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Heavy ion collisions

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

on timescales and “epochs” @ RHIC
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Interaction Rate [HZ]

Heavy ion collisions
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@® QCD from functional methods

@® QCD-assisted hydrodynamics

@® QCD-assisted transport

® Summary & outlook
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Functional RG for QCD

eg. JMP, AIP Conf.Proc. 1343 (2011)
NPA 931 (2014) 113

free energy at momentum scale k
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properties closed form

o
® access to physics o

® numerically tractable, also at real time
no sign problem

systematic error control via closed form low energy

QCD effective theories
® low energy models naturally encorporated > . .



Functional RG for QCD

eg. JMP, AIP Conf.Proc. 1343 (2011)
NPA 931 (2014) 113

free energy at momentum scale k
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QCD: current set of correlation functions
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QCD: Euclidean propagators
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D QCD: Quark-gluon vertex

A1(p, q)

up-to-date 1st principles works: Beware of BRST
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YM-theory: gluonic correlation functions
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Euclidean gluon propagator at finite T

Yang-Mills propagators, finite T

chromo-magnetic propagator
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QCD-assisted hydrodynamics

Dubla, Masciocchi, JMP, Schenke, Shen, Stachel, arXiv:1805.02985
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Single particle spectral functions

chromo-magnetic
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Single particle spectral functions

gluon spectral function at vanishing temperature
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novel analytic IR (& UV) behaviour and qualitatively refined reconstruction

Cyrol, JMP, Rothkopf, Wink, arXiv:1804.00945



Transport coefficients

viscosity over entropy ratio in Yang-Mills theory

Kubo relation

1 d

— an 7 T 70
20 dw wzop (,0)

n

‘3-loop’ exact functional relation for O

1 & 2-loop terms

CGIuon spectral function)

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

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



Transport coefficients

viscosity over entropy ratio in Yang-Mills theory

Yang-Mills viscosity over entropy ratio
Kubo relation
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Transport coefficients

QCD - estimate for viscosity over entropy ratio

viscosity over entropy ratio
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QCD-assisted hydrodynamics

Dubla, Masciocchi, JIMP, Schenke, Shen, Stachel, arXiv:1805.02985

IP-Glasma - MUSIC - UrQMD

v, as function of centrality v, as function of p.
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On the unreasonable effectiveness of low energy effective theories
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QCD at finite density

Phase diagram of the QCD-enhanced PQM

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

Extension of FRG QCD results at imaginary chemical potential

Braun, Haas, Marhauser, JMP, PRL 106 (2011) 022002



Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Chiral phase structure
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DSE-update: see talk of Christian Ffischer

Kaczmarek at al. '11
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Cea, Cosmai, Papa ‘14

Phase diagram of QCD-enhanced 2-flavor PQM-model
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@ FRG QCD results at finite density
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Phase structure at finite density

Phase diagram of QCD-enhanced 2-flavor PQM-model

Phase diagram of 2+1 flavor QCD

Kaczmarek at al. '11
Endrodi, Fodor, Katz, Szabo '11
Cea, Cosmai, Papa ‘14
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Fluctuations as a measure of confinement

1.2 DL LA NLANULAL A LEN B B B L L L NN L L
DL BB e e e e R
- 1 ] -
Lp N 17
0.8F q 14
A = - 4 4
5 " 0 NEE RN e e h
CQw‘O'G - 1 1.5 -
< n -
0.4 [ = present work ]
- === results from [2] .
0.2 - = WB continuum limit 7
0 I TR N SR N ST N N N N N N SN N A AN A

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

T/T.

[2] Fu, JMP, PRD 92 (2015) 116006

L
" O(us/T)" T*

Skewness, Kurtosis

Karsch, Schaefer, Wagner, Wambach, PLB 698 (2011) 256

Friman, Karsch, Redlich, Skokov, EPJ C71 (2011) 1694

Schaefer, Wagner, PRD 85 (2012) 034027

Skokov, Friman, Redlich, PRC 88 (2013) 034911
Almasi, Friman, Redlich, Nucl.Phys. A956 (2016) 356-359

B g Xz]ID)
2 3
o =VI-y S = = K= ———
° X50 X502
o | 2
OV” E
9 E E

Ko
— (\) o
1 1 I 1 1 1 1 I 1 1 1 1

-

10 100

M

—@— 0 — 5% centrality at STAR
—— 5-10%

—#— present work

—&—— results from [2]

—%— without frequency dependence
1 1 1 [ T B I 1

—_
)

100
V3 [GeV

[2] Fu, JMP, PRD 93 (2016) 091501

Fu, JMP, Schaefer, Rennecke, PRD 94 (2016) 116020



Transport approach to QCD

Blum, Jiang, Mitter, Nahrgang, JMP, Rennecke, Wink

Time evolution of the critical (scalar) 0 mode

ol

0o

quantum equation of motion noise field

Extension of mean-field version

Nahrgang, Leupold, Herold, Bleicher PRC84 (2011)

see also

Stephanov, Rajagopal, Shuryak PRL81 (1998)
Mukherjee, Venugopalan, Yin PRC92 (2015)
Herold, Nahrgang, Yan, Kobdaj PRC93 (2016)

Nahrgang, Bluhm, Schafer, Bass arXiv:1804.05728



Transport approach to QCD

Blum, Jiang, Mitter, Nahrgang, JMP, Rennecke, Wink

Time evolution of the critical (scalar) 0 mode
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quantum equation of motion
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noise field

Input from equilibrium low energy effective action of QCD
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kinetic term diffusion term 7) 00 effective potential

Phase structure of low energy QCD

2+1 flavour quark-meson model Comparison of truncations (2 flavours)
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Pion & sigma spectral functions

Show case in linear sigma model
Sigma & Pion spectral functions
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Real-time FRG computations, e.q.

Florchinger JHEP 1205 (2012) 021
Kamikado, Strodthoff, von Smekal, Wambach, EPJC 74 (2014) 2806

JMP, Strodthoff, PRD 92 (2015) 094009



Pion & sigma spectral functions

Show case in linear sigma model
Sigma & Pion spectral functions
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2+1 flavour quark-meson model sigma spectral function
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Pion & sigma spectral functions

2+1 flavour quark-meson model sigma spectral function

Sigma Meson

T =130 MeV
u =0 MeV

Spectral function p(w,|D|) [GeV 2]
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JMP, Rennecke, Wink, in prep



Time evolution of cumulants

Blum, Jiang, Nahrgang, JMP, Rennecke, Wink, in prep

Time evolution of kurtosis
_l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

2.0F | _ T=80MeV | -

I u =0 MeV .

1.5k e T=80MeV | 4
1 = 200 MeV

O
92
I L L L

Normalized Kurtosis ka/k5?

L "EE I N T TR N N T T |
1.0 1.5 2.0 2.5 3.0
Time t [fm/c]

E

o

o

I L L L
¢=r-
= ‘N

|

=
o
=
Ul

nth central moment of the sigma field: Xn

X2 — <(U — <0>)2> kurtosis: K — X—;L —
X2



Equilibration time phase structure

Blum, Jiang, Nahrgang, JMP, Rennecke, Wink, in prep

Equilibration time of sigma-kurtosis
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Summary & Outlook

*Phase structure of QCD
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Summary & Outlook

"QCD phase structure at low density

*Transport in pure glue & low energy EFTs

*Towards quantitative precision

* baryons, high density regime & CEP

*"Threefold way to transport
*imaginary time lattice simulations: Yang-Mills, QCD

* real-time: Yang-Mills, QCD, finite density



