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Ultracold gases in random potentials

Ultracold gases Disorder

400 nK
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Ultracold gases

T [°K]
10000
sun surface
1000 boiling water
freezing water
100 liquid nitrogen
10 _
1 superfluids, superconductors kdB ~ d

U!tm-cold Gafses
10--10" at/cm’

Doppler cooling

l polarisation gradient cooling

l evaporative cooling

107 o quantum degeneracy Aag ~ d
10° . (fermions/bosons)

Source: A. Recati
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Ultracold gases

@ Ultra-cold/quantum gases: T <1 uK < Agg > 300 nm
= atomic matter-waves
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Ultracold gases

@ Ultra-cold/quantum gases: T <1 uK < Agg > 300 nm
= atomic matter-waves

Anderson et al.
Science 1995

@ Bosons
= Bose-Einstein condensate:
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Ultracold gases

@ Ultra-cold/quantum gases: T <1 uK < Agg > 300 nm
= atomic matter-waves

Anderson et al.
Science 1995

@ Bosons
= Bose-Einstein condensate:

«— Giant coherent matter-wave

Interactions (= superfluidity) —

Awscrption

Andrews et al. Science 1997 Abo-Shaer et al. Science 2001

Gross-Pitaevskii equation (analogous to light in Kerr medium):

oy = — 2 v2y + V(r)y +gly|Py
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Assets of ultracold gases

@ Versatility
- quantum statistics, dimensionality, tunable interactions,
shape, bulk/lattice...
@ Variety of diagnostic tools
- absorption imaging, collective oscillations, Bragg spectroscopy,
noise correlation...

BKT cross-over

a © Low temperature.

Mott-insulator transition

d High temperature.

Greiner et al. Nature 2002

Hadzibabic et al. Nature 2006
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Assets of ultracold gases

@ Model systems — direct comparison with theory

- dilute gases: simple interaction potential
- textbook Hamiltonians, parameters known ab-initio

@ Controlled disorder
- optical speckle, impurity atoms, radio-frequency fields,
quasi-periodic potentials...

= Good laboratory for physics of disordered quantum systems
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Multiple scattering and interference

Classical particles

Multiple scattering = diffusion
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Multiple scattering and interference

Quantum particles and waves

Classical particles

Multiple scattering = diffusion

'

P(r.Y) =T AlZ = L AA; + Litj AiA]

Weak disorder: /¢ > A (£, mean free path)
P(r,r') ~ Y, AA!
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Multiple scattering and interference

Quantum particles and waves

Classical particles

Multiple scattering = diffusion

'

P(r,r) =L AlF = L AA + Litj AA]
Weak disorder: /¢ > A (£, mean free path)
P(r,r') ~ Y, AA!

However ... .
=> Interference corrections

@ enhanced probability of return
@ diffusion constant D = Dg — 8D

@ conductivity 6 = 6g — 80
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Anderson (strong) localization

Anderson, Phys. Rev. 1958

Pl — J Strong disorder

L S N\ = absence of diffusion

‘»’—&‘ 1 \_/ v =- exponential decay of
Pt ¢ _ViI_@_ g wave function in space

. = e -—-

¢ ¢ ¢

Anderson localization
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Anderson (strong) localization

Anderson, Phys. Rev. 1958

Pl — J Strong disorder

L S N\ = absence of diffusion

‘»’—&‘ 1 \_/ v =- exponential decay of
Pt ¢ _ViI_@_ g wave function in space

. = e -—-

¢ ¢ ¢

Anderson localization

Signatures of localization
(open systems) transport properties  (closed systems) localized eigenstates

e.g. transmission T across a 1D sample of length L

bl

TNT(L)) ~ —L/Lige (L— o) (In[w(r)]) ~ —|r|/Lioc  (Jr] = o)

Lioc: localization length < y=1/Ljo.: Lyapunov exponent
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The role of dimensionality

Scaling theory of localization: asranams eta. PrL 1979
@ 1D, 2D: all states localized for arbitrary amplitude of disorder

@ 3D: metal-insulator phase transition

3D Anderson model (presence of a lattice):

D(E)
A Wh e o ® o @
localized R— localized
states y § states T
3 M
8+
extended
states N We=15.8¢
; : > B ol
’ 0 10 290
E. 0 E E/7t
/ i
Ec, EC mOblllty edges Vollhardt and Walfle, in Electronic phase transitions, Elsevier (1992)
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Experimental results

Recent reviews: A. Lagendijk, B. van Tiggelen, and D. S. Wiersma, Physics Today 62, 24 (2009)
A. Aspect and M. Inguscio, Physics Today 62, 30 (2009)
L. Sanchez-Palencia and M. Lewenstein, Nat. Phys. (2009), in press; arXiv:0911.0629

Electronic systems (80s)

Coulomb interaction and phonons
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Experimental results

Recent reviews: A. Lagendijk, B. van Tiggelen, and D. S. Wiersma, Physics Today 62, 24 (2009)
A. Aspect and M. Inguscio, Physics Today 62, 30 (2009)
L. Sanchez-Palencia and M. Lewenstein, Nat. Phys. (2009), in press; arXiv:0911.0629

Electronic systems (80s)

Aegerter et al. Europhys. Lett. 2006

Coulomb interaction and phonons

Classical waves (90s-today):
acoustic waves, microwaves, light...

Intensity

@ transmission experiments:

Wiersma et al. Nature 1997 (light); a
Chabanov et al. Nature 2000 (microwaves); 2000 4000 6000
Storzer et al. PRL 2006 (light); L/
Hu et al. Nat. Phys. 2008 (ultrasound) ...

8000 10000 12000

Schwartz et al. Nature 2007
@ localized wave functions:

Schwartz et al. Nature 2007, Lahini et al. PRL 2008
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Experimental results

Recent reviews: A. Lagendijk, B. van Tiggelen, and D. S. Wiersma, Physics Today 62, 24 (2009)

A. Aspect and M. Inguscio, Physics Today 62, 30 (2009)

L. Sanchez-Palencia and M. Lewenstein, Nat. Phys. (2009), in press; arXiv:0911.0629

Electronic systems (80s)

Coulomb interaction and phonons

Classical waves (90s-today):
acoustic waves, microwaves, light...

Intensity

@ transmission experiments:

Wiersma et al. Nature 1997 (light);
Chabanov et al. Nature 2000 (microwaves);
Storzer et al. PRL 2006 (light);

Hu et al. Nat. Phys. 2008 (ultrasound) ...

@ localized wave functions:

Schwartz et al. Nature 2007, Lahini et al. PRL 2008

Cold atoms (90s-today)

Aegerter et al. Europhys. Lett. 2006

107

107

10°
10°
10*
10
10°
10°
10°
10°
10°
10°
10°
10
10°

2000

4000

6000

L/

Schwartz et al. Nature 2007

L

8000 10000 12000

Localization in momentum sSpace  woore et al PRL 1995, Ghabeé et al. PRL 2008

Ultracold atoms

Localized atomic wave functions Billy et al. Nature 2008, Roati et al. Nature 2008
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1D Anderson localization of a BEC in a speckle potential

Theory: L. Sanchez-Palencia et al. PRL 98, 210401 (2007); NJP 10, 045019 (2008)

Experiment: J. Billy et al. , Nature 453, 891 (2008) 1,000

100

Magnetic field
(initial confinement)

Atomic density (atoms pm-7)

Ligg {mm)

Optical :
waveguide Speckle disorder

Measured localization lengths in agreement with theory
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Disorder in interacting quantum systems

Interplay of disorder and interactions

@ Anderson localization in the presence of interactions ?

@ Remarkable properties of disorder-free interacting systems:

- Superconductivity of weakly-attractive fermions
- Superfluidity of repulsive bosons
=- extended coherent many-body states

To what extent do disorder and localization phenomena alter
those properties ?

Reppy J. Low Temp. Phys. 1992
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@ Anderson localization of non-interacting particles
in correlated one-dimensional disorder

© Localization in weakly-interacting Bose gases
in one-dimensional disorder

e Fragmentation of the ground-state density profile

o Localization of elementary excitations
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@ Anderson localization of non-interacting particles
in correlated one-dimensional disorder

© Localization in weakly-interacting Bose gases
in one-dimensional disorder

e Fragmentation of the ground-state density profile

o Localization of elementary excitations
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Statistical properties of disorder

V(z)
Random potential:
of ’ “_ MY
o Z
@ Average: (V)=0
@ Amplitude: Vr = /(V?)
@ Correlation functions:
02(21) = <V(Zo) V(ZO +Z1)>
Cs(z1,22) = (V(z0)V(z0+2z1)V(20+ 22))

@ Correlation length : or «— width of C»
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Lyapunov exponent of single particles in 1D

R? 52 _ ! S
—am0z¥+ V(2)y = Ey A
: : o o/ W,
@ Single-particle states are all localizedin 1D = . // N%
Gertsenshtein and Vasil'ev 1959 Mathematical proofs e.g. : = 4/“/ 11
Mott and Twose 1961 Goldsheid, Molchanov, and Pastur 1977 10° i \\M
Borland 1963 Kotani and Simon 1987 //M’ "\‘\.
“12000; ~10000 0 10000 20000
z/on
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Lyapunov exponent of single particles in 1D

R 52 _ ! Ay
— 102+ V(2)y = Ey /,i’\
0.01 v
. . . . — Z BN
@ Single-particle states are all localizedin 1D = . 4 x%
Gertsenshtein and Vasil'ev 1959 Mathematical proofs e.g. : = /ﬁd \
Mott and Twose 1961 Goldsheid, Molchanov, and Pastur 1977 10° /;‘“ \L\M
Borland 1963 Kotani and Simon 1987 S N
. . 1050550° N
@ Lyapunov exponent in an uncorrelated potential ™ ™, " ®"
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Lyapunov exponent of single particles in 1D

~5m02W+ V(2)y = Ey

1

0.01
. . . . — 7 A
@ Single-particle states are all localizedin 1D = . 4 \X‘
Gertsenshtein and Vasil'ev 1959 Mathematical proofs e.g. : = /ﬁd |
Mott and Twose 1961 Goldsheid, Molchanov, and Pastur 1977 10° /;‘“ \1\
Borland 1963 Kotani and Simon 1987 /M’ “‘QE
@ Lyapunov exponent in an uncorrelated potential “** o

-4 -2 0 2 4 6 8 10
E/E;
@ Lyapunov exponent in a correlated potential
ST ~ Vor _ RPK?
Born approximation: 7y~ ¥ (f2k) Co(2kK) E="1K
P. Lugan Ultracold Bose gases in random potentials... 15



Speckle potentials

Diffusive
1 /plate

Blue-detuned light
= repulsive potential V(z) «< I(z)/d

Argon laser
A=514 nm

grain size Az «< 6 inversely proportional to aperture size

W} D. Clément et al., New J. Phys. 8, 165 (2006)

@ auto-correlation C,(z) = V3 sinc(z/cgr)?
@ precise experimental control of amplitude Vg
and correlation length or
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Speckle potentials

Diffusive
1 /plate

Blue-detuned light
= repulsive potential V(z) «< I(z)/d

Argon laser
A=514 nm

grain size Az «< 6 inversely proportional to aperture size

W} D. Clément et al., New J. Phys. 8, 165 (2006)

@ auto-correlation C,(z) = V3 sinc(z/cgr)?

@ precise experimental control of amplitude Vg C.(24)
2
and correlation length or

@ sharp cut-off in Fourier spectrum: k; = 1/0r

ke

m

= Born approximation y ~ @ (ﬂ)2 C>(2k) vanishes for k > k;
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Phase formalism for the Schrédinger equation

~Ry+V(z)y=ky  (k=VE, (V)=0)

4
@ Polar representation:
y(z) = r(z)sin[6(z)] ‘0//\
0,y(z) = kr(z)cos[6(z)] & 0
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Phase formalism for the Schrédinger equation

~Ry+V(z)y=ky  (k=VE, (V)=0)

4
@ Polar representation:
y(z) = r(z)sin[6(z)] ‘0//\
0,y(z) = kr(z)cos[6(z)] & 0

@ Phase: 0,0(z) =k — @sin2 [0(z2)]

o Weak-disorder expansion: 0 = kz+ Y, 56"
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Phase formalism for the Schrédinger equation

—2y+ V(2w =Ky  (k=VE, (V)=0)

@ Polar representation:

\
v(z) = r(z)sin[6(2)] ‘0//‘\
w(z) = kr(z)cos[6(2)] AL
@ Phase: aze(z):k—@sin2 [0(z2)] \

o Weak-disorder expansion: 0 = kz+ Y, 56"

@ Wave function amplitude: In[r(z)/r(0)] = [y

Vi sin[26(2)]

@ Lyapunov exponent: y = -+ lim, .. <'”[‘rz(‘z”>
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Phase formalism for the Schrédinger equation

= Perturbation series for the Lyapunov exponent:

Y(K) = o2 ¥ (k)

. 2mo3 V,
V") = oy (er /kor)" f(kor) R = TER
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Phase formalism for the Schrédinger equation

= Perturbation series for the Lyapunov exponent:

Y(K) = o2 ¥ (k)

- 2mo3 Vi
Y =o' (er/kow)" f(kor)  eR= TR
1 0
h(k) = +Z / du cos(2ku)  [Born]

(k) = —1/0 du/u dv sin(2xv)
fi(k) = —;/Odu/udv/vdw
x {2cos(2kw)-+cos[2k(v+w—u)]}.
C,-,(Z1,...,Zn_1) =
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Lyapunov exponent in a speckle potential

7" =g (er /kor)" f,(kor)
f, functions for usual speckle:

2.0 T T

wf S ;
1 numerics by

~15 ‘/ 0. 7 D. Delande
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Lyapunov exponent in a speckle potential

7" =g (er /kor)" f,(kor)
f, functions for usual speckle:

2.0 T T
1.5F 3
\\
1.0F ) i n=4 3
0.5F f.n33 \ E
Sé 0.0 A > \\\\“’“*
n= 7 ]
_osh / 5.% 10 e 1
10} /1 E
] numerics by
-1.5 ‘/ 0- . E D. Delande
1.98 2.00 2.02
,20 L L L L L L L L L L L L L L I L L L I |
0.0 0.5 1.0 1.5 2.0
k=kog
Remarkable features: @ f3 has same cut-off as Bornterm n=2
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Lyapunov exponent in a speckle potential

7" =g (er /kor)" f,(kor)
f, functions for usual speckle:

2.0 T T
1.5F 3
\\
1.0F ) i n=4 3
0.5F f.n33 \ E
Sé 0.0 A > \\\\“’“*
n= 7 ]
_osh / 5.% 10 e 1
10} /1 E
] numerics by
-1.5 ‘/ 0- . E D. Delande
1.98 2.00 2.02
,20 L L L L L L L L L L L L L L I L L L I |
0.0 0.5 1.0 1.5 2.0
k=kog
Remarkable features: @ f3 has same cut-off as Bornterm n=2

@ f, has cut-off at kor =2
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Effective mobility edges in speckle potentials

PL, A. Aspect, L. Sanchez-Palencia, D. Delande, C. A. Mdller, B. Grémaud, and C. Miniatura, PRA 80, 023605 (2009)

see also L. Tessieri, J. Phys. A 35, 9585 (2002); E. Gurevich and O. Kenneth, PRA 79, 063617 (2009)
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Effective mobility edge in the experiment

density (atoms pm7)

semilog scale

10

* hmaxor = 0.65

b)

Theory: L. Sanchez-Palencia et al. PRL 98, 210401 (2007)

Experiment: J. Billy et al. , Nature 453, 891 (2008)

Beyond the Born approximation:

YOR

] kmde—R = 065:
|

Lipc= 4 mm

P. Lugan

0.5 1.0 1.5 2
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Effective mobility edge in the experiment

density (atoms pm7)

density (atoms um-")

semilog scale
10
-1.0 0.0
Z (mm)

log-log scale

* hmaxor = 0.65

1.0

.« kmaxorn = 116

z(mm)

b)

Theory: L. Sanchez-Palencia et al. PRL 98, 210401 (2007)

Experiment: J. Billy et al. , Nature 453, 891 (2008)

Beyond the Born approximation:

YOR
Ir kmde—R: 065:
l
0.01f
4 Lioc=4 mm
10 e N
107
107
-0 ko
10 %0 0.5 10 15 20 R
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Effective mobility edge in the experiment

b) Theory: L. Sanchez-Palencia et al. PRL 98, 210401 (2007)

Experiment: J. Billy et al. , Nature 453, 891 (2008)

T semilog scale

£ e Beyond the Born approximation:
» maxOr = 0.6

E 10

& Yo

E Ir KnaxTr= 0.65, kmaxOg=1.15
3 l

% -1.0 0.0 1.0

Z (mm)

log-log scale

.« kmaxorn = 116

density (atoms um-")

z(mm)
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@ Anderson localization of non-interacting particles
in correlated one-dimensional disorder

@ Localization in weakly-interacting Bose gases
in one-dimensional disorder

e Fragmentation of the ground-state density profile

o Localization of elementary excitations

P. Lugan Ultracold Bose gases in random potentials... 22



The boson localization problem

Hertz et al. PRL 43, 942 (1979)

Ground-state quantum-phase diagram
of disordered repulsive bosons in 1D

p'l \ / \
| / x
\\—/ a &\ iLocalizea

PRt
’
~ \
,/ superfiuid \\\/
/
PN SN
0 1 2 K
2 3

D amplitude of disorder, K = strength of interactions

Giamarchi and Schulz, Europhys. Lett. 3, 1287 (1987)
See also DMRG calculations: Rapsch et al. , Europhys. Lett. 46, 559 (1999)

Localization-delocalization scenario in the weakly-interacting regime ?
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Disordered 1D Bose gasesat T =0

n2d <« m/mg (d=1)
e v-.».;ﬂ Vﬁf‘;{'ﬂf)‘uﬁ‘ﬂlh-ﬂn‘t V(Z ) = Vgv (Z / O'R)
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Disordered 1D Bose gasesat T =0

N2« m/mg (d=1)
V(z) = Vgv(z/oR)

Ground-state quantum-state diagram
of a weakly-interacting Bose gas in 1D disorder

(fixed og = h2/2mo3 R)

05
50
b) %o 04
« ol : 4 z 06
= 30 k1 3 oo 03 05 N\
= 20} i % = 04| B
o oop : i3 & 02 ost ]
0 L it & P A 01 ol |
-1 -075 -05 -025 0 025 05 075 1 g 0

N , 03  -025 02
-1 -075 -05 025 0 025 05 075 1
z/L

L

L. Sanchez-Palencia, PRA 74, 053625 (2006)

PL, D. Clément, P. Bouyer, A. Aspect, M. Lewenstein, and L. Sanchez-Palencia, PRL 98, 170403 (2007)
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Density profile in the BEC regime
{ V2+V z)+gn.(z }\/nc

,U\/nc(z) healing length &: u = %
@ Thomas-Fermi regime: § < or

ne(r) > [u—V(2)]/9

%N

. —0.25 -0.2
L 1 1

o L L L
-1 -075 -05 =025 0 025 05 075 1
z/L
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Density profile in the BEC regime

{ vz L v(z)+gn(z } ) V/ne(z) =p\/ne(z) healing length &: u = ﬁzz

° ThomaS-Fel'ml I'egime: & << GR 08 L. Sanchez-Palencia, PRA 74, 053625 (2006)
05
= b V() WWWW
N§ 03+ 8:2 YAV E
: : = 0.4 1
@ Smoothing regime: & > or 0z f §13 ] ]
» 01 f AL . ]
ne(r) ~ [u— V(2)|/g L %oy em e
_ -1 -075 05 -025 0 025 05 075 1
V smoothed potential o 2/t
- 05 1:" VEW VA Vv Y
V(z) = /dz’Ga(z—z/)V(z’) 0 A A
Z 0.6 :
- V N: 0.3 0.5 _/‘W‘-:
V(q) = (q) > - 0.2 o5 i
14(ag) S2r ]
o1} 3 .
~ . 03 025 02
R ~ (GR/§)1/2 R [g > GR] -1 -075 -0.5 -0.25 0 025 05 075 1

z/L
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Scaling of the fragmentation threshold

Fragmentation threshold:
@ Thomas-Fermiregime (ogr >¢&): Vg pu
@ Smoothing regime (or < &): VR o< it = Vg o< u8/4
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Scaling of the fragmentation threshold

Fragmentation threshold:
@ Thomas-Fermiregime (ogr >¢&): Vg pu

@ Smoothing regime (or < &): VR o< = Vi oc /4

1.:)1E T T T T

F 1 7 ]

F : TF fragmented 7]

L L]

1L 1 Cd |

= U Lol

= F smoothed fragmented | ©, 27 f

— - I‘(f" 4

10° 15 P g E

b E 933 - 1 1

[ E S8 I TF BEC ]

- L A ] J
m -1 " 1

= W7E e 1 5

E_~=" _-smoothed BEC : E

- . op<t | o> i

107 tﬂ' L T L \l\\lu’l

107 10" 10° 10' 10°

1/ Eq
Smoothing regime: same scaling as in numerical study of Bose-glass transition of Fontanesi et al. PRL 103, 030403 (2009)

See also Aleiner et al. arXiv:0910.4534
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Many-body description of the weakly-interacting Bose gas

@ Grand-canonical Hamiltonian
Aop « & n? _, & 9 G et
K:H—yN:/dr b —%V +V(r)—u ‘P+§‘P Yy
@ Density-phase picture: ¥ = exp(i0)v/h

@ Quasi-BEC in 1D (suppressed density fluctuations):

P. Lugan Ultracold Bose gases in random potentials...



Ground state and excitations

@ Ground state: Gross-Pitaevskii equation (GPE)

h2
[—2mv2+v+gnc} Ve =py/ne

@ Excitations: density and phase fluctuations

A

—i "
0(r) = W ; [£(r)by—H.c.]

:m;[ by+H.c]

@ Coherence terms £+,
‘'wave functions’ of phase and fluctuations respectively
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Bogolyubov-de Gennes equations

@ Ground state: Gross-Pitaevskii equation (GPE)
h2
[—2mV2+ V+an} Ve = p1y/ne
@ Excitations: Bogolyubov-de Gennes equations (BdGEs)
h2
[—vaz+ V+ gn.— ] =gty
h2
[—2mV2 + V+3gn. — ] f, =evfy

= Bogolyubov quasi-particles

P. Lugan Ultracold Bose gases in random potentials... 29



Weak-potential: Vg < u

Develop 1st order perturbation theory around V = 0:
o GPE: B
gnc(r) =u— V(r)
@ BdGEs:
h? _, ~| .4 _
[_va + V- V] - = &,

h? ~
[va2+2y+V—3v] f, = gf)f
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Weak-potential: Vg < u

Develop 1st order perturbation theory around V = 0:

e GPE: B
gne(r) =u—V(r)
@ BdGEs:
h? ~
[—vah v-v] o= e,
h? ~
[va2+2y+V—3v] f, = gf)f
@ Introduce
1
+ + —
% = VPl +—=1
k k N k
1
G = ——=Mh +VPkh
k \/ﬁ k k
P = \/1+1/(kE)?
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BAGE: Schrédinger-like equation for a weak potential

14+ 4(kE)?

i(r) = V(r)— 1 2(kE)2 V(r)

Formally equivalent to a Schrédinger equation
for a non-interacting particle
with energy 72k?/2m (# &)
in a potential (r).

Valid in any dimension.
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BdGEs: screened potential

1.0

weeee bare
- - - smoothed

—— screened e/ g<n > = 0.1

0.5
----- screenede/g<n > = 10

V(z) /g<n>

40
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Lyapunov exponent of Bogolyubov quasi-particles in 1D

(ke

o= [SKQfw  SKE) =507

Screening function S

06 b

S(kE)

04 | .

02 —

S drops to zero in the phonon regime:
screening of the external potential.
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Lyapunov exponent of Bogolyubov quasi-particles in 1D

Vver (W\?  KPor
M Y2 (2R) 2R (2kor)
8 \u/ [1+2(kg)
Speckle potential:
TE(u/ V) orR=37& or=12¢§
0.02 07 T
061\
051\
un 2 0T
;E 0.01 93" ‘_00123456
V% \\‘@ or/é
, -

oW ___ 2 -
0.25 0.5 0.75 klzf 12515175 2

kg

PL, D. Clément, P. Bouyer, A. Aspect, and L. Sanchez-Palencia, PRL 99, 180402 (2007)

White noise limit: N. Bilas and N. Pavloff, EPJD 40, 387 (2006)
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Anderson localization of non-interacting particles

@ Localization in potentials with exotic correlation functions
@ Localization properties in a trap
@ Consequences of special correlations on localization in 2D, 3D

V.
Ground state of weakly-interacting disordered Bose gases |

@ Experiments at fragmentation threshold Deissler et al. arXiv:0910.5062v1

@ Beyond-mean-field description of fragmented regime

v
Anderson localization of Bogolyubov quasi-particles ‘

@ Experimental observation with Bragg spectroscopy

@ Higher dimensions (2D, 3D), mobility edges in 3D
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Comparison with transfer matrix calculations

Lyapunov exponent in a speckle potential

Y ORr
1

ER = VR/(FLZ/szZR)

Born (n=2)
Born+2 (n = 2..4)
numerics (TM)

" ko
20 UR

Transfer matrix calculations by D. Delande
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Boundaries in the quantum state diagram

@ pure T-F BEC versus smoothing :
o = h?/2mao? Vg is fixed
GR ~ & ie. Il'l: aRVR

@ single BEC versus fragmentation :

=~ Vg = Vo /Z0(04 /E)

i/ Ve = F(\/u] Ve / /@)

@ Lifshits regime :

%L(IJ) S Vmax
Scaling arguments:
ymax — L G(OCR)

Now(e) = ((XR,S/ WR)
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Smoothing and fragmentation in the BEC regime

o 3 &
S 5| < smoothed fragmented
— ] =
Il E 10
E o / ~ ] E - [
=10 P “~ E =10 - i
/ smoothed BEC ~ °~. gn>f E| - smoothed BEC :
/ : o<t "o d ow<t Lok
107 - n 10
107 107! 10° 10' 10° 107 107! 10 10! 10°
1/ Ve 1/ Eq
(a) Slopes: —1, 3, 00 (b) Slopes: 3/4, 1, co
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BdGE: the decoupling basis

h2 h2k2
—— Vg5 = +
2m Yk 2m Yk
h? h2k?
V%~ = —p? -
2m Ik P 2m Ik

Boundary conditions (BC): zero Dirichlet or periodic.

@ Oscillating modes g,f are quantized by BC.

@ Evanescent modes g, are forbidden by BC in the absence of an
external potential.
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Elastic scattering of BQPs: envelope function

T (k' —K)/ V(K —k) with k".k = k? cos(0)

Vvl b5

k & cos(6)

single particles: s-wave scattering pattern
phonons: p-wave scattering pattern

First studied by C. Gaul and C.A. Miller, Europhys. Lett. 83, 10006 (2008)
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Lyapunov exponent of BQPs in the Born approximation

Lyapunov exponent: (In|gy (z)|) ~ —Ik|z]

Known: )
Ver [(2m ~

C«(q) Fourier transform of the autocorrelation function of % (r)
Wiener-Khinchin:

Here:
A 2 -~ 7
U(2)=V(2)- mvw Vo) = 1+Végé>
T2 = SUOVEK), 5k = 20
Conclusion:

Ty = [S(KE)|* Y« (yk: free particles)
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Lyapunov exponent of BQPs: numerical calculations

0.00 ! L
0.0 05 1.0 1.5
kg
with smoothed potential with exact density profile
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