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Continuum Methods for QCD
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Continuum Methods for QCD

quark-gluon-hadron correlations
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Continuum Methods for QCD

quark-gluon-hadron correlations
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Continuum Methods for QCD

quark-gluon-hadron correlations

Jjo060007 70666660

(g(@1) - q(@2n) Au(yr) - Ap(ym) h(z1) - - - h(21)) o 1o

5606060 - - -

functional relations

@-s hm

~ Z off-shell . —|— —|—

scattering amplitude/ o
vertex functions e.g. lattice input on rhs
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dynamics, ...
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® numerically tractable

no sign problem
systematic error control via closed form

QCD low energy models
® low energy models naturally encorporated . . .
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Functional Methods for QCD

Scales

® current quark masses:

® higher resonances: 100

Braun, Fister, Haas, JMP, Rennecke ‘14 1070k

® intrinsic scale of QCD:

® chiral/confinement critical temperatures:

® glue mass gap (Landau gauge: mass gap of glue propagator)

® chiral symmetry breaking scale: Am, =~ Mg constit. — Mq,current

(scales = c(Nyg, NC)AQCD)

® explicit mass scales of QCD:

mq,current
Aqep

meson masses

~ 102
light quarks
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Functional Methods for QCD

Scales
® intrinsic scale of QCD: Aqcp ~ 200 MeV
® glue mass gap (Landau gauge: mass gap of glue propagator) Amglue I~ AQCD
® chiral symmetry breaking scale: Am, =~ Mg constit. — Mq,current Am, ~ 300 MeV
® chiral/confinement critical temperatures: Ty = Teont = 150 MeV

(scales = c(Nyg, NC)AQCD)

® explicit mass scales of QCD:

m
® current quark masses: Zcurrem ~ 102 m, ~ 140 MeV
QCD light quarks
m _
e higher resonances: = <101
Aqcp
® nuclear binding energy ~ 16 MeV

QCD low energy models
best done with a combination of imaginary and real time flows .—’—.




Functional RG for QCD

free energy at momentum scale k
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glue hadronic
quantum fluctuations quantum fluctuations
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free energy/ N . s ‘
grand potential \ J
quark
quantum fluctuations
Dynamical hadronisation >3 ******* dynamical
Gies, Wetterich '01
JMP ‘05

Florchinger, Wetterich '09

JMP, AIP Conf.Proc. 1343 (2011)
Nucl.Phys. A931 (2014) 113

Phase diagram survey
JMP, Schladming '13

ab initio

CRG—scale k: t = lnk)



http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/Schladming13_pawlowski.pdf
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/Schladming13_pawlowski.pdf

Functional RG for QCD

fQCD collaboration: 3. Braun, A. Cyrol, L. Fister, W.-j. Fu, T.K. Herbst, M. Mitter, N. Mueller,
JMP, S. Rechenberger, F. Rennecke, N. Strodthoff

TARDIS, ERGE, DoFun2.0 DoFun
Huber, Braun, Comput.Phys.Commun. 183 (2012) 1290-1320

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

Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045
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Glue sector
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Glue sector

Yang M|IIs propagators, T= 0

14 | Bowman et al., 04 —x— |
' Sternbeck et aI., 06
1.2+ 2 2\ s FRG |

Yang-Mills propagators, finite T

0.1 1 10
p |GeV]

Fischer, Maas, JMP, Annals Phys. 324 (2009) 2408
Fister, JMP ‘14

Transversal Propagator G

FRG: T =0

— — FRG: T =0.361T,
————— FRG: T'=0.903 T,
— - — FRG: T =181T,
Lattice: T'=0
Lattice: T'= 0.361T.
Lattice: T'= 0.903T.
Lattice: T'=1.81T.

Fister, JMP, arXiv:1112.5440
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Confinement
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T/T,

glue quantum
fluctuations

8trk[¢] = %

free
energy

/®\

- +

hadronic quantum
fluctuations

N[ =

quark quantum
fluctuations

FRG: Braun, Gies, JMP, PLB 684 (2010) 262
FRG, DSE, 2PI: Fister, JMP, PRD 88 (2013) 045010

T./+/o = 0.658 + 0.023

lattice : T,./v/o = 0.646

confinement

gluon propagator
gapped relative to

ghost propagator

Braun, Gies, JMP '07
Marhauser, JMP '08
Fister, JMP '13
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T./+/o = 0.658 + 0.023

lattice : T,./v/o = 0.646

1/Fff)(p) - Fister, JMP '14
. \ no confinement
12 \ without
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10} \
— \
8- ~\ \ .
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6L W\ 1 chiral quark

\ 1 dynamical quark
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Chiral symmetry breaking

i mom. dep.

+ classical tensor

FRG Yang-Mills results ; structure
-1 full mom. dep. : mom. dep.
——@ all tensor structures
R | e STl-consistent extension
| \\ 7/
Fierz-complete basis 1 : mom. dep P full effective
N\ 7/
at p = 0 and mom. dep. --=-- -.- ---- ,\ potential

fQCD

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
see also Williams, Eur.Phys.]J. A51 (2015) 5, 57
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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
0.4

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

F%

Bowman et al., ’05 ———
1/ZOI S

Mg — .

10

p [GeV]

systematic error estimate: ~10%
JMP

Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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2.5

0.0F=

Chiral symmetry breaking

FRG-quenched QCD vs lattice-quenced QCD

unquenched gluon dressing

3.0} /!
P (AAPY)
2.0l ’,"
150
10}
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T | | T
Y
1

QCD
YM (input) :
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Braun, Fister, Haas, JMP, Rennecke, arXiv:1412.1045

Rennecke, arXive:1504.03585
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Mq _
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systematic error estimate: ~10%

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

Fister, Mitter, JMP, Strodthoff ‘14
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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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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole

N S Xaqm >_<_7T
(@sa(p) G0rsa(=p)) | = | 575
(3) pB)
L{ a2 (02, —Ds =) _arains
(qys5q)2 M7 47 ’ p2 _ m72r
pion decay constant f7T via normalisation of I‘((—f;)q

4+ finite terms

aka BSE wave function

recent mini-review on DSE-BSE
Sanchis-Alepuz, Williams, arXiv:1503.05896

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pol

e

(@0v5q9(p) Govsq(—p)) | —

4
ng—,)%gq)z (p7 P, —D, _p)

pion decay constant f_ via normalisation of T’

Xgﬁqxng +  finite terms
pT —mxz
(3) 1(3)
Fq‘wqrqﬁq
p? —mz
real-time:
(3)
qmTq

@® Spectral Fcts & Transport Coeffs

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole

(@0vs5q9(p) qovsq9(—p)) | — ngqu;q +  finite terms
pT —mx
(3) 1(3)
rY L (p,p, —p, —D) ima” ars
(qvsdq)2 M 5 ’ p2 _m72r
pion decay constant f via normalisation of I‘(%?;)q
f. ~99 MeV f. ~ 89 MeV
quenched QCD unquenched QCD
fquenched
lattice Davies et al., PRL 92 (2004) 022001 — ~1.1

unquenched ~—
tr

Mitter, JMP, Strodthoff, in preparation
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole

= N X_7r >_<_7T .
(@0v59(p) @0vs9(=p)) | — pgi%;] +  finite terms
(3) 1(3)
rY L (p,p, —p, —D) ima” ars
(qys5q)2 &0 4D p? —m2
pion decay constant f via normalisation of I‘(%?;)q
f. ~99 MeV f. ~ 89 MeV
quenched QCD unquenched QCD

lattice Davies et al., PRL 92 (2004) 022001

lntti Mitter, JMP, Strodthoff, in preparation
unquenched e.g. Horsley et al., PLB 732, 41 (2014) { **"'°° ~ 89 MeV
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Rennecke, arXiv:1504.03585

19



quark-meson coupling 2§
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Yang-Mills
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AI,s

Thermodynamics

reduced chiral condensate

Wuppertal-Budapest, 2010 —=——
1 T T PQM FRG | see talk of B.-J. Schaefer
™, PQM eMF - - - - -
0.8 | " POMMF oo :
2+1 flavor QCD - enhanced PQM-model
0.6 | .
04 | i Kurtosis: Fu, JMP, in preparation
0.2 1 .
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0 . . . . . ——=—— Wuppertal-Budapest, 2010
06 04 -02 0 02 04 06 7 f -5 HotQCD N=8, 2012 -
- - o- -1 HotQCD Ni=12, 2012
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Fister, JMP '11 1

Herbst, Mitter et al, PLB 731 (2014) 248-256
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Phase structure at finite density

Phase diagram of quantised 2-flavor PQM-model

0 50 100 150 200 250 300 350
u [MeV]

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

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

Phase diagram of 2+1 flavor QCD

200
150
rvature
= 100 | Kaczmarek at al. ‘11
: S Endrodi, Fodor, Katz, Szabo ‘11
i - | Cea, Cosmai, Papa '14
—————— LatticgzCurvature range Kk=0.0066-0.0180
50 —— DSE: chiral crossover il
/ SE: critical end point
- “—-- DSE: deconfinement crossover 1
0 ’// ] | ] | ] | ]
0 50 100 150 200
u, [MeV]
Fischer, Fister, Luecker, JMP, PLB732 (2014) 248
Fischer, Luecker, Welzbacher, PRD 90 (2014) 034022
O~ -
§(T—29) / \ e

Fister, JMP, PRD 88 (2013) 045010

24



Phase structure at finite density

Phase diagram of 2+1 flavor QCD Phase diagram of quantised 2-flavor PQM-model
200 ‘ ‘ > I - . . . . . .
200 b :
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— ~UNO
— > IR N
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2 E'I ool T X crossover NN 1
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Comparison with 2 flavor vs 2+1 flavor scale matching of T .




Phase structure at finite density for heavy quarks

T [GeV]

Polyakov loop at finite density

abs(L[A])

k'2n/3 ———
arg(L[A])

200

mJ/T

lattice see eg: Bonati, de Forcrand, D'Elia, Philipsen, Sanfilippo,PRD 90 (2014) 7, 074030

Critical surface at large masses

DSE, N=1  +
Tricr. scaling, N¢=1
DSE, N=2  x
Tricr. scaling, Ny=2 -~
DSE, Ni=3  x
Tricr. scaling, NT=3 e
| |
-1 05 0 05 1 15 2 25

u2 /-I-2

Fischer, Luecker, JMP, PRD 91 (2015) 1, 014024
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... and now for something completely different ...

Gauge dynamics far from equilibrium

Gasenzer, McLerran, JMP, Sexty, Nucl.Phys. A930 (2014) 163

see also talks of J. Berges, A. Dumitru, S. Schlichting
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Abelian Higgs model in 2+1 dimensions

Classical action:

{S[Aw¢] — _/ [iF/wFW T (Du¢)*DM¢ - V(@]J (¢ ""995)

ase iz iSOJ
ph EQM e
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Abelian Higgs model in 2+1 dimensions

Classical action:

{S[Auv¢] — _/ [iFWFW T (Du¢)*DM¢ - V(@]J (¢ ""995)

(/b igoj
phase | — = €
=
Classical action of Yang-Mills theory in diagonalisation gauges:

1 1
[ SYM §/xtrF/3V + §/wtr (DMAQ)QJ (Ag $0,$1)

Wilson loop

Vortex winding phase

L
_ [ _ - _ 1 2 e 41 08D B d ;9
[szexp{z/o d$2A2($)}eXP{Z¢ﬂ [n(S) 16wi£dw€23tr¢@¢aj¢ i Il
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Quiz

Complex scalar vs Abelian Higgs

phase ¢ of scalar field

mt=000000 mt=000000

‘tachyonic’ initial conditions

classical statistical lattice simulations

Which is which?

Gasenzer, McLerran, JMP, Sexty, Nucl.Phys. A930 (2014) 163
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Vortex dynamics

magnetic field

mt=000000

0.000385¢

0.000385

0.000384¢

0.000384

0.000383¢

0.000383

0.000382¢

0.000382

0.000381¢

phase of Higgs

mt=000000

‘tachyonic’ initial conditions

classical statistical lattice simulations

Gasenzer, McLerran, JMP, Sexty, Nucl.Phys. A930 (2014) 163
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Charge

‘overpopulation’ initial conditions

modulus of Higgs

Q.t=0

Q. t=7000

Qs;t=0

.
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.
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relative phase

G = 0.025

coupling
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1 1 1]
O N B o R N oW
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1 1 1]
O N B o RN oW

Q. t=7000 Q. t=45000

oV (Z,1) = arg(GY (0, 7, 1))

relative phase

charge

(GU(f, j,t) = (T, )U(Z, 9, 1)p(y, )" )l

parallel transport U
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Dynamics

( Shooting the elephant )

Zhi Qiu and U. Heinz, to be published

o MC-KLN, 5/s = 0.20
—MC-KLN-like, /s = 0.217 + 0.005
2f . .MC-Glb.-like, n/s = 0.111 + 0.001 |
w==MC-Clb -like, /s = 0.224 + 0.005 .2 _
10

-
"""
-
-

Au+Au i1 RHIC, 20-30%

80 0z o024 o8 08 10

pr (GeV)
[ —MC-KLN-like, /s = 0.217
Fimm MC-Glb -like, /5 = 0.224 + 0.003
4 ~=-MC-Glb_like, /s = 0.111 + 0.001
—3r
;ﬁ
= 2_
1 -
. Au+Au @ RHIC, 20-30%
8o 02 0.4 0.6 0.8 1.0

pr (GeV)

Proof of principle calculation:

Take ensemble of sum of deformed Gaussian profiles,

s(ry1) = sa(ry1; €2, ¥2) + s3(ry;E€3,3), with

1. equal Gaussian radii R% = Rg = 8fm? to reproduce (ri) of MC-KLN
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")

3. g = 0, ¢3 (direction of triangularity) distributed randomly

Use v3 (pr) from VISH2+1 for /s = 0.20 with MC-KLN initial conditions
for 20-30% AuAu as “mock data”

Fit mock v3 (pr) data with VISH2+1 for “MC-Glauber-like" or “MC-KLN-
like” Gaussian initial conditions with both elliptic and triangular deformations
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"

Compute v3 (pr) for “MC-Glauber-like” initial profiles with readjusted
(n/s)r2 = 0.224 and compare with “MC-Glauber-like" fit to original
mock data == clearly visible (and measurable) difference!

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




Dynamics

(Computing the elephant )

Proof of principle calculation:

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

; "“:}}8‘,&24&7,2-3"0_2{7z(;mf, s(ry) = sa(ry;E2,%2) + s3(r; €3, v3), with
MGGl ke 35228;;{,};3;&';;,.5" ! 1. equal Gaussian radii R3 = R3 = 8fm? to reproduce (ri) of MC-KLN
10 S source for 20-30% AuAu
= 8 e 2. £9 and €3 adjusted such that
E ' - 52,3 = (e2,3) 1 0% (“MC-KLN-like")
4 - £23= (623)%01_30% ("MC-Glauber-like")
) AutAu @ RHIC, 2030% 3. g = 0, ¢3 (direction of triangularity) distributed randomly
P L e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
0 0z 0 e 08 10 for 20-30% AuAu as “mock data”
5 —MCKLNike, /s = 0207 e Fit mock vg (pr) data with VISH2+1 for "MC-Glauber-like" or “MC-KLN-
4?::.&}83}2::1&]& B 0111 £0.001 like" Gaussian initial conditions with both elliptic and triangular deformations
i by adjusting /s
J L] — (n/s)kLN = 0.217 & 0.005 for “MC-KLN-like",
€1 : (n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"
i - e Compute v3 (py) for "MC-KLN-like" fit with (7/s)G=0.217 and repro-
[ duce it with "MC-Glauber-like" initial condition by readjusting 77/ s
1: s An RIS S0 == ('17/8)1(’-1.31 = 0.224 + 0.005 for “MC-Glauber-like"
et e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted
' Pr (GeV) ‘ ' (n/s)g’] = 0.224 and compare with “MC-Glauber-like” fit to original

mock data == clearly visible (and measurable) difference!

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.

computing transport coefficients




Correlations of the energy-momentum tensor

Flow

, & &
— b — 1 ? ‘ 1 . . 3§full vertex
% -2 T T T —m

[3: classical vertexj

Complete 2-loop corrections

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Correlations of the energy-momentum tensor

Flow

, PECON
— 1 ? ‘ 1 . . 3§full vertex
8,5 — A = — 5 —|— \./ —|— — 5 :-:

n'.‘ "'0

.“.N /o,,'. ]

200 @ 05T + - classical vertex
l".A "‘\

closed form

Vertex corrections
oo -0

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Correlations of the energy-momentum tensor

Flow

, & &
_ 1 o o 1 ® ©
8t:.: — —§ —|— \./ —|— —iz\‘.i

Current approximation

(5 )

with optimised RG-scheme from
osed fiister, IMP 'Phys.Rev. D88 (2013) 045010

Prr =

(PT/L with MEM)

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Shear viscosity

Current approximation

Transport coefficients

Prr (W, Oﬂ Kubo relation
0

(5 )

Prr =

(PT/L with MEM)

[n(ko) —n(k® + po)} (Verpr (k)pr(k +p) + Vrppr(k)pr(k+p) + Verpr(k)pr(k + p)ﬂ P

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Gluon spectral function at finite T

0.08

T=100 MeV - 1 GeV

0.06}

transversal

FRG+MEM
-0.02 ' ' T=1.44T.

MEM

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
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Gluon spectral function at finite T

0.08
T=100 MeV - 1 GeV
0.06}

transversal

FRG+MEM

0.02, : oGeV 0 5 T=1.44T.

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

direct computation Groucho Marx

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
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p[A]

Dynamics

gluon spectral functions

0.08

30 —— ghost: p

—— gluon: Py

0.06 )

20

10

Fompllex IIJSEs_

-0.02 : ‘ 0 02 04 06 08 1 12 14 1.6 1.8 2
S 0[GeV] 10 15 Ipl [GeV]
Haas, Fister, JMP, PRD 90 (2014) 9, 091501 Strauss, Fischer, Kellermann, PRL 109 (2012) 252001

pion and sigma spectral functions

4d N=2 exponential regulator, €¢=0.1 MeV T=10
-2
100 [Auv] see talk of L. von Smekal

1000¢

10 |

10¢

0.1

0.01 F 0.1

0.001 |
0.001

0.0001
full complex FRG/real time i3 | ~analytic complex FRG ol
1e_05 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 = & 260 <) s L R
o [MeV] Tripolt, Strodthoff, von Smekal, Wamach, PRD 89 (2014) 034010
JMP, Strodthoff, in preparation Kamikado, Strodthoff, von Smekal, Wambach, EPJ C74 (2014) 2806
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0.08

0.0e

-0.02
0

Dynamics

gluon spectral functions

5 w[GeV] 10 15
Haas, Fister, JMP, PRD 90 (2014) 9, 091501

—— ghost: p

—— gluon: Py

Fompllex Il)SEs_

Ipl [GeV]

Strauss, Fischer, Kellermann,

pion and sigma spectral functions

see talk of L. von Smekal

750 1Pl [MeV]

pr [GeV™?]

Tripolt, von Smekal, Wambach, Phys.Rev.
Tripolt, PhD-thesis

D90 (2014) 7, 074031

1.2

PRL 109 (2012) 252001

1.4 1.6 1.8

Po [Gev_z]

2
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Viscosity In pure glue

spectral functions

p A7

pion and sigma spectral functions QM-model

4d N=2 exponential regulator, £=0.1 MeV inverse pion propagator in the linear QM-model

100 1.2e+06
Z ten #1 numerical FRG
10 i step #2
11 & 800000 |-
. s
0.1 } o
0.01 N 400000 |
0.001 F
0.0001 0 . ' .
full complex FRG/real time 0 1000 2000 3000 4000
1e_05 1 1 1 1 1 1 1 o [MeV]
0 50 100 150 200 250 300 350 400 450
o [MeV]
order parameter omin as a function of T in the linear QM-model
JMP, Strodthoff, in preparation 100 step #0
90 step #1 ——
O(N)-model step zg
80 step
iteration step oo [MeV] 6, [%]  mpole [MeV]  meur [MeV]  dp, [%)] o P e
0 93.55 0.0043 130.3113 136.7593 4.9
1 100.05  0.0028  126.6390 126.4590 0.14 § 00
5) 99.38 0.0043 127.0347 127.0110 0.019 = 0
& 40
30
iteration step oo [MeV] 9, [%]  Mpoe [MeV]  mcyr [MeV] 6§y, [%] 20
0 96.25 0.0052 91.4911 134.8281 47 10 b
1 99.56 0.0044 90.8841 91.1611 0.30 o ordler parameter — . .
5) 99.56 0.0073 90.9244 91.1551 0.25 0 50 100 150 200 250 300 350 400
QM-model TMev]

Helmboldt, JMP, Strodthoff, Phys.Rev. D91 (2015) 5, 054010
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1.0

0.8

Dynamics

transport coefficients

viscosity over entropy ratio

0.8

0.6:

T — T
l * One Loop

Two Loop
] * H.Meyer (2007 /2009 )
----- AdS /CFT

o result
— fit

— GRG/HTL -
e [attice
— KSS

Kubo relation

d
n = d— pm(w,O)

1
20 =0

‘3-loop’ exact functional relation for O

1 & 2-loop terms

Haas, Fister, JMP, PRD 90 (2014) 9, 091501
Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Dynamics

QCD - estimate for viscosity over entropy ratio

viscosity over entropy ratio

1.0

0.8

0.8

0.6:

T — T
l * One Loop

p
* H.Meyer (2007 /2009 )
~==~- AdS /CFT

o result
— fit

— GRG/HTL -
e [attice
— KSS

T/T,
T . Aggp Agrg
s (T) s (cT/T,) i (T /T, ) Vers

Verg & O

Yagp ~ 1.6

pure glue

Aqep ~ 0.15
anrg ~ 0.14

c ~ (.66

Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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nls

Dynamics

QCD - estimate for viscosity over entropy ratio

aqu ~ 02
1.0 ‘
— QCD result ahrg ~ 016
— YM result
08 — HRG/pert E ~
R c~0.79
0.6 Qeb
0.4 Varg & 9
.ol Yagp ~ 1.6
/
0001 02 o3 0.4 0.5 0.6 0.7 pure glue
T[GeV]
aqu ~ 015
Mgy = Gasn G anrg ~ 0.14
S s (cT/T.) (T/T.)Yers c ~ 0.66

Christiansen, Haas, JMP, Strodthoff, arXiv:1411.7986
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Summary

" Gauge dynamics far from equilibrium

Abelian Higgs

Fgi(t.p=0)V

m=000020 mt=000020

magnetic field phase of Higgs

» Spectral functions and transport coefficients

spectral functions

0.08 '
T=100 MeV - 1 GeV T=1.44Tc

‘ 0.1 ;
. :
. oot b B e
! ?:
." U
i 0.001 L, ~ il
1 1 R IYAY). .
0.0001 |

-3
4 10 100

1 L 1PS]
1000 10000

viscosity over entropy ratio

o e result
o Loop
} + H.Meyer (2007 /2009 ) - f|t

~===~ AdS/CFT

H”H * lattice

— KSS

— GRG/HTL |
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Summary & Outlook
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement

FQq(p)

10

0.8

0.6

04

0.2

0.0

quark propagator

1
0.8 r
0.6 | Bowmanetal., '05 —— ]
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'Polyakov loop ¢
Polyakov loop Potential
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mass [GeV]

1000¢
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10°L
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= 0.99

meson masses & decoupling

\ 1 dynamical quark

50 10.0 20.0

2.0

gluon propagator

no confinement
without
chiral symmetry breaking

(pure) Yang—Mills theory
1 chiral quark

0.0
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Summary & Outlook

T [MeV]

*Phase structure and Transport

300 Phase structure at ;€ iR . Interaction measure Phase structure at finite density
I I WuppértaI-Budallpest, 2010 I I I 1B _ o I /LBIZ I
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6| o Ho@0DN-2 2012 @ | T ::Q‘Z.\\"\:T.\.'\" m,=138 MeV
200 | s 150 | SN 1
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50 ¢ T, ’ | 7 x 1st order {0
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100 ® result
— fit
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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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