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1.1 Overview of Set-Ups

Superfluid Helium in Porous Media:
Crooker et al., PRL 51, 666 (1983)

Laser Speckles:

Lye et al., PRL 95, 070401 (2005)
Clément et al., PRL 95, 170409 (2005)

Wire Traps:

Krager et al., PRA 76, 063621 (2007)
Fortagh and Zimmermann, RMP 79, 235 (2007)

Localized Atomic Species:

Gavish and Castin, PRL 95, 020401 (2005)
Gadway et al., PRL 107, 145306 (2011)

Incommensurate Lattices:

Damski et al., PRL 91, 080403 (2003)
Schulte et al., PRL 95, 170411 (2005)



1.2 Laser Speckles: Controlled Randomness

Experimental Set-Up:

Jois:

speckle beam BEC ceff

> | ]

diffuisive plate

Fragmentation:

Lye et al., PRL 95, 070401 (2005)



1.3 Wire Trap: Undesired Randomness
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Krager et al., PRA 76, 063621 (2007)
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2.1 Model System
Action of a Bose gas:

hB 2
A = /0 dT/d3$ {w*(x,f)[ﬁi—;:;WAJrU(X)ﬂLV(X)— Y(x,7)
9

+ 2w )P, T>2}

Properties:

3
: Py M 2.2
e harmonic trap potential: ~ U(x) = —- ;wi F
e disorder potential: V' (x) ; bounded from below, i.e. V(x) > 1}
e chemical potential:
B Amh?a

e repulsive interaction: ¢ = i

e periodic Bose fields:  ¢(x,7 + i) = ¥(x,7)




2.2 Random Potential

Disorder Ensemble Average:
T:/DVOP[V], /DVP[V] _1, PV <Vi]=0

Assumption:

Characteristic Functional:

exp {z / Dz j(x)V(x)}

— " . .
:exp{zn!/dD:cl---/dD:EnR(n>(X1,...,Xn)](xl)---](xn)}
n=2




2.3 Grand-Canonical Potential

Aim:
1
Q = —=InZ
p
z j(,{ D e =AW W/
Problem:
InZ#InZ
Solution: Replica Trick
1., 2ZN_—1
€= B 1%71210 N

Parisi, J. Phys. (France) 51, 1595 (1990)
Mezard and Parisi, J. Phys. | (France) 1, 809 (1991)



2.4 Replica Trick

Disorder Averaged Partition Function:

ZN = 7{ { I1 D%a} Sat A(a bal) /1 — 7{{1—[ Dz%} — AN

Replicated Action:
hB N . o h2
AN /0 dT/dng; {wa(X,T) [h(%' — QMA + U(x) — ,u] Vo (x, T)

—f—% |¢a(x,7)\4} i%( )” 1/hﬁdﬁ /hﬁdTn/d T - /dDwn

X Z Z R™ (X1, -+, Xn) ‘wal(xly 7'1)‘2 o | Yag (X, Tn)|2

Oén—l

—> Disorder amounts to attractive interaction for n = 2
—> Higher-order cumulants negligible in replica limit N — 0
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3.1 Bogoliubov Theory of Dirty Bosons

Assumptions:

homogeneous Bose gas: Ux)=0

d-correlated disorder: Vix)=0, V(x)V(x')=Rd(x—x)

Condensate Depletion:

M2R no
no—n——\/_\/ano — 7-‘_3/27:&4@/

Superfluid Depletion:

4 M2R ()
=N —Np =N — =
e 3 83214\ a

Huang and Meng, PRL 69, 644 (1992)
Falco, Pelster, and Graham, PRA 75, 063619 (2007)
Graham and Pelster, Proc. 9th Int. Conf. Path Integrals, World Scientific (2008)
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3.2 Collective Excitations

Typical Values:

Lye et al., PRL 95, 070401 (2005) = | ' '
& os
3 T _
o = 10 um S 0.6} 0,0=1
) . oR7p >~ N\ 0,1=2
RTF = 100 pum o = 5 ~ 7 2\9/0.4:
lho = 10 um lHOﬂ 300 N

0

o
—
1
[\ ]
1
w
N

—> Disorder effect vanishes in laser speckle experiment
Improvement:

laser speckle setup with correlation length o = 1 um
Clément et al., NJP 8, 165 (2006)

— Disorder effect should be measurable

Falco, Pelster, and Graham, PRA 76, 013624 (2007)

t
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3.3 Shift of Critical Temperature

AT.N1/6
7
solid: Gaussian
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Timmer, Pelster, and Graham, EPL 76, 760 (2006)
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3.4 Superfluid Density as Tensor

Linear response theory: p;, = VM (nnijvni + Nsijvsi) + - -

M. Ueda, Fundamentals and New Frontiers of Bose-Einstein Condensation (2010)

Dipolar interaction at zero temperature:
—> no anisotropic superfluidity
Lima and Pelster, PRA 84, 041604(R) (2011); PRA 86, 063609 (2012)

Dipolar interaction at finite temperature:
—> Directional dependence of first and second sound velocity
Ghabour and Pelster, PRA 90, 063636 (2014)

Dipolar interaction and isotropic disorder at zero temperature:
Krumnow and Pelster, PRA 84, 021608(R) (2011)
Nikoli¢, Balaz, and Pelster, PRA 88, 013624 (2013)

Condensate depletion larger than parallel superfluid depletion:
—> Finite localization time
Graham and Pelster, IUBC 19, 2745 (2009)
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4.1 Order Parameters

Definition:
i W) = o
i [REAFETE ~ (040
Note:

g is similar to Edwards-Anderson order parameter of spin-glass theory

Hartree-Fock Mean-Field Theory:

Self-consistent determination of ng and ¢ for R(x — x’) = RJ(x — x’)

Phase Classification:

gas Bose glass superfluid

q=ng=0 q>0,n9g=0 q>0,n9g >0




4.2 Hartree-Fock Resulis

Isotherm: 1" = const. Phase Diagram: ;. = const.

disorder strength R = const.

n
A
R> R, R
SUDET- A Bose continuous
R < R, }'11%1(1 glass |~
superfluid gas
Ny, fereeersmmmeeeeesensst iy R oo |
NBEQ [ressmmeneeeies Bose glass \ém order
3 gas ~ > T
MBEC Hm MM 8 Tec 1e

Graham and Pelster, IUBC 19, 2745 (2009)
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5.1 Self-Consistency Equations

n(x) = no(x) + q(x) + (%)

h2

[—,u + 2gn(x) + V(x) — D Qo(x) — gng(x) — %A Vno(x) =0

n " no(x) + q(x)
00 =00(2-3) (012) vz S 100 D@7

M n/2 »
Qm(X) =TI (1 — g) (27Th2> [—ihwm — U —+ 29n(x) + V(X) — D Qm(x>]1 /2
L >0 . Qm(x) B 271-—m
) =l 2, TR en =G

Khellil and Pelster, JSM 063301 (2016)
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o Weak disorder: D = 0.016
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e Stronger disorder: D = 0.386
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Khellil, Balaz, and Pelster, NJP 18, 063003 (2016)

5.2 Quasi-1d Case, T=0

Green = Variational
Red — Numerical
Blue — Analytical
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5.3 Isotropic 3d Case, T=0

~

e Density profiles: d = 0.2
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Khellil and Pelster, arxXiv:1512.04870
Nattermann and Pokrovsky, PRL 100, 060402 (2008): d. = 0.115
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6.1 Bose-Einstein Condensation of Liaht

Pump beam Mttt
£
)
Set-Up =[] ‘&l
Camera/
¥ Spectro—
meter
Result

*
10Cpm 0 L100pm

*
-100pum 0 100um

Klaers, Schmitt, Vewinger, and Weitz, Nature 468, 545 (2010)
Pelster, Physik-dournal 10, Nr. 1, 20 (2011); Physik Journal 13, Nr. 3, 20 (2014)
Kopylov, Radonji¢, Brandes, Balaz, and Pelster, PRA 92, 063832 (2015)
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6.2 Mapping Between Quantum Gas Experiments

e Time transformation: = \%(1)

Jackiw, Ann. Phys. 129, 183 (1980)
Cai, Inomata, and Wang, PLA 91, 331 (1982)

e Transformation formulas:

(o) A spacetime mapping between

7 iMn )2 A 4 two different experiments
¢(r, t) — e 2k AT )\D/2¢(>\r7 T(t)) r:rail;zlt)astzrvables

% Mr? 1 d\?* phase
(I‘, ) ( r, 7'( )) + 9 ()\2 dt)  spatil

O(r, v, t) = NOPRUN e, MO, 7(2))

Experiment B

> time
0 ts ta

Wamba, Pelster, and Anglin, PRA 94, 043628 (2016)
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