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Chaire	Atomes	et	rayonnement	

Cours	2		
	

Du	gaz	de	Bose	à	l’état	superfluide	



But	de	ce	cours	

Aborder	le	lien	entre	condensa<on	de	Bose-Einstein	et	superfluidité	

2	

Superfluidité	:	phénomène	plus	complexe,	faisant	appel	à		
																											plusieurs	no<ons	différentes	

Condensa9on	:	valeur	propre	«	macroscopique	»		
																												pour	l’opérateur	densité	à	un	corps		G1(r, r

0) = hr0|⇢̂1|ri
⇧0 ⇠ O(N) quand N ! 1

Nous	allons	étudier	comme	mesurer	expérimentalement		G1(r, r
0)

Expériences	avec	des	atomes	froids	dans	un	anneau	tournant	

Expériences	sur	l’hélium	liquide	:	séminaire	de	Sébas<en	Balibar	

Modèle	à	deux	fluides,	Tisza	&	Landau	



1.	
	

Comment	caractériser	l’ordre	à	longue	portée	

3	

G1(r, r
0) = hr0|⇢̂1|ri

= Tr
⇣
 ̂†(r)  ̂(r0) ⇢̂

⌘



Les	trois	situa<ons	rencontrées	en	pra<que	

Ordre	à	longue	portée	

4	

Quasi-ordre	à	longue	portée	(en	dimension	réduite)	

Absence	totale	d’ordre	à	longue	portée	

Fluide	normal	

tend	vers	une	limite	finie	non	nulle	à	longue	distance	G1(r, r
0)

																			tend	vers	0	«	doucement	»	à	grande	distance	:	loi	algébrique	sans		
échelle	caractéris<que	de	distance.	Si	les	interac<ons	répulsives	limitent	en		
parallèle	les	fluctua<on	de	densité,	on	parle	de	«	quasi-condensat	»	

G1(r, r
0)

																			décroît	rapidement	vers	0	(exponen<elle	ou	gaussienne),		
avec	une	échelle	de	longueur	pe<te	devant	la	taille	de	l’échan<llon	
G1(r, r

0)

Condensat	+	interac<ons																						superfluidité	

Quasi-condensat																								superfluidité	



Mesure	de	la	distribu<on	en	impulsion	du	gaz	:	

5	

Procédures	pour	accéder	à		G1(r, r
0) = Tr

⇣
 ̂†(r)  ̂(r0) ⇢̂

⌘

T.F.	N (p)  ! G1(r, r
0)

Extrac<on	sélec<ve	d’atomes	en						et	en			r r0
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Interférence	avec	une	référence	de	phase	

6	

Prépara<on	de	deux	gaz	avec		
des	propriétés	similaires	

G1(r, r
0) = Tr

⇣
 ̂†(r)  ̂(r0) ⇢̂

⌘
Procédures	pour	accéder	à		
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of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).

RESEARCH | REPORTS

⇣
1� a

L

⌘
g1(a)

a (µm)(b)

(a)

m-2 ) m-2 )

box-potential beam
intensity mask

2D confining beam

phase mask

x
y

z

0

100

200

0

100

200

Rapid cooling (~ 50 ms     2s ) via lowering the trap depth
Hold time (500 ms       2s)
2D expansion in plane (7 ms)

Quantized circulation of superfluid currents

In situ Phase patterns

After expansion

9Similar experiments at NIST Eckel et al. Phys. Rev. X 4, 031052 (2014)

How to detect superfluid currents ?

temps	de	vol	

LETTERS

Non-equilibrium coherence dynamics in
one-dimensional Bose gases
S. Hofferberth1,2, I. Lesanovsky3, B. Fischer1, T. Schumm2 & J. Schmiedmayer1,2

Low-dimensional systems provide beautiful examples of many-
body quantum physics1. For one-dimensional (1D) systems2, the
Luttinger liquid approach3 provides insight into universal prop-
erties. Much is known of the equilibrium state, both in the
weakly4–7 and strongly8,9 interacting regimes. However, it remains
a challenge to probe the dynamics by which this equilibrium state
is reached10. Here we present a direct experimental study of the
coherence dynamics in both isolated and coupled degenerate 1D
Bose gases. Dynamic splitting is used to create two 1D systems in a
phase coherent state11. The time evolution of the coherence is
revealed through local phase shifts of the subsequently observed
interference patterns. Completely isolated 1D Bose gases are
observed to exhibit universal sub-exponential coherence decay,
in excellent agreement with recent predictions12. For two coupled
1D Bose gases, the coherence factor is observed to approach a non-
zero equilibrium value, as predicted by a Bogoliubov approach13.
This coupled-system decay to finite coherence is the matter wave
equivalent of phase-locking two lasers by injection. The non-
equilibrium dynamics of superfluids has an important role in a
wide range of physical systems, such as superconductors, quantum
Hall systems, superfluid helium and spin systems14–16. Our experi-
ments studying coherence dynamics show that 1D Bose gases are
ideally suited for investigating this class of phenomena.

The starting point of our experiments is a 1D Bose gas of a few
thousand atoms trapped in a highly elongated, cylindrical magnetic
microtrap on an atom chip17,18 with typical transverse and longit-
udinal oscillator frequencies of nH < 4.0 kHz and nz < 5 Hz. Our
trapped Bose gas is in the 1D quasi-condensate regime1, which is
characterized by both the temperature T and chemical potential m
fulfilling kBT, m , hnH (ref. 19).

After the initial preparation of this single 1D system, we perform a
phase-coherent splitting along the transverse direction by means of a
radio-frequency (r.f.) induced adiabatic potential11. As shown in
Fig. 1, the final system consists of two 1D quasi-condensates in a
vertically orientated double-well potential20. They are separated by
a tunable potential barrier, the height of which is controlled by the
applied r.f. fields. This splitting process initializes the system in a
phase coherent state. Directly after the splitting, the phase fluctuation
patterns of the two individual quasi-condensates are identical, result-
ing in a vanishing global relative phase. This is a highly non-equilib-
rium state of the split system, which will relax to equilibrium over
time.

To study this time evolution of the phase coherence, the two 1D
Bose gases are held in the double-well configuration for a varying
time t before they are released and recombined during the time-
of-flight. The resulting interference pattern is recorded using
standard absorption imaging along the transverse direction of the
system. The spatial variation of the relative phase between the two

quasi-condensates translates directly into local phase shifts in the
interference pattern (Fig. 2).

If the two parts of the system are completely separated (see Methods),
the equilibrium state consists of two uncorrelated quasi-condensates.
Consequently, we observe an increasing waviness of the interference
pattern with time, which in the end leads to a complete randomization
of the relative phase h(z, t) (Fig. 2a, b), where z is the spatial coordinate
in the longitudinal direction of the system. This change in the interfer-
ence pattern is a direct visualization of the dynamics of the phase
fluctuations. Qualitatively similar behaviour was recently observed21

for elongated condensates with m < 2hnH and T < 5hnH.
For a finite tunnel coupling (see Methods) between the two sys-

tems, we also observe an increase in the waviness of the interference.
However, in contrast to the completely separated case, the final equi-
librium state shows a non-random phase distribution (Fig. 2c, d).
This is caused by the phase randomization being counterbalanced by
the coherent particle exchange between the two fractions. The final
width of the observed phase spread depends on the strength of the
tunnel coupling22,23.

1Physikalisches Institut, Universität Heidelberg, Philosophenweg 12, D-69120 Heidelberg, Germany. 2Atominstitut der Österreichischen Universitäten, TU-Wien, Stadionallee 2,
A-1020 Vienna, Austria. 3Institut für Theoretische Physik, Universität Innsbruck, Technikerstr. 25, A-6020 Innsbruck, Austria.
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Figure 1 | Schematic of the experiment. A single 1D quasi-condensate is
phase coherently split into two parts separated by distance d using r.f.
potentials on an atom chip (top). A combination of two r.f. fields allows
balanced splitting in the vertical direction20, as indicated in the figure. After
the separation, the system is held in the double-well potential for a variable
time t and is then released from the trap. The resulting interference pattern
(centre) is imaged along the transverse direction of the system onto a CCD
camera (right). Thermal phase fluctuations in the two quasi-condensates can
be directly observed as local shifts of the observed fringe profiles. Only the
central area of length L of the interference pattern is included in the analysis.
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La	méthode	de	la	self-interférence		
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On	fait	interférer	le	gaz	avec	une	copie	de	lui-même	translatée		
d’une	longueur	variable		

Dans	le	cas	général,	on	moyenne	sur	les	différents	états	propres															
de	l’opérateur	densité	à	un	corps		

Terme	d’interférence	:	

a

signal /
Z �� (r) + ei� (r � a)

��2 d3r

Si	le	gaz	est	décrit	par	la	fonc<on	d’onde	macroscopique		 (r)

 j(r)

h (r)  ⇤(r � a)i =
X

j

⇧j

N
 j(r)  

⇤
j (r � a)

=
1

N
hr|⇢̂1|r � ai = 1

N
G1(a)
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La	méthode	de	la	self-interférence	(2)		

On	génère	deux	paquets	d’atomes	bougeant	à	vitesse	     par	deux	excita<ons	
successives	séparées	d’une	durée					avec		⌧ a = ⌧v

signal /
Z �� (r) + ei� (r � a)

��2 d3r

Principe	de	l’excita<on	:		
un	processus	«	de	Bragg	»	

absorp<on	–émission	s<mulée	

v

x

p

x

p a

✏2,'2

second	transfert	
instant				⌧

Détec<on	de	la	
composante	rapide	

x

p

0

L

✏1,'1

premier	transfert	
instant	0	

q

p
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Signal	pour	un	condensat	pur	:	

La	méthode	de	la	self-interférence	(3)		
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of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).
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Condensats	de	lumière	ou	hybrides	«	lumière-ma<ère	»	

Polaritons	:	objets	hybrides	entre	un	exciton	(paire	électron-trou)	et	un	photon	

•  Comme	les	photons	font	par<e	du	système	condensé,	la	lumière	qui		
sort	de	la	cavité	con<ent	l’informa<on	sur	la	phase	du	condensat	

Lausanne		
LPN	Marcoussis		
LKB	Jussieu	

Condensats	de	photons	«	purs	»	:	séminaire	de	M.	Weitz	

•  Propriétés	superfluides	mises	en	évidence	en	regardant	l’écoulement	
						autour	d’un	obstacle	



2.	
	

Deux	critères	pour	la	superfluidité	

11	
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Détec2on	de	la	
composante	rapide	

q

of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).
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Un	atome	unique	sur	un	anneau	

Limite	d’un	anneau	fin	:	seul	l’angle	azimutal					est	per<nent	

12	

Fonc<on	d’onde	monovaluée	:	

Hamiltonien	:	

'

'

 (') =  ('+ 2⇡)

 (r) �!  (')

condi:ons	aux	limites	périodiques	

Ĥ = � ~2
2m

� = � ~2
2mr20

d2

d'2

r0

Fonc<ons	et	énergies	propres	:	  n(') =
1p
2⇡

ein' En =
~2

2mr20
n2



Anneau	en	rota<on	

Référen<el	du	laboratoire,	
supposé	galiléen	

13	

Référen<el	en	rota<on	
							à	la	vitesse		

Hamiltonien	dans	le	référen<el	en	rota<on	:	

⌦

L̂z = �i ~ d

d'

ˆ̃H = Ĥ � ⌦L̂z

ˆ̃H =
~2

2mr20

✓
i
d

d'
+

⌦

⌦c

◆2

+ Ecentrif.

Ĥ = � ~2
2m

� = � ~2
2mr20

d2

d'2

⌦c =
~

mr20
:	échelle	de	rota<on	caractéris<que	du	point	de	vue	quan<que	

:	simple	constante	addi<ve,	omise	dans	la	suite	

'
r0

+	poten:el	créé	par	les	parois	rugueuses,	qui		
			dépend	du	temps	si	ces	parois	tournent	

Ecentrif. = �1

2
m⌦2r20



Energie	pour	un	anneau	en	rota<on	

Hamiltonien	:	

14	

ˆ̃H =
~2

2mr20

✓
i
d

d'
+

⌦

⌦c

◆2

⌦c 2⌦c�2⌦c �⌦c

⌦

En(⌦)

0

n=-2 n=-1 n=0 n=1 n=2

Les	fonc<ons																																					sont	toujours	états	propres	avec	l’énergie	:	 n(') =
1p
2⇡

ein'

En(⌦) =
~2

2mr20

✓
n� ⌦

⌦c

◆2

L’état	fondamental	
dépend	de	la	valeur	
de		⌦



⌦c 2⌦c�2⌦c �⌦c

⌦

En(⌦)

0

n=-2 n=-1 n=0 n=1 n=2

Vitesse	de	l’anneau	et	vitesse	de	l’atome	

15	

La	vitesse	de	la	paroi	de	l’anneau	vaut	:	

Etat	fondamental	:	en<er	n	qui	minimise	la	différence	entre									et	

A	la	fonc<on	d’onde		

 n(') =
1p
2⇡

ein'

est	associée	la	vitesse	

vn =
~

mr0
nu'

v
paroi

= ⌦r
0

u'

v
paroi

vn

Compromis	entre	:	
•  une	rota<on	de	l’atome	aussi	proche	que	possible	de	celle	de	l’anneau	
•  une	fonc<on	d’onde	sa<sfaisant			 (') =  ('+ 2⇡)

Pour																			,	l’état	fondamental	reste	l’état	au	repos		⌦ ⌧ ⌦c  0(') = constante



Gaz	dans	un	anneau	en	rota<on	lente	

Gaz	classique	:	l’interac<on	avec	les	parois	de	l’anneau	conduit	au	champ	
de	vitesse	correspondant	à	la	rota<on	rigide	

16	

Moment	ciné<que	du	gaz	:	

Le	premier	critère	de	superfluidité	(Hess	&	Fairbank,	1967)	:		

v(r) = ⌦⇥ r

Pour	une	vitesse	de	rota<on	suffisamment	basse																				,	le	fluide	
ne	se	met	pas	en	mouvement,	tout	du	moins	pas	en<èrement		

(⌦ ⌧ ⌦c)

moment	d’iner<e	:	

anneau	fin	

Iclass = m

Z
⇢(r) (x2 + y

2) d3r ⇡ Nmr

2
0

L = m

Z
⇢(r) r ⇥ v(r) d3r = Iclass⌦

Réduc<on	du	moment	d’iner<e	:																													avec	hLi = I ⌦ I < Iclass



Anneau	en	rota<on	lente	et	superfluidité	

Ce	premier	critère	traduit	une	«	rigidité	»	de	l’état	superfluide	

17	

Remarque	:	l’atome	unique	et	donc	le	gaz	parfait	vérifient	ce	premier	critère	

On	cherche	à	merre	le	superfluide	en	mouvement	non	iner<el	(i.e.,	une	
rota<on	par	rapport	au	référen<el	galiléen	du	laboratoire)	et	on	n’y	arrive	pas	

⌦c 2⌦c�2⌦c �⌦c

⌦

En(⌦)

0

n=-2 n=-1 n=0 n=1 n=2



Deuxième	critère	:	existence	de	courants	permanents	

On	part	de	l’anneau	en	rota<on		
	assez	rapide	
Le	fluide	tourne	donc	aussi	

18	

On	arrête	la	rota<on	des		
parois	de	l’anneau	
Qu’arrive-t-il	au	fluide	?	

20	pt	

x

y

z

⌦

x

y

z

⌦ & ⌦c

Un	courant	superfluide	correspond	à	un	état	métastable	qui	peut		
perdurer	même	si	l’état	au	repos	a	une	énergie	plus	faible		

Le	temps	de	métastabilité	dépend	de	l’interac:on		
entre	le	fluide	et	les	parois	rugueuses	de	l’anneau	



Diagramme	énergé<que	et	métastabilité	
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Energie	
Au	point																					,	tous	les	états		⌦ = ⌦c/2

|N 0 :  0 ; N �N 0 :  1i

N 0 = 0, 1, . . . , Navec																																		ont	la	même	
énergie	:	condensat	fragmenté	
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⌦

0

Quand	on	réduit	la	fréquence	de	rota<on	autour	de											,	succession	de	transi<ons	:	⌦c/2
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Les	interac<ons	vont	bloquer	ces	transi<ons,	car	elles	entraînent		
un	coût	supplémentaire	en	énergie	pour	un	état	fragmenté	
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Ajout	d’une	constric<on	
qui	joue	le	rôle	d’une	paroi	
rela<vement	rugueuse	

of dissipation or the creation of excitations. At V+
c , the hysteretic

system may create excitations or experience dissipation, but both cease
after the transition is made. Measurement of a hysteresis loop, in addi-
tion to measuring V+

c , shows an important feature of the underlying
energy landscape: the system has at least two stable states. Bi-stability
of a moving BEC has been demonstrated independently of quantized
states or critical velocities25,26. Finally, unlike that for ferromagnetism,
this energy structure is periodic in V, with period V0 (Fig. 1c). Similar
periodic swallowtail energy structures are predicted for superfluids
trapped in a lattice19.

Our superfluid system is a BEC of 23Na atoms in a ring-shaped
optical dipole trap (Fig. 2a). To induce flow, we use a blue-detuned
laser to create a rotating repulsive potential, depleting the density in
a small portion of the ring and thereby creating a weak link27. The
intensity of the laser sets the height of this potential, U. Without this
weak link, superfluid flow in the ring should be quite stable24, with
Vz

c ?V0. Changing U will change the critical angular velocities, V+
c ,

and the size of the hysteresis loop. Rotating the weak link in the
azimuthal direction at angular frequency V can drive transitions, or
phase slips, between the quantized circulation states8 (Fig. 2b).

To observe hysteresis in these phase slips, we use a two-step experi-
mental sequence (Fig. 2c). After condensing the atoms into the ring
trap, the BEC is prepared in either the n 5 0 or the n 5 1 circulation
state by either not rotating the weak link or by rotating it at V1 5 1.1 Hz.
The fidelity with which this procedure generates the expected initial
state is*>97%. We then rotate the weak link at various angular velocities,
V2, in the range 20.3 to 1.2 Hz, for an additional 2 s. In step 1, U is
ramped to U1 < 1.1m0, where m0 is the global chemical potential. In
step 2, U is ramped to a chosen U2. The transitions n 5 0 R 1 and
n 5 1 R 0 occur at different values of V2 and form hysteresis loops
(Fig. 3a–f). Each plot shows the measured hysteresis loop for a specific
U2 value. As U2 is increased, both Vz

c and V{
c approach V0/2; that is,

the hysteresis loop becomes smaller. The observed transitions are not
sharp, unlike those in Fig. 1b. The dominant broadening mechanism is
probably shot-to-shot atom number fluctuations, but the non-zero tem-
perature (,100 nK) may also contribute (Supplementary Information).
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as a function of the strength of the weak link; the size of the loop mono-
tonically decreases with increasing U2/m0 until it reaches a value con-
sistent with zero near U2/m0 < 0.75. To predict the size of the hysteresis
loop, we used two models. First we used an effective one-dimensional
model that computes the fluid velocity in the rotating frame as a func-
tion of V2. We assume that V+

c will occur when this velocity reaches
the local speed of sound28. We also simulated our system with the three-
dimensional, time-dependent Gross–Pitaevskii equation (GPE). These
two approaches predict hysteresis and are consistent, suggesting that
both theories predict that V+

c is determined by the sound speed. Despite
occurring at the sound speed, the observed excitations in the GPE simu-
lation are vortex–antivortex pairs. Perhaps most strikingly, there is a large
discrepancy between our models and experiment (Fig. 3g).

One property of the system that our models fail to include is dis-
sipation. As another approach, we added dissipation to the GPE phe-
nomenologically29, by modifying it as follows:

iB Ly

Lt
~ 1{iLð Þ {

B2

2m
+2zV x,y,z,tð ÞzgN yj j2{m

$ %
y

Here y is the BEC wavefunction, g is the interaction strength, V is the
externally applied potential (trap and weak link), N is the atom num-
ber, m is the chemical potential of the initial stationary state and L is the
dissipation parameter. With L 5 0.01, a reasonable value for our ex-
periment, the hysteresis loop size decreases as shown in Fig. 3g but not
significantly by comparison with the discrepancy with experiment. In-
creasing the dissipation parameter does not improve the agreement
(Supplementary Information). However, it is clear that dissipation is
important. In fact, dissipation is essential and implicitly assumed in the
energy landscape picture described in Fig. 1: dissipation allows the
system to relax to the minima of the landscape; without dissipation,
the system cannot change its energy.
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Figure 2 | Experimental set-up and procedure. a, Schematic and in situ
images of our trap, which is formed by crossing a ring-shaped dipole trap
for radial confinement and a sheet trap for vertical confinement. b, Schematic
and in situ images of a ring rotated by a repulsive weak link. c, Two-step
experimental sequence: the height, U, of the repulsive potential and the angular
rotation rate, V, as a function of time. Step 1 sets the initial winding number
using V1 (either 0 or 1.1 Hz) and U1 (,1.1m0); step 2 probes the hysteresis with
V2 and U2 (see text).
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Figure 3 | Hysteresis data. a–f, Hysteresis loops with sigmoid fits. The red up-
triangles and blue down-triangles show the winding number n averaged over
,20 shots when starting with n 5 0 and, respectively, n 5 1. All error bars show
the 68% confidence interval. The fits determine V+

c and V0/2 (vertical grey
lines; Methods) and their uncertainties. g, Hysteresis loop size versus U2. The
green circles show the experimental data. The magenta line and band are
respectively the prediction and uncertainty of an effective one-dimensional
hydrodynamic model28. The open and filled cyan diamonds and their
uncertainties are the results of our GPE simulation with L 5 0 and,
respectively, L 5 0.01.
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of dissipation or the creation of excitations. At V+
c , the hysteretic

system may create excitations or experience dissipation, but both cease
after the transition is made. Measurement of a hysteresis loop, in addi-
tion to measuring V+

c , shows an important feature of the underlying
energy landscape: the system has at least two stable states. Bi-stability
of a moving BEC has been demonstrated independently of quantized
states or critical velocities25,26. Finally, unlike that for ferromagnetism,
this energy structure is periodic in V, with period V0 (Fig. 1c). Similar
periodic swallowtail energy structures are predicted for superfluids
trapped in a lattice19.

Our superfluid system is a BEC of 23Na atoms in a ring-shaped
optical dipole trap (Fig. 2a). To induce flow, we use a blue-detuned
laser to create a rotating repulsive potential, depleting the density in
a small portion of the ring and thereby creating a weak link27. The
intensity of the laser sets the height of this potential, U. Without this
weak link, superfluid flow in the ring should be quite stable24, with
Vz

c ?V0. Changing U will change the critical angular velocities, V+
c ,

and the size of the hysteresis loop. Rotating the weak link in the
azimuthal direction at angular frequency V can drive transitions, or
phase slips, between the quantized circulation states8 (Fig. 2b).

To observe hysteresis in these phase slips, we use a two-step experi-
mental sequence (Fig. 2c). After condensing the atoms into the ring
trap, the BEC is prepared in either the n 5 0 or the n 5 1 circulation
state by either not rotating the weak link or by rotating it at V1 5 1.1 Hz.
The fidelity with which this procedure generates the expected initial
state is*>97%. We then rotate the weak link at various angular velocities,
V2, in the range 20.3 to 1.2 Hz, for an additional 2 s. In step 1, U is
ramped to U1 < 1.1m0, where m0 is the global chemical potential. In
step 2, U is ramped to a chosen U2. The transitions n 5 0 R 1 and
n 5 1 R 0 occur at different values of V2 and form hysteresis loops
(Fig. 3a–f). Each plot shows the measured hysteresis loop for a specific
U2 value. As U2 is increased, both Vz

c and V{
c approach V0/2; that is,

the hysteresis loop becomes smaller. The observed transitions are not
sharp, unlike those in Fig. 1b. The dominant broadening mechanism is
probably shot-to-shot atom number fluctuations, but the non-zero tem-
perature (,100 nK) may also contribute (Supplementary Information).

Figure3gshowsthemeasuredsizeofthehysteresis loop, Vz
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as a function of the strength of the weak link; the size of the loop mono-
tonically decreases with increasing U2/m0 until it reaches a value con-
sistent with zero near U2/m0 < 0.75. To predict the size of the hysteresis
loop, we used two models. First we used an effective one-dimensional
model that computes the fluid velocity in the rotating frame as a func-
tion of V2. We assume that V+

c will occur when this velocity reaches
the local speed of sound28. We also simulated our system with the three-
dimensional, time-dependent Gross–Pitaevskii equation (GPE). These
two approaches predict hysteresis and are consistent, suggesting that
both theories predict that V+

c is determined by the sound speed. Despite
occurring at the sound speed, the observed excitations in the GPE simu-
lation are vortex–antivortex pairs. Perhaps most strikingly, there is a large
discrepancy between our models and experiment (Fig. 3g).

One property of the system that our models fail to include is dis-
sipation. As another approach, we added dissipation to the GPE phe-
nomenologically29, by modifying it as follows:

iB Ly

Lt
~ 1{iLð Þ {

B2

2m
+2zV x,y,z,tð ÞzgN yj j2{m
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Here y is the BEC wavefunction, g is the interaction strength, V is the
externally applied potential (trap and weak link), N is the atom num-
ber, m is the chemical potential of the initial stationary state and L is the
dissipation parameter. With L 5 0.01, a reasonable value for our ex-
periment, the hysteresis loop size decreases as shown in Fig. 3g but not
significantly by comparison with the discrepancy with experiment. In-
creasing the dissipation parameter does not improve the agreement
(Supplementary Information). However, it is clear that dissipation is
important. In fact, dissipation is essential and implicitly assumed in the
energy landscape picture described in Fig. 1: dissipation allows the
system to relax to the minima of the landscape; without dissipation,
the system cannot change its energy.
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Figure 2 | Experimental set-up and procedure. a, Schematic and in situ
images of our trap, which is formed by crossing a ring-shaped dipole trap
for radial confinement and a sheet trap for vertical confinement. b, Schematic
and in situ images of a ring rotated by a repulsive weak link. c, Two-step
experimental sequence: the height, U, of the repulsive potential and the angular
rotation rate, V, as a function of time. Step 1 sets the initial winding number
using V1 (either 0 or 1.1 Hz) and U1 (,1.1m0); step 2 probes the hysteresis with
V2 and U2 (see text).
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Figure 3 | Hysteresis data. a–f, Hysteresis loops with sigmoid fits. The red up-
triangles and blue down-triangles show the winding number n averaged over
,20 shots when starting with n 5 0 and, respectively, n 5 1. All error bars show
the 68% confidence interval. The fits determine V+

c and V0/2 (vertical grey
lines; Methods) and their uncertainties. g, Hysteresis loop size versus U2. The
green circles show the experimental data. The magenta line and band are
respectively the prediction and uncertainty of an effective one-dimensional
hydrodynamic model28. The open and filled cyan diamonds and their
uncertainties are the results of our GPE simulation with L 5 0 and,
respectively, L 5 0.01.
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•  Pas	de	courant	:	le	trou	central	se	bouche	lors	de	l’expansion	balis<que	

Expérience	du	NIST	(2014),	suite	

•  Avec	un	courant	permanent	:	le	trou	central	subsiste	de	fait	de	la	barrière	
							centrifuge																				associée	au	moment	ciné<que	non	nul	L2/2mr2

of dissipation or the creation of excitations. At V+
c , the hysteretic

system may create excitations or experience dissipation, but both cease
after the transition is made. Measurement of a hysteresis loop, in addi-
tion to measuring V+

c , shows an important feature of the underlying
energy landscape: the system has at least two stable states. Bi-stability
of a moving BEC has been demonstrated independently of quantized
states or critical velocities25,26. Finally, unlike that for ferromagnetism,
this energy structure is periodic in V, with period V0 (Fig. 1c). Similar
periodic swallowtail energy structures are predicted for superfluids
trapped in a lattice19.

Our superfluid system is a BEC of 23Na atoms in a ring-shaped
optical dipole trap (Fig. 2a). To induce flow, we use a blue-detuned
laser to create a rotating repulsive potential, depleting the density in
a small portion of the ring and thereby creating a weak link27. The
intensity of the laser sets the height of this potential, U. Without this
weak link, superfluid flow in the ring should be quite stable24, with
Vz

c ?V0. Changing U will change the critical angular velocities, V+
c ,

and the size of the hysteresis loop. Rotating the weak link in the
azimuthal direction at angular frequency V can drive transitions, or
phase slips, between the quantized circulation states8 (Fig. 2b).

To observe hysteresis in these phase slips, we use a two-step experi-
mental sequence (Fig. 2c). After condensing the atoms into the ring
trap, the BEC is prepared in either the n 5 0 or the n 5 1 circulation
state by either not rotating the weak link or by rotating it at V1 5 1.1 Hz.
The fidelity with which this procedure generates the expected initial
state is*>97%. We then rotate the weak link at various angular velocities,
V2, in the range 20.3 to 1.2 Hz, for an additional 2 s. In step 1, U is
ramped to U1 < 1.1m0, where m0 is the global chemical potential. In
step 2, U is ramped to a chosen U2. The transitions n 5 0 R 1 and
n 5 1 R 0 occur at different values of V2 and form hysteresis loops
(Fig. 3a–f). Each plot shows the measured hysteresis loop for a specific
U2 value. As U2 is increased, both Vz

c and V{
c approach V0/2; that is,

the hysteresis loop becomes smaller. The observed transitions are not
sharp, unlike those in Fig. 1b. The dominant broadening mechanism is
probably shot-to-shot atom number fluctuations, but the non-zero tem-
perature (,100 nK) may also contribute (Supplementary Information).

Figure3gshowsthemeasuredsizeofthehysteresis loop, Vz
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as a function of the strength of the weak link; the size of the loop mono-
tonically decreases with increasing U2/m0 until it reaches a value con-
sistent with zero near U2/m0 < 0.75. To predict the size of the hysteresis
loop, we used two models. First we used an effective one-dimensional
model that computes the fluid velocity in the rotating frame as a func-
tion of V2. We assume that V+

c will occur when this velocity reaches
the local speed of sound28. We also simulated our system with the three-
dimensional, time-dependent Gross–Pitaevskii equation (GPE). These
two approaches predict hysteresis and are consistent, suggesting that
both theories predict that V+

c is determined by the sound speed. Despite
occurring at the sound speed, the observed excitations in the GPE simu-
lation are vortex–antivortex pairs. Perhaps most strikingly, there is a large
discrepancy between our models and experiment (Fig. 3g).

One property of the system that our models fail to include is dis-
sipation. As another approach, we added dissipation to the GPE phe-
nomenologically29, by modifying it as follows:

iB Ly

Lt
~ 1{iLð Þ {

B2

2m
+2zV x,y,z,tð ÞzgN yj j2{m

$ %
y

Here y is the BEC wavefunction, g is the interaction strength, V is the
externally applied potential (trap and weak link), N is the atom num-
ber, m is the chemical potential of the initial stationary state and L is the
dissipation parameter. With L 5 0.01, a reasonable value for our ex-
periment, the hysteresis loop size decreases as shown in Fig. 3g but not
significantly by comparison with the discrepancy with experiment. In-
creasing the dissipation parameter does not improve the agreement
(Supplementary Information). However, it is clear that dissipation is
important. In fact, dissipation is essential and implicitly assumed in the
energy landscape picture described in Fig. 1: dissipation allows the
system to relax to the minima of the landscape; without dissipation,
the system cannot change its energy.
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Figure 2 | Experimental set-up and procedure. a, Schematic and in situ
images of our trap, which is formed by crossing a ring-shaped dipole trap
for radial confinement and a sheet trap for vertical confinement. b, Schematic
and in situ images of a ring rotated by a repulsive weak link. c, Two-step
experimental sequence: the height, U, of the repulsive potential and the angular
rotation rate, V, as a function of time. Step 1 sets the initial winding number
using V1 (either 0 or 1.1 Hz) and U1 (,1.1m0); step 2 probes the hysteresis with
V2 and U2 (see text).
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Figure 3 | Hysteresis data. a–f, Hysteresis loops with sigmoid fits. The red up-
triangles and blue down-triangles show the winding number n averaged over
,20 shots when starting with n 5 0 and, respectively, n 5 1. All error bars show
the 68% confidence interval. The fits determine V+

c and V0/2 (vertical grey
lines; Methods) and their uncertainties. g, Hysteresis loop size versus U2. The
green circles show the experimental data. The magenta line and band are
respectively the prediction and uncertainty of an effective one-dimensional
hydrodynamic model28. The open and filled cyan diamonds and their
uncertainties are the results of our GPE simulation with L 5 0 and,
respectively, L 5 0.01.
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of dissipation or the creation of excitations. At V+
c , the hysteretic

system may create excitations or experience dissipation, but both cease
after the transition is made. Measurement of a hysteresis loop, in addi-
tion to measuring V+

c , shows an important feature of the underlying
energy landscape: the system has at least two stable states. Bi-stability
of a moving BEC has been demonstrated independently of quantized
states or critical velocities25,26. Finally, unlike that for ferromagnetism,
this energy structure is periodic in V, with period V0 (Fig. 1c). Similar
periodic swallowtail energy structures are predicted for superfluids
trapped in a lattice19.

Our superfluid system is a BEC of 23Na atoms in a ring-shaped
optical dipole trap (Fig. 2a). To induce flow, we use a blue-detuned
laser to create a rotating repulsive potential, depleting the density in
a small portion of the ring and thereby creating a weak link27. The
intensity of the laser sets the height of this potential, U. Without this
weak link, superfluid flow in the ring should be quite stable24, with
Vz

c ?V0. Changing U will change the critical angular velocities, V+
c ,

and the size of the hysteresis loop. Rotating the weak link in the
azimuthal direction at angular frequency V can drive transitions, or
phase slips, between the quantized circulation states8 (Fig. 2b).

To observe hysteresis in these phase slips, we use a two-step experi-
mental sequence (Fig. 2c). After condensing the atoms into the ring
trap, the BEC is prepared in either the n 5 0 or the n 5 1 circulation
state by either not rotating the weak link or by rotating it at V1 5 1.1 Hz.
The fidelity with which this procedure generates the expected initial
state is*>97%. We then rotate the weak link at various angular velocities,
V2, in the range 20.3 to 1.2 Hz, for an additional 2 s. In step 1, U is
ramped to U1 < 1.1m0, where m0 is the global chemical potential. In
step 2, U is ramped to a chosen U2. The transitions n 5 0 R 1 and
n 5 1 R 0 occur at different values of V2 and form hysteresis loops
(Fig. 3a–f). Each plot shows the measured hysteresis loop for a specific
U2 value. As U2 is increased, both Vz

c and V{
c approach V0/2; that is,

the hysteresis loop becomes smaller. The observed transitions are not
sharp, unlike those in Fig. 1b. The dominant broadening mechanism is
probably shot-to-shot atom number fluctuations, but the non-zero tem-
perature (,100 nK) may also contribute (Supplementary Information).

Figure3gshowsthemeasuredsizeofthehysteresis loop, Vz
c {V{

c

! "#
V0,

as a function of the strength of the weak link; the size of the loop mono-
tonically decreases with increasing U2/m0 until it reaches a value con-
sistent with zero near U2/m0 < 0.75. To predict the size of the hysteresis
loop, we used two models. First we used an effective one-dimensional
model that computes the fluid velocity in the rotating frame as a func-
tion of V2. We assume that V+

c will occur when this velocity reaches
the local speed of sound28. We also simulated our system with the three-
dimensional, time-dependent Gross–Pitaevskii equation (GPE). These
two approaches predict hysteresis and are consistent, suggesting that
both theories predict that V+

c is determined by the sound speed. Despite
occurring at the sound speed, the observed excitations in the GPE simu-
lation are vortex–antivortex pairs. Perhaps most strikingly, there is a large
discrepancy between our models and experiment (Fig. 3g).

One property of the system that our models fail to include is dis-
sipation. As another approach, we added dissipation to the GPE phe-
nomenologically29, by modifying it as follows:
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Here y is the BEC wavefunction, g is the interaction strength, V is the
externally applied potential (trap and weak link), N is the atom num-
ber, m is the chemical potential of the initial stationary state and L is the
dissipation parameter. With L 5 0.01, a reasonable value for our ex-
periment, the hysteresis loop size decreases as shown in Fig. 3g but not
significantly by comparison with the discrepancy with experiment. In-
creasing the dissipation parameter does not improve the agreement
(Supplementary Information). However, it is clear that dissipation is
important. In fact, dissipation is essential and implicitly assumed in the
energy landscape picture described in Fig. 1: dissipation allows the
system to relax to the minima of the landscape; without dissipation,
the system cannot change its energy.
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Figure 2 | Experimental set-up and procedure. a, Schematic and in situ
images of our trap, which is formed by crossing a ring-shaped dipole trap
for radial confinement and a sheet trap for vertical confinement. b, Schematic
and in situ images of a ring rotated by a repulsive weak link. c, Two-step
experimental sequence: the height, U, of the repulsive potential and the angular
rotation rate, V, as a function of time. Step 1 sets the initial winding number
using V1 (either 0 or 1.1 Hz) and U1 (,1.1m0); step 2 probes the hysteresis with
V2 and U2 (see text).
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Figure 3 | Hysteresis data. a–f, Hysteresis loops with sigmoid fits. The red up-
triangles and blue down-triangles show the winding number n averaged over
,20 shots when starting with n 5 0 and, respectively, n 5 1. All error bars show
the 68% confidence interval. The fits determine V+

c and V0/2 (vertical grey
lines; Methods) and their uncertainties. g, Hysteresis loop size versus U2. The
green circles show the experimental data. The magenta line and band are
respectively the prediction and uncertainty of an effective one-dimensional
hydrodynamic model28. The open and filled cyan diamonds and their
uncertainties are the results of our GPE simulation with L 5 0 and,
respectively, L 5 0.01.
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Moyenne	de		
l’enroulement		
de	phase	n	
mesuré	

(20	réalisa<ons/pt)	

1	

0	

0.5	

0	 ⌦c/2 ⌦c



3.	
	

Vitesse	superfluide	et	vitesse	normale	

23	



Le	modèle	à	deux	fluides	

cf.	séminaire	de	Sébas<en	Balibar	le	18	mai	

24	

1924	:	Einstein	et	le	gaz	parfait	saturé	

1938	:	London	(alors	à	l’IHP)	:	lien	avec	la	sta<s<que	de	Bose-Einstein		

1937	:	Kapitza,	Allen	&	Misener	:		
											découverte	de	la	superfluidité	de	He	liquide	

1938	:	Tisza	(alors	au	Collège	de	France)	:	deux	courants	séparés	pour		
													les	composantes	normales	et	superfluides		

1941	:	Landau,	mélange	de	deux	liquides,	l’un	superfluide	,	i.e.	sans	viscosité,	
												et	l’autre	normal	(mais	refus	d’une	connexion	avec	la	condensa<on	
												de	Bose-Einstein)		



L’ensemble	du	fluide	peut	être	vu	comme	la	superposi<on		
de	deux	composantes	:	

25	

•  Une	par<e	superfluide	d’entropie	nulle	

•  Une	par<e	normale	(viscosité	non	nulle)	

Le	modèle	à	deux	fluides	

vitesse								et	densité	volumique		

vitesse								et	densité	volumique		

Densité	volumique	totale	:		

Impulsion	totale/unit.vol.	:	

Energie	ciné<que	totale/unit.vol.	:	

vs

vn ⇢n

⇢s

⇢ = ⇢s + ⇢n

m⇢svs +m⇢nvn

1

2
m⇢sv

2
s +

1

2
m⇢nv

2
n



Condensat	et	vitesse	superfluide	

Fonc<on	d’onde	du	condensat	(au	sens	de	Penrose	&	Onsager)	:	

26	

Défini<on	de	la	vitesse	superfluide	:	

•  Rela<on	profonde	entre	condensa<on	et	superfluidité	

 0(r) = | 0(r)| ei✓(r)

vs(r) =
~
m
r✓

•  Compa<ble	avec	un	changement	de	repère	galiléen	

 (r, t) �!  ̃(r, t) = eim(v·r�v2t/2)/~  (r � vt, t)

Passage	de									à												,	avec	une	vitesse	rela<ve									:		R R0 �v

Un	superfluide	de	vitesse	uniforme							dans									aura	la	vitesse																	dans	vs R vs + v R0



Irrota<onalité	du	mouvement	superfluide	

La	défini<on																							(en	tout	point	où	la	phase									est	définie)	entraine	

27	

ou	encore	:	

La	seule	façon	d’introduire	une	vor<cité		
non	nulle	dans	le	superfluide	est	de	générer		
un	réseau	de	vortex	(points	ou	ligne	de		
singularité	pour	la	phase).	

vs =
~
m
r✓ ✓(r)

r⇥ vs = 0

I
vs · dr = n

2⇡~
m

, n 2 N

ENS	2000	
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of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).

RESEARCH | REPORTS

⇣
1� a

L

⌘
g1(a)

a (µm)(b)

(a)

m-2 ) m-2 )

box-potential beam
intensity mask

2D confining beam

phase mask

x
y

z

0

100

200

0

100

200

Rapid cooling (~ 50 ms     2s ) via lowering the trap depth
Hold time (500 ms       2s)
2D expansion in plane (7 ms)

Quantized circulation of superfluid currents

In situ Phase patterns

After expansion

9Similar experiments at NIST Eckel et al. Phys. Rev. X 4, 031052 (2014)

How to detect superfluid currents ?

temps	de	vol	

'
x

y

z

⌦

Parois	solides	et	vitesse	de	la	composante	normale	

On	pose	que	la	vitesse	de	la	composante	
normale	est	égale	à	la	vitesse	des	parois	

28	

Pour	l’anneau	en	rota<on	:	

Pour	un	récipient	au	repos	:	

vn = ⌦⇥ r

vn = 0

Défini:on	qui	devient	ambiguë	pour	des	schémas		
plus	compliqués,	comme	un	écoulement	de	CoueDe	
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Densité	superfluide	et	densité	normale	
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q

of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).
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Retour	sur	le	fluide	classique	en	rota<on	

Dans	le	référen<el	du	laboratoire,	
le	fluide	classique	dans	l’anneau		
en	rota<on	a	pour	moment	ciné<que	

30	

Dans	le	référen<el	tournant,	où	le	poten<el	créé	par	les	parois	est	indépendant	
du	temps,	le	fluide	classique	apparaît	sta<onnaire,	donc	de	moment	ciné<que	nul	:	

L = Iclass⌦

L = 0

Démonstra9on			
Passage	dans	le	référen<el	tournant	=	poten<el	vecteur	+	énergie	centrifuge	

p2

2m
�! (p�A)2

2m
� 1

2
m⌦2r2 A(r) = m⌦⇥ r

p = m(v +⌦⇥ r)Lien	impulsion	–	vitesse	dans	ce	référen<el	:	



31	

Analogue	exact	du	théorème	de	Bohr	–	van	Leuwen	:	dans	un	cadre	
thermodynamique	classique,	la	magné:sa:on	d’un	système	de	par:cules	

chargées	plongées	dans	un	champ	magné:que	est	toujours	nulle	

Fluide	classique	en	rota<on	(suite)	

p2

2m
�! (p�A)2

2m
� 1

2
m⌦2r2 A(r) = m⌦⇥ r p = m(v +⌦⇥ r)

Moment	ciné<que	dans	le	référen<el	tournant	:	 L({rj}, {pj}) = m
X

j

rj ⇥ vj

Gaz	à	l’équilibre	:	

d⌧ = d3r1 . . . d
3rN d3p1 . . . d

3pN

p0
j = pj �A(rj)Changement	de	variable																																					et	le	poten<el	vecteur	disparaît	!	
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of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).
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Le	seul	effet	de	la	rota<on	est	le	terme	centrifuge,	qui	ne	crée	
	aucun	mouvement	dans	le	référen<el	en	rota<on			

v =
1

m
(p�A)

hLi = N

Z

Z
m(r1 ⇥ v1) e

�E({rj},{pj})/kBT d⌧

r1 ⇥ (p1 �A)
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Fluide	quan<que	et	réduc<on	du	moment	d’iner<e	

On	définit	la	densité	superfluide	à	par<r	du		
moment	ciné<que	dans	le	référen<el	tournant	:		

32	

Rappel	:	le	superfluide	ne	tourne	pas	(complètement)		
quand	les	parois	de	l’anneau	sont	mises	en	mouvement	
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of the system coarsening (i.e., merging of the
domains) at times t > tc is still a subject of the-
oretical work (29). Practically, a crucial question is
when one should measure ‘ in order to verify the
universal KZ scaling. We resolved these issues by
using two different quench protocols outlined in
Fig. 3A, which allow us both to observe the KZ
scaling and to directly verify the freeze-out hy-
pothesis, without an a priori knowledge of the ex-
act values of f and t0.
In the first quench protocol (QP1), we followed

cooling trajectories such as shown in Fig. 3A
and varied only the total cooling time tQ . We re-
stricted tQ to values between 0:2 and 3:5 s, for
which we observed that the cooling curves were
self-similar (as seen in Fig. 3A). We always crossed
Tc ¼ 70ð10Þ nK at tc ¼ 0:72ð5ÞtQ (vertical dashed
line) and always had the same atom number
(within T20%) at the end of cooling. The self-
similarity of the measured cooling trajectories
and the essentially constant evaporation effi-
ciency indicate that for this range of tQ values,
the system is always sufficiently thermalized, the

temperature (as determined from the thermal
wings in TOF) is well defined during the quench
(30), and to a good approximation tQ is simply
proportional to tQ . (For tQ < 0:2 s, the evapora-
tion is less efficient and the cooling trajectories
are no longer self-similar.)
In Fig. 3B we plot ‘ versus tQ , measured using

QP1 (blue points). For tQ≤1 s, we observed a slow
power-law growth of ‘, in good agreement with
the expected KZ scaling (blue shaded area). How-
ever, for longer tQ, this scaling breaks down and ‘
grows faster, quickly approaching the system size.
Importantly, this breakdown can also be fully
understood within the KZ framework. We note
that the time between crossing Tc and the end of
cooling is tQ − tc ≈ 0:28 tQºtQ , whereas the
KZ freeze-out time is ^tº

ffiffiffiffiffi
tQ

p
º

ffiffiffiffiffi
tQ

p
, so for slow

enough quenches, tQ − tc inevitably exceeds ^t .
Hence, although it may be impossible to adia-
batically cross Tc, in practice the system can
unfreeze and heal significantly before it is ob-
served (31). From the point where the KZ scal-
ing breaks down in Fig. 3B, tbrQ ≈1 s, we posit that

for tQ ¼ tbrQ , we have ^t ≈ 0:28 tbrQ and hence,
from Eq. 5, more generally ^t ≈ 0:28

ffiffiffiffiffiffiffiffiffiffi
tQ tbrQ

q
.

To verify this picture, we employed a second
quench protocol (QP2), which involved two cool-
ing steps, as shown by the orange points in the
bottom panel of Fig. 3A.We initially followed the
QP1 trajectory for a given tQ , but then at a varia-
ble “kink” time tk ≳ tc, we accelerated the cooling;
the last part of the trajectory always corresponds
to the final portion of our fastest, 0.2-s cooling
trajectory. This way, even for tQ > tbrQ we can com-
plete the cooling andmeasure g1 before the system
has time to unfreeze.
In Fig. 3C, the orange points show the QP2

measurements of ‘ for tQ ¼ 3:2 s and various
values of the kink position tk=tQ . These data re-
veal two notable facts. First, for a broad range of
tk values, ‘ is indeed constant (within errors),
and the width of this plateau agrees with our es-
timate ^t ≈ 0:5 s for tQ ¼ 3:2 s, indicated by the
horizontal arrow. Second, the value of ‘ within
the plateau region falls in line with the KZ scaling
law in Fig. 3B. We also show analogous QP2
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Fig. 2. Two-point correlation functions in equilibrium and quenched
gases. (A) Homodyne interferometric scheme. The first Bragg-diffraction
pulse (q) creates a superposition of a stationary cloud and its copy moving
with a center-of-mass velocity vr. After a time Dt, a second pulse is applied. In
the region where the two copies of the cloud displaced by x ¼ vrDt overlap,
the final density of the diffracted atoms depends on the relative phase of the

overlapping domains; g1ðxÞ is deduced from the diffracted fraction Nr=N (see
text). (B) Correlation function G1ðxÞ ¼ ð1 − x=LÞg1ðxÞ measured in equilibrium
(blue) and after a quench (red) for, respectively, two different T=Tc values and
two different quench times. (Inset) 1D calculation of G1 for a fragmented BEC
containing D ¼ 10 (red) and 20 (light red) domains of random sizes and
phases. The solid lines correspond to g1 ¼ expð−xD=LÞ.

Fig. 3. KZ scaling and freeze-out hypothesis. (A) Quench protocols. The
self-similar QP1 trajectories are shown in blue for total cooling time
tQ ¼ 0:2 s (upper panel) and 3:2 s (lower panel). We use polynomial fits to
the data (solid lines) to deduce tc and tQ. QP2 is shown in the lower panel
by the orange points, with the kink at tk ¼ 0:85 tQ . (B) Coherence length ℓ
as a function of tQ. Blue points correspond to QP1. The shaded blue area
shows power-law fits with 1=4 < b < 1=3 to the data with tQ ≤ tbrQ ¼ 1 s. The

horizontal dotted line indicates our instrumental resolution. (C) Coher-
ence length ℓ measured following QP2, as a function of tk=tQ, for tQ ¼ 3:2 s
(orange), 0:7 s (green), and 0:3 s (purple). The shaded areas correspond
to the essentially constant ℓ (and its uncertainty) in the freeze-out period
tk − tc <

^t. (For tQ < tbrQ the system never unfreezes.) The (average) ℓ
values within these plateaus are shown in their respective colors as di-
amonds in (B).
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Bilan		énergé<que	dans	le	référen<el	tournant	pour		

Fonc<on	de	par<<on	dans	ce	référen<el	(le	seul	où	l’hamiltonien	est		
indépendant	du	temps)	

33	

Energie	libre	:		

Z = Tr
⇣
e�

ˆ̃H/kBT
⌘ ˆ̃H = Ĥ � ⌦L̂z

F = �kBT logZ

déconfinement	
centrifuge	

�F (⌦)

�F (⌦) :	excès	d’énergie	libre	à	payer	dans	le	référen<el	tournant,		
		associée	à	l’existence	d’une	frac<on	superfluide	

⌦ ⌧ ⌦c

Un	calcul	simple,	partant	de																																				,	permet	de	montrer	:		hL̂zi = kBT
1

Z
@Z
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F (⌦) = F (0) � 1
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Deux	façons	de	comprendre	(et	généraliser)		
le	passage	dans	le	référen<el	tournant	

Il	génère	un	champ	de	jauge	

34	

Il	distord	les	condi9ons	aux	limites	

Ĥ =
p̂2

2m
�! (p̂�A)2

2m

A(r) = m⌦⇥ ravec	

ou	encore	pour	un	anneau	fin	:	

Ĥ = � d2

d'2
�!

✓
i
d

d'
+

⌦

⌦c

◆2

⌦c = ~/mr20avec	

On	garde	le	même	hamiltonien	que		
dans	le	référen<el	du	laboratoire	

On	pose	

pour	des	fonc<ons	d’onde	avec	la	
condi<on	aux	limites	  ('+ 2⇡) =  (')

˜ (') =  (') exp

✓
�i

⌦

⌦c
'

◆

Ĥ = � d2

d'2

mais	la	condi<on	aux	limites	est	modifiée	

 ̃('+ 2⇡) = e�i⇥  (')

avec		⇥ = 2⇡⌦/⌦c

Quel	que	soit	le	point	de	vue	adopté,	l’état	superfluide		
entraîne	un	accroissement	d’énergie	libre	�F / ⌦2 ⇢s



Densité	superfluide	et	frac<on	condensée	

Il	n’y	a	pas	de	lien	simple	entre											et				

35	

En	revanche,	la	frac<on	condensée	(mesurée	par	diffrac<on	de	neutrons)	
reste	faible	:												

En	effet,	du	fait	des	interac<ons	dans	le	liquide,	l’état	de	chaque	atome		
est	fortement	intriqué	avec	celui	de	ses	voisins	;	l’opérateur	densité	à		
un	corps								est	alors	un	mélange	sta<s<que	de	beaucoup	d’états.	

⇧0/N

Exemple	de	l’hélium	liquide	:	à	très	basse		
température,	le	liquide	est	(aux	incer<tudes	de		
mesure	près)	en<èrement	superfluide	:	 ⇢s ⇡ ⇢

⇧0/N < 0.1

⇢s/⇢

⇢̂1



En	résumé	

Le	comportement	superfluide	est	caractérisé	par	
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•  Une	rigidité	de	phase	qui	entraine	un	coût	énergé<que	en	présence		
						d’un	champ	de	jauge	ou	de	condi<ons	aux	limites	distordues	

•  L’existence	de	courants	permanents,	états	métastables	«	protégés	»	
						du	retour	vers	le	vrai	équilibre	par	une	barrière	énergé<que	due	
						aux	interac<ons	

Le	cours	3	sera	consacré	à	la	descrip9on	explicite	de	ce	rôle	des	interac9ons	

Le	modèle	à	deux	fluides	fournit	un	cadre	théorique	pour	rendre		
compte	des	principaux	phénomènes	observés	

Impulsion	totale/unit.vol.	:	

Energie	ciné<que	totale/unit.vol.	:	
m⇢svs +m⇢nvn

1

2
m⇢sv

2
s +

1

2
m⇢nv

2
n


