
The	
  ho&est	
  ma&er	
  on	
  earth:	
  what	
  its	
  made	
  of,	
  
	
  how	
  its	
  formed,	
  and	
  how	
  it	
  flows	
  

Raju	
  Venugopalan	
  
Brookhaven	
  Na3onal	
  Laboratory	
  

UCT	
  lectures,	
  February	
  2012	
  



Outline	
  of	
  lectures	
  

 Lecture	
  I:	
  QCD	
  and	
  the	
  Quark-­‐Gluon	
  Plasma	
  

 Lecture	
  II:	
  Gluon	
  Satura3on	
  and	
  the	
  Color	
  Glass	
  Condensate	
  

 Lecture	
  III:	
  Quantum	
  field	
  theory	
  in	
  strong	
  fields.	
  Factoriza3on	
  
and	
  the	
  Glasma	
  

 Lecture	
  IV:	
  Quantum	
  field	
  theory	
  in	
  strong	
  fields.	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Instabili3es	
  and	
  the	
  spectrum	
  of	
  ini3al	
  quantum	
  	
  fluctua3ons	
  

 Lecture	
  V:	
  Quantum	
  field	
  theory	
  in	
  strong	
  fields.	
  Decoherence,	
  	
  
hydrodynamics,	
  Bose-­‐Einstein	
  Condensa3on	
  and	
  thermaliza3on	
  

 Lecture	
  VI:	
  Future	
  prospects:	
  RHIC,	
  LHC	
  and	
  the	
  EIC	
  



Peter Steinberg 

Early Universe 



center of sun 15,000,000 Celsius (27,000,000 Fahrenheit) 



E. Fermi: “ Notes on 
Thermodynamics and 
Statistics ” (1953) 

Matter in unusual 
conditions 



Universe evolved from Quarks & Gluons to Hadrons �

How did this happen ?  
Is there a phase transition (vapor to liquid) transition ? �



QCD-Theory of the Strong Force 
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2004 Nobel Prize in Physics �



Atom 

Nucleus 

Proton Quarks &  
Gluons 

quark size:  
10-18 meters  

Quarks	
  &	
  Gluons:	
  elementary,	
  fundamental	
  cons3tuents	
  of	
  	
  99	
  %	
  of	
  
visible	
  maTer	
  in	
  the	
  universe.	
  

What	
  does	
  the	
  strong	
  force	
  act	
  on?	
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  (QCD):	
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  theory	
  of	
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QCD: theory of the strong interaction 

Gluon fields 
Quark fields 

Symmetries of QCD Lagrangian: 

i)   Gauge “color” symmetry: unbroken but confined 
ii)   Global “chiral” symmetry: exact for massless quarks 
iii)   Baryon number and axial charge (m=0) are conserved 
iv)   Scale invariance:  
v)   Discrete C,P & T symmetries 

i 
ii iii 

Chiral, Axial, Scale and (in principle) P & T  are broken 
by Vacuum / Quantum effects 



QCD: asymptotic freedom 
Gross,Wilczek, Politzer 

Coupling grows weaker  
with increasing momentum  
transfer (shorter distances) 

Super-dense and Super-hot QCD matter  
is a weakly coupled gas of quarks and gluons 
-- analytical computations feasible 

Cabibo-Parisi; Collins-Perry 



QCD: Infrared Slavery 

Potential between static  
quark-anti-quark pair  
grows linearly at large distances -   
intuitive picture of confinement	



QCD matter is strongly interacting at low Temp. and 
Density 
- static properties computed using lattice methods 



QCD: Chiral symmetry breaking 

Quantum QCD vacuum: 
Chiral condensate: spontaneously generate mass via 
                                   Nambu-Goldstone mechanism   

mq ~ 10 MeV ; mN ~ 1 GeV 

Axial anomaly: Quantum violation of U(1)A 

Chiral symmetry restoration at large T: 
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T 

µB 

 

Hadron Gas 

Quark Gluon Plasma 

Color Superconductor 

Critical Point 

 
Normal Nuclear Matter 

Quarkyonic 

Nuclear density 

Temperature 
QCD Phase diagram 

phase diagram of  nuclear matter 

Major theoretical and experimental effort to map 
and explore this rich phase structure. 



Pratt  Institute Brooklyn 03 28 2008   Ágnes Mócsy 

14  

Phase	
  Diagram	
  of	
  Water	
  	
  

phase	
  transi3on	
  line	
  

Physicists’	
  way	
  of	
  mapping	
  the	
  phase	
  that	
  will	
  exist	
  for	
  

a	
  given	
  pressure	
  and	
  temperature	
  	
  



Where to study QCD matter 

Neutron stars 

Lattice QCD 
RHIC 

Big Bang 

Only one chance… 

Who wants to wait?… 

Peter Steinberg 

Where to study QCD matter ? 



Hatsuda, PANIC 08 



                        Lattice QCD at finite T: 
           Plasma screens potential between heavy quarks 

T=0 

RBC-Bielefeld Coll. (2008) 

Suppression of heavy quarks suggested as possible signature of  
Quark-Gluon  formation - Matsui, Satz 1986 



                            QCD at finite T: 
      Lattice results for Energy & Entropy Density 

Rapid rise at T ~ 170 MeV 
Petreczky, Quark Matter 2009 



                            QCD at finite T: 
Lattice results for Confinement  and Chiral Symmetry 

Rapid change in same T interval 
corresponding to rapid change in  
Energy and Entropy densities 

Finite T transition is a  
crossover 

Bazavov et al,  (HotQCD Coll.) arXiv:0903.4379 

Aoki et al, Nature 443 (06) 675 

Polyakov  
Loop 

Chiral Condensate 



Where to study QCD matter 

Neutron stars 

Lattice QCD 
RHIC 

Big Bang 

Only one chance… 

Who wants to wait?… 

Peter Steinberg 

Where to study QCD matter ? 



Facility Location System Energy (CMS)
AGS BNL, New York Au+Au 2.6-4.3 GeV
SPS CERN, Geneva Pb+Pb 8.6-17.2 GeV
RHIC BNL, New York Au+Au 200 GeV
LHC CERN, Geneva Pb+Pb 5.5 TeV  

Heavy Ion Experiments 



That’s a heavy ion!  

The place to look for quark-gluon plasma 

the Collider at  
Brookhaven Lab 

visible from space 



RHIC"PHENIX"
STAR"

1 km 

animation by Mike Lisa"3 km ring"

Relativistic Heavy Ion Collider RHIC @ BNL 

major international enterprise: thousands of scientists and engineers 



ac 
Heavy “gold” nucleus at  
0.9997 the speed  
of light 

Two such nuclei collide 
Quark Gluon Plasma 
formed 

Decays into 1000s of 
 sub-atomic particles 



We	
  cannot	
  determine	
  if	
  a	
  QGP	
  was	
  
produced	
  by	
  observing	
  it	
  directly	
  -­‐	
  its	
  
life3me	
  is	
  too	
  short	
  (~	
  10-­‐23	
  	
  seconds…)	
  

  but	
  studying	
  the	
  detailed	
  structure	
  
	
  behind	
  these	
  images,	
  RHIC	
  scien3sts	
  	
  	
  

conclude	
  the	
  QGP	
  was	
  a	
  
nearly	
  perfect	
  fluid	
  





Viscosity	
  
•  Introduced	
  by	
  Claude	
  Navier	
  in	
  1822	
  (Navier	
  Stokes	
  equa3on)	
  

Pitch	
  tar:	
  viscosity	
  230	
  billion	
  3mes	
  	
  
that	
  of	
  water	
  



A	
  (nearly)	
  perfect	
  fluid	
  	
  

“Bjorken	
  Hydrodynamics”	
  for	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  rela3vis3c	
  fluids	
  	
  

Viscous	
  term	
  smaller	
  than	
  ideal	
  term	
  for	
  	
  

From	
  kine3c	
  theory	
  	
  

H2O	
   4He	
  
6Li	
   sQGP	
  



A	
  (nearly)	
  perfect	
  fluid	
  	
  

“Bjorken	
  Hydrodynamics”	
  	
  

Viscous	
  term	
  smaller	
  than	
  ideal	
  term	
  for	
  	
  

H2O	
   4He	
  
6Li	
   sQGP	
  

AdS/CFT:	
  	
  



Strong	
  flow	
  =	
  (nearly)	
  ideal	
  hydrodynamics	
  

Spatial anisotropy 

v2	
  measures	
  how	
  efficiently	
  	
  hot	
  maTer	
  converts	
  spa3al	
  
anisotropies	
  to	
  momentum	
  anisotropy	
  	
  
–	
  most	
  efficient	
  way	
  is	
  hydrodynamics	
  



Strong	
  flow	
  =	
  (nearly)	
  ideal	
  hydrodynamics 

v2	
  at	
  LHC	
  in	
  agreement	
  	
  
with	
  (slightly)	
  viscous	
  	
  
rela3vis3c	
  hydrodynamics	
  

Takes	
  a	
  long	
  3me	
  ~	
  R/cS	
  	
  
to	
  build	
  up	
  v2	
  	
  
Flow	
  must	
  set	
  in	
  very	
  	
  
early	
  	
  (≤	
  1	
  fm)	
  



Even heavy quarks (charm & beauty flow) 



AdS/CFT	
  and	
  the	
  KSS	
  bound	
  
AdS/CFT	
  conjecture:	
  	
  Maldacena	
  

“Holographic	
  Duality	
  between	
  strongly	
  coupled	
  N=4	
  supersymmetric	
  	
  
Yang-­‐Mills	
  theory	
  	
  at	
  large	
  coupling	
  and	
  Nc	
  
&	
  classical	
  10	
  dimensional	
  gravity	
  in	
  the	
  background	
  of	
  D3	
  branes	
  

From	
  Kubo:	
  

Theorem:	
  	
  

From	
  Beckenstein:	
  	
  

where	
  	
  a=	
  area	
  of	
  black	
  brane	
  

Puqng	
  it	
  all	
  together:	
  

KSS	
  bound:	
  	
  	
  	
  	
  	
  Kovtun,Son,Starinets	
  

Classical	
  absorp3on	
  cross-­‐sec3on	
  of	
  a	
  graviton	
  
with	
  energy	
  ω	
  on	
  a	
  black	
  brane	
  





A	
  contemporary	
  view	
  

First Z0  HI event 

CERN seminar, Dec. 2nd, 2010 



LHC ! 

CERN Press release, November 26, 2010: 

‘confirms that the much hotter plasma  
produced at the LHC behaves as a  
very low viscosity liquid (a perfect fluid)..’ 

 v2 at RHIC and the LHC is large 

Strong	
  flow	
  =	
  (nearly)	
  ideal	
  hydrodynamics 



Dissipation in the QGP relative to other fluids 

Lattice data: 
Nakamura, Sakai, 
PRL94 (2005) 

Lacey, nucl-ex/0608046  
RHIC estimates close to  
conjectured universal lower  
bound of η/s = 1/4π  
(based on the AdS/CFT  
correspondence) 

Kovtun, Son, Starinets 



Hard Probes of the sQGP 

High pT (>> T) hadrons, heavy mesons  
(charm and beauty), J/ψ and Upsilon, hard photons and JETS… 
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The pp Benchmark for Heavy Ion Collisions 

pQCD works exceptionally well! 



Hard probes are modified by strongly interacting medium 

pp

AuAubinaryAuAu
AA Yield

NYield
R

/ 〉〈
=

STAR 

Energy loss dependent on parton path length in medium 
Heavy quarks suppressed 
just as much as light quarks! 



Energy loss in  hot QCD matter 
Bjorken 
Gyulassy-Wang 
Baier,Dokshitzer,Mueller,Peigne,Schiff 
Zakharov 

Characterizes properties 
of hot medium 

Detailed model estimates all over the place 

Significantly higher than ideal gas! 



Standard	
  model	
  of	
  HI	
  Collisions	
  

Color Glass  

Condensates 

Initial  

Singularity 
Glasma sQGP -  

perfect fluid�
Hadron  
Gas 

t 



QGP 


