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Srls Preheating in the early universe

The inflaton goes from its initial false vacuum state. Its

almost constant potential energy drives the inflation.
A. Linde, Phys. Lett. 129B, 177 (1983).

LY

\ Potential energy V(d)

o
False dancwwim

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 ¢

True vacwum

Particles are created in pairs with opposite momenta from vacuum
in a highly entangled two modes squeezed state. Interactions lead

to decoherence and thermalization.
D. Campo & R. Parentani, Phys. Rev. D 74, 025001 (2006).
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Srls Analog gravity

Use the tools of quantum field theory formalism to
describe a condensed matter system,

~—Analog gravity ~ %
¢ Q _—
Q In the presence of a strong coherent @

background, the excitations of a fluid, or Waker opicel fbers
quasiparticles, can be treated using the
same formalism as particles in a curved

Shape the fluid to mimic famous effect of QFT.

spacetime. -
) ) >
Unruh, Experimental black-hole evaporation?
Phys. Rev. Lett. 46, 1351 (1981) : WJ
I >

Ha.»l\c\w% Za.A'\a;Y'\ow Dyramic o\ Lasimir

Lo on Gohw'\w%u eSSecr
o
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&CHARLES A quantum version of Faraday waves

This work: parametric production of
quasiparticles in a non expanding

background (i.e. cosmological toy-model).

Or s'\w\?\x( Ahe quaktum version OQ
Faura/éou{’s '\sz’\’a,\o'\\'(w

Goal: observe the amplification of vacuum
fluctuations which manifests through
entanglement between opposite waves.

’?ouru;ou{ waves wirh 66(/ W (/\A'\(,A/%O)
He'\Ac\\oer%, Hows¥ow, Mevico, Trento,
Krrecler, Qws\x'\w%)(ow.

~—— Faraday waves ~

Vertical oscillation of the tank at Q

!

- Periodic modulation of the dispersion relation sets the
excited mode

wi = v/ tanh(hk)[ gk + Yk] = Q/2

A
~ Moém\whow of Alhe
eSSective %ru'(w

- The growth of the pattern is triggered by fluctuations
(e.g. thermal fluctuations)

W
T%.

g gravity

A= 21'[//(

\_ If(f) *  ysurface tension




|. Parametric
production of
quasiparticles in a
density-modulated BEC

Gondret et al., Parametric pair production of collective excitations in a
Bose-Einstein condensate, Comptes Rendus. Physique 25, 1 (2025).

Tust published Alis
Monda! Yrppeellt
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Faraday waves with quantum fluids

- Production of a
cigar-shaped He*
BEC each 10 s

Pias (mW)

Ogec (Um)

400 -
<>
200 At
0 T I
10
5 -
I
-2

Time in trap (ms)

Protocol * g effective interaction
strength
(1) Excite the transverse breathing mode of * ndensity
the BEC at Q for 4 periods, | * m atomic mass
* Areduced Planck cte
(2) Let it breath for At: longitudinal At ~ s

collective excitations with w¢=Q/2 are

parametrically excited ' :
The pafern
2\ 2 appears as A
Wk %kz + hk wwereases!
m . 2m

\

P\oéw\w\’iow off

wXeractions af Q
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cares  Faraday waves with quantum fluids

- Production of a __

400 A
cigar-shaped He* % D — Protocol
BECeach10s 52007 At
& (1) Excite the transverse breathing mode of
07— ' ' the BEC at Q for 4 periods,
£ 10 1
‘:; 5 4 (2) Let it breath for At: longitudinal
5 collective excitations with w=Q/2 are
. 3 b - 0 parametrically excited
= Time in trap (ms)
- gn Ak2?
Wk =| —k?2+ | —
Y m 2m
s (3) Slightly turn off interactions!!!
- (4) Single particle detection
- after time of flight ;g30 Single shot wmager,
([',X,_y} PN (VZ, Vyx, Vy) = cacch doX 1s an afom.
— Measure the Sull particle >><—30 A The voxels define the
Kmer —Fro\oa,\o'\\'(\’\{ diskrhution

wode
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400 A , ,
% —> Protocol Small Ac?\a\ow o%/\’\we BeL: .60(60\\\1.\00\1
=200 - At pprovimartion — Hawssian state
& (1) Excite the transverse breathing mode of
0" — ' ' the BEC at Q for 4 periods,
= 101 _ 200 Aver%e e
£ £ ACV‘-S(\'\{ |
% 5- (2) Let it breath for At: longitudinal £ 1501 profile 11
S collective excitations with w«=0Q/2 are < I . |
. b - 0 parametrically excited i€ e ' = SR
» “ Time in trap (ms) g o
an k2 \? s °T1 / y
t‘. wk — - + -
m 2m 0 - k

(3) Slightly turn off interactions!*!

Wz (mmys)

(4) Single particle detection
after time of flight ;g
(tx,y) e (Vz,Vx, Vy) Eo0
=

- Measure Ahe Sull particle
ke r ?ro\oa,\o'\\'(\’{ diskrhution

Single shot wmager,
cach dok is am afow.

The voxels define Ahe

wode




We measure the full probability
P distribution of the quasiparticle number
: :' of a two-mode state.

“ - How extract entanglement from it?

Il. Assessing
entanglement of two-
mode Gaussian states
with many-body
correlation function

Gondret et a/.,, Quantifying Two-Mode Entanglement of Bosonic Gaussian
States from Their Full Counting Statistics, Phys. Rev. Lett. 135, 100201 (2025).
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ciartes  Entanglement

-

For pure states A

violation of a

Entanglement & Bell inequality

Gisin, Phys. Lett. A 154, 201 (1991)

For mixed states

A (k,-k) state is entangled if it is not
separable i.e. it cannot be written as

b= 0ibik®Pi—«k
i

with o; = 0.

Werner, Phys. Rev. A 40, 4277 (1989)/




~
=)~ For pure states

with o; = 0.

-
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ciartts  Entanglement

violation of a
Entanglement & . .
Bell inequality

Gisin, Phys. Lett. A 154, 201 (1991)

For mixed states

A (k,-k) state is entangled if it is not
separable i.e. it cannot be written as

b= 0ibik®Pi—«k
i

Werner, Phys. Rev. A 40, 4277 (1989)

Take a two-mode squeezed state

Arms o< > KK"i){ilk ® |n) (|

i,n

- Can we prove it is entangled
from its full counting statistics?

P(nk, Nx)

0.25 1
0.20
0.15
0.10
0.05 |

0.00

Fig: full counting statistics of a
two-mode squeezed state
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~  lake a two-mode squeezed state
=)- For pure states

- violation of a Prms < > Kk"i){ilk ® [n)(nl—k  P(ny, N
“ Entanglement & : : Z
Bell inequality Ln
0.25 1
Gisin, Phys. Lett. A 154, 201 (1991) 0.20
- Can we prove it is entangled —_—
For mixed states from its full counting statistics? i
A (k,-k) state is entangled if it is not 0.05
separable i.e. it cannot be written as NO 0.00
a N A (in general)
P = Z AiPik ® Pi,—k
i
with o; = 0. Ex: the following separable
state has the same full countin - - et
Werner, Phys. Rev. A 40, 4277 (1989) = g Fig: full counting statistics of a
\ statistics

two-mode squeezed state

Bsepar & K1) {ilk ® |0){il—k
i
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&FABRY Conclusion?

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

jstat OVL\~I wmeaswres Ahe o/.’/{,gma,/
KXerms of Ahe Aews'(w wmaX riy

So... thank you ??




CHARLES iONn?
&FABRY Conclusion:

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

jstat OVL\~I wmeaswres Ahe o/.’/{,gma,/
KXerms of Ahe Aews'(w wmaX riy

So... thank you ??

Wait a minute... this is not true for Gaussian states!




LABORATOIRE

caartes Two-body correlation function to witness entanglement

——DEFINITION
A Gaussian state is defined by its 1st and 2" moments:
L it has vanishing N>2 connected correlation functions

_—PROPERTIES

“I" Any operator that involves more than 2 fields a®
can be expressed with 1- and 2-field operators.

Ex: for zero mean Gaussian states,

n
/ \
opulations \ /

EW’YLW%\C\MCW\’ \s %ubrbb&’\’@@& when
Ahese quantries are sng\o'\cM\{
\ %rckﬁcr Alean Alee "70"7\&\0\/’“01&5/

[1] Gondret et al., Phys. Rev. Lett. 135, 100201 (2025)
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Two-body correlation function to witness entanglement

——DEFINITION
A Gaussian state is defined by its 15t and 2" moments:
L it has vanishing N>2 connected correlation functions

_—PROPERTIES

“I" Any operator that involves more than 2 fields a®
can be expressed with 1- and 2-field operators.

Ex: for zero mean Gaussian states,

[1] Gondret et al., Phys. Rev. Lett. 135, 100201 (2025)

G = (aka’ axa k) = nen—i + {aka—) + I{aa’ )12
//’ N A
opulations \ /
E»«Yuvx%\cwcw\’ \s %\Lk/r&/l'\/\/eeé whew
Ahese quandifies are sng\o'\cM\{
\ %FCA/’\/CF’\/\ML/W’\/\AC ?of\m\oﬁ'\ows/

Normalized two-body

If we assume that each mode exhibits a thermal
probability distribution, G? is an entanglement
witnesstl:

3.0

Tag
......
.
.
.
.
.

N
(@)}
]

correlation g,(f)_ K
N
o

|
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
/

-
(@]
|

10 L S R PR | L S N ER ERELE] | UL P L P | L R LB L
107 107 10° 10 10
Mean population n
15 we also measure Fhe gomr—\ooé\( correlafion

wao’how, erfanglement con e cerrified and
qwa,w\”\%cé )Y\Arou,%\,x \o%a,r’(Ww« wc%afm'(h{ 1.




I1l. Observation of
entanglement between
collective excitations
iIn a parametrically
driven BEC

Gondret et a/., Observation of Entanglement in a Cold Atom Analog of
Cosmological Preheating, arXiv 2506.22024 (2025)
~

\

Tusk u,cc?)fc& \{(’,S’\’CrAw{
w el Yeppeelll
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S Thermal single mode probability distribution
s «—> $A Protocol: We repeat the experiment varying the
%200 4 At amplitude of the excitation A. S Feu Fhousand repetitions
N
0 i I I

Measurement: probability distribution of each mode
I
4 -2

0
. Time in trap (ms)

.
L]
1
1
1
L]
L]
L]
L)
1
1
[l
1
1
!
-

per pot, 3 weeks 24/7
A

Gondret et a/., arXiv 2506.22024 (2025) @
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FABRY

s «—> $A Protocol: We repeat the experiment varying the
g«200 4 At amplitude of the excitation A. S Feu Fhousand repetitions
3 per pot, 3 weeks 24/7
= Measurement: probability distribution of each mode ™"\
0 -
I I I 0
4 2 0 10 3 —“\(’,r\mou\ \a,\Al (,ot,w‘;uffcé A=10%
A=18%

A=25%
A=28%

ool

Time in trap (ms) 1A, Crom e mean urticle
1 ] N nwader (wo §6)
» “ Result: thermal single mode probability 10 3 N
X distribution (i.e. bosonic bunching) ] :

Probability
8I

0 3 6 9 12
Detected atom number

Gondret et a/., arXiv 2506.22024 (2025) @
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FABRY
s «—> $A Protocol: We repeat the experiment varying the
%200 4 At amplitude of the excitation A.
& Measurement: cross normalized two-body correlation
01 : : function g
- 2 0 2.4 -
Time in trap (ms) 4
) 2.2 -
& b Q
» ({ Result: assuming the two-mode state is S o 2.0
Gaussian, it is entangled for sufficiently % 3 - '
A large excitation amplitude. % 4)
o M
(7))
8 5 entangle Q -
5 Q
1 T T T T T ]
-1 0
10 10

Mean detected atom number

Gondret et a/., arXiv 2506.22024 (2025) @
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S Thermal single mode probability distribution

S <> $A Protocol: We repeat the experiment varying the
%200 4 At amplitude of the excitation A.
& Measurement: cross normalized two-body correlation
01 : : function g
4 -2 0

I
|

Gaussian, it is entangled for sufficiently
large excitation amplitude.

2.4
Time in trap (ms)
2.2 - + Q
» ({ Result: assuming the two-mode state is

w
1

Model: two-mode squeezed thermal
state without free parameter.

Cross correlator g2
N
1

entjl)wae W-

A

25(5)% detector efficiency,

25(5) nK temperature. Fluctuation of 1 -

-1 | 0
0.5 + 0.18(8) 10 10
. R Mean detected atom number
Jacwum Thermal

Gondret et a/., arXiv 2506.22024 (2025) a
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FABRY
S <——\|A
% At $ Protocol: vary the a | o
200 7 excitation duration At Do 1 O 0
&< 3.6 103
T O ©
0 - T > O (o) o
| | | S § 0 O o o @)
4 Ti '_:tz 0 Equo*e,é Ale Awo-mode g 10 O o ©
ime in trap (ms) squeezing wodel. i I;I o T T T
Results: / b
J Sy 4 -
(1) g@ - 2 as population grows g (1)
T (11)
/
(I1) At later time, g®® drops below 2 8 8 v
A o |mmo 8 od O
/ o 27 Sy
N cy.?co*cé © o
0 2 4 6

e ) . ) i
~OCr Onset of a late-time regime where higher order Hold time At (ms)
L quasi-particle interactions become relevant.
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SR Outlooks

r
ES = Onset of a late-time regime where higher order

a
. . . O
L quasi-particle interactions become relevant. - o
D - 1 O 0]
g5 103
Towards the study of the much-less understood ° g . [ o ©
. . . . o
interaction-dominated regime: S § 0 OO o
i) 10 7 (@)
= i B oo
ZXr decoherence of the resonant modes, 1o o
I I I I
Robertson et al., Phys. Rev. D 98, 056003 (2018) b
o Sy 4
<{OF loss of Gaussianity, o
O
Schweigler et a/., Nat. Phys. 17, 559 (2021) ©
Bureik et a/,, Nat. Phys. 21, 57 (2025) © 37
_ 8
XX F appearance of higher order peaks, @ ) é =] 8 8 : H o)
O T |9}
Gregory et al., arXiv:2410.08842 (2025) IS - o

®)
6

o_
N
N

<3F  back-reaction of the quasiparticles on the BEC...

Hold time At (ms)
Butera and I. Carusotto, Phys. Rev. Lett. 130, 241501 (2023)




Take home

CERE

message

Analogy between quasiparticles in a fluid and particles in curved space time,
Two-mode entanglement of Gaussian state can be assessed from particle
number correlation,

Observation of vacuum amplification through entanglement between
quasiparticles in a BEC.

Thank you for
your attention!
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Ve
|

_Q_ The equation for the dynamics of

collective excitations, or quasiparticles on a

strong coherent background is analog to
that of particles in curved space-time.

\

)

Unruh, Experimental black-hole evaporation?
Phys. Rev. Lett. 46, 1351 (1981)

a Astrophysical black hole b Analogue black hole

Event horizon Sound
l Fluid wave

bt & e

Supersonic region Subsonic region

Hawking
radiation

Particle
Warped space-time

Weinfurtner, Nature 569, 634-635 (2019)
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FABRY
400 -~
= - Protocol * g effective interaction
%200 § At strength
< (1) Excite the transverse breathing mode of * ndensity
01 ! . the BEC at Q for 4 periods, * m atomic mass
10 * Areduced Planck cte
= ] . :
2 (2) Let it breath for At: collective At ~ s
éﬁ 57 excitations with w«=Q/2 are

0 : . . parametrically excited s
» “ -4 -2 0 The pafern
4 Time in trap (ms) gn Ak2\2 wppears os DX
s Wi = —k2 + (_) wereases!
m 2m

The time modulation of the dispersion relation
squeezes =k quasiparticle modes b«
Wk

3tby = —iwkbi + 2_51k Two-mode entanglement
Wk

reveals the role of vacuum
Exponential production for mode w«=Q/2 & in seeding the growth
triggered by both thermal and vacuum fluctuations

fiiin—




LABORATOIRE
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FABRY
1.0
4 "_"M Repeat the experiment varying 4t and count
& 021 the number of atoms in each mode
0.0 4, , ,
2 -
e
5 1

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

& Apparent pairwise production

Number of atoms

.= Exponential growth!!! as
expected in parametric _
amplification 0 J 5 3 4 5

Hold time At (ms)

[1] Gondret et a/., Comptes Rendus. Physique 25, 1 (2025). a

& A large oscillation in the growth




&ﬁgﬁ Mapping the quasiparticles onto the particles

We measure atoms and not quasiparticles

Eigenbasis in an interacting gas
2
gini hk?
Wk = k? + | — £
k m ( 2m g
©
wWhat we ’FroAv-(/C s
Equivalence if &
o)
QtWir/ Wk K Wk § + n
+ + ) At
What we measure 0 ‘__rg \‘
10 7 & \
hk? E |\
wk = I I I I
20 0 1 2 3

Eigenbasis for non-interacting atoms Hold time At (ms)

- In the following, we slowly turn off interactions.
[1] Gondret et a/., Comptes Rendus. Physique 25, 1 (2025).
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