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charies  Faraday waves
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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)
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Oscillation of the container Dispersion relation
S
at frequency (.

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

V. Gondret — LPL seminar

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 — LPL seminar 3
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ciaries  Parametric or forced excitation of a swing

FABRY

Forced excitation

V. Gondret — LPL seminar

Parametric excitation

Parametric oscillation # forced oscillation

Q)2 Q

Variation of an External force
internal parameter

Growth Growth
triggered by initialized by
fluctuations the force

e experimental imperfections,
* thermal fluctuations,

e quantum fluctuations.
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&m&"; Parametric amplification across various scales

Dynamical Casimir effect =g
Moore (1970) = §
—
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makeagif.-com
Quantum vacuum fluctuations
trigger amplification which Photons
leads to entanglement.

Engels et al PRL (2007)

Preheating in the
S R e . .
U — early universe

150 Hz o .
321 Hz A E S &8 B
<
125 ym T Inflaton
V. Gondret — LPL seminar BEC Trie vatowwm field ¢ 5



&éﬁm’é“é Reheating after inflation
‘ FABRY

The inflaton slowly rolls from its initial false
vacuum state. Its almost constant potential
energy drives the inflation.

A. Linde, Phys. Lett. 1298, 177 (1983).

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).

Particles are created in pairs with opposite momenta

from vacuum in a two modes squeezed state.

Interactions lead to decoherence and thermalization

O

V. Gondret — LPL seminar

D. Campo & R. Parentani, Phys. Rev. D 74, 025001 (2006).

Analog gravity & cosmology: reproduce and

study effects of quantum field theory in curved
space time with collective excitations on strong
background. Unruh, Phys. Rev. Lett. 46, 1351 (1981)

A Potential energy V()

-
W R T WRTRTR T

Inflaton
field ¢
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Does parametric amplification of quasiparticles
in a BEC lead to an entangled state?
How these quasiparticles thermalize?
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Can we witness the role played by vacuum fluctuations i.e.
observe momentum space entanglement between
qguasiparticles in a BEC?

1. Parametric amplification of quasiparticles in an elongated BEC
2. Experimental setup and protocol

3. Observation of the growth and decay of quasiparticles

4. Quantifying entanglement from number correlation functions

5. Observation of quasiparticle entanglement

V. Gondret — LPL seminar



&Eﬁ"éﬁ Parametric excitation of an elongated BEC

Theoretical approach: Bogoliubov 1D (linearize)

” L =200 um We study collective excitations:
o) Ek annihilates a longitudinal quasiparticle at k

0 =>5pm » BEC of metastable helium He#in 10 s o ¢r = upbhy + vklsik
with 5-15 000 atoms at 50(10) nK b, diagonalizes the Hamiltonian
e 1kHz & 50 Hz: effective 1D dynamics iho Bk = kak + l—bJr
t Za)k

with Bogoliubov dispersion relation

Description: Bose gas with contact interaction

72 )2 %
o I ~ E —TZ/ZO'Z iy — 2
P~ e [1+ ¢(2)] Wy g1t — + < 2m>
th = N/L \A\'*a.z’\/ 'Q %1 \S ’\'\W\C
* g, ~ 1/0? 1D effective interaction dependan?

V. Gondret — LPL seminar Robertson et al PRD (2017,2018)



&Eﬁ?ﬁ?é‘é Parametric excitation of an elongated BEC

FABRY

Numerical simulation

31 3+ . :
0 5 v Theoretical approach: Bogoliubov 1D
BY | G O . L
5 £ £E 27 We study collective excitations:
E2 2 2 S _—
281 = 814 o by annihilates a quasiparticle at k
= £z R -
04 0 - O ¢k = ukbk + vkb_k
0 2Time s j} 6 0.6 MO'E ) l'uhk (1'2 | 1.4 Ek diagonalizes the Hamiltonian
e omentum a.lu.
lhatbk = wkbk + lzw bik
Oscillation of g;n, at frequency (2 parametrically _ _ _ _ _
excites quasiparticles by pairs with w;, = /2 with Bogoliubov dispersion relation
How to change g n, (or gn)? B2 )2 A2J 2\ 2
Wi = 29114 +
* Feshbach resonance: Chicago, Rice, Heidelberg, k 2m 2m
* Trap frequency modulation: NIST, Palaiseau, Mexico... Whear & 4y is Time
Ae?cwéauvﬁ?
g1 ~ 1/02 1D effective
V. Gondret — LPL seminar interaction with o BEC radius. Jaskula et al. PRL (2012)

Robertson et al PRD (2017,2018)
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&Eﬁﬁfg Parametric excitation of an elongated BEC

Numerical simulation

hJ (%)

i I
L
i

[
1

guasi-particles
[
1

Number of
Final number of
quasi-particles

o
i
]
i

-

T T T T T

0 2 4 6 0.6 0.8 1.0 1.2 1.4
Time (a.u.) Momentum Ak (a.u.)

Oscillation of gyn, at frequency {2 parametrically
excites quasiparticles by pairs with w;, = /2

If zero temperature, we expect a two-mode
squeezed vacuum state

|p) ~ X tanh" 7 [i, 1) _p
i.e. vacuum fluctuations - entanglement.

V. Gondret — LPL seminar

=

=

= .

@@= Theoretical Carusotto et al. EPJD(2010),\
heatsheet Busch et al. PRA (2014),
cheatshee Robertson et al PRD (2017,2018)

and vacuum fluctuations trigger the

l If non-zero temperature, both thermal
growth.

Amplification of quantum fluctuations
is witnessed by two-mode

entanglement: |(Ek13_k)|2 > N N_y

Beyond Bogoliubov: quasiparticle
% interactions further destroy

\ entanglement. J

10
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1. Parametric amplification of quasiparticles in an elongated BEC
2. Experimental setup and protocol

3. Observation of the growth and decay of quasiparticles

4. Quantifying entanglement from number correlation functions

5. Observation of quasiparticle entanglement

11
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cHARLES Parametric excitation

Any excitation frequency could work but we excite only the transverse
breathing mode of the BEC at 2w,
Chevy et al PRL (2002)
’) ([ * This mode is (almost) not damped
e “Accidental Suppression of Landau Damping of the Transverse Breathingckson & zaremba PRL (2002)

Mode in Elongated Bose-Einstein Condensates”

Becawse horh Ahe BEL and Ahe Ahermal clowd oscillate ax ij_

i 4
1.0 Excitation procedure does not heat the cloud.
& 0.5 K We can \w?c Yo %C/Y e cMM&%\cA sraXel
0.0 1, | |
2 1 Excitation at p tri tati
transverse breathing | > 8
modes
05 | | mode
0 2 4

Time in trap (ms)
V. Gondret — LPL seminar 12



&E"ﬁm’é“é Experimental setup
‘ FABRY

Protocol

1. Parametric excitation
2. Raman transfer (+kick)
3. Single particle detection

_ _ v, =X/T
" ” a 200 pw % 5y Single atom in v, = Y/T

momentum space v, = gT/Z — H/T
Z

.|
[l
I
o
o
3

47
«Q,

»

A
L)
1
)
1
1
)
)
)
)

500 wwm X $ wmwm

Metastable He? :
electronic detection of
individual atoms (X, Y, T)

p =mv = hk
h Planck constant
m mass

20
15
e V8,
5 °
Vz (mm/s) o (140,
_5 o -
~10 T of P
L ]
-15
- \/
-25 -25
0 0
Vx (mm/s) 25

= Vy (mm/s)

Single shot images

13
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Protocol
. . . Arrival time (ms)
1. Parametric excitation 304 305 306 307 308 309 310
2. Raman transfer (+kick) ' ' ' ' | - : :
Jg 3. Single particle detection 500 - _
— BEL aX =0 E
22 400 A E 01
£ E / >
- SE
o § 3001 —10 - . |
£ 2 —20 -10 —20 10
@ & 200 A X (mm) ) X (mm)
. o Qair o v
100 L‘k ‘/
‘.‘. 0 - .
~30 —20 ~10 0 10 20 30

Speed along z (mm/s)

@ The BEC saturation affects the 2" pair
detectivity....

__ Use a velocity selective two-photon
—t process to deflect only the BEC. 14
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&m&"; Pulse shaping techniques

Protocol A

__ Use a velocity selective two-photon
1. Parametric excitation =t process to deflect only the BEC.
2. Raman transfer (+kick)
3. B.ragg deflgctlon of the BEC 1 pulse with constant Time dependant Rabi
4. Single particle detection Rabi frequency freq as a sinc function
%\ 1.0 1 1.01
- 0.8 - 0.8 7
, Two-photon transition couples ., >
; two momenta |k) © |k + kg) 2061 2067
9 L
0.2 1 0.2
- 0.0 1 0.0 -
Speed (mm/s) Speed (mm/s)
(which looks like a (which looks more like
[sinc| function ) a square)

Leprince et al Phys. Rev. A 111, 063304 (2025)



&E’ﬁm’?& Bragg deflection of the BEC

FABRY

Protocol

Parametric excitation

Raman transfer (+kick)

Bragg deflection of the BEC

Single particle detection analytical

s wWwN e

Arrival time (ms)
306 308 310 312

200

100

Density (at/mm/s)

o

v, (mm/s)

In the following, we use a pulse-shaped Bragg deflector 16
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1. Parametric amplification of quasiparticles in an elongated BEC
2. Experimental setup and protocol

3. Observation of the growth and decay of quasiparticles

4. Quantifying entanglement from number correlation functions

5. Observation of quasiparticle entanglement

17
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&E"ﬁfﬁ?‘é& Exponential growth of the phonon number

FABRY
1.0 | . : ' i-parti
— Fit function: Theoretical quasi part|cle Empirical oscillation
& o5 At growth dynamics
0.0 4, . . n(t) =n lnl((m) + ("z(cm) + n(_l,f) -+ 1) sinh?(G, (At — t)/2) )]>< (1 4+ Ay cos( 2w At + ¢))
5 Yhermal  vacwum
H E’g‘gi("\e’w(/\{ 6'.0\’1/\/\/” rau\’(’, 05(,'\\\“_;\"\01,\ Q,u.aps'\—'\?our)ﬁo\c
S 1- AucXuations “/VW\’\’(\/“'AC ngqwewo\{
D I I I
0 2 4 ]
Time in trap (ms) ) ¢' -k
, " N +k
4 £ '
E Fit parameters:
| - 107 - (in)
‘.‘ _g N Gk, leln ,tO,Ak, W
‘= 2
- @
0
hagli
. 1.0 1.5 2.0 2.5
»I’HT We count the mean Time At (ms)
number of atoms ny,n_j

18




&éﬁm’?& Measuring the growth rate

FABRY
: (exp) ~ 164 — th
@ We fit the growth rate G, from the Tm : o
population growth. £ 144 ®
Measure the theoretical g 1.2
growth rate from the BEC | ¢, ©
heating lexgth 5 07
o _ Pk Ag1/91 cating lengt Z os -
kS 1+ ke s 0
Busch et al. PRA (2014) D 0.6 -
- i -
Z 4 0.4 % Preliminary
=’
s T T T T
5 21 0.2 0.3 0.4 0.5
E . Excitation amplitude Ag1/91
m15 — ' ' ' O Beyond Bogoliubov quasiparticle interactions
3 = _ (th) _ ~(exp)
S 5 I Ags = decrease the growthrate I}, = G, G, .
L)
W5
&
u T T T

measure in qualitative agreement with theoretical
predictions (black stars, large error bars not shown).

10 15 20 25
\_ Time (ms) Y,

p
@ The slowing of the growth (i.e. the decay rate) we

V. Gondret — LPL seminar Micheli & Robertson PRD (2022) 19
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Exponential growth of the phonon number

1.0 -
-—
(%]
& 0.5 A At
0.0 4 , ,
2_
iz
5 1A
D T T !
2 4

Detected atoms

Fit function: Theoretical quasi-particle

_ Empirical oscillation
growth dynamics

ng(t) = [n,((in) + (n,(cin) + n(_i,?) + 1) sinh? (G, (At — tg)/2) )] X (1 + Ay cos( 2w At + @))

Yhermal VOO WM

Growth rate Oscillafion  Quasi-particle
Aluctuations a,vw‘?\'(\’wéc grcqu.ewo\{
317 Weor\{
L9
o v
L P 21
8%
E .1
Z 8 1-
o
0 L T T T T
0 2 4 6
Time (2n/w | )
! ! ! ! r
1.0 15 2.0 2.5 Such oscillation in the quasi-
Time At (ms) Ly particle growth is not expected...

A

20
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&Eﬁ?ﬁﬁé Adiabatic mapping from the collective excitation basis to the atomic basis

. N . fdet
( We measure atoms and not quasi-particles : In situ: by, At the detector: ¢y,
D\%j how does the collective excitatioris state by, R2J2 B2 2\ 2 72 )2
maps to the atomic state ¢;,? w, = [2gin + Wi =
k P D k giny om om I m

Atomic field: ¢, ~ ukBk + kaik

:—:?rj If w;, changes adiabatically w.r.t. wy*:
A’\' Cquf\\'\\or'\ww:

A ~d
The detected atom number: thermal and quasdum depletion®? L b ~ ¢i°
5t b b h pt 5 4 AAAA O
nye = (G Pi) = lwie*(Bibr) + v ((BI b ) + 1) S I TATAYA o u cpmmm - DDm
A W 1 E ] (] (o]
+2Re(uevi(bibe) 5 i : age” B °g e
ith By ~ BOUD p—iwyt ® = == B
with by, ~ b, e 5 ; *q] o e o°
@ o ©
TR N g s °°
5 gﬁ; (b_yby) # 0 = pair creation process = ] @ B9 . o 20
2 - ° o
° E@ We don’t measure quasiparticles L : . . . . .
NG J 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (ms) 21

V. Gondret — LPL seminar [1] Lopes et al. PRL (2017), [2] Ténart et al. Nat. Phys. (2021) Robertson et al PRD (2017)
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1. Parametric amplification of quasiparticles in an elongated BEC
2. Experimental setup and protocol

3. Observation of the growth and decay of quasiparticles

4. Quantifying entanglement from number correlation functions

5. Observation of quasiparticle entanglement

22
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&E’ﬁm’éﬁ What is entanglement?

FABRY

WHAT ABOUT MIXED STATES? 4\

HOW?
\ /-
A . . . o
S Just violate a Bell inequality Teleportation # Bell inequalities

Popescu Phys. Rev. Lett. (1994)

3

Bell Physics (1964)

CHSH Phys. Rev. Lett. (1969)
Entanglement < Bell inequalities Define a partition 1-2 (two modes
here). Any separable state can be
= D|st|IIab|I|ty written as
& Teleportation p = z aipi1Q pio
i
EQUIVALENCE ONLY FOR Qug€e STATES where a; = 0 are probabilities.
Gisin, Phys. Lett. A (1991) Other states are non-separable /
Gisin & Peres, Phys. Lett. A (1992) enta ng|ed.
Popescu & Rohrlich, Phys. Lett. A (1992)

/ K Werner Phys. Rev. A (1989)/

23

V. Gondret — LPL seminar



&E"ﬁm’é‘é How to probe entanglement?

FABRY
SO HOW?
' ,
Many entanglement witnesses and COULD WE USE THE FULL COUNTING STATISTICS?
=_ . - . . .
_I__) criteria in the literature / \
PPT: (&) moe L (b) Probability

P2 >0

Peres, Phys. Rev. Lett. (1996) 0.3

{@,a,)|* < nyn, 0.2

Hillery & Zubairy Phys. Rev. Lett. (2006)

)

-

EXERIMENTAL TOOLS NEEDED

™~

3, To measure the mean/variances of field

Yields any order of particle (m m p
i D) _ [(at AT\ ~maD
operators, one needs homodyne-like \number correlation function G, "7 = <(a1) (a3) ai a2)>/
detection schemes! or to reconstruct the

state measuring non-commuting See also Barasifski et al PRL (2023)
operators? (e.g. X and p) /
[1] Gross et al. Nature (2011)
[2] Bergschneider et al. Nat. Phys. (2019)
V. Gondret — LPL seminar 24
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&%@ﬁ Probing the entanglement of a TMSv state from its FCS

Consider a two-mode squeezed vacuum state

P(nq,ny)
e 0.25 |
TMSv)(r) ~ ) tanh 7|1, D)y, 2 |
i 0.20
' . 0.15 '
PTMsy ~ z tanh' rtanh® r|i,i)1,(k, k|, ‘
Lk 0.10
0.05
PTMmsy IS @ non-separable state in the 0.00
partition 1-2.
Can we prove the entanglement o _ ~N
) ) Ex:
of this state from its FCS? L/ =X the state describe by

Psep ~ z tanh?® 7 |i,i)(i, i|
i

is a separable state which has the same two-mode
S probability distribution as a TMSv.

V. Gondret — LPL seminar

J 25
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&E’ﬁm’?& Entanglement from the FCS

One cannot assess the entanglement of any quantum state
from its full counting statistics.

1A OVL\\( wmeaswres /\’\«c A'\a.,%oM,\
Yerms of Ale ACWS'(\’{ wma iy

THANK YOU FOR YOUR ATTENTION !

Wait a minute... Not true for Gaussian states!

V. Gondret — LPL seminar 26



&E’ﬁm’?& Probing entanglement
FABRY

~
— GAUSSIAN STATES ~N ) Ve Our g2 WITNESS ™~
\/ sle - 1 1
jA Gaussian state: GC(n>2)(aI .4, = 0. For'two mode Gaus.su?m sta(tze;s.wnh each mode
~ having thermal statistics, g, is an entanglement

[Gaussianity is preserved under evolution of 2" order witness
Hamiltonian (including Bogoliubov theory).]

) 3.0
R PROPERTIES ~

1 Any operator that involves more than 2 fields can 2.5 1
be expressed with 1- and 2-field operators.

P e
.....
-
-
-
.

5 e L a2 TN Y () Fmmmmmmm e e e e b
Gl(z) = (alagalaz) = nyn, + [{(a,8,)|* + |(aIa2)| S0
H_/ H_/
Awomatows Lolerence 1.5 -
\ correlafion j
1.0 UL | LR LR | ror e rrre
( LII\1ILK TO ENTANGLEMENT R S - . ] ,
J%c If (aa,) = 0, observation of 10 10 10 10 10
- - Mean population n
2 2
917 = Grp"/many > 2 2) .
+ the measurement of g,’ quantifies entanglement.
implies entanglement because nyn, < |[{@,a,)|? NS W,

V. Gongret="tpPrsemimar Hillery & Zubairy Phys. Rev. Lett. (2006) See arXiv 2503.09555
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1. Parametric amplification of quasiparticles in an elongated BEC
2. Experimental setup and protocol

3. Observation of the growth and decay of quasiparticles

4. Quantifying entanglement from number correlation functions

5. Observation of quasiparticle entanglement

28
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Experimental procedure
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£ 05 % Many repetitions to reconstruct
the cross PDF between —k & k.
0.0 | , L
2 .
i
5 17 20 -
U I I I 15 7
0 2 4 R .
Time in trap (ms) 10 1 bommmm e '
» “ [ e
“ £ o S
; \“‘ E 0 - O @ °
! Gy o %
‘I! _10 = E ........................
- ﬂsz:.; ................... ot
—151 Av,  Vx
~20 - .
-20 0 20
vy (mmy/s)

29
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Experimental procedure

(f75)
1.0 - Map of gD (v, ,,v,,) = —+2
g N pof g2 (vz1,v22) (fiy M(7Az)
£ o5 ] % Many repetitions to reconstruct
the cross PDF between —k & k. 2
G'ﬂ _I | I k ; )
£
o
2 a
o ™
15 T = T I
§ 1- 20 - R
0 T T 15 A 10 A <_‘:|_ =
0 2 4 9T o I E
Time in trap (ms) 10 A b o1 5 Il L
- o) % [ :
~ - O E 0- !
E %1 o Cé?% e
“‘ S =5 - O o o = -5 i
' e, = ]
H —10 4 5 A - li
- Av; JOQO@ ..... o —10 - =5 i
—-15 1 ﬂvr Vy t !
_ZE._. G} —15 T T T Ly T -.T -.T.
T T T Density (a.u) 15 —-10 =5 0 5 10 15
=20 0 20 v, 1 (mm/s)
VJ-" {ITIFI'IJ’S} (2) (2)

9 % -k = 9ir+1r = 2.0(1) bosonic bunching
Set the size of a mode Ak = 2nr/L

2.2

2.0

1.8

1.6

-1.4

- 1.2

— 1.0

30



&E"ﬁ%‘ﬁ?‘é& Entanglement between quasiparticles

FABRY
101 . G .
) ‘A Protocol: repeat the experiment X Gaussian state,
& 037 for various values of A. v Each mode has a PDF which is thermal
0.0 4, , |
g Gaussian?
’ 2 ® Numerical checks that (some)
& 1 connected correlation 119 | Qelaftive nwmber squeezing
0 functions vanish for n € [3,8]. 4 - X, 1.0 ~ b0 +g
0o 2 4 0.9 - R @ &
» | ‘( Time in trap (ms) Thermal? Ao §it) S 084 . - ?
1 0 N - -1 0l
4 o o00s04) | s 10 10
1 0.36(1) o
} > 107 O 0.91(3)
= O 1.54(4) 2 -
' © 1072
— e
a ; — TMSth
10 1 T ———
4 1071 100
107% T | |
Detected mean atom number
0 3 6 9 12

Number of atoms

31
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How does ertanglement correlations evolve in time?

1.0 - Relative number squeezing
£ o5 At £ = Var(n, —n_g)
0.0 4 , ,
2 1.4
%‘; N 4.0

Ng + n_g
Q
)
~ 1.2 -
YV
0 T T 35 7 () 10 =
0 2 4
» ’4« Time in trap (ms) -=I< 3.0 -
v

Late time: decrease of non-
classical correlation.
O ¢ e)
J88659900
0.8 I
(@)

Hard to speak about

. entanglement, we certainly loose
0 2 4 6| our ability to detect it:
8 At (ms)
2.0 - le:l 8 m 8 o2
| —

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

too many particles per mode
(saturation for > 60)
0o
* Beyond Bogoliubov physics:
o O failure of the Gaussian
| 1 1 1 | 1 1
0 1 2 3 4 5
Duration At (ms)

hypothesis? Thermalization
Circles: A=18%

Squares: A =25%

32
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&E’ﬁi\“ﬁ?é‘é Outlooks: beyond Bogoliubov

124 order peak

v

E 107 4

E ] L 724 order peak

>

2

2

a 9P (v,1,,2)
Correlation between non-opposite 23
quasiparticles modes: beyond Bogoliubov -

model.
2.25

* Numerically observed by Robertson et al
Phys. Rev. D 98, 056003 (2018)

2.00

7S

Vz2 (mm/s)

e Similar experiment in water tanks by
Gregory et al arXiv:2410.08842 (2024)

1.50

1.25

1.00

-20 -10 0 10 20
Vz1l (mmy/s)

33
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&E"ﬁ%‘ﬁ?‘é& Gaussian states
FABRY
We cok conney Q—\)ook\( correlafion Sunctions
Xo 4- amd Z-5ie\d correlafion Sunctions!

//\ JQQ[A (d a ) = 0, observation of
— GAUSSIAN STATES 7 ~

~—— LINKTO ENTANGLEMENT ~N

gg) G(Z)/nﬂ’lz > 2

v
jA Gaussian state: Gc(n>2)(dI ..a;) =0. o
implies entanglement because nyn, < |[{@,d,)|?

[Gaussianity is preserved under evolution of 2" order

Hamiltonian (including Bogoliubov theory).] Campo & Parentani, Phys. Rev D (2005)

) Hillery & Zubairy Phys. Rev. Lett. (2006)
»— HOW TO MEASURE THE COHERENCE? ~N
_— PROPERTIES ~ Sol. 1: set up an mterferometer
1 Any operator that involves more than 2 fields can S 1
be expressed with 1- and 2-field operators. ,
Ex: a, . (p19) « |(aTa,)| sin 26
2 At ata A ~ A At A
Gl(z) = (alagalaz) = nyn, + [{(@,8,)|* + |(a1ra2)|
H_J H_/
Arowmatous Coberence Sol. 2: use higher-order correlation functions.
\ correlafion / \ /
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&E’ﬁﬁf‘é& Entanglement criterion

FABRY
~— ASSUMPTIONS ~N ,— TWO SOLUTIONS ~N
@ h ibl luti
GOX O Gaussian state, S We have two possible solutions
° “« ” . A~ — "-l-" —
v’ Each mode has a PDF which is thermal state” u: [{@,8) = fr & |(aJ1ra2)| B
o “State” y:|{(a.d)| = - & (@ a,)| =P
\> As o result, (&) = ¢ . 5=0 |< ! >| ! y
- ‘ s /
Avagyan et al J. of Phys. B (2023)
A “physical” Gaussian state must respect an inequality
~ TWO- AND FOUR-BODY CORRELATION FUNCTIONS \ based on the symplectic eigenvalues of its covariance
Q matrix {vy}:v_ =1
B 0@ =1+ (l@a) + |(ala)[") /
912 = a14z a; a2 NNy Lemma 1. We can compute v | v®) from ny, n,, L+
2
o = {(ala})’ @a,)?) ing £ o e hisinl, e st

2
=f (Gl(g),nlnz) + 8 [{@18,)|? x |(afa,)|” /nin3 Lemma 2. States p and ¥ are PT of each other

j,{: ow\\{ ome s wa\M{s’\(,«p\, Ahe ofher is CMML%\CA(

Symmetric system to find |(d,d,)| and |(&I&2)|

\yields two solutions B4 / Criterion: If “state” y is unphysical, the state is
entangled.

(and (’,Ma/w%\ewevﬁ \s

V. Gondret — LPL seminar quantified werl \og weq) Gondret et al arXiv (2025) 36



&E"ﬁfﬁ?&% The g?/g* entanglement criterion

FABRY

— THE g?/gl CRITERION N 1.0 @
@ @), .
% The measurement of ny,n,, g5, 9,5 vields A_, the

smallest symplectic eigenvalue of the state and its separableft

3o
PT. If A_ < 1, the state is entangled. j:-i 0.5 -
LN = Max(—log,(4_),0) y 0
S
2 0.0
9%y +12 — 1693 —4(g - 1) 1 2
9 = o > € [0,1]
(07 -1)
1.0
(b) -
~ THE g WITNESS — |
* Low population: if gg) < 2 separable state, :"E 0.5 4 separable -
k * High population : if gg) < 2 entangled state. au%l 1.0
T
0.5
0.0 T 0.0
1.0 1.5 2.0 2.5 3.0
(2) 37
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The g?) entanglement witness

Liwmet guen \)~{ Alhe Awo-wmode

Squ.CCZCA vacuwwm stYade.

/

X
.......
-
-
L]
.

Jz.l =

1.0

10

V. Gondret — LPL se

L] Ll IIII'III L] L] III'IIII L L] IIIIIII
-2 -1

10 10" 10 10
Mean population n

minar

The gg) entanglement witness

depends on the populations,

The value of gg) is needed to determine the

entanglement in the middle region.

Taking into account the quantum efficiency of
the detector can reveal entanglement,

So what is the experimental result ??...
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&Eﬁ?ﬁ?‘é‘é Some advertising on pulse shaping technigues

FABRY

Protocol

Parametric excitation

Raman transfer (+kick)

Bragg deflection of the BEC

Single particle detection analytical

Reflectivity

as|nd jupbisuo)

B wnN e

More information in

» ‘« Leprince et al Coherent coupling of

Reflectivity

as|nd auis

. momentum states: selectivity and phase
S control, Phys. Rev. A 111, 063304 (2025)

- — Analytical (smart) functions as good
as optimal control but simpler.

Reflectivity
o ©
= o

o
N

+ applied to interferometry techniques

as|nd dingay

o
o
1

Speed (mmy/s)
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