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Phase diagram of QCD
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From the quark-gluon plasma to the hadron gas
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RG-scale k: t = ln k

Functional Methods for QCD

Fermions are straightforward  though ‘physically’ complicated

 no sign problem  

 chiral fermions  

bound states via dynamical hadronisation   

Gluons have cost us decades

Complementary to lattice!
e.g. finite volume scaling: Braun, Klein, Piasecki, Schaefer ’10-11
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for a short review see JMP, arXiv:1012.5075
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bound states via dynamical hadronisation   
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Naturally encorporates PQM/PNJL models as specific low order trunations  
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pure gauge theory flow   +     +     ...     

flow of gluon propagator

Functional Methods for QCD
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Confinement

Braun, Gies, JMP ‘07
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thermodynamics
Yang-Mills pressure

Fister, JMP

Strickland

Φwith     -background

FRG
Borsanyi et al.
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Chiral symmetry breaking
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Chiral symmetry breaking
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Tconf,FRG � Tconf,lattice
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Phase structure

 Full dynamical QCD:     = 2 & chiral limitNf
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θ → θ + 1/3

RW transition

RW Endpoint

chiral transition
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Imaginary chemical potential

Roberge-Weiss symmetry:                      

ψθ(t+ β, �x) = −e2πiθψθ(t, x) µ = 2πiT θwith



Imaginary chemical potential
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Nature of RW endpoint
lattice: D’Elia, Sanfilippo ’09
            de Forcrand, Philipsen ’10 
PNJL:   Sakai et al ’10,
            Morita et al ’11

Braun, Haas, Marhauser, JMP ‘09 

chemical potential µ = 2πiT θ

Chiral phase structure

Nf = 2 & chiral limit 
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lattice results, e.g. 
Kratochvila et al ’06, 
Wu et al ’06, 
D’Elia et al ’07, ....

Polyakov-NJL model 
Sakai et al ’09, ...
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Imaginary chemical potential

chemical potential µ = 2πiT θ
Phase structure

compatibility

adjust 8-fermi interaction
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Real chemical potential
 Full dynamical QCD
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 Full dynamical QCD
Braun, Haas, Fister, JMP

Herbst, JMP, Schaefer ’10

Herbst, JMP, Schaefer
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Real chemical potential

U [Φ, Φ̄] V [σ,�π]+Ω[Φ, Φ̄,σ,�π]+

Potential

Polyakov-loop Potential                  Mesonic potential          Fermionic fluctuations

Fit to YM-thermodynamics Fit of meson phenomenologyOne loop computation

Fukushima ’04

Ratti, Thaler, Weise ’06

Megias, Ruiz Arriola, Salcedo ’06

Ghosh, Mukherjee, Mustafa, Ray ’06

C. Sasaki, B. Friman and K. Redlich ’06

Schaefer, JMP, Wambach ’07

. 
. 

. 
. 

. 
. 

Pisarski ’00

Meisinger, Ogilvie ’96

PQM

PNJL

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.5  1  1.5  2

p/
p S

B

T/Tc

Nτ =4
Nτ =6
PQM

Mean field EoM 

lattice data: Ali Khan et al ’01

Polyakov-extended models
∂tΓk[φ] = 1

2
− − + 1

2
∂tΓk[φ] = 1

2

⊗

−

⊗

+



Real chemical potential

U [Φ, Φ̄] V [σ,�π]+Ω[Φ, Φ̄,σ,�π]+
Polyakov-loop Potential                  Mesonic potential          Fermionic fluctuations

Fit to YM-thermodynamics mesonic fluctuations fermionic fluctuations 
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dynamical Polyakov-extended models
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quark fluctuations change glue dynamics

Schaefer, JMP, Wambach ’07

estimated via HTL/HDL computation



Real chemical potential
Polyakov-extended models as reduced QCD
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Real chemical potential
a glimpse at baryons
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Real chemical potential
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Phase diagram of QCD

Phase structure and thermodynamics at finite     & 
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Phase diagram of QCD

Phase structure and thermodynamics at finite     & 

2+1 flavours, baryons, phenomenology, dynamics 

QCD meets cold quantum gases: two-colour QCD
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Phase diagram of QCD

Phase structure and thermodynamics at finite     & 

2+1 flavours, baryons, phenomenology, dynamics 

QCD meets cold quantum gases: two-colour QCD

Hadronic properties

dynamical hadronisation 

dynamics 

Summary & outlook
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EpisodeIII: QGP meets ultracold atoms  (Hirschegg August 25th -31st)


