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• Phase diagram of QCD
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• Chiral symmetry breaking

• Summary & Outlook
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                 Phase diagram of QCD

Braun, Haas, Marhauser,JMP ’09

full dynamical 2 Flavour QCD
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                 Phase diagram of QCD 

Polyakov - quark-meson model

Schaefer, JMP, Wambach ‘07



                 Phase diagram of QCD
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                                Confinement

• Confinement: 

• Deconfinement:
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                                Confinement

• Confinement: 

• Deconfinement:

•          - symmetry:  

• broken by dynamical quarks
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string breaking at r ≈ 1.1fm
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                                 Confinement
                                 Continuum methods

Braun, Gies, JMP ‘07

Fischer, Maas, JMP ‘08

p2〈A A〉(p2) p2〈C C̄〉(p2)

p [GeV]

V [A0] = −1
2
Tr log〈AA〉[A0] + O(∂t〈AA〉) − Tr log〈CC̄〉[A0] + O(∂t〈CC̄〉) + O(V ′′[A0])

(Functional RG-flows)

RG-scale k: t = ln k



                                 Confinement
                                 Continuum methods

Fischer, Maas, JMP ‘08

p2〈A A〉(p2) p2〈C C̄〉(p2)

p [GeV]

subleading for Tc,conf

V [A0] = −1
2
Tr log〈AA〉[A0] + O(∂t〈AA〉) − Tr log〈CC̄〉[A0] + O(∂t〈CC̄〉) + O(V ′′[A0])

Braun, Gies, JMP ‘07

‘Polyakov loop potential’ 



                                 Confinement
                                 Continuum methods

Braun, Gies, JMP ‘07
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                                 Confinement
                                 

Braun, Gies, JMP ‘07

Continuum methods



                                 Confinement
                                 

Braun, Gies, JMP ‘07

Continuum methods

Fischer, Maas, JMP ‘08

p
∂αs

∂p
! T

∂αs

∂T

Confinement is sensitive to              ,not to αs ∼ 1/NcT∂T lnαs

αs ∼ p6〈AA〉〈CC̄〉2



                  Chiral symmetry breaking 
       

• chiral symmetry: 

• symmetry breaking:  

mass term: 

Order parameter

σ = 〈q̄q〉

σ = 0

σ != 0

chiral condensate

αs > αs,crit

Chiral symmetry breaking directly sensitive to size of      αs
Braun, Gies ‘06

Continuum methods (Functional RG-flows)

∫
d4x λψ

[
(q̄q)2 − (q̄γ5q)2

]

〈q̄q〉 #= 0

〈q̄q〉 q̄q

∝ α2
s



                    Dual order parameter
Continuum methods (Functional RG-flows)

z = e2πiθz

∫ 1

0
dθOθe

−2πiθ order parameter for confinement

Braun, Haas, Marhauser, JMP ‘09 
(in preparation)

see also talk by C. Fischer

θ

p fπ

θ

fπ(T, θ)

Oθ = 〈O[e2πiθt/βψ]〉 with ψθ(t + β, #x) = −e2πiθψθ(t, x)

fermions ψ anti-periodic: no Roberge-Weiss periodicity

T T

imaginary chemical potential µ = 2πiθ/β for ψθ = e2πiθt/βψ

’fermionic pressure difference’ p(T, θ) ! P (T, θ)− P (T, 0)



        Full dynamical QCD: N_f = 2 & chiral limit

• RG-flow of Effective Action (Effective potential) 

• flow of gluon propagator

Continuum methods (Functional RG-flows)

−−

1

2
∂t Γ[φ] =

pure gauge theory flow     +       +  tadpole   

quark quantum 
fluctuations

fermionic det 
+RG-

improvements



        Full dynamical QCD: N_f = 2 & chiral limit

Tc,χ = Tc,conf ! 180MeV

Continuum methods

preliminary results
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        Full dynamical QCD: N_f = 2 & chiral limit

• dual order parameter for confinement

Tc,χ = Tc,conf ! 180MeV

Continuum methods & lattice
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compatible with Fodor et al ’08?
175MeV ! Tc,conf > Tc,χ ! 150MeV

Gattringer et al ’06, Wipf et al ’07, Fischer ‘09

Nf = 2 + 1

Nf = 2 + 1

Nf = 2

Braun, Haas, Marhauser, JMP ‘09; Fischer, Mueller ‘09 
(in preparation)



                 Chiral phase diagram

Karsch et al. ‘03



                          Critical point

M. Stephanov ‘07
PNJL: Meisinger et al ’03, Fukushima ’03, 

Ratti et al ’06, Megias et al ’06, Sasaki et al ’06, ...                                         
 



                          Critical point 

de Forcrand et al ‘07



                    Phase diagram of QCD 

+  quantum 
fluctuations

Polyakov - Quark-Meson model



                    Phase diagram of QCD                 

Schaefer, JMP, Wambach ‘07

Coincidence via 
quantum 

fluctuations

quarkyonic phase?

Polyakov - Quark-Meson model

Nf = 2



                    Phase diagram of QCD 

Schaefer, JMP, Wambach ‘07

quarkyonic phase?
washed out by 

quantum 
fluctuations?

Polyakov - Quark-Meson model

Nf = 2



                    Summary & Outlook

• Phase diagram of QCD

• interrelation between confinement & chiral symmetry breaking

• finite density QCD & non-equilibrium


