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Outline

- New results in 𝑁𝑓 = 2QCD at nonzero 

chemical potential

- 1d QCD

- Models for the virial expansion coefficients
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Notations









QCD  phase diagram at imaginary µ 



Simulation settings

We simulate lattice QCD with two flavors of clover improved 

Wilson fermions and Iwasaki improved gauge field action at 

imaginary baryon chemical potential. 

Two values of the quark mass: 𝑚𝜋/𝑚𝜌 = 0.8, 0.65

Lattice size:  163x 4

Lattice spacing: 𝑎 ~ 0.2 𝑓𝑚

Lattice size:       𝐿 ~ 3.2 𝑓𝑚

Temperature values

𝑚𝜋/𝑚𝜌 = 0.8 𝑚𝜋/𝑚𝜌 = 0.65       

𝑇 > 𝑇𝑐 (1.035, 1.08, 1.20, 1.35);         (1.07, 1.18, 1.32)

𝑇 < 𝑇𝑐 (0.84, 0.93, 0.99);                    (0.86, 0.94, 1.00)







These or similar fits were used before 

- Thermodynamics of two flavor QCD from imaginary chemical potentials 

M. D'Elia, F. Sanfilippo,  Phys.Rev. D80 (2009) 014502 

- Quark number densities at imaginary chemical potential in  N_f=2  lattice 

QCD with Wilson fermions and its model analyses 

J. Takahashi, H. Kouno, M. Yahiro Phys.Rev. D91 (2015) no.1, 014501 

- The QCD equation of state at finite density from analytical continuation 

J. Gunther, R. Bellwied, S. Borsanyi , Z. Fodor, S.D. Katz, A. Pasztor, C. 

Ratti.  EPJ Web Conf. 137 (2017) 07008 

- Higher order quark number fluctuations via imaginary chemical potentials in  

Nf=2+1  QCD. 

M. D'Elia, G. Gagliardi, F. Sanfilippo    Phys.Rev. D95 (2017) no.9, 094503 









Taylor  expansion:









- Results for two quark masses do not differ 

substantially

- We found unexpectedly good agreement 

for ratios 𝜒4
𝐵/ 𝜒2

𝐵 and 𝜒6
𝐵/ 𝜒2

𝐵 with results

obtained in 2+1 QCD with physical quark 

masses



1d QCD

1d QCD is solvable at finite μ

Bilic, Demeterfi, 1988

For any T=1/aN and varying μ there is a 

crossover to a baryon reach phase which turns 

into 1st order phase transition at T=0.
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Lessons:

- The radius of converegence can be 

computed from the ratio of the virial 

coefficients

- The virial expansion provides good

approximations for density and GCPF within 

radius of convergence. How to move beyond 

this region?

- In this model the GCPF can be reconstructed   

beyond  radius of convergence via   

computation of CPF. Is it general?









For high temperature (SB) limit:



CEM assumptions:







Lattice results (circles), CEM-LQCD (stars), CEM-HRG 

(dashed lines)

























Conclusions

- CEM and RFM provide examples of 

modeling of the virial coefficients

- Lattice results are used as input and as 

check

- Would be good to find a model with CEP


