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,Jsual“ gases : Short-range interactions

In typical experiments up to now the
atoms interact via short-range isotropic
Interactions

The interaction iIs given by the s-wave scattering
length “a”
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Dipolar gases

[ Rydberg atoms }

Dipolar
gases
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[Griesmaier et al., PRL 94, 160401 (2005)]
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Atoms with large
magnetic moment

Chromium BEC

Lecture of Th. Lahaye

[ Polar molecules J

Lecture of H.P. Blchler



Dipole-dipole interaction
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Dipolar gases: Tunability

[Giovanazzi et al.,

The strength of the dipolar interaction can be tuned  rri s, 130401 (2002

: Bp .
C V()= {L-3cos )
B,
¢ —%ga:%(?ucosz ¢—1)£1

/ Normal configuration\ / Inverted configuration\

‘ o >0 ‘ a<0

Attractive Repulsive

interacti* ‘ interacti % ‘
\ Repulsive interaction / \ Attractive interaction/




Overview

Introduction to dipolar gases
*Nonlocal NLSE

«Stability

Multidimensional bright solitons
*\ortex-lines in dipolar BEC

Stable dark nodal planes



,,Usual* BEC: Gross-Pitaevskii equation
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L ) V)= R (- = gatr )

Interatomic distance

At low Temperatures the BEC physics is given by a
nonlinear Schrédinger equation with local cubic nonlinearity

/ Gross-Pitaevskil equation \
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External potential (trap) ~ Atom-Atom interactions/




Dipolar BEC: Nonlocal nonlinearity

At low temperatures the physics of a dipolar BEC is
given by a nonlocal nonlinear Schrddinger equation

/ Nonlocal NLSE \
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< 4

Generally g(d) Close to the shape resonances the
(shape resonances) form of the pseudopotential must be
[Yi & You, PRA 61, 041604 (2000); in general corrected

Ronen et al., PRA 74, 033611 (2006)] [Wang, arXiv:0704.3868]



Dipolar BEC: Nonlocal nonlinearity

At low temperatures the physics of a dipolar BEC is
given by a nonlocal nonlinear Schrddinger equation

/ Nonlocal NLSE \

_hz 2 . . 2
Vo+V (I, t)+ r,t) +
ihgw(ﬂt)m o (F,t)+glw (F,1) (7.0
-+ drv, (=P (70

< 4

Plasma physics
[Litvak et al., Sov. J. Plasma Phys. 1, 60 (1975)]

Nematic Liquid Crystals
[Peccianti et al., Nature 432, 733 (2004)]

»Usual“ BEC (——> Kerr media Dipolar BEC (—)




1D gases: Confinement-induced resonances

How atoms interact under constrained geometries?
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Confinement-induced resonances in 1D dipolar gases

[S. Sinha and L. Santos,
PRL 2007;
arXiv:0705.1668]

How dipolar particles ) \
Interact in 1D geometries? 4 i
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Even if a; >> d?
the dipole may change
completely the properties
of the 1D gas, since 9,
may change its sign !!




Confinement-induced resonances in 1D dipolar gases

[S. Sinha and L. Santos,
PRL 2007;
arXiv:0705.1668]

How dipolar particles ) \
Interact in 1D geometries? 4 i
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Dipolar gases. Homogeneous solution. Phonon instability

Homogeneous BEC

Y (F) = \/ﬁeiﬂt

Homogeneous BEC + Excitations
Linearization : Bogoliubov analysis
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Dipolar gases. Homogeneous solution. Phonon instability

. . . . E.. (k)=r%k>/2m
£(K)? = Eygy (K)| By (K) + By ()

E,(K) =2g(L+ B(3cos? . 1)/ 2)
87ad®/3  dipole
g short-range

p

If £(k —0)? <0 > phonon instability

Stable phonons only if

E,..(K) >0 ) E_lgﬁgz }




Dipolar gases: phonon-roton spectrum

Dipoles (with >0) Average repulsive
In a pancake trap dipolar interaction

'
B =8 4=

Phonon-instability is geometrically avoided

W,

[Ja)pla)z <041 }

o P [Santos et al., PRL 85, 1791 (2000)]




Dipolar gases: Phonon-Roton spectrum

What happens if 1/a)p/a)Z <041 ?

The dispersion law shows a roton for
sufficiently large dipole-dipole interactions

Single particle Dominant contact
3.0 w ‘ :
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€ —
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Roton

The gas becomes eventually unstable when the roton touches zero

[O*Dell et al., PRL 90, 110402 (2003); Santos et al., PRL 90, 250403 (2003);
Ronen et al., Phys. Rev. Lett. 98, 030406 (2007); Komineas and Cooper, Phys. Rev. A 75, 023623 (2007)]



Overview

Introduction to dipolar gases
*Nonlocal NLSE

«Stability

Multidimensional bright solitons
*\ortex-lines in dipolar BEC

Stable dark nodal planes



Overview

Introduction to dipolar gases
*Nonlocal NLSE

«Stability

*Multidimensional bright solitons
*\ortex-lines in dipolar BEC

Stable dark nodal planes



Nonlinear BEC Physics. Solitons

(a)

[Burger et al, PRL 83, 5198 (1999)]
[Denschlag et al., Science 287, 97 (2000)]
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4 Gross-Pitaevskil equation A
ihgw(F,t) = {_h V2 +V (F,1) + 4r’a NW(F,t)Z}w(F,t)
ot 2m m
N /
/Dark Solitons (a>0) Bright solitons (a<®

[Strecker et al., Nature 417, 150 (2002) ]
[Khaykovich et al., Science 296, 1290 (2002)]

1D NLSE — >

[Zakharov & Shabat.,
JETP 34, 62 (1972)]

/

[ Continuous solitons become unstable in 2D and 3D }




. ; I . . P. Pedri and L. Santos,
Nonlocal nonlinearity. Multidimensional solitons  pay s, 16046 (005
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Nonlocal nonlinearity. Multidimensional solitons

3D Analysis of the lowest-lying excitations () ()

Crucial role of the anisotropy
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3D instability 2D instability




Nonlocal nonlinearity. Inelastic soliton scattering

[R. Nath, P. Pedri and L. Santos, PRA 76, 013606 (2007) ]

I external potential ~___

S The dipole-dipole interaction induces

X ‘/. r , interlayer effects between fully
disconnected layers

— ’

two dimensional solitons in different layers

E(r)

Purely dipolar soliton-soliton interlayer

molecular potential \r/




Nonlocal nonlinearity. 1D scattering

Fusion — ¢
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Nonlocal nonlinearity. 2D scattering

2D Scattering: Spiraling solitons

[Mitchell et al., Opt. Comm. 85, 59 (1991);
Shih et al., PRL 78, 2551 (2000)]
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Vortices and vortex lines

Quantized vortices
[Onsager 1949; Feynman 1955]

[Matthews et al, PRL 83, 2498 (1999);
Madison et al., PRL 84, 806 (2000);
Raman et al., PRL 87, 210402 (2001)]]



Vortices and vortex lines

Vortex lines




Vortices and vortex lines

Vortex lines can have transverse
vibration modes like a string

Kelvin modes

[Pitaevskii, JETP 13, 451 (1961)]

E(k) = —k2Inké&

[V. Bretin et al, PRL 90, 100403 (2003)]




Vortices in dipolar gases

[M. Klawunn, R. Nath, P. Pedri and
L. Santos, arXiv:0707.0441]

[N.R. Cooper, E.H. Rezayi, and S.H. Simon, PRL

Vortices and 95, 200402 (2005); Zhang and Zhai, Phys. Rev. Lett.

vortex lattices 95,200403 (2005); Yiand Pu, PRA 73, 061602
. ; (2006); O‘Dell and Eberlein, PRA 75, 013604
In dipolar gases:  (2007): komineas and Cooper, Phys. Rev. A 75,
023623 (2007)]

What Is special
with vortex lines
In dipolar condensates ??

How are the
Kelvin modes
In dipolar BEC ??




Vortex lines In dipolar gases: additional optical lattice

1h—Y =+

-

\+IdF

h°V*

Y(r')

+g¥(r)
m

2Vd (F - F')

(1)




Vortex lines in dipolar gases: additional optical lattice
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Vortex lines In dipolar gases: additional optical lattice
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Vortex cores in dipolar BEC: 3D vs. 2D

g Wy (F,t) =y, (p)e" e " o
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Vortex cores in dipolar BEC: 3D vs. 2D

4 # o N
¥, (F,t)=w,(p)ee " d(2)
—hz 2 hz 2
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The dependence of the vortex
core on the dipole strength
depends on the dimensionality
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The vortex core depends on

the trap geometry



Kelvin modes: Bogoliubov analysis
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Kelvin modes: Bogoliubov analysis
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[Pitaevskii, JETP 13,
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Kelvin modes in dipolar gases
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Kelvin modes in dipolar gases




Vortex lines: Dipole-induced ,,rigidity“

‘ IB >0 The bending
Attractive Increases
interact% ‘ the DDI

Repulsive interaction Vd ﬁ

~

The dipole-dipole interaction
makes the vortex line
more rigid

/




Vortex lines: Dipole-induced ,,softness*

,B <0 The bending
‘ ‘ decreases
Attracti;\ ‘ Repulsiv&‘ ‘ the DDI
interac interac
Repulsive interaction Attractive interaction

~

The dipole-dipole interaction
makes the vortex line
less rigid

/




Vortex lines: Dipole-induced ,,softness*

The bending

‘ ‘ decreases

Attractive Repulsive the DDI
interac"\ ‘ interac‘\ ‘
Repulsive interaction Attractive interaction Vd @

Eventually a sufficiently
large dipole could
destabilize the
straight vortex line
but without an
additional lattice this
only occurs for B<-1

(phonon instability) /




Vortex lines: Kelvon-roton spectrum

The bending
‘ ‘ decreases
Attractig\ ‘ Repulsiv&\ ‘ the DDI
interac interac
Repulsive interaction Attractive interaction

~

For sufficiently large
m*>m one obtains a
kelvon-roton spectrum

The roton can eventually

become unstable




Vortex lines: Kelvon-roton instability

The bending
‘ ‘ decreases
Attractig1 ‘ Repuls&1 ‘ the DDI
interac interac
Repulsive interaction Attractive interaction

T N

For sufficiently large

05 )
-)‘:E 0 STABLE m*>m one obtains a
~ elvon-roton spectrum
& o3
02 1e roton can eventually
01 NSTABLE become unstable
%0z 104 08 08 1

\_ Bl -




Vortex lines: Kelvon-roton instability

Softer Stiffer
Kelvin Kelvin
modes | modes

Instability
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Phonon-Roton vs Kelvon-Roton
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3D Dark solitons

Stable dark solitons : transversal length < healing length

[Muryshev et al. , Phys.Rev. A 60, R2665 (1999)]
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3D Dark SOI itOI’]S in dipOIar gases [R. Nath, P.Pedri and L. Santos, in preparation]

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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3D Dark solitons in dipolar gases

[R. Nath, P.Pedri and L. Santos, in preparation]

———. ih—LP:< 2m

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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3D Dark SOI ItOﬂS |n d | pOIar gases [R. Nath, P.Pedri and L. Santos, in preparation]

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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Transversal excitations of the nodal plane
Increase the dipolar energy



3D Dark SOI ItOﬂS |n d | pOIar gases [R. Nath, P.Pedri and L. Santos, in preparation]

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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Ree(d) 4T
U 03- _
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stability —————5—
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0 0.3 0.6 0.9 ‘\1.2 15
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18 e

Instability for large momenta
(actually prevented by the optical
lattice itself)




3D Dark SOI ItOﬂS |n d | pOIar gases [R. Nath, P.Pedri and L. Santos, in preparation]

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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3D Dark SOI ItOﬂS |n d | pOIar gases [R. Nath, P.Pedri and L. Santos, in preparation]

Dipolar interactions can prevent the long-
wavelength instability of nodal planes
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Overview

1D Dipolar gases: modified CIR
o Stable inelastic 2D bright solitons

e Unstable transverse excitations
of straight vortex-lines

« Stable dark nodal planes



Dipolar gases: Rich new physics

-

See lecture
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Lahaye :
[ 2 4 6 8 10 12 14
time of flight [ms]

Expansion dynamics \
[Stuhler et al., PRL 95, 150406 (2005);
Giovanazzi et al., PRA 74, 013621 (2006);
T. Lahaye et al., Nature 448, 672 (2007).]
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Einstein-de Haas effect

[Kawaguchi et al., PRL 96, 080405 (2006);
Santos and Pfau, PRL 96, 190404 (2006) ;
Gawryluk et al., cond-mat/0609061;
Santos et al., PRA 75, 053606 (2007)]

//\ 000

0® O™ See lecture of Y.
Kawaguchi

/ Quantum phases in lattices \

[Géral et al., PRL 88, 170406 (2002); Wang et al, PRL 97,
180413 (2006); Wang, cond-mat/0611394; Dalla Torre et al,
PRL 97, 260401 (2006); Arglelles and Santos, PRA 75,
053606 (2007); S. Yiet al., PRL 98, 260405 (2007);
Menotti et al., Phys. Rev. Lett. 98, 235301 (2007)]

\ /
/ Fermionic dipolar gases \

[Baranov et al., PRA 66, 013606 (2002);
Baranov et al., PRL 92, 250403 (2004)]

Strongly-correlated systems

[Baranov et al., PRL 94, 070404 (2005); Rezayi et al., PRL 95,
160404 (2005); ]

Quantum information

[Brennen et al., PRL 82, 1060 (1999); Jaksch et al., PRL
\ 85, 2208 (2000); DeMille., PRL 88, 067901 (2002)]
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