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Fermi Atoms: 6Li /=1,5=1/2,L=0 P T4
WK 1=4,8=1/2,L=0

“‘up” & “down” species: two different hyperfine states
eg. 5Li |[F=1/2,mp==+1/2)
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Feshbach Resonance (Broad Resonance)
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BCS-BEC Crossover

Interaction strength

Bound state <: No bound state
0l
e® o | Qs
V R S Unitarity
S o Point
)
Molecular BEC j |a’3‘ = X BCS regime:
Strongly bound pairs B Cooper pairs
%EFG’S < 1 - krlas| < 1
Dilute Bose Gas 1 Dilute Fermi Gas
@ ® o
® o
@ ) ®
las| — 0
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At unitarity: No small parameter to expand around: hard problem

Bertsch: Challenge problem in many-body physics (1998): ground state of resonant gas



D.M. Eagles, Phys. Rev. 186, 456 (1969);
A.J. Leggett, J. Phys. (Paris), Collog. 41, 7 (1980);

Mean-Field BCS-BEC Crossover at T=0

Variational approach: Ground state remain pair condensate
form as one crosses from the fermion to the molecular side.
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Absence of QPT from BCS to BEC

Aexc = Mingsg /(e — ) + A2

Smooth evolution of physical quantities
from BCS to BEC limit.
Most are monotonic functions.
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BCS-BEC Crossover at finite T

Mean-field approach (saddle point)
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BCS-BEC Crossover at finite T

BCS behavior
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Dissociation
of bound boson

Ey/[log(Ey /er)]*’?

BEC behavior

T./€er ~ const.

C. A. R. Sa de Melo, M. Randeria and J. R. Engelbrecht, PRL 71, 3202 (1993)



Dilute Bose Gas and Fermi Gas

Asymptotic results

BCS Limit | kp|as| < 1
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TABLE 1. The critical temperature for a dilute Bose gas obtained by various analytic and numerical

methods.
AT, . . o
T =2.33n""a, leading order 1/N (Baym et al., 2000)
0
AT, . _ . :
T =1.71n""a, next-to-leading order /N {Arnold and Tomasik, 2000)
0
AT, - ,
={132+0.02)n3a, lattice {Arnold and Moore, 2001a, 2001b)
0
C ={120+0.051n g, lattice (Kashurnikov et al., 2001)
0
AT, . L
T =0.7n'"a, one-bubble approximation (Holzmann ef al., 1999)
0
AT, . . L
= =3.8n1", one-bubble self-consistent approximation (Baym et al., 1999, 2001)
0
AT, , . .
ER =2.5n'"a, ladder-summation approximation {Baym et al., 1999, 2001)
0
AT, . . o
T =1.6n'"a, bubble-summation approximation (Baym et al., 1999, 2001)
0
AT, - . . .
o ={127x0.11)n'"a, seven-loop variational perturbation theory (Kastening, 2004)
0
AT, - N . . . .
= =(123+n"a. renormalization group in three dimensions (Ledowskil er al., 2003)
0

AT, :
— {13+ 173
T, (13x04)n""a,

simulations of classical field theory (Davis and Morgan, 2003)

Rev. Mod. Phys., Val. 76, Mo. 2, April 2004



Unitarity Limit (Jas| = o0 ,Strong Coupling)

27,2
Simple system, with simple scaling Energy . — 3 17ky:

per particle 5 2m

¢ 1S a universal parameter, related to many quantities

B2k 2 2 k2 h2kg
Chemical Potential PL:@ QmF Bulk Modulus B:@( 53;2 QmF

2 h2k2 ﬁk
Pressure density p :@( ZZ*F  FirstSound g = \@ \V 2 —L

Hard problem: No expansion parameter
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Supplementary Material

D, (r,1) = Dy (r,t) [ exp[iO(r,1)]




Cold Atoms

Basic Relations

TABLE 1. — Energy and length scales for trapped gaseous Bose-FEinstein condensates. The hierarchy of energy and
length scales simplifies the description of these quantum fluids. For each energy E, we define a length | by the
relation E = h?/2mil* and indicate the relation between | and a common length scale. Numbers are typical for
sodium BEC' experiments. The values for the mean-field energy assume a density of ~ 10™ ¢m™3.

Energy Scale E = h?/2mi* | Length Scale
limiting temperature ) .
; 1 mK scattering length a=1/27 = 3 nm
for s-wave scattering
BEC transition separation between n 3 = B
temperature 7% 24K - 1/ /7(2.612)"/3 = 200 nm
single-photon recoil _ . X
1.2 uK optical wavelength A=1 = 600 nm
energy
thermal de Broglie B .
temperature T 1 uK wavelength AaB =1l/\/7 = 300 nm
mean field energy p 300 nK healing length E=1/2m = 200 nm
harmonic oscillator oscillator length
level spacing hw 05 ok (w ~ 27 - 10HZ) GHE = Uﬁﬂ = 6.5 ym




Epsilon expansion

system of fermions & bosons,

-
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Adapted from Nishida



Unitarity limit in d=4 and d=2

2-body wave function| () o 1 L om

Normalization at unitarity a—oo Z.Nussinov and S.Nussinov
cond-mat/0410597
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/ d’z R(r)? « / dr 5=  diverges at r—0 for d=4
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Pair wave function is concentrated near its origin

:> Unitary Fermi gas for d>4 is free “Bose” gas

At d<2, any attractive potential leads to bound states

*a—o0” corresponds to zero interaction

:> Unitary Fermi gas for d<2 is free Fermi gAatd%pte 4 from Nishida



Saddle Point Approximation
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The N = oo phase is in the same universality classas NV = 1




1/N expansion (Loop expansion)

Gaussian Fluctuations around saddle point f=fo + %fl/w
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Result

Zero Temperature
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Large-N calculation away from Unitarity
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Recover Standard Result
Away from Unitarity;




Excitation Gap Vs Order Parameter

« Excitation gap: A,.,. Minimum energy to create excitation
«  Order Parameter: A = \(¢T9T)
e Ingeneral Acue A  (butequal in Mean-field theory)

—1 —1
Aeﬂsc Calculation: G — Go — X

MM
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Acze = A+ : (E11 + Y22 — 2¥12) =/ 2D
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Acpe/er = 0.6864 — 0.196/N + O(1/N?),
A,/er = 0.6864 — 0.163/N + O(1/N?),
Monte Carlo  Ay.c/e€rp = 0.54 (Carlson et al, 2003)
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