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&é"ﬁm’é“é Working with atoms @LCF

FABRY

Interact with atoms with light

.
-
Laser "’
°®
R »
.
To change their speed To trap them

d Frequency

Laser
x10
Power Shape
Time
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We decrease the temperature to reach a

Bose-Einstein condensate (BEC). T Ahe exveriment
w e e "JCr\\MCtk :

T =40k

« Destructive measurement, (0 ¢ = -727345 2¢)
* We prepare a BECin 10s.

Important to have statistics (P), (P?), (X), (X?)....
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v, =X/T p =mv = hk
vy, =Y/T h Planck constant
v,=9gT/2—H/T Mmmass

Single atom in
momentum space
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3T ] ]

Rb Sr Y

Rubidium Strontium  Yttrium

"Cs h Ba h La

Ceesium  Barum  Lanthan...

Fr Ra A

Francium Radium  Actinium

Electronic detection of
individual atoms (X, Y, T)

Helium
7 s &
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Our specie: He*

Study the correlations and quantum
effects in momentum space.

A parametricadly evcved BEL? 4
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@ Theoretical considerations

a) Parametric amplification & motivations

b) Parametric amplification of quasi-particles in a Bose-Einstein condensate.
@ Experimental result

a) Growth of the quasi-particle number

b) Correlations & entanglement of the two-mode state.

V. Gondret — PhD defense 5
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“>.speaker

vertical acceleration = cos(wt)

A flid bath’

r may spontaneously excite surface waves
Faraday, 1831)

A vertically vibrating liquid I‘

Guan et al. PR Fluids (2023), Edwards & Fauve J. Fluid Mech. (1994)

h}_l- ’ — A j— .I lg”

TiEese—

Oscillation of the container Dispersion relation
S
at frequency (.

wy = +/tanh(hk) [gk + yk3] = Q/2

V. Gondret — PhD defense

Parametric oscillation # forced oscillation

Q)2 Q

Variation of an External force
internal parameter
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CHRRLES Parametric or forced excitation of a swing

Parametric oscillation # forced oscillation

Q)2 Q

Variation of an External force
internal parameter

Forced excitation Parametric excitation

V. Gondret — PhD defense 7
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CHRRLES Parametric or forced excitation of a swing

Parametric oscillation # forced oscillation

Q)2 Q

Variation of an External force
internal parameter

Growth Growth
initialized by triggered by
the force fluctuations

e experimental imperfections,

* thermal fluctuations,

e quantum fluctuations.

Forced excitation Parametric excitation

V. Gondret — PhD defense 8
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Dynamical Casimir effect
Moore (1970)

idler ko — kq

Quantum vacuum fluctuations
trigger amplification which
leads to entanglement.

Photons

Engels et al PRL (2007)

120 Hz

150 Hz

220 Hz B N T

321 Hz

A
\4

125 ym

V. Gondret — PhD defense BEC
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&Eﬁm’é“é Reheating after inflation
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The inflaton slowly rolls from its initial false A Potential energy V(4)
vacuum state. Its almost constant potential

energy drives the inflation.

A. Linde, Phys. Lett. 1298, 177 (1983). oo _
Fa_se  doofwuwiv

It starts to oscillate around its minimum and,

coupled to matter fields, it creates particles

through broad parametric resonance.
L. Kofman, A. Linde & A. Starobinsky, Phys. Rev. D 56, (1997).

T Inflaton
field ¢

Particles are created in pairs with opposite momenta rue vacouwum

from vacuum in a two modes squeezed state.

Interactions lead to decoherence and thermalization

D. Campo & R. Parentani, Phys. Rev. D 74, 025001 (2006). Does parametric amplification of quasi-

particles in a BEC lead to an entangled state?
How these quasi-particles thermalize?

field theory in curved space time on table-top
experiments. Jacquet et al. Phil.Trans.R.Soc.A (2020)

O Analog gravity & cosmology: mimics quantum

10
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@ Theoretical considerations

a) Parametric amplification & motivations

b) Parametric amplification of quasi-particles in a Bose-Einstein condensate.
@ Experimental result

a) Growth of the quasi-particle number

b) Correlations & entanglement of the two-mode state.

V. Gondret — PhD defense 11



Parametric excitation of an elongated BEC
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Perturbative approach: Bogoliubov 1D

P~ e 21 4 §(2)]
” L = 200 um

n1 = N/L

° ~ 2 H . .

o =5um g1 ~ 1/0“ 1D effective interaction
* We study collective excitations:

o Bk annihilates a quasi-particle at k

o) E,J{r creates a quasi-particle at k

(¥Y)
1
w
I

J
i
J
I

Number of
quasi-particles

—
1

Final number of
quasi-particles
|_I

o
1
o
1

T T T

0 2 4 6
Time (a.u.)

—

T T T T T

0.6 0.8 1.0 1.2 1.4
Momentum hk (a.u.)

. Bk diagonalizes the Hamiltonian

ihatBk = kak 2(1)

e Dispersion relation

.I_
b—k

wr = [291M

\_

h2k?2 h2k?2
a

2m 2m

;

o oscillates at () parametrically excites quasi-

particles by pairs with w;, = Q/2.
ﬂoAC '

TMSv if zero temperature, / V\A ‘
ode +

|p) ~ Zla L, l) Kk

i.e. an entangled state.

% Ac?cwés on oY)
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&cmmes Theoretical predictions & experimental challenges

=

(=

(.C'ig Theoretical Carusotto et al. EPJD (2010), \
— Busch et al. PRA (2014

&= cheatsheet usch et al. PRA (2014),

Robertson et al PRD (2017,2018),
Micheli & Robertson, PRD (2022)

. Perturbative approach (linear
Z' equation of motion)

moment quasi-particles with

Excitation at () produce opposite "
frequency wy, = Q/2

Exponential growth of the
j quasi-particle number trigger by
fluctuations

) Entanglement of the (k, -k) state only “i“

if the temperature is small enough.

% Non-linear effects lead to decoherence

and thermalization. /

V. Gondret — PhD defense

2

/ Mean number of detected atoms

Experimental challenges \

Observation of quasi-particle creation,
Quasi-particle frequency is w;, = /2,
Study the exponential creation process,

Observation of correlations, non-classical effects

and/or entanglement.
/\ BEL wX =0

150

Vertical velocity vz (cm/s)
Jaskula et al PRL (2012)

13
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@ Theoretical considerations

a) Parametric amplification & motivations

b) Parametric amplification of quasi-particles in a Bose-Einstein condensate.
@ Experimental result

a) Growth of the quasi-particle number

b) Correlations & entanglement of the two-mode state.
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&E’ﬁm’?& Experimental preparation

?JI-EE
o
wn

1

] D T T I
0 2 4
Time in trap (ms)

A
L)
1
L)
1
)
1
)
1
1

Atomic density (at/mm/s)

.

We excite the breathing
mode of the BEC.

-

th

=]
I

:

g

Mean number of detected atoms

(=]
b -

2 0 2 4
Vertical velocity vz (cm/s)

200 ~

150 ~

100 A

S

MOAC -\

BEL

Jaskula et al PRL (2012)
E =
1 =
v’ Breathing mode keeps low
i | | | temperature,
~10 0 10 v Small excitation to stay in

perturbative regime.

J

»I’Hcl' We count the mean
number of atoms n,,n_;

\

T T
=20 -10

0 10 20 30 40
Vz (mmy/s) 15



&E’ﬁfﬁ?&“& Exponential growth of the phonon number
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1.0 "N/ Fit function: Theoretical quasi-particle Empirical oscillation
8 s At growth dynamics
A2 T
n, (t) = lnl((m) + (n,((in) + n(_i;:) + 1) sinh? (G, At/2 )] X (1 + Ay cos( 2w, At + ¢))

Yhermal VL0 WM

OscillaAion was'\'?our)ﬁo\c
6(’0\&"\/\/\1 r&/)(c i g
a,vvr\?\(\’u,éc requency

F\w(f\’w&f\"\o KS

b -k
T +k

101 1

Detected atoms

1.0 1.5 2.0 25

Time At (ms)
16




FABRY

&m&"; Measuring the growth rate

@ We fit the growth rate G,Eexp) from the
population growth.

Measure the theoretical
growth rate from the BEC | .,
G(th) _ Wi Agl/gl \Acw\lw% \ew%*ﬂn
kT2 Ttk

Busch et al. PRA (2014)

Fitted growth rate G'®?) (ms1)

0.3 0.4 0.5

I
i
D —
M

Excitation amplitude Agi/g:

BEC radius o (a.u.)
o

0 - ' ' ' O Higher-order quasi-particle interactions decrease
= 157 = _ ~(th) (exp)
5 = thegrowthratel}, = G, " — G, .
=10 - I Agq
5 (
PR @ The slowing of the growth (i.e. the decay rate) we
S ol | | | measure is compatible with theoretical predictions”.
1.0 15 20 25 k
\_ Time (ms) )

V. Gondret — PhD defense * Within not so small error bars. Micheli & Robertson PRD (2022) 17



&E’ﬁfﬁ?&“& Exponential growth of the phonon number
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1.0 VWV . . . . . .. . .
g . 0 Fit function: Theoretical quasi-particle Empirical oscillation
= growth dynamics
0.0 - —
2 ne(t) = lnl(cm) n (n,((i") + n(_i;:) + 1) sinh? (G, At/2 )] X (1 + Ay cos( 2w, At + ¢))
g 1+ Yhermal  vacuum
o4 . : Oscillafion Q,wws'\'?our)ﬁo\c
0 2 4 Growth rasfe . _Q
Time in trap (ms) a/W\’\?\(\’u,A(’, f‘(’,qu—CM»{
Aluctwations
317 Weor\{
W L9
5.9 ;]
5 ]
— E.L
18 é g 1 A
o >
]
E 0 1 T T T T
@ 0 2 4 6
(- Time (2rm/w ;)
. r . . . .
, , , , Such oscillation in the quasi-
1.0 1.5 2.0 2.5 L particle growth is not expected...

Time At (ms) h 13




&E&’*gﬁ Adiabatic mapping from the collective excitation basis to the atomic basis

how does the collective excitations state by

p
~ We turn off slowly the laser power
maps to the atomic state ¢, ? ' Y P }

O\% We measure atoms and not quasi-particles :
k so that o changes slowly.

$k ~ Bk + Bik
The detected atom number:
2 | ANAA =l5ls
2t 2 N N 0 VYVY ] o ® ]
ny = (¢k¢k> ~ (bkbk> ot |<b—kbk>| cos 2wy At £ i " u q][:][:] o ©
(/oo\ &o’\’ (,oo\ -lg Pfagft} :___._ I:::||-J|:||_JI:|LJ|:| o O
e ® G"D
( ) ; ] q]ql o °
BUT S q] [:][:J @ ®
_ b, = ¢pdet £ 1074 ] o ©
:@ k k 5 E][:] o o
k if w; changes adiabatically w.r.t. a),:l. y [;][:] u DGGDG @
U.I{] U.IE 1.|{] 1.I5 E.IEI 2.I5 3.|{]
h2k? h2k2\’ Time (ms)
wr = (29114 +
2m 2m

V. Gondret — PhD defense \_/ % AC’FCV\AS ow (V) 19
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@ Theoretical considerations

a) Parametric amplification & motivations

b) Parametric amplification of quasi-particles in a Bose-Einstein condensate.
@ Experimental result

a) Growth of the quasi-particle number

b) Correlations & entanglement of the two-mode state.

V. Gondret — PhD defense 20
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Correlations and relative number squeezing

1.0 -
3 s
€ 0.5 | X X
We study correlations between ni_;, & 71,.
EID _I | T k
=
i
5 1 20
0 -5 T T 15 A
0 2 4 m——————————— :
» a Time in trap (ms) 10 1 P '
. E 5 1 %;:)
£ o X
|“ E 0 - O @) o
> =51 o ©%
O
=15 1 h ﬂvy - Vi
—20 - ©
—20 0 20
vy (mm/s)

21
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Correlations and relative number squeezing

1.0 -
" 4
£ 0.5 - ~ ~
We study correlations between ni_;, & 71,.
0.0 4, , , L
2 -
H .
S 1 20 J We observe relative
number squeezing
D I T T 15 T
_— - G.__..
| . 04 L 2®7 4
, Time in trap (ms) v ( )
—_ o ar(n, —n_
“ a5 o K —091(4) < 1
= o Ng +Nn_g
\ E 097 of wgom
"- :‘T —5 1 O (9] o
: Non-classical effect!

But how to witness entanglement ?

22
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&E"ﬁfﬁ?‘é& How to witness entanglement?

& annihilation

~
4 What we need: 4 ope;ar;cz;:r);
N a2 1
20 - nen_, < |(¢k¢_k)| = entanglement
15 A
o TTo®O Populations  Anomalous
correlation
N N y
£ @)
E %1 o @&m g ™
& s - © o © What we measure: ©
10 ......................... /\—I— ~ /\-I- ~ %
Avz{i© 50@...0 * Populations: 1, = (¢ dy), noy = (BL D)
—157 Bvy Vi : :
50 - ® * N-body correlation functions
T T T (2) . A-|- /\—l—/‘\ ~
—20 0 20 G2 = (DL Dr i bic),
vy (mm/s)

4 ot 202
_ 60, = (61 0l 62.07),

/

We need to connect N-body correlation
functions to field correlation functions. Hillery & Zubairy PRL (2006),

V. Gondret — PhD defense Campo & Parentani PRD (2005)



&E"ﬁﬁf‘;& Single mode statistics

FABRY
-
= b b 2 |
Theoretical consideration MeN—ge < |<¢k¢—k>| = entanglement
< Hillery & Zubairy PRL (2006)
* weakly interacting gas,
* linear equation of motion, Gaussian hypothesis
* small depletion (1/10 000)
to stay perturbative. Robertson et al PRD (2018)
A W A \-body ¥
(() Any correlation functions solely depend on correlation functions e can connect Nebo /e
§) ; Ny NG, — '\’wo—g’\c\é corre\afion
Cﬁ between one- and two-field operators (qbq), qPx
$uncions (
kGaussian hypothesis W,

~ ~ Ewsily checked!
If (qbk) = (qb_k) = 0, the normalized cross two-body correlation function is given by:

(2) ~ o~ 2 et e 2 4 <d§k> - <4§"‘> =0 \ 2
@ _ G _ o, (@bl | [(Sed it { (@) = ($2) =0
-kl NEN_g NEN_g NEN_g ( liqb—k) =0
Aromalows Loherence ggzk),k > 2 & entanglement
correlafion k Busch & Parentani, PRD (ZOIW

V. Gondret — PhD defense 24
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&cmmes Entanglement and many-body correlation functions

FABRY
2 - 2
(2) o2 \|? 2t 2 = 2 b
@ Gk 1 bed_i)|™ (Drd_i)] ‘ \ nen_, < [(Prdp_x)|” = entanglement
-k = el + el + g 7 Hillery & Zubairy PRL (2006)
H_J \ J
Atuwa/lou«s (/olxcrcnoc
correlatdion Liwmer gen \o~[ Alhe Fwo-mode
g(z)/g(4) entang|ement criterion SG\\LC(’,z(’,A NooCwuwm S’\/k/’\/c
[ N\ 3.0
For a two-mode thermal Gaussian state*, the ‘ lere u \
) (4) ere we wee
measurement of the ng,n_y, g, & g2 25 .. entangled fo weaswre gt
k quantifies entanglement. y 77 w“w/iz Yo wssess
o) I E§ 2.0 _.-____-______-_____:'-. ertanglewmerdt
entanglement witness S~
r i N k=4 — TS 7 T
@ Foratwo-mode thermal Gaussian state™, the 15 4 separable s
£, measurement of Np, N & g( ) are sufficient
to detect entanglement.
k / 1-{} I LR I I LD | ! I LA | I I L
1072 1071 10° 10t 10?
{ (¢k> — ((,5 k) Mean population n
2\ _
(bic) = (62k) = 0

Let’s check on the experimental side!
V. Gondret — PhD defense 25



&m&"& Measuring the two- and four-body correlation function
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M f (2)( ) _ {Maftp) 3 . A As expected Sor
AP OT G \Vz,1,V22) = Z @) % Bosonic bunching: ?
DAY 2) Yhermal statistics!
- * 9k =194(9)
G 2
2 * gy = 1.98(12) )
;E |
|
T T I - 22
15 i ;
10 - <~: : 2.0
S ~h', b2
| _.I.I-'. J.: . - 1.8
:."F"._ 5 : = o .
S
E  0- H 6
N L
> 51 - .. -1.4
e
~10 A ' “1 ] 1.2
< . B 'k ov: (mmys)
-15 s — T T T — 1.0

Density (a.u) 15 —-10 =5 0 5 10 15
V21 (mmy/s)

V. Gondret — PhD defense

We measure g,(fzk = 2.2(1)
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&E’ﬁm’?& Revealing entanglement!
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g |
ﬁ- g2 entanglement witness 3.0 7=
55 ... entangled
. 77
The entanglement witness reveals ’
that the state is entangled! ﬂt%‘ 2.0 ___-__-___-______-_;:;:"""""". s
Sl 77
~ 7
15 A separable S e _
Parametric amplification of quasi-particles
inaBECIeadStoan entangledState- lﬂ I I Frrrrry I I Frrrrry I I Fmrrrrry I I rmrrrri
102 101 10° 10! 102

Mean population n

V. Gondret — PhD defense 27



&c“ﬁﬁf?& Summary
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ﬁ-’ Experimental challenges \
+

Fast production of a stable ultra-cold BEC,

Theoretical

Theorefical fudics

proposal
e Observation of really all quasi-particles,

* Quasi-particle frequency is wy, = /2,
e Study the exponential creation process,

e Slow-down of the growth in agreement
with theoretical predictions,

e Observation of entanglement between two
modes of opposite momentum massive

\ particles. J

Exyer’\wcvﬁa,\ '\wa/Y

Mean number of detected atoms

-4 2 0 2 4
Vertical velocity vz (cm/s)

V. Gondret — PhD defense
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@ 7" order peak
E 102 3 ¥
Entanglement evolution 5 | 24 ueder peakc
=
How entanglement evolves, disappear? Study i
o . : o 9P W, 1,v,5)
thermalization of quasi-particles. a 7,1 Vz,2

2.75

2.50

Higher order excitations

2.25

Higher order resonance with rich correlations

. v 2.00
propertles. £
£

IN 1.75
>

1.50

1.25

1.00

=20 -10 0 10 20
Vz1l (mm/s)

V. Gondret — PhD defense 29
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-
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&é"ﬁm’é“é Research perspectives

174 order peak
102 4

Entanglement evolution 2 order peak

How entanglement evolves, disappear? Study
thermalization of quasi-particles.

Density (at/mm/s)

g(z) (vz,li 17z,2)

2.75

2.50

Higher order excitations
2.25

Higher order resonance with rich correlations
properties.

/—[ Beyond the Gaussian hypothesis ]ﬁ

Violation of Bell inequalities

2.00

1.75

Vz2 (mm/s)

1.50

1.25

* Need for 2x2 modes, 1.00
* Low population regime. -20 -10 0 10 20
\ / Vz1 (mm/s)

V. Gondret — PhD defense 31
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En présence de mes pairs.

Parvenu a l'issue de mon doctorat en physique, et ayant ainsi
pratiqgué, dans ma quéte du savoir, I'exercice d'une recherche
scientifigue exigeante, en cultivant la rigueur intellectuelle, Ia
réflexivité éthique et dans le respect des principes de l'intégrité
scientifique, je m'engage, pour ce qui dépendra de moi, dans la suite
de ma carriere professionnelle quel gu'en soit le secteur

ou le domaine d'activité, a maintenir une conduite integre dans mon
rapport au savoir, mes méthodes et mes résultats.

V. Gondret — PhD defense 33
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&E’ﬁm’?& What is entanglement?

A i : : : teleported
EINSTEIN ATTACKS = Bell’s inequality @ Teleportation /S*_Gf/ EennEtt e;gZ’ Pfég(ig%)
OUANTOM THEORY Bell, Physics (1964) g/ | opescy, PRL 193]
_— = 3 - ouwmeester et ai. Nature
Scientist and Two Colleagues 8_ Aspect et al, PRL (1981-82) (1997)
Find It Is Not ‘Complete’ e) B
Even Though ‘Correct.’ x
SEE FULLER ONE POSSIBLE
il Q
Believe a \:’Vhole D.esc'ription of
i s Equivalence for

pure states
to 2025

IT1) + |1) From 1935
V2

“Entanglement”

Gisin, Phys. Lett. A (1991)

W@ ~

Entanglement distillation
Bennett et al, PRL, (1993)
Horodecki3, PRL (1998)
Non-separability Dir, PRL (1998)

Werner, PRA (1989)

PPT criterion

Peres, PRL (1996)

Horodecki3, Phys. Lett. A(1996)

A bipartite state p is distillable, iff - by means
of LOCC — we can create |‘P(J—r)) out of n
identical copies of p.
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FABRY

&éﬁm’é“é What is entanglement?

NPT implies entanglement

Some states are entangled but with PPT (bound
Peres, PRL (1996)

entanglement)
Horodecki3, Phys. Lett. A(1996)

Any distillable state must be NPT.
Horodecki3, PRL (1998)

nonoptimal However, it is equivalent for two-modes Gaussian

WItnees states (also 1xN)
Duan et al, PRL (2001), Werner and Wolf, PRL (2001) O
r:rl?timal X
WITNesS Ay hat about Bell’s inequalities? )
Some states violate a Bell inequalities but are not distillable (bounded).
Diir, PRL (2001)
“Violation of a Bell inequality implies bipartite distillability”.
_ _ Acin, PRL (2001)
If a bounded NPT state o exists, then it also Any bipartite entangled state ¢ exhibits a hidden nonlocality which can
exists p PPT such that p & o is distillable be activated (3 p entangled that does not violate CHSH inequality but
(superactivation). p & o violates it)
Shor, Smolin & Terhal, PRL (2001) Acin, PRL (2001)

Horodecki*, RMP (2009) K )
=39

V. Gondret — PhD defense




&E’ﬁm’% Probing the entanglement of Gaussian states from its FCS

FABRY
The state is characterized by n,, n,, (d;d,) & (&I&Z) Hypothesis \
Lemma 1: Measurement of ny, n, ,gg) & gg) yields a \‘; Saussmn state
: ~ A At A ero mean
symmetric system for |(d,d,)| & |(a1ra2)| Y <&%> _ (&%) — 0
. gg) involves their quadratic sum, \ /

L@ -
g1, alsoinvolves their product. 6 € [0,1] so that B2 > 0 as a supplementary check

for the consistency of the hypothesis.
We find two solutions £

1 — We have two possible solutions
- 2 - “State” u: [{@,82)| = B+ & [(@ia.)| = B-,
where “State” : |(a,3,) = B & |(ala,)|
4 5 5 2 . ate” y: |{@,a,)| = p- a,d,)| = py+.
B giz) +12 - 16g§2) —4 (ggz) — 1)

(o -1) >

12
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&Eﬁﬁfg Probing the entanglement of Gaussian states from its FCS

FABRY

We have two possible solutions
+ State” w: [(@18,)| = By & (@) = B, o C
o “State” y:|(a,dy)| = - & |(dI )| = f,.

Lemma 2:

The bona fide condition does not depend on the phase of
(8,d,) and (ala,).
The (smallest) eigenvalue is given by

=f(nyny, B, B-) & vy, =f(ny,ny, B, By)
We have 3 possibilities
* vy, < v, < 1:unphysical states (wrong hypothesis)
* v, <1 <=<v,:onlyone solution (we found it),

* 1<v, <v,:two solutions and we cannot distinguish the
states

V. Gondret — PhD defense

&

\)) Hypothesis

~

/ .
A — VA7 —deto Gaussian state

f(ny,ng,x,y) = 5 v’ Zero mean
where v (&%) = (&%) =0
deto = 16(x% — y?)?2 + (1 + 2n,)?(1 + 2n,)?

—9(x?2+y3)(1 +2n)(1 + 2n,)
and \ )

A= (2ny +1)%+ (20, +1)* = 8(x* — y?)

Lemma 3:

‘States’ u and y are partial transpose
of each other.

- The state is entangled

— The state is separable

4
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&Eﬁ?ﬁ?g Probing the entanglement of Gaussian states from its FCS

FABRY

Entanglement criterion @

* Measurenq, n, ,gg) & gg) and deduce ,[L_” \)) Hypothesis

v' Gaussian state

Without g, , g{5 is , ;
* The state is entangled iff v, < 1, (criterion) still a witness! v <a1> = <a2> =0
* Quantify entanglement LN = Max(— log, v, , 0) \ )
N1 =n> =0.1 N1 =n> =0.7 ﬂ1=ﬂ2=2
not a bona : not a bona - not a bona
_ fide state fide state fide state
+ 5 :
,_,n:: | separable 1 separable
) '
D ]
: entang
T 1 T T T 0
2.5 5.0 7.5 10.0 1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0
(2) (2) (2)
diz diz diz

Fig: Entanglement in the (gg), 0) plane for three populations.
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&E’ﬁm’?& Probing the entanglement of Gaussian states from its FCS

FABRY

M1 =Nz =1.0

1.75
1.50
Entanglement criterion 1.25
. (2) (4) =
Measure nq, n,, 9,5 & g,, and deduce £, € 1.00
* Compute v, = f(nq,ny, -, B+) ﬂn,
o 0.75
* The state is entangled iff v, < 1, (criterion)
-0.50
* Quantify entanglement LN = Max(—log, v, , 0)
-0.25
0.00
1.0 1.5 2.0 2.5 3.0
(2)
Ok, —k

Fig: Trying to use the g4/g2 criterion with experimental data
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&E’ﬁm’é“é Particle versus mode entanglement
‘FABRY

The debate “Identical particle entanglement can be transferred, with unit
probability, onto independent modes using elementary

Consider é}Léﬂvac) = |1,1) in 2" quantization. , o _
operations. Thus, symmetrization entanglement is a

In the 1*' quantized picture, labelling particles by A and B, fundamental, ubiquitous, and readily extractable resource for
we have standard quantum information tasks.”
MalL)s + [1)alT)p Killoran, Cramer and Plenio, PRL 112 (2014)
V2

which is entangled?

New definitions of entanglement have been proposed
but only Werner’s definition based on the mode
entanglement is satisfying

Benatti et al. Phys. Rep. (2020).

For some, this ‘entanglement’ is unphysical and the labels
A and B are meaningless.

No consensus on the nature of this correlation due to

exchange symmetry, sometime referred to as particle
entanglement. Violation of the Cauchy-Schwarz inequality is a particle

. . entanglement witness
Nevertheless, particle entanglement is a useful and

consistence resource” Wasak et al. PRA. (2014).

Morris et al. PRX 10 (2020)

(I strongly recommend to read the introduction of
Morris et al and Killoran et al.)
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aars g% entangl £ it
Fapry J12 €Ntangiement witness

Limet guen \o{ e Awo-mode

Squ—(’,(’,ZCA vacwwwm stafe.

3.0
55 ... entangled
- W =1/12
o e
"-"t;' 2.0 -h-_“h
k=t —T 7
15 - separable Ttsme—e— e __
1.{} L LI B A T T Ty L L mrrrTry T L LI I I |
102 10-1 10° 101 102

Mean population n

Fig: Entanglement witness based on the value of g(z)
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12 -

&

\)) Hypothesis \

v' Gaussian state
v’ Zero mean

The gg) entanglement witness v (a7) = (a3) =

0
depends on the populations, \ )

The value ofgg) is needed to determine the
entanglement in the ??’.

Taking into account the quantum efficiency of
the detector can ‘help’ to witness
entanglement,

Q

If (&]-2) # 0, the phases matter in
the state’s non-separability.
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