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+« Al. How strong are the cases for a condensation of Fermion pairs, or a
transition to a new phase, in the JILA and MIT experiments ?

« A2. What isthe nature of this condensate : “molecular” or “fermion” rich ?
Or else: What kind of pairs can be detected by the fast sweep experiments?

+ A3. Isthe observed boundary of vanishing condensed molecular fraction a
boundary between normal and superfluid, or a crossover from one type of
superfluid (molecular rich) to another (fermion rich)? If it isthe latter, how to
reveal the true superfluid to normal phase boundary?

« Ad4. How to further reveal the nature of the ground state, should it be either
kind of these condensates?

« A5, Are there fundamental differences between single channel and two
channel models near resonance?

« AB. What are the key predictions of these models? What are the major
differences, especially near resonance?

« A7. How much of these predictions have been measured or are consistent
with current experiments ?
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I ntroduction

Fermion pairing, superfluidity (super conductivity) and BEC are
intimately connected (key-) concepts relevant in many cond-mat
problems

Examples

* Bosonic fluids: superfluidity corresponds to macroscopic occupation of
lowest energy state, as for “He [Hohenberg& Martin 1965]. Experiments with
bosonic alkalis provided unanmbigous demonstration!! [JLA & MIT 1995

* Fermionic fluids: attractive interactions between particles lead to pairing
with simultaneous condensation of the pairsto lowest energy state, asfor
superconducting metals (particles are electrons) where 7 /7_: 10 k.£? 1
[BCS 1957]

Strength and type of I nteractions, and Dimensionality
govern rich phase diagrams deter mining

!

Natureand Symmetry of Normal and Super State, TC and A
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* SHe [Legoeit 1975] : p-wave for interaction

Ul L e D is SR repulsive+L R weakly attractive

that n.<10% while n= 100% at

Alkali BEC [JILA and MIT 1995] very HTSC [Bednorzé Muller 1987 : strong SR
special indeed: so cold to afford enough ~ Correlations acting on charge and spin
diluteness and n,, n,=100% at compete to make

c!'’’s

Experimentsin (Bose and Fer mi) atomic gases do control
Temperature | nteractions Dimensionality

Control of | nteractions:

Fano-Feshbach resonances

“Control” of Temperature:

a>0 / Free atoms &lmpa‘t h al C/EV&pOf a.t | Ve
— 5E_ Y cooling

R — AB
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Hyperfine level 2

—— Control of Dimensionality:

_/(b ________________________________

Molecules

Possible but not yet exploited

v ‘
WM in Fermi gases
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BECsof 2-fermion molecules Tuning acr 0ss resonance
T/ =0.19 T/Tg = 0.06
- [Greiner et al. ‘03]
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Optical density

Theoretical | ssues on the Crossover

from Bosonic to Fermionic Superfluidity

The key-point:

» Theformation of Cooper pairsand their condensation tothe
lowest energy state do not necessarily occur at the sametime
(BCSin metallic SC is exception!)

» Tuning of attractive or resonant interactions may create “pairs’
that populate higher energy states (on the energy scale of the
interactions) and leave states = A above E; depleted

e (pseudo)gap formation
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» Pairing field may build up asa propagating ( k z0 ) mode

because of fluctuationsin its v amplitude
or
[J. Stajic, J. Milstein et al., PRA '04]
v phase
Density of statesN@ * Q@
noi t 2
BEC BCS below atemperatureT” =A/k,
2 T
\
o
*/E.
Complete phase locking
—sEs

—sAn@es s, occursonly below T .<T"
------ -sEC@RS,

i

Crossover |

between two extreme limits depending on “pair” size
Super / Normal
BCS / "fermionic” n >>1

BEC / "bosonic" n <<1
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\ Theoretical |ssues...

1. Observability

» Normal vs. Superfluid State

Signatures of S-state: “transver se probes’ (2-fluid vs. Maxwell equations)
Signatures of N-state: (pseudo)gap (several papersin cm in the last month)
Collective modes: depending on collisional regime
» Bose-Einstein Condensation vs. Superfluidity
I nteractions make n, differ from O,
Phase-coher ence probes
» Dynamicsvs. Thermodynamics (equilibrium)

Aredynamical effects affecting the formation of the pairs?
(Dynamical theories needed)

One and Two body density matrix

KD @18 = (6@ @) = p(e1 - 71)

— Momentum distribution

Observables: ‘ 3 &y &) = (81(&, )0 (F)(E,)6(F)))

v : Eneragies (gs, interaction,...) R

v

Marilu' Chiofal

1
>

r
Susceptibilities (compressibility;...) i \2
2

Asymptotic behaviour R >> r,r’

: N-body density matrices

(normal and anomalous)

« Normal State — (@, 20" (%, 2,)
oscillating to zero

+ Off Diagonal Long-Range Order
— A*@)A(@)  BCS limit

— one*(r)e(r’)  BECIimit
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. . H = ngCI:UCkU
Single-channel (only c-fermion) ko
with single parameter +%ka'°q/2+mcq/2—klCq/z—kwcq/zm

&

+ £ +
H res — kZ: gkakcraka + Z (?q + V)bq bq
Two-channd (b-boson/a-fer mion) ’ ‘

. +ng(b§aq/2—k1aq/2+m + hC)
with three parameters ok

+ +
+ZU kk'aq/2+k1 a'q/2—k1 aq/2—k'1 aq/2+k'T
qkk'

Single-channd Two-channéd (boson-fermion)
with single parameter a with three parameters
agles (1969), L eggett (1980), . N

Nozier es& Schmitt-Rink (1985) Ranninger & Robaszkiewicz (1985),

Friedberg& T.D.L ee (1989),
Chiofalo et al. (1995)
Electron gas, BCS-like groundstate

Electron gas, BCS ground-state
with large attractive interactions

Randeria et al.(1992), Chen et

L o Holland et al., Timmermans et al.
al.(1999), P|er|{§c Strinati (2000) (2001), Chiofalo e al. (2002)
Electron gas, higher-order Ohashi& Griffin (2002), Milstein et al.
expansions

(2002), Stajic& Milstein et al. (2004)
Atomic Fer mi gaseswith Fano-
Perali et al.(2003) Feshbach resonances, BCS-like with
Atomic Fer mi gaseswith Fano- effective interaction mediated by
Feshbach resonances, higher - pairs (the“phonons’)

order expansions
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Critical temperaturein HTSC cuprates vs. carrier density

T/

T/Te g |

. (T11212)
o (152:8)

0] 0.1 0.2 0.3 0.4

Holes per CuO, unit, x

[Chiofalo et al. 1995]

U Share: key-concept of non-simultaneous pair formation
and condensation

U Fermi gases: formally equivalent when the resonance
state has a sufficiently short lifetime [Holland et al., cm/0404234]
with following pairing-function correspondence

_ Ok
<C—kLCk1 =< a—kla'kT > z

26 —E (bqa;kr a, ~ b-qajkx I )
q <€k

U Resonance Hamiltonian separ ates ener gy scales. Thus
advantageous when|a. |- e (no easy way of incorporating
ener gy dependencein single-channel model)
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3. BCS & BEC limits

Theories haveto reproduce correct BCS and BEC limits

(at variance than HTSC in Fermi gasesthere's room for quantitative understanding )

v BCS: easy asmost calculations start from BCS ground state

v BEC: Petrov et al cm/0309010 point out that the
boson-boson scattering length is a_ ; 0.6a. from solution

4-body Schroedinger equation (a- ? r, potential range)

4. Universality& Unitarity limit

Theories haveto cope with the unitarity limit |a. |- o

QO At resonance thermodynamic properties are expected to be
independent of a- astherelevant length scaleistheinterparticle
distance =n"? [eg. Heiselberg 2001, Ho and Mueller cm/0306187]

Q Experiments consistent with the “universal” parameter (a-<0)

B= % = -0.25over therange0.1< TL <1

F F

But Innsbruck measures—0.68 (temperature effect? Width of

resonance as compared to Fermi energy?)
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Q Theoriesrangefrom p=-0.56 [Carlsonetal. 2003, QMC T=0]
to B=-0.67 [Baker 1999 to B =-0.3 [Bruun2004], ............

Q Strictly, universality has theor etically been demonstrated
in the Boltzmann limit. But is universality always the case?

On the BCS side, analysis of Resonance Hamiltonian suggest

that universality holdsonly for broad resonances
Y
m2

g°?

!

[Bruun& Pethick 2004]

BCS ground state. Does universality hold?

Thewell-barrier mode for the Fano-Feshbach resonance

O Conditions

_ gV/n/F,=0.94 _|
_ _gVn/E,=1.12 |
o gn/E=209 |

=1 diluted

na®>1 unitarity limited

L Regimes (tunable by this model)

gv/n  >1 “broad” resonance
E- <1 “narrow” resonance

U Parameters

L r, = 20008,

M o = +50003,

n=1.054x10" cm™®, nr’=0.125

PR I S A
1000 2000 3000

r/a,
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» Emergence of BCS-superfluidity with decreasing g\/ﬁ/EF

[S. DePalo et a., cm/0404xxx]

1/ Eg

Ag/Bp q —

o 0.5 1 1.5 2

L . R
0 1 2
gVn/E,

Would theresults be confirmed after accounting for interactions?

@

«* Wearecurrently resorting to Quantum Monte Carlo simulations of
‘ the Fermi gaswith Fano-Feshbach resonance using well-barrier potential

» Decreasing nr,® (r,=500 a;,)
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« ALl. How strong are the cases for a condensation of Fermion pairs, or a
transition to a new phase? Qualitatively strong (until dynamical theory comes
and/or QMC simulations)

+« A2. What isthe nature of this condensate : “molecular” or “fermion” rich ?
Depends on the detuning from resonance and on the species. What kind of
pairs can be detected by the fast sweep experiments? Pairswith sufficient
overlap with a BEC of “molecules’ , namely with né=1

« A3. | sthe observed boundary of vanishing condensed molecular fraction a
boundary between normal and superfluid, or a crossover from molecular to
fermion-rich superfluid? If itisthelatter, how to reveal the true superfluid to
normal phase boundary? Experiments wanted (see below)

« Ad. How to further reveal the nature of the ground state, should it be either
kind of these condensates? Distinguish super- from normal fluid (transverse
probes), Pseudogap probes, Bogolubov-Anderson mode, phase coherence

+ AB. Arethere fundamental differences between single channel and two
channel models near resonance? Formally no, provided resonant state
has short lifetime. I n practice yes, if approximations do not satisfy special
limits

« AB. What are the key predictions of these models? What are the major
differences, especially near resonance? Two-channel in general expected
to give better (easier?) account of thermodynamical quantities near
resonance, at correspondent order of approximation (see also above)

+« A7. How much of these predictions have been measured or are
consistent with current experiments ? ??????
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