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Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC

@
@® @ ® @ @® @
92@©@®@ @ ©@©@@®® @@9@@@
@
AN \ \ I [ e/e e =
Freezeout E :

T>7fmlc

Hot Hadron Gas

—
5<7T <7fmlc g

AN

Equilibrium QGP
2<T <5fmlc

Non-equilibrium QGP
0.2< T <2fmlc

(7]

emi-hard particle production
0<T<0.2fm/c

beam direction

A *1 fm/c ~ 3 x 10~ 2% seconds RH I C
—~ 200
>

F rT [T TTT I T [T T B

S x oatmete

Quark-Gluon Plasma = oo " eaman,

sQGP 140? é
e~ 120; E
O Critical 1o E
. ; 80| =
= Point b E
o F— =1. e B
C,_)_ ZZ: _____ SE;;\I3:17 Oée v ;
CL EoTTT percolation ]
E ~ 00 ‘ ‘2C|)O' ‘ ‘4$0I ‘ ‘680‘ I ‘8(‘)0‘ ‘ vI1000
Ei) Q k * u, (MeV)

. uarKkyonic .
Hadronic Phase y A~
Matter

Liquid-Gas =
R = ColorISuperconductors
_ bl CFL-K?, Crystalline CSC >
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s

Gluonic phase, Mixed phase



Heavy-ion collisi

® @® ©@®

e © @ ®

N

N

Hot Hadron Gas
5<T <7 fmlc

Equilibrium QGP
2<T <5fmlc

Heavy ion collisions

on timescales and “epochs” @ RHIC

@ @® @
® @ @
® @ ® o0 ©0 ©© 99299 ) @@
NV e 2
Freezeout El | e
o~ LHC
— gu

Non-equilibrium QGP
0.2< T <2fmlc

0<T <0.2fmlc

Semi-hard particle production

beam direction

*1 fm/c ~ 3 x 10~ 2% seconds

RHIC

S\2007‘H|.H‘.,‘_.“H.:
% 180 Cleymansetal.
= - A Becattinietal. ]

Quark-Gluon Plasma = o0 aono el ]
140 F i
sQGP : ]

E\Q 120 | 3

v 100 F =

) Critical . ]

= 9 80 |- =

= Point oy E

C‘E 40F —— E/N=1.08 GeV E

(b} Fo----- sTe=7 ]

Q_‘ 20 Fo-e-- percolation =

T TR BRI BRI B

E % 200 400 600 800 1000

O \

= b, (MeV)

Hadronic Phase

;!

' Quarkyonic
Matter

FAIR

Nuclear Superfluid

al CFL-K?, Crystalline CSC >
Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

NICA

Super-FRS

—— Produktion
von Antiprotonen



Interaction Rate [HZ]

Heavy ion collisions

CBM collaboration (compilation Tetyana Galatyuk)
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Phase diagram & order parameters

>

Temperature T

* Quarkyonic —
Matter ..o

1
Liquid-Gas

K. Fukushima %---'

— X CFLKY, Crystalline CSC _ _
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s
Gluonic phase, Mixed phase

Phases in QCD

quarks massless - massive

chiral condensate / < q(x)q(x) >

—

X



Phase diagram & order parameters

>

Temperature T

' Quarkyonic

Matter
\
T
1
Liquid-Gas
. ' crconductors
K. Fukushima ---
— X CFLKY, Crystalline CSC
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential s

Gluonic phase, Mixed phase

Phases in QCD

quarks massless - massive quarks confined - deconfined
chiral condensate / < q(x)q(x) > Polyakovloop & ~ e 2Faa
free energy Fgq = lim  Fgx)qey)

[X—y[—=00



Phase diagram & order parameters
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Functional RG for QCD

fQCD collaboration: 3. Braun, L. Corell, A. Cyrol, W.-j. Fu, M. Leonhardt, M. Mitter,
JMP, M. Pospiech, F. Rennecke, N. Strodthoff, N. Wink

Heidelberg, Dailan, Darmstadt
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Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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properties

low energy models naturally encorporated

Functional RG for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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® numerically tractable, also at real time
no sign problem

systematic error control via closed form
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QCD l effective theories



Functional RG for QCD
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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 for the

derivation of functional equations

FormTracer

Algebraic
Flow Equations

CreateKernels

frgsolver

Numerical solution

High-performance, general purpose, easy-to-use
Mathematica tracing tool using FORM

Cyrol, Mitter, Strodthoff; arXiv: 1610.09331

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.

Braun, Huber; Comput.Phys.
Commun. 183 (2012) 1290-1320
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YM-theory: gluonic correlation functions

(A A)(p)
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Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005



YM-theory: gluonic correlation functions
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YM-theory: gluonic correlation functions
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YM-theory: gluonic correlation functions
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YM-theory: Euclidean gluon propagator

Functional Renormalisation Group
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gluon propagator dressing
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YM-theory: Euclidean gluon propagator

Functional Renormalisation Group
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up to date pinch technique:
Aguilar, Binosi, Papavassiliou, PRD 89 (2014) 085032

up to date DSE: . .
Cyrol, Huber, Smekal, EPJ C75 (2015) 102 Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005
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QCD: current set of correlation functions

, , 3 4
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Mitter, JMP, Strodthoff, PRD 91 (2015) 054035



QCD: Euclidean propagators

error estimate
m,=140 MeV
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QCD: Vertices

A A XK
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QCD: Vertices
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QCD: Vertices

A A X

2
Féc) (p> ACC p7 A3 pa A4 psym

classical tensor  classical tensor

% % X Welches Schweinderl hditten’s denn gerne?

(3)
\FAQQ(Z% Q) ) FAAqq psym A3qq psym qqqq p p, —
cﬂD g complete, n <3 mom.—ind. tensors
I \ / \ | / \ /
cbn
/‘\ /‘\ /.\ ne {3 12}
qqcb qq¢¢ p; 0 7 ¢3 —p, 0, O

“classical” tensor “classical”’ tensor

(Aiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, arXiv:1706.06326



43
) q :

Quark-gluon vertex
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quenched: Mitter, JMP, Strodthoff, PRD 91 (2015) 054035
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Quark-gluon vertex

CAiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, arXiv:1706.06326



Quark-gluon vertex

CAiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, arXiv:1706.06326



o uark-gluon vertex
-~ Quark-g

A1(p, q)

up-to-date 1st principles works:

FunMethods: williams, EPJ A51 (2015) 57 m_ =140 MeV \ -~
Sanchis-Alepuz, Williams, PLB 749 (2015) 592 o5 | \

Williams, Fischer, Heupel, PRD 93 (2016) 034026
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Binosi, Chang, Papavassiliou, Qin, Roberts, PRD 95 (2017) 031501
Aguilar, Cardona, Ferreira, Papavassiliou, arXiv:1610.06158

OgcA —
error estimate

running couplings
(6]
T

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 0.1 1 10

(Aiming at apparent convergence)

Cyrol, Mitter, JMP, Strodthoff, arXiv:1706.06326
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Quark-gluon vertex

A1(p, q)

up-to-date 1st principles works: Beware of BRST
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A glimpse at the hadron spectrum

preliminary
four-fermi scattering amplitude at pion pole

XqrqXamq

<q5W5Q(p) 6575Q(—p)> — > +  finite terms

F(4) (p17p27p37p4)

(bosonized) 4-fermi-interactions

RG-scale k [GeV]

Mitter, JMP, Strodthoff, in preparation



A glimpse at the hadron spectrum

prelimin

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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Mitter, JMP, Strodthoff, in preparation



A glimpse at the hadron spectrum

prelimin

four-fermi scattering amplitude at pion pole

ary
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A glimpse at the hadron spectrum

preliminary

four-fermi scattering amplitude at pion pole
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(Govsq(p) Govsq(—p)) | — pg z ?;112‘1 + finite terms
3 pG)
(4) qmq— qmq
F(Cj’)/55"Q)2 (p7p7 _p7 _p) p2 L m%—

pion decay constant fﬂ. via normalisation of Ffi?;f)q

f. ~99 MeV f. ~ 89 MeV

quenched QCD unquenched QCD

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

latti Mitter, JMP, Strodthoff, in preparation
unquenched e.g. Horsley et al., PLB 732, 41 (2014) fwa 1€ ~ 89 MeV
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QCD: Euclidean propagators

error estimate
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YM-theory: gluonic correlation functions
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YM-theory: gluonic correlation functions

AE, (p)

(Aiming at apparent convergence)

Cyrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005



Euclidean gluon propagator at finite T

Yang-Mills propagators, finite T

chromo-magnetic propagator
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Fister, JMP, arXiv:1112.5440 Cyrol, Mitter, JMP, Strodthoff, in preparation
Lattice: Maas, JMP, Smekal, Spielmann, PRD 85 (2012) 034037 Lattice: Silva, Oliviera, Bicudo, Cardoso, PRD89 (2014) 7, 074503

CF model: Reinosa, Serreau, Tissier, Tresmontant, PRD 95 (2017) 045014



Euclidean gluon propagator at finite T

Yang-Mills propagators, finite T

23 Debye mass (chromo-electric) chromo-magnetic propagator
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Cyrol, Mitter, JMP, Strodthoff, in preparation

Lattice: Maas, JMP, Smekal, Spielmann, PRD 85 (2012) 034037 Lattice: Silva, Oliviera, Bicudo, Cardoso, PRD89 (2014) 7, 074503

CF model: Reinosa, Serreau, Tissier, Tresmontant, PRD 95 (2017) 045014



Euclidean gluon propagator at finite T

Yang-Mills propagators, finite T

Debyve mass (chromo-electric)

chromo-magnetic propagator

2.3 ) Y '
. 2:71
\ (GeV7] |
- — FRG [T T=0
2.2 k | — T=0451T
. \\ -=-= first order HTL 4F - ¢ -
‘\\ === second order HTL, ¢,=1 ;:_ 832(5) ;C
210 o=y N IEEEEE second order HTL, ¢,=0.91 i e ¢
£ . ’ oL T=1.010 T, ]
= ¢ ; T=1.100 T,
s~ : T=1810 T,
2
1.9}, I
1.8/ !
1.7 ' ' ' ' ' 0
0.5 1.0 1.5 2.0 2.9 3.0 0.1 0.2 0.5 1 2 5
T [GeV] p [GeV]

(Ao) #0

Lattice: Maas, JMP, Smekal, Spielmann, PRD 85 (2012) 034037

CF model: Reinosa, Serreau, Tissier, Tresmontant, PRD 95 (2017) 045014

Cyrol, Mitter, JMP, Strodthoff, in preparation

Lattice: Silva, Oliviera, Bicudo, Cardoso, PRD89 (2014) 7, 074503



Confinement

L[Ag] =

—1tr

Pei g foﬁ Ao (X)

FRG: Braun, Gies, JMP, PLB 684 (2010) 262

FRG, DSE, 2PI: Fister,

4 glue quantum )
fluctuations

OiTk[¢] = 3 — ! )
f s
e, o

JMP, PRD 88 (2013) 045010

hadronic quantum
fluctuations

- -

D[ —

quark quantum
fluctuations



1.0

0.8

0.6

04

0.2

0.0

Confinement

L[Ag] =

— trPeis Jo Ao(x)

7)67’9 fO Ao(a

Polyakov Ioop

L({¢))

[ T T T T

04
03
0.2
0.1+t

01

Polvakov Ioop Potential
B! VYM[AO]

\/Q_'N)ji

295 MeV .-

03 05 07 _.-

286 MeV .~
280 MeV

\\\\\\\\\\\

02| §
0.3 1 N 276 MeV
i 04 ou@) 2Ny }
-0.5 : : :
0 0.2 0.4 0.6 0.8 1
BgAo
L o
L T N A O T N N AN N NN N N AN NN N NN NN AN N N N N |
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

FRG: Braun, Gies, JMP, PLB 684 (2010) 262

( glue quantum \
fluctuations
,
r —1 _ ! \
O l'k[9] = 3 . )
free ~ 4
\energy . )

FRG, DSE, 2PI: Fister, JMP, PRD 88 (2013) 045010

hadronic quantum
fluctuations

_|_

D[ —

quark quantum
fluctuations

T.//o = 0.658 + 0.023

lattice : T,./v/o = 0.646



1.0

0.8

0.6

04

0.2

0.0

Confinement

1
L[Ag] = —trPe' Jo' Ao ()
__€<p

Pe' 9

fO Aoai

)

Polyakov loop

| L((¢))

T

[ T

04
03
0.2
0.1+t

T T

Polvakov Ioop Potential 1

\/Z_Ti

01

\\\\\

03 05 07 _.-

295 MeV o=

286 MeV .~
280 MeV

Ch VYM [Ao] | -

L 02} § 1
| 0.3 276 MeV ) 1
i 04 ou@) 2Ny i
I 05 ‘ ‘ ‘ -
= 0 0.2 0.4 0.6 0.8 1 4
i BgAop
L o
I T T I N Y SN Y N N Y Y N Y N AN N N N N AN N N NN N AN NN NN NN N NN N NN MO N |
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

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

FRG, DSE, 2PI: Fister,

4 glue quantum ) hadronic quantum
fluctuations fluctuations
_ 1 [ \ 1 3
OiTk[9] = 5 -\ e tai
f s
(eneray iy .
quark quantum
fluctuations
Herbst, Luecker, JMP, arXiv:1510.03830
1 .2 ! ! I T I |
| +
1 L
Kaczmarek et al. ’02
08 + o Gupta et al. '08
=P
0.6 | |
04 r
02 B 1 L
15 20 25
O L L L L
1 2 3 6




Summary I

*Chiral Symmetry Breaking and Confinement
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QCD phase structure
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Thermodynamics and condensates

2+1 flavor QCD - enhanced PQM-model 2+1 flavor DSE
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Approximations of infrared dynamics involved



Thermodynamics and condensates
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QCD at finite density

Phase diagram of the QCD-enhanced PQM model
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Phase structure at finite density

Phase diagram of 2+1 flavor QCD
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Fluctuations as a measure of confinement

i I I I I I I I I I I _I_I_I I:PIAI I I I I I I I |
) full i
Lr WB continuum limit n
- S e - XB _ 0 p
- N S ] n n T4
B} c\]0.8 : \\ I.l||““"!!._"- ] a(MB/T) T
5 - i
mw0'6 N ]
< - i
0.4 ] Skewness, Kurtosis
0.2F 1-.- . B B
i 0o
i i 3 X4
)Lt N I TN T NN T N T N TN NN N A TN N 0-2 — VTSX]Z?) S — T R = B 2
0.4 0.6 0.8 1 1.2 1.4 1.6 X2 0 X2 0

T/T.
Fu, JMP, PRD 92 (2015) 116006

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




Fluctuations as a measure of confinement
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Threefold way to transport

Real-Time MEM & Real-time diagrams MEM & lattice



Threefold way to transport

Real-Time MEM & Real-time diagrams
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Threefold way to transport

Real-Time MEM & Real-time diagrams MEM & lattice
Real time correlation functions single particle spectral functions
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Threefold way to transport

Real-Time MEM & Real-time diagrams MEM & lattice

Real time correlation functions single particle spectral functions exponentially improved MEM
Yang-Mills 2+1+1 flavour QCD finite T spectral functions
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thermal spectral functions on the lattice
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thermal spectral functions on the lattice
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3+1-dimensional complex scalar field

two-point correlation function of the field correlator of energy-momentum tensor
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3+1-dimensional complex scalar field
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Summary & Outlook

*Chiral Symmetry Breaking and Confinement
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Summary & Outlook

*Phase structure and Transport
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"Phase Structure and Transport

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

*Hadronic properties
* hadron spectrum & in medium modifications

" low energy constants



