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Superfluidity and coherence of Bose
gases in reduced dimensions: from
harmonic traps to uniform fluids
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Macroscopic quantum phenomena.
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Quantum coherence.

Infinite uniform gas of non/weakly interacting Bosons at temperature T :
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Quantum coherence.

Infinite uniform gas of non/weakly interacting Bosons at temperature T :

Classical world Quantum world
Quantum field: w( ) = annihilates an atom in r
<:::> (r)) = probability of finding an at. in r
\“\ «. = average over the thermal state of the gas
describe by trajectories describe by waves - Y A
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Characteristic lengths
in ideal quantum gases :
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¢ Thermal wavelength:
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%* Mean distance between particles: d




Quantum coherence.

Infinite uniform gas of non/weakly interacting Bosons at temperature T :

Classical world Quantum world
‘ Quantum field: w( ) = annihilates an atom in r
<:::> = probability of finding an at. in 7
\“\ «Q = average over the thermal state of the gas
describe by trajectories describe by waves - Y A
No coherence Coherence Lo (r) - <7’b (r) ¢(0)>

Characteristic lengths
in ideal quantum gases :

D)

~ Boltzmann statistics Bose statistics
¢ Coherence length: Ar<d AT >d
| ¢. = charact. of decay of G1(r) Nel A G
¢ Thermal wavelength:
A = \/27h2 /mkpT
r v
%* Mean distance between particles: d 0 ] 0

G1(r) o< exp (—7r? /A7) Modif. G; and 1 £..

Coherence over ~ At depends on the dimension



Bose statistic in 3D.
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Bose statistic in 3D.
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/ ~ ;'V‘ Bose-Einstein condensation (at At > Cd). for 3D o id.
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AR <> State of matter stemming from Bose stat.
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Bose statistic in 3D.

— C — CStz 1.38

/ ~ ;'V‘ Bose-Einstein condensation (at At > Cd). for 3D o id.

SR/ )

AR <> State of matter stemming from Bose stat.

A B
% ‘A!? RSN % A ~ | single-part. Hamiltonian h = —.
A DY & A=Y k| m

S SVaRVae 5 . — | eigenstates = |pg), p = hk.

O

£> Saturation of the population in k = 0 at At = C d.

.

<> Macroscopic occupation of a single-particle state |©0).

1995: Groundbreaking observation of
BEC in dilute ultracold gases.

<&> long-range phase coherence
G1(r) = Mo # 0

Jia,Nist. 0
1995

. MIT.1997

ng = density in |pq)




4 Motivation: specificity of 2D and 3D-to-2D crossover.
4 Motivation: from harmonic to uniform traps.
4 Experimental setup: creating 2D uniform gases.

4 Emergence of an extended phase coherence in 2D
uniform gases at thermal equilibrium.

4 Dynamics of the establishment of coherence along
forced evaporative cooling in uniform fluids.
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Effect of bidimensionality.

%AV;"‘ | no BEC in an infinite 2D gas at T= 0
v%ﬁ}%é; (Peierls - 1935, Mermin-Wagner-Hohenberg - 1966-67)
S
a2 Gi(r) — 0
bd T— 00
“'\“ "
but Bose statistic => broader component in G arises.
h 0
G (T) — th : T Gg : T .- «— intermediate energy-states
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high energy-states low energy-states
T T
thh) (r) o< exp <_)\—2> Ggo)('r) X exp <_Z>
T

14 AT e <D>
_ X —_
VA P2

o- (1)

| ideal gas



Effect of bidimensionality.

%AV;"‘ | no BEC in an infinite 2D gas at T= 0
v%\é}%‘é; (Peierls - | 935, Mermin-Wagner-Hohenberg - 1966-67)
oy SOl
a2 Gi(r) — 0
bd T—> 00

o\l >

22 QWY "'
but Bose statistic => broader component in G arises.
h
G (T) — th : T G’&O) T .- «— intermediate energy-states
! f
% high energy-states low energy-states
2 r

oL thh) (r) o exp (—%) Ggo)('r) X exp <_Z)

S T

(O l = AT exp <9>

Q VA 2

2
O p- (%)

= Fast increase of £./Ar when D > 1
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Finite size effect
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Corrections for experimental 2D systems.

Finite size effect Inter-particle interactions

A distinct type of phase transition possible:

Fast increase of £, with D Berezinskii-Kosterlitz-Thouless => Superfluid

(when ¢ dominates, i.e. D 2 1).

Quasi-long
; range order
AtDZDBEC, EC>L ; DBKT
~Y — 7T /)\ G —Q _I_
= recover BEC : L Gi(r) oce 1(7) o : .
Gi(r) >0Vrecgas. | / \ a=1/(ps 7)) D
= 4/77

G1(L) ¢ condensed density Infinite order transition

= Dppc ~ 7-10 (for typical L and T) DpkT ~ 7 — 10 for weakly interacting gases
NIST Gaithersburg, Boulder Chicago, ENS, Seoul

Boltzmann ~ «Pre-superfluid» /«Quasi-condensate» BEC/ Superfluid D

l G1(r) « =T (0% zl]_ Gi(r) o< pye™ ™% + ... =~7+10 G1(r) >0, Vr € gas
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3rddim. in 2D experiments.

How to realize 2D systems in cold atoms experiments...

Along the 3" direction z :
tight (harmonic) trap

D = )\%p 2D density
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________ i—3 =
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=1 T
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P



3rddim. in 2D experiments.

How to realize 2D systems in cold atoms experiments...

Along the 3" direction z :
tight (harmonic) trap

D = )\%p 2D density

V(z) | | Dot '

* kpT < hw, thermally 2D, only j =0
________ j=3 = populated:
Dyot, = Do.
o r _________ j = 9 Dexc
# ------------- 7 =1 T
I i } Dy
o, 7
< a/Z




3rddim. in 2D experiments.

How to realize 2D systems in cold atoms experiments...

Along the 3" direction z :
tight (harmonic) trap

D = )\%p 2D density

V(z) | | Dot '
* kpT < hw, thermally 2D, only j =0
________ ji=3 = populated:
Dot = Dy.
N r _________ j = 9 Dexc
% kpT = hw, all j’s must be accounted
\ # _____________ ji=1 + for.
Diot = Do + Dexc
hw, - -
. A j = 0 Gi(r) =" GY(r)
. =
r—’l a. G&O) (r) = broadest contribution




39 dim.: Transverse condensation.

10



3" dim.: Transverse condensation.

-y Saturation of the population of the
EC ntum states in Bose statistics.

f(E-uA)

Bose population
of the states
E

[0
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3" dim.: Transverse condensation.

(e Saturation of the population of the
ntum states in Bose statistics.

| Density of the

o”
o®
-

states (in 3D) ..~

D) () = (%T)D / f(E — u) D(E) dE

D. < BEC
oc© < no BEC

of the states DP) (u) —

Bose population {

|
o |—
\



39 dim.: Transverse condensation.

t D(E) > full BEC 7/ 2D+ configuration
> i Vxy) TV(Z) . Droy
» partial i
BEC
» no BEC
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39 dim.: Transverse condensation.

{ D(E) > full BEC { 2D+ configuration >
e V() V@) | Do

~» partial

................ C=15 ¢ = kpT/hw,
o7 §:1() For ¢ > 1

2
Dtot,c — %C

0y y ........ C :5

1
: ‘ : ‘ : C : Dtot
0 10 20 30 40 N.]J. van Druten & W. Ketterle, PRL (1997)
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39 dim.: Transverse condensation.

» full BEC

-*
o®
-

» partial

BEC

Dexc (,U) — Dc
u—0

2D+ configuration
V) V(2)

\ 2)tot

€, <K hw,

0w
E> When Dy, large enough, atoms accumulate in j = 0: Dy ~ Dios even if kT > hw, .
De)g((); ......................................................... 4'220 RECOVEI" relevance
for 2D physics!
........................................................ C_—:15 C — ],CBT/th phy
! ] D D
N ¢ =10 For¢>1 . o
D W_zc Gg >(fr) becomes dominant
o £ (=5 tot.e 7 6 => enhanced coherence in
i plane!
0 IR — (=1 Diot
0 10 20 30 40 N.J.van Druten & W. Ketterle, PRL (1997)
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4 Motivation: specificity of 2D and 3D-to-2D crossover.
4 Motivation: from harmonic to uniform traps.
4 Experimental setup: creating 2D uniform gases.

4 Emergence of an extended phase coherence in 2D
uniform gases at thermal equilibrium.

4 Dynamics of the establishment of coherence along
forced evaporative cooling in uniform fluids.
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Harmonic confinement and local probing

Trapping region :
extrema of magnetic field / light intensity.
{ra V(I‘)} => typical dependance V(r) ~ r?

—
>

0 '
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Harmonic confinement and local probing

Trapping region :
extrema of magnetic field / light intensity.
{ra V(I‘)} => typical dependance V(r) ~ r?

0 r
% Useful for exploring local properties : smooth variation => locally uniform.

Local Density Approximation

Trapped density profile Homogeneous equivalent

T )a
,0( ) P = p(()), Uioc = Mo, T

P = p(r)a Hloc = H0O — V(T)a T

14



Example of the Equation of State.

EoS = relation between dimensionless parameters.

=> dictates all thermodynamics properties. can deduce EoS for any variables.
In weakly interacting 2D gases: only 2 variables (approx. scale invariance).
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Density n in pm~?

Example of the Equation of State.

EoS = relation between dimensionless parameters.

=> dictates all thermodynamics properties. can deduce EoS for any variables.
In weakly interacting 2D gases: only 2 variables (approx. scale invariance).

‘7
n(V
100g V)
AN - - Image (a)
- —  Image (b)
101 DR
- “‘\\\
— —\\/A.
_ | )
1 100 200
V in nK



Density n in pm~?

15

Example of the Equation of State.

EoS = relation between dimensionless parameters.

=> dictates all thermodynamics properties. can deduce EoS for any variables.

‘7
n(V
100g V)
AN - - Image (a)
= —  Image (b)
10k DR
— I \\
.
| )
1 100 200
V in nK

M.]. H.Ku & al, Science (2012)

In weakly interacting 2D gases: only 2 variables (approx. scale invariance).

derivations/integrations of E (V) =

=> fit-free method for measuring the EoS by

hin(V) :

m




Example of the Equation of State.

EoS = relation between dimensionless parameters.

=> dictates all thermodynamics properties. can deduce EoS for any variables.
In weakly interacting 2D gases: only 2 variables (approx. scale invariance).

=> fit-free method for measuring the EoS by

.. . . hen(V
derivations/integrations of E(V) = V) :
T
check scale invariance
— ( L / k B T D)
¢ 30F = Numerical predictions | 5
(V) Experlmental data 3
100¢ n 201
2N - - Image (a) o0k R
B - —  Image (b) s
s | Q5 A
E 10 o 10F .".
2 F N ¥
% _ \\ — - 5 B oi.-
= I \/h ~ N"-‘
B O L I I I I I
| 9 08 06 04 02 0 02 04 06
1 100 200
V in nK 'u/kBT

15 M.J.H.Ku & al, Science (2012) T. Yefsah & al., PRL (201 1), R. Desbuquois & al., PRL (2014)



Example of the superfluid behavior.

_Superfluidity <=> frictionless response to a moving obstacle.
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Example of the superfluid behavior.

\_Superfluidity <=> frictionless response to a moving obstacle.

Local probing :
rotation of a tightly focused
laser beam

(w=2pum / Rrr=20 um)

on “equi-potential” r = ¢5t
(,Uloc = Ho - V(T))

at velocity v = ¢t
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Example of the superfluid behavior.

\_Superfluidity <=> frictionless response to a moving obstacle.

Local probing :
rotation of a tightly focused
laser beam

(w=2pum / Rrr=20 um)
on “equi-potential” r = ¢5t
(,Uloc = Ho - V(T))

at velocity v = ¢t

Measure heating

104

2
E
=102}
o
2 100}
)
g ¢
G +
5
= ol ¢ +
0 0.5 1 1.5 2

Stirring velocity v (mm/s)

T(v) = Ty=0 + £ T max [v® — v2, 0]
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Example of the superfluid behavior.

\_Superfluidity <=> frictionless response to a moving obstacle.

Local probing :
rotation of a tightly focused
laser beam

(w=2pum / Rrr=20 um)

on “equi-potential” r = ¢5t

’
"

(H1oc = Ho - V(r)) discrepancy (partly) due to w =0
at velocity v = cst, . . . —— ‘I . .
Measure heating é Lr prediction for ———> |
| c BKT transition in :
o 104] — | auniform 2D gas
= 102} > : *
49'3)100- 1'8 0.5 ' +
¢ o !
E ” b4 '+' Tz :<—— observed
96'6 =~ - - : 5 ! threshold for
.5 1 1.5 = T
Stirring velocity v (mm/s) | b OFf . —|.—| ' | : | SUPel’:ﬂUIdlt)" -
T(fu) = T,—0 + KT max [1)2 —@O] —-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

6 R. Desbuquois & al., Nature Phys. (2012)



Limitations of harmonic confinement.
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Limitations of harmonic confinement.

“* Limiting for non-local measurements:
» long-range properties
» coherence and correlation functions

“* In particular at vicinity of a transition point:
» transitions become local phenomena
» divergences are smoothen

* Entangles effects of interactions / Bose stat / dimensionality:
» strong influence of interactions (even if weak) / overall state of the gas.

» transverse condensation disappears : not a transition anymore

17



Limitations of harmonic confinement.

“* Limiting for non-local measurements:
» long-range properties
» coherence and correlation functions

“* In particular at vicinity of a transition point:
» transitions become local phenomena
» divergences are smoothen

* Entangles effects of interactions / Bose stat / dimensionality:
» strong influence of interactions (even if weak) / overall state of the gas.

» transverse condensation disappears : not a transition anymore

= Toward uniform traps...

17



4 Motivation: specificity of 2D and 3D-to-2D crossover.
4 Motivation: from harmonic to uniform traps.
4 Experimental setup: creating 2D uniform gases.

4 Emergence of an extended phase coherence in 2D
uniform gases at thermal equilibrium.

4 Dynamics of the establishment of coherence along
forced evaporative cooling in uniform fluids.



Creating uniform 2D gases in experiments.

A

3D cold gas
of /Rb
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Creating uniform 2D gases in experiments.

3D cold gas
of /Rb

+

Hermite—Gauss
beam = 2D conf.

-
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Creating uniform 2D gases in experiments.

3D cold gas
of /Rb

+

Hermite—Gauss
beam = 2D conf.

-

Hollow beam
= Uniform conf.

—
ey
e
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Creating uniform 2D gases in experiments.

3D cold gas
of /Rb

+

Hermite—-Gauss

beam = 2D conf.

-

Hollow beam
= Uniform conf.

-

3D: Hadzibabic
group, 2013

(a)

.
K)\ Y
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Creating uniform 2D gases in experiments.

3D cold gas
of /Rb

+

Hermite—-Gauss

m.. beam = 2D cont.

e

Hollow beam
= Uniform conf.

Imaging of a dark mask

% Imaging
system

- Atom trapping
region

3D: Hadzibabic
group, 2013

(a)

.
2~




Creating uniform 2D gases in experiments.

x4Ly Imaging of a dark mask  Uniformity characteristics
3D cold gas

of 8Rb

+

Hermite—Gauss"
beam = 2D conf.

rugosity of trap bottom
~ 3% of barrier height
~ Imaging

Hollow beam - System

= Uniform conf.

19

3D: Hadzibabic
group, 2013
(a)
e-‘
Atom trapping )\y
region

o



Quasi-2D gases in boxes.

150 .
50
100 . ' Typical
50 5, parameters:
0 , 0 ,
p(um=2) p(um~2) L=15-30um
20 pm 150 20 ym o V2 =350~ 1500 Hz
N=103-10°
100
100 T =10-250nK
50

50




4 Motivation: specificity of 2D and 3D-to-2D crossover.
4 Motivation: from harmonic to uniform traps.
4 Experimental setup: creating 2D uniform gases.

4 Emergence of an extended phase coherence in 2D
uniform gases at thermal equilibrium.

4 Dynamics of the establishment of coherence along
forced evaporative cooling in uniform fluids.
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Coherence in time-of-flight.

In-situ p (um2)

150

10uv

- 50
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Coherence in time-of-flight.

3D ToF

Release all trapping potential

and let expand for long T:
access velocity distribution.

velocity distribution =
Fourier transform of G;

) -2
p (pm2) p (um?2) p (pm2)
10

30 30

10 g 30 25 30 25

NIE 6 &g 50 20 (/\é\ 20 20

< i + g ) = 10 10

' \ '\ i il 1
0 ﬂ " 2 0 = 4{, e 5 0 -
W 0ol : 100
) 100 50 . ‘ 50
50 ’ 0 0 0 : NI
e 0 0 : \ 50 W\
‘yCLIOI—)ﬂ]-Iuo -100 QQW\(& ymm)so_loo G dﬁK\}{o yCu]b) s *i\)
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Coherence in time-of-flight.

In-situ p (um?)
150
200
§_100 10v
<0 Gkt - 50
60 oA |
3D ToF 2] 0

Release all trapping potential

and let expand for long T:
access velocity distribution.

velocity distribution =
Fourier transform of G;

- -2
p (pm2) p (um?2) p (pm2)
10
30 30
10 i 30 25 30 25
O &'\ 20 20 /Nr\ 20 20
§_ - 115 g_ - 15
14 ~ 10 ~ 10
Q p 10 o 10
> 0 < 0 {2 g
I i ' 5 100
100 % 100 %

o ol \
‘yaﬂbju'mo 100 ¢ ycun?ju"m -100 3@(?&0
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Bimodality of ToF density distribution.

0 50 100
r (pm)
fit by a sum of 2 Gaussians

N=N1+N2

23



Bimodality of ToF density distribution.

a 20
E 20

3 15

Q. 4 . 4 ‘ 10

0 «-.‘747 'y :

o YL / 4 2

- ¥.c 100

50
0 0
y&ubjo-loo -100 3L\\X{&

0 50 100
r (pm)
fit by a sum of 2 Gaussians

N=N1+N2

bimodality parameter : A = N7 /N
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Bimodality of ToF density distribution.

For each T, fit A(IN) by «heuristic»
threshold function:

A — (1 — (N. /N)O’6) O(N > N,)

V4T — 155K
0.3¢
<1 g9}
0 50 100
r (pm) 0.1t
fit by a sum of 2 Gaussians

N =N+ N> 0 | . .
0 2 4 0

bimodality parameter : A = Ny /N N x 10*

23



Coherence via matter-wave interference.

24



Coherence via matter-wave interference.

Release box confinement and let expand in-plane for T such that

the gases overlap
Visualize interferences in a unique plane.

24



Universal behavior of the onset of coherence.

N2/L?

C —

Dtot

25

20

15

10

C — kBT/hI/z

| ‘/ /‘ ‘/_ ) _
Ve . B
. _ - B
7 - B
/‘ -/ - _
. / /_ _
v . ) B
. - _ B
. ) B
- - P _
' -
. e // _
—
| ‘/ ‘/ _ B _
7 | . _
* : . - _
. b - //
./ .
: —
L - _—
. . _
./ ‘/ /'
- -
'/ .——-_—--——.-——.—-
=== T | |

full symbols :
bimodality
open symbols :
fringe contrast
colors :
#+ shapes,sizes

* V;

L. Chomaz & al., under review (2014)



Universal behavior of the onset of coherence.

N2/L?

C —

Dtot

25

20

15

10

C — kBT/hI/z

theoretical «equi-coherence» lines (Bose ideal) e
be/Ar = | \ - g
’/’/ /'+“ |
> |
a 7
s /-/
e I 4
s P /./
/~/ < g } /'/.
./~ /<>-+ 4 # ]
Ve 7 e
./‘/ ‘§/++I ‘/'/.
% é+- ,/'/
Py T -
i /// /./ /‘/‘ — - - |
L 5‘/'\?3/—/ -
PR ) T full symbols :
i ‘/#‘/-/ -7 fé}'./'/ | bimodality
4 d/ T T open symbols :
L fringe contrast
- T -7 f=1r - colors :
___________________ - | :
* shapes,sizes
0 5 10 15 PES,
F V;

L. Chomaz & al., under review (2014)



Universal behavior of the onset of coherence.

theoretical «equi-coherence» lines (Bose ideal) e
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Universal behavior of the onset of coherence.

theoretical «equi-coherence» lines (Bose ideal) e linear
be/Ar = [ \ /./‘/ ] when ¢>1
201 ‘‘Frozen” Regime ‘/‘/’ /,2‘*’ 1 <« BEC, :
N (v: =1460 Hz) 7 o pBECL _, r°
~ coherence induced b - e R e 6 :
\ y s % /_/
N “quasi-condensation” .// L7 » #/ 216 ~ 1.6
<U 15 _Dtot,c ~ 4 < DBKTapBEC ’/'/ ‘/'_; )-+ i4/ | n / T
Z e /'-_é + "0 experimental
I I S | stopex 1403
o 10T %/'// .~ -f“Unfrozen” Regimé: 1
§ '/‘/‘/‘/‘/¢\/.6./_/‘ (VE§%5HZ)
Q | Phate ‘j/' N _.2D + coherence full symbols :
5L ‘/#‘/-/ /./'/ fé}’. ~ -7 in plane established | bimodality
p di T T via BEC . open symbols :
I R s fringe contrast
- o= e colors :
0L - — | # shapes,sizes
0 5 10 15 PES,31z
F V;
C — kBT/hI/z
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4 Motivation: specificity of 2D and 3D-to-2D crossover.
4 Motivation: from harmonic to uniform traps.
4 Experimental setup: creating 2D uniform gases.

4 Emergence of an extended phase coherence in 2D
uniform gases at thermal equilibrium.

4 Dynamics of the establishment of coherence along
forced evaporative cooling in uniform fluids.
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Kibble Zurek mechanism.
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Kibble Zurek mechanism.

T Incoherent transition point, e.g. BEC
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Kibble Zurek mechanism.

Incoherent

thermalization
time

|

" Coherent
patches

freezing-out domain. p
evolution out of eq. R

!

transition point, e.g. BEC

A

¢ = (. at freezing-out.

[ BEC |

Mean Field

F Model

.

P. C. Hohenberg, B. |. Halperin, Rev. Mod. Phys. (1977).



Topological defects from KZM.

transition point, e.g. BEC
T |

Coherent
patches

freezing-out domain.
evolution out of eq. t

t=0
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Topological defects from KZM.
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Topological defects from KZM.

transition point, e.g. BEC
T |

ﬂ at domains boundaries :
———{> phase windings => topological defects
Coherent
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M@ patches

freezing-out domain.
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Topological defects from KZM.

transition point, e.g. BEC
T |

ﬂ at domains boundaries :
———{> phase windings => topological defects
Coherent
patches

é @a Me‘r;%mg Surviving (Nj)

M@ batches topological defects

< freezing-out domain.
evolution out of eq. t
>
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Direct observation of vortices.

T ¢ thermal cloud
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Direct observation of vortices.

goree In situ images,

T ¢ thermal cloud

/ : hiighl)' no excitation:
. degenerate - Phonons = phase

cloud .
i defects => not visible

-Vortices = too small

t (charact. size = 0.6 um/
) f 7 imaging res. = 1-2 um)
evap  thold
vz =365 Hz: l' «short» 3D TOF
Coherence CMerges reveals defects as
via BEC |. density holes...

After 4 ms Release

Analysis of holes properties (size, contrast)=> single vortices (# phonons, # pairs)

Highly degenerate gas (I°SD>100) => no thermally activated vortices.
29



Transverse BEC as a candidate for KZM.

BEC , similar to standard 3D BEC
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Transverse BEC as a candidate for KZM.

BEC , similar to standard 3D BEC

Z
BEC | occurs at o
_ @ - BEC in an o0 3D gas.
0 n(z=0)=2.612\.° .
I o o °
Kc 1 Same universality class but ! < transition point
quasi-2D geometry cut divergences... 0
:
fc < A5 <« size of the ground state of the ,'
harmonic oscillator along z . 3D, BEC
Y4
a, = /h/mw, . o
(] Y 4
' --------
e i ——
Standard BEC description of BEC | not L
valid when it predicts £. 2 a
i

30 Tc



Quantitative test of KZM scaling.
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Quantitative test of KZM scaling.

| ~ KZM for 3D BEC ~valid : o
—2d
N X tevap
d — 0.35 (8)
Z> O 5 F Medel | 0.33
| \ BEC |
) + O = similar
\ universality
O. 3 i 41 class/BEC
= at trans.
point:
O 2 | 1 : 1 I : . | c ~ az

o0 100 250 500 1000 2500

31 tevap (mS) L. Chomaz & al., under review (2014)



Quantitative test of KZM scaling.

0.37

0.2

31

Short tevap = & < a. Tt tevap :055
_ KZM for 3D BEC ~valid : '

N x t.2¢

evap

d — 0.35 (8 R
—— ( ) Long tevap =4 5 > Qy

breakdown of KZM for 3D BEC,

slowing down of Ny dependency -

50 100 250 500 1000 2500

Reminder:

F Medel | 0.33

BEC

= similar

) universality

class/BEC
= at trans.

tevap (mS) L. Chomaz & al., under review (2014)
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KZ supercurrents in an annulus.

10pm

In situ

small central disk
= phase reference

Ry < ¢

Annulus

N ~ 1D for KZM
ok OR < &

Similar quench through BEC |

A,t freezin.g out: ( N Merging of patches:
¢ unique patch in the L | .
. @ => 2mn phase winding
central disk - s .
% 1D chain of phase 8|/ = Supercurrents
patches in the annulus o —d /2
Nw = <‘TL‘> X tevap
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KZ supercurrents in an annulus.

10pm

In situ 2 e

. - Y

small central disk 0oy ‘,-- E

\."'l 1‘ ) .

= phase reference e N/
Ry <¢

Annulus 2D TOF ’_.;/k;"—%\;
v ~ 1D for KZM i) \©,a/
R SR < ¢ T
matter-wave i L
o interference N N
Similar quench through BEC | LA @
: _J\‘,, . \\\“ ,//

A.t freezin.g out: ( N Merging of patches:
** unique patch in the “ o N

. => 27tn phase windin &\ /,,,- \
central disk P & -;@u ﬁﬂ} ;

— e if‘,. ;"\ ;
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KZ supercurrents in an annulus.

10pm

In situ

small central disk
= phase reference

Ry < ¢
Annulus 2D TOF
R ~ 1D for KZM )
ok SR < &
matter-wave
interference

Similar quench through BEC |
At freezing out: r -

** unique patch in the /(

central disk

1D chain of phase

patches in the annulus

| Experiments |

Merging of patches:
® N) => 27 phase winding
‘ i/ = Supercurrents

nw = (|n]) o<ty

L. Corman, L. Chomaz & al., PRL (2014)

Holes

0.35 (8)

32

Spirals

0.38 (12)

Theory, Model F: d =0.33
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. r X
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1 : ; \ s
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Spiral pattern : 2n7t
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C R Boltzmann | Bose: Extensively-coherent gas
/\ transition when ( — o0
Our study of KZM J/
S sharp crossover
v 3D thermal gas A
§ 5 Transverse BEC
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e >> practical range
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Outlook.

Re(g, )
"\
+ Toward characterizing correlations and fluctuations: 32
= Characterization of GG1: exponential vs. algebraic decay. 2;
= Higher order correlation functions, e.g. G2 (density fluctuations). 0 ™2 & 3w2 2n

D

+ Toward strongly interacting 2D gas in uniform geometry:

= Increase of v; : the accordion setup

= Regime where coherence established at BKT transition.

D

= New scaling expected from KZ mechanism.

+ Toward other geometries, e.g. transport measurement:
= Two uniform reservoirs linked by a small channel.

= Study of superfluidity via transport measurement along the channel

Esslinger group
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Temperature Measurement (l)

ToF measurement for very N All quantum, 3D 7 = ePr
weakly gas configurations :  /\p Bose law ideal ga)s T
300
U oxX U
T(Upox) = To (1 _ o= Ubox/ 0)
250 -

200+

100 -

50}

0 500 1000 1500 2000 2500 3000
Ubn.r)#k' 3 ( nk )



Temperature Measurement (ll)

350

T(nK)

Renormalize all T and U by exp(2dmax/w), dmax = maximal distance to trap center:
w = waist of the 2D trap beam (Hermite-Gauss and box trap)
exp(-2dmax/ w) = reduction of the heights of both traps compare to the center.

300

230 -

200 -

150 -

T(nK)

. ¥

o/ v, = 1460 Hz
/
| | % e 100 s 200 2500
500 1000 1500 2500 3000 UpesifpinRk)
s k(oK)
U / ks To 1
v, =365 Hz 969 (75) nK 275 (8) nK 3.49 (25)
v, = 1460 Hz | 712[115] nK,, | 203 (18)nK | 3.50[25]




Characterizing the fringe contrast

p(iv Y) _ ,_pﬁgkmﬁ,_y)_ ua
- 0.5
: 0.25
3 0.1
0.05
- 0.025
| \ 0.01
08 -05-02 002 05 08,
0.251 ky (pm™") kaly]
09l % 1-Body corr. on complex fringe contrast:
015 y(d) = | (plkp(y),y] p*[kp(y + d),y +d] ) |
61 oo 1D gases: v(d) = |G1(d)|?
005! ®* Look for extended coherence:
0 5 FZ(V(d)>2um<d<5um

0 > A 6 sup (A\r) < 2pm]
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Kibble Zurek in an annulus

Stochastic origin:

random number of windings between -2 and 2
no bias on winding direction <n> = 0.001(12)

Dynamic origin:

nw not compatible with thermal predictions

0 00+
%
S
)
5 40}
S
@)
(I
@] 207
NN
0 -2 1 0 1 2
n
10
O
g T —
=
10_1:‘
1072 1071 109
tevap (S)

Reminder:

KZM for

d=0.38(12)] M

3D BEC

e

0.25

F Meodel

0.33

no evidence for a breakdown

of KZM for 3D BEC (but no
counter-evidence either...)




Direct Observation of vortlces (11)

Il!l Q ,:g

8 1.2
1
10.8
10.6 <
e 10.4
T=4.5ms |0-2 10.2
2 4 6 s 10 120 0 ' | =
: 0 D 10 15
distance to edge (pum)
7 (ms)
similar properties at a given T constant contrast and
+ high contrast increasing size with T
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Direct Observation of vortices (11)

. . woa T wg;
-. - ' .' '. .
: 3
. ' - ':.'- T --; ) oA : . X ' A :"‘
[n situ 1.5 ms 3 ms 4.5 ms

Hole Nature:

= single vortices

0. + phonons
T =45ms 10.2 + pairs of vortices
2 4 6 s 10 120 0 ' | =
: 0 D 10 15
distance to edge (pum)
7 (ms)
similar properties at a given T constant contrast and
+ high contrast increasing size with T
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Direct Observation of vortices (1)

5" I8 3
1)
- ‘ ’ o o
&8 J
4 ) " : 8
; L 5 W
. ! .
| = \
B Ld . 4 - _ -
v - ~ - ns
P . A e % ) .
; ’ b Sl
. : . = 4
e 8. 3 !
n situ . ms } ms 4
I\ S
T T T
.

Hole Nature:

= single vortices

+ phonons

T =45ms | + pairs of vortices
W2 1 6 8 10 12" 0 ' | —0
: 0 D 10 15
distance to edge (pum)
7 (ms)
similar properties at a given T constant contrast and
+ high contrast increasing size with t

Dynamical orgin:

¢ Equilibrium expectation at final PSD (>100) = vanishingly small mean vortex
number Ny. Experimentally Ny = 0.6

@ BKT theory at final PSD = vortices must be tightly paired.

* Dissipative dynamic (variation of Ny ) with a varying hold time # equilibrium. 4!
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Active Research

Steady state 2D Physics/ Kibble Zurek mechanism
BKT Physics: with cold atoms
4 Cheng Chin, Chicago, USA. 4 B.P. Anderson, Tuscon, Arizona, USA.

4 Zoran Hadzibabic, Cambridge, UK. 4 D. Stamper Kurn, Berkeley, California, USA.
4 Yong-il Shin, Seoul, Korea. 4 B. L. DeMarco, Urbana-Ch., lllinois, USA.

4 Bill Phillips, NIST, Maryland, USA. 4 Gabriele Ferrari, Trento, Italy.

4+ E.A. Cornell, JILA, Colorado, USA. 4 Immanuel Bloch, Munich, Germany.

4 Thomas Bourdel, Palaiseau, France. 4 Zoran Hadzibabic, Cambridge, UK.

+ . + ..




% of realizations

0.35

0.3

0.25

0.2

0.15

0.1

0.05

5

7 9 11
Distance to edges (um)

13

15

48



proportion of occurences

0.05

025

0.2}

015}

01¢

10
distanc

025+

02}

015+

0.1F

0.05

0

to the first rieighbgur (uﬁl)




Piezo-Control

glued

Polarizing
Beam

Splitters

Motorized
translation
stage




Symmetry Breaking in 2D

Peierls 1935 Crystalline order in 2D?
O O How do the fluctuations of the distance between
two atoms vary with the distance itself?
) ’ (i = 1)%) o log(dap)
@ @ Crystalline order destroyed by long

wavelength phonons (T+0)
Mermin-Wagner-Hohenberg theorem (1966-67)
No breaking of continuous symmetry in dimensions < 3 ( + short range interactions)

No BEC in an infinite, uniform 2D gas

91 (r) = W' ()Y (0) 5 lim g (r) = 0

51



The superfluid transition in 2D

Not all phase transitions are excluded in 2D,
only those due to symmetry breaking!

universal jump of superfluid density

0 Superfluid state T, normal state T

|
1 >

algebraic decay of g, / \ exponential decay of g,

_ 2 -
quasi long range order ''sf 4/0° mnsr =70
g (|7 =7]) = @' (7) $(7"))

Unbinding of Proliferation of

- free vortices
vortex pairs

Bound vortex-
antivortex pairs

Coherence + microscopic nature of the transition : studied with cold atoms.




Previous studies with atomic gases and trapped ions:

« Kinks in ion chains: PTB (Mehlstaubler), Simon Fraser U. (Haljan),
Mainz U. (Schmidt-Kaler), U. Freiburg (Schaetz)

* Quenched ferromagnetic spinor Bose-Einstein condensates: U.

Berkeley (Stamper-Kurn)

 Formation of BEC in harmonic traps: U. Arizona (Anderson) & U.

Queensland (Davis)

* Solitons in elongated BECs: U. Trento (Ferrari)

« Superfluid to Mott insulator: Munich (Bloch-Schneider)

« Formation of a 3D BEC in a box-like trap: U. Cambridge (Hadzibabic)
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Kibble Zurek mechanism for a 3D Bose gas

The static picture

Above the critical temperature, coherent patches of size d

For large T': d ~ A (thermal wavelength)
Approaching T, : d diverges as 1/(T —T,)"

Below T, full coherence: d = size of the box

58



Kibble Zurek mechanism for a 3D Bose gas

The static picture

Above the critical temperature, coherent patches of size d

For large T': d ~ A (thermal wavelength)
Approaching T, : d diverges as 1/(T —T,)"

Below T, full coherence: d = size of the box

Dynamical aspects

For a finite cooling rate, this picture fails: coherence cannot be established fast
enough

—» T fixes the maximal size of phase-coherent patches: topological defects
(vortex lines)
may appear at the border of the patches and survive to the subsequent

_, thermalization N; « (T'/T)®
KZ theory relates the number of topological defects N, to the cooling rate:

One can also look for other signatures than topological defects: Hadzibabic’s
talk 58



39 dim.: Transverse condensation.

t D(E) __» full BEC 7/ 2D+ configuration
V) V(z) . Dot
3D —I"» partial i T
\ 2D+ BEC
2D » no BEC
F’— E’I" << hwz

— N
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39 dim.: Transverse condensation.

{peE- » full BEC q 2D+ configuration
i V(xy) V@) | Do
. » partial N e,
BEC oy
» no BEC hw.,

i : € K hw,
E Dexc(,u) — Dc |
pu—0

59 N.]. van Druten & W. Ketterle, PRL (1997)



39 dim.: Transverse condensation.

1 D(E) » full BEC 7/ 2D+ configuration >

V() V(z) . Dot
- » partial k =, €
BEC |

» NO BE/C 7 hwz

: : €, K hw,
E Dexc(,u) — Dc |
u—0

................ C-‘:15 ¢ = kpT/hw,
o7 §:1() For ¢ > 1

2
Dtot,c — %C

0y y ........ C :5

1
: ‘ : ‘ : C : Dtot
0 10 20 30 40 N.]J. van Druten & W. Ketterle, PRL (1997)
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39 dim.: Transverse condensation.

» full BEC

. » partial

BEC

Dexc (,U) — Dc
u—0

2D+ configuration
V) V(2)

\ 2)tot

€, K hw,

E> When Dy, large enough, atoms accumulate in j = 0: Dy ~ Dios even if kT > hw, .

Dexc .......................................................... CZQO Recover relevance

- al for 2D physics!
......................................................... (=15 ¢ =kpT/hw,

200 C——:l() For ( > 1: ; D = Do
............................................................. =10 - 7r_2< G§ >(7“) becomes dominant

o £ (=5 tot,e ™ 6 => enhanced coherence in

i plane!

0 SN (=1 Dot

0 10 20 30 40 N.]J. van Druten & W. Ketterle, PRL (1997)
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Quench cooling of a thick 2D gu‘*_Jrn—‘T'—

* kT
hw,

10

We cross two successive transitions:

T,: transverse BEC which occurs when the 3D phase-space density reaches 2.6

Atoms accumulate in the ground state j = 0 of the z motion, coherence~ ¢,

T,: slﬁg?atr?]uid BKT // full BEC corresponding to quasi-full coherence over the
sample
DBP) =926
p(D) - DR - 10
Thermal | “Local” coherence | “True” superﬂuidity,>

and presuperfluidity algebraic decay of g;

Tentative scenario:
« Formation of independent coherent phase domains during transition T,

* Going up to the superfluid regime allows us to visualize the vortices



