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\Big" Questions

nat i1s QC
natisa P
natisa P

D?
naseof QCD?

asma?

nat Is a (perfect) Liquid?
nat is a wQGP/sQGP?



What is QCD (Quantum ChromoDynamics)?

Elementay elds: Quaks Gluons
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Dynamics: GeneralizedMaxwell (Yang-Mills) + Dirac theay
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\Seeing" Quaks and Gluons
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AsymptoticFreedom

Classicaleld A¢'. Modi cation dueto quantum °uctuations:
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RunningCouplingConstant
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What is a Phaseof QCD?Phasesf GaugeTheailes

Coulomb Higgs Con nement
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Standad Model: U(1) £ SU(2) £ SU(3)



What is a Phaseof QCD?Phasesf GaugeTlheaies

Coulomb Higgs Con nement
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QCD: High T phase High! phase Low T;1 phase



Phasesf Matter: Symmetries

phase order | broken rigidity Goldstone

param| symmetry phenomenon boson
crystal Ya translations rigid phonon
magnet W rotations hysteresis | magnon
super°uid | ol particle number | supercurrent| phonon
supercond.| PAAi | gaugesymmetry| supercurrent| none (Higgs)
Asb WAAi | chiral symmetry | axial current | pion




Chiral Symmetry

De ne left and right handed elds

L
Q
" 1 - VN
AL;R — §(1§ o5)A R
—
Fermioniclagrangian,M = diag(my; mqg; ms)
L = AL(B)AL + Ar(iB)AR >
+ALMAR+ARMAL CXC> CXC>

L R R

M = 0. Chiralsymmetry(L; R) 2 SU(3). £ SU(3)r
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Chiral SymmetryBreaking

Chiral symmetryis spontaneouslybroken
M AS + Al AZi ' | (230MeV)3 9
SU3). £ SUR)r ! SUEQ)y (G! H)
Consequencesdynamicalmassgenerationmg = 300MeV A mq
my = 890MeV + 45MeV (QCD; 95%)+ (Higgs; 5%)
GoldstoneBosons: Considerbroken generato Q3

H:Q2%]=0 Qgjoi = j¥Ai HjY4i = HQZj0i = Q&Hj0i = 0
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PhaseDiagram: Minimal Version
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Transitionswithout changeof symmetry:Liquid-Gas

Phasediagramof water Chaacteristicsof a liquid
Pair carelation function
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Transitionswithout changeof symmetry:Gas-Plasma

Phasediagramof hydrogen
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Fluids: Gasesl.iquids,Plasmas; ::

Hydradynamics: Long-vavelength, low-frequency
dynamicsf conservedr spontaneouslyrokensym-
metry vaiables.
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Example:SimpleFluid

Conservationaws: mass,energy momentum

%2+r~(w):o
%+ r+°=0
@ e @0
@(/ZV)+@J|| 0

[Euler/Navier-Stoles equation]

Constitutive relations: Energymomentumtensa '
U 1
i = PE ey + 7 @+ @i —+ @vx  + i
reactive dissipative

16



WeaklyCoupledFluids: Kinetics

Weakly coupled®uid ~ Collectionof Quasi-FRarticles
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Transrt from Kinetics

Boltzmannequation

@,
@

Collisionterm C[f ] = Cgain i Cioss
ij:i i:i%q"p"é\m_wg‘q0
p° o

Lineaizedtheary (Chapman-Ensig): f, = f (1 + A,=T)

suitablefor transport coezcients
shea viscosiy A, = goPpx Py @QVy
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E®ectivel heaiesfor Fluids(Here: Weak CouplingQCD)
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And now for somethingcompletelydi®erent :
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GaugeTheay at Strong Coupling:Holographiduals

The AAS/CFT duality relates

large N. (Confamal) gauge string theay on 5 dimensional
theay in 4 dimensions Anti-de Sitter spacef Ss
carelation fcts of gauge bounday correlation fcts
invariant operatars | of AdS “elds
Z

rexp dx AqOi = <

Zstr ing [A(@\dS) - A0]

The corespndenceis simplestat strong couplingg?N

strongly coupledgaugetheay |, classicalstring theay
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HolographidDualsat Finite Temperature

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

black hole
Hawking-Belensteinentropy

CFT temperature

CFT entropy ,
» areaof eventhorizon

weak coupling

strong coupling
A%V IN

| =g N

12 3
s(,! 1)= ?chT?’: ZS(’ = 0)

Gubserand Klebanov
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HolographicdDuals: Transport Properties

Thermal (confamal) eld theay ~ AdSs black hole

Hawking-Belensteinentro
CFT entropy , aveing ! &

» areaof eventhorizon

. . Graviton absaption crosssection
shea viscosiy ,

» areaof eventhorizon

Strong couplinglimit

7
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s 4YKg

Son and Starinets 4 kg

0 g°Ne¢

Strong couplinglimit universal?Provideslower bound for all thearies?
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E®ectivel heaies(Strong coupling)

L = [ (i%¢D), | %G% G% +:::, S= 1
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Kineticsvs No-Kinetics

Spectral function 4! ) = ImGr (! ; 0) ass@iated with Ty
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Summay (Theay)

Lattice QCD: singlechiral and decon nementcrossovetransition

T. » 185MeV, 2., » 1:5GeV=fm>

Weakly coupledQuak GluonPlasma

Quak and gluon quasi-paticles, ° ¢, !
Thermadynamics: Stefan-Boltzmanngas
Transport: long equilitration times, " =s' 1=@¢ A 1

Strongly coupledplasma

No guasi-paticles, no kinetics, only hydrodynamics
Thermodynamics: Stefan-Boltzmannlaw
Transport: fast equilibration, "=s' 1=(4%) < 1
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