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Experimental Acoustic Black Holes in BECs

Steinhauer [2016, 2019]
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Experimental Acoustic Black Holes in BECs

Steinhauer [2016, 2019]
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Experimental Acoustic Black Holes in BECs

step: 442 nm, NA 0.5

—

R

|—— | ®
= ) _ 3

< 10
Ex

Steinhauer [2016, 2019]

0
X (um)

Giorgio CILIBERTO Univ. of Paris-Saclay and Freiburg

cd Waterfall configuration
Vi>cq ¢

Quantum Information in Analogue Black Holes



The two-point density correlation function

G®(x,x) = (- A(x, )AX, 1) ) — (A(x, OV (A(X', 1))

Analogue HR in BEC

Experiments Simulations
Steinhauer [2019] Isoard [2020]
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Why studying Bell’'s inequalities in ABH ?
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= first time with matter waves (continuous variables) in ABH
= propose realistic experimental observables

= test the quantum non-locality of our ABH

= theoretical tools to do it
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BELLS INEQUALITIES
EPR 1935 = Bell 1964

Hidden variables and local realism [CHSH 1969]

A=4+1 A=4+1 B=+1 B =+1
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BELLS INEQUALITIES
EPR 1935 = Bell 1964

Hidden variables and local realism [CHSH 1969]
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Quantum Evaluation with maximally entangled states

A - b3 N - 37
B - 65 B — &8 (C) =2v2
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Linearizing the Gross-Pitaevskii equation :

the Bogoliubov approximation

NN 1 54 R N
i0:®(x, 1) = —505(x. 1) + [U(x) + gh — u](x, 1)

with 7 = TP
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Doppler shifted Bogoliubov dispersion relation
2
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Doppler shifted Bogoliubov dispersion relation
2

subsonic flow

wfa u)

Giorgio CILIBERTO Univ. of Paris-Saclay and Freiburg Quantum Information in Analogue Black Holes



Doppler shifted Bogoliubov dispersion relation
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Doppler shifted Bogoliubov dispersion relation
2

subsonic flow supersonic flow
w [a. u] w [a. u]
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Scattering (ingoing and outgoing) modes

6 sh outgoing : CA: = (?o, ?176A;)T
ingoing  : b= (by,by,b))T
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Wigner Function of Gaussian States
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Wigner Function of Gaussian States
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Wigner Function of Gaussian States
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Wigner Function of Gaussian States
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Wigner function of the density matrix p
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Violation of Bell’'s inequalities

in an Acoustic Black Hole

Components of the
covariance matrix
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Violation of Bell’'s inequalities

in an Acoustic Black Hole

Components of the
covariance matrix

(&le) (&) ()]

three-mode pure state

0) o Xt +Xiel )k )

squeezed vacuum

Giorgio CILIBERTO Univ. of Paris-Saclay and Freiburg Quantum Information in Analogue Black Holes



Violation of Bell’'s inequalities

in an Acoustic Black Hole

Components of the
covariance matrix

A

(&le) (&) ()]

three-mode pure state
two-mode mixed state

(Xog &g +X12&;r) ?:g
(g e 0) iy = Trx)110) b (O[}

squeezed vacuum
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole

Hawking-Partnerat T =0

— mu=01
mu=059
— mu=091

MAXIMAL VIOLATION
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole

Hawking-Partnerat T =0
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole

Hawking-Partner at kg T/mc2 = 0.1
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole

Hawking-Partner at kg T/mc2 = 0.2
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole

Companion-Partnerat T =0

MAXIMAL VIOLATION

Giorgio CILIBERTO Univ. of Paris-Saclay and Freiburg Quantum Information in Analogue Black Holes



Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole
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Two-mode violation of Bell’'s inequalities

in an Acoustic Black Hole
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Three-mode violation of Bell’s inequalities

in an Acoustic Black Hole

Maximization of a three-measurement correlation

Ceorr(A,B,D, A", B', D') > 2 <= violation
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Three-mode violation of Bell’s inequalities

in an Acoustic Black Hole

Maximization of a three-measurement correlation
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Three-mode violation of Bell’s inequalities

in an Acoustic Black Hole

Maximization of a three-measurement correlation

Ceorr(A,B,D, A", B', D') > 2 <= violation
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upstream :  downstream :
subsonic supersonic

flow velocity y flow velocity
1
»d D
i 1
Hawking 4  partner
]
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]

horizon

= violation of Bell’s inequalities in a two-mode ABH

= violation resilient to temperature

= hope for experiments with matter waves in ABH config.
= generalization of Bell’'s violation to three-modes

Beyond analogy with GR : testing QM predictions
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Pseudo-Spins [GKMR 2004]

continuous variables
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GKMR pseudo-spins and their Wigner functions
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Wigner Function of Gaussian States

Averaging Observables

“ n —+o00 400
(A) = Tr{pA} = / dq / dp Wi(. p) W;(.p)
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Wigner Function of Gaussian States

Averaging Observables
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Averaging the pseudo-spin correlations
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Wigner Function of Gaussian States

Averaging Observables
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Averaging the pseudo-spin correlations

three-mode pure state
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Wigner Function of Gaussian States

Averaging Observables
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Averaging the pseudo-spin correlations

three-mode pure state two-mode mixed state
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Hawking radiation in GR

\Quantum Field Theory in Curved Space—Time‘

Massless Real Scalar Field : V,V*p; =0

VMV“QQ,' = V=99" VSDI)

1
g

‘Hawking Radiation (1974) with Planck Spectrum at TH‘
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1D Acoustic BH in BECs : The Analogue Metric

‘Gross—Pitaevskii equation ‘
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where v = 2,0y and mc? = pog.
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The Mapping

| ANALOGUE HAWKING RADIATION |

upstream :  downstream ;
suhsonic supersonic

flow veloeity ; flow velocity
[}
N
. 1
Hawking y  pariner
1

77 7
]

horizon

Gravitational Black Hole +— Acoustic Black Hole

light speed ¢ sound speed c¢(x)
radius rs = 2GM/ ¢? Xp such that V(xp) = c(xp)
surface gravity k = ¢2/2rs Kae o< Ox(C% — V?)|x,
temperature Ty x & TH| Acoustic X Kac
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Fitting S, g2 with a thermal occupation number

| Su,22 (w)[? in Flat Profile
form, = 0.5 and my = 4.0 with (= 0.11
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