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Unwanted Disorder
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Controllable Disorder

» Laser speckles
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Inguscio et al., PRL 95, 070401 (2005)
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Mean-Field Approach

» External random potential U(r)
> zero average U(r) =0

Freie Universita

» given correlation function U(r)U(r’) =R(r—r’)
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Mean-Field Approach
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» External random potential U(r)
> zero average U(r) =0

» given correlation function U(r)U(r’) =R(r—r’)

» Gross-Pitaevskii equation
-

-——V24U
2m T

(r— Ekut) +Jd3r'V(r— r)u*(r, tw(r, t)] w(r, t)=i

ov(r, t
D
ot

FU Berlin, BEC in Disordered Potentials, NYS 2014

«0O0>» «F» «E» <«

>

DA




Mean-Field Approach

» External random potential U(r)
> zero average U(r) =0

Freie Universitat

» Gross-Pitaevskii equation
&

2
—o ViU

» given correlation function U(r)U(r’) =R(r—r’)
m

(r— Ekut) +Jd3r'V(r— r)u*(r, tw(r, t)] w(r, t)=ih

» Hydrodynamic equation fromr —r+ %kut and

i 2kZ
\U(r, t) — a(r)ei(ﬁ(r)e/ksre_ﬁ (“JFW

) and K=ks — ky
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Mean-Field Approach

» External random potential U(r)

> zero average U(r) =0

» given correlation function U(r)U(r’) =R(r—r’)

» Gross-Pitaevskii equation

A2 h
—— V2 U|r-—kyt AABrvir—r v, v, t) | w(rt
{Zm Pt ( mu)-*‘f ( (', H)w( )} (r.t)

ov(r, t
vt
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» Hydrodynamic equation fromr —r+ %kut and
i 2kZ
‘ ST YRR [
W(r, t) = a(r)e/®(Meksre 7 (“Jr om ) and K=ks — ky

ﬁz 2 2 ﬁz 3 2

[—%(v ~ (V9(r) ))+;K-V¢(r>+U(r)—u+jd rv(r—r)ai(r )] a(r) 0

v[a’(r(Ve(r)+K)] = 0
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

I‘Iskfs + nyky
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

m_—_
F](l‘) = nsk;JrnNkU =(ns + nn)ks—(nsAks + nyK)
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

m_—_
F](l‘) = nsk;JrnNkU =(ns + nn)ks—(nsAks + nyK)
1.
=—vivw — yvyt
2i
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

m_—_
F](l‘) = nsk;JrnNkU =(ns + nn)ks—(nsAks + nyK)
1.
=—Vivy —yvut =
2i

nks+

Aj
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

)_ Berlin

=—Vivw —wvvf =
2i

m_—_

F](l‘) = nsk;JrnNkU =(ns + nn)ks—(nsAks + nyK)
1

D 2

— €kin(r) =nsks +nNk5

nks+

Aj
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

A2

m_—_
F](r) = nsk;JrnNkU =(ns + nn)ks—(nsAks + nyK)
1
=—Vivy —yvut =
1
m

nks+

Aj
€xin(r) =nskg2 + nnk? =(ns + ny)k2—2(ns Aks + nyK)ks+nsAks? + nyK?
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Two-Fluid Model
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» Separate momentum and energy densities with k; =ks — Aks

A2

m_—_
F](r) = nsk’5+nNkU =(ns + nn)ks—(nsAks + nyK)
1
=—Vivy —yvut =
1
m

nks+

= VWivw —¢g =
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Two-Fluid Model

¢ Berlin
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» Separate momentum and energy densities with k’S =ks — Aks

A2

m_—_
Fj(r): nsk’5+nNkU =(ns + nn)ks—(nsAks + nyK)
1
=—Vivy —yvut =
1
m

nks+ Aj
€xin(r) =nskg2 + nnk? =(ns + ny)k2—2(ns Aks + nyK)ks+nsAks? + nyK?
= VWivw —¢gq = nk§+ 2Ajks+ €s
» Equating and solving gives
1 6
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6
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n
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Two-Fluid Model

VS
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» Separate momentum and energy densities with k’S =ks — Aks

A2

m_—_
Fj(r): nsk’5+nNkU =(ns + nn)ks—(nsAks + nyK)
1
=—Vivy —yvut =
2i
m

nks+

Aj
€xin(r) =nsk;2 + nnk? =(ns + ny)k2—2(ns Aks + nyK)ks+nsAks? + nyK?
= VWivw —¢gq = nk§+ 2Ajks+ €s
» Equating and solving gives
1 6
ns=n—m-m-}m, nN=n——-—
>~ s
5 . ] nes — Aj?
Aks = ——Aj— 5K, with § = -
n (nK + Aj)?
» With hydrodynamics: n=a?, Aj=a2V¢, €5 =a?(V9)?, € = (Va)?
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Weak Disorder

Perturbation Theory
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Perturbation Theory

a

Berlin
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» Expand amplitude and phase with small disorder

ap+ai+azx+...
Vo = Voo+Vo1+Veo+...
» 0t order: due to homogeneity, ag(r) = ap and ¢o(r) =0

u=agV(k=0)
note: V(k =0) is angle dependent for dipolar interaction
Nikoli¢ at al., PRA 88, 013624 (2013)

» 15t order: the Fourier transforms of solutions

—aoU(k)
a1(k) n2k2 _ o n2 (Kk)? 2
Uk _ ol (KKE L 2a2v(K)
o = 20K b
1 = 2 2K2 2 (KK)2
k? Tk _on (KW 1 2a3V(k)
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Perturbation Theory
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» Auxiliary integrals

o %_Jddk’R(k’) 1
ag (2m)¢ (DK o () +2a2V(k’)]2
i = —ZMZJddk/R(k/) 4k,(k'2) ,
ao (2m)d [f2 ol KK 5q ZV(k/)f
by — Jddk/R(k/) Kk’2
@mT e _or MR |5 a2ya0)]?
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Perturbation theory
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» 2" order, with I1 = laj — Klcd, 12 = 5 (luv — Kla))

erlin
S I2 — lega2V(k — 0) — 2 (<KGd1)
(k) = (@m’s(kjao——— T
2 (agv(k—0)- )
2 (KK)(kl)
K(kK) I2 = leqagV(k = 0) = === k(kly)
Vhak) = (@m(k) | -5 mk,z" S
a2V(k - 0) - 1 (K&
» Change in physical observables
_ 2
n= 4
Aj =

as (1 +Isqg+2az/ao0 +
2

ny =

)
(—lai+ Vg2 +...)
Kljy,
2 2
= a052+ 0 K2 +...
;K
Aks—ks—K. = lgj— —

—K-V
P2 2
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=" =V¢>
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Weak Disorder

Contact interaction
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Superfluid and Condensate Depletion

N —No(s)

Freie Universitat

)_ Berlin
» Contact interaction V(k) = g and é-correlated disorder R(k) =R
NHm
4

3

_ m2R4/n
MM = 20ms /g
sl

Huang and Meng, PRL 69, 644 (1992)

S SO ST B I
0.0 0.2 0.4 0.6 0.8

1.0
Figure : For K= 0 the ratio between them is 4/3 and increases to 2 when the

superfluid velocity reaches sound velocity 4/ %
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Regularization problem
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» Divergent I,y for vanishing correlation length: R(k)

d3K’R(K’)
luv = J

_ R
~ 1+k202
k/Z
2m)3 n2k’2 A2 (KK 2
( ) |: 5m 2m ( klz) +282V(k')]
Rm2ks | 1 3 K\? ke
~ —_— == 1-(— ] +
nh* | oke 2 ke
mn
with k¢ = J

K
—arcsin— -
K ke *
5 being the sound wavevector
» Schwinger trick: A=" =T~1(n) [~ dtt"~leAt

IUV

3RM2k, K\° ke K

= —— 1-{—] + —arcsin—
2mh* ke K k

» Note: in 3D change in the sign accelerates superfluid

C
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Regularizable quantities
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Ki-ks n

K

» Change in the superfluid velocity

Nhm

with regularization
oY% —0,1,1,1,2,5

without regularization
Jmng _ 1 1 1 11

Y 0%~ =33.1678 2 2/ L
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Strong disorder

Homogeneous system

FU Berlin, BEC in Disordered Potentials, NYS 2014

«0O» «F»

APAN G4

17



Freie Universitdt
Gaussian ansatz

» Assumption: cumulants of 3rd and higher order are zero
» Second cumulant in homogeneous systems is

Gau(r) =a(r+r)u(r)-au
» Example of expansion (with U = 0)

a(ri)a(r2)u(rs) = a(Gau(rz —r3) + Gau(ri — r3))

» Restrict to K= 0 and V(k) = g case

ﬁ2
GP: ——V2 1 U(r) - a’(r)|a(r) = 0
[Zm +()u+9()}()
GP: Gau(0) —ua+gna+29Gaa(0)a = 0
_ h2k?2
GPU(r) : (Zm —u+3ng)Gau(k) — —aR(k)
h2k2
GP a(r): (Zm —u+3ng)Gaa(k) = —aGua(k)
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Self-consistency equations

n
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» Condensate density a and equation of state u(n):

1+ /2
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Self-consistency equations

n
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» Condensate density a and equation of state u(n)

| d3k
1+/aa' aa =

(2m)3 (ﬁ2k2
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Self-consistency equations
» Condensate density a and equation of state u(n)
3
) n B d’k R(k)
a = —1 I laa = 213 [ ke
+laa (2m) (ﬁk u+3ng)
| 1+ 3lag | J d3k R(k)
U+ =an , U =
U : (2m)3 Pk ﬁzkz —U+3ng
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Self-consistency equations
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1 Berlin
» Condensate density a and equation of state u(n)
3

) n B d’k R(k)

a = ﬁ' laa = 21)3 [ h2K2
o G (B _ 14 3ng)’
| 1+ 3lag | J d3k R(k)
+u =gn ) =
wrH =g 1+/aa Y (2m)3 ke ﬁzkz —HK+3ng

» Bose-glass phase

_ b _ b _
a 0 Iaa_oo,u 3ng
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Self-consistency equations
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g i Berlin
» Condensate density a and equation of state u(n)
3

) n B d’k R(k)

a = —1 I laa = >m)3 ua
o G (B _ 14 3ng)’
| 1+ 3lag | J d3k R(k)
+u =gn ) =
WEH=9 1+/aa 2 (2m)3 m°k ﬁzkz —u+3ng

» Bose-glass phase

_ b _ b _
a 0 Iaa_oo,u =3ng
consistent with renormalization procedure

o d*k R(k) e
CaUT ) em3 ik T g
2m
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Results
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» Plots for condensate density and chemical potential

i

gn
30

251

201

151/

Figure : 0¥2™9 _0,1/4,1/2,1,2, and 4

FU Berlin, BEC in Disordered Potentials, NYS 2014

«O0>» «F»r» <«

it
N)
p
e

20



Freie Universitd
Results

» Density and condensate density vs. chemical potential
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Figure : R™5¢ = 0, 1/2, , 3m/2, 2, and 5m/2. Thick black and red lines show
Bose glass phase and first-order phase transition, respectively.

" . 4
> Border of first/second order transition: R1_201-2 = &
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Strong disorder

Local density approximation
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Local density approximation

Freie Universitd
» External potential V¢(r) =

> p(r) = po — Vi(r)

9
Ncoy —

» Density (solid) and condensate density (dashed) profiles:

Neoy —
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Outlook

Freie Universita

W) Berlin

» 1D ring system - (non) perturbatively
» Superfluidity in strong disorder (K # 0)

» Numerical calculation of dipolar BEC in disorder
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