RESEARCH

Currently 30 research papers have been publishedaapted in refereed journals. These theoretical
works are closely related to testable predictiams] some of them are carried out in associatioh wit

experimental groups. My recent research is in igldd of many-body theory as applied to the strong
interacting ultra-cold fermions and bosons. | hbgen worked on:

Unltracold fermions in optical lattices with lowrdénsionality
Collective oscillations of Bose gases

Collective oscillations of Fermi gases at BCS-BEGssover

Dynamics of trapped Bose-Fermi mixtures at zerofami# temperature
Super-fluidity of a rotating BEC
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Theory of quantum measurement

Untracold Fermionsin optical lattices

The Mott metal-insulator transition is a fundamérgancept in the strongly correlated many-body
systems. The recent advances in ultracold aronsegga a well-controlled manner. By now the Mott
metal-insulator transition of ultracold bosonicratoconfined in optical lattices has been demorestrat
by Greiner et al. [1]. The Mott metal-insulator rtsétion with ultracold fermions, an even more
traditional phenomenon in condensed matter phydies not been realized experimentally yet.
However, its realization is within reach of presday technique.

Motivated by this possibility, my collaborator Pr@frummond, Dr. Hui Hu and | address the problem
of how to detect the emergence of fermionic Mostdilator phases in real experiments [2]. We consider
a zero temperature, one-dimensional Hubbard modtél a harmonic potential, as a model of an
ultra-cold spin 1/2 fermionic atomic cloud in a degptical lattice with strong radial and weak axial
confinement. Based on the exact Bethe ansatz spluf the homogeneous 1D Hubbard model,
together with the local density approximation, vaécalate the density profile of the cloud as fuoici

of a characteristic filling factor and coupling stent. This leads to a generic phase diagram iimgjud

a metallic phase and a Mott-insulator phase. Wa theestigate the collective density oscillatiorfs o
the cloud in different phases using Luttinger layuiheory, which describes long wavelength
hydrodynamic behaviour. We find that in the metapfhase the collective oscillation is an overall
motion that goes through all sites of the cloudisTquenches gradually towards the phase transition
point, with the mode frequency decreasing monotidlyido zero. After entering the Mott-insulator
phase, the density oscillation revives, but isrigtsd to the compressible wings. The corresponding
frequency increases rapidly. Therefore, a sharpagipears in all collective mode frequencies in the
vicinity of the phase boundary, giving a clear sigme of the Mott metal-insulator transition. A
detailed experimental implementation is proposed.
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Coallective oscillations of a confined Bose gas

Soon after the realization of Bose-Einstein condtos in trapped atomic gases, an important
development in this field has been the measureunfethie frequencies and damping rates of collective
excitations. These measurements are very accundt@ravide a unique opportunity for quantitative
tests of quantum theories of the dynamics of margylsystems. In particular, the measurements, of
the lowest-energy excitations made at JILA [3&Rb gases at various temperatures have proved hard
to understand at simple mean-field level and haeeefore stimulated a number of theoretical studies
to address effects beyond the mean-field approiamat

My collaborator, Dr. Hui Hu, Dr A..Minguzzi, ProfM.P. Tosi, and | present a theory for the linear
dynamics of a weakly interacting Bose gas confimsile a harmonic trap at finite temperature. The
theory treats the motions of the condensate anthedrfnoncondensate on an equal footing within a
generalized random-phase approximation, whichx¢rels the second-order Beliaev-Popov approach
by allowing for the dynamical coupling between flstions in the thermal cloud, and (ii) reduces to
an earlier random-phase scheme when the anomalensty fluctuations are omitted. Numerical
calculations of the low-lying spectra in the ca$ésotropic confinement show that the present tieor
obeys with high accuracy the generalized Kohn #weofor the dipolar excitations and demonstrate
that combined normal and anomalous fluctuationg plaimportant role in the monopolar excitations
of the condensate. Mean-field theory is insteachdoto yield accurate results for the quadrupolar
modes of the condensate. Although the restrictmrsggherical confinement prevents quantitative
comparisons with measured spectra, it appearghbaton-mean-field effects that we examine may be
relevant to explain the features exhibited by theathing mode as function of temperature in the
experiments carried out at JILA on a ga&’8 atoms.
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Collective modes in BCS-BEC crossover

Current experiments on ultracold Fermi gases apidlsa advancing towards the realization of
superfluid states, and Bose-Einstein condensafidinumers has already been achieved. A key tool for
the manipulation of atomic gases is the use ofshif&ch resonance to vary the magnitude and the sign
of the coupling strength. Across the resonancethiave scattering lengtheegoses from large positive

to large negative values, thus allowing exploratioof the crossover from the
Bardeen-Cooper-Schrieffer (BCS) state to the Bdsst&in condensate (BEC) of bound-fermion pairs.
As Fermi gases have been demonstrated to be sidwenear the reasonance, they offer a new
opportunity to investigate highly correlated mamgdf systems.

My collaborator, Dr. Hui Hu, Dr A..Minguzzi, ProM.P. Tosi, and | evaluate the frequencies of
collective modes and the anisotropic expansion odta harmonically trapped Fermi superfluid at
varying coupling strengths across a Feshbach resendriving a BCS-BEC crossover [5]. The
equations of motion for the superlfuid are obtaifredn a microscopic mean-field expression for the



compressibility and are solved within a scalingaansOur results confirm non monotonic behavior in
the crossover region and are in quantitative ageeerwith current measurements of the transverse
breathing mode by Kinast al.[6] and of the axial breathing mode by Bartensétia.[7].
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Dynamics and thermodynamics of trapped Bose-Fermi mixtures

In 2003 | focused on the dynamics and thermodynanu a trapped Bose-Fermi mixture, in
collaboration with Dr. Hui Hu and Dr. Michele Modug at LENS.

Based on a simple scaling assumption, we have tiga¢sd the lowest collective modes [8] and the
expansion [9] of a trapped Bose-Fermi mixture ab zemperature. We had explained the experimental
result of the behavior of bosons during expansid] pnd predicted the behavior of fermions at the
same expansion. This work had stimulated a latpexent at LENS group, and our prediction had
been quantitatively confirmed [11].

We have considered the thermodynamics of Bose-Famixiures trapped in an isotropic trap by
extending the Hartree-Fock-Bogoliubov-Popov theoffy Bose gases [12]. Under the conditions
appropriate to the experiments at LENS, we prealisizable enhancement of the condensate fraction
and of the transition temperature of BEC due to dtieng Bose-Fermi attraction. Using the same
theory, the stability of the mixtures at the finiEamperature has been studied [13]. This givestterbe
understanding of the relevant experiment at LENS.

Most recently, a second-order Beliaev-Popov thdmy been developed for Bose-Fermi mixtures at
finite temperature, and dynamics of mixtures hasnbi@vestigated in detail [14]. A signature of the
phase separation of the mixture at positive intevadas been predicted.
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Super-fluidity in Bose-Einstein condensate

Super-fluidity of BECs is a direct consequence luéirt coherent nature. It is manifested in the

appearance of vortices and scissors modes, asawsétil a critical velocity for the onset of dissipat
processes. As a concrete example, my collaborBtorHui Hu and | have considered the formation



and properties of vortices in atomic Bose-Einst@indensates [15].

We have computed numerically the ground state &smionically trappedN-Boson systems with a
weak repulsive contact interaction, and studiedtitscture as the angular momenturmcreases up to
3N. We show that the ground state is generally anfilmged condensate due to the angular momentum
conservation. In response to an (arbitrarily weakymmetric perturbation of the trap, however, a
fragmented condensate can be easily turned intogéescondensate state. We identified this intdnsi
spontaneous symmetry breaking by using conditipr@bability distributions calculated for the ground
state. Our results show the same successive imarsslietween vortex states with different symmestrie
as the prediction of the mean field theory.

This work has been publishedhysical Review Letters. After that, we noticed that the previous work
on super-fluidity mainly consider two extreme cast#®e weak interaction limit and the strong
Thomas-Fermi limit. We then continued a furthedgtof the ground-state property of the same system
with medium interaction strength. Our results shbat effective interaction, density distributiondan
condition-probability distribution are strongly aftted by the interaction strength. [16]
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Dynamical model for quantum measurement

My earlier interest is attached to quantum measergntnder the instruction of Professor Chang-Pu
Sun, | had studied on the dynamical approach ofewamction collapse in quantum measurement
[17,18].

The postulate of wave-function collapse in quantueasurement was introduced by von Neumann
outside the basic laws of quantum mechanics. Becthis postulate introduces an irreducible source
of sudden change of the state vector resulting fteenact of measurement, it is not satisfactory to
understand the quantum measurement process. Hgovggigrtum mechanics is believed to be a quite
universal theory that should be valid for the whaterld of physics. Naturally, one expects thatahc

be used to describe wave-function collapse. Forath@ve reasons, our paper investigated quantum
measurement dynamical model based on the Hepp-@alsrmodel and its generalizations. However,
it has to be pointed out that the correlation betwthe state of the measured system and that of the
detector has not been emphasized well in the @iididepp-Coleman’s model and its generalizations.
Our investigation emphasized both the wave-funatioltepse and the correlation collapse. In faat, th
correlation between the states of the measureérayahd the detector is crucial for a realistic pesc

of measurement, which uses a scheme utilizing theramscopic counting number of the measuring
instrument-detector to show the microscopic sthitte@measured system.
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