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CONTEXT

Homogeneous 1D Bose gas with contact repulsive interactions :
A Lieb Liniger Hamiltonian :
7 h2 NN 6 . .
H=-E SN2 g3 8—2)

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

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

Rapidities distribution . L p(k) 0k isthe number of rapidities in
the |EN-ange.
Isconserved during the out -of-equilibrium dynamics of —
the system RN
PRI

The relaxed state is described by the rapidities distribution i Sk >

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, )

«Generalized hydrodynamics in strongly interacting 1d Bose gases »,
Malvania , N. & co, Science 373(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 distribution  p(z, k)




OUTLINE

Asymptotic regime of a
1D expansion

A Preparing initial
conditions

A 1D expansion

Hydrodynamics for
Integrable systems

A Generalized
HydroDynamics

A Dynamics of 1D
expansion

Domain Wall Dynamics

A Domain Wall
Dynamics protocol

A Domain Wall
Dynamics
reconstruction



PREPARINGINITIALCONDITIONS

How to reach the 1D regime?

A Transverse Energies states

Excited
states

1AEJ_:FLUJJ_

Ground state

I I  the

gas is frozen in the
transverse direction !



PREPARINGINITIALCONDITIONS

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

Atoms used : Rubidium 87 in the | EGTETNRGE

atomic state.

~

\ Transverse Energies states

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

Excited Sl
"""""" states
| 0-° Properties :
1AEJ_:FLCUJ_ -
& | = - |ndependent control of

Ground state 0.5 the longitudinal coupling

04 and the transverse one

- Longitunal trapping :

V(z) = ¥, ai?’

I I  the

gas is frozen in the
transverse direction !




PREPARINGINITIALCONDITIONS

How do we produce a 1D Bose gas ?

Atoms used : Rubidium 87 in the | GG

atomic state.

Atom chip experiment

chip.
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0.5
-0.4
-0.3
-0.2

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

Properties

Independent control of
the longitudinal coupling
and the transverse one

Longitunal trapping :

V(z) = ¥, ai?’

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

Assumption : system described by
a Gibbs ensemble

Fit to extract a
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PREPARINGINITIALCONDITIONS

Objective: measure the spatially resolved r—‘—g-——-

. L . DMD
rapidities distribution . . .

| Digital Micromirrors
A Implementation of a selection spatial Device
tooh I - " -

A Use of the radiation pressure J .

Implementation of a DMD to shape the Features ™

beam . A 1024 x 768 mirrors

A 1 mirror : 14 pm x 14 um

potential —2
V(z) o 2* —
density n(z) > —_ e o >
U ) A <

Y
DMD beam profile remaining atoms




PREPARINGINITIALCONDITIONS

Experimental setup to obtain a homogeneous 1D gas

before imaging it:

Optical fiber

DMD Optical system High-resolution
objective
lcep
S E Vacuum
\ : le—" chamber
ccb : o\ |
| )
|
Beam splitter V L--d---- l :
P Atom chi
90/10 < P
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PREPARINGINITIALCONDITIONS

Experimental setup to obtain a homogeneous 1D gas

before imaging it:

Optical system

lcep

CCD

Py

fCCD

AN

Optical fiber

High-resolution
objective

Vacuum
chamber

Beam splitter V L--d---- l
90/10 Y

/

atoms

Atom chip

Trapped atoms
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1D EXPANSION

- The longitudinal confinement is
removed,

- The transverse one is maintained
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Density profile of a 1D gas after different times of
expansion:
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1D EXPANSION

Rescaled profile denstity :

- We look at the profile densities after 50 ms of expansion (2, t) 1400 ’ﬁ/( . ) — P(tz )

texp

- Profiles rescaled with the time

(- —— 30 ms
6- = ollims
© 5-
~ — 60 ms
~ 4_
=y
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An asymptotic regime seems to be reached , it corresponds to the rapidities distribution I




2[t)t] Ly

n(z

S N W e Ot

Sy

1D EXPANSION

m 30 ms
Rapidities distribution pobtained #{' |0
T = 105n K
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?

A Do we reach an asymptotic regime ? Look atthe dynamics




GENERALISEIHYDRODYNAMICS (GHD)

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

Ad isthe microscopic length scale

AL isthe macroscopic one
L >> Al




GENERALISEIHYDRODYNAMICS (GHD)

Classical Hydrodynamics

n(z,t)

Classical HydroDynamics (CHD) : a non integrable
system can locally be described by a Gibbs state
with n(z,t), n(z,t)p(z,t)and u(z,1t)

A Conservation of the atom number :

on(z,t) + 0, (v(z,t)n(z,t)) =0

'\_Atomic '\— Hydrodynamic velocity
density

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

A Conservation of total energy :

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

Energy per atom

u(z,t)



GENERALISEIHYDRODYNAMICS (GHD)

Classical Hydrodynamics

n(z,t) n(z,t)p(z,t)

General Hydrodynamics

[ dzp(k, z,t)dk isconserved
k

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

A Conservation of the rapidity distributionona dk
slice:

1

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

and

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



DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation :

zZ— QZ

A Equation invariant to
d t— at

A with n(z,t) = [*__ p(k,z,t)dk

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




DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation :

A Equation invariant to {

Z — QZ
T — ot

A with n(z,t) = ffooo p(k,z,t)dk

\_

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

= n(z,t) =n (%, Lio)

Superimposition of profiles for different initial
sizes Lg but with the same t/Lgatio.
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DYNAMICS OF 1D EXPANSION

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

0T ¢t =5ms
n —— Experimental
profile

Profile from GHD
with 7' = 105n K and

1= d5onK
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Comparison between experimental profiles for different times and dynamics obtained by
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DYNAMICS OF 1D EXPANSION
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The asymptotic regime almost but
not completely reached .




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.

\1(2)

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 :

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

rn(z) t n(z)

t=20 t:texp

VRN

> Translation -invariant system along z-axis

The edge profile is a function of = n[p| (f)




DOMAIN WALL DYNAMICS

Fi texpansion = 0.1 ms &m0

-0.25
-0.20
-0.15
-0.10 potential so that the quasi -homogeneous zone is large
0.05

Experimentally : The atoms are trapped in a quartic

- enough.
.‘ 0.00
0 0.05 potent1alﬂ ‘J k J
density n(z
;|_\ pap DMD beam proﬁle remaining atoms
IO
= R v
2. Then:
§ - The longitudinal quartic confinement is removed,

M - The transverse one is maintained
Mw

z-axis (pum)



DOMAIN WALL DYNAMICS

MM S ;/t (m/ms)l

Conclusion : after 8m.s a ballistic dynamics well described

| the dynamics of the edge.
z-axis (pum)



DOMAIN WALL DYNAMICS RECONSTRUCTION

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

In first approximation we suppose that we WAk
have a thermic cloud 10- Exp data Jnf v
- T =450 nK ,’
o . 0 1 =105nK I
Bl Fitwith a Gibbs ensemble: the 1T° = 30-
temperature ( and the chemical potential 3
are the fit parameters . \; 20
=
EQ
5
M 10-

Fitting parameters :
T = 450 nik () - WMVWWW‘AFM-‘-
p=105nK S ——
—50 —40 —-30 =20 —10 O 10 20
Velocity z/t, (um/ms)



C ONCLUSION

- Implementation of a spatial selection tool

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

0 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

a 1D expansion

A Preparing initial
conditions

A Radiation pressure

A 1D expansion
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DYNAMICS OF 1D EXPANSION

Generalised HydroDynamics Equation :

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

Z— QZ ~
{ t s ot = p(L(),CYZ/L(),k,Od}/L())

isalso a solution of the GHD equation .

with n(z,t) = [~ p(k, z,t)dk

[ = n(z,t) :ﬁ(%,Lio) ]




OUTLINE

Asymptotic regime of

a 1D expansion

A Preparing initial
conditions

A Radiation pressure
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reconstruction
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DYNAMICS OF 1D EXPANSION

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

HydroDynamics

Generalised

——— Experimental
profile

——— Profile from GHD

with T/p = 6.8
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Comparison between experimental profiles for different times and the dynamics obtained by

DYNAMICS OF 1D EXPANSION

Generalised

HydroDynamics
t = Hms 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.
N
—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

T T T T T

0 5
z/t (pm/ms)

The asymptotic regime is not
completely reached .




RADIATION PRESSURE

Pushing away the atoms with radiation
pressure:

A For one photon absorbed, Urec = %

A Frec = 3= (REN2)” = AE
— N ~ 14 photons.

o] G
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. / AE = 0.7 MHz
5.0 1
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Distance from the central wire (pum) 7



RADIATION PRESSURE

Pushing away the atoms with radiation

pressure: NP
_ hk
A For one p?Oton abS(Elr]beQd, Urec = What isthe minimum power needed to remove all
A Erec = 5, (hkNSC) = AE the atoms ?
= N;Ch ~ 14 photons. 3000 -
¢ Lot = 16.6W.m =2
6.0 7000 -
| N = 6000 Thutse = 20115
5.8 iR .;\ = 5000 -
& 50 1/ = 4000-
=, Cloudy 7/ = 3000-
= [ 22000
%52 | Cloud B o0 s=0.16
o B - °®
- 5.0 / Al =0.7 MHz I —— T T S B N e . T
5] @ v 0.0 0.1 0.2 0.3 0.4
10 15 20 25 30 35 40 45 50 s = I/ It

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 Fxo d A oA
have a thermic cloud 40 - Xp data U
o T'=10 nK
o . i p =389nK
Bl Fitwith a Gibbs ensemble: the 1T° = 30-
temperature ( and the chemical potential 3
are the fit parameters . :20
~—
&
M 10 -
- Syl Ny e M U ok

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



RADIATION PRESSURE

Pushing away the atoms with radiation
pressure:

A For one photon absorbed, Urec = oo

A Frec = 3= (REN2)” = AE
— N ~ 14 photons.

sC
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o
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Cloud
/ AE = 0.7 MHz

O \

Potential (M H z)

n
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','l;‘
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10 15 20 25 30 35 40 45 50
Distance from the central wire (pum) 7

exp
Nsc

Area .
illuminated . —

T . . T_Photon
40 30 20 10 0 number

Experimental parameters :  T1,,1¢e = 20us s = 0.16

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



RADIATION PRESSURE

: Nexp
Take into account the level structure, the SC
magnetic field and the beam 232

polarisation ,0 = (X0 with 0 = 5 0.4 0.2 0 Optical

’ S 15ty

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

T . . T_Photon
40 30 20 10 0 number

Experimental parameters :  T1,;1¢e = 20us s = 0.18

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



LIMITATIONS

Limitations : What do we see :
A Image of an edge is not perfect
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LIMITATIONS

Limitations : What do we see :
A Image of an edge is not perfect
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LIMITATIONS

Limitations : What do we see :

.

A Image of an edge is not perfect




