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Deconfinement transition (an illustrative example)
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Simplest example (no conserved charge)

J.Randrup, Nucl.Phys. A752 (2005) 384c



Familiar example (one conserved charge)

Critical 
end point

spinodal



Nuclear phase diagram in different 
representation (one conserved charge)

J.Randrup, CEOD, Darmstadt, July 9-13, 2007



Two conserved charges
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A.Sissakian, A.Sorin, V.Toneev, nucl-th/0608032

for an extensive thermodynamic quantity   A=λ A2 + (1-λ) A1              λ=V2 / V



“Pasta” structures (finite size effects)

Pasta Structures
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Charge density and particle 
density are non-uniform

Compact stars, T=0



Heat capacity (nuclear matter)
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heat capacity is negative in 
the mixed phase



Susceptibility

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6

−3qn [fm   ]

T
 [

M
eV

]

isentropic
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isothermal

instability region shrinks 
toward the critical end point

Nambu--Jona-Lasinio model
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Time evolution near the QCD critical  point

C.Nonaka, M.Asakawa,       
Phys. Rev. C71 (2005) 044904
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Distillation in the mixed phase
for unbound quarks in a fireball

V.Toneev et al., Eur. Phys. J. C32 (2004) 415.

crossover

First order

strangeness separation
V.Toneev, A.Parvan, J.  Phys. G: 
Nucl. Part. Phys.  31 (2005) 583

S=5
S=10

S=0

K+/π+ excitation function, 
statistical equilibrium 

along the freeze-out line

At CP the K+/π+ ratio should 
jump down on the S=0 curve



Lattice QCD calculations (history)
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L. McLerran, Prama 60 (2003) 575



Lattice QCD predictions for the order of PT

?

?
phys.

point

0
0

N  = 2

N  = 3

N  = 1

f

f

f

m s

s
m

Gauge

 m   , mu

1st

2nd order
O(4) ?

2nd order
Z(2)

2nd order
Z(2)

crossover

1st

 d 

tric

∞

∞
Pure

E.Laermann, O.Phillipsen, 
Ann.Rev.Nucl.Part. Sci.,51 (2003) 163

μB=0

* QCD critical point

crossover 1rst
0

∞

Real world

X

Heavy quarks

mu,d
ms

μ

  QCD critical point DISAPPEARED

crossover 1rst
0

∞

Real world

X

Heavy quarks

mu,d
ms

μ

S.Kim et al. hep-lat/510069

μB≠0



Lattice QCD thermodynamics

A.Andronic et al., Nucl.Phys. A772 (2006) 167

TCP =162(2) MeV, μCP=360(40) MeV
Z.Fodor,S.D.Katz, JHEP 404(2004)50
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Locating the QCD critical points

M.Stephanov, CEOD, Darmstadt, July 9-13, 2007



Critical point on the lattice

M.Stephanov, CEOD, Darmstadt, July 9-13, 2007

There is a peak in χq
but not in χI



Viscosity-to-entropy ratio
minimum bias Au+Au, √s=200 GeV

Lower bound of η/s=1/4π in the strong coupling 
limit (P.Kovtun et al. PRL 94 (2005) 111601) 

L.P.Csernai et al. PRL 97
(2006) 152303; R.Lacey at al. 
PRL 98 (2007) 092301

η/s for several substances

Strong indication for a 
minimum in the vicinity of TcPartonic fluid

Hydrodynamic scaling



Location of the CEP (?)

R.Lacey et al. arXiv:0708.3512

Results for an isobar at the critical 
pressure Pc and one above/below it 

T-μB correlates at the freeze-out.          
First esatimate T~175 MeV, μB~150 MeV

η/s is a potential signal of the CEP

Flow excitation function



Thank you for attention !





Directed flow v1 & elliptic flow v2

x

zNon-central Au+Au collisions:

Interactions between constituents leads to a 
pressure gradients => spartial asymmetry is 
converted in asymmetry in momentum space 

=> collective flows
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- directed flow

- elliptic flow V2>0 indicates in-plane emission of 
particles

V2<0 corresponds to out-of-plane
emission (squeeze-out 

perpendicular to the reaction plane)



v1 and v2 flows for Pb+Pb at 40 AGeV
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Small wiggle in v1 at 
midrapidity is not described by 

HSD and UrQMD

Too large elliptic flow v2 at 
midrapidity from HSD and 
UrQMD for all centralities !

Experiment (NA49): breakdown 
of elliptic v2 flow at midrapidity !

Signature for a first 
order phase transition 

H.Stoecker et al.,
JPG 31 (2005) S929



Fluctuations
Lattice QCD predictions: Fluctuations of the Fluctuations of the quark number densityquark number density
((susceptibilitysusceptibility) at ) at μμ BB >0  >0  ((C.AlltonC.Allton et al., PR D68 (2003) 014507)et al., PR D68 (2003) 014507)
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Experimental observation: Experimental observation: 
•• Baryon number fluctuationsBaryon number fluctuations
•• Charge number fluctuationsCharge number fluctuations
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