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Fundamental challenges

1. Understanding the phase structure of QCD

from first principles

Phase structure at large chemical
potentials largely unknown due to
sign problem in lattice QCD...

Existence and location of the

critical point?

Temperature T [MeV]
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1. Understanding the phase structure of QCD <je . 1
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Phase structure at large chemical
potentials largely unknown due to J
sign problem in lattice QCD... L e
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Chemical Potential p

Temperature T [MeV]

Existence and location of the

itical int? > adapted from GSI
Critucal point:

2. Understanding the fundamental properties of strongly interacting
matter from its microscopic description :

Hadron spectrum
pole masses, decay constants, form
factors, scattering amplitudes,...

Realtime observables

» Haas, Fister, Pawlowski

elementary spectral functions, Phys. Rev. D90 091501 (2014)

transport coefficients... Difficult to obtain in Euclidean approaches
. due to analytic continuation ° o



Nonperturbative approaches

Both challenges require first-principle approaches:

Lattice QCD
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Nonperturbative approaches

Both challenges require first-principle approaches:

Lattice QCD Functional approaches

=T 7 « Dyson-Schwinger equations (DSE)
‘ jLL .[ « n-particle irreducible methods (nPl)
| o5 - Functional Renormalization Group (FRG)
L

Ll*— |

gluaon qu%srk

jicfus.jp
® - -

v Complementary to the lattice

v" No sign problem

v Calculation of realtime observables
v’ Effective models incorporated

o ° 3

use relations between off-shell Green’s functions

e.g. quark propagator DSE
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Functional RG for QCD

Spirit of Wilson RG: Calculate full guantum effective action by
integrating fluctuations with momentum k
L'
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Functional RG for QCD

Spirit of Wilson RG: Calculate full guantum effective action by
integrating fluctuations with momentum k

L'y
k— 0 E— Auvy
r - S
Functional Renormalization Group (FRG)
i oy
Free energy/. Oy + 0D, 1| D] ei:ir-) [y
Grand potential ' IR-Regulator
: Il % II;# L‘.“: @
e full field- and momentum-
gluon ghost quark dependent propagator



Dynamical Hadronization
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Dynamical Hadronization
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gluon ghost quark

b=

Dynamical hadronization
Store resonant 4-Fermi structures in
terms of effective mesonic interactions

> Gies, Wetterich Phys.Rev. D65 (2002) 065001

X X
full 4-Fermi res. 4-Fermi
Efficient bookkeeping- no double counting

Ilght mesons o,

(bosonized) 4-fermi-interaction
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QCD Phase Structure

> Mitter, Pawlowski, NSt Phys.Rev. D91 (2015) 054035
> Cyrol, Fister, Mitter, Pawlowski, NSt Phys.Rev. D94 (2016) no.5, 054005



T [MeV]

Functional methods at T,u>0

PQM model, Nf=2, FRG Quark propagator DSE, Nf=2+1
T T T T T T 200 T T T T T T
200
150
3
100 | e ,
————— A crossover = o <
— & crossover 000N 0T Lattice: curvature range k=0.0066-0.0180
I ) 50 — DSE: chiral crossover _
50 ® crossover | @ DSE: critical end point
¢ CE_P " -—-— DSE: deconfinement crossover
. —— ¥, first order . | | |
0 50 100 150 200 250 300 350 0 50 N VeV 150 200
u [MeV]
» Herbst, Pawlowski, Schaefer » Fischer, Luecker, Welzbacher
Phys.Lett. B696 (2011) Nucl.Phys. A931 (2014) 774-779
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Functional methods at T,u>0
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But: so far all require additional phenomenological input



T [MeV]

Functional methods at T,u>0

PQM model, Nf=2, FRG Quark propagator DSE, Nf=2+1
T T T T T T 200 T T T T T T
200 |
150 r
T
100 | e s
————— A crossover = - =
— & crossover 000N 0T Lattice: curvature range k=0.0066-0.0180
I i 50 — DSE: chiral crossover i
50 ® crossover | @ DSE: critical end point
¢ CE_P I -—-— DSE: deconfinement crossover
0 x first order ; | | |
0 50 100 150 200 250 300 350 0 50 N VeV 150 200
u [MeV]
» Herbst, Pawlowski, Schaefer > Fischer, Luecker, Welzbacher
Phys.Lett. B696 (2011) Nucl.Phys. A931 (2014) 774-779

But: so far all require additional phenomenological input

Aim: Quantitative framework for continuum QCD
fundamental parameters of QCD as only input parameters

fQCD collaboration
J. Braun, L. Corell, A. K. Cyrol, L. Fister, W. J. Fu, M. Leonhardt, M. Mitter, J. M. Pawlowski,

M. Pospiech, F. Rennecke, NSt, N. Wink o
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Quark propagator (T=0)

Quenched quark propagator
From the full matter system using quenched gluon propagator as only input

qu(p) — Zq(p)(ilﬁ + Mq(p))
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> Mitter, Pawlowski, NSt Phys.Rev. D91 (2015) 054035
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Truncation

Vertex expansion: systematic expansion in terms of 1P| vertices

Perturbative relevance counting no longer valid
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e full mom. dep.

» classical tensor structure
e mom. dep. (sym. channel)

under investigation:
» full tensor structure
* mom. dep. (sym. channel)

X X

« full tensor structure

e full mom. dep.

¢ partial tensor structure
* mom. dep. (sym. channel)

e full tensor structure
* mom. dep. (single channel)
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via effective potential

full tensor structure
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Gluon propagator (T=0)

Pure YM gluon propagator
From a self-consistent solution of the transversal 2-,3- and 4-point functions

%% (p) = Za(p)p® Ty’ (p)

1/ZA3_ I I I [ [ III [ I [ I I | II_
w -—-- RG scale dep. | |
g — — 1D mom. dep. | -
S5 [ Zaen: 3D mom. dep. | |
52 u
§ |
= L
oo L /=l
o0 |
o,
st
o1
L
o
5 L
|

0_"'-""7‘/1 Lo | I I R T R
0.1 1 10

p [GeV]
> Cyrol, Fister, Mitter, Pawlowski, NSt Phys.Rev. D94 (2016) no.5, 054005



gluon propagator dressing 1/Z,

Unguenched propagators

Unquenched gluon and quark propagators
From the solution of the coupled matter-glue system

85 : ,
Sternbeck et al., '’2012 ———
3 | ERCE S a=a
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quark propagator dressings
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Mg, m =140 —
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0.1 1 10

> Cyrol, Mitter, Pawlowski, NSt in prep

v Everything in place for first quantitative results of the full system at finite T and p

v Stay tuned for fluctuation observables...

11



Realtime observables

» Kamikado, NSt, von Smekal, Wambach Eur.Phys.J. C74 (2014) 2806
> Tripolt, NSt, von Smekal, Wambach Phys.Rev. D89 (2014) 034010

» Pawlowski, NSt Phys.Rev. D92 (2015) 9, 094009
>

Christiansen, Haas, Pawlowski, NSt PRL 115 (2015) 11, 112002



Spectral Functions

Real-time observables from Euclidean framework
0% (w,p) = —limeo T (~i(w + i), §)

Im Fg) (w,p)
Im T (w,5) +Re T2 (w,5)

p(w,p) =

requires analytical continuation from Euclidean to Minkowski signature
numerically hard problem

13



Spectral Functions

Real-time observables from Euclidean framework
0% (w,p) = —limeo T (~i(w + i), §)

Im Fg) (w,p)
Im T (w,5) +Re T2 (w,5)

p(w,p) =

requires analytical continuation from Euclidean to Minkowski signature
numerically hard problem

Popular approaches (based on Euclidean data)
* Maximum Entropy Method (MEM)
* Padé Approximants

13



Spectral Functions

Real-time observables from Euclidean framework
0% (w,p) = —limeo T (~i(w + i), §)

(2) ¢, =
= ImI',’ (w,p)
() p —_ R
IO( ’ ) Imfg)(w,_’)Q—FRng)(w,_’)Q

requires analytical continuation from Euclidean to Minkowski signature
numerically hard problem

Popular approaches (based on Euclidean data)
* Maximum Entropy Method (MEM)
Padé Approximants

Alternative: analytic continuation on the level of the functional equation

» Kamikado, NSt, von Smekal, Wambach Eur.Phys.J. C74 (2014) 2806
> Floerchinger JHEP 1205 (2012) 021

> Strauss, Fischer, Kellermann PRL 109 (2012) 252001

. Here Minkowski external momenta appears as external parameters



spectral function p[1/MeV2]

O(N) at T=0:

Spectral Functions

0.0001 F

1e-06 |

pion 4d e=0.1 ——
0.01 fsigma 4d e=0.1 ——

pion 3d e=0.1
sigma 3d e=0.1

1e-08
pion
1e-10 R
0 50 100 150 200 250 300 1072
ext. frequency w[MeV] pr[MeV?] 1o-6
> Pawlowski, NSt Phys.Rev. D92 (2015) 9, 094009 10770 200
! p [MeV]
100 100
w[MeV] 200
Summary 300 °

v Directly calculated spectral functions
v Tested in scalar and Yukawa models at T,p>0
v Allows the inclusion of full momentum dependence > NSt, in prep

O Quark & gluon spectral functions in full QCD
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Transport Coefficients

Kubo formula for the shear viscosity

S 1 pvwr(waa)
n =m0 55 =557

Require  pOrn (wv ]5) — fgg e_iwxo+iﬁ5<[wij (Zl’}), Tij (O)]>

15



Transport Coefficients

Kubo formula for the shear viscosity

. 1 vaW(w>6)
1 = limy 0 55 =7

Require  pOrn (wv 15) — fgg e_iwxo+iﬁ5<[wij (33)7 Tij (O)]>

Expansion formula
> Pawlowski Annals Phys. 322 (2007) 2831-2915

(mi[Almis[A]) = 735[Gag, 55 + Almis[Gag, 59- + Al
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Transport Coefficients

Kubo formula for the shear viscosity

. 1 pm(w,ﬁ)
1 = limy 0 55 =7

Require  pOrn (wv 15) — fgg e_iwxo+iﬁ5<[wij (Zl’}), Tij (O)]>

Expansion formula
> Pawlowski Annals Phys. 322 (2007) 2831-2915

(mi[Almis[A]) = 735[Gag, 55 + Almis[Gag, 59- + Al

Finite number of diagrams involving full propagators/vertices

A

All diagrams to
2-loop order

> Haas, Fister, Pawlowski —
P.hys. Rev. D90 091501 (2014)




nls

n/s in YM theory

T..,=1.26 T,
Value=0.14

1.0
e result
— fit

08 | — GRG/HTL
e lattice
— KSS

0.6

0.4

0.2

K
0.0 1 2 3 4

T/T,
> Christiansen, Haas, Pawlowski, NSt PRL 115 (2015) 11, 112002
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Estimate: n/s in QCD

>cf Nleml Eskola Paatelamen 1505 02677

=== QCD, Functional Methods
—— n/s=const.

—— n/s=param. 1

—— nfs=param. 2

—— n/s=param. 3

— nfs=param. 4

—— AdS/CFT bound
0.0

100 200 300 400 500

T[MeV]
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Summary

> QCD phase structure

towards a quantitative continuum approach to QCD

v Quantitative grip on fluctuation physics in the vacuum
* finite temperature and density

* Nuclear matter; nuclear binding energy...

> Realtime observables
> Elementary spectral functions

new approach to analytical continuation problem
v tested in low energy eff. models (O(N), QM model)
e vector meson, quark & gluon, charmonium spectral functions

» Transport Coefficients

from loop expansion involving full propagators and vertices
v Global quantitative prediction for n/s in YM theory
* Full QCD, bulk viscosity, relaxation times

° Thank you for your attention!
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Chiral symmetry breaking

XSB <-> resonance in 4-Fermi int.
(pion pole)

B-function:

3 o=10
Ay
l<a<ao,
//sk )‘T.l";

k6k5\¢ = (d - 2)5\¢ - CLS\% - b5\¢g2 - cg4

Oy

» Review: Braun J.Phys. G39 (2012) 033001



Chiral symmetry breaking

XSB <-> resonance in 4-Fermiint. ~ 7°°
(pion pole)

B-function:

Ay

F ety

» Review: Braun J.Phys. G39 (2012) 033001

Sty
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running couplings o

B o Z2,.(D)
azac(p) = 4WZAE4p)ZCQ (p)

B 22,0
agaq(P) = ArZA(p)Z3(p)
A3 (p) ZL@

p [GeV]

Decoupling due to gluon mass gap
Chiral SB requires to exceed crit. coupling
area above the critical value decides

o



4-Fermi Interactions

30

25
20 -
15

(bosonized) 4-fermi-interactions
=

10

RG-scale k [GeV]

(a) Renormalisation group scale dependence of dimensionless four-

fermi interactions, see App.lB 2c

and bosonised o-m channel. Grey:

respects chiral symmetry, blue: breaks U(1) 4, red: breaks SU(2) 4,

magenta: breaks U(2) 4.



4-Fermi Interactions

30

25
20 -
15

(bosonized) 4-fermi-interactions
=

10

RG-scale k [GeV]

(a) Renormalisation group scale dependence of dimensionless four-

fermi interactions, see App,lB 2c

and bosonised o-m channel. Grey:

respects chiral symmetry, blue: breaks U(1) 4, red: breaks SU(2) 4,

magenta: breaks U(2) 4.

* Bosonizing the o-mm channel only is sufficient
* In the vacuum: other channels not quantitatively relevant



running couplings
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QM Model at T>0
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> Tripolt, NSt, von Smekal, Wambach Phys.Rev. D89 (2014) 034010



QM Model at T>0

T=100 MeV 1:0" = oo

100}

0.01

10~ - - - - - - - w [MeV
0 100 200 300 400 500 600 700« MeVl

> Tripolt, NSt, von Smekal, Wambach Phys.Rev. D89 (2014) 034010



QM Model at T>0

T=150 MeV 1:0" = oo

100}

0.01

10~ - - - - - - - w [MeV
0 100 200 300 400 500 600 700« MeVl

> Tripolt, NSt, von Smekal, Wambach Phys.Rev. D89 (2014) 034010



QM Model at T>0

T=200 MeV
[AGY]
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0.01

10" ' ' '
0 100 200 300
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3:0% — P
100} 4: " — ow
SHE e e
6: % — Y
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0 100 200 300 400

> Tripolt, NSt, von Smekal, Wambach Phys.Rev. D89 (2014) 034010




QM Modelatu >0
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QM Model at u >0

[Agy]
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QM Model at u >0
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QM Model at u >0
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QM Model at u >0

[AGY]
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n/s in Yang-Mills Theory

e result
— fit
0.8 ~ GRG/HTL -
e |attice
— KSS
0.6
0
<
0.4
0.9l | T..=1.26T.
Value=0.14
0.0 1 2 3 4

T/T,
> Christiansen, Haas, Pawlowski, NSt PRL 115 (2015) 11, 112002



n/s in Yang-Mills Theory

e result
— fit
0.8 GRG/HTL
e |attice
KSS
0.6
0
S
0.4
02 T..,=1.26 T,
Value=0.14
0.0 1 p) 3 4
T/T,
» Christiansen, Haas, Pawlowski, NSt PRL 115 (2015) 11, 112002
. n ( ) _ a | b
Direct sum: — T —
S Oés(CT/Tcyy | (T/TC)6
y=16 a=0.15 6=014 ¢c=0.66 o6=05.1
High T: consistent with Small T: algebraic decay

HTL-resummed pert. Theory (f|X|ng Y) g|ueba|| resonance gas °
supporting quasiparticle picture



n/s in QCD

From YM to QCD in three simple steps

1. Replace o; impose equality at T, s 7. = Qs
2. Genuine quark contributionsto n and s

3. Replace GRG by HRG > Demir, Bass PRL 102 (2009) 172302

ﬂ - a | b
S (T) T 048(6’1—‘/1_10)’y | (CZ—,/TFC)(S
vy=16 a=4/3-015 b=016 c¢=079 §=5



n/s in QCD

From YM to QCD in three simple steps

. . Nj=0 Nyg=3
1. Replace og; impose equality at T, Qs |Tc — U T,
2. Genuine quark contributionsto n and s
3. Rep|ace GRG by HRG » Demir, Bass PRL 102 (2009) 172302
ﬂ - a | b
S(T) as(cT/T)Y ' (T/T.)®
vy=16 a=4/3-015 b=0.16 ¢=079 6=5
1.0;
— QCDresult -
HRG/pert
0.8 KSS
0.6 : _—
© I ) ) o o — Tmin=1'3 TC
<
04 Value: 0.17
0.2
0.0’

0.1 0.2 03 0.4 0.5 0.6 0.7



Workflow

...towards 1-click QCD

VertEXpand DoFun
Mathematica package for the derivation of Mathematica  package for the
vertices from a given action using FORM derivation of functional equations

(Denz,Held,Rodigast; unpub.)

(Braun,Huber; Comput.Phys.
Commun. 183 (2012) 1290-1320)

Vertices/
Feynman Rules

FORMTracer high-performance, easy-to-use  Mathematica
tracing tool using FORM

(Cyrol Mitter,Pawlowski,Strodthoff; in prep.)

Algebraic
Flow Equations

CreateKermnels Mathematica package for the automatic
generation of compilable C++ kernels for use in
connection with the frgsolver

(Cyrol Mitter, Pawlowski, Strodthoff, unpub.)

frgsolver Flexible, high-performance, paralelized C++ OOP
framework for the numerical solution of functional
equations

(Cyrol Mitter,Pawlowski,Strodthoff; unpub.)



