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Columbia plot, critical point and 
bound states in dense QCD 
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1.Introduction: dynamical mass generation

2.Large T, small μ: the quest for the critical end point

3.Small T, large μ: the quest for  
             the equation of state 
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Existence and location of critical point ?
Details of phase transitions ??
Consequences for early universe and physics of neutron stars

Phase diagram of quark matter: QCD
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Many interesting open questions:
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Quarks massive

Quarks (almost) massless
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Columbia plot
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 Nf=2+1, μ=0, physical point
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Lattice:  Borsanyi et al.  [Wuppertal-Budapest],  JHEP 1009(2010) 073
DSE:     CF, Luecker, PLB 718 (2013) 1036,   
            CF, Luecker, Welzbacher, PRD 90 (2014) 034022
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Extrapolation from imaginary chemical potential
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Extrapolation works very well!
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Columbia plot - chiral critical surface
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DSE:           Bernhardt and CF,  PRD 108 (2023) 114018
Lattice:       Cuteri, Philipsen and Sciarra, JHEP 11 (2021), 141  
                 Dini, et al, PRD 105 (2022) no.3, 034510 

                 Ding et al. PRL 123, 062002 (2019)
                 Bornyakov et al. PRD 82, 014504 (2010)

no first order region found
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Columbia plot - chiral critical surface
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unambiguous identification of inhomogeneous region
locations of CEP and 3P are far apart!

Inhomogeneous phases (simple truncation)

16

T. F. Motta, J. Bernhardt, M. Buballa and CF, PRD 108 (2023), PRD 110 (2024), PRD 111 (2025)

stability analysis
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Summary: QCD with functional methods

17

one framework for all areas of hadron physics: 
mesons, baryons, ‘exotic states’, form factors,  
hadronic contributions to precision observables (g-2)
same framework for QCD phase diagram 

Main goals:

Main results:
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Summary: 
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Backup
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QCD with functional methods (DSE)

20

propagators vertices
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Dynamical mass generation
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