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Outline
Puzzles in ultra-relativistic heavy ion collisions

-Experimental FO condition

-Quark number flow scaling at RHIC (Lecture 3)

-HBT puzzle

New ideas in ultra-relativistic heavy ion collisions

- Quark Gluon Plasma as a matter with the 
lowest possible viscosity in the Universe

- Color Glass Condensate

- Particle Number Fluctuations – nonequivalence of 
different ensembles

- Thermal Hadronization and Hawking-Unruh Radiation



HBT Puzzle



Two particle interferometry
Two particle (boson) correlations are sensitive 

to the space-time geometry of the source

Pratt-Bertsch parameterization

HBT – in astrophysics



HBT Puzzle

1) HBT radii are the 
same for SPS and RHIC



HBT Puzzle

Theoretical 
Calculations
with
gradual FO 



HBT Puzzle

Two possible solutions

1) HBT measures not the total space-time volume of the

source, but some correlation volume, which depends of the 

properties of media. 

At SPS energies system size is already bigger than the 

correlation volume   HBT will show the same radii for 

more energetic AA collisions

2) HBT puzzle might be resolved based on same special 
initial state and FO hypersurface.  



Broniowski, Chojnacki, Florkowski, Kisiel, Phys. Rev. Lett. 101 (2008) 022301
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Experimental FO condition



“Chemical and thermal freeze out 

parameters from 1-A/GeV to 200-A/GeV” 

J. Cleymans, K. Redlich, Phys.Rev.C60 (1999) 054908. 



FO condition:

V.K. Magas, H. Satz, 

Eur. Phys. J. C 32 (2003) 115-119 

"Conditions for Confinement and Freeze-Out"



Color Glass Condensate

Iancu, Leonidov, McLerran, Nucl. Phys. A692, 583 (2001); 

Ferreiro, Iancu, Leonidov, McLerran, Nucl. Phys. A710,373 (2002)

Miklos Gyulassy, Larry McLerran, Nucl.Phys.A750,30-63 (2005)



Bjorken x is the momentum fraction of the quark



HERA

Color Glass Condensate



r/ggg

Let us look at the nuclei from the frame moving with large 

pQCD is applicable



Let us go to the extreme





Thermal Hadronization 
and 

Hawking-Unruh Radiation



Experimental observation: thermal hadron production

What is the thermalization mechnism? 

Soft hadron production in high energy collisions
is the Hawking radiation of QCD

New idea

Kharzeev, Tuchin, Nucl. Phys. A753, 316-334 (2005)





























Viscosity of QGP



Ideal hydrodynamical models give rather good description 
of heavy ion collisions at RHIC

Does this mean that the produced matter has the 
lowest possible viscosity? 

Some theoretical studies indicate that the lowest possible 

viscosity/entropy ration in the matter is 



Problems with low-viscosity QGP picture

1) Physical picture of CNQ scaling contradicts 
low-viscosity QGP



Viscosity of gas or liquid

Csernai, Kapusta, McLerran, 

Phys. Rev. Lett. 97, 152303 (2006)



Problems with low-viscosity QGP picture

1) Physical picture of CNQ scaling contradicts 
low-viscosity QGP

2)  Microscopical calculations do not show such a low viscosity 



Hadron matter and QGP viscosity

Csernai, Kapusta, McLerran, Phys. Rev. Lett. 97, 152303 (2006)



1) Physical picture of CNQ scaling contradicts 
low-viscosity QGP

CNQ flow scaling is a direct measurement, while

3)  Low-viscosity QGP is a model dependent result

Problems with low-viscosity QGP picture

2)  Microscopical calculations do not show such a low viscosity 



Viscous effects

“Taken together, hybrid model results show that in this approach one achieves

very reasonable, and at the moment probably the best description of the data.”

Voloshin et al., arXiv:0809.2949

…

“Note that these models employ ideal hydrodynamics, once again arguing for very small 

viscosity of the early QGP stage. Viscose effects in this approach are totally due to the

hadronic cascade phase.”

However, hadronic cascades are not doing well with 
CNQ scaling, HBT radii, etc. 

If we use hydro + sharp FO simultaneous with 
hadronization –

Should we expect large viscosity of the matter?!

Natural for the gas of constituent quarks….



Viscous effects

Flow is very sensitive to the viscosity!

The conclusions should be taken with care –
[88,89] are 2+1D hydro models based on boost invariance, 
and thus do not conserve global quantities (E,B,S…)

Voloshin et al., 
arXiv:0809.2949



1) Physical picture of CNQ scaling contradicts 
low-viscosity QGP

CNQ flow scaling is a direct measurement, while

3)  Low-viscosity QGP is a model dependent result

Problems with low-viscosity QGP picture

2)  Microscopical calculations do not show such a low viscosity 

4)  Relativistic viscous hydrodynamics is not yet a 
well define issue!

All discretized numerical algorithms introduce numerical
viscosity, which is difficult to control  



Numerical viscosity

For the Lax method in 1+1D 



Particle Number Fluctuations 

Begun, Gazdzicki, Gorenstein, Zozulya

Phys.Rev.C70, 034901 (2004)





Measure of fluctuations - scaled variance

Fluctuations of charged particles (total Q=0)

From the point of view 
of fluctuations
ensembles are 
not equivalent 

even in 
V  limit



Thank you!


