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Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC
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Phase diagrams & order parameters

) typical phase diagram
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Phase diagrams & order parameters

) typical phase diagram phase diagram of QCD
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Functional RG for QCD

free energy at momentum scale k
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Glue sector

Yang M|IIs propagators, T= 0
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Confinement

FRG: Braun, Gies, JMP, PLB 684 (2010) 262
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Functional RG for QCD

fQCD collaboration: J. Braun, A. Cyrol, L. Fister, W.-j. Fu, M. Mitter, N. Mueller,
JMP, F. Rennecke, S. Rechenberger, N. Strodthoff

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035

Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045
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Functional RG for QCD

fQCD collaboration: J. Braun, A. Cyrol, L. Fister, W.-j. Fu, M. Mitter, N. Mueller,
JMP, F. Rennecke, S. Rechenberger, N. Strodthoff

hardQCD: Mitter, JMP, Strodthoff, PRD 91 (2015) 054035

easyQCD: Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045
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fQCD: workflow

VertEXpand
Mathematica package for the derivation of
vertices from a given action using FORM

(Denz,Held,Rodigast; unpub.)

Vertices/
Feynman Rules

DoFun

Mathematica  package
derivation of functional equations

Comput.Phys.
Commun. 183 (2012) 1290-1320)

(Braun,Huber;

FORMTracer

Algebraic
Flow Equations

CreateKernels

frgsolver

Numerical solution

high-performance, easy-to-use Mathematica
tracing tool using FORM

(Cyrol,Mitter,Pawlowski,Strodthoff; in prep.)

Mathematica package for the automatic
generation of compilable C++ kernels for use in
connection with the frgsolver

(Cyrol, Mitter,Pawlowski, Strodthoff;, unpub.)

Flexible, high-performance, parallelized C++ OOP
framework for the numerical solution of functional
equations

(Cyrol,Mitter,Pawlowski, Strodthoff; unpub.)

the
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European Research Council
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VertEXpand

Mathematica package for the derivation of

vertices from a given action using FORM
(Denz,Held,Rodigast; unpub.)

Vertices/
Feynman Rules

fQCD: workflow
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Chiral symmetry breaking

Expansion of effective action in 1PI correlators
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Chiral symmetry breaking

Expansion of effective action in 1PI correlators

e full mom. dep. » classical tensor structure under investigation:
* mom. dep. (sym. channel) » full tensor structure
* mom. dep. (sym. channel)

full tensor structure partial tensor structure « full tensor structure

» full mom. dep. mom. dep. (sym. channel) « mom. dep. (single channel)

e full mom. dep. * via effective potential » full tensor structure
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Confinement & symmetry breaking

effective running couplings o

p [GeV]
Mitter, JMP, Strodthoff ‘14
Braun, Fister, Haas, JMP, Rennecke '14

kohy = 20 4 + W+ § §

O
°
O
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Confinement & symmetry breaking

effective running couplings o

p [GeV]
Mitter, JMP, Strodthoff ‘14
Braun, Fister, Haas, JMP, Rennecke '14

dynamical correlation of confinement
and
chiral symmetry breaking

confinement chiral symmetry breaking
gluon propagator gluon propagator
gapped relative to not gapped too much

ghost propagator

Cyrol, Fister, Mitter, JMP, Strodthoff, in prep
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

quenched gluon dressing

14 L | Bowman et al., '04 ——— |
' Sternbeck et al., '06
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0.8 1

0.6 r

quark propagator
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04
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10

p [GeV]

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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running couplings o y

Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

quenched gluon dressing

~ Sternbeck et al., '06
FRG, 15 ——

0.1 1 10
p [GeV]

Cyrol, Mitter, JMP, Strodthoff, in prep

quark propagator
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0.4 | q

10

p [GeV]

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

quenched gluon dressing

. N . S 1
14 L Bowman et al., '04 ——— |
' Sternbeck et al., '06 0.8
1.2 ¢t FRG — - :
PP (A A)(p®) fosg
0.6
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p [GeV]

JMP, Rennecke, PRD 90, 076002

Helmboldt, JMP, Strodthoff, PRD 91 (2015) 5, 054010 N — 2
Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045

quark propagator
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systematic error estimate: ~10%
JMP

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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0.0F=

Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

unquenched gluon dressing
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quark propagator

e

Bowman et al., ’05 ———
1/Zq —
Mq _

10
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Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

unquenched gluon dressing quark propagator
Sternbeck et al., 2012 ———
FRG, 15 ——
0.8 1
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0.6 Bowman et al., ’05 ———
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0.4 r Mq -

10

0.1 1 10 .
p [GeV] p [GeV]

Cyrol, Mitter, JMP, Strodthoff, in prep.

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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quark-meson coupling 2§
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quark-meson coupling 2§
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Thermodynamics

2+1 flavor QCD - enhanced PQM-model

Kurtosis
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Phase structure at finite density

Phase diagram of quantised 2-flavor PQM-model
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Phase diagram of quantised 2-flavor PQM-model
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD Phase diagram of quantised 2-flavor PQM-model
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Outline

Functional Approaches to QCD & the FRG

Phase structure of QCD

Hadron spectrum & QCD transport

Outlook
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A glimpse at the hadron spectrum

preliminary
four-fermi scattering amplitude at pion pole
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p

F(4) (p17p27p37p4)

(bosonized) 4-fermi-interactions

RG-scale k [GeV]

Mitter, JMP, Strodthoff, in preparation
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... and now for something completely different ...

Real time correlation functions & transport

27



Gluon spectral function at finite T
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Gluon spectral function at finite T
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spectral function p[1/MeV2]

Dynamics

gluon spectral functions
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spectral function p[1/MeV2]

Dynamics
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Dynamics

transport coefficients

viscosity over entropy ratio
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Dynamics

QCD - estimate for viscosity over entropy ratio

viscosity over entropy ratio
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A glimpse at the hadron spectrum

preliminary
four-fermi scattering amplitude at pion pole

XqrqXamq

<5575Q(p) 55W5Q(—p)> — 2 2 +  finite terms

p

F(4) (p17p27p37p4)

(bosonized) 4-fermi-interactions

RG-scale k [GeV]

Mitter, JMP, Strodthoff, in preparation
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four-fermi scattering amplitude at pion pole
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole
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Outline

Functional Approaches to QCD & the FRG

Vacuum QCD: confinement & chiral symmetry breaking

Hadron spectrum & QCD transport

Phase structure of QCD

Outlook
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement
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Summary & Outlook
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*Phase structure and Transport
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement

*Phase Structure and Transport

*Towards quantitative precision
*Baryons, high density regime & CEP, dynamics

*Hadronic properties
* hadron spectrum & in medium modifications

"low energy constants
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