete characterization
of the OPO, we have to measure three fields

of diferent colors!

Is it possible to perform a homodyne
measurement without a local oscillator?
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Measurement ofi theN=IEldNiINENIEqUency domain

a(t) / 7 a(Q) exp(—iQt) d.

— i3

a(Q) = #(Q) + iH(Q)

Spectrum Analyser Filto  Retificador/
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Measurement of thel=IElGNRIENEqUENCY domain

A classic field Modulation

Coherent state E(t) = Rela(t)exp(iwt)]

Squeezed state

Amplitude «(t)

A[l + 2kcos(Qt)]

E(t) = A Re{kexpli(w — Q)t] + exp(iwt) + kexpli(w + Q)t]}

Phase al(t)= Aexrp|2ikcos(Qt)] = A[l + 2ikcos(t)]

E(t) = A Re{ikexrp|i(w — Q)t] + exp(iwt) + ikexp|i(w + Q)t]}



Phase Rotaticigasigheise Ellipse
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P. Galatola, L.A. Lugiato, M.G. Porreca, P. Tombesi e G. Leuchs

System control by variation of the squeezing phase, Opt. Comm. 85, 95 (1991).



Alessandro S. Villar, The conversion of phase to amplitude fluctuations of a light beam by an optical cavity
American Journal of Physics 76, pp. 922-929 (2008},

Spin = 8a;n() +dal (—Q) OPout = daim () + Ja) (—©)

EEREE i B o

Reflected Beam
Amplitude Noise

Cavity detuning




Covariance Matrix

S,

0 Chypz O




Twin beams (P, > Py} Squeezed vacuum (P, < Py, degenerate)

Sp— 0 0 0 0
0 S, 0 0 0 0
0 0 SP+ 0 Op+p0 0
V =
0 0 Catq0
0 So 0
L 0 0 SqO

Entangled fields
- Vacuum (P, < Py, maximum entanglement)
- Intense beams (P, > P,y)



VOLUME 57, NUMBER 20

PHYSICAL REVIEW LETTERS

17 NOVEMBER 1986

Generation of Squeezed States by Parametric Down Conversion

Ling-An Wu, H. J. Kimble, J. L. Hall,” and Huifa Wu
Department of Physics, University of Texas at Austin, Austin, Texas 78712

(Received 11 September 1986)
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VOLUME 59, NUMBER 22 PHYSICAL REVIEW LETTERS

30 NOVEMBER 1987

Observation of Quantum Noise Reduction on Twin Laser Beams

A. Heidmann, R. J. Horowicz, S. Reynaud, E. Giacobino, and C. Fabre
Laboratoire de Spectroscopie Hertzienne de I'Ecole Normale Supérieure, Université Pierre et Marie Curie
75252 Paris Cedex 05, France

and

G. Camy

Laboratoire de Physique des Lasers, Université de Paris Nord, 93430 Villetaneuse, France
(Received 3 August 1987)
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VOLUME 59, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NOVEMBER 1987

Observation of Quantum Noise Reduction on Twin Laser Beams

A. Heidmann, R. J. Horowicz, S. Reynaud, E. Giacobino, and C. Fabre

Laboratoire de Spectroscopie Hertzienne de I'Ecole Normale Supérieure, Université Pierre et Marie Curie,
75252 Paris Cedex 05, France

and

G. Camy

Laboratoire de Physique des Lasers, Université de Paris Nord, 93430 Villetaneuse, France
(Received 3 August 1987)
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May 15, 2005 / Vol. 30, No. 10 / OPTICS LETTERS

Experimental investigation of amplitude and phase
quantum correlations in a type II optical
parametric oscillator above threshold: from
nondegenerate to degenerate operation

Julien Laurat, Laurent Longchambon, and Claude Fabre

Labaoratoire Kastler Brossel, Case 74, Université Pierre et Marie Curie, 4 Place Jussieu, 75252 Paris Cedex 05, France

Thomas Coudrean

Laboratoire Kastler Brossel, Case 74, Université Pierre et Marie Curie, 4 Place Jussieu, 75252 Paris Cedex 05, France,
and Laboratoire Matériaux et Phénoménes Quantiques, Case 7021, Université D. Diderot, 2 Place Jussieu, 75251
Paris Cedex 05, France
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Experimental investigation of amplitude and phase
quantum correlations in a type II optical
parametric oscillator above threshold: from
nondegenerate to degenerate operation

Julien Laurat, Laurent Longchambon, and Claude Fabre

Labaoratoire Kastler Brossel, Case 74, Université Pierre et Marie Curie, 4 Place Jussieu, 75252 Paris Cedex 05, France
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VOLUME 60, NUMBER 26 PHYSICAL REVIEW LETTERS 27 JUNE 1988

Quantum Correlations of Phase in Nondegenerate Parametric Oscillation

M. D. Reid
Physics Department, University of Waikato, Hamilton, New Zealand

and

P. D. Drummond

Physics Department, University of Auckland, Auckland, New Zealand
(Received 17 November 1987)

The squeezing spectrum for nondegenerate parametric oscillation above threshold is calculated, in-
cluding phase diffusion. A nonclassical correlation in phase and intensity occurs which is an example of
the Einstein-Podolsky-Rosen paradox, even in fields of large photon number.



VOLUME 60, NUMBER 26 PHYSICAL REVIEW LETTERS

27 JUNE 1988

Quantum Correlations of Phase in Nondegenerate Parametric Oscillation

M. D. Reid
Physics Department, University of Waikato, Hamilton, New Zealand

and

P. D. Drummond
P land

Vi6,-6,)

0.5

0‘5
FIG. 1. Plot of V(8, —8,w), the spectrum of fluctuation in
the signal and idler quadrature amplitude difference X{ — X5 %
Solid line, near threshold. E/Er=1.01, xi/x=0.01, 1=10.
Dash-dotted line, well above threshold with a good pump.
E/Er=50, x3/x=0.1 (I°>10). Dashed line, well above
threshold with excellent pump. E/Er=20, x3/x=0.01
(1°>10).



Europhys. Lett., 40 (1), pp. 25-30 (1997)
Observation of squeezing using cascaded nonlinearity

K. Kasai(*), GAao JIANGRUI(**) and C. FABRE

Laboratoire Kastler Brossel (***) UPMC - Case 74 75252 Paris Cedex 05, France

(received 20 January 1997; accepted in final form 2 September 1997)

Abstract. — We have observed that the pump beam reflected by a triply resonant optical
parametric oscillator. after a cascaded second-order nonlinear interaction in the crystal. is
significantly squeezed. The maximum measured squeezing in our device is 30% (output beam
squeezing inferred: 48%). The direction of the noise ellipse depends on the cavity detuning and
can be adjusted from intensity squeezing to phase squeezing.
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PHYSICAL REVIEW A, VOLUME 64, 033815

Generation of bright squeezed light at 1.06 yum using cascaded nonlinearities in a triply resonant
cw periodically-poled lithium niobate optical parametric oscillator

K. S. Zhang, T. Coudreau,® M. Martinelli, A. Maitre, and C. Fabre
Laboratoive Kastler Brossel, Universite Pierre et Marie Cuvie, case 74, 75252 Paris cedex 05, France
We have used an ultralow threshold continuous-wave optical parametric oscillator (OPO) to reduce the
quantum fluctuations of the reflected pump beam below the shot noise limit. The OPO consisted of a triply
resonant cavity containing a periodically poled lithium niobate erystal pumped by a Nd:YAG (yttrium alumi-
num garnets) laser and giving signal and idler wavelengths close to 2.12 pwm and a threshold as low as
300 uW. We detected the quantum fluctuations of the pump beam reflected by the OPO using a slightly
modified homodyne detection technique. The measured noise reduction was 30% (inferred noise reduction at

the output of the OPO 38%).
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PHYSICAL REVIEW A, VOLUME 64, 033815

Generation of bright squeezed light at 1.06 yum using cascaded nonlinearities in a triply resonant
cw periodically-poled lithium niobate optical parametric oscillator

K. S. Zhang, T. Coudreau,® M. Martinelli, A. Maitre, and C. Fabre

Laboratoive Kastler Brossel, Universite Pierre et Marie Cuvie, case 74, 75252 Paris cedex 05, France

We have used an ultralow threshold continuous-wave optical parametric oscillator (OPO) to reduce the
quantum fluctuations of the reflected pump beam below the shot noise limit. The OPO consisted of a triply
resonant cavity containing a periodically poled lithium niobate erystal pumped by a Nd:YAG (yttrium alumi-
num garnets) laser and giving signal and idler wavelengths close to 2.12 pwm and a threshold as low as
300 uW. We detected the quantum fluctuations of the pump beam reflected by the OPO using a slightly

modified homodyne detection technique. The measured noise reduction was 30% (inferred noise reduction at
the output of the OPO 38%).

MNomalized noise N

" I . ™ ak - ]
P .“"t‘. PR L T 'Q.‘.‘., ey te s L .‘-‘..'...¢o",....

0.6 1 | I | 1 | 1 | | | L | |
, 20 40 60 80
Time (ms)

Time (ms)



VOLUME 68, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1992

Realization of the Einstein-Podolsky-Rosen Paradox for Continuous Variables

Z.Y.Ou,S. F. Pereira, H. J. Kimble, and K. C. Peng®

Norman Bridge Laboratory of Physics 12-33, California Institute of Technology, Pasadena, California 91125
(Received 20 February 1992)

The Einstein-Podolsky-Rosen paradox is demonstrated experimentally for dynamical variables having
a continuous spectrum. As opposed to previous work with discrete spin or polarization variables, the
continuous optical amplitudes of a signal beam are inferred in turn from those of a spatially separated
but strongly correlated idler beam generated by nondegenerate parametric amplification. The uncertain-
ty product for the variances of these inferences is observed to be 0.70 £ 0.01, which is below the limit of

unity required for the demonstration of the paradox.
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PHYSICAL REVIEW LETTERS 22 JUNE 1992

Realization of the Einstein-Podolsky-Rosen Paradox for Continuous Variables
Z.Y.Ou,S. F. Pereira, H. J. Kimble, and K. C. Peng (a)
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How can we measure the phase?

___________________

Local Oscillator

1064 nm

[Doubling cavityH ﬂ@
532 nm l

1064 nm

__________________

Homodyne
detection






week endin
PRL 95, 243603 (2005) PHYSICAL REVIEW LETTERS 9 DECEMBER 2005

Generation of Bright Two-Color Continuous Variable Entanglement

A.S. Villar, L. S. Cruz, K. N. Cassemiro, M. Martinelli, and P. Nussenzveig®
Instituto de Fisica, Universidade de Sio Paulo, Caixa Postal 66318, 05315-970 Sdo Paulo, Sdo Paulo, Brazil

We present the first measurement of squeezed-state entanglement between the twin beams produced in
an optical parametric oscillator operating above threshold. In addition to the usual squeezing in the
intensity difference between the twin beams, we have measured squeezing in the sum of phase
quadratures. Our scheme enables us to measure such phase anticorrelations between fields of different
frequencies. In the present measurements, wavelengths differ by == 1 nm. Entanglement is demonstrated
according to the Duan et al. criterion [Phys. Rev. Lett. 84, 2722 (2000)] A2p_ + A%, = 1.41(2) < 2.
This experiment opens the way for new potential applications such as the transfer of quantum information
between different parts of the electromagnetic spectrum.
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