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ciaries  The Dynamical Casimir Effect (DCE)
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Macri, V. et al. PRX (2018).

Dynamical Casimir effect : fast oscillation
of the mirror creates photons out of
vacuum.

v 2
Nphotons ~ WT (E) F

Lambrecht et al PRL (1996)
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Move the mirror Change the refraction

.
e al o

/ Outline of the talk \

(1) Detection of phonons in a Bose-
Einstein Condensate

Change the sound
speed (in BEC)

() Experimental procedure and
phonon creation

(3) Correlation analysis of the phonon

\_

1CY

| &

Wilson et al. Nature (2011).
Lahteenmaki et al. PNAS (2013)
Vezzoli, S. et al. Com Phys (2019).

cs(t) = c50(1 + € sin wt)

Jaskula ef al. PRL (2012).
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l\ charies Detecting single atoms

= B

Cigar shape BEC (10s)
® (1)” = 10 Hz

Metastable (20 eV , 2h) helium atom
* w, =1,6kHz

® He® _
SEM — © Hamamatsu
l 80 um Photonics
)) (( ]oo e ,L S EE—
X ‘/' A % 7
. e
45 cm B . - s
- A metastable helium atom hitting
the detector triggers an electronic
SV fountains :
< 30 mm ? - Measure : X, Y, T. Picture of the MCP
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\ ciaries  Detecting single atoms

Metastable (20 eV , 2h) helium atom .

Cigar shape BEC (10s)
® (1)" = 10 Hz
* w, =1,6kHz

i e

>

45 cm

- 3D reconstruction of the momentum of
individual atoms (n = 10, 25, 50 % 2)
SV

Satfuration

y4 \
N\ /7

80 mm
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chartes How fO create collective excitations ¢

2 4. N\ 2 * a, atomic scattering length
How to change the sound speed ? Cs = /giny/m = < 52 )
Lo « L,o length and width of the BEC
Change the scattering length Change the BEC width
Chicago, Heidelberg Trento, Palaiseau
120 Hz

30

of Faraday

B 321 Hz [ N SN

Bose fireworks <

Density (um™2)
o

>
125 um

Clark et al. Nature (2017) Engels et al. PRL (2007) 6
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How to measure a; ?

How collective excitation evolves when one
release the BEC ¢

. P . (uk vk) Ay . bl
Particles o7 )7 \ve w at, Quasi-particles

0.8}

Ratio For high enough momentum, the
(7 0.6} - collective excitation is mapped to
ﬁ oo a single atom.

0.4}

(Forus:kxa,~0.8)

0.2}

% 05 1 15

Momentum k [a, ]
Tozzo & Dalfovo, PRA (2004)
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l\ ciaries  Qutline of the talk

N

<

N
/ Outline of the talk

(1) Parametric creation of phonon in a
cigar shape Bose-Einstein condensate

Einstein condensate of He”

(3) Correlation analysis of the phonon

N

(2) Creation of quasi-particles in a Bose-

~

/

Summary of O

4 Detecting the momentum of individual

atoms

% Create entangled pairs of phonons

when varies density

% Phonons adiabatically fransform to

atoms when release the trap

Let's do that !
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Experimental procedure

Recipe

Modulate the fransverse trap

frequency at ,

Wait a bit (or not),

Release the frap and measure,

Repeat

.u.)
'y
L4

Trap Stiffness w; (a

Time (a.u.)

v, (mm/s)

200

[ [
Qo L
o o
1 1

Detected atoms
(W3]
o
|

o

=
o
|

Zoom
o
|
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308

Time (ms)

v, (mm/s)
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Vi (mm/s)
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20

10
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cHarLes  Measuring the dispersion relation

: 6
Recipe c @
Modulate the transverse trap =] > 0"
frequency at o, S X 4 _
5 ~ Eﬁaiﬂng_mode 2W |
Wait a bit (or not), LS 31
=
53 SO
Release the tfrap and measure Vg 2 g;g
the gap between the quasi- EE 4 =8
particles, © o2
o 0 20 | |
Repeat but change w 0 5 10 15
- Excitation speed (mm/s)
£
2 100 1 v Parametric excitation near the
E breathing mode excites the BEC
g 207 at resonance.
()

0 -

_—
10 A+ l |
(e
-20 -10 0 10 20
Vz (mm/s)

Zoom

Tozzo & Dalfovo, PRA (2004)

10
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: 6
Recipe c ®
- Modulate the transverse trap =] >
frequency at , T X 4 _
é ~ Eﬁaﬂng_mode 2W |
« Wait a bit (or not), LS 37 =
‘T U .0
» Release the frap and measure Do 2 = ©
the gap between the quasi- EE 14 £ 8, cs = 16 mm/s
» (( particles, i @ Data used for fit
o 0 - @
- Repeat but change © 0 . 10 15
150 . Excitation speed (mm/s)
£
2 100 - v Parametric excitation near the
_ E breathing mode excites the BEC
— 2 at resonance.
()

« Excitations on the phonon branch

Zoom

— T
_— 12-

—20 -10 0 10 20 11
Vz (mm/s)
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cHartes  Measuring the production rate of phonon

Recipe

 Modulate the transverse trap
frequency at o,

« Wait a bit (or not),

* Release the frap and measur
the gap between the quasi-

» (( particles,

« Repeat but change the

number of excitations
One expects(l :
- « exponential creation
- of phonons,
» higher orders phonons
S

Detected atoms

Zoom

Detected atoms

Zoom

100 H

9 excitations.

75

50

25

10
0 _W

-20 -10 0 10 20

V2 (mm/s)

11 excitations.

150

100 H

50

o
|

N
wu

o
1

DY 'TUl

-20 -10 0 10 20

V2 (mm/s)

Detected atoms

Zoom

Detected atoms

Zoom

100

U
o
1

o
l

10 excitations.

b
I I

=
o

o
]

EWY VHl

-20 -10 0 10 20
Vz (mm/s)

13 excitations.

100

PR’ Vv

-20 =10 0 10 20
V2 (mm/s)

(1) Robertson et al. PRD (2017)
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Recipe o
_ T o
« Modulate the transverse trap ] 1} Etki ®
frequency at w, E 10! 3 1 = ® ‘
. e 7 ©
« Wait a bit (or not), L : ®
« Release the frap and measure 5 10° 3 b $ ®
. - P90
the gap between the quasi- # 1 ®
» (( particles, L
10 E
« Repeat but change the | , , , , ,
number of excitations 4 6 8 10 12
Number of excitations
One expects(! : .
. _ Add to the to do list of the task force
- « exponential creation
- of phonons, » Check the decay of the
. production ratel?
* higher orders phonons
I

(1) Robertson et al. PRD (2017)
(2) Micheli & Robertson, PRB (2022)
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Recipe

/ Ovutline of the talk

(1) Detection of phonons in a Bose-
Einstein Condensate

(2) Experimental procedure and
phonon creation

(3) Correlation analysis of the phonon

~

/

» higher orders phonons

S

Summary of 2)

% Creation and detection of quasi-

parficles in a BEC

% Population grows exponentially with

excitation parameters

% Quasi-particles are phonon, in a BEC

with ¢, = 16 mm/s

14
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g ”
s ] We expect to create :
E 50 -
o
0 == e |ITMS) = Z(e ¢ tanh r) In ), ®In)_,
coshr
£ 10 - S g
S oL A -
—-20 -10 0 10 20
V2 (mm/s)
Experimental parameters (2012)
12 oscillations, 4.5 ms (25ms)
w = 2.8 kHz (2.2 kHz) v
A=7% (10%)
=16 mm/s (13 mm/s) (2) _ .
T =90 nK (200 nK) g7k k) =2 (n) = sinhr
. . tanh™ r
1. Bosonic bunching P(n) = ™
coshr

Tracing over one of the modes leaves 2. Counting statistics

the remaining mode in a thermal state

Second order correlation

function
def ﬁ ﬁk

g (q, k) & <A — !
(nq><nk>

g@(k,—k) =2 _|_i

(n)

3. Entanglement
15
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f.-"
§
I
.'
.?
|
m mu m

AV, AV, or o(mm/s)
- g=0.40 ' 40, 40,

!_ﬁ_--'l —— D’=|:|3? .r 2['. ED, l—-—-_ﬁ_!

-= g=034 W 55

T
-3 -2 -1 ] 1 2 3 -

&Vz (mm,/s)

Local correlations (hormal)

gD (k, k) = 2inthe
limit where the
integration volume
goes to 0.

(In the limif where
pixels size goes to zero)

Probing (local) correlations

How to measure the number of particles in
mode ¢ (for counting stafistics)

How to define a mode size ¢ (2m/L)

L —> g VZ

Use the HBT effect !
Bosonic bunching

The width of the auto-correlation
gives the mode size.

16
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(n) = sinhr

Probability

10° 7 . I
] = Thermal
= = Poissonian
10—1 - ' N=101 |
>
® 1072 - ¢
o 3
o !
o I
I
1073 I
I
I
I
104 L
0 30 40

Number of atoms (V, = -10.5 mm/s)

For a thermal state, the mean number of particles
determines the distribution statistics.

10° -

101 3

=
9
N

= Thermal

= = Poissonian

® N=99

[
9
w

1074

I
[}
|
I
1 11
1 1
I
r
0

10

20

30

Number of atoms (V; = 10.5 mm/s)

40

17
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cHARLEs  Proping (cross) correlations

g @ (=k, k + k)

o gB(k,—k) <2

1.3 - « Pic value of 1.3 (< 1.8 of local
correlations)
o 12 NI WHY 2222 @®®
2 B
~ L.1- / .
o Shot-to-shot fluctuations
1.0 4 o] of the BEC inifial speed
' W —— o=1L1mm/s kills cross-correlations
0 Exp
0.9 .
! ' ! ! ! Use other entanglement withesses
-4 -2 0 2 4
ok; (mm/s) Cauchy-Schwarz inequality Normalized variance
@) (1 — Var(n, —n_
_ G'“(k,—k) -1 V= (N k) > 1
VG@ (=k, —k) x G (k, k) N +n_g

Kheruntsyan et al. PRL (2012)

18
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Cauchy-5chwarz ratio C

Normalized variance
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1.2
1] 16
11 | 15 |
h b
= 14
. |
Lo gi“ . +?o .
0.9 iﬁ | % 12 -~I W‘,ﬁ
® Gki=25mm/s
» ¥ &ki=15mm/s L1
0.8 | , B Gk.=10mm/s | 1.0
16 + PRELIMINARY RESULTS
15 . __“1.;'_'.‘.'
1.4 I' 1.- E 1015 ’}"’ dosns
13 + +| _E E , ﬁ## -
12 —+ +| | ®| 5 !Jv‘ ......
11 .+ TT il % 10° ' "‘1‘.:—-—-—_—
1.0 g E .;u- —
M |/ i
0.8 T T I
1 2 3 a 1 3 3 M

Mode size Akz{mm/s)

Mode size Akz{mm/s)

Cauchy-Schwarz inequality

G (k,—k)

= <1
JGE@D(=k,—k) x G@(k, k)

Normalized variance

_ Var(ng —n_g)

> 1
le+n_k

We observe for the «right »
pinhole :

« Violation of the Cauchy-
Schwarz inequality,

e Sub-shot noise variance

19
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T Conclusion

\

2D correlation map of
What we saw 9P WV,1,V,2)

« Creation and detection of (evaporated)
phonons in a Bose-Einstein Condensate,

=

« Bogoliubov dispersion relation and
exponential creation of phonons,

« Counting statistics compatible with a two-
mode squeezed state,

« Preliminary results on non-separability.

V2,2 (mm/s)
foiflyiite 0
| el e el e O TR TR VN TR N |
Lo = ©00 I TN OIS i3 o O W
OROONOOPRLRONOOONOOR~AOONO

‘_I"—;‘|_|h_|‘ IIIIII — = —f

Vz, il (mm/s)
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100 F y
What's next ? @ 50} fge OOF
* Check robustness and replicability of = oF 1N of
preliminary results, g fir=
. ~50 | 1 —50f
 Dependance of entanglement with
1 - —50 0 50 —50 0 50
number of excitation, amplitude... v Tl
« Add alattice to change effective mass Broadband and narrowband Bragg
mirrors along z.
« Study the exponential (decayed ¢ ) R
creatfion process c
Interference of
- Probe the coherence with Bragg beams fhe two modes A d ]
(atomic interferometer) ay
A 21
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T Qutlooks

100 F -
What's next ? % 50} ] 50 i
5 | &
& | 1.
. o e N 0" T N i i
& Universe origin : done. S 1=
@® What about the future universe ¢ _"0 SRR e e e
—50 0 50 —50 0 50
Vy (mm/s) Vy (mm/s)
This project :
Broadband and narrowband Bragg
5T CO, ../researcher/year mirrors along z.
C
Paris 2012 agreement L?]Tecrferencedof / R
— 2T CO, /year € TWo modes d

3%

Lab<as 15 e

A

IQ)
w

22



Thank you for

J.-C. Jaskula et al., Phys. Rev. Lett. 109, 220401
(2012).
[ J I *
your fime |

S. Robertson, F. Michel, and R. Parentani, Phys.
Rev. D 95, 065020 (2017).

A. Micheli and S. Robertson, Phys. Rev. B 106,
214528 (2022).
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Fourier + Bogoliubov transformation \

gives the evolution of annihilation

operator for collective excitations ay,
20

10:a;, = Qg ap + aik

2

k2 k2
where 2 = 48225 4 (—)
m 2m

recover Bogoliubov dispersion
relation with sound speed

Cs =y gini/m

Describe the system as
P =d,(,t)(1+ P(zt))

d, : gaussian ansatz for the transverse profile
with width o

¢ : small perturbation of the field, depending
only on z and time.

The perturbation obeys the Bogoliubov - de
Gennes equation

modes k and -k evolve
independently when c,= cst

k/-k mixing when the sound speed

ihat(ﬁ = %azz(is + glnl(é5 + QET)

where g,n, depends on transverse profile @,.

Busch et al. PRA (2013)

24
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cHARLES HOw tO create collective excitations ¢

Fourier + Bogoliubov tfransformation > How to change ¢, ?
gives the evolution of annihilation

operator for collective excitations a; 2 a,N\'?
. CS - V glnl/m = L 2
latak = .Qka,k + a—k
28 * a, atomic scattering length
where 02 = &k | (k_)z . L, o length and width of the BEC
m 2m

(1]

* recover Bogoliubov dispersion
relation with sound speed

Cs = /g1 /m

« modes k and -k evolve
independently when c,= cst

- k/-k mixing when the sound speed Bose fireworks

\vories ! /
Clark et al. Nature (2017) 25

w
o

Density (um2)
o
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cHARLES HOw tO create collective excitations ¢

Fourier + Bogoliubov tfransformation > How to change ¢, ?
gives the evolution of annihilation
operator for collective excitations ay 2 agN 1/2
3.0 Cs = g1 /m = (L02>
—1
10;a;, = Qpa; + Lk aik

2Q - ay atomic scattering length

k_Z)Z . Lo length and width of the BEC

n kz
where 2 = 2025 +<
2m

m

* recover Bogoliubov dispersion
relation with sound speed

Cs = /g1 /m

« modes k and -k evolve
independently when c,= cst

« k/-k mixing when the sound speed
varies | < >
\ / 125 pm Engels ef al. PRL (2007) 26




0 255 Probi .
\\ cikeEs Probing (local) correlations

How to measure
g(z) (k’ q) = (: ﬁqﬁk: )/(ﬁk><ﬁq>

How to define a mode size ¢ (2m/L)

Incoherent Use the HBT effect !
Light Source Bosonic bunching

« Constructive interferences
for bosons,

 Destructive interference for
fermions

A2)

Correlation, g

v, (mm/s)
o

1.05

-~

o

S
|

A\

1.00

095 |,

=50 —-25 0
Vy (mm/s)

0.90

Jeltes et al, Nature (2007)

Separation, Az (mm)

40

30

20

10

27



[g'2(k, k + 6k;)dk;

o HBT : Correlation width (1)

Beam a auto-correlation.

VX axis. Vy axis. Vz axis.
151+ ' AV, AV; oro(mm/s) [Wx: Ay or-oimms)
-- 0=468 & 10,5, 15 ‘ -— 0=147 & 10,10,
-= 0=425 v 83 1.4 4 -- 0=144 ¥ 838,
L4471 - 0—3 72 B 52 -— g=121 ¥ 55
1.4 A S
1.3 14—
N N
131 3 ]
25— +
12 +——1+— 44 %
¥ N
© 111 o
1.1 * i*’
L ] 1.0 -
1.0 - -— 0=446 5,
| -= 0=401 Y 83
| 0.9 H-- o=355 @ 52 . —
—15; =10 =5 0 5 10 15 =15 —10: =5 0 5 10 15 . -75 -50 -25 00 25 50 75

6Vx (mm/s) oVy (mm/s) 6Vz (mm/s)
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Correlation width (mm/s)

1

Correlation amplitude
o

e
[}

o
I

HBT : Correlation width (2)

Correlations width (up) and amplitude (down) of beam a as a function of voxel size.

Correlation width along Vx

4 , . . ! - ‘
\ ’.* 1in°7
2 -
&Vy (mm/s)

14 ® o8 ¢ 24 # 56

v 12 +* 32 I 64

m 16 ® 40 ® 72

¢ 20 + a8
0 I T T T T
0.00 0.25 050 0.75 1.00 125

6Vz (mm/s)
Correlation amplitude along Vx

5] ,

oR<O

¥{¥

&6Vy (mmy/s)
0.8 ¢ 24 # 56!
12 * 32 } 64
16 ® 40 ® 72,
20 + 48

| o+& o*u—c—

eq-rﬁ-.t!

025 050 075 100 125
o6Vz (mm/s)

Correlation width along Vy

N w -
| ! |

Correlation width (mm/s)
(=]

oR<O

t HIREN

&Vx (mm/s)
0.8 ¢ 24 # 56
12 * 32 I 64

16 ® 40 ® 72
20 + 48

0.25 050 0.75 100 1.25
o6Vz (mm/s)

Correlation amplitude along Vy

!—I
[
1

Correlation amplitude
S o 9 o =
(o)} ~ [e2] Vo] o

L 1 1 1

o
w
!

B <O

oVx (mm/s) | 0 *

0.8 ¢ 24 # 56, PR 3
12 + 32 I 64 % 4
16 & 40 © 72, f
1

2.0 4+ a8 ®

0.00

025 050 075 1.00 125
o6Vz (mm/s)

Correlation width (mmy/s)

Correlation amplitude

Fit function is lorentzian

Correlation width along vz

1.4 | .+
&%
124 +*‘.‘ O
1.0 f i
0.8 4
0.6 T
6Vx (mm/s)
041 @ 08 & 24 & 56
v 12 + 32 I 64
024 m 16 ® 40 ® 72
$ 20 + 48
0.0 T T T
0 2 4 6
6Vy (mm/s)
Correlation amplitude along Vz
10144
’
0.8 1 re
+*
@
0.6 » ~
6Vx (mm/s)
® os ¢ 24 # 56
v 12 + 32 } 64 4
0441 m 16 ® 40 ® 72 . 4
$ 20 + 48
0 2 4 6
6Vy (mm/s)

29
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Check the g(® > 2 criteria

At ot o~ o~ ~ ~ ~t ~ 2
<ﬁkﬁ'—k> — (bl-cl-bikbkb—k> = NENn_j + |<bkb—k>|2 (b]-(l-b—k /zd

le c = cos(¢p)a +sin(¢p) b

= (cTc) = cos(¢p)? ata + sin(¢p)? bTh + cos p sin ¢ (a™h + bTa)

- Check that this term is zero.

30
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FABRY
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0s  Magneto-optical trap 2s Magnetic trap 6s Dipole trap 10s
100 K 1 mK 20 pK 400 nK
1000 m/s 1 m/s 0,2 m/s 3cm/s
107 atoms 107 atoms 5.10* atoms

Evaporative cooling to
obtain a BEC

Plasma to excite He to metastable state : 20 eV, 2h.

31
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\\ cikeEs Probing (local) correlations

, , Use the HBT effect !
How to measure the number of particles in Bosonic bunching

mode ¢ (for counting stafistics)

: . n
How to define a mode size ¢ (2m/L) 16 4
E g (k, k) =2 inthe
H limit where the
16 4 g . .
o - 20 P intfegration volume
~ ' goes 1o 0.
E 25 4 30 Y@ !
€ 0 + 14- 'b
é 7] L -0 ~2 i .
> e 28 ' The width of the auto-
- ] | — o .
- 10 S E correlation gives the
=50 1 > 1 Y N mode size.
| T T — — 0 AV, AV, or almm/s)
=0 =23 N 25 —= g=040 & 40, 40,
Vx (mm/s) o) BEgr=r== 0=037 ¥ 20,20, =t T8
-— g=034 B 5.5
LNEL 0L L R LA
> \/Z &z (mms)
A<_> -

Local correlations (normal) 32
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