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Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC
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Interaction Rate [HZ]

Heavy ion collisions

CBM collaboration (compilation Tetyana Galatyuk)
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fQCD: motivation

Phase diagram of quantised 2-flavor PQM-model

Herbst, JMP, Schaefer, PLB 696 (2011) 58-67
PRD 88 (2013) 1, 014007

@ FRG QCD results at finite density
Haas, Braun, JMP ‘09, unpublished

Extension of FRG QCD results at imaginary chemical potential

Braun, Haas, Marhauser, JMP, PRL 106 (2011) 022002
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Search for the CEP at high density
FunMethods:

best non-perturbative
1st principle methods

triggered by Claudia
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Functional RG for QCD

fQCD collaboration: 3. Braun, L. Corell, A. Cyrol, W.-j. Fu, M. Leonhardt, M. Mitter,
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Darmstadt, Heidelberg

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005
Cyrol, Mitter, Strodthoff, arXiv:1610:09331

Braun, Fister, Haas, JMP, Rennecke, PRD 94 (2016) 034016
Rennecke, PRD 92 (2015) 076012
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Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)

free energy at momentum scale k
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properties

low energy models naturally encorporated

Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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low energy

QCD l effective theories



Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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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.)
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Gluonic correlation functions

Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005
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Gluonic correlation functions
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Gluonic correlation functions
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Euclidean gluon propagator

Functional Renormalisation Group
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Euclidean gluon propagator

Functional Renormalisation Group
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... and now for something completely different ...

(Aiming at apparent convergence)
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Euclidean propagators

(A AYP?)

Sternbeck et al.
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Vertices
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o uark-gluon vertex
. Quark-g
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Cyrol, Mitter, JMP, Strodthoff, in prep.
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Quark-gluon vertex

CAiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, in prep.



o uark-gluon vertex
. Quark-g

A1(p, q)

( p,q in MeV )

up-to-date 1st principle works:

FunMethods: williams, EPJ A51 (2015) 57
Sanchis-Alepuz, Williams, PLB 749 (2015) 592

Williams, Fischer, Heupel, PRD 93 (2016) 034026

Aguilar, Binosi, Ibanez, Papavassiliou, PRD 89 (2014) 065027

Binosi, Chang, Papavassiliou, Qin, Roberts, arXiv:1609.02568

Aguilar, Cardona, Ferreira, Papavassiliou, arXiv:1610.06158

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

Pelaez, Tissier, Wschebor, PRD 92 (2015) 045012

Eichmann, Sanchis-Alepuz, Williams, Alkofer, Fischer, PPNP 91 (2016) 1

lattice: Oliveira, Kizilersii, Silva, Skullerud, Sternbeck, Williams, APP Suppl. 9 (2016) 363

(Aiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, in prep.
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( p,q in MeV )

Quark-gluon vertex

up-to-date 1st principle works:

A1(p, q)

Beware of BRST
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Euclidean gluon propagator at finite T

Yang-Mills propagators, finite T
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Spectral functions & transport

Euclidean Real time

Correlations of the energy-momentum tensor

(m(x1) -+ - ()
MEM'm <7_‘_(x1) oL 7_‘_(xn)>
Transport coefficients, hadron resonances
Kubo formula

» |3



Spectral functions & transport
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Spectral functions & transport

I I I ;;olyn. 1I:ail molck L
Euclidean 41 NO4 dD1 ====» . Real time
N64 dD3
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2

Direct -
reconstruction
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w [GeV]  JMP, Rothkopf, work in progress
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MEM-type Methods

Transport coefficients, hadron resonances

(m(21) -+ 7(2n))

(m(21) -+ 7(20))
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Spectral functions & transport

Euclidean Real time

Quark-gluon-hadron correlations

<A,u (331) T Q(xn-H) T > direct computation
(Ap(r1) - q(Zngr) )

Correlations of the energy-momentum tensor

<7T(331) - W(xn» direct computation

MEM-type Methods

Transport coefficients, hadron resonances

(m(21) -+ 7(20))

Kubo formula
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Spectral functions & transport

Euclidean Real time

Quark-gluon-hadron correlations

complex frequencies
<A,u (331) T Q(xn-H) T > > direct computation

(Au(@1) - q(@ng1) )

Correlations of the energy-momentum tensor

complex frequencies
<7T(331) e W(xn» > direct computation

MEM-type Methods

Transport coefficients, hadron resonances

(m(21) -+ 7(20))

Kubo formula

» |3



Spectral functions & transport

Euclidean Real time

<A,u (331) T Q(xn-H) T > direct computation

MEM-type Methods

Correlations of the energy-momentum tensor

(Au(@1) - q(@ng1) )

input in diagrams

direct computation

(m(21) -+ 7(20))

Transport coefficients, hadron resonances

Kubo formula

» |3



Single particle spectral functions




Single particle spectral functions
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p(p) = 2Im(A A),..(p)

T=1.44T,

chromo-magnetic

Haas, Fister, JMP, PRD 90 (2014) 9, 091501



thermal spectral functions on the lattice
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thermal spectral functions on the lattice
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thermal spectral functions on the lattice
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Transport

gluon spectral functions
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pion and sigma spectral functions
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transport coefficients

Kubo relation

1 d

— an 7 T 70
20 dw wzop (,0)
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‘3-loop’ exact functional relation for O

1 & 2-loop terms

Haas, Fister, JMP, PRD 90 (2014) 9, 091501

Christiansen, Haas, JMP, Strodthoff, PRL 115 (2015) 11, 112002




Transport

transport coefficients

Yang-Mills viscosity over entropy ratio
Kubo relation
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‘3-loop’ exact functional relation for O

1 & 2-loop terms

(Aiming at apparent convergence)

Haas, Fister, JMP, PRD 90 (2014) 9, 091501

Christiansen, Haas, JMP, Strodthoff, PRL 115 (2015) 11, 112002
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viscosity over entropy ratio

nsport

QCD - estimate for viscosity over entropy ratio
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Transport

QCD - estimate for viscosity over entropy ratio

viscosity over entropy ratio
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Transport

transport coefficients

Yang-Mills viscosity over entropy QCD - estimate for viscosity over entropy ratio
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Transport

QCD transport & transport models

courtesy of Nicolai Christiansen
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Summary & Outlook

sSpectral functions & transport coefficients

meson spectral fcts.
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*Single particle spectral functions

*transport coefficients



Summary & Outlook

*Single particle spectral functions

*transport coefficients

*direct computation of real time correlation functions in QCD
*bulk viscosity, relaxation time, ....

*Hadronic properties
*glue balls, hadron spectrum & in medium modifications

" low energy constants






