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\Big" Questions

What is QCD?

What is a Phaseof QCD?

What is a Plasma?

What is a (perfect) Liquid?

What is a wQGP/sQGP?
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What is QCD (QuantumChromoDynamics)?
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AsymptoticFreedom

Classical̄ eld Acl
¹ . Modi¯cation due to quantum °uctuations:

A¹ = Acl
¹ + ±A¹
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What is a Phaseof QCD?Phasesof GaugeTheories

Coulomb Higgs Con¯nement
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Phasesof Matter: Symmetries

phase order broken rigidity Goldstone
param symmetry phenomenon boson

crystal ½k translations rigid phonon

magnet ~M rotations hysteresis magnon

super°uid h©i particle number supercurrent phonon

supercond. hÃÃi gaugesymmetry supercurrent none(Higgs)

Âsb h¹ÃÃi chiral symmetry axial current pion
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ChiralSymmetry

De¯ne left and right handed¯elds

ÃL;R =
1
2

(1 § ° 5)Ã

L

R

Fermioniclagrangian,M = diag(mu ; md; ms)

L = ¹ÃL (iD=)ÃL + ¹ÃR (iD=)ÃR

+ ¹ÃL M ÃR + ¹ÃR M ÃL

L RL

L R R L

R

M M

M = 0: Chiral symmetry(L; R) 2 SU(3)L £ SU(3)R

ÃL ! LÃL ; ÃR ! RÃR
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ChiralSymmetryBreaking

Chiral symmetryis spontaneouslybroken

h¹Ãf
L Ãg

R + ¹Ãf
L Ãg

R i ' ¡ (230MeV)3 ±f g

SU(3)L £ SU(3)R ! SU(3)V (G ! H )

Consequences:dynamicalmassgenerationmQ = 300MeV À mq

mN = 890MeV + 45MeV (QCD; 95%)+ (Higgs; 5%)

GoldstoneBosons:Considerbroken generator Qa
5

[H ; Qa
5] = 0 Qa

5j0i = j¼ai H j¼ai = H Qa
5j0i = Qa

5H j0i = 0
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PhaseDiagram:Minimal Version

Plasma

T

m

Hadrons 

Nuclear 
Matter

Color Superconductor

1 st

E

lattice results

Universality, 

1st order transition ends

E

crossover

critical endpoint (E) persistsevenif m 6= 0
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Transitionswithout changeof symmetry:Liquid-Gas

Phasediagramof water Characteristicsof a liquid

Pair correlation function

2 4 6 8 10 12 14

0.2

0.4

0.6

0.8

1

1.2

1.4

liquid
gas

Good °uid: low viscosity

y

vx

Fx = � A@vx
@y
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Transitionswithout changeof symmetry:Gas-Plasma

Phasediagramof hydrogen PlasmaE®ects
Debye screening

RD V (r ) = ¡
e
r

e¡ m D r

m2
D =

4¼e2n
kT

Plasmaoscillations

! pl =
4¼e2n

m
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Fluids: Gases,Liquids,Plasmas,: : :

Hydrodynamics: Long-wavelength, low-frequency
dynamicsof conservedor spontaneouslybrokensym-
metry variables.

¿ » ¿micr o ¿ » ¸ ¡ 1

Historically: Water
(½;²; ~¼)
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Example:SimpleFluid

Conservationlaws: mass,energy, momentum

@½
@t

+ ~r (½~v) = 0

@²
@t

+ ~r ~| ² = 0

@
@t

(½vi ) +
@

@xj
¦ ij = 0

[Euler/Navier-Stokesequation]

Constitutive relations: Energymomentumtensor

¦ ij = P±ij + ½vi vj + ´
µ

@i vj + @j vi ¡
2
3

±ij @k vk

¶
+ : : :

reactive dissipative
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WeaklyCoupledFluids: Kinetics

Weaklycoupled°uid ´ Collectionof Quasi-Particles
� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � �
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lmfp À lpp and E À ¡

Introducedistribution function f p(x; t)

N =
Z

d3p
(2¼)3

1
2Ep

f p Tij =
Z

d3p
(2¼)3

pi pj

2Ep
f p
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Transport from Kinetics

Boltzmannequation

@f p

@t
+ ~v ¢~r x f p + ~F ¢~r pf p = C[f p]

Collisionterm C[f p] = Cgain ¡ Closs

p0

p

q0

q

p0

p

q0

q

p0

p

q0

q

Linearized theory (Chapman-Enskog): f p = f 0
p (1 + Âp=T)

suitablefor transport coe±cients

shear viscosity Âp = gppx py @x vy
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E®ectiveTheoriesfor Fluids(Here: WeakCouplingQCD)

L = ¹qf (iD= ¡ mf )qf ¡
1
4

Ga
¹º Ga

¹º

@f p

@t
+ ~v ¢~r x f p = C[f p] (! < T)

@
@t

(½vi ) +
@

@xj
¦ ij = 0 (! < g4T)

19



And now for somethingcompletelydi®erent: : :
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GaugeTheory at StrongCoupling:HolographicDuals

The AdS/CFT duality relates

large Nc (Conformal) gauge

theory in 4 dimensions
,

string theory on 5 dimensional

Anti-de Sitter space£ S5

correlation fcts of gauge

invariant operators
,

boundary correlation fcts

of AdS ¯elds

hexp
Z

dx Á0Oi =

Zstr ing [Á(@AdS) = Á0]

The correspondenceis simplestat strong couplingg2Nc

stronglycoupledgaugetheory , classicalstring theory
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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

l = g N2

weak coupling 

strong coupling

s(¸ ! 1 ) =
¼2

2
N 2

c T3 =
3
4

s(¸ = 0)

Gubserand Klebanov
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HolographicDuals: Transport Properties

Thermal (conformal) ¯eld theory ´ AdS5 black hole

CFT entropy ,
Hawking-Bekensteinentropy

» area of eventhorizon

shear viscosity ,
Gravitonabsorption crosssection

» area of eventhorizon

Strong couplinglimit

´
s

=
~

4¼kB

Son and Starinets

PSfrag replacements

0

�h
4� kB

�
s

g2Nc

Strong couplinglimit universal?Provideslower bound for all theories?
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E®ectiveTheories(Strongcoupling)

L = ¹̧ (i¾¢D)¸ ¡
1
4

Ga
¹º Ga

¹º + : : : , S =
1

2· 2
5

Z
d5x

p
¡ gR + : : :

@
@t

(½vi ) +
@

@xj
¦ ij = 0 (! < T)
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Kineticsvs No-Kinetics

Spectral function ½(! ) = ImGR (! ; 0) associated with Txy

!

1
s

� xy xy (! )
2!

� 1=g4

� 1

� g2

� 1

� (! =T)3

g4T g2T gT T  0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

1/
s 

rxy
xy

(w
)/

2w
w/2pT

h/s=1/4p

AdS/CFT

p(w/2pT)3

weakcouplingQCD strong couplingAdS/CFT

transport peakvs no transport peak
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Summary (Theory)

Lattice QCD: singlechiral and decon¯nementcrossovertransition

Tc » 185 MeV, ²cr » 1:5GeV=fm3

WeaklycoupledQuark GluonPlasma

Quark and gluon quasi-particles, ° ¿ !
Thermodynamics:Stefan-Boltzmanngas
Transport: long equilibration times, ´ =s ' 1=®2

s À 1

Stronglycoupledplasma

No quasi-particles, no kinetics,only hydrodynamics
Thermodynamics:Stefan-Boltzmannlaw
Transport: fast equilibration, ´ =s ' 1=(4¼) < 1
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