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Ultracold trapped dipolar gases @
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Theoretical methods @
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Ultracold gases 1n ““artificial” magnetic fields

Ultracold gases and quantum information

Ultracold low dimensional gases



Ultracold dipolar gases



Strong dipolar effects in -
and Rydberg excitation of - a BEC

Tilman Pfau
Universitat Stuttgart

Deutsche
Forschungsgemeinschaft

DFG
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A quantum ferrofluid
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A quantum ferrofluid

First perturbative dipolar effects:

J. Stuhler, A. Griesmaier, T.
Koch, M. Fattori, S. T
Giovanazzi, P. Pedri ]

L. Santos, T. Pfau

PRL 95, 150406 (2005)
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A quantum ferrofluid

First perturbative dipolar effects:

J. Stuhler, A. Griesmaier, T.
Koch, M. Fattori, S.
Giovanazzi, P. Pedri

L. Santos, T. Pfau

PRL 95, 150406 (2005)
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Ultracold Heteronuclear Molecules
m

Universitat Hamburg AG Sengstock

Ultracold chemistry:

First formation of ultracold heteronuclear
molecules in an optical lattice using a
40K/8’Rb mixture and rf association.

C. Ospelkaus, S. Ospelkaus, L. Humbert, P.
Ernst, K. Sengstock and K. Bongs;
Phys. Rev. Lett. 97, 120402 (2006)

next step: transfer to low internal state
-> quantum gas with strong dipolar
interactions 60 |

40 |
o 6'.
20 t |
.,O 3 :O ST N v .
|:> —40} g
—60
_80 B - HO + HAM,I + 1’{'0”. rl

- - HG
—100 O exp. data
—120 '

E/h-kHz

544 545 546

Binding energy analysis: cond-mat/0703322



Dipolar Bose gas in an optical lattice:
Toward quantum memories?

Ch. Menotti, Ch. Trefzger, and M. Lewenstein
Phys. Rev. Lett. 98, 235301 (2007)



Dipolar bosons in a 2D optical lattice

— long-range anisotropic interaction

A. Griesmaier, J. Werner, S. Hensler, J. Stuhler, and T.Pfau, Phys. Rev. Lett. 94, 160401 (2005) ;
J. Stuhler, A.Griesmaier, T. Koch, M. Fattori, T. Pfau, S. Giovanazzi, P. Pedri, and L. Santos,
Phys. Rev. Lett. 95, 150406 (2005) .

— many control parameters: U, D, 0, ()

— novel quantum phases

(checkerboard, supersolid)
see e.g.:
G.G. Batrouni and R.T. Scalettar, PRL 84, 1599 (2000);
K. Goral, L. Santos and M. Lewenstein, PRL 88, 170406 (2002);
D.L. Kovrizhin, G. Venketeswara Pai and S. Sihna, EPL 72, 162 (2005);
P. Sengupta, L. P. Pryadko, F. Alet, M. Troyer and G. Schmid, PRL 94, 207202 (2005);

— existence of metastable states?




Extended Bose-Hubbard model

H= Z—n (n, —1)+ZZ—nn —%Z(ai*aﬁaiaj*)—z/mi
<Ij> I

J = tunnelllng | 4134
L = chemical potential 412882 4
U = on-site interaction R 3 >l 2 3
U, = dip.-dip. at relative distance / 4134

_p 1-3 cos(ocz)2
l 63

o~



Dipolar lattice gas: Ground states,
metastable state

PEL 98, 235301 (2007)

PHYSICAL REVIEW LETTERS
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FIG. 1 i{color online). Phase diagram for weak and strong
dipole-dipole interaction: /Uy =20 (a) and U/ =2
(b). The thick lines are the ground state lobes, found (for
increasing chemicals potential) for filling factors equal to all
multiples of 1/8. The thin lines of the same color are the
metastable states at the same filling factor. The other lines are
for filling factors equal to odd multiples of 1,/8 [22]; some of the
metastable configurations at filling factor 1/2 (I to III) and
corresponding ground state (IV).Empty sites are light and sites
occupied with 1 atom are dark.
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FIG. 2 (color onlineg).  MNumber of metastable states as a func-
tion of u for weak and strong dipole-dipole interaction:
(a) U/ Uy = 20 and (b) U/Uhge = 2. (c) Energy of the ground
(thick line) and metastable states (thin lines) as function of u for
strong dipole-dipole interaction (U /Uy = 2). The inset shows
the energy levels at filling factor 1,/2.

Metastable states: do they
play a role in cooling dynamics?
Are they reachable?




Dipolar lattice gas: The fate of
metastable states
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FIG. 3 (color online). Phase diagram for the ground state at
filling factor 1 /2 and three metastable insulating configurations
for U.l'lluhh =2

They can be unambigiously
detected using noise correlations
spectroscopy!!!

They appear spontaneously and
frequently in cooling dynamics!

But, using superlattice techniques
they can be “prepared on demand”!
They lifetimes are long, according to
generalized instanton theory!
Quantum memories?

(D (1) (I11)

=,

FIG. 4 (color online). Normalized spatial noise correlation
patterns for configurations (1) to (III) in Fig. 1 [23].



Energy landscape: tunneling
events

ground state



Path integral in imaginary time

1 . ¢ L(9)
T~—Oexp[80] with SO_qu/drdq

g,

A

N\

* Our procedure:

— write the Lagrangian in imaginary time
— parametrise the transition via a 1-parameter ansatz

— calculate the action
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G.E. Astrakharchik, J. Boronat, J. Casulleras, I.L. Kurbakov, and Yu.E. Lozovik
Weakly interacting two-dimensional system of dipoles: limitations of mean-field theory,
arXiv:cond-mat/0612691

G.E. Astrakharchik, J. Boronat, I.L. Kurbakov, and Yu.E. Lozovik, Quantum phase
transition in a two-dimensional system of dipoles, Phys. Rev. Lett. 98, 060405 (2007).

H.P. Biichler, E. Demler, M. Lukin, A. Micheli, N. Prokof'ev, G. Pupillo, and P. Zoller
Strongly correlated 2D quantum phases with cold polar molecules: controlling the shape of the
interaction potential , Phys. Rev. Lett. 98, 060404 (2007).

R. Citro, E. Orignac, S. De Palo, and M.-L. Chiofalo, Evidence of Luttinger liquid behavior
in one-dimensional dipolar quantum gases, Phys. Rev. A 75, 051602 (2007).

A.S.Arkhipov, G.E.Astrakharchik, A.V.Belikov, Yu.E.Lozovik, Ground-state properties of
a one-dimensional system of dipoles, arXiv:cond-mat/0505700.



Ultracold disordered
gases



our approach to controlled disordered optical potential

speckle pattern bichromatic lattice

v/ random potential v/ quasiperiodic potential

X large length scale in our set-up (several um) v~ smaller length scale (1 um or less)

Non-periodic modulation of the energy minima

C. Fort et al. PRL 95, 170410 (2005) 5 5 —1
i=(%-%)



interacting bosons in a disordered optical potential

Bose-Hubbard model with bounded disorder in the external potential

I:.’:—JZCALI&J—I—%Zﬁz(ﬁz—l)
( i

i)

g e|-A/2,+A/2]

The phase of the system depends on the interplay between these energy terms

hopping energy interaction energy disorder

J U A




Interacting bosons in a disordered optical potential

Phase diagram of 1D — homogeneous system
(R. Roth and K. Burnett, PRA 68, 023604 (2003))

When the amplitude A of the disorder is
big enough to fill the energy gap of the
Mott insulator a new quantum phase
appears: the Bose Glass

A/U =1

0 20 40 /60 80
Vg




strongly interacting bosons in a bichromatic optical lattice

Experimental configuration:1D system and 1D disorder

1D atomic systems + two colours along the tubes
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The quest for Anderson localisation
in BEC: Experiments

* Experiments in Orsay/Palaiseau:
* A. Aspect has speckles with submicron correlation length!!!
* Plans to see signatures of AL in expansion and excitations
* Problem: Moving of the labs

* Experiments at LENS:
* M. Inguscio has BEC of Potassium 39
* Plans to see signatures of AL in “ideal” gas

- Feshbach resonances on different Rb/K mixtures and K samples: realization of 3°K
Bose-Einstein condensate with tunable interactions

: G. Roati et al. airXiv:cond-mat/0703714v1
" e o ° o P M. Zaccanti et al. PRA 74, 041605R (2006)

393G 3500G 0 3502G 0 3527G 0 387G 361LTG 39SIG

¥K condensate at various magnetic fields in the vicinity of a Feshbach resonance. The size shrinks as the
scattering length a is decreased, and the condensate eventually collapses for negative a.



The quest for Anderson localisation
in BEC: Theory I

* Progress in understanding of the interplay disorder-interactions:

/ k endi
PRL 98, 170403 (2007) PHYSICAL REVIEW LETTERS ek ending

Ultracold Bose Gases in 1D Disorder: From Lifshits Glass to Bose-Einstein Condensate

P Lugan,l D. Clément,' P. Bouyer,l AL Aspec‘t,l M. Lewenstein.” and L. Sanchez-Palencia’
"Laboratoire Charles Fabry de I'Institut d'Optigue, CNRS and Univ. Paris-Sud, Campus Polvtechnigue,
RD 128, F-07127 Palaiseau cedex, France

*ICREA and ICFO-Institut de Ciéncies Fotoniques, Parc Mediterrani de la Tecnologia, E-08860 Castelldefels (Barcelona), Spain
iReceived 15 October 2006; published 27 April 2007)

We study an ultracold Bose gas in the presence of 1D disorder for repulsive interatomic interactions
varying from zero to the Thomas-Fermi regime. We show that for weak interactions the Bose gas
populates a finite number of localized single-particle Lifshits states, while for strong interactions a
delocalized disordered Bose-Einstein condensate is formed. We discuss the schematic quantum-state
diagram and derive the equations of state for various regimes.

*Progress in understanding of localization effects in expansion and in excitations

* N. Bilas, N. Pavloff, G. Shlyapnikov, L. Sanchez-Palencia



The quest for Anderson localisation
in BEC: Theory 11

* Progress in understanding of the interplay disoreder-interactions:

FIG. | {color online). Schematic quantum-state diagram of an
interacting ultracold Bose gas in 1D disorder. The dashed lines
represent the boundaries (corresponding to crossovers) which are
controlled by the parameter ay = & /2mogVg (fixed in the
figure, see text), where Vg and oy are the amplitude and
correlation length of the random potential. The hatched part
corresponds to a forbidden zone (< V).

Lifshits glass
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FIG. 2 {color online).  {a) Cumulative density of states of single
particles in a speckle potential with o = 2 > 1073L and Vi =
1P E,. where Ey = h*/2mL* (V,,,, = — V). Inset: Participation
length [25]. (b) Low-energy Lifshits eigenstates. For the consid-
ered realization of disorder, g, = —5 * 1P E,.

W) = l_[f.h’p!J“f’?f.r‘JIJ"‘r"Iva-:},

¥ =)

where b is the creation operator in the state & ,(p)y,(z)



* Measurements of critical exponents?!?

EVECFHYHICE LETTEES

Eurcphys. Laet,, TG (4), pp. 562-558 [2005)

CaOl: 10 1209 fwpl A D RS- 101445

But, we are

15 August 20060

Experimental determination of critical exponents

in Anderson localization of light

C. M. Avcerres, M. Sviezer and G, ManeT
Foehibercich Phpaik, Univesity of Konstans -

TE45T Konstanz, Jermany

Drniversinfisrrasse 19

till behind...
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Fig. & — The dependence of the imverse localisation length on the critial parameter &I normalized

to the sample thickness is shown on the left.

loealisation ecponent a = 1, we obtain a critical value of k2

From a linear extrapolation of the data showing a
=4.2(2}. Due to the finite ectent of the

sample, the determination of the localisation length is limited experimentally to the sample thickness,
such that in the classical limit the curve approaches cne corresponding to o correlation length above
the transition. On the right, the localisation length is pormalized to I° and plotted v, the critical
parameter |k — EiZ| /B, This allows the determination of the critical expepent » = 0.45(10). The
straight line in the double logarithmic plot indicates an exponent of » = 0.5,



Disorder (random field) induced order

in ultracold gases



Disorder induced order —
Breaking continuous symmetry with disorder

PHYSICAL REVIEW B 74, 224448 (2006)

Disorder versus the Mermin-Wagner-Hohenberg effect: From classical spin systems y { random fihd
z I S S S S ahong ¥
to ultracold atomic gases [ 8
4] g 7 ' 4 v ¥ L
1. Wehr,!? A Niederberger.l L. Sanchez-Palencia.® and M. Lewenstein'# L ! ¥ L ' Y -
UCREA and ICFO-Institut de Ciéncies Fotdnigues, Parc Mediterrani de la Tecnolagia, E-08860 Castelldefels (Barcelona), Spain N 4 B
2 , . . . . e 7 L L L -
“Department of Mathemartics, The University of Arizona, Thcson, Arizona 85721-008%8, USA N '.'-;'I'I'l-"l N £
Maborateire Charles Fabry de Ulnstin d'Optique, CNRS and Univ. Paris-Sud, campus Polvtechnique, RD 128, il ' ' : ' [
F-91127 Palaiseau cedex, France et ¥ 4 ' ¥ L -
nstitut fiir Theoretische Physik, Universitit Hannover, D-30167 Hannover, Germany Lo ! T 4 $ T 4 L= spin axientation
(Received 14 April 2006; revised manuscript received 27 October 2006; published 29 December 2006) .y v i 4 ‘ ‘ _-:.xm-.
We propose a general mechanism of randem-field-induced order (RF10), in which long-range order is L t T t v ' ' .
induced by arandom field that breaks the continuous symmetry of the model. We particularly focus on the case —t — —  —f = e

of the classical ferromagnetic XY model on a two-dimensional lattice, in a uniaxial random field. We prove x
rigorously that the system has spontaneous magnetization at temperature T=0, and we present strong evidence ﬁf:lﬁ:.'.ﬂq
that this is also the case for small T=0. We discuss generalizations of this mechanism to various classical and

quantum systems. In addition, we propose possible realizations of the RFIO mechanism, using ultracold atoms

in an optical lattice. Cur results shed new light on controversies in existing literature, and open a way to realize

RFIO with ultracold atomic systems.

- . . k endi
PRL 98, 156801 (2007) PHYSICAL REVIEW LETTERS 13 APRIL. 2007

Randomness-Induced XY Ordering in a Graphene Quantum Hall Ferromagnet

Dmitry A, Abanin, Patrick A. Lee, and Leonid 5. Levitov

Department of Phvsics, Massachusents Institure of Technology, 77 Massachusens Avenue, Cambridge, Massachusetis 02139, USA
{Received 2 November 2006, published 10 April 2007)

WValley-polarized quantum Hall states in graphene are described by a Heisenberg O(3) ferromagnet

model, with the ordering type controlled by the strength and the sign of the valley anisotropy. A OIlgOlng pOlemICS'

mechanism resulting from electron coupling to the strain-indoced gauge field, giving a leading contri- . .
bution to the anisotropy, is described in terms of an effective random magnetic fisld aligned with the I A Fomln — GE VOIOVlk
ferromagnet z axis. We argue that such a random field stabilizes the XV ferromagnet state, which is a : : :

coherent equal-weight mixture of the K and K valley states. The implications such as the Berezinskii- 3 1

Kosterlitz-Thouless ordering transition and topological defects with half-int2ger charge are discussad. on He A m aerogel
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Disorder induced order —
Breaking continuous symmetry with disorder

Disorder-Induced Order in Two-Component Bose-Einstein Condensates

A, Niederberger,! T. Schnlte,1:2 I, Wehr,1:# M. Lewenstein, b4 L. Sanchez-Palencia,® and K. Sachal:®

We study two-component BEC coupled
by random real Raman coupling

B f dr [ (A*/2m) [Vin|* + V(e) |9 [ + (g0/2)[n |*

+(0? 2m) [V [P+ V ()]l + (02/2)

+a1z i |2 |t |2 +

(RQAr) /2) (Withe + wuh)] .

(3)

0.52
0.51
0.5
0.48
048
..f"'-'.’ .-""_:'fl.-m:I
11
'?[r - -Elr — =1 .
T ] ¥ [ure|

T

Figure 3. BFIO effect in a 3D two-component BEC trapped
m a spherically svmmetric harmonie trap with trapping
frequency w = 27 = 30Hz., The total mumber of stoms
is W = 10°, the scattering lengths are the same as in
Fig. 2 with guasi-random Ramsan coupling £3®, w, 2) o
5 e 2y, (B0 270 AR + oy ) +sin( 2mu/ (LT1AR) + 5 )] with
A = 4.68um and F0p = 5 = 107 %y, The plot shows the
relative phase & in the plane = = Opm in unitzs of 7.



Experimental methods



Correlated pair tunneling

-

Second order hopping processes form the basis of
superexchange interactions!
(see e.g. A. Auerbach, Interacting Electrons and Quantum Magnetism)

1 !’-’il /\ Iﬁ‘ﬁ:\\ .!ﬁ.i: A, _/'\. ,_::mm
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Complete (1+2 atoms) signal




Controlled exchange interaction between pairs of
neutral atoms in an optical lattice

Marco Anderlini-, Patricia J. Lee, Benjamin L. Brown, Jenmifer Sebb}f—StrableyT:

William D. Phillips, and J. V. Porto

Joint Quantum Institute, Narional Institute of Standards and Technology and University

of Maryland, Gaithersburg, MD, 20899, US4
"Present Address: INFN sezione di Firenze, Via Sansone 1, I-50019 Sesto Fiorentino (FI), Italy
TPresent Address: Honeywell Aerospace, 12001 State Highway 55, Plymouth, MN, 35441, USA

Ultra-cold atoms trapped by light, with their robust quantum coherence and
controllability, provide an attractive system for quantum information processing
and for simulation of complex problems in condensed matter physics. Many
quantum information processing schemes require that individual qubits be
manipulated and deterministically entangled with one another, a process that
would typically be accomplished by controlled, state-dependent, coherent
interactions among qubits. Recent experiments have made progress toward this
goal by demonstrating entanglement among an ensemble of atoms’ confined in an
optical lattice. Until now, however, there has been no demonstration of a key
operation: controlled entanglement between atoms in isolated pairs. We have used
an optical lattice of double-well potentials™® to isolate and manipulate arrays of

paired atoms, inducing controlled entangling interactions within each pair. Our

experiment is the first realization of proposals to use controlled exchange -:'uuplil:lg1

in a system of neutral atoms”. Although *Rb atoms have nearly state-independent
interactions, when we force two atoms into the same physical location, the
wavefunction exchange symmetry of these identical bosons leads to state-

dependent dynamics. We observe repeated interchange of spin between atoms

Energy/h [kHz]

Controlled exchange
interactions and VSWAP
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Noise interferometry — efficient way '
of detection of pair correlations “

T. Rom, Th. Best, D. van Oosten, U.Schneider, S. Folling, B. Paredes, and 1. Bloch,
Nature 444, 733 (2006).

Goals:
1) Be able to detect ,,exotic* quantum phases, such as for instance Bose glass, etc.

2) Readout of quantum simulators !!!

Idea (geniale!): Altman, Demler, and Lukin

Column Density (a.u.)
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Atom counting
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LETTERS

Comparison of the Hanbury Brown-Twiss effect for
bosons and fermions

T. Jeltes', L M. McHamara', W. Hogervorst', W. Vassen', V. Krachmalnicoff, M. Schellekens®, A. Perrin®, + + +
H Chang®, D. Beoiron®, A. Aspect’® & C. L Westbrook™
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Read-out for QS of disordered systems

NEWS & VIEWS

MATURE Vol 44525 January 2007

ATOMIC PHYSICS . _F:::::E
The social life of atoms il o

Maciej Lewenstein

00704
In a trail-blazing experiment 50 years ago, it was observed that photons from % o005 \
far-off stars bunch up. But it seems there's a more general distinction among ) \
free, non-interacting particles: bosons bunch, and fermions ‘antibunch’. 0.000

Relative probability

1
1
s00  sh0 1000 1050 1100
Mumber of atoms

e e €@ —

Figure 2 | Moise assessment. “MNoise interferometry” is a particularly efficient way of assessing spatial
structures. a, A two-dimensional, Bose-gas Mott-insulator state held in an optical lattice, for example,
ideally forms a chequer-board state of alternating filled and vacant sites at low temperatures and half
filling" (left diagram; dark sites indicate presence of an atom). In practice, various kinds of defects
occur (adjacent squares filled or unfilled; middle and right diagrams). b, Noise interferometry
converts this spatial pattern into an easily identifiable interference signal, a characteristic series of
peaks equivalent to a bunching behaviour.

Figure 1| Bunch, antibunch. Simulated
distributions of the number of atoms detected in
acertain time-window after 1,000 are released
from an atomic trap at low temperature. If

the arrival times of the atoms at the detectors
were truly random, they would conform to

a Poisson distribution (blue). In fact, bosons
prefer to bunch, so in the time-window of any
one detection event, significantly more or fewer
than the mode number can arrive: the counting
distribution (red) is broader. For fermions, the
converse is true: they antibunch, arriving more
regularly spaced than purely randomly, and so
produce a taller, narrower counting distribution
{green). (Figure courtesy 5. Braungardt, U. Sen,
A Sen (De) & R. . Glauber.)



Quantum Control in Superlattice and Disordered
Potentials (Mainz, NIST, Innsbruck...)

Goals:
1) Generate controllable disordered quantum systems, for quantum simulations
of disordered many body systems!

2) Employ quantum parallelism in experiment and theory to efficiently simulate
them (see e.g. B. Paredes, F. Verstraete & 1. Cirac, PRL 95, 140501 (2005))

Experimental realizations:

1) Superlattice potentials for controlled 2) Disorder via second atomic species
,adisorder

Superlattice depth and phase
controllable (nonrational
wavelength factors possible)

>loz1=|0=[1=|0>[1>



Noise interferometry and superlattices | '

* Optical superlattices formed by a 765 nm lattice and a 1530 nm lattice.

* Highly flexible control of the potential

Wil

* High potential for investigating dynamical evolution after state preparation

a) Charge density
ordering created via
optical superlattices

b) Detection via noise

\ correlations ‘




Detection: New proposals

Scanning tunnelling microscopy for ultracold atoms

Corinna Kollath,! Michael K6hl,>* and Thierry Giamarchil

IDPMC-MaNEP, University of Geneva, 2{ Quai Ernest-Ansermet, CH-1211 Geneva, Switzerland
2Cavendish Laboratory, University of Cambridge,
JJI Thomson Avenue, Cambridge CBS OHE, United Kingdom
TInstitute of Quantum FElectronics, ETH Zirich, CH-8093 Ziirich, Switzerland
{Dated: June 1, 2007)

‘We propose a novel experimental probe for cold atomic gases analogous to the scanning tunnelling
microscope (STM) in condensed matter. This probe uses the coherent coupling of a single particle
to the system. Depending on the measurement sequence, our probe allows to either obtain the local
density, with a resolution on the nanometer scale, or the single particle correlation function in real
time. We discuss applications of this scheme to the various possible phases for a two dimensional
Hubbard system of fermions in an optical lattice.

FIG. 1: Sketch of the cold atom tunneling microscope. As an
example the application to an anti-ferromagnetic state with
alternating spin states labeled by different colors 1s shown.
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Preparation and detection of magnetic quantum phases in optical superlattices

A M. Rey!, V. Gutsev®, L. Bloch *, E. Demler’? and M.D. Lukin!?
Y Institute for Theovetical Atomic, Meolecular and Optical Physics,
Harvard-Smithsonian Center of Astroplysics, Cambridge, MA, 02138
* Physics Departmens, Harvard University, Cambridgs, Massachuseres 02138, US4 and

* Johannes Gurenberg-Univerzitar, Instivur fiir Physik, Sraudingerwez 733000 Mainz, Germany
We describe a novel approach to prepare, detect and characterize magnefic quantum phases m ultra-cold
spiner atoms loaded in optical superlattices. Our techmque makes use of singlet-triplet spin manipulations in an
array of isclated double well potentials in analogy to recently demonstrated quantum control in semiconductor
guantum dots. We also discuss the many-body singlet-triplet spin dynmamics arizing from coherent coupling
between nearest neighbor double wells and derre an effective description for such system. We use 1t to study
the zeneration of complex magnetic states by adiabatic and non-equilibrium dynamies.
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Quantum nondemolition polatization spectroscopy

PHYSICAL REVIEW LETTERS week ending

FEL 98, 100404 (2007 9 MARCH 2007

Quantum Polarization Spectroscopy of Ultracold Spinor Gases

K. Eckert,' L. Zawitkowski.® A. Sanpera,” M. Lewenstein,* and E. S. Polzik™® Qu antum F araday

lGJ"Hf de Fisica Tedrica, Universital Autdnoma de Barcelona, E-08193 Bellaterra, Spain
Centrum Fizvki Teoretyeznef, Polska Akademia Nauk, Warszawa 02668, Poland ' ' '
*ICREA and Cerup de Fivica Tedrica, Undversitat Autdnoma de Barcelona, E-08193 Bellaterra, Spain e ect PRP P
*ICREA and ICFO-Institut de Ciéncies Fotdmigues, E-08860 Castelldefels, Barcelona, Spain
SICFO-Institut de Ciéncies Fotonigues, E-D8860 Castelldefels, Barcelona, Spain
“Niels Bohr Instiite, Danish Cuanium Optics Center—QUANTOFR Copenhagen University,
Blepdamsvej 17, Copenhagen 2100, Denmark
(Received 14 August 2006; published & March 2007)

We propose a method for the detection of ground state quantum phases of spinor gases through a series I I —KS J
of twio quantum nondemolition measurements performed by sending off-resonant, polarized light pulses Z Z ,
through the gas. Signatures of various mean-field as well as strongly correlated phases of F =1 and
F =12 spinor gases obtained by detecting quantum fluctuations and mean values of polarization of
transmitted light are identified.

where
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FIG. 1 (color online). Possible combinations of additional fluctuations e§ and &}, imprinted on the light for the ground state phases of
the I = 1 spinor gas in a uniform trap and in an optical lattice (a) and for F = 2 atoms in a uniform trap (b) and in an optical lattice (c).
Filled areas denote cases where the mean of (X3} and/or { T s {generically ) nonzero. The spheres in (a) illustrate the directions of
the spinor for the extremal points of the ferromagnetic phase.
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Quantum Non-Demolition Detection of Strongly Correlated Systems

Kai Eckert!, Oriol Romero-Isart!, Mirta Rodriguez?, Maciej Lewenstein®2, Eugene 5. Polzik?, and Anna Sanpera*®:1
Y Grup de Fisica Tedrica, Universitat Auténoma de Bareelona, F-08193, Bellaterm, Spain
TOFO-Inatitut de Citneies Fotdmigues, E-08860, Castelldefels, Spain
MICREA- Institucié Catalana de Reeerea i Estudis Avangats, E-08010, Barcelona, Spain and
ANiels Bohr Institute, Danish Quantum Opties Center QUANTOP,
Copenhagen Undéversity, Copenhagen 2100, Dennmark

Freparation, manipulation, and detection of strongly correlated states of quantum many body
systems are among the most important goals and challenges of modern physics. Ultracold atoms offer
an unprecedented playeground for realization of these goals. Here we show how strongly correlatecd
states of ultracold atoms can be detected in a guantum non-demolition scheme, that is, in the
fundamentally least destructive way permitted by quantum mechanics. In our method, spatially
resolved components of atomic spins couple to quantum polarization degrees of freedom of light.
In this way quantum correlations of matter are faithfully mapped on those of light; the latter can
then be efficiently measured using homodyne detection. We illustrate the power of such spatially
resolved quantum noise limited polarization measurement by applying it to detect varions standard
and "eotic” types of antiferromagnetic order in lattice svatems and by indicating the feasibility of
detection of superfluid order in Fermi liquids.

H=xS J °ff,

Quantum Faraday

effect!!!
where

J, =X, j ,cos*(k 1)
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FIC. 3: Detection of antiferromagnetic states of spin-1 lattice systems. Fluctuations imprinted on the X quadrature of
the probe light beam transmitted through a sample of spin-1 atoms in a one-dimensional lattice for (a) unpolarized paramagnetic,
(b)) dimerized, (c) trimerized, and (d) AKLT states. The dependence on the ratio kp/k and the shift a permits to distingnish
these states unambiguously. The presence of fluctuations at kp/k = 0 signals the unpolarized paramagnetic state. The other
three phases can be distinguished in different ways: (i) for kp /k = 1/2 and a = 0, the added noise {in units of the shot noise of
the probe light) for the dimerized, trimerized, and AKLT states is 4x° /3, 85 /9, and 2x*, respectively; (i) at kp /k = 1/4, 3/4,
only for the dimerized state the added noise depends on the shift a; and (iii), analogously, at kp/k = 1/6, 5/6 only the
additional noise from the trimerized state is a-dependent. The quoted values are for ideally é-localized atomic wavefunctions,
while the figure shows results for extended atomic Wannier functions. This yields an overall decrease of the noise contribution
towards larger kp /& ratios. Except for this decrease, the pattern is repeated for larger kp/k. Using the exact ground states of
spin-1 lattice systems numerically obtained in [30], the fluctuations on the light quadrature present a similar behaviour as the

ones here depicted.
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Vidal’s algorith, MPS, PEPS, TEBD, MERA

THE HERMANN KUMMEL EARLY ACHIEVEMENT AWARD IN MANY-BODY
PHYSICS

The International Advisory Committee of the International Conferences Series on Recent
Progress in Many-Body Theories is pleased t o announce that the inaugural, 2007
HERMANN KUMMEL EARLY ACHIEVEMENT AWARD IN MANY-BODY
PHYSICS is awarded to Dr. Frank Verstraete of Universidt Wien, Austria,

Frank Verstraete

"For his pioneering work on the use of quantum information and entanglement theory in
formulating new and powerful numerical simulation methods for use in strongly correlated
systems, stochastic nonequilibrium systems ,and strongly coupled quantum field theories."



Many-body quantum systems

e Many-body quantum systems are difficult to describe.

|'P)
V) = Zcil...i,\, | il""’iN>
We need 2" coefficients to represent a state.

* To determine physical quantitites (expectation values) an exponential
number of computations is required.



1. Definition

GHZ states: |GHZ) =/0,0,0)+1,1,1) P
® ® ® - 6 —900 °
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2D states:
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1) Open boundary conditions:

2) Periodic boundary conditions:
(Verstraete, Porras, Cirac, PRL 2004)

It outperforms DMRG
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First measurement of thermal effect
on the Casimir-Polder force

(JILA, Obrecht et al. PRL 98, 063201 (2007) / Cold
BEC environment

Environment Temperature: 3

center of mass oscillation

o Substrate Temperature: —-------- 605K
Relative frequency shift of N N 479K

of a trapped BEC gas due | :
to the Casimir-Polder force

Theory, Antezza et al.
PRL 95 083202, 2005

produced by a substrate at
different temperatures

Trap Center - Surface (um)



Fermi-Bose Mixtures in a 3D Optical Lattice

2 Universitdit Hamburg AG Sengstock

New system: First Fermi- ..
Bose quantum gas mixture ‘i;
in a 3d optical lattice. ""f

alP

k

Localization physics: »only® bosons

Shift of the “Mott-insulator” b-- -
transition connected to

“fermionic impurities”. 10 Eq 15 Eg 20 Ex 25 Eg

S. Ospelkaus, C. Ospelkaus, O. Wille, Fermi Bose Mixture

M. Succo, P. Ernst, K. Sengstock and

K. Bongs;

Phys. Rev. Lett. 96, 180403 (2006)

(see also work at ETH 10 ER 15 ER 20 ER 25 ER

Phys. Rev. Lett. 96, 180402 (2006))



Potassium addicts at their best

- Degenerate Bose-Bose mixture in a 3D optical lattice:

the superfluid to Mott insulator transition of the heavier 8’Rb is affected by a
minor fraction of 4K

A - - J.Catani et al. airXiv:0706.2781v1

- Feshbach resonances on different Rb/K mixtures and K samples: realization of 3°K
Bose-Einstein condensate with tunable interactions

: G. Roati et al. airXiv:cond-mat/0703714v1
S i e e e N M. Zaccanti et al. PRA 74, 041605R (2006)

3M93G 3500G 3502G 0 3527G 0 3/47G 0 361.7G0 3952G

39K condensate at various magnetic fields in the vicinity of a Feshbach resonance. The size shrinks as the
scattering length a is decreased, and the condensate eventually collapses for negative a.



New review articles



My favourite

Advanzar 1n Phpnze
Wal. a0y ®e. ¥, Mareh-Sloack J0e, 1-135
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[cond-mat.other] :

T Wa revlew recent Jevelopmems in che physles of wlcrerold acomle and moleculsr gesas In opiizel
attlogs, Buch syassms ars nearly pecfecs maalisadons of varlous klnds of Hubbard models, and s
ush may very well sarva 1o mln:m condensad mMactel phenomwens. Wi show how thiso Systams

~Toay B2 mpl\:wd S quostum semuladors 0 answar soms challanging opsn queslons of condensed

F==mitteT, and sven high snargy phiyslos. After o short prasencetion of cha me=3ls and the mechods of

[-creacmant of spch syscems, wa dlsces in decell, which chellonges of condenssd muceer physles san

[t sddremsd with (1) disardered ulkreeold Iuctiz Emses, (M) fouscruted whrasold gecs, (i) spinor

|actlea gases [h) lawlos pesas in “snifiels]l” megnecle felds, and, Jasi bor no kst [¥] quancum
nfarmetion proeesslng Lo Jacles gasas. For complateness, alsc soma Tacar Erogress ‘ralaied o tha

Uliracold atomic gases in optical lattices:
Mimicking condensed matter physics and beyond

Marciej Lewenstein,
ICREA snd ICFO-lestiem 48 CHockss Foeboiyusi, E-08530 Camalichials (Rareslane] Spain
Anns Sanpern,
ICREA szd Orep de Fiekcs Tebrca Unbeariiear Ausirona 48 Bareleoa, E-08133 Bellmerm, Spain
Veromica Ahufinger,
FoREA snd drep d'Tpcica, Univeniisar Aushnoms de Barcelooa, BE-02131 Rellmeris, Spain
Bogdan Dameki,
Thacry DEvisics Las Alumes Madassl Labarsiery, ME-EZLL Lea Alsres, MMM ETSD, US4
Aditi Sen|De), and Ujjwal Sen
ICPC-Inichm s Cinciss Frdnigas, E-DBD Candlldeids [Burcslana) Spain
fRecemed &3 Month 800z Ja Smal form 00 Meondh 80D

“Fabore topdes wich trappsd cold gasos will be Jiszuszod.

dvecond-mat/(¢

Covers:

» Introduction (great!)

* Hubbard and spin models

* Methods of treatment

» Ultracold disordered gases

» Ultracold frustrated gases

» Ultracold spinor gases

« Ultracold gases in artificial
gauge fields

« Ultracold gases and quantum
information

« 135 pages, 823 references
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Fermions and all that... (submitted to RMP)

=

Dipartimente &t Fiacn, Universicd di Trente and CNR-INFM BEC Canter, 1258050 Fove, Trendo, Jtoly and

. IDEAL FERMI GAS IN HARMONIC
TRAP

Theory of ultracold Fermi gases

Stefanc Giorgini

Dipartiments di Fleten, Umiverstd de Treete ond CVR-INFM BEC Center, J-35050 Pove, Tremto, faly

Lew P. Pitonevakii

Kapttza Inststute for Physizal Problems, ul. Hosggina 8, 11758 Moscou, Russia

Sandre Stringnri

Dipartimende di Pisteo, Universid di Treste ond CNR-INFM BEC Center, J-55050 Pove, Trnto, laly

The physics of quantum degenerate Farmi gases in unifrm ns well e in harmonieally trapped
eonfipurations is meviewed from o theorstical pempective. Emphesis is given to the offect of in-
teractions which play a erucial rols, bringing the gas into & superfluid phass at low tempsraturs.
In these dilute systoms intemcotions sro charecterzod by o single parameter, the s-weve seatisring
Length, whesa valus can be tmed using an external magnetic flald nosr & Feshbach resonancs. The
BCE limit of ordinary Formi suparfluidity, the Bose-Einstein eondensstion [BEC) of dimers and
tha unitary hmdt of large seattering langth are impartant regimes achibited by imtemacting Feomi
guess. In particulor tho BEC and the unitary regimes are charscterzad by s high s of the
supsrfiud critizal tempsraturs, of the ordsr of the Fermi temperaiure, Diffarent physical propartiss
are discussed, inchuding the density profilas and tho snergy of the ground-stata configurations, the
momentum distribution, the fraction of condsnssd peirs, collestive oseillations and peir breaking
affects, the acpansion of the gas, the main themmodynamic propertiss, the bahavior in the prosenes
cf optical Inttices and the signutures of ;upsriiidity, such s the aistence of quantizsd vortics, the
cuanching of the moment of inertia and the consequences of spin palariation. Various theoratical
opprosches sro canskdered, ranging fom the mean-flold deserption of the BCS-BEC erassover to
non-perturbative methods bassd on quantum Moote Corlo techniques. A mejor goal of the review
is to compars the theareticsl predictions with the availsble experimentsl rosults.

PACS numibsrs:

Contents 2. Results
., Other thecretical approsches ot zero and
. INTRODUCTION 2 finite tempernture

HARMONIC TRAP

VI INTERACTING FERMI GAS TN

B

A. Fermi energy and thermodynamic functions 5 A, Local density sapproximation st zero
B. Density and momentum distributions B temperature: density profiles

N E. Release energy nnd virial theorem

1L T“'D'BD_'DY COLI_"ISIONS _ E C. Momentum distribution and kinetic snergy
A. Scatbering properties and binding energy & D. Trapped gos at finite temperatures
E. Fapc-Feshbach resonsnce 10
C. Interncting dimers 12 VI DYNAMICS AND SUPERFLUIDITY
D. pwove resanances 15 A, Hydredynamic equations of superfuids at
IV. THE MANY-BODY PROBLEM AT B L= v £ Auid Fermi
EQUILIBRITM: UNIFORM G AS 13 - Brpansion ob 4 supertuld termi gas
o . N C. Callective cacillations
A. Hamiltonion and effective potentinl 13 D Th e breaki — d
E. Order par er nnd gap 14 3 on.onll va pair-| Elngemtntwm o
€. Repulsive gas 15 Ludnu. = critical '-_e]ocny
D). Wenkly attractive gas 18 E. Dyn..nuuc and stakic structure Eactor
E. Gas of compoaite hosons 16 F. Radiofrequency transitions
F. G itari 17
7 b uniEary " VIIL ROTATIONS AND SUPERFLUIDITY
V. THE BCSBEC CROSSOVER 19 A. Momeat of mertin

A. Meandizld approach at T =0 19 B. Scissors mode
B. Quantum Monte Corlo appronch sk T=0 22 C. Expansion of & rotating Fermi gas

1. Method o] . Quantized vortices

34
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Covers:

Introduction

* Two-body collision

* Many body theory of uniform gas

« The BCS-BEC crossover

* Trapped interacting Fermi gases

* Dynamics and superfluidity

* Rotations and superfluidity

* Spin polarized Fermi gases and Fermi
mixtures

« Fermi gases in optical lattices

« 78 pages, over 350 references
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Many body physics... (submitted to RMP)

Many-Body Physics with Ultracold Gases
Immanued Bloch® COVerS :

institat fir Physik, Jah, G bosg-Universitat, D-55099 Mainz, Germany

Jzan Dalibard!
Laboratode Wastler Brossel 24 rue Lhomand, F-78008 Parks. France

Wilhelm Zwerger?

Introduction
Phiysin-Department. Technische Universitat Manches, DWESTSE Garchiing. Germany . .
- » Optical lattices
 Detection of correlations
« Many body effects in optical lattices

Contrs B gt vt st e ; * Ultracold gases in 1D
mmmm" « 2D quasicondensates
: * '« Bose gases in fast rotation
B e ek o i et . B ol o ko i « BCS-BEC crossover
CURSRREEE L F weeswew e Perspectives

mSisds o e Rt = o 76 pages, over 600 references

IV. MANY-BODYW EFFECTS IN OPTICAL

LATTICES 21
A, Toes-Hulbibard modd m 1 INTRODUCTION
H 21
C 26 The  achievement  of  BoseEinstein-Coadensation
o ¥ T (BEC) {Anderson ef al | 1045, Bradley &t al |
E pkical latikess 2195 Davis ef ol 19950 and of Fermi degemercy
v. COLD CASES [N ONE DIMENSION sy ADeMarco and Jin, 1989 Truseott ef ol, 3001 in
A. Scatlr wind 2 ultracold, dilete gases has opened a pew chapter in
H. i, Tombs-Cirkrdenn gis 51 atomic aml mederular physics in which the particle
= e Turmiing % statistics aml their internctions, rather than the study
VI TWO-DIMENSIONAL QUAST of singht atoms or photons, are at center stage. For
CONDENSATES g7 & number of years, a main forus in this Beld has
A. The un 52 heen to explore the wealth of phenomena associated
H. The Lrapgsal Hose gas in 20 w  with the existence of coherent matter waves,  Major
examples inclsde the observation of interference of two
WII. BOSE GAEES TN FAST ROTATION i - -
A The Losssst Landus Loved Tnemalises = overlapping comlensates (Amdrews ef ol, 1997, of long

range phase coberence (Bloch ef al, 20000 or of quan
tized vortices and vonex lattices  (Abo-Shaeer e al,
2001; Madison ef al., 3000a] and moelescular condensates
with bound  pades of fennions  [Giredper ef ol, 300,
Juschim et all, N3 Ewiech Wi, Commeon o
FElweLronie addnms: cwergeeiiph.tumade all of these pbeoomena s the existence of a coberent,




CONCLUSIONS (The Tragedy of Hamlet, by Shakespeare):

« There are more thing in heaven and earth,
Horatio, than are dreamt of in your philosophy.

Wow!!!




Vidal’s algorith, MPS, PEPS, TEBD, MERA

During his still brief career as a theoretical physicist Frank Verstrate has left a a massive
imprint on the field of many-body physics that will influence the subject in the future. He
was the first to realize that the insights from entanglement theory could give rise to very
powerful numerical simulation methods that apply to a broad range of phenomena, both in
quantum and classical systems. His outstanding work includes:

The discovery that all numerical RG methods for 1D systems can be reformulated as
variational methods in the class of matrix product states.

A demonstration that the ground states of local 1D hamiltonians can effectively be
represented by matrix product states, even for critical s ystems.
Exploitation of quantum parallelism to simulate exponentially many realizations of
random many-body systems in parallel.

Generalizations of matrix product states to higher dimensions through the concept of
projected entangled pair states (PEPS).

A generalization of the Jordan-Wigner transformation to higher dimensions and to
graphs.Generalizations of matrix product states to higher dimensions through the concept
of projected entangled pair states (PEPS).

Construction of exactly solvable critical quantum systems in 2D whose entropy of
entanglement obeys a strict area law.



