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OUTLINE OF THE LECTURE

© 1D Bose gas
@ Regimes of the 1D Bose gasat T =0
@ Thermal phase fluctuations
@ Tonks-Girardeau gas

© 2D Bose gas
@ Uniform interacting 2D gas
o Berezinskii-Kosterlitz-Thouless transition
@ Trapped interacting 2D gas
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1D Bose gas T=0 T >0 Tonks

1D Bose gas

1D interacting Bose gas
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1D Bose gas T=0 T >0 Tonks

Phases of the 1D Bose gas

N.B. stay in the regular case a < ¢, g1 = 2hw, a
Mg 2a

@ interaction parameter y = —— = —
hn nt4

h
Mwy

@ trapped gas
Longitudinal trapping along x with frequency wy, £x =

ot 2al
new parameter « = g;wx = £2X =ynly >y
x 1

o identify 3 regimes: Gaussian BEC, Thomas-Fermi BEC
(> hwy), Tonks gas (v > 1)
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1D Bose gas T=0 T >0 Tonks

Weak interactions

Weak interactions v < 1: true BEC at T = 0 thanks to the Awy
low energy cut-off

@ Thomas-Fermi regime > hw, and v < 1: Q

hw, [ 3Na\ /3 3Na\ /3
() ()

2 2 2

Consistency: N > a1
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1D Bose gas T=0 T >0 Tonks

Weak interactions

Weak interactions v < 1: true BEC at T = 0 thanks to the Awy
low energy cut-off

@ Thomas-Fermi regime > hw, and v < 1: Q

hw, [ 3Na\ /3 3Na\ /3
() ()

2 2 2

Consistency: N > a1

weak interactions v < 1 = N > N*, with N* = a?
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1D Bose gas T=0 T >0 Tonks

Weak interactions

Weak interactions v < 1: true BEC at T = 0 thanks to the Awy
low energy cut-off

@ Thomas-Fermi regime > hw, and v < 1: Q

B (3N\FE _, (3Ne 1/3
H= > \ o TF="5\ "5~

Consistency: N > a1

weak interactions v < 1 = N > N*, with N* = a?

o N<al vy<a<1: Gaussian BEC (strong trap, few
atoms)
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1D Bose gas T=0 T >0 Tonks

Strong interactions

Strong interactions v > 1: implies v > 1 and N < N* (weak trap,
few atoms) = Tonks gas
@ uniform 1D gas: Lieb—Liniger model

H = Z—Waf +g1 Y 3% — X))

i<j

2h2 2 8
exactly solvable: p = 7T2M <1 — 3> for vy >>1
i
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1D Bose gas 0 Tonks

Strong interactions

Strong interactions v > 1: implies v > 1 and N < N* (weak trap,
few atoms) = Tonks gas
@ uniform 1D gas: Lieb—Liniger model

H = Z—mai +g1 ) 8(xi —x)

i<j

2h2 2 8
exactly solvable: y = 7T2M (1 — 3> for vy >>1
8

@ v — oo limit: Tonks-Girardeau gas of impenetrable bosons

X

0 )

X

total reflection at each collision (scattering amplitude f = —1)
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1D Bose gas T=0 0 Tonks

3 regimes of interacting 1D Bose gasat T =0

1000 5

\ /
1~ /
\ /
\ Thomas-Fermi /
\ /
N 100+ \ BEC /
] \ /
] \ /
1 Gaussian , Tonks
BEC \ / gas
10 T T IIIII}I T T II"""I LR LLL
1E-3 0.01 0.1 1 10 100
a

Limits: N =a ! and N = o?
From Petrov, Gangardt, Shlyapnikov, QGLD 2003 Proceedings
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1D Bose gas T=0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Now T > 0, weak interacting regime v < 1
@ thermal density fluctuations are small; TF profile for
T < Ty = Nhwy, with Ry = £, (3e)'/3
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1D Bose gas T=0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Now T > 0, weak interacting regime v < 1
@ thermal density fluctuations are small; TF profile for

T < Ty = Nhw,, with R = £, (342)'/3
° ST a) ? position b) LO
SES > /2
thermal phase = N Orom 05 2
fluctuations It ) /2 £
N o]
2 Ix| 00 2
<5¢ (X)> X E g ) 10 3
- —~{d k- 2
| OO 5
= 05 &
Hellweg et al., ' =
2009 L IAA 0
- -150 150

0
870 um X [um]
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1D Bose gas T=0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Now T > 0, weak interacting regime v < 1
@ thermal density fluctuations are small; TF profile for
T < Ty = Nhwy, with Ry = £, (30e)'/
e thermal phase fluctuations (§¢?(x)) o %
no true BEC, only a quasi-condensate

@ coherence length /4 = ,\Zi;’ST; ns = superfluid density
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1D Bose gas T=0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Now T > 0, weak interacting regime v < 1
@ thermal density fluctuations are small; TF profile for
T < Ty = Nhwy, with Ry = £, (30e)'/
e thermal phase fluctuations (§¢?(x)) o %

no true BEC, only a quasi-condensate

@ coherence length /4 = ,\Zi;’ST; ns = superfluid density
12 h2w?
@ coherence temperature Ty =~ N =N X
ren mperatur 1) OMR%F 0 2“
hwx Td
Ty=Ty = < Ty
i B (Na)?®

Héléne Perrin Low-dimensional Bose gases | Part 2



1D Bose gas T=0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Now T > 0, weak interacting regime v < 1
@ thermal density fluctuations are small; TF profile for
T < Ty = Nhwy, with Ry = £, (30e)'/

e thermal phase fluctuations (§¢?(x)) o %
no true BEC, only a quasi-condensate
@ coherence length /4 = ,\Zi;’ST; ns = superfluid density
h2 h2 2
5~ = No .
MRz ¢ 2u

@ coherence temperature Ty ~ N

hw T
M (Na)
@ exponential decay of g(l)(x) = exp(—%')
— Lorentzian momentum distribution

<L Ty
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1D Bose gas

T

0 T >0 Tonks

Thermal phase fluctuations in the 1D Bose gas

Momentum distribution in a lD quasi- condensate

Richard et al.,

2003

a: Bragg scattering

technique

b: Lorentzian

distribution for py

c/d: comparison

Lorentzian/Gaussian fit

diffraction (a. u.)

residual (a. u.)

2 1 2
detuning & (kHz)
045 cl B .
0.0l s :'.."' O N 3 L
04k . : ok 3
0 1 2 3 0 2

detuning |8| (kHz)
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1D Bose gas T=0 T >0 Tonks

Summary: diagram of states at finite T

10000 - a=10, N.=100

] quasicondensate
1000 4 true condensate

j 7 Thomas-Fermi profile

T
1 Tonks gas classical gas

104 .

degeneracy limit
10 100 1000
T/hw

Limits: T=Ty, T =Ty and N = N*
From Petrov, Gangardt, Shlyapnikov, QGLD 2003 Proceedings
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1D Bose gas T =0 T >0 Tonks

Tonks-Girardeau gas

What is a Tonks-Girardeau gas?

@ ground state: fermionization (Girardeau 1960)

velxe. o) =[] ’sin[%(x,- —xj)]‘ — [F(xt, - xn0)|

i<j

Plot of ¢B(X7X27X3,X47X5a X6, X7, X8):

X2 X3 X4 X5 X6 X7 Xg
— strongly correlated system
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1D Bose gas T =0 T >0 Tonks

Tonks-Girardeau gas

What is a Tonks-Girardeau gas?

@ ground state: fermionization (Girardeau 1960)

velxe. o) =[] ’sin[%(x,- —xj)]‘ — [F(xt, - xn0)|

i<j

Plot of ¢B(X7X27X3,X47X5a X6, X7, X8):

X2 X3 X4 X5 X6 X7 Xg
— strongly correlated system
232 2
whn .
° UTG = : Fermi energy Ef for kp = 71‘% !

independent of ~ and thus of w
By contrast, utF = g1n < w at fixed n.
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1D Bose gas T =0 T >0 Tonks

Experimental evidence for a Tonks-Girardeau gas

Kinoshita et al., 2004
Basic idea:

transverse Y <<1A
squeezing changes
axial expansion

transverse
squeezing has no
effect on the axial

distribution (or ! >7W\/\

energy)
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1D Bose gas T =0 T >0 Tonks

Experimental evidence for a Tonks-Girardeau gas

Kinoshita et al., 2004
@ trapped gas: local density approximation, valid for g > hwy

pu(n(x)) + U(x) = po = Nhwx = Ep - ~(x) = 7(n(x))

Thomas-Fermi profile n(x) = ngy/1 — ;—22 with R = 2N/,
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1D Bose gas T =0 T >0 Tonks

Experimental evidence for a Tonks-Girardeau gas

Kinoshita et al., 2004
@ trapped gas: local density approximation, valid for g > hwy

pu(n(x)) + U(x) = po = Nhwx = Ep - ~(x) = 7(n(x))

Thomas-Fermi profile n(x) = ngy/1 — ;—22 with R = 2N/,
@ Method: transverse confinement in an optical lattice
Ug sin(ky) sin?(kz); fixed density; vary Up; a € [1, 8]
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1D Bose gas T =0 T >0 Tonks

Experimental evidence for a Tonks-Girardeau gas

Kinoshita et al., 2004
@ trapped gas: local density approximation, valid for g > hwy

pu(n(x)) + U(x) = po = Nhwx = Ep - ~(x) = 7(n(x))

Thomas-Fermi profile n(x) = ngy/1 — ;—22 with R = V2N,
@ Method: transverse confinement in an optical lattice
Ug sin(ky) sin?(kz); fixed density; vary Up; a € [1, 8]
@ Plot the released longitudinal energy p > hw, as a function
of Up or Yavg = <7(X)>
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1D Bose gas T =0 T >0 Tonks

Experimental evidence for a Tonks-Girardeau gas

Kinoshita et al., 2004
Results: released longitudinal energy p > hw, measured by TOF

1 2 3 4 5
60 \ T \ fr—=]
50 | 5
= ! ] >
£ wf I 1 2 mFE=ginocwy <V
o F Z il
|_'-30_— //’ il =
: oo 3, } 12h2n?
.ﬁ TG:
2M
O U S S N WENE DR U kool S W T | |‘|\7
0 20 40 60 80
L‘FO(Erec)

The released energy tends to the Tonks-Girardeau chemical
potential, with all energy being kinetic.
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...

@ same density distribution

Fermi: Z ]¢n(x)|2 — Fermi
h.o. eigenfunctions Tonks

Tonks: TF distribution

n(x) = noy/1— %
= Fermi distribution for

N — oo
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...

@ same density distribution
@ same collective excitation spectrum
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...

@ same density distribution
@ same collective excitation spectrum

e same local density correlation functions g(®(0), g(3(0)...
3
g(3)(0) o n—6 —> 3-body losses strongly suppressed at large ~
Y

Experiment by Laburthe Tolra et al., 2004: comparison of
3-body decay between a 3D BEC and a series of 1D tubes.
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Laburthe Tolra et al., 2004

3
g®)(0) o n—6 — 3-body losses strongly suppressed at large ~
Y

oF
il
10° P~
N T
i
10 ! ! ! L
0 5 10 15 20
Time (s) Time (s)
KlD
v = 0.5 ﬁ =0.14 3-body loss reduction by a factor 7!
3
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...
@ same density distribution
@ same collective excitation spectrum

@ same local density correlation functions g(®(0), g(3)(0)...
3
g3)(0) n—6 — 3-body losses strongly suppressed at large v
(Laburthe et al., 2004)
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...
@ same density distribution
@ same collective excitation spectrum

@ same local density correlation functions g(®(0), g(3)(0)...
3
g3)(0) n—6 — 3-body losses strongly suppressed at large v
(Laburthe et al., 2004)

...but Bose statistics still present:

@ phase correlations linked to the statistics lead to a
very different g(1) function
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...
@ same density distribution
@ same collective excitation spectrum

@ same local density correlation functions g(®(0), g(3)(0)...
3
g3)(0) n—6 — 3-body losses strongly suppressed at large v
(Laburthe et al., 2004)

...but Bose statistics still present:

@ phase correlations linked to the statistics lead to a
very different g(1) function

@ consequence: very different momentum distribution
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1D Bose gas T =0 T >0 Tonks

Are bosons just like fermions?

Bosons in the Tonks-Girardeau regime behave like fermions...

...but Bose statistics still present:
very different momentum distribution

Fermi: 37 [én(p)[?

h.o. eigenfunctions ~ Fermi
Tonks: Tonks
1
large p: n(p) oc —
p

1
small p: n(p) o« —

NG

see also: Paredes et al.

(2004)
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2D Bose gas Uniform BKT Trapped gas

2D Bose gas

2D interacting Bose gas
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2D Bose gas Uniform BKT Trapped gas

Reminder: BEC or not BEC?

Reminder for a non interacting gas:

k2 k = 2

@ uniform gas: ¢ = Ty T (nx,ny)  n(e) = W
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2D Bose gas Uniform BKT Trapped gas

Reminder: BEC or not BEC?

Reminder for a non interacting gas:

Rk | — 2n 1

@ uniform gas: ¢ = Ty T(nx,ny) n(e) = exp(Ble—p))—1
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2D Bose gas Uniform BKT Trapped gas

Reminder: BEC or not BEC?

Reminder for a non interacting gas:
; . B2 k>
o uniform gas: e = - k= 2%(n,,n,) n(c) = W
A% = —1n <1 — eﬁ")

Foreach T >0, u=kgT In (1 — e‘”A2> <0 noBEC
w=0onlyat T =0.
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2D Bose gas Uniform BKT Trapped gas

Reminder: BEC or not BEC?

Reminder for a non interacting gas:

@ uniform gas: ¢ = % k= 2T7r(”x, ny) n(e) = W
2 = —In (1- ™)
Foreach T >0, u=kgT In (1 — e‘”A2> <0 noBEC
uw=0onlyat T=0.
e trapped gas (harmonic trap): N¢ = 7T62 (th BEC

local density: like the uniform system, where p is replaced by
a local chemical potential p — V/(r).

n(r)A% = —1In (1 - eﬁ(”’_v('))> Below T¢, 1= 0.
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2D Bose gas Uniform BKT Trapped gas

Reminder: BEC or not BEC?

Reminder for a non interacting gas:

. . h2k2
@ uniform gas: ¢ = T3 k= 2T7r(”x; ny) n(e) = W

2 = —In (1- ™)
Foreach T >0, u=kgT In (1 — e‘”A2> <0 noBEC
uw=0onlyat T=0.
2 (kgT
e trapped gas (harmonic trap): N¢ = % (hw) BEC

local density: like the uniform system, where p is replaced by
a local chemical potential p — V/(r).

n(r)A% = —1In (1 - eﬁ(”’_v('))> Below T¢, 1= 0.
But: at the centre = V(0) =0 = n(0) = o0
What will happen with interactions limiting the density?
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2D Bose gas Uniform BKT Trapped gas

Reminder: interacting 2D gas

interacting 2D gas:
4mh? 1
M In(1/na3p)

eifa>/{,, oop= (strictly 2D)
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2D Bose gas Uniform BKT Trapped gas

Reminder: interacting 2D gas

interacting 2D gas:
4mh? 1
M In(1/na3p)

o ifa<t _p= g IV
IT a ngo—gz—Mgz—M 0,

eifa>/{,, oop= (strictly 2D)
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2D Bose gas Uniform BKT Trapped gas

Reminder: interacting 2D gas

interacting 2D gas:

4mh? 1

M In(1/na3p)
h? h? \/8ra

ME T M

eifa>/{,, oop= (strictly 2D)

eifak/l, gop=g =

@ in this regime, u = ng
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2D Bose gas Uniform BKT Trapped gas

Reminder: interacting 2D gas

interacting 2D gas:
4mh? 1
M In(1/na3p)

o ifa<t P PN i
IT a ngo—gz—Mgz—M 0,

eifa>/{,, oop= (strictly 2D)

@ in this regime, u = ng

@ weak interactions for small g
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2D Bose gas Uniform BKT Trapped gas

Reminder: interacting 2D gas

interacting 2D gas:

4mh? 1

M In(1/na3p)
h? h? \/8ra

ME T M

eifa>/{,, oop= (strictly 2D)

eifak/l, gop=g =

@ in this regime, u = ng
@ weak interactions for small g

Typical value in the experiments: g = 0.13 (ENS) to 0.02 (NIST)
with a <« /| = weak interactions
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2D Bose gas Uniform BKT Trapped gas

The uniform interacting 2D gas

Phase coherence / long range order: g(V)(r) — g(1)(oc0) # 0?
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2D Bose gas Uniform BKT Trapped gas

The uniform interacting 2D gas

Phase coherence / long range order: g(V)(r) — g(1)(oc0) # 0?
o T =0 Yes!
- ideal gas: =0, all in ground state = long range order

- interacting gas: OK if weak interactions, i.e. gas parameter
1 .
gy < 1 (Schick 1971)
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2D Bose gas Uniform BKT Trapped gas

The uniform interacting 2D gas

Phase coherence / long range order: g(V)(r) — g(1)(oc0) # 0?

o T =0 Yes!
- ideal gas: =0, all in ground state = long range order
- interacting gas: OK if weak interactions, i.e. gas parameter
W < 1 (Schick 1971)

e 7 >0 No!
thermal fluctuations (phonons) destroy phase coherence
(Hohenberg, Mermin, Wagner, 1966,/1967)
- ideal gas: g(M(r) x e="/*  exponential decay
- interacting gas: phase fluctuations diverge logarithmically at
infinity (6¢?) ~ # In(r/€&) &: healing length

1
— gW(r) ~ (%) 2% 5lgebraic decay
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2D Bose gas Uniform BKT Trapped gas

Superfluid transition

Above a critical temperature T¢ ~ T4/10, g decays
exponentially. Below T¢, g() decays algebraically. A fraction of
the gas is superfluid, with a jump in superfluid density ns between
0 and ns\?2 =4
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2D Bose gas Uniform BKT Trapped gas

Superfluid transition

Above a critical temperature T¢ ~ T4/10, g decays
exponentially. Below T¢, g() decays algebraically. A fraction of
the gas is superfluid, with a jump in superfluid density ns between
0 and ns\?2 =4
Summary:

@ ideal gas

g (r) exponential gaussian
| |
I |

T=0 nA? ~ 1 T (nX\?)
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2D Bose gas Uniform BKT Trapped gas

Superfluid transition

Above a critical temperature T¢ ~ T4/10, g decays
exponentially. Below T¢, g() decays algebraically. A fraction of
the gas is superfluid, with a jump in superfluid density ns between
0 and ns\?2 =4
Summary:

@ ideal gas

g (r) exponential gaussian

T=0 nA? ~ 1 T (nX\?)

@ interacting gas

g (r) algebraic ‘ > exponential gaussian
| |
1 b I

T=0 nX\? ~ 8 nA? ~ 1 T (n\?)
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2D Bose gas Uniform BKT Trapped gas

Superfluid transition

Above a critical temperature T¢ ~ T4/10, g decays
exponentially. Below T¢, g() decays algebraically. A fraction of
the gas is superfluid, with a jump in superfluid density ns between
0 and ns\?2 =4
Summary:

@ ideal gas

g (r) exponential gaussian
|
I

T=0 nA? ~ 1 T (nX\?)

@ interacting gas

g (r) algebraic ‘ > exponential gaussian
| |
1 b I

T=0 nX\? ~ 8 nA? ~ 1 T (n\?)

What is the nature of the transition?
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2D Bose gas Uniform BKT Trapped gas

Mechanisms for phase fluctuations

No BEC, but quasi-condensate with fluctuating phase and
negligible density fluctuations.
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2D Bose gas Uniform BKT Trapped gas

Mechanisms for phase fluctuations

No BEC, but quasi-condensate with fluctuating phase and
negligible density fluctuations.

@ phonon-type excitations (smooth phase/density variations)
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2D Bose gas Uniform BKT Trapped gas

Mechanisms for phase fluctuations

No BEC, but quasi-condensate with fluctuating phase and
negligible density fluctuations.

@ phonon-type excitations (smooth phase/density variations)

§

density hole of radius & 27 phase loop

@ quantized vortices
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2D Bose gas Uniform BKT Trapped gas

Mechanisms for phase fluctuations

No BEC, but quasi-condensate with fluctuating phase and
negligible density fluctuations.

@ phonon-type excitations (smooth phase/density variations)

§

density hole of radius & 27 phase loop
h2

2ME2

@ quantized vortices

Size of the core: £ such that usp =
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2D Bose gas Uniform BKT Trapped gas

Vortex nucleation

Y = \/ne’® ~ ,/nge’® fluctuates randomly.
Continuity of ¥ = continuity of Re ¢ and Im %
= lines of Re ¢y = 0 and Im ¢ = 0, which fluctuate.
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2D Bose gas Uniform BKT Trapped gas

Vortex nucleation

Y = \/ne'® ~ ,/nge’® fluctuates randomly.
Continuity of ¥ = continuity of Re ¢ and Im %
= lines of Re ¢y = 0 and Im ¢ = 0, which fluctuate.

When two lines cross, 2 vortices of opposite charge are created.

Héléne Perrin Low-dimensional Bose gases | Part 2



2D Bose gas Uniform BKT Trapped gas

Energy of a vortex

@ Single vortex at the centre of a circular condensate of size R

@ Model for the condensate density: step function of range &
n
Ny

o velocity field: v = %Vqﬁ
o Circulation of the velocity: fv -dr = q27r%, qge’
h

@ Velocity field for a vortex of charge q: v = Syl
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2D Bose gas Uniform BKT Trapped gas

Energy of a vortex

o Kinetic energy: Ex = [ 2 Mv2(r)n(r)dr

1 R , h? Sh2nom R
Ex = 2I\/Ino/5 2rrdrq V22 = q v Inz
kg R
A L LI
Ex = q’ng > €
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2D Bose gas Uniform BKT Trappe

Energy of a vortex

o Kinetic energy: Ex = [ 2 Mv2(r)n(r)dr

1 R , h? Sh2nom R
EK_2I\/In0/5 2rrdrq M2r2:q v Inz
ksT | R
Ex = q*no)\®—— |
K =g no 5 nf
1 2 q

@ Two vortices of charge ¢; and go:

R kg T
E = Ex+E = no)\2 |:(q1 + q2)2 In <€> —2q1g> In <r22>:| %

Interactions: repulsion between vortices of same charge,
attraction between vortices of opposite charge.
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2D Bose gas Uniform BKT Trappe

Energy of a vortex

o Kinetic energy: Ex = [ 2 Mv2(r)n(r)dr

1 R , h? Sh2nom R
Ex = 2I\/Ino/5 2rrdrq V2r2 =q In —

ksT = R
Ex = q2n0)\28? In Z

. 1 ryo q
@ Two vortices of charge ¢; and go:

R kg T
E = EK+E[ = I’I())\2 |:(CI1 + q2)2 In <€> *2q1q2 In <I’22>:| BT

Interactions: repulsion between vortices of same charge,
attraction between vortices of opposite charge.

@ Several vortices of charge +1 more stable than multiply
charged vortex.
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The BKT transition

Berezinskii-Kosterlitz-Thouless transition by simple energetic
arguments:

@ Free energy F = E — TS:
F > 0, low probability of vortex formation;
F < 0 gain in entropy, a vortex is likely to appear.
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The BKT transition

Berezinskii-Kosterlitz-Thouless transition by simple energetic
arguments:
@ Free energy F = E — TS:
F > 0, low probability of vortex formation;
F < 0 gain in entropy, a vortex is likely to appear.

e Entropy S = kgIn(W) W: nb of available states

R2 R
or T5_4kBTIn§
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The BKT transition

Berezinskii-Kosterlitz-Thouless transition by simple energetic
arguments:

@ Free energy F = E — TS:

F > 0, low probability of vortex formation;

F < 0 gain in entropy, a vortex is likely to appear.
e Entropy S = kgIn(W) W: nb of available states

TR? R keT , R

ke T R
o F= % (q%noA? — 4) In — ; easiest case q = £1:

ke T
F=-E

(no/\2 - 4) In I;
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The BKT transition

ks T R
Free energy F = B? (no/\2 — 4) In Z Ny
@ noA? >4 (low T): no free vortices %

e noA? < 4 (high T): proliferation of free
vortices; no superfluidity = ng =0
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The BKT transition

Trapped gas

ks T 5 R
F F="2"(npA?—4)In—
ree energy 5 (no ) In : n,
@ noA? >4 (low T): no free vortices %
e noA? < 4 (high T): proliferation of free
vortices; no superfluidity = ng =0
9 superfluid ch normal T
| | >
neA? = 4
dissociation
e ———
of vortex
pairs

vortex-antivortex pairs

proliferation of
free vortices

Hadzibabic et al. (2006)
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Critical temperature

At T¢, ng jumps from 0 to ngA?> = 4. What is ngot?
Prokof'ev et al. (2001):

C
at TC . ntot:|n > C =380
&2
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Critical temperature

At T¢, ng jumps from 0 to ngA?> = 4. What is ngot?
Prokof'ev et al. (2001):

C
at TC . ntot:|n > C =380
&2

§2:\/87r€i:...? a=2-5nm £, = 40— 100nm
1

Paris experiment:  g> = 0.13 ntA2 =8 at T¢
NIST experiment: 8> = 0.02 moeA? =10 at T¢
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Critical temperature

At T¢, ng jumps from 0 to ngA?> = 4. What is ngot?
Prokof'ev et al. (2001):

C
at TC . ntot:|n > C =380
&2

§2:\/87r€i:...? a=2-5nm £, = 40— 100nm
1

Paris experiment:  g> = 0.13 ntA2 =8 at T¢
NIST experiment: 8> = 0.02 moeA? =10 at T¢

g (r) algebraicBKT exponential gaussian
| | |
I I I

T=0 nA\? ~ 8 nX\ ~ 1 T (nX?)
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Finite size effects

What does change in a trap? Condensate fraction in the superfluid
phase?

1
Recall: gM(r) ~ (é) o, 0 o long range order.

r
r — o0
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Finite size effects

What does change in a trap? Condensate fraction in the superfluid
phase?

1
Recall: gM(r) ~ (é) o, 0 o long range order.

r
r — o0

ENT

finite system L, ngA% > 4, g(l) e (%
£~0.1pum, L~100um = gM(L) ~0.2 not so smalll
@ Large condensate fraction fy
@ Large contrast in interference experiments
Achtung! fy # ™
{ fo: occupatio’r)1 of the most populated single particle level
no : superfluid density
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Experimental evidence for BKT in a 2D gas

ENS experiment: measure g(!) decay by interferometry

@ measurement of the integrated contrast:

1

exponential decay: a = 5 / algebraic decay: a =

@ statistics on phase defects (free vortices)
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2D Bose gas Uniform BKT Trapped gas

Experimental evidence for BKT in a 2D gas

Results: Hadzibabic et al., 2006

I
o 04 ¢
e — B
‘ 5
s
< 03
N k=
2 04 f { 2
@ 8 o2l
8 5
5 g {
03 | =y
E [9)
””””””””” (BN e <
.9 s
02 ' : ' 5 % o1 : i0'2IE 03
0 01 02 03 ® : : :
contraste ¢ L contrast ¢

@ contrast ¢p is a measure of temperature

@ BKT transition evidenced by a step in exponent a and
apparition of vortices
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
e Density profile: 2 phases identified (3 phases at NIST)
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Density profiles at NIST

Cladé et al., 2008

18

=
T Superfluid 10
16 ] pl Y i g pecl ‘E
147 sF by g = 8
4 é‘ L § >ﬁ K}
12 g pe 6 "L
] o 4 R
8 A ° g,
6 g 2l 3 -
g c v\%ﬁ
S o
27 Thermal . = , , :
R RN 200 -100 0 100 200
0.6 07 0.8 0.9 1.0 11 12 13 .
NN Position [pm]

Evidence for 3 phases (superfluid, QC and thermal)
# ENS experiment (2 components only)
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
@ Density profile: 2 phases identified (3 phases at NIST)

o BKT-like transition observed on a 2D lattice of BECs at JILA
simulating an array of Josephson junctions
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
@ Density profile: 2 phases identified (3 phases at NIST)

o BKT-like transition observed on a 2D lattice of BECs at JILA
simulating an array of Josephson junctions

2D lattice of period 5 um
temperature T

tunnel coupling J

thermal phase fluctuations

Ap~\/T/J
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2D physics in ultracold gases

Experimental results:

@ BKT-like transition observed on a 2D lattice of BECs at JILA
simulating an array of Josephson junctions

1Energy . :

Ap=~/T/J
proliferation of
vortices for J < T

slowly remove the lattice to reconnect the phase before imaging
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2D physics in ultracold gases

Experimental results:

@ BKT-like transition observed on a 2D lattice of BECs at JILA
simulating an array of Josephson junctions

()
-0.06

density of vortices D: ‘%
results at two temperatures
(35nK and 60 nK) collapse on Q_O'O4 i %
a single curve D () ?z}
Schweikhard et al., 2007 )

. R LT

0.1 1 JT 10
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
e Density profile: 2 phases identified (3 phases at NIST)

@ BKT-like transition observed on a 2D lattice of BECs at JILA
(simulating an array of Josephson junctions)
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2D physics in ultracold gases

Experimental results:
o BKT identified via 1-body correlation
e Density profile: 2 phases identified (3 phases at NIST)

@ BKT-like transition observed on a 2D lattice of BECs at JILA
(simulating an array of Josephson junctions)

incomplete to do list:

clarify the nature of the phases

observe the vortex binding/unbinding

frequency shift predicted for the 2w Pitaevskii mode
confinement induced scattering resonance

FQHE in a rotating 2D gas
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