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Motivation & Method



The QCD phase diagram
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The flow of the effective action
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The flow equation

Wetterich‘s equation, ‘93

Flow equation for the effective action:

k d
dk
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On the chiral phase 
transition:
finite   & T = 0µ



Chiral phase transition

macroscopic states
dofs: hadrons

broken      symmetryχ

phase

transition

symmetry of matter sector of QCD for 

order parameter:    chiral condensate 〈ψ̄ψ〉

〈ψ̄ψ〉 =
{

0 T > Tc,χ

> 0 T < Tc,χ.

mq = 0

microscopic states
dofs: q, q, g

    symmetryχ
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at finite    & T=0αs µ
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αs(k) =
g2

4π
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ZAQCD (k2)Z2

C(k2)

at finite    & T=0αs µ

with ZAQCD (k2) = ZAY M |p2=k2 + ∆ZAQ(m, µ, k)

Initial conditions set at Z boson mass (90 GeV):

αs(mZ) ≈ 0.118

C.S. Fischer, A. Maas, J. M. Pawlowski, ’08
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at finite    & T=0αs µ
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at finite    & T=0αs µ
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at finite    & T=0αs µ
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YM result
µ = 10 GeV
µ = 2 GeV
µ = 0.1 GeV

k < kcr : dynamical
generation of quark 
mass, at
freeze-out point
(quark decouples)

k ! mψ

kcr ≈ 440
•        : phase transition
  at               MeV,

µ = 0

•          : strong   -dependence, 
above               MeV no   SB

µµ > 0

Jens Braun, LMH, Florian Marhauser, Jan M. Pawlowski;
work in progress

µcr ≈ 350 χ



On the relation of quark 
confinement & chiral 
symmetry breaking



Approximation

Dirac Yukawa

+
ZAQCD

4
F a

µνF a
µν

︸ ︷︷ ︸
+Γgauge

}

Yang-Mills

scalar

Jens Braun, LMH, Florian Marhauser, Jan M. Pawlowski ’09

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ︸ ︷︷ ︸ +

h̄√
2
(ψ̄(%τ · Φ)ψ)

︸ ︷︷ ︸
+

1
2

(∂µΦ)2 + U(Φ2)
︸ ︷︷ ︸



Approximation

+
ZAQCD

4
F a

µνF a
µν

︸ ︷︷ ︸
+Γgauge

}

Yang-Mills

imaginary chemical 
potential

imaginary    and finite T,             , chiral limitµ Nf = 2

Dirac Yukawa scalar

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ︸ ︷︷ ︸ +

h̄√
2
(ψ̄(%τ · Φ)ψ)

︸ ︷︷ ︸
+

1
2

(∂µΦ)2 + U(Φ2)
︸ ︷︷ ︸



Approximation

+
ZAQCD

4
F a

µνF a
µν

︸ ︷︷ ︸
+Γgauge

}

Yang-Mills

imaginary chemical 
potential

imaginary    and finite T,             , chiral limitµ

β = 1/T

µ = 2πiθ/β

Nf = 2

Dirac Yukawa scalar

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ︸ ︷︷ ︸ +

h̄√
2
(ψ̄(%τ · Φ)ψ)

︸ ︷︷ ︸
+

1
2

(∂µΦ)2 + U(Φ2)
︸ ︷︷ ︸



Approximation

+
ZAQCD

4
F a

µνF a
µν

︸ ︷︷ ︸
+Γgauge

}

Yang-Mills

imaginary chemical 
potential

imaginary    and finite T,             , chiral limitµ

∂tΓk[φ] = 1

2
− − + 1

2

mesonquarkgaugegluon

β = 1/T

µ = 2πiθ/β

Nf = 2

Dirac Yukawa scalar

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ︸ ︷︷ ︸ +

h̄√
2
(ψ̄(%τ · Φ)ψ)

︸ ︷︷ ︸
+

1
2

(∂µΦ)2 + U(Φ2)
︸ ︷︷ ︸



Approximation

∂tΓk[φ] = 1

2
− − + 1

2

+
ZAQCD

4
F a

µνF a
µν + Γgauge

}

mesonquarkgaugegluon

coupled via dynamical
quark-gluon interaction

dynamically included

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ +

h̄√
2
(ψ̄(%τ · Φ)ψ) +

1
2

(∂µΦ)2 + U(Φ2)



Approximation

∂tΓk[φ] = 1

2
− − + 1

2

+
ZAQCD

4
F a

µνF a
µν + Γgauge

}

mesonquarkgaugegluon

coupled via dynamical
quark-gluon interaction

dynamically included

confining properties: full momentum dependence 
of ghost & gluon propagator

ΓNf =2
QCD =

∫
d4x

{
ψ̄ (i !D[A] + 2πθ Tγ0) ψ +

h̄√
2
(ψ̄(%τ · Φ)ψ) +

1
2

(∂µΦ)2 + U(Φ2)



Confinement phase transition

Symmetry of gauge sector of QCD:

center symmetry Z3   for SU(3)



Confinement phase transition

Symmetry of gauge sector of QCD:

center symmetry Z3   for SU(3)

mq →∞symmetry present in the limit of static quarks (             )

order parameter: Polyakov loop φ

φ =
1

Nc
TrP ei

R 1/T
0 dt 〈A0〉 =

{
> 0 T > Tc,conf

0 T < Tc,conf.



Pion decay constant & dual density

pion decay constant

dual density n

θ

θ

fπ

nT [GeV]

T [GeV]
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Summary & Outlook
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Summary:

•             : significant    -dependence of          
•             : weak   -dependence of   
•            agrees with

µ
θ
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•             : include the             anomaly
•              &                    : dynamical hadronisation

Outlook:

Nf = 1
Nf = 2 Nf = 2 + 1

UA(1)


