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Elliptic Flow Il
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Designerluids

Atomic gaswith two spinstates:\"" and\#"
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PerfectLiquids

Neutron Matter (T=1 MeV)
sQGP(T=180 MeV)

Trapped Atoms (T=1 neV)



Universaly

What do thesesystemshavein
common?

dilute: r¥3=3; 1

strongly carelated: a¥4™= A 1
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Questions

Equationof State

Critical Temperature

Transport: Shea Viscosiy, ...

StressedPairing
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|. Equationof State
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UniversaEquationof State

Considerlimiting case(\Bertsch" problem)
(kea)! 1 (ker)! O

Universalequationof state

E E 3k
— = » - D= —
A

A o 5 2M
How to nd »?

NumericalSimulations
Experimentswith trapped fermions
Analytic Approaches
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E®ectiva-ield Theay

E®ective eld theary for pointlike, non-relativisticneutrons

3 h i
. r2 . C Col o S 2
Leo= AV i@+ 5 A —O(AyA)2 —é (AAY(Ar A)+ hic: +:::

Partition Function (Hubbard-Stratonovich eld s, Fermionmatrix Q)
Z

Z= Dsexp[j SY; S°=j log(det(Q)) + V(s)

Co < O (attractive): det(Q) , O
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ContinuumLimit

Fix couplingconstantat nite lattice spacing
Mo_ 1 1X 1
&a Co 2 , Eb

Take lattice spacingb;b, to zero

b, ! 0O n*=p! 0 n'=3a = const

Physicaldensiy xed, lattice Illing ! O

Consideruniversal(unitary) limit

1=3

n~—"al 1
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| attice Results
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CanonicalT = 0 calculation: » = 0:25(3) (D. Lee)

Not extrapolatedto zerolattice spacing
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GreenFunction Monte Calo

201 -

E/E-S

Other lattice results: » = 0:4 (Burovskiet al., Bulgacet al.)
Experiment: » = 0:27 %55 [1]; 0:518 0:04[2]; 0:74§ 0:07[3]
[1] Bartenstein et al., [2] Kinast et al., [3] Gehm et al.
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Upper and lower critical dimension

Zero energybound state for arbitrary d
di 1
r

AXr) + AXr)=10 (r>ro)

d=2: Arbitrarily weak attractive d=4. Bound state wave function
potential hasa bound state A » 1=r% 2  Pairsdo not overlap

»d=2)=1 »d=4)=0

Conclude»(d= 3) » 1=2?
Try expansioraroundd = 4 or d = 2?

Nussinov & Nussinov (2004)
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EpsilonExpansion

EFT version: Computescatteringamplitude (d = 4 2)
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Weakly interacting bosonsand fermions
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EpsilonExpansion

E®ectivepotential

1 ._ 1 -_
w= _2372 4 T 2572 |n2

2 16

i 0:02462°7% + :::

o o o »(2= 1) = 0:475

Problem: Higherorder carectionslarge (» 100 %)!

Combined = 4 2 andd= 2+ 2 (and Pade)

»= (0:3; 0:35)
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Quak GluonPlasmaEquationof State (Lattice)
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Compilation by F. Karsch (SciDAC)



HolographidDualsat Finite Temperature

Thermal (confamal) eld theay =~ AdSs black hole
Hawking temperature of

CFT temperature ,
black hole
Hawking-Belensteinentro
CFT entropy , J _ i
—areaof eventhorizon
weak coupling
S = 2 Ne T = ZSO strong coupling
Gubserand Klebanov

| = gZN
Extendedto transport propertiesby Policastro, Sonand Starinets
Ya

= gNCZT3
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Il. How LageCanT; Get?
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Critical Tem

erature: From BCSto BEC

BEC
(kFa)
o 1 SR
4 ¢2%3e Yy n%=s
TBCS = exp j —— TBEC =331 —
e’=3Y, X ik aj ° m
Te(a! 1) = 0:2&¢ Te = 0:212¢ + O(agn
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ExperimentalResults
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Kinast et al. (2005)

Lattice results: T.=T¢ = 0:15 (UMass)
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Quak Matter: Cola Superconductivy

Weak couplingresult

To_be M ogr
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b= 512/4¢g 5(2=N¢)zel "

Maximum T.=Tg = 0:025 Strong coupling?
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Importanceof T./T . Heavylon Collisionsat Fair

26



I1l. Transrt Properties
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CollectiveModes

Radial breathing mode
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Dampingof CollectiveExcitations
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T=Tg = (0:5;0:33,0:17) ¢! . decy time £ trap frequency

Kinast et al. (2005)
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ViscousHydradynamics

Energydissipateddue to viscouse®ectss
, Z U . <z

2
E=i, & @i+ @ui 35@u i° &x (@)

2
";3: shea, bulk viscosiy

Shea viscosiy to entropy ratio (3 = 0)

T
I
—» GE —£ —£ — 08 |
s~ T, T 1,7 S 0s | i
. AL A
¢; determinedby Hydro solution

Bruun, Smith, Gelman et al.

Problems:Scalingwith N; T dependencebelon T,
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V. StressedPairing

31



Polarized Fermions:From BECto BCS

Resmnseof pairedstate
to pair breaking stress
(e.g. Zeeman eld)

Lext — ilA ys/@la\

BEC limit: Tightly bound bosons,no polarization for £ < ¢
1 > ¢ . Mixture of Fermi and Boseliquid, no phasesepaation
BCSIlimit: No homogeneousnixed phase

+ > + ,: LOFF pairing ¢( x) = €9%¢
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Inhomogeneougairing

Onset? ConsiderEFT for gaplesdermionsinteracting with GB's

e | @ . f2,, f2
L=Ai@i 2 i@i (@)¢, -~ A+ —é'fi 5(@)2

Free energyof state with non-zerocurrentvs = @=m

=C 0.04

1 0.02
F(vs) = énmvg

Z -0.02

3
(3153 2v(PE (i 2v(p))

-0.04

|
Unstablefor BCS-type dispersionrelation X » r h » C
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e(p)

Minimal PhaseDiagram
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E

homog. superfluid

= supercurrent
state
dnr
E,
homog. BCS
E,
LOFF
gapless:
BCS
dn

Son & Stephanov (2005)



ExperimentalSituation

Zwierlein et al.(MIT group)
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Cola Superconductivy in QCD: Respnseto mg 6 O

QCD with three degeneratéavors: CFL pairing

CQi = (8] H2)A

hudi = husi = hdsl

Pair breakingstressdueto ! s = m2=(2pg) 6 O

Pr

kKinematics+ electricneutrality + weak equililrium
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PhaseStructureof CFL Quak Matter
How does CFL (hudi = hdsi = hsui) pairing respndsto mg?
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Excitation energyof fermions Energydensiy of super°uid phases

Gaplesanodesappea at 1s(K j cond) » ma 3¢ 473=1
1(crit) » 0:75¢ 1(GB j cur)» 0:75¢
Figures: Kryjevski & Schéfer (2004) Schéfer (2005)
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Trapped atomsprovideinterestingmodel system

equationof state of strongly carelated systems
(neutron matter, sQGP)

viscosiy of strongly carrelated systems(sQGP?)

Su

pereuidity at strong coupling (T.=Tg, respnseto

pair breaking elds, precurso phenomena)
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