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I. Introduction
I trapped 1D gases in 2D optical lattice
I anisotropic con�nement or Feshbach

resonance
I experiments for the 1D Bose gas:

Greiner(Nature), Paredes(Nature),
Pollet(PRL), Weiss(PRL)

I quasi 1D Fermi gas: Moritz(PRL)
I 3D Fermi super�uid : Zwier-

lein(Science,Nature);Partridge(Science)
I BCS-BEC crossover:

Regal(PRL);Zwierlein(PRL)
I spin waves: Lewandowski(PRL),

McGuirk(PRL)



I. Introduction

Tonks-Girar deau gas: 
 > 1 for 87Rb (Weiss Nat. 305 2004 1125)



I. Introduction

In conventional superconductors the chemical potentials of the two spin states are
equal. Imbalanced chemical potentials for the two species may trigger several mech-
anisms: a quantum phase transition from a BCS super�uid to a normal state; LOFF
phase, etc.



I. Introduction

exotic quantum phases in which the Fermi surfaces of two species do not precisely
match: Larkin-Ovchinnikov-Fulde-Ferrel (LOFF) phase. Here Q = � =3 is the centre
of mass momentum of the pairs. Dukelsky, et al,PRL, 96, 180404 (2006).



I. Introduction

I Pairing and Phase
Separation in Polarized
Fermi Gas(Partridge et
al, Science)

I two hyper�ne states of
6Li:

I j1i = jF = 1=2; mf =
1=2i ; j2i = jF =
1=2; mf = � 1=2i

I The gas has separated
into a uniformly paired
inner core surrounded
by a shell of the excess
unpaired atoms



II. 1D two-component Fermi gas
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II. 1D two-component Fermi gas
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III. Groundstate properties

Ljcj << 1
the system is described by weakly bound Cooper pairs. M bound
states: kp
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p
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III. Groundstate properties

strong interaction
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III. Groundstate properties

BAEs for c > 0
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III. Groundstate properties
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III. Groundstate properties

Bethe ansatz for
c < 0
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III. Groundstate properties
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IV.Phase transitions for attractive
interaction

Observation of the pairing gap in strongly interacting Fermi Gas: ultracold two-
component gas of 6Li. RF spectra for various magnetic �elds and different degrees of
evaporative cooling: the peak at zero RF is caused by free atoms; a peak shifted to
the right from zero for low T, corresponding to paired atoms. C. Chin, et al, Science,
305, 1128 (2004).



IV. Phase transitions for c < 0
Thermodynamical Bethe ansatz(TBA): Yang and Yang introduced the TBA in treating
the thermodynamics of the one-dimensional boson model with delta function interac-
tion. In general, at T = 0 there are no holes in the ground state root distributions.
For T 6= 0, complex Bethe roots form strings characterizing the excitations. The string
hypothesis has been developed to classify the many permissible bound state solutions
to the Bethe equations. The equilibrium states satisfy the condition of minimizing the
Gibbs free energy G = E � � N � HMz � TS.
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� b;u: the dressed energies for the paired fermions and unpaired fermions, respectively.
The TBA provides a clear con�gur ation for band �llings with respect to the external
�eld H and chemical potential � (see, Takahashi's book).



IV. Phase transitions for c < 0
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IV. Phase transitions for c < 0
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IV. Phase transitions for c < 0
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At zero temperature, the bound pairs of fermions form a singlet ground state for the
�eld H < Hc1. However, for H > Hc2, a normal ferromagnetic order occurs. A new
phase of matter is found for the �eld Hc1 < H < Hc2, where the singlet bound state
coexists with the ferromagnetic order. The phase transitions at the critical points are of
second order.



IV. Phase transitions for c < 0
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From the H � n phase diagram, we can analyse the density distribution n(z) in real
space via the local density approximation (LDA). For low density n << 1 two critical
�elds approach to one point Hc = � b. The density n(0) in the centre of the trapped
cloud of atoms is higher than the density n(z) in the off-centre region. Therefore,
in the trapping centre, the bound pair phase can coexist with unpaired fermions for
Hc1 < H < Hc2.



IV. Phase transitions for c < 0

The phase diagram for the 1D Fermi gas with strong attractive interaction is reminiscent
of the quantum phase transitions in type II superconductors: a Meissner phase occurs
for external magnetic �eld less than the lower critical �eld; between the lower and the
upper critical �elds the superconducting state and a magnetic �eld coexist; a normal
conducting phase occurs when the �eld exceeds the upper critical �eld.



V. Phase transitions for c < 0

R=RTF versus P: the ratios of the measured axial radius to T-F radius are shown as blue
open circles for state j1i and red crosses for state j2i .(Partridge et al, Science(2006)).



V. Phase transitions for c < 0
chemical potential: bound pairs: � b = � + � b=2; unpaired fermions: � u = � + H=2
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IV. Phase transitions for c < 0

GES distribution
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V. Phase transitions for c < 0
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V. Antiferromagnetic phase for c > 0
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V. Antiferromagnetic phase for c > 0
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VI. Conclusion and discussion
I attractive Fermi gas: a new phase of matter induced by interior gap has been

studied; the phase diagram, critical �elds , magnetic properties have been
obtained.

I repulsive Fermi gas: the antiferromagnetic phase, ground state, magnetic
properties have been obtained.

I problem 1: H-T phase diagram can be obtained from TBA
I problem 2: spin-3/2 Fermi gas
I problem 3: ferromagnetic order in spinor Bose gases
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