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• Fluctuations of B, S, Q 
can be measured 
experimentally and  
indicate cr iticality

• LGT at

• LGT at                                

Introduction: 
The phase diagram of QCD
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• use unbiased, noisy estimators to calculate
see C. Miao, CS, PoS (Lattice 2007) 175.

• measure currently up to O(µ 8) ! " (N t = 4)

O(µ 4) ! " (N t = 6)

mq = ms/10• Line of constant physics:
                                     (physical strange quark mass)

QCD is naturally formulated with quark chemical potentials                 µ u,d,s

• we start from Taylor expansion of the pressure 

Taylor expansion in:      µ B,S,Q
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QCD is naturally formulated with quark chemical potentials                 µ u,d,s

• we start from Taylor expansion of the pressure 

• expansion coefficients           are related to B,S,Q-fluctuations

Taylor expansion in:      µ B,S,Q
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Hadronic fluctuations       (µ B = 0)
In general we have:
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The Resonance gas       (T < Tc)
• the pressure is given by the free quantum gas pressure, summed over all 

particles
ln Z (T , V, µ B, µ S , µ Q) =

∑

i! hadrons

ln Z mi (T , V, µ B, µ S , µ Q)

∑

i! mesons

ln Z B
mi
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∑
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ln Z F
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• the contribution of particle   with mass        and quantum numbers 
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→for a dilute baryonic gas the Boltzmann approximation is valid:
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The Resonance gas       (T < Tc)

• Baryon number fluctuations in Boltzmann approximation:

2cB
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! 2 (p/T 4)

! (µ X /T )2
= F (m, T ) B 2 cosh( B µ B/T ) |µB=0
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→ -dependence factorize (all baryons have              )µB Bi = 1

→ ratio of fourth and second order cumulant gives „unit charge“

12
cB
4

cB
2

= B2 mass a nd temper atur e 
inde pendent r atio

• Strangeness and electric charge fluctuations are more difficult: multiple 
charged particles, light mesons (Boltzmann approximation not valid)



dominated by T dependence
of regular part

At            and            small, we expect

O(4)-critical behavior

• scaling field:

• singular part:

• O(4)/O(2):           , small

Critical scaling 
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Results for expansion coefficients      
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Baryon number fluctuations       (µ B = 0)
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Strangeness fluctuations       (µ B = 0)
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Electric charge fluctuations       (µ B = 0)
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Consequences for the phase diagram: 
the radius of convergence      
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Hadronic fluctuations        µB > 0
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Correlations of S,B and S,Q                                      
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Gavai, Gupta, Phys.Rev.D73 (2006) 014004.
Koch, Majumder, Randrup, Phys.Rev.Lett.95 (2005)182301.



Conclusions / Summary                                     
• Taylor expansion method at 2+1 flavor provides lots 

of input for HIC phenomenology.
• All results on fluctuations and correlations develop a 

peak with increasing chemical potential and are 
consistent with a gas of quasi-free quarks, already at 
1.2-1.5 Tc. 

• Ratios of cumulants are robust quantities and should 
be well suited for comparison with the experiment.

• The fluctuations increase with decreasing mass and 
rise over the resonance gas value close to Tc.                          
(This is a necessary condition for the determination of the 
critical point with means of the radius of convergence.)

• Strangeness and electric charge chemical potentials 
have to be tuned to meet the conditions of HIC.


