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) = 2-(j01) — [10)),

where [0) = |z") and |1) = |z~) denote the two

possible spin orientations in z— direction.
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Einstein — Podolski — Rosen Paradox

“Can Quantum-Mechanical
description of Physical Reality be
Considered Complete?”

(1935)
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Alice: z direction
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EPR PAPER

Einstein — Podolski — Rosen Paradox

“If, without in any way disturbing a
system, we can predict with certainty
(i.e., with probability equal to unity)
the value of a physical quantity, then
there exists an element of physical
reality corresponding to this physical
quantity.
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EPR PAPER

where | O> — | z +> and | 1> — | z > denote the two Einstein — Podolski — Rosen Paradox

possible spin orientations in z— direction.

“In quantum mechanics in the case of
two physical quantities described by
non-commuting operators, the
knowledge of one precludes the
knowledge of the other.
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Then either (1) the description of
reality given by the wave function in
quantum mechanics is not complete
or (2) these two quantities cannot
have simultaneous reality.

Alice: x direction Bob’s state
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“We are thus forced to conclude that
the quantum-mechanical description
of physical reality given by wave
functions is not complete.”
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BELL TEST

“On the Einstein Podolski Rosen paradox”
(1964)

Local Realism?
Local Hidden Variable?



BELL TEST

Alice Bob
Measurements: A, a € {1} Measurements: B, b€ {£1}
A, a € {£1} B, b’ € {£1}




Outcomes: A, a € {x1}
A’, a e {£1}
a a’ b b’
+1 +1 +1 -1
+1 +1 -1 +1
+1 -1 +1 +1
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Outcomes: B, b€ {:|:1}
B, b e {1}

Local Realism:

Quantum mechanics:




Outcomes: A, a € {x1}
A’, a e {£1}
a a’ b b’
+1 +1 +1 -1
+1 +1 -1 +1
-1 +1 +1
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Outcomes: B, b€ {:|:1}
B, b e {1}

Local Realism:
ab+ a’b+ ab’ — a't! < 2

Quantum mechanics:




Outcomes: A, a € {x1}
A’, a e {£1}
a a’ b b’
+1 +1 +1 -1
+1 +1 -1 +1
+1 -1 +1 +1

/

(]

Outcomes: B, b€ {:|:1}
B, b e {£1}
Local Realism:
ab+ a’b+ ab’ — a’b’ < 2

Quantum mechanics:

(AB) + (A'B) + (AB') — (A'B') < 22
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Outcomes: B, bc {£1}
B, b e {£1}

Outcomes: A, a € {£1}

A, a € {£1}
Local Realism:
a a’ b b’
+1 +1 +1 1 ab+ a’b+ ab’ — a't! < 2
+1 +1 -1 +1 Quantum mechanics:
+1 -1 +1 +1
(AB) + (A'B) + (AB') — (A'B') < 22
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Outcomes: B, bc {£1}
B, b e {£1}

Outcomes: A, a € {£1}

A, a € {£1}
Local Realism:
a a’ b b’
+1 +1 +1 1 ab+ a’b+ ab’ — a't! < 2
+1 +1 -1 +1 Quantum mechanics:
+1 -1 +1 +1
(AB) + (A’B) + (AB’) — (A’B’) < 2/2

|I~ Einstein was wrong! @




BELL NONLOCALITY Failure of Local Hiddenn Variable (LHV) model

p(a,blz,y) = f dAp(A)p(alx, A)p(bly, A)

STEERING Failure of Hybrid LHV — LOS model

ENTANGLEMENT

Failure of Local Quantum State (LQS) model

H. M. Wiseman, S. J. Jones, A. C. Doherty, Phys.Rev. Lett. 98,140402 (2007)
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CONTENTS

» Continuous Variable States
% Gaussian states

< Covariance matrix (variances) Question

Do you always need full information about
the state in order to detect steering?

Situation

You encounter a CV state of unknown origin.

» Gaussian Steering
% Withesses method

» Detection strategy Our methOd

0 Random measurements Construct steering withesses from random

O Semidefinite programming homodyne measurements.




CONTINUOUS VARIABLE STATES

N bosonic modes: H = ®fj:1 Hi
-RT = (Rla cee R2N) — (ilaﬁla cee fﬁN,ﬁN)
com: [Ri, Rj] =191, 4,5 =1,...,2N

where €2;; = [€2];; are the elements of:

QNz@f’(_Ol (1))




FOURIER-WEYL RELATION

= Complete set of operators: Weyl displacement operators

= A . T kad
“ = D(’I") — e’ QONR
’ v rT = (:131, Plyeees TN pN) - a real vector of phase space variables.

= Fourier-Weyl relation

Voo o P = @ Jpan AN rTx[D1(r) 5] D(r),

where the characteristic function is given by

Xp = Tr[ﬁJr (r)p]




GAUSSIAN STATES

= Characteristic function with zero first
moments:

1. TAOT
Xa = e’ QN‘YABQNT’

= Covariance matrix (CM) YAB

vi5 = ({Ri — (Ri)s Bj — (Rj)}+)p-

= Uncertainty relation:

YaB +iQn > 0.

Bipartite CM

VAR = (’YA 712)
'71T2 B

Partial Gaussian measurements

TI'A[(A X jB)ﬁ]a

A

Gaussian operator A with CM TA

Conditional CM after measurement

g =B — Via(va + T) " 1y12.

e



Theorem 2. A bipartite quantum Gaussian state pap 1
Alice — Bob non-steerable by means of Gaussian measurements
of and only if there exists a covariance matriz corresponding
to Bob’s system op satisfying op + 1dn, > 0, such that:

YaB = 04 @ oB.

[(2N)

7 Zmin(\[)

Zopt

T. Mihaescu, H. Kampermann, A. Isar, D. Bruss (to be published)

GAUSSIAN
STEERING

The set of non-steerable CMs by
Gaussian measurements, similarly to
the set of all CMs, forms a closed
convex subset of the space of all
covariance matrices.

Hahn-Banach Theorem

This allows to completely describe
the set of non-steerable CMs by a
family of linear inequalities

representing the steering witnesses
(SWs).

e



Theorem 4. A CM vap of two parties consisting of N = N4 + Np
modes is Alice to Bob steerable by means of Gaussian measurements
of and only if there exists a Z such that:

Tr[ZfYAB] < 17
where Z 1s a real symmetric 2N X 2N matriz satisfying
Z >0 and str[Zg]> 1,

where Zg denotes the principal submatrix of Z belonging to the
subsystem of Bob. Matrices Z are called steering witnesses based on

second moments.

T. Mihaescu, H. Kampermann, A. Isar, D. Bruss (to be published)

STEERING
WITNESSES

str — stands for the ”symplectic
trace” which is the sum of singular
eigenvalues of the matrix.

We are going to construct the
witness from the measurements.
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STEERING
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HOMODYNE DETECTION

= Measurement direction 0
= Quadrature to be measured

Xg =& cosf + psinb
ll-'\'-.l]

oscillator

- Marginal probability distribution Pr(Xj)
= The variance

0% = (X3) — (Ro)" = Tr[PA]

p1ezo

marginal
distribution where

cos O sin 0 sin? 0

P ( cos? 0 cos 0 sin 9)

X))




DETECTION SCHEME

 For two-mode states

PBSOUT

k = exp(ip)cos¢ a + sing b NavaG

PD,

* Generalized quadrature

Homodyne Detector

~ __ exp (—if)k+exp (i0)kT
o = V2 | y -
FIG. 1: Experimental setup: A type-II OPO containing a periodi-
cally poled crystal (PPKTP) is pumped by the second harmonic of
a Nd:YAG laser. At the OPO output, a half-wave plate (A/2,4t), a
quarter-wave plate (\/4out) and a PBS,,, select the mode for homo-
dyning. The resulting electronic signal is acquired via a PC module.

L

A’Ariano et. al. Full characterization of Gaussian bipartite entangled states by a single homodyne detector



0PTIMIZATION ALGORITHM

minimizey : ¢-m
subject to: A — ZCZ'PI'
i

Z=0
ZA +ix(21 >0
Zp +i(% -x)Q1 20

where m = Tr(Py), with P the vector
of measurements P;.

T. Mihaescu, H. Kampermann, A. Isar, D. Bruss (to be published)



0PTIMIZATION ALGORITHM

minimizey: c¢-m Performe a random

subjectto: Z=) ¢;P;
i

measurement

£21)
Zp+1xQ1 20

ZB +l(% —X)Ql >0

where m = Tr(Py), with P the vector
of measurements P;.
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0PTIMIZATION ALGORITHM

minimizey : c¢-m Performe a random
measurement

subjectto: Z=) ¢;P;
i

Z=0
Zp+1xQ21 20

1 Perform the
Zg+ i(i -x)Q120 optimization

where m = Tr(Py), with P the vector
of measurements P;.
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FIXED VALUE OF STEERING

0.3

= Two-mode covariance matrix
= Full tomography: 10 independent 58

Measurements

0.2 -

= The data is normalized such that it sums
up to 1.

Frequency of Detection
o
&

0.05

1 2 3 4 5 6 7 8 9 10
No. of Measurements

e



Detection Fraction

- 0.45

- 0.35

0.25

0.15

0.05

T. Mihaescu, H. Kampermann, A. Isar, D. Bruss (to be published)

DETECTION IK
RANDONM
COVARIANCE
MATRICES

Fraction of steering detection for
two-mode randomly generated CMs.

It represents 5 X 105 runs of the
algorithm where measurement
directions are added successively
and SW is evaluated at every round
until steering is certified.

The data is normalised for every
value of steering such that they sum
up to 1.

©



Tr[Zy] (99.7% Confidence)
o o - - —_ RN
00 © o A Ao o
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— 7 measurements
8 measurements

- 9 measurements

", n~15x10*
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THZyin y]=0.7477]

0 20000

40000 60000
Measurement Repetitions

AZ = \/ %\/chfmzz

80000

100000

T. Mihaescu, H. Kampermann, A. Isar, D. Bruss (to be published)

STATISTICAL
RANALISYS

The statistical estimate of Z with

the maximum of 30 confidence
interval.

The horizontal black dashed line
indicates the minimal value of the

witness for the considered CM
Tr[Zminy] = 0.7477.

The vertical dashed lines indicate
the number of measurement
repetitions required to detect
Gaussian steering with 7 (blue), 8
(orange) and 9 (green)
measurement settings.
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