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l. Introduction

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

resonance
I experiments for the 1D Bose gas:
15 um Greiner(Nature), Paredes(Nature),
. Pollet(PRL), Weiss(PRL)
t I quasi 1D Fermi gas: Moritz(PRL)
60 nm

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)
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Tonks-Girar deau gas: > 1 for 8Rb (Weiss Nat. 305 2004 1125)




|. 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.




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

two hyper ne states of
5Li:

jli = jF=1=2;m; =
1=2i;j2i = jF =
1=2;m; = 1=2i

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




ll. 1D two-component Fermi gas

H= Ho+ H;+ H¢
X z . 2 42
- Ho = . i (X) o O +V(x) j(x)dx
Hamiltonian =12 i
Hi = g 1(X) 2(x) 2(x) 1(x)dx
4
He = ) 2 (X) 1)+ 1(X) 2x) dx
z N 2 d2
" j=#" j (X) %m + V(X) j(X)dX
Hamiltonian z + .
t0ip 4 (X) ~(X) ~(X) #(X)dx
V4
5 X)) () E(X) #(x) dx
P p_
transformation #=(1+ 2)= 2, ~=(1 2= 2




Il. 1D two-component Fermi gas

I 2 X @ X
QM Hamiltonian H = o @ + g1 xi %)
i=1 i 1 i<j N
X _ X
Wavefunctions (X1; 5xn) = Aqu on(PiQ)exp(i KpiXqgy)
P:Q i
Energy E= ;2 X K2
2m
=1
Y “+ic=2
exp(ikl) = o *tic=2,
Bethe Ansatz equa- . K < ic=2
tions
¥ k +ic=2 W +ic
k ic=2 ic




lll. Groundstate properties

the system is descrﬂaed_by weakly bound Cooper pairs. M bound

Lcj << 1 states: kP i c=L;N 2M unpaired fermions: k; are real.
(My 1)=2
L 2n; 1 2
- -1+ =4 ;oo =(M+1)=2 (N M 1)=2
. 2 2 i
c ck ki o K 2
(Mxl):2 (N N 1)=2
L 2n 3 2 1 _ 1. . =
S S +2—2+ 5 2+. - n =1, ;(M 1)=2
=1 j=(M+1)=2 ]
energy E -~*n® ¢, 2 z .., N-  Ng
_ - = + — + — . =
L >m 2n(1 P) 2" 4nP , P N
weakly attractive weakly repulsive
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lll. Groundstate properties

the bound states: k{P " 1+ M+ HEM - Lic forn, =
strong interactiono; 1;:::; Z(M  1); Unpaired fermions: k! 1 1+ 24
withn;= 1; 3:::; (N 2M 1).
2.3 2 3 2
E " (@ P)?, P2 . 41 P)
energy L 2m 4 3 J
2 3
+ 1 P) 1+ (1. -P) + ﬁ
48 1] 1]

strongly attractive strongly repulsive
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lll. Groundstate properties

Zg

- 1,1 " _c)
(k) = R R v P
z z
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2 o=+ (k)2 2 gct+ (9
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lll. Groundstate properties
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Ground state energy in units of ~>n?=(2m) vs interaction strength  for different polar-
izations. Dashed lines compare the analytic approximations with the numerical solu-
tion of the integral equations (solid lines) in the different coupling regimes. The curves
shown are for P = 1, 0:8, 0:6, 0:4, 0:2, O (top to bottom).




lll. Groundstate properties

o2 il = W +ic Y | k + jic
Bethe ansatz for oy ic _,j k 3ic
c<O0
elk L_ W k + %iC
. tic
n; 2 4(M 1 M 3
I JT+ |__p(1 ( L )) L
roots ¢ ¢ ¢
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lll. Groundstate properties
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chagevelocity v¢ = T 1 c spinvelocity vs = ?%’ 1 -

. . . _ ~ Cv 1
nite sizecorrectionE(L) Lei = oL + O(F

O:HMHHMHHMHHMHHMHHMHH:

-20  -10 0 glO 20 30 40




[V.Phase transitions for attractive
interaction

Observation of the pairing gap in strongly interacting Fermi Gas: ultracold two-
component gas of °Li. 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).




V. Phase transitions forc < 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 HM* TS.

C2 ZB
0= 2’ 7) a( 9" (0 °
B
ZQ
ar( k)Y (k)dk
T!I O Q
Ho Ze®
(k) = k5 ak )" (d
B
1%
G= = P ()d +

B

bU: 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).
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- 2 2 3
. A € S DR € N 0 MO € S 0 W&
groundstate 2m 4 48 i ji
3 2
P 1+ 4(1 .P)
3 ji
2 2 z z
a g rury g A0 2 BW
o 2 2m 4 icj 3icj
magnetization 2 aMm?
— n 2M* % 1+ =—
16 jcj
cf 2 ~ = p+ Ex; (Moritz etal, PRL,09
2.2 2 2
~°n
Hcl — N
critical elds 2m 2 8
212 , 4
— + —
Hez m 272 g




V. Phase transitions forc < 0
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Magnetization M* vs magnetic eld H (in the units of %). The inset shows the sus-
ceptibility vs the eld H. In the vicinities of H¢; and H¢, the phase transitions are
determined by the linear eld-dependent relations M* 2 fel(1 + 2) %)) and

Y v 57) » respectively. The susceptibility decays exponentially

in the vicinity of crltlcal eld Hc; then it approaches to a constant for H < H,.




V. Phase transitions forc < 0
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At zero temperature, the bound pairs of fermions form a singlet ground state for the
eld H < H¢:. However, for H > H¢,, a normal ferromagnetic order occurs. A new
phase of matter is found for the eld Hc; < H < H¢z, where the singlet bound state
coexists with the ferromagnetic order. The phase transitions at the critical points are of
second order.




V. Phase transitions forc < 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 H. = . 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
H. . ¢c He H .




V. Phase transitions forc < 0

The phase diagram for the 1D Fermi gas with strong attractive interaction is reminiscent
of the quantum phase transitions in type Il 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 forc < 0

R=Rr 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 forc < 0

chemical potential: bound pairs: ®= + ,=2; unpaired fermions: Y=

+ H=2
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V. Phase transitions forc < 0
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V. Phase transitions forc < 0
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Comparison between distribution pro les derived from TBA and GES for the values
j j = 10;20 at different values of the degeneracy temperature = KgT=T4. Attrac-

tive interaction results in a more exclusive state than the pure Fermi-Dirac statistics.
The lines show the TBA distribution function. The symbols show the most proba-
ble distribution gyaluated from the GES result. The energy and specic heat are
givenby E = Eo 1+ 26.°(1 %) andcy = ™ 1 7 -(Kinast etal Science,05),
(Bhaduri & Murthy et al,06)




V. Antiferromagnetic phase forc > 0

TBA _ 1% 2¢ (9
O=a() 5 e

172 ¢ (k
a()=H+ ol

For Tonks-Girardeau regime, i.e. >> 1, the driving terms in the second TBA equation
become gy ) = H cPo=(c?*=4 + 2) where we ignore O(1=c?) contributions. Here
Po= &+ QQ (k)dk is the pressure per length. The second equation in TBA can be
effectively considered as spin-1/2 XXX model with coupling constant J = 4Py=c.

4In2

ground state 1 2(1 )

FO=L 3

small eld F(H)=L %n3 2(1 4I_n2) n H 1




V. Antiferromagnetic phase forc > 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

This work has been suppor ted by the Australian Research Council
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