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based on

Transport coefficients in QCD; Michael Haas, JMP, in prep.

using

thermal YM/QCD-correlation functions from

FunMethods

L. Fister, JMP, '11 & in prep.

J. Braun, L.M. Haas, F. Marhauser, JMP, '09

J. Braun, L. Fister, L.M. Haas, JMP, in prep.

Lattice

A. Maas, JMP, D. Spielmann, L. von Smekal, '11




Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC
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Heavy ion collisions

Extraction of (77/s)qcp from AuAu@RHIC

H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, PRL106 (2011) 192301
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Heavy ion collisions

Shooting the elephant

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published e Take ensemble of sum of deformed Gaussian profiles,

—kzgﬁtgiyﬁﬁg;/g'?&aw:0.005 s(ry) = sa(ry;€2,¢2) + s3(r;E3,P3), with
7-:%%}3::;& gfzigiééﬁgf&%,u" _ 1. equal Gaussian radii R% = R% — 8fm* to reproduce (ri) of MC-KLN
R source for 20-30% AuAu
2. £9 and €3 adjusted such that
- 52,3 = (e2,3) 1 0% (“MC-KLN-like")

- £2,3 = (e2,3)20 0% (“MC-Glauber-like")

AutAu @ REIC, 2030% | 3. g = 0, ¢3 (direction of triangularity) distributed randomly

e Use v3 (pr) from VISH2+1 for /s = 0.20 with MC-KLN initial conditions
0z 04 cav)® 08 : for 20-30% AuAu as “mock data”

[ —MCKLNlike, /s — 0217 Fit mock vg(pT) data with VISH2+1 for "MC-Glauber-like" or “MC-KLN-
4::1?}83}2::5]& B 0111 £0.001 like" Gaussian initial conditions with both elliptic and triangular deformations
’ by adjusting n/s
= (n/s)kLN = 0.217 % 0.005 for "MC-KLN-like",

(n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"
Compute v (pp) for "MC-KLN-like" fit with (n/s)1=0.217 and repro-
duce it with "MC-Glauber-like" initial condition by readjusting 77/ s
= (n/s)d; = 0.224 + 0.005 for “MC-Glauber-like"

Y T R Compute v3 (pr) for “MC-Glauber-like” initial profiles with readjusted
Pr (GeV) ‘ ' 3 = 0.224 and compare with "MC-Glauber-like" fit to original
mock data == clearly visible (and measurable) difference!

Au+Au @1 RHIC, 20-30%

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v5(pr) data.

U. Heinz, talk at RETUNE '12




Heavy ion collisions

Computing the elephant

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published Take ensemble of sum of deformed Gaussian profiles,

—::c(::llétgi!gg;/g'g)o.?w:o.oos s(r)) = so(ry:€2,Y2) + s3(ry:E3,3), with
ZIMC-Clb ik, ;’;ﬁigééiigﬁgy‘_x, ] 1. equal Gaussian radii R% = R§ — 8fm? to reproduce (ri) of MC-KLN
R source for 20-30% AuAu
2. £9 and €3 adjusted such that
- E23= (62,3)%{1\?0% ("MC-KLN-like")

- £2,3 = (e2,3)20 0% (“MC-Glauber-like")

AutAu @ REIC, 2030% | 3. g = 0, ¢3 (direction of triangularity) distributed randomly

e Use v3 (pr) from VISH2+1 for /s = 0.20 with MC-KLN initial conditions
0z 04 cav)® 08 : for 20-30% AuAu as “mock data”
[ —MCKLNlike, /s — 0217 Fit mock vg(pT) data with VISH2+1 for "“MC-Glauber-like" or “MC-KLN-
o aE e = N ] like" Gaussian initial conditions with both elliptic and triangular deformations
oL ==-MC-Glb-like, 7/s = 0111 + 0.001 i
’ by adjusting /s
= (n/s)kLN = 0.217 £ 0.005 for "MC-KLN-like",
(n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"
Compute v (pp) for "MC-KLN-like" fit with (n/s)1=0.217 and repro-
duce it with "MC-Glauber-like" initial condition by readjusting 77/ s
== (T]/S)é‘?i = 0.224 £ 0.005 for “MC-Glauber-like"

Y T R Compute v3 (pr) for “MC-Glauber-like” initial profiles with readjusted
pr (GeV) . ' 3 = 0.224 and compare with "MC-Glauber-like" fit to original
mock data == clearly visible (and measurable) difference!

Au+Au @1 RHIC, 20-30%

This exercise proves: (i) Fitting vs(pr) data with MC-Glauber and MC-KLN initial conditions yields the
same 77/ s (within narrow error band); (ii) The corresponding vo(pr) fits are quite different, and only one
(more precisely: at most one!) of the models will fit the corresponding v5(pr) data.




Heavy ion collisions

Goal: microscopic transport description of
the partonic and hadronic phase

 How to model a QGP phase in line with 1QCD data?
Problems:
Q How to solve the hadronization problem?

Ways to go:

pQCD based models: ,Hybrid‘ models:
= QGP phase: pQCD cascade *QGP phase: hydro with QGP EoS

= hadronization: quark coalescence * hadronic freeze-out: after burner
- hadron-string transport model

< Hybrid-UrQMD

= AMPT, HIJING, BAMPS

\4

= microscopic transport description of the partonic
and hadronic phase in terms of strongly interacting
dynamical quasi-particles and off-shell hadrons

=> PHSD

Off-shell dynamical approach for
relativistic heavy-ion collisions

Elena Bratkovskaya

RETUNE "12




Heavy ion collisions

DQPM thermodynamics (N=3) and 1QCD

op

entropy _
dT

- pressure P =2 Broad spectral function :

energy density: ¢=Ts—P interaction measure: Gl ¢
uon's

1QCD: Wuppertal-Budapest group :=€(T) = 3P(T) =Ts — 4P

Y. Acki et al., JHEP 0906 (2009) 088.

Tc=160 MeV
£c=0.5 GeV/fm3

1 . .
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DQPM gives a good description of 1QCD results !

@ Elliptic flow v, vs. collision energy for Au+Au

0.14 L L |

Au + Au, all charged
12 30-40%, Inl <1, p.: 0.75-1 GeV

2 T BT Off-shell dynamical approach for
e relativistic heavy-ion collisions

Elena Bratkovskaya

RETUNE "12

parton energy fraction




Outline

*Functional Methods in QCD

*Confinement & thermodynamics

*Transport in QCD

*Viscosity in YM

*Outlook




Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic
quantum fluctuations quantum fluctuations

O:T'k[0] =5

free energy quark ) L
quantum fluctuations RG-scale k: t =1Ink

Yang-Mills:

8tI‘k[A, 5, C] 875Rk} — 8tCk
J i ) : :

, Y,

regulator R/2K2)

DSE: see lectures of C.F. Fischer



Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic
quantum fluctuations quantum fluctuations

O:T'k[0] =5

free energy quark ] L
quantum fluctuations RG-scale k: t =1Ink

=Gluons have cost us decades

"Fermions are Straig htforward though ‘physically’ complicated
" no signh problem

= chiral fermions

*bound states via dynamical hadronisation

Complementary to lattice!




Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue ) hadronic
quantum fluctuations “--.quantum fluctuations

free energy

flow of gluon propagator

N

pure glue flow +

Naturally encorporates PQM/PNIL models as specific low order trunations




Confinement & Thermodynamics

 NLO Approximately

- (Blaizot, lancu, Rebhan)

Hard Thermal Loop |
= | Self-Consistent Perturbation Theory |
. HTL Phi-Derivable (Andersen, Braaten,

Petitgirard, MS)

QOO0 Q

- o
M
N s’
.

4d Lattice "Pure Glue" (Boyd et al)

B Hpto [ HTLptNLO -
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/T,
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Strickland

A

Fister, JMP




Confinement

thermal gluon propagators

i i Fister, JMP '11
longitudinal transversal

Longitudinal Propagator G,

FRG: T =0

FRG: T'=0.3611T.
FRG: T = 0.903T.
FRG: T =1381T,
Lattice: T'=10
Lattice: T'=0.3617T,
Lattice: T'= 0.903 1,
Lattice: T'=1.81T,

Transversal Propagator G

FRG: T =0

FRG: T =0.3611T,
FRG: T'=0.903T.
FRG: T =1.81T.,
Lattice: T'=10
Lattice: T'=0.3611T,
Lattice: T'= 0.903 T
Lattice: T'=1.817T,

Lattice: Maas, JMP, Spielmann, von Smekal ‘11

+ dressed gluonic vertices




Confinement

chromo-electric propagator

Maas, JMP, Spielmann, von Smekal 11

D(0) = (A A)1(0)

Electric screening mass for SU(2)

4d

critical scaling in Landau gauge props in FunMethods!




Confinement & Thermodynamics

~ 0 Jk Fister, JMP '11
o= [HOL O
A

~ SN
iGT,k atRk /GT_O,k 6‘tRk

p p

EAO,min

e Borsanyi et al.

T T S A N N N S S N Y SN N SO N NN SO B B
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T/T,




Full dynamical QCD: N;= 2 & chiral limit

Phase structure

Braun, Haas, Marhauser, JMP ‘09

fr(T)/f(0) ——
Dual density

Polyakov Loop % ~ Tconf ~ 180M6V

e Width AT, ~ +20MeV

160 180 200
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T [MeV]
Polyakov loop

Continuum
N.=16
JN'[ = I 2

HISQ: N =8 —e—
N.=6 —o—
stout cont. ——x—
SU(3) —a—

- ‘ - T/TC
100 120 140 160 180 200 220 ' '_ > 25 3

T [MeV] Budapest-Wuppertal "10 hotQCD ‘10




Transport in QCD

Shear viscosity & Kubo relations

Energy-momentum tensor

1
L e ppa.  _ — s papk pa

Shear viscosity

Prr(w,0) Kubo relation




Transport in QCD

Shear viscosity & Kubo relations

Energy-momentum tensor

1
L peppa. _ Z§ papk pa
Moy = 0757 1% 5, 357,3[: F'® .k + matter

Shear viscosity

1 d
20 dw

Prr(w,0) Kubo relation

w=0

7

Grr,r(w, k) = _i/dt/d% e ROt ([ (), 735(0)])




Transport in QCD

flow of ,07'(7'('

, &
O
4 e

/07'('7'('

current approximation

Prr =

IOT/L with MEM

n(ko) — n(ko + po)| (Vpr (k) pr(k)pr(k + p) + Vippr(k)pp(k+p) + Vipep(k)pr



Transport in QCD

flow of ,07'(7'('

, &
O
4 e

/07'('7'('

current approximation

‘Those are my methods (principles), and if
you don’t like them...well, I have others’

Groucho Marx

Prr =

IOT/L with MEM

n(ko) — n(ko + po)| (Vpr (k) pr(k)pr(k + p) + Vippr(k)pp(k+p) + Vipep(k)pr




Viscosity in YM

imaginary time correlations

M. Haas, JMP, in prep.

Transversal Propagator G

FRG: T =0
- = FRG: T =0.361T,
FRG: T'=0.903T.
- = FRG: T =1381T,
Lattice: T'=10 1
Lattice: T = 03617, | | transversal gluon propagator
Lattice: T'= 0.903 T, 1
Lattice: T'=1.81T,

momentum p [GeV]



Viscosity in YM

tranversal Schwinger functions

M. Haas, JMP, in prep.

T
0-th Matsubara mode
— — — Matsubara imaginary time function ||
— " MEM result

Schwinger function &)

1
— 0-th Matsubara mode i
— — = Matsubara imaginary time function []
-~ MEM-resu Its

T=0.2 GeV

2 3

t

Schwinger function &)

/ dw cos(tw)G(w, p'=0)
0

Schwinger function T=0.7 GeV




Viscosity in YM

longitudinal Schwinger functions

M. Haas, JMP, in prep.

T.=0'.2 GeV
L

0-th Matsubara mode H
Matsubara imaginary time function [
MEM results

Schwinger function & {t)

high temperature limit DSE
Maas, Wambach, Griiter, Alkofer '04




Viscosity in YM

transversal spectral functions

M. Haas, JMP, in prep.
~T=0.2 GeV ~T=0.4 GeV

 T=0.7 GeV




Viscosity in YM

transversal spectral functions

M. Haas, JMP, in prep.
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Viscosity in YM

transversal spectral functions

T=0.2 GeV M. Haas, JMP, in prep.




Viscosity in YM

longitudinal spectral functions
T—O 2 Gev T=0-4 Gev M. Haas, JMP, in prep.

S
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T=0.7 GeV 2.4 GeV




Viscosity in YM

spectral functions

M. Haas, JMP, in prep.
=2 Broad spectral function :

" transversal spectral function

Gluon's  T-135T

E. Bratkovskaya, talk at RETUNE '12




Viscosity in YM

shear viscosity

M. Haas, JMP, in prep.

e |attice: H.B. Meyer '09

1587, 2327, free gluons A =00 SYM
(n+ 30/ 0.20(3) 0.26(3) oo + = 0.080
2T 31(3) 32(3) 0o 2-log2= 1.3l

(r;+§§’)/(Trns) 0.40(5) 0.51(5) 0.17 0.38




Summary & outlook

"Real time correlation functions

»spectral functions in YM -ﬂ

* spectral functions in QCD

*Transport coefficients in QCD

"viscosity over entropy in YM

*viscosity over entropy in QCD

*Towards quantitative reliability




Additional material




Transport in QCD

Conversation laws

0, T"" =0 0, (nu”) =0 0, (sut) =0

Equation of state

P = P(e,n)

Dissipation

STH = —nah — CAMY Oy

2
oV = APaFVP ((’)aug 08U — §77a53U>



MEM

Simultaneous optimisation of the spectral function to preknowledge
about its shape and to the Matsubara correlator.

Likelihood given by:

L=] dt(G(7)=G, (7))

Extensions of Maximum Likelihood Method by adding an entropy term
of Shannon-Jaynes type:

5= dwlp(w)-m(w)-p(w)log"

Minimisation of Q=L—«S§ with a weight «




MEM Input

* Pure Yang-Mills gauge theory at finite temperature T

* Gluon propagator

« Transversal part: D, (w. =0,q°)
* Longitudinal part: D, (w,=0,q’)

* FRG results for the 0-th Matsubara mode of D, (0,q°) and D,.(0,q*).




