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CONTEXT

Homogeneous 1D Bose gas with contact repulsive interactions :
« Lieb Liniger Hamiltonian :

A 2 N 52
H:_;_mZi %JFQZKJ(S(%—%)

Integrable system: the eigenstates of H are the Bethe Anzatz states k1, ko, ... k) labelled by N

numbers (k1, ko, ..., kn) called the rapidities.

Rapidities distribution : L p(k) 0k is the number of rapidities in
the [k, k + dk|range.
is conserved during the out-of-equilibrium dynamics of —
the system /// \\\
SO
The relaxed state is described by the rapidities distribution ! < >

Ok

S



CONTEXT

Rapidities distribution can be measured: after a 1D longitudinal
expansion of the cloud, the profile density converges towards the
rapidities distribution.

Density profile: n(z, t)
Rapidities distribution: p(k, t)

« Generalized hydrodynamics in strongly interacting 1d Bose gases »,
Malvania, N. & co, Scienced73(6559)



OBJECTIVES

Local Density Approximation :

Local Density Approximation (Euler scale):
A spatially resolved rapiditiy distribution p(zo, k) p(z1, k)
p(z, k)can be defined. n(z)

Objective :
Measuring experimentally the spatially
resolved rapidity distrioution p(z, k)




OUTLINE

Asymptotic regime of a
1D expansion

Hydrodynamics for

integrable systems Domain Wall Dynamics

* Preparing initial « Generalized « Domain Wall
conditions HydroDynamics Dynamics protocol
- 1D expansion « Dynamics of 1D « Domain Wall
expansion Dynamics

reconsfruction



PREPARING INITIAL CONDITIONS

How to reach the 1D regime?

ATransverse Energies states

Excited
states
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PREPARING INITIAL CONDITIONS

How to reach the 1D regime? How do we produce a 1D Bose gas ¢

Atoms used : Rubidium 87 in the |F' = 2,mp = 2)

ATransverse Energies states atomic state.

Atom chip experiment: the atoms magnetically
trapped thanks to micro-wires deposited on a

Excited el
states Optzcal Denszty Imagmg (0.D)
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_ Properties :
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PREPARING INITIAL CONDITIONS

How do we produce a 1D Bose gas ¢

Atoms used : Rubidium 87 in the |F' = 2,mp = 2)

atomic state.

Atom chip experiment: the atoms magnetically
trapped thanks to micro-wires deposited on a

chip.

Pizels = 1.77um

Optical Density Imaging (O.D)
250 & P T : . 0.8
CE s NI H 7
M fi—=9H 0.6
' L0.5
15 180um I
Gl
10 ———
50

Nat ~ 10000

0 100 200 300 400 500 600
Pizels = 1.7Tum

e

Properties :

Independent control of
the longitudinal coupling
and the transverse one

Longitunal frapping:
_ 4 i
Vi(z) =) i1 iz

Density profile of the cloud in the
harmonic frap before the
selection

Assumption : system described by
a Gibbs ensemble

)

density n(z) (pum

Fit to extract a s~ Density

“temperature 1T ," profile
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z-axis (um)

=T =105nK, p=955nkK



PREPARING INITIAL CONDITIONS

Objective: measure the spatially resolved

rapidities distribution DMD
P Digital Micromirrors
* Implementation of a selection spatial Device
toof I - - -
+ Use of the radiation pressure \J .,

Implementation of a DMD to shape the Features s

beam. e 1024 x 768 mirrors
* 1 mirror: 14 umx 14 um

) >2 e >2

'
DMD beam profile remaining atoms




PREPARING INITIAL CONDITIONS

m (0.D)

Experimental setup fo obtain a homogeneous 1D gas
before imaging it:

Optical fiber

/ : Density profile
_____ 100 -

High-resolution 80 1
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PREPARING INITIAL CONDITIONS

Experimental setup fo obtain a homogeneous 1D gas
before imaging it:

Optical fiber

Optical system High-resolution
objective
lcop
p======= T, Vacuum
\ : | chamber
CCD : 0\ ;
| )
. [
< ggf,’g splifter ¥_ L-=A-=-= Atom chip
!/
feep atoms Trapped atoms

linear density (pum 1)

m (O.D)

“f/\]_

L

Old profile
New profile

0 50 100 150 200 250
Z-axis (pum)

300 350 400
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Pixels

50 -

1D EXPANSION

The longitudinal confinement is
removed,

The fransverse one is maintained

100

il L
200 300 100

Pixels= 1.77um

I
600
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Density profile of a 1D gas after different fimes of
expansion:
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1D EXPANSION

Rescaled profile denstity:

We look at the profile densities after 50 ms of expansion n(z, t)t—>-|—oo ~n (t . ) — P(t . )

Profiles rescaled with the time

(- —— 30 ms
6- = o 0ims
© 5-
~ — 60 ms
~— 4_
=y
T 3
N
= 2
1 - ,f\""'i"'\
() - ‘ijw:.

10 15

Ct-

—15 ~10 5 0
Axis z/t (um/ms)

An asymptotic regime seems to be reached, it corresponds to the rapidities distribution I
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1D EXPANSION

m 30 ms
Rapidities distribution p obtained #{‘ ‘ —— 50 ms
with T'=105nK, p = 55 nK | 60 ms
g8 ="105nk
1= 5omiC
—20 —15 —10 -5 0 5 10 15 20
Axis z/t (um/ms)
Conclusion: A
« Differences between the datas and the rapidities distriution : Non thermal distribution?
9 Do we reach an asymptotic regime < Look at the dynamics y




GENERALISED HYDRODYNAMICS (GH

Hydrodynamic approach : continuum of
locally homogeneous cells of fluid of size Al
with L >> Al >> d where

- d is the microscopic length scale

L is the macroscopic one
L >> Al




GENERALISED HYDRODYNAMICS (GHD)

Classical HydroDynamics (CHD) : a non integrable
system can locally be described by a Gibbs state
n(z,t) with n(z,t), n(z,t)p(z,t)and u(z, t).

Classical Hydrodynamics :

« Conservation of the atom number :
on(z,t) + 0, (v(z,t)n(z,t)) =0
'\_ Atomic '\-— Hydrodynamic velocity
density

« Conservation of total momentum :
O (np) + 9, (mnv? + P) =0
momentum .\_ Pressure

« Conservation of total energy :

Oy (nmf —|—net8z (n (nm;Q —|—ne) —I—TLP) =0
S

Energy per atom

u(z,t)



GENERALISED HYDRODYNAMICS (GHD)

General HydroDynamics (GHD) : an intfegrable
system can locally be described by the spatially
resolved rapidity distribution p(z, k, t).

Classical Hydrodynamics :
n(z,t)

« Conservation of the rapidity distribution on a ok
slice:

with

vest[p] (k) = k — [* 2 Ak Ak — k) [vess[o] (k) — vest[p] (k"))
and

A(k) = 922+gk2

Bertini et al. (2016), Castro-Alvaredo et al. (2016)




DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation :
Ocp(z, k,t) + 0. (vest | p] (k) p(2, k, T)) = O

zZ— QZ

« Eqguation invariant t
quation invari o{ b o

. with n(z,t) = [°_ p(k, z,t)dk

For different initial sizes: the dynamics
must be the same to within L /t.

= n(z,1t) —n( ’Ii))

\_




DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation : Superimposition of profiles for different initial
sizes L but with the same t /L ratio.

Oip(2, k) + 0. (vert P (k)p(z, b, 1) = 0

1.0 - |
. . Z— oz > 0.8 11
- Equafion invariant to { PRI = P
c ©. @) ~—
. With n(z,t) = f_oo p(k,z,t)dk 204 [ \
for di e . = 0.2 {
or different initial sizes: the dynamics £ A '11

must be the same to withinLj /t. U W.""
o 0~ Apdmagre i WM"\W"‘#

= nlz,t) = n( . )
(z,t)=n(%, y 40 -20 0 20
Axis z/t (pm/ms)

\_




DYNAMICS OF 1D EXPANSION

Comparison between experimental profiles for different tfimes and dynamics obtained by Generalised HydroDynamics:

. 17.5 -
Ot =5Hms n .
Y - J.U T .
30 .- —— Experimental
< 25 o 14.9
g “ S
=920 ~10.0 profile
15 2 Profile from GHD
— = .
=10 - with T' = 105nK and
) / 1 - 1= d5onK
—400—300—200—100 0 100 200 300 400  —400—300—200—100 0 100 200 300 400
Axis z/t (um/ms) Axis z/t (um/ms)
8- [
t =30ms / 6- t =40ms
_6- - |
S 3
= =4
ks =
g T 3-
E 9 - = 2-
‘ I -
() -= (-
—400—300—-200—100 O 100 200 300 400  —400—300—200—100 O 100 200 300 400  —400—300—200—100 0 100 200 300 400

Axis z/t (um/ms) Axis z/t (um/ms) Axis z (um)



DYNAMICS OF 1D EXPANSION

Comparison between experimental profiles for different fimes and dynamics obtained by Generalised HydroDynamics:

n(z/t)t/ Ly

ar 17.5 -
>t =5ms " . t = 10ms
30 15.0 - -
(9 1= [ 1_)- B
25 S ) -
20 - ey 10.0 - )
13 i :‘t:_ 73 - = 5 -
} 2 ~
10 - = 5.0 1\4
Ee 25 = S
- \\3_
0- 0.0 \t_\?/
—400—300—200—100 0 100 200 300 400  —400—300—200—100 0 100 200 300 400 s
Axis z/t (um/ms) ) Axis z/t (wm/ms) 1-
8- 7"
~ t=30ms .. t=40ms 0-
6 - - —10.0 =7.5 =5.0 =2.5 0.0 25 5.0 7.5 10.0
o o :
3 = Axis z/t (um/ms)
=4 =
= X 3-
\il/ 8/ ° °
< 2 =2 The asymptotic regime almost but
) b not completely reached.
: 0
—400—300—200—100 0 100 200 300 400  —400—300—200—100 O 100 200 300 400
Axis z/t (um/ms) Axis z/t (um/ms)




Domain Wall Dynamics : edge deformation
dynamics of an initially homogeneous, semi-
infinite gas

GHD theory was developed to solve the

problem of Domain Wall Dynamics.

\1(2)

DOMAIN WALL DYNAMICS PROTOCOL

t = texp

VRN




DOMAIN WALL DYNAMICS PROTOCOL

Domain Wall Dynamics : edge deformation

dynamics of an initially homogeneous, semi-

infinite gas
GHD theory was developed to solve the

problem of Domain Wall Dynamics.

Generalised HydroDynamics Equation :

Orp(z, k. t) + 0, (vert|p|(K)p(z, K, t))

=0

For different initial sizes: the dynamics
must be the same to within Ly /t.

)

pn(2) b n(2)

t=20 t:texp

VRN

> Translation-invariant system along z-axis

The edge profile is a function of 2= n[p] (%)




Optical Density Imaging (O.D)

DOMAIN WALL DYNAMICS

tlexpansion.‘ "vi “}“":' B
S
~ 10.25
I~
— -0.20 ) . :
I O Experimentally : The atoms are trapped in a quartic
Q’J [~ -
§ 0.10 potential so that the quasi-homogeneous zone is large
et aiateion e R VY enough.
RIARS AR Ia E A e R 0.00
AR B, s 0.05 potentlal
0 100 200 300 400 500 600
Pizels = 1.77um |::>
. x 107 i
o . density n(z
xmm
Ll" \ — DMD beam proﬁle remaining atoms
BB
E ' R
S - Then:
¥Va)
=
QD
Q

- The longitudinal quartic confinement is removed,

M - The fransverse one is maintained

z-axis (pum)




250 R

Pixels = 1.77um

0 100 200

Optical Density Imaging (O.D)

texpansion 0.1 ms 825548053

z-axis (pum)

300 400
Pixels = 1.77um

-0.25
~0.20
-0.15
0.10
0.05
0.00

0.05

DOMAIN WALL DYNAMICS

0.0 SRy

20 -15 -10 -5 0 5 10 15 20
2/t (um/ms)

Conclusion : after 8ms, a ballistic dynamics well described
the dynamics of the edge.



DOMAIN WALL DYNAMICS RECONSTRUCTION

texp = 8ms

Reconstruction of the rapidities distribution :

In first approximation we suppose that we W‘ Iy
have a thermic cloud 10- Exp data J’ y
. T =450 nK ,f
T : i 1 =105mK [
—> Fit with a Gibbs ensemble: the T° = 30-
temperature 1 and the chemical potential 3 /
are the fit parameters. o
~20-
~10-

Fitting parameters:
T = 450 nik () - MMVMW‘-A%M"
=105 nkK — ; . . . |
—o0 —40 —-30 —-20 —10 O 10
Velocity z/t, (um/ms)



CONCLUSION

- Implementation of a spatial selection tool

- Longitudinal expansion of a homogeneous gas
o Asymptotic regime is almost reached

o Expansion agrees with Generalized Hydrodynamics

- Domain wall dynamics protocol :
o Ballistic evolution well observed

o Extraction of rapidities distribution
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OUTLINE

Asymptotic regime of Domain Wall

Hydrodynamics for

a 1D expansion integrable systems Dynamics

* Preparing initial * Generalized e Domain Wall Dynamics
conditions HydroDynamics protocol
« 1D expansion * Dynamics of 1D « Domain Wall Dynamics

expansion reconstruction



OUTLINE

Asymptotic regime of

a 1D expansion

* Preparing initial
conditions

* Radiation pressure

e 1D expansion

Hydrodynamics for

integrable systems

Generalized
HydroDynamics

Dynamics of 1D
expansion

Domain Wall

Dynamics

Domain Wall Dynamics
protocol

Domain Wall Dynamics
reconstruction



DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation :

815/0(2 k t) + 0. (Ueff[ ](k)p(z,k,t)) =0

Left p(LOa 2y ka t) — ﬁ(L()a Z/L()a ka t/LO) a
solution of the GHD equation

zZ—> Qz ~
{ t s ot — p(LO,&Z/Lo,k,&t/L())

is also a solution of the GHD equation.

with n(z,t) = [°_ p(k, z,t)dk

[ = n(z,t) :ﬁ(%,%) ]




OUTLINE

Asymptotic regime of

a 1D expansion

* Preparing initial
conditions

* Radiation pressure

e 1D expansion

Hydrodynamics for

integrable systems

Generalized
HydroDynamics

Dynamics of 1D
expansion

Domain Wall

Dynamics

Domain Wall Dynamics
protocol

Domain Wall Dynamics
reconstruction
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DYNAMICS OF 1D EXPANSION

Comparison between experimental profiles for different times and the dynamics obtained by Generalised

Experimental
profile

——— Profile from GHD
with T'/p = 6.8

HydroDynamics:
ol 20
t =5ms t = 10ms t = 20ms
15
30
201 101
h 10 51
0 0
—400 200 0 200 400 -400 -200 200 400 —400 ~200 0 200 400
z (um)
t = 30ms 1 ¢t =40ms
8-
6_
4-
2«
0_
—400 —200 0 200 400 —400 ~200 : 200 400 —400 ~200 0 200 400
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1t =60ms
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DYNAMICS OF 1D EXPANSION

Comparison between experimental profiles for different times and the dynamics obtained by Generalised

HydroDynamics:
t = 5ms 1 t=10ms
30 1
20 A
h 10 A
0_
—400 —200 0 200 400 —400 —200 0 200 400
z (um) z (um)
t = 30ms 1t =40ms
8-
6_
4-
2«
ol
—4'00 —2'00 6 260 460 —400 200 0 200 400
z (um) z (um)

—— rho

— texp=3e+01
—— texp=4e+01
— texp=5e+01
texp=6e+01

0
z/t (pm/ms)

The asymptotic regime is not
completely reached.




RADIATION PRESSURE

Pushing away the atoms with radiation
pressure:
 For one photon absorbed, Urec = %

o Broe = 5= (hEND) = AE
— N ~ 14 photons.

SsC
6.0
V\

5.8 1 »
m 2.0
S Cloudy77
= 5.4 X
Z52 | Cloud
o / AE = 0.7 MHz

5.0 1

st \@ !

10 15 20 25 30 35 40 45 50
Distance from the central wire (pum) 7



RADIATION PRESSURE

Pushing away the atoms with radiation

pressure: N Segip
_ hk
> liielils plho’ron okﬁlorQbed,vrec om What is the minimum power needed to remove all
e Frec =5~ (hkNSC) = AF the atoms 2
= N;Ch ~ 14 photons. 8000 ,
6.0 7000 - It = 16.6/W.m
i " .\ = 5000-
< 5 1/ = 4000-
=, CloudNn77 = 3000-
E [ 22000~ ®
Z52/ | Cloud < o0 s —0.16
o . . o0
- 5.0 / Al =0.7 MHz I —— T T S B N e . T
s \@ v 0.0 0.1 0.2 0.3 0.4
10 15 20 25 30 35 40 45 30 s =1 /Lt

Distance from the central wire (pum)



DOMAIN WALL DYNAMICS RECONSTRUCTION

Edge profile after texp, = 8ms
Reconstruction of the rapidities distribution :

In first approximation we suppose that we ik A
have a thermic cloud 10- FExp data U
o T'=10 nK
- . T pr =8InkK
—> Fit with a Gibbs ensemble: the 1T = 30-
temperature 1 and the chemical potential 3
are the fit parameters. . 20
&
M 10 -

D AWM A,
~50 —40 —30 —20 —10 0 10
Velocity z/t, (um/ms)



RADIATION PRESSURE

Pushing away the atoms with radiation
pressure:

« For one photon ObSOI’Qbed,Urec
1
. Erec — S (hstt(?) = AFE
= Nt ~ 14 photons.

sC
6.0 A
V\

5.8 1 »
T 56 7/.\
E (
= CloudN 77
'T_‘: )4 /\
52 | Cloud
o / AE = 0.7 MHz

5.0 1

i@ ¥

10 15 20 25 30 35 40 45 50
Distance from the central wire (pum) 7

exp
Nsc

0.8 0.6 0.4 0.2 0 Optical
e — -

Area .
illuminated . —

T . . T_Photon
40 30 20 10 0 number

Experimental parameters : 17,1 = 20us,s = 0.16

Fluorescence measurement :
NXP ~ 15 £ 5 scattered photons / atoms



RADIATION PRESSURE

Take info account the level structure, the Nseg(p
magnetic field and the beam 5
37 0.8 0.6 0.4 0.2 0 Optical

polarisafion,0 = Q0o with 0 = 2T S — ’ — densit
ensity

Area .
Experimentally : o = (.25 illuminated ——_——

T . . T_Photon
40 30 20 10 0 number

Experimental parameters : 77,1 = 20us,s = 0.18

Fluorescence measurement :
NXP ~ 15 £ 5 scattered photons / atoms



LIMITATIONS

Limitations : What do we see :

* Image of an edge is not perfect
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Relative intensity

Deformed edge
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LIMITATIONS

Limitations : What do we see :
* Image of an edge is not perfect
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Relative intensity

Deformed edge
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LIMITATIONS

Limitations :

* Image of an edge is not perfect

Ve

15ph/at

~ 1ph/at

Relativi

What do we see :



LIMITATIONS

Limitations : What do we see :

* Image of an edge is not perfect

15ph/at
: ~ ~1ph/at

~

« Photon reabsorption in the remaining
cloud

« Diffusion of light by the opfical system
can lead to absorption photon in the
remaining cloud




LIMITATIONS

Limitations :

* Image of an edge is not perfect

15ph/at

]:' |.I|I'-.l

~ 1ph/at

~

« Photon reabsorption in the remaining
cloud

« Diffusion of light by the optical system
can lead to absorption photon in the
remaining cloud

What do we see :

« The density of remaining atoms doesn’t
change

120 -

— Before selection

[V — After selection

x

__
-y

=

Density (pm =)

M -

200 300 100 5010 GO0 700 S00

Position (pm)



GENERALISED HYDRODYNAMICS (GHD)

General Hydrodynamics :

General HydroDynamics (GHD) : an intfegrable
system can locally be described by the spatial
resolved rapidity distribution p(z, k, t).

« Conservation of the rapidity distribution on a ok
slice:

with
verlp] (k) = k — [ dk' Ak — k') [vesz[p] (k) — vegt[o] (K]

Bertini et al. (2016), Castro-Alvaredo et al. (2016)



LIMITATIONS

Limitations :

Image of an edge is not perfect

15ph/at

~ 1ph/at

~

Photon reabsorption in the remaining
cloud

Diffusion of light by the optical system
can lead to absorption photon in the
remaining cloud

What do we see :

The density of remaining atoms doesn’'t
change

Before selection

After selection

Density [ pem

20100 300 100 a0 G0 T00 a1 RIN

Position {pm)

Phonon temperature doesn’t change
before and after the selection

Transverse size after a time of flight
doesn’'t change.



DOMAIN WALL DYNAMICS RECONSTRUCTION

Occupation factor /| p| (k) € [0, 1]:
00l k) + 0. (vt ol (k)p(z, k. 1) = 0 = m(z ) = [, plk, 2, t)dk
= 8t1/[p](z, ]f’ t) + Veft [p](k)az ( (Z k t)) = 0 cConservation along a trajectory

kL Occupation factor v|p] Occupation factor at { = 0 : there is no dependance on z.

. - e e e 15-

[o's

Ut -

Occupation factor v(k)

I/(k’) if |Z| < 20 0.0 - .

vik,z,t =0) = : 5 . _- : -. e e —
( Y ) { 0 otherwise. L = 5 L0 15 -10 -5 0 5 10 15
Rapidities k Rapidities ik /m



DOMAIN WALL DYNAMICS RECONSTRUCTION

Occupation factor /| p| (k) € [0, 1]:

Orp(z,k,t) + 0. (vest | p) (k) p(2,

k,t)) =0=n(z1)

= [ p

(k, 2, t)dk

)p
= atr/[p](z, ]f’ t) + Veft [p](k)az ( (Z k t)) = (0 conservation along a frajectory

Lk Occupation factor v|p]

N

Truncated v*(k)

0 otherwise.

I/*(k):{ V(k') lfk>k (0.0 -

UG-

0.4 -

Occupation factorat { > 0: The edge dynamic is obtained

—10

uuuuuuuuuuuu

l]

Rapidities &

10

with the effective velocities
,E’;,; ](k*) where s the
truncated initial occupation

factor
For each k* ,U[ ](k*) doesn’t
depend on time = The edge

profile is a function of n[p] (%)



DOMAIN WALL DYNAMICS RECONSTRUCTION

Reconstruction of the occupation factor —— Exp data
directly with the density profile 40 -
/ | d?n -
=D [V] d Veff A[V]D[V] dv e s 9
=
Little by little, in a discretized space v2(
=5 2() -
meW::OVN 1—0cmd =

50 —40 —30 —20 —10 0 10
Velocity z/t, (um/ms)



DYNAMICS OF 1D EXPANSION

Occupation factor /| p| (k) € [0, 1]:
Oip(z, k,t) + 0, (ver[p](K)p (z k t)) =0=n(zt)= ["._ p(k,zt)dk
= 8tz/[ 182 ]f t z Z k t)) = 0 cConservation along a trajectory

Occupation factor at £ = () : there is no dependance on z.

. - e e e 15-

k Occupation factor v|[p]

[o's

Ut -

Occupation factor v(k)

T B I D T
v(k,z,t=0)= 0 - -0 -5 0 D 10 15 =10 -5 0 5 10 15
OLLETWISE. Rapidities & Rapidities hk/m



DYNAMICS OF 1D EXPANSION

Occupation factor /| p| (k) € [0, 1]:
Oip(z, k,t) + 0, (ver[p](K)p (z k t)) =0=n(zt)= ["._ p(k,zt)dk

= 8tz/[ 182 k, t z Z k t)) = () conservation along a trajectory

Occupation factor at { > () : the edges dynamic are obtained
with the effective velocities

k Occupation factor v[p]

1.0 - :
e W= V&) i ](k*) " .
= S k)| : Vogr where v* is the
306 -" ‘-. initial occupation factor
; = truncated between knin and
= 0.2 kmax,

0.0 -

I/(k) if kpin < k < Kax 10 _r,“ - ﬂm ) : 0

v* (k) = { 0 otherwise.



CONTEXT

Llieb parameter: v = =2 with g the 1D
inferaction parameter and nthe density:

* v — 00: hardcore regime
* v — 0: 1D quasi-condensate (gBEC)

p(k)? ~ (1 — (—)2) ¥ =0

Half-circle equation

Objective : Measuring experimentally the
rapidity distribution for a gBEC and
recovering the half-circle distribution.




CONTEXT

Llieb parameter: v = =2 with g the 1D
inferaction parameter and nthe density:

* v — 00: hardcore regime
* v — 0: 1D quasi-condensate (gBEC)

ForT=0and v — 0 :

p(k)? ~ (1 (£)°)

Half-circle equation

with K = 2,/gn .

Rapidity distribution for a homogeneous
gasforT =0:

-03 =02 =01 0.0 0.1 0.2
k/n

“ Exact analysis pf an interacting Bose Gas ”,
Lieb & Liniger, 1963




1D EXPANSION

Rescaled profile denstity: -:-

- We look at the profile densities after 40 ms of expansion

- Profiles rescaled with the fime Lo = 54um
6 -
5 Half circle distribution it
4- expected for the I
3- ground state —— 60ms
2 - — 70ms
- L GLSRRE 0 'Y ] - T =0
U e — T T4 L o R a4l |
_1 -
—9 - , | | | , | | | |
—20 —15 —10 —5 0 5 10 15 20

Axis z/t (um/ms)

An asymptotic regime seems to be reached, it corresponds to the rapidities distribution I



1D EXPANSION

—— 30 ms
40 ms
= 50 ms
——— ety
Rapidities distribution p

M ..dl;\...u Shboa, ".‘k' '

TWw S iy

- ;‘l } - l ! - 'II ) 5 |.i -:l l!li i Lo _" )

r/t{pm/ms)

| 0 —3010
4 40 ms
()N 50 ms

= 0.6 :
= ().

0.9 .

i ().0) r.‘ﬁfm‘ w» m"'r‘#".

Al -15 ==K} =5 () 0 10} 15 )

Axe x/t {(gm/ms) Axe &/t {pm/ms

For different initial sizes:

tasymp/ Lo is constant

Asymptotic regime seems to be
reached

The rapidities distribution obtained
for Lo = 93um is in agreement with
the other inifial sizes

1.50)
| o 30 ms
o
40 ms
1.0 — 50 8
175 60 ms
{) )
{).25

_.-’H - 15 ) =5 |.; .;, m 1.’,
Axe x/t {pm/ms)




1D EXPANSION

Density profile of the cloud in the harmonic
trap before the selection :

. w” S 9HZ,LUJ_ =41KH=z

wWw W
o Ot

\ Expected
\ profile for

—
o Ot
1 1

—
‘hh

Ot

e
—
1

density n(z) (um)

O

D)
—
I
|
|
I
|
I
|
1
|
|
1
|
|
|
|
.
r

300 350 400 450 500 550 600 650 700
z-axis (pm)

Approximation : the gas is thermic

=T =150nkK, n =70nkK

. 77N
) . Density /7
— L)() / \
S profile /4 \
U5i- f
3\ J /] \‘
S—— I
= 20- £
< 15 - ’, \‘
i / \
£10- \
== / \
O K. / A
— J ’,// \\\\
() NAadE AN AT TSR AV A

300 350 400 450 500 550 600 6
z-axis (um)

D

0 700



PREPARING INITIAL CONDITIONS

The two protocols concern homogeneous bose gas ! Inifially, the gas is in a quadratic / quartic trap.

« Implementation of a selection spatial tool

« Use of the radiation pressure

potentlal ‘)Lr

density n(z) I

Implementation of a DMD
to shape the beam.

'~

DMD beam profile

potential _J‘
V(z) x 2°

N

density n(z)

/

DMD beam profile

=00

remaining atoms

\/

remaining atoms



CONTEXT

Homogeneous 1D Bose gas with contact repulsive interactions :

. 2 2
. Lieb Liniger Hamiltonian : i — — 1 Z,f\r % +9g Zz’<j 0(z; — Zj)
N

- 2m
J

~
Interaction term

Integrable system: the eigenstates are known



CONTEXT

Integrable system: the eigenstates of H are the Bethe Anzatz states k1, ko, ...y k) labelled by N

numbers (k1, ks, ..., kn) called the rapidities.

Wavefunctionzw{ki}(zl <. ..<ZN)=), Aae(%(kg(l)z1-|-...-|—ka(N)2N))
Sum over the permutations 2 A_ Prefactor

Rapidities distribution : L p(k) 0k is the number of rapidities in
the [k, k + dk|range.

S

is conserved during the out-of-equilibrium dynamics of

7\
4 \
/ \

the system / .

SRR
The relaxed state is described by the rapidities distribution ! < Sk >




DOMAIN WALL DYNAMICS PROTOCOL

Domain Wall Dynamics : edge deformation
. - . rn(z) + n(z)
dynamics of an initially homogeneous, semi-

infinite gas
GHD theory was developed to solve the t=20 t = texp

V2N

v

problem of Domain Wall Dynamics.

Generalised HydroDynamics Equation :
(20, k, to) + 0 (verr[p](K)p (20, k,to)) = 0 The edge profile is a function of = n|p] (%)

Experimentally : The atoms are potentlal
trapped in a quartic potential so
that the quasi-homogeneous density n

zone is large enough. DMD beam proﬁle remaining atoms




1D EXPANSION

Occupation factor I/[p] (k) [O, 1] :
Orp(z,k, 1) + 0. (vest [p] (k) p(2, k, t)) = 0

= 8t1/[p](z, ]f, t) z (V(Z, k, t)) = 0 conservation along a trajectory

k Occupation factor v|p] k

n(z,t)= [ plk,z t)dk
kL o2 t=0)= v(k) if |2] < 2o (k) = v(k) if kpin < k < kmax ( ) f_oo IO( )
vik,z,¢=0) = 0 otherwise. Y ~ )0 otherwise.



OBTAINING A 1D BOSE GA?

How tfo reach the 1D regimee

3D harmonic oscillator:
- longitudinal trapping W)
- transverse trapping w |

Excited
states

1AEl:th

Ground state

If kT, n < AE |, the gasis frozen
in The transverse direction |

How do we produce a 1D Bose gas ¢

Atoms used : Rubidium 87 in the |F = 2, mp = 2)
atomic state.

Atoms are trapped by a magnetic field created with
wires deposited on a chip.

Potential felt by the atoms

under a B magnetic field :

V = gr mr ug |B|

/ < Bohr
Landé

Magneton
factor The atom chip




PREPARING INITIAL CONDITIONS

Atom chip
PP Th.e Optical Density Imaging (O.D)
atoms magnetically 25 ) E T ——— 0.8 Natoms ~ 10000
tfrapped thanks to Gl 7k i Io.7
micro-wires 200 SR 0.6 w1 = 2.5 KHz
deposited on a chip. s B S o 05 wi =9.0 Hz
g8 180um
_1{!100 — ‘8-2 Longitudinnaly trapping :
5 0. i .
o 0.1 V(z) = Zz’:l a;2'

0.0
01 In the experiment, we

0 100 200 300 400 500 600 are working with
Pizels = 1.77um harmoninc and quartic
potential.




2 OBTAINING A 1D BOSE GAZ

the ‘D’ wires The three wires : producing a quadrupole with a
zero magnetic field above the central wire:

the ‘d’ wires .
fransverse confinement

SAUES The ‘D’ and ‘d’ wires : creating a longitudinal

confinement.
= V(2) = a1z + agz® + a3z + agz* + ...

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
.
0
0
0
0
0
0
0
0
0
0
0
0
0
‘e
3

- Independent conftrol of
the longifudinal coupling
and the transverse one

. AF| xw; =2.5KHz

- Typical longitudinal quadratic
potential :

AE” 0.¢ w|| =9 Hz

¥ Field produced
A\ by the wires




EXTRACTING RAPIDITIES DISTRIBUTION

Yang-Yang entropy:

Svylpl =~ |7 (pslog(ps) — plog(p) — (ps — p)log (ps — p)) dk

Construction of conserved quantities:

<

Yang, Yang (1969)

(Qo — fp(k)dk —> The moments of the rapidities
distribution are conserved

Q1 = f]{p(k)dk quantities

Qi = [ % p(k)dk



EXTRACTING RAPIDITIES DISTRIBUTION

Yang-Yang entropy:

Svylpl =~ |7 (pslog(ps) — plog(p) — (ps — p)log (ps — p)) dk

Yang, Yang (1969)

Construction of conserved quantities: ( QO — f p —> The moments of the rapidities
distribution are conserved
{Qi=] lcp )dk quantifies
\Qi — f p(k)dk

Entropy maximisation: Thermic distribution: Z )\ZQ@ = )\0@0 ~+ )\QQQ

% (SYY[)O] — ZZ )\ZQZ) = ()

= [p(k)dk = N = X = —
Q= [Epk)dk=E =X =1

Lagrange multpliers




1D EXPANSION

Rescaled profile denstity: -:-

- We look at the profile densities after 30ms of expansion

- Profiles rescaled with the tfime Lo = 93um
% LU° 30 ms
: Temperature T = 550.0 nK 10
'};"‘ Chemical potential mu = 80.0 nms
. (.6 — ) IR
- G0 ms

Rapidities distribution p

= ()2
: A e Wy
; .IAL,;q . 4 ™ lij!'»i’.:\..u.u LY

.
‘ v :
{1 1) v ") Vv 1 wr b o AR L Ll (1L

‘) » 5y {() ) () § H) 1 )

v/t (pem/ms

— Good shape but high temperature ?



OCCUPATION FACTOR

Bethe equations :
System:
- N . atoms number

L ki—k
o [kz + %Z#i 2arctan ( ;

with i € [1, N]

- L : size of the system

- Periodic boundary conditions

- I;€Z ifNisodd, I, € Zif N is even.
 TheI’s are called the Bethe integers.
* g is the strength repulsion term.




OCCUPATION FACTOR

Bethe equations :
System:
- N . atoms number

L ki—k
o [kz + %Z#i 2arctan ( ;

with i € [1, N]

- L : size of the system

- Periodic boundary conditions
- I;€Z ifNisodd, I, € Zif N is even.
 TheI’s are called the Bethe integers.

Density of state: p (k)

* g is the strength repulsion term.




OCCUPATION FACTOR

System:
- N : atoms number

- L : size of the system

- Periodic boundary conditions

d/

1
L dk

Density of state: ps(k) —

Bethe equations :

with i € [1, N]

- I;€Z ifNisodd, I, € Zif N is even.
 TheI’s are called the Bethe integers.
* g is the strength repulsion term.

Lps(k)dk = dI
Lp(k)dk : number of rapidities in [k, k + dk]

Occupation factor :




OCCUPATION FACTOR

Occupation factor : v, (k) = 53(_% € 0, 1]

« Relation between the rapidity distribution and the occupation factor :

2mp(k) = v (k) + [55 Ak — K )y, (k)p(k)dE' with A(k) = -2

g2+]€2
N/L= [, p(k)dk

 New hydrodynamics equation on the occupation factor :

@tp(zv k, t) + 0, (Ueff [p](k)p(z, kat)) =0
8t’/[p](zﬂ k, t) T Ueff[p](k)az (I/(Z, k:t)) =0

Conservation along a trajectory



OCCUPATION FACTOR

Occupation factor : v, (k) = 53(_% € 0, 1]

« Relation between the rapidity distribution and the occupation factor :

2mp(k) = v (k) + [55 Ak — K )y, (k)p(k)dE' with A(k) = -2

g2+]€2
N/L = [ plk)dk

 New hydrodynamics equation on the occupation factor :

@tp(zv k, t) + 0, (Ueff [p](k)p(z, kat)) =0
8t’/[p](zﬂ k, t) T Ueff[p](k)az (I/(Z, k:t)) =0

Conservation along a trajectory

 Yang-Yang entropy

Svylpl = [7. (pslog(ps) — plog(p) — (ps — p)log (ps — p)) dk

Yang, Yang (1969)



HIGH TEMPERATURES

Change of the height of Height — 10um Height < 5um Density profile of the cloud in the

r:qr;p?hql selection 1E E ' > $§ E harmonic frap before the selection
' > >

Ly = T Ly = o The rapidity distribution is obtained with

entropy maximization + thermic
Height < 5 um distribution (T"and u are fit parameters).

—— Height = 10 pum =T =200nK, n=80nKk
==== pfor T = 550 nK

Density profile ‘\‘
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—
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g4
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- ==== Yang-Yang fit
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HIGH TEMPERATURES

Change of the height of Height — 10um Height < 5um Density profile of the cloud in the
:':ari\p?hql selection 1‘% E = {E—E harmonic trap before the selection
' D >
Ly = T Ly = o The rapidity distribution is obtained with
entropy maximization + thermic
0 texp = 40 mis Height < 5 um distribution (T"and u are fit parameters).
< E— ll('lﬂllt —a i Jm = T _ 200 TLK lL - 80 nK
. — =

==== pfor T = 550 nK
==== pfor T =200 nK

. Sy
—
[

LY

Density profile \
| \

- ==== Yang-Yang fit \
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Diffusion of photons with the optical system. 300 350 400 450 500 550 600 G50 700
Reducing this effect gives reasonnable temperature z-axis (pm)




TIME OF FLIGHT

Time of flight : longitudinal and transverse confinement are removed.

Optical Density Imaging (O.D)
RRUR -5 s s S AR S 0.7
5-_;'_::;}"':.Tiuw of flight : 0.1 ms % e I 0.6

200 .- : -_I 'I ' : ::-1.._:.;_.:-:___._.: :.' a "!:I: .i-:-ll: I-;:_-:-I

-0.5
0.4
0.3
-0.2
0.1
0.0
—0.1

150 §

100

20

0 100 200 300 400 500 600



TIME OF FLIGHT

Time of flight : longitudinal and transverse confinement are removed.
Density distribution : p(z) = dp(2) + (p(2))
Density fluctuations _/ MeonTproﬁle

Optical Density Imaging (O.D) Quasi BEC (in situ) :

2 O « small density fluctuations
o IR e 0.6 = p(2)t=0 = (p(2))t=0 = no(2)
N ' 0.5
0.4 * phase fluctuations " ,
150 ' 2h7r
0.3 = <‘9(2) o 9(0)‘2> - lj ’lc - mbk:’ﬁ
100 0.2 .2 hq®tee
" (Iplg)?) = 4n3(62) sin? (Mptee Yoo )
; i oo with (07) = #3225
0 —0.1

0 100 200 300 400 200 600



(1p(q)}[*}/(naRrr)

TIME OF FLIGHT

Time of flight : longitudinal and transverse confinement are removed.
Density distribution : p(z) = dp(2) + (p(2))
Density fluctuations _/ MeonTprofiIe

< Nusgeentier 1 Quasi BEC (in situ) :
50 - ' - small density fluctuations
N = p(2)t=0 = (p(2))t=0 = no(2)
30 - « phase fluctuations s ,
\ . __ 2k

it = (6(z) — 6(0)[2) = 2L, = 2o

i ;Ij- x‘"\.‘ . A 2
= (Iplq)[2) = 4n3 (62) sin® (Pt (o= 0)
"L | | [ et : 2\ _ mkgT

000 025 050 075 100 125 150 175 with <9q> = RZnoq?

k [1/pm)]



OBTAINING A 1D BOSE GA?

To trap the atoms, one needs:

« A currentthrough a wire

The atom chip

\ ~
A? | 680 |BI|
? = 60
I ‘: - _\ \ uq:‘; Potential felt by the atoms
7< ( [ .\} ) = 401 under a B magnetic field :
\ YN —~
T s V = gr mr pp |B]
infinite wire 005 10 15 20 25
Distance from the wire %

d



OBTAINING A 1D BOSE GA?

To trap the atoms, one needs:

« A current I through a wire

« A homogeneous transverse field B | to have a minimum of
potentiel

The atom chip

pol — |5
d 27 B | A?ﬁ 680' |_I>‘
B = — |Br+ B
? —> = 601
(I </—»--T>> = 0 Potential felt by the atoms
© 40 ~
7< [ /.\ \) = under a B magnetic field :
\ \ }/ 5020- — >
T s - V =gr mr pup |B
O-
infinite wire 05 10 15 20 25

Distance from the wire %



OBTAINING A 1D BOSE GA?

To trap the atoms, one needs:

« A current I through a wire _ The atom chip
« A homogeneous transverse field B | to have a minimum of
potentiel

« A longitudinal field B, to have a non zero of potentiel

I I
d 2’;%L AT 5 80 |B1]
B O L = =
4) -~ 4
<Z N—> ”3 40 : Potential felt by the atoms
\ 9 —
7( ( /.\} ) é under a B magnetic field :
N 50 20 -
R = V =grmp pp |B|
© Bz 01— | | | |
infinite wire 0.0 1.0 1.5 2.0 2.5

Distance from the wire %



PERSPECTIVES

Longitudinal
potential

y

Selection spatial impulsion

Transverse Focalisation
confinement impulsion

Image

1D expansion n(k) measurement

81
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