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HeavyIon Collision

Star TPC
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Elliptic Flow
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Elliptic Flow II

0 5 10 15 20 25 30 35
0

0.05

0.1

0.15

0.2

0.25

/dy ch (1/S) dN

e/
2 

v HYDRO  limits

/A=11.8 GeV, E877labE

/A=40 GeV, NA49labE

/A=158 GeV, NA49labE

=130 GeV, STAR  NNs
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Requires\p erfect" °uidit y (´ =s < 0:1 ?)

(s)QGP saturates(conjectured)universalbound ´ =s = 1=(4¼)?
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DesignerFluids

Atomic gaswith two spin states: \ " " and \ #"
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Elliptic Flow
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PerfectLiquids

sQGP(T=180 MeV)

Trapped Atoms (T=1 neV)

Neutron Matter (T=1 MeV)
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Universality

What do thesesystemshavein
common?

dilute: r ½1=3 ¿ 1

stronglycorrelated: a½1=3 À 1

a

r

k -1
F

FeshbachResonancein 6Li Neutron Matter
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Questions

Equationof State

Critical Temperature

Transport: Shear Viscosity, ...

StressedPairing
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I. Equationof State
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UniversalEquationof State

Considerlimiting case(\Bertsch" problem)

(kF a) ! 1 (kF r ) ! 0

Universalequationof state

E
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´

How to ¯nd »?

NumericalSimulations
Experimentswith trapped fermions
Analytic Approaches
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E®ectiveFieldTheory

E®ectivē eld theory for pointlike, non-relativisticneutrons

L e® = Ãy
³

i@0 +
r 2

2M
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(ÃyÃ)2 +

C2
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(a; r; : : :) ) (C0; C2; : : :)

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

Z =
Z

Dsexp[¡ S0] ; S0 = ¡ log(det(Q)) + V (s)

C0 < 0 (attractive): det(Q) ¸ 0
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ContinuumLimit

Fix couplingconstantat ¯nite lattice spacing

M
4¼a

=
1

C0
+

1
2

X

~p

1
E~p

Take lattice spacingb;b¿ to zero

¹b ¿ ! 0 n1=3b ! 0 n1=3a = const

Physicaldensity ¯xed, lattice ¯lling ! 0

Consideruniversal(unitary) limit

n1=3a ! 1
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Lattice Results
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Not extrapolated to zerolattice spacing
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GreenFunctionMonte Carlo
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Other lattice results: » = 0:4 (Burovski et al., Bulgacet al.)

Experiment: » = 0:27+0 :12
¡ 0:09 [1]; 0:51§ 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

Ã00(r ) +
d ¡ 1

r
Ã0(r ) = 0 (r > r 0)

d= 2: Arbitrarily weak attractive
potential hasa bound state

»(d= 2) = 1

d= 4: Bound state wave function
Ã » 1=rd¡ 2. Pairs do not overlap

»(d= 4) = 0

Conclude»(d= 3) » 1=2?

Try expansionaround d = 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

18



EpsilonExpansion

E®ectivepotential

O(1) O(1) O(� )

» =
1
2

²3=2 +
1
16

²5=2 ln ²

¡ 0:0246²5=2 + : : :

»(² = 1) = 0:475

Problem: Higherorder correctionslarge (» 100 %)!

Combined = 4 ¡ ² and d = 2 + ¹² (and Pade)

» = (0:3 ¡ 0:35)

19



Quark GluonPlasmaEquationof State (Lattice)
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HolographicDualsat Finite Temperature

Thermal (conformal) ¯eld theory ´ AdS5 black hole

CFT temperature ,
Hawking temperatureof

black hole

CFT entropy ,
Hawking-Bekensteinentropy

=area of eventhorizon

s =
¼2

2
N 2

c T3 =
3
4

s0

Gubserand Klebanov

s

l = g N2

weak coupling 

strong coupling

Extendedto transport propertiesby Policastro,Sonand Starinets

´ =
¼
8

N 2
c T3
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II. How LargeCanTc Get?
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Critical Temperature:From BCSto BEC

Tc

TF

BCS

(k  a)-1
F

BEC

TB C S
c =

4 ¢21=3e°

e7=3¼
²F exp

µ
¡

¼
jkF aj

¶

Tc(a ! 1 ) = 0:28²F

TB E C
c = 3:31

µ
n2=3

m

¶

Tc = 0:21²F + O(aB n1=3)
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ExperimentalResults
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Quark Matter: Color Superconductivity

Weakcouplingresult
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=
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Maximum Tc=TF = 0:025. Strong coupling?
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Note: Transition to ÂSB

ConsiderNc = 2 QCD?
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Importanceof Tc/T F : HeavyIon Collisionsat Fair
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III. Transport Properties
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CollectiveModes

Radialbreathingmode Kinast et al. (2005)
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Dampingof CollectiveExcitations
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ViscousHydrodynamics

Energydissipateddue to viscouse®ectsis

_E = ¡
´
2

Z
d3x

µ
@i vj + @j vi ¡

2
3

±ij @k vk

¶ 2

¡ ³
Z

d3x (@i vi )
2 ;

´ ; ³ : shear, bulk viscosity

Shear viscosity to entropy ratio (³ = 0)

´
s

» ci £
¡

! ?
£

¹
! ?

£
N
S

ci determinedby Hydro solution

Bruun, Smith, Gelman et al.
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IV. StressedPairing
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PolarizedFermions:From BECto BCS

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

L ext = ±¹Ã y¾3Ã

?

BEC limit: Tightly bound bosons,no polarization for ±¹ < ¢

±¹ > ¢ : Mixture of Fermi and Boseliquid, no phaseseparation

BCS limit: No homogeneousmixedphase

±¹ > ±¹ c1: LOFF pairing ¢( x) = eiq x ¢
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Inhomogeneouspairing

Onset?ConsiderEFT for gaplessfermionsinteracting with GB's
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Minimal PhaseDiagram
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ExperimentalSituation

Zwierlein et al.(MIT group)
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Color Superconductivity in QCD: Responseto ms 6= 0

QCD with three degenerate°avors: CFL pairing

hqa
i qb

j i = (±a
i ±b

j ¡ ±a
j ±b

i )Á

hudi = husi = hdsi

Pair breakingstressdue to ¹ s = m2
s=(2pF ) 6= 0
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d
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s

e

2
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m
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s
F
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D

kinematics+ electricneutrality + weakequilibrium
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PhaseStructureof CFL Quark Matter
How doesCFL (hudi = hdsi = hsui ) pairing respondsto ms?
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Trapped atomsprovideinterestingmodel system

equationof state of stronglycorrelatedsystems
(neutron matter, sQGP)

viscosity of stronglycorrelatedsystems(sQGP?)

super°uidity at strong coupling (Tc=TF , responseto
pair breaking¯elds, precursor phenomena)
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