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(I) Introduction to the phase diagram of QCD & funMethods

*Phase diagram of QCD

» Perturbative QCD & asymptotic freedom
» Confinement

» Chiral symmetry breaking

" Functional methods for QCD
* FRG, DSE, 2PI
* Phase structure with the FRG & optimisation

* FRG for QCD & dynamical hadronisation




(II) Phase structure of QCD at finite temperature

Yang-Mills theory & QCD at T=0

*Yang-Mills theory at finite temperature

= Confinement

* Thermodynamics

*Phase structure of QCD at finite temperature

* Order parameter

» Comparison with other methods




(II1I) Phase diagram of QCD

"Phase structure at imaginary chemical potential
* Imaginary chemical potential & Roberge-Weiss symmetry
* Dual order parameters

» Chiral versus confinement-deconfinement temperatures

"Phase structure at finite density
» Chiral versus confinement-deconfinement temperatures
* Phase structure with QCD-improved effective models

» High density phases: To be or not to be




(IV) Dynamics

*Turbulence in gauge theories

= Abelian Higgs model & beyond

*Transport in YM & QCD

= Spectral functions

= transport coefficients
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Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC
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Phase diagrams & order parameters
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Phase diagrams & order parameters
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Phase diagrams & order parameters

Phase diagram of cold atoms
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Temperature T

Phase diagram of QCD
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QCD
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Perturbative QCD & asymptotic freedom
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QCD, asymptotic freedom and all that

Action and interactions
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QCD, asymptotic freedom and all that

Action and interactions
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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Confinement
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Confinement

Free energy /' ; of a quark - antiquark pair

gauge theory
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Confinement

Free energy I, of a quark - antiquark pair
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Confinement

Free energy /' ; of a quark - antiquark pair
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Chiral symmetry breaking
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Chiral symmetry breaking

physical masses

strong chiral symmetry breaking Am, sg ~ 400 MeV

Generation first second third Charge
Mass [MeV] || 1.5-4 | 1150-1350 170x10°

Quark u C t %
Quark d S b — %
Mass [MeV] || 4-8 80-130 (4.1-4.4) x 10°

(Aqop = 217725 MeV)

2 light flavours, one heavy flavour 2+1




Chiral symmetry breaking

physical masses

2 light flavours, one heavy flavour 2+1
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Chiral symmetry breaking
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Chiral symmetry breaking
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Chiral symmetry breaking

e Chirality for massless particles

Right-handed: Left-handed:
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e Order parameter
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e Meson potential
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Chiral symmetry breaking

e Chirality for massless particles chiral symmetry
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Chiral symmetry breaking

anomalous chiral symmetry breaking

e Axial U(1) [q — €“5% with current (Jw X qV5Vuqd = qTRQL — QEQR
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Chiral symmetry breaking

anomalous chiral symmetry breaking

e Axial U(1) (q — ei’Y5O‘q) with current (Jw X qV5Vuqd = QEQL — QEQR)

classically (8MJ5,M — (D

e Anomalous breaking of the axial U(1)

Nf Q=-1 Q=0 Qhk

quantum | 9, (J5 ) = m?eul/p0‘<Fﬁngo>

Nonet of pseudoscalar mesons

(m,, ~ 960 MeV)

axial anomaly

fermionic zero modes
‘t Hooft determinant

Ak 6) <f(]zlce£ Irqr + get qu) <? Yoty

UV-FRG 5 T
IMP '96 A(k,0) oc (B° +cp Amig) 27 e T/ s,k

Plots from Ford, JMP '05

38



Functional Methods for QCD

FunMethods: FRG-DSE-2PI-...
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Functional Renormalisation Group
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Functional Renormalisation Group

Generating functional Z
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classical action

zero-dimensional example: ‘Functional’ flows for integrals



http://www.thphys.uni-heidelberg.de/~pawlowsk/NPgauge12/bonus/idea.pdf
http://www.thphys.uni-heidelberg.de/~pawlowsk/NPgauge12/bonus/idea.pdf

Functional Renormalisation Group

Generating functional Z

-

1
210) = 5y [ dpe ST, 2
\_

~

J

partition function

Effective action I'

[

o] =

\_

—log/dgpe_s[¢+¢ +/. ¢

5F[¢]
e

~

free energy

-

\_

F[gb]zsgp(/J ¢ —log Z| ])

((¢)s =)
p=p+¢
($) sz =0
S
or
T

Legendre transform




Functional Renormalisation Group

Generating functional Z

4 )

Z[|J| = % /dgp e Slel+ [, Je (<90>

\ Y,
partition function

Effective action I' -
4 )
. _gle 5 ST[¢]
[lg) = ~log [ dpe=SiFHoltl ¢ 5 (#)
\ J
free energy
Dyson-Schwinger equation X

T <6S[¢>+ ¢]>
56(x) ~ \ " 00(a)

quantum equation of motion




Functional Renormalisation Group

Dyson-Schwinger equation

ST <5S[¢ +9 >
so(z) — \ 00(x)

- J

~

Diagrammatics {S[qb] ==




Functional Renormalisation Group

Dyson-Schwinger equation

ST <55[¢ +9 >
so(z) — \ 00(x)

- J

~

Diagrammatics {S[gb] = %/ [@M¢au¢+m2¢2 4 2¢4] ]




Functional Renormalisation Group

Effective action I'

4 )
SL'[ ]

\_ J

No quantum fluctuations

4 )

['[¢] = —loge !¢l = S[g)

- J




Functional Renormalisation Group

Effective action I'

4 )

Llo] = — log/d@ o Sletol+ [, ¢ Lyt

\_ J

UV quantum fluctuations up to (pz = kQJ

['[¢] INE) Sle]

k—0 ?H k=A
k-ok k

IR uvVv




Functional Renormalisation Group

Effective action I'y

4 )
. _Sl¢ 1[0 2o (— 5 Ukl (6T ]e]  /0S[p + 4]
Fk[gb] _ —log/dgpe Sle+ol+3 [, 6(p)Re(p?)e(—p)+ [, ¢ —55 [M(x) =< 52;(;; >j

~ / DSE

UV quantum fluctuations up to (pQ = k2)

['[¢] INE) Sle]
k=0 ?H k=A
k-ok k
IR uv
Ry (p?)
k2 1
Regulator
0
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Functional Renormalisation Group

Effective action I'y

f )
Llg] = — log/dg?; o—SIo+81+3 [, 6(0) Re (0*)(—p)+ ], & 452
) J

UV quantum fluctuations up to (pQ = k2)

['[¢] INE) Sle]
k—0 ?H k=A
k-ok k

IR uv

Ry (p?) O Ry, (p?)

. %)

Regulator | E

) = 5
k2 P




Functional Renormalisation Group

Effective action I'y

[

[elo] = — IOg/dgb o~ S[e+al+35 [, 6(0)Re () p(—p)+ [, & =5

\_

~
o' 1. [#]

J

UV quantum fluctuations up to (pz = k2)

[[¢] [[o] Sl¢l s
k—0 ?MH k=A 1 \

IR uv :

Flow | oryfe = ; / (%4 (2()(—p)) D Ri(p?) EZ o @
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Functional Renormalisation Group

Flow | 9:Ix[¢] = % / (;154 (¢(p)&(—p)) e Bi(p°) E: 08 @

Propagator (G - —@— - (¢«)¢)) |

(G119l =17 10] + Ry

oTkle]  /0S[p+ @] , _S[p+l+L [ ()R (0%)d(—p)+ A51—‘6k[¢]
[&b(x) ‘< S () >j [Fk[qb]——log/dsoe [ptol+3 [, ¢ Re(P)(=P)+ ], ¢ 55

DSE

T e Y

51



Functional Renormalisation Group

1 1 ' :
k :
- - E J 0 } p2
+ regulator
v
Diagrammatics O[] = =

Propagator
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Functional Renormalisation Group

Flow Ok 9] = =\ 1 O R
A\ |

— 1T
2 T 0]+ Ry |

\ J 0 : p
k2

Propagator

N6l = — 35, -2 *é}_
FRG
DSE
Q +3 4<:} %@

DO =

@[] — 5[] =
(01 = Flow,[L™;m =2,...,n+2]) (T™ = DSE,[S™, T™:m =2,...,n+2])




Functional Renormalisation Group

Flow

Properti

e 1-loop

e closed

-
1 1
atrk[gb] — §TT (2) atRk
[y 9] + Ry
-
€S FRG DSE
exact -

® RG-scaling

e Energy/particle-number conserv.

\/ automatic

— only in specific approximation schemes

ENRNEN

2PI

1

0

8tRk (p2
2k2

k2

3PI  4PI
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Functional Renormalisation Group

Flow

Properti

e 1-loop

e closed

1 1 G i
0 |¢] = §Tr ) 6+ R O Ry, .1 J\
\ ’ ' J 0 \
k2
€s FunMethods

exact \/

v
e RG-scaling \/
v

e Energy/particle-number conserv.

\/ automatic

— only in specific approximation schemes
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Approximation schemes

1 1
[ 0Lk |0] = §Tr FECQ) ot R Oy Ry, J@tf(”) = Flow,[[™;m =2,...,n+ 2D

Derivative expansion

e Expansion in powers of momenta

e controlled in the presence of a mass gap

2
e Expansion parameter [ b J

max(k?, mz,,

Vertex expansion

e Expansion in nhumber @ of external fields
e controlled in perturbation theory/presence of symmetries
e Expansion parameter @

Mixtures, exact resummation schemes, ....
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Approximation schemes

1 1
[ 0Lk [p] = §Tr F,(f) 8 + Ry O Ry, J

Derivative expansion

e Expansion in powers of momenta

e controlled in the presence of a mass gap

2
e Expansion parameter [ b J

max(k?, mz,,

Lowest order: Oth order

[mcb] —5 [ oo+ [ Vo) +06?)

\

J

[ 0 [6)(p,q) = (p° + V' (¢)) 2m)%6(p — q)

\

J
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Approximation schemes

1 1
[ 0Lk [p] = §Tr Fl(f) 6 + Ra O Ry, J

Derivative expansion

Lowest order: Oth order

Flow 0V [¢] =
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Approximation schemes

1 1
[ 0Lk [p] = 2T F(g) ] + R O Ry, J

Derivative expansion

Lowest order: Oth order

Flow

[Fk[¢] = %

/cbp ¢+/ (6) + 0?)

~

J

[ 02 [6](p, q) = (p° + Vi (9)) 2m)%6(p — q)

~

J

(F(2)[¢] (p) + Rk,opt (p2) = [k.2 4+ V//

B — )+ (v

4 ) )
OVl = 54 ama Evie)
- J

V//

0(p* — k?)
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Approximation schemes & phase structure

1 Q. K
E}tv’f[cﬂ = 2d@nl T V”(qﬁ)]

_% [0:Vi(9) — ath((boD

¢ A

e bosonic flow is symmetry-restoring

e flow guarantees convexity \/v




Approximation schemes & phase structure

1 Qg o, K
E?tv’f[(“ = 2d@n” B a V”(qﬁ)]

e bosonic flow is symmetry-restoring

e flow guarantees convexity of effective action
Litim, JMP, Vergara '06

Example: 3d critical exponents with FRG
1 Mo N =1: v, = 0.630...
[mcb] —5 [ Ziorto | Vk(c@ [vm) =S 2’;‘<¢2¢3,k>’j ¢ )
p L n=1 |

QV = ]. . VISiIlg = 0637)
A simple program to compute critical exponents in O(N)-models with the Wetterich equation
Michael Scherer

61


http://www.thphys.uni-heidelberg.de/~scherer/3dONmodel.nb
http://www.thphys.uni-heidelberg.de/~scherer/3dONmodel.nb
http://www.thphys.uni-heidelberg.de/~scherer/3dONmodel.nb
http://www.thphys.uni-heidelberg.de/~pawlowsk/critical/critical-script.php
http://www.thphys.uni-heidelberg.de/~pawlowsk/critical/critical-script.php

Approximation schemes & phase structure

.
. .
. .
o ® s
o ..
of s
o S
D Cy
D
x
»
— H
.
.
.
.
Y
.. Q
. K
e o
N o
. PR

- J

.
.
.
.
.
3

.
.
Q

DO |

e bosonic flow is symmetry-restoring
o fermionic flow is symmetry-breaking
e competing dynamics decides about fate of symmetries

e flow guarantees convexity

(‘governs general phase structures’)
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Approximation schemes & error control

Ot Ry

1 1
M 2 e

Theory space

A gS
R.")
Lo=T7
g1 g1 g2
full flow approximated flow

- . - - 2
Optimisation: find R,g )y
Litim '01: most rapid convergence

JMP '05: integrability
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Approximation schemes & error control

1 1
[ 0Lk [p] = §Tr F](CQ) 8 + Ry O Ry, J

Theory space

A 93 A gS
(1)
k
o |
‘;
Lo=T7
g1 g1 g2
full flow approximated flow

Optimisation: find R,?) !

JMP '05: integrability
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Approximation schemes & error control

1 1
[ 0Lk [p] = §Tr F](CQ) 8 + Ry O Ry, J

Theory space

A 93 A gS
R.")
I'y=1T
g1 g1 g2
full flow optimised flow

1
Optimisation: find R,?) ! [%ﬂ% T C — Oj

JMP '05: integrability
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FRG for QCD
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic
quantum fluctuations quantum fluctuations
4 Y4 Y Yo )
{1 | W[ 1§
OLkl9] =3 \ / T3
~ ) -.....""..
\ I\ . AN N J
free energy quark
quantum fluctuations (RG—SC&IG k: t = ln@
() dynamical
Gies, Wetterich '01

Yang-Mills:

JMP '05
Florchinger, Wetterich '09

1
6trk[A, 5, C] — §TI'

!
0, =k O

---------

---------------

--------

Sl R bbb ' by L. Fister

regulator
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Functional Methods for QCD

Fister, JMP '11, 13

4 / )
O — = = —->-—t1 = --)-gi-»— T -8 /() "‘—*ég—si@—b%-»—
-

O Wl =

g

Yang-Mills propagators

k2PIesummation]

484, 6.0 =—o—
324, 6.0

324, 5.8 s—i—
484 5.7

5| ;‘ p2<A A>(p2) 561, 57—

p |GeV]

0 1 2 3 4 5 6

FRG: Fischer, Maas, JMP '08
lattice: Sternbeck et al. '06
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Functional Methods for QCD

_ ] Nedelko, JMP unpublished ‘04
...and now for something completely different ..... Fischer, Maas, JMP ‘08

Gauge invariance & Slavnov-Taylor identities (Landau gauge)

STI [ﬂ”) = STI 0 [{T5), {r<m>}]

> symmetries

dynamlcs

FunEquations [F(n) F<n> {F<m)}

(10 = B {0, (1) ]

symmetries
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Functional Methods for QCD

_ ] Nedelko, JMP unpublished ‘04
...and now for something completely different ..... Fischer, Maas, JMP ‘08

Gauge invariance & Slavnov-Taylor identities (Landau gauge)

STI [ﬂ”) —STIP<n)[{F(m)} {F(m>}

Uniformity/
Differentiability w.r.t. momentum

(works in perturbation theory)

FunEquations [F(n) F<n> {F<m)}

(not fully non-perturbatively )

(10 = By [T}, (5] )
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic
quantum fluctuations quantum fluctuations

4 Y4 Y Y )

_ |1 [ \ 1

k(¢ =3 R e T
\_ J\_ . AN AN ‘ J

free energy quark
quantum fluctuations (RG-scale k: t = ln@
*Gluons have cost us decades )

"Fermions are straig htforward though ‘physically’ complicated
" ho sign problem

= chiral fermions

" bound states via dynamical hadronisation )

(Complementary to Iattice!)
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

free energy

glue

quantum fluctuations

\_

Y4

Ok [p] =

DD | =

AN

free energy

Yang-Mills theory
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

\_

~

Ok [p] =

J

free energy

quark
quantum fluctuations

NJL-type models
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

4 ) (" )

Ok [p] = —

\ J . J
free energy

quark
quantum fluctuations

NJL-type models

DN [ =
|
-~
/ \
o
\ /
~N
+
|
3’

PNJL models




Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

9 hadronic
& quantum fluctuations
e N o) e N ™
Ok |¢] = o\6 = bl
@ Ry - ;
N Y ‘0 N A et y

free energy \&/
O ®
& ENMMI
‘\b Quark-hadron models

‘You name it, we do it’ quark

cy John Thomas
o QGP meets cold atoms-Episode III
0 >® ------- O meson
) S) o

anti-quark

quark
quantum fluctuations

(bound states via dynamical hadronisation )
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

hadronic
quantum fluctuations
4 ) 4 Y ® )
O[] = _ 4 Ll
LA 2
\_ J _ N J

free energy quark

quantum fluctuations

Quark-hadron models

4 ) 4 Yo )
\/
, Q. X &
1 _ | _ 1
2 \ ] + +2
N 2
- . Y, _ AL ‘ J

PQM models




Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic
quantum quctuatlons “.._quantum fluctuations
T 2f S e e
|1 | \ i "
OLkl9] =3 \ / HER
~ y '......"",..
- A *, @ Y A /Y" Y
free energy quark
quantum quctuatlons
(flow of gluon propagator)
s /\/f\\ ~
pure glue flow + | oo I
\_ N N

G\Iaturall encorporates PQM/PNIL models a%pecific low order trunations)




Dynamical hadronisation

Gies, Wetterich '01
JMP ‘05
Florchinger, Wetterich '09

down ;
strange
up S TO TO —_— ag dynamical
Quarks Gluons Hadrons
b C
bottom t charm

top
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Chiral symmetry breaking
A glimpse at chiral symmetry breaking in QCD within the FRG

Flow for four-fermion coupling )\¢ - )\¢ kQ with infrared scale £

. T\ - T\ - T
2Ny + A(E) )\?p + B(E) Ay Qg + O(E) o+ -

kO My
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Dynamical hadronisation

Gies, Wetterich '01
JMP ‘05
Florchinger, Wetterich '09

4 )
5 (0002 - (7o) = [indtr - 0 + e [M = ;—]
EoM(®) ¢

2

Hubbard-Stratonovich ¢ = (o,7)
ea T-® =04 1ivy50T

General dynamical hadronisation

4 :
hadronised Flow k%‘qﬁrkw] — %Gk,(bRk,cb + Rka7¢ gz gg¢ ]
( _ JMP ‘05
\Qb — (A,u7 Ca C? q, Cja (I)a ceey TO, 77’/7 8

mesons baryons

1
[ 2 / Or - Bi - op + J - ¢k] guarantees 1-loop flow
p
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Dynamical hadronisation

Gies, Wetterich '01
JMP ‘05
Florchinger, Wetterich '09

L 1002 — (ra7o)?] = |ihi(r- @0 + jmia? [Aw - h—J

2

EoM(®) g

hadronised Flow

Hubbard-Stratonovich ¢ = (o,7)

General dynamical hadronisation

)

-

0 1 - 5¢p oL .
5 ‘¢Fk[¢] = §Gk,gbRk,gb + RiG 4 ¢ ]

5p 0

\_
-

\_

Qb — (A,uv C) é) q, (j) q)a ceey 10, rﬁ/a

8 JMP ‘05

mesons baryons

[(i)k ~ Aph7e) + B®y + Ck]
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Dynamical hadronisation

Flow for four-fermion coupling )\w - )\w kQ with infrared scale £

kOehy = 2My +>@é}@< + Ef>< + § §

Oiy |

] 4Q_._®_._Q7
0=0 +j:®><+ ¢ o

+ 0;PD -terms
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Dynamical hadronisation

Full bosonisation O\¢ — O)

O<o< Oy,

+ 0;PD -terms

8l
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Dynamical hadronisation

Braun, Fister, Haas, JMP, Rennecke, in prep

20

10

15

Full bosonisation O\w — O)

initial scale

— Aygy=90 GeV
— Aygy=10 GeV
— Ayy=5 GeV
— Apy=2 GeV

0.1

05

1.0

k|GeV]

50

100

500

1000
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Dynamical hadronisation

Braun, Fister, Haas, JMP, Rennecke, in prep

Full bosonisation O\¢ — O)

20F

initial scale

Low energy models
— Ayy=90 GeV
— Ayy=10 GeV
— Ayy=5 GeV
— Ayy=2GeV
0.1 0.5 1.0 50 10.0 50.0 100.0

k|GeV]
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Approximation scheme

down
up @ ‘s?range
s SLELLED
Quarks Gluons
C
bottonbv G\? charm

top
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Functional Methods for QCD

present approximation scheme

Yang-Mills Matter

4 / )
&5 = === —-)-—tl - -»—g-»%-)— + - > >—/)— > + -»—gi%-)—

4 N\ )

O

2PI

\_

A

+
< 3[\3}—\

hlo, 7] X

(+matter-contributions) [
|

T
\
Ry . )
_|_
G

(
- J

Q
22

r>
.
)
Q
o




(II) Phase structure of QCD at finite temperature

Yang-Mills theory & QCD at T=0

*Yang-Mills theory at finite temperature

= Confinement

* Thermodynamics

*Phase structure of QCD at finite temperature

* Order parameter

» Comparison with other methods
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Yang-Mills theory & QCD at T=0

down

up @ I_st\range
u 'S 0T OO0
Quarks Gluons
b _— C
bottom f*at ‘ charm

top
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Functional Methods for QCD

T=0 results for Yang-Mills correlation func

tions

4

4
v

L i

FRG: Fischer, Maas, JMP '08

lattice: Sternbeck et al. ‘06

484 6.0 —a—
324 6.0

484 5.7 =t
564, 5.7 w—tp—

4

f@ » S, %, ,/@}\\ h
O - - ¢ ek - C
__ < TS
Propagators
1 L66®% ’ ®\ // @ \\
I @ eve) ) [k - a0 [Ok /2 T }
eaons” e TR ORI
\ J
Vertices direct computations resummations/
RG-dressing/STIs
( ‘ .
g FRG: Fister, JMP '11 FRG: Ellwanger, Hirsch, Weber '96
O N DSE: Huber, von Smekal ‘12 DSE: von Smekal, Hauck, Alkofer '97
\ /1 N )
g )
FRG: Fister, PhD-thesis ‘12 FRG: Ellwanger, Hirsch, Weber '96
'Q Fister, JMP, In preparation DSE: von Smekal, Hauck, Alkofer '97
\ \QQQ; Huber, von Smekal '12
2%
DSE: Kellermann, Fischer '08 FRG: Ellwanger, Hirsch, Weber '96
\9999_/
4 N .
N . FRG: Fischer, JMP, Maas '08
a A Fister, JMP '11
” A «
\/ N\ /

2

3 4 5 6

p|GeV

see also talk of M. Huber

(Landau gaug@




Functional Methods for QCD

T=0 results for Yang-Mills correlation functions

4 .

g L % ™ EoNE A e
O - - ¢ ek - C N A=
__ < TS

Propagators d
—1 L@@b@ ,’®\ //’®\\ 3 B ]
% gowQoome = ady)] ke - Q)] [Ok /2 o } . \Nﬂ._—*“ ]
g - o oo @ vl @ oo y Ir 4 FRG: Fischer, Maas, JMP ‘08 '
| v
y lattice: Sternbeck et al. ‘06
0 1 2 3 4 5 6
Vertices direct computations resummations/ ]
RG-dressing/STIs p[GeV_
see also talk of M. Huber
9 )
g FRG: Fister, JMP ‘11 FRG: Fischer, JMP, Maas '08
v O A DSE: Huber, von Smekal 12 DSE: von Smekal, Hauck, Alkofer ‘97 (Landau gauge)
\ 7 N )
o
FRG: Fister, PhD-thesis "12 FRG: Fischer, JMP, Maas "08
'Q Fister, JMP, In preparation DSE: von Smekal, Hauck, Alkofer '97
\ \QQQ; Huber, von Smekal '12
o o) '
%aa DSE: Kellermann, Fischer '08 FRG: Fischer, JMP, Maas ‘08
\9999_/
(‘% A / -
R 7 FRG: Fischer, JMP, Maas '08
(1 A Fister, JMP '11
bd A ~ \\
\/ N\ /




Functional Methods for QCD

T=0 results for QCD correlation functions

Propagators

Vertices

§
0

v A

(O ) ¢

—O——) 0

direct computations

DSE: Hopfer, Windisch,
Alkofer ‘12

FRG: Braun, Haas, Marhauser, JMP ‘09

r

esummations/

RG-dressing/STIs

FRG

DSE

FRG

DSE:

FRG

FRG

FRG

DSE

: Braun, Haas, Marhauser, JMP ‘09

: Alkofer, Detmold, Fischer, Maris ‘04

: Braun, Haas, Marhauser, JMP ‘09

Alkofer, Detmold, Fischer, Maris '04

: Braun, Haas, Marhauser, JMP ‘09

: Braun, Haas, Marhauser, JMP ‘09

: Braun, Haas, Marhauser, JMP ‘09

: Alkofer, Detmold, Fischer, Maris ‘04

(Landau gaug@

C TT):constituent s <

49
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Yang-Mills theory at finite temperature
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Confinement
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Confinement

Free energy /' ; of a quark - antiquark pair

(Reminder)
Order parameter ~ (g)’
1
» g [qu = _;j
‘T’ [(]:) — 6—%qu(oo)]

o Confinement (® =0)
[qu ~ O'a

A
\

r e Deconfinement (® # 0)

string breaking at r ~ 1fm

¢ -
" 4 Polyakov loop A
Fqg ~ const.
L pexpli [ deodoly
b = —(TrPexp ig/ ToAg
0 - ‘ 3 0
< > - J
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Confinement

Order parameters

Polyakov loop operator E;[AO] — Nitﬁ? eigfol/Ttho] ((I) = <L[A0]>)

order parameter

4 p
L[{Ap)] =0 +— (L[Ag]) =0
(L[(A())D order parameter < o) (ELAo) _
L[(Ao)] = (L[A]) ) Marhauser, IMP ‘08
Cup to lattice renormalisation)
(Ag) ) order parameter V14 =0
dAg Aog=(Ao)

[V[AO] 1 F[AO]] Cconstant backgrounds )

5 Vol @ackground Landau gaug@
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Confinement

Effective Polyakov loop potential

One-loop [VUV [Ag] = 1 Tr log 51(4221 [Ag] — lTr log Sg()j [Ao]j
282 Y Gross, Pisarski, Yaffe ‘81
free energy Welss "81
081 SU(2)
BV Aol = VIV[0])

0.6j
0.4
0.2

- | 3 = 95148

2 4 2 "

1 . : ¢ 03
[SU(Z) : ®[Ap| = cos §BgAO with Ao = A 2]

Non-perturbative effective potential

[ V]Ao) = —%Tr log(AA)[Ao] + O(8:(AA)) + Trlog(CC)[Ao] + o<at<oc>>j

free energy
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Confinement

Effective Polyakov loop potential

Non-perturbative effective potential

[VM@::;b}bgAAﬂmﬂ+O@MAA»+ﬂ}byCCﬂAﬂ+OQMCC» j

free energy

1 1 1 1 1
flow [2Tr (2)[ O Ry, = =Tr 0; log(I”(f) [¢] + Ry) — ;Tr
Fk

o,T\”
¢] + Ry 2 2 1P+ R WJ

Propagators

1 1
[““” A= ) Z[Dﬁ(Ao)]]

Integrals & sums

[Trf[—DZ(AO)] —i fl2aT)2(n £ ©)? + 9% + ¢ — indep.termsJ
, =

¥ 3
4 A =
5 Dap [g 0 27_‘_T7_adj
One-loop resulit

BVUY o] = —243 | |- 2 g2 @)2)
90) 3 (¢=¢Imdg
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Confinement

Effective Polyakov loop potential

Non-perturbative effective potential

[V[AO] ~ —%Tr log (AA)[Ag] + O(8:(AA)) + Trlog(CC)[Ag] + O(8,(CT)) j

free energy

1 1 1 2) 1 1 (2)
flow | —Tr O Ry, = ~Tr 9, log(T'\?[¢] + Ry,) — = Tr O, [¢]
[2 T4+ Ry~ © 2 o0k 2" 1P+ R,

Propagators

1 1
[““” A= ) Z[Dﬁ(Ao)]]

Integrals & sums

[Trf[—DZ(AO)] —i fl2aT)2(n £ ©)? + 9% + ¢ — indep.termsJ

,
¥ 3
NZ—1 [g Ao = QWTTadj

2 2’7'('2
WUV 4] = -2k 3 | = — ~21—~2>

One-loop resulit
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Confinement

Effective Polyakov loop potential

Non-perturbative effective potential

[V[Ao] ~ —%Tr log(AAYAg] + O(0:(AA)) + Trlog(CO)[Ag] + O(0:(CC)) j

free energy

VIV - VYV

Confinement criterion Braun, Gies, JMP ‘07

Y Fister, JMP "13

7'('2 7'('2
[54VUV[A0] - {2} (% - 2P0 - @)2)J

L AC
32_,, 2x ap 0

[ = 2 transversal physical polarisations+ 1 transversal (zero mode)+1 longitudinal - 2 ghostsj
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Confinement

Thermal gluon propagators
- \ Fister, JMP '11

+ RG-dressed gluonic vertices

confirmed with the full system, JMP, Fister, in prep

Thermal flows

103 FT,A (% < 1)

T\ (K

— —— ansatz
—— computation

O 2 4 6 8 10 12 14 16 18

k |GeV]
see also talk of M. Huber PhD thesis Fister '12
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Confinement

Thermal gluon propagators

>— + 8 () JV—-)-gicsoj-m—q%»—

Longitudinal Propagator G,

FRG: T =0

— — FRG: T =0.361T.
----- FRG: T = 0.903 7.
— - — FRG: T =181T,

o Lattice: T =0

| Lattice: T = 0.3617,

[ | Lattice: T = 0.903 T,

(o) Lattice: T = 1.81 7.

Fister, JMP '11

+ RG-dressed gluonic vertices

Transversal Propagator Gp
4+ — FRG: T =0 N
i —— — FRG: T =0.3617T. 1
----- FRG: T = 0.903 T,
— - — FRG: T =1381T,
[ Lattice: T =0
< Lattice: T = 0.361 7.
[ | Lattice: T = 0.903 T
(@) Lattice: T = 1.81T,

0.0 0.5 1.0 15 20
p [GeV]

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

Maas ‘11
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Confinement

Chromo-electric propagator

I T T T T T Maas, JMP, Spielmann, von Smekal 11
06 |© 32°x4 3d - &
LD 647x4 o © :
05 |[© 128%x4 o © = o]
~ E _
2| - 5837 DL(0) = (A A)x(0)
041 2 _
204 1286 245 |
| all £ a see also talk of P. Bicudo
S | Electri i for SU(2)
02 - ectric screening mass for
Ss88g5:23 0 —
0.1- . > [ I
i S, 1
| | | | | | | | S i T
007 08 09 1 1.1 12 13 14 ! 4d 1
-1/2 ~
To o 1—
Vv ~1 -

critical scaling in Landau gauge props on the lattice?

0.5 .

[DL(O)1/2 o |T — Te|” + - j i e, E
FRG L B e
[DL(O)OCV”[A()]—I---- j 0 6s c

global gauge fixing
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Confinement

Order parameter

Braun, Gies, JMP ‘07

T, = 275+ 27 MeV ( 7./Va = 0.655+0.023
lattice : T,./\/o = O.646j
N SU(2) & critical scaling: Marhauser, JMP ’08

1°' Lattice results | | |
Diakonov, Gattringer, Schadler "'12 SU(N), Sp(2), E(7): Braun, Eichhorn, Gies, JMP "10
Greensite 12

Greensite, Langfeld '13

\_ J
CFRG, DSE, 2PI agree quantitatively) Fister, JMP 13
OO f f f I f f f I f f f I f f f I f f f i
4 i — - — = T =285 MeV R
PO Anl T ]
" Polyakov loop B V[ 0] -\ T T = 280 MeV '//"
ol —0.17 \ - T = 274 MeV /A
SU(3) ® [ : TowsMey S
0'6f
04
0.2 7
00 T/TC ;

A T T T T T R I T Y YT N Y Y S T A MY TS T N SN MY N M SN Y N MO B
0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25

4
[2140] = 51+ 200 3040 [‘”5%—9
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thermodynamics
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Confinement & Thermodynamics

Pl P

03

L

0.1 F

I

0

L0

100

1000

IR

1.3

1.2

- —

1.1

09 |
0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1

" NLO Approximately Hard Thermal Loop |

Self-Consistent Perturbation Theory |
- HTL Phi-Derivable (Andersen, Braaten, -
- (Blaizot, lancu, Rebhan) Petitgirard, MS)
R oo |
L : vt
L * 4
b ’ —

<&
*
S _
e \ B
*  4d Lattice "Pure Glue" (Boyd et al)

£ -

3
L HTLpt NLO -
0 B HTpto B HTLpENLO

| 10 100 1000

T/,
Strickland

1'=0

A

Fister, JMP
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Confinement & Thermodynamics

~ 0 1k Fister, JMP, in prep
—p(T;A) = / T ‘ — ‘
A T T=0 A

1/2 * 2 polarisations
Z:GT,k Ot Ry, /GT:O,k O R,
p

D
10 e
V@O,minj L o0 0°°
08~
2 06!
R, |
N~ |
E I
041
= . FRG
0.2 e Borsanyi et al. -
O.OJ T I S T [ S S S S T S S (N S ST N N NN SO S S

0.5 10“ 1.5 20 2.5 30 3.5 4.0

T/T,
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Phase structure of QCD at finite temperature
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Full dynamical QCD: N;= 2 & chiral limit

Phase structure

(Reminder)

B4V[A(]).O — - — - T =285 MeV R
O I N\ mmmmoo-- T = 280 MeV /e
—0.1p —— —— - T =274 MeV /'/’/i

I T = 263 MeV . ,,'/ ]
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Full dynamical QCD: N,= 2 & chiral limit

Phase structure

0.8

0.6

0.4

0.2

|-

fr(T)/f(0) ——
Dual density
Polyakov Loop

‘—
-
-
-

Nf =2+1

160 180 200
160 170 180 190 200 210 220 230
T [MeV]
L0 Chiral condensate
! ‘: Continuum s
0.8 N,=16 ©
Al';=|2 @
N=10 O
“ 0'6 J’VI=8 v
Aa
04
0.2
100 120 140 160 180 200 220

T [MeV] Budapest-Wuppertal "10

Braun, Haas, Marhauser, JMP '09

(T ~ Teont ~ 180MeV )

[Width AT,

Y

ZZQOMGVJ

0.8 r

06 r

04 r

Polyakov loop

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

T/T

Cc
h

2 25
hotQCD ’

3
10
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(II1I) Phase diagram of QCD

"Phase structure at imaginary chemical potential
* Imaginary chemical potential & Roberge-Weiss symmetry
* Dual order parameters

» Chiral versus confinement-deconfinement temperatures

"Phase structure at finite density
» Chiral versus confinement-deconfinement temperatures
* Phase structure with QCD-improved effective models

» High density phases: To be or not to be
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Imaginary chemical potential

Dirac term
@® RW Endpoint
S R i RW transition . . .
chiral transition [/ q ) (ZlD + 1 Tq)) + Z:LVYO) ) QJ
Cu — ZWTQD
QGP
T 5 L .

[ / P+ imo)-a |
Hadrons ( qo(t e2m 10Ut g (¢, m))
Periodicity
0

—(27T0)? (chemical potential)? (Qe + B, ) 2™ z(]9 (t, :E))

Roberge-Weiss symmetry

via a center transformation (e%m]l = Center[SU(S)D

(Ze = Z@+1/3)

Partition function

gauge field insensitive to center transformations
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Imaginary chemical potential

E @® RW Endpoint
[ RW transition
chiral transition
QGP
T
Hadrons
—(27T0)? 0 - ial)?
(27T°0) (chemical potential)

Roberge-Weiss symmetry

(Ze = Z@+1/3)

Partition function

Periodicity

(a0(t+5.3) = =" qy(t.2))

Polyakov loop potential

7
7 -;".“"‘\"Q g

TN
‘;b\\\\ﬁ

via a center transformation G%m]l = Center[SU(?))D

gauge field insensitive to center transformations
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Imaginary chemical potential

confinement order parameters

(a0(t+5.2) = =" qu(t,2))

Center-sensitive observables

(09 — <O[%]>9) (O@ = <O[Qe]>ezo)

Cat imaginary chemical potential)

Cat vanishing chemical potential)

1
Dual order parameters O = / dh Oge2™"
0
~ 2 N 2 A
((’) — zO) Cz =1, e, 637”)
Cimaginary chemical potential) Cvanishing chemical potential )
Caverage over diff. theories) Gattringer "06
— Lattice Synatschke, Wipf, Wozar '07
(O[<A0>g:0]) Bruckmann, Hagen, Bilgici, Gattringer ‘08

Cbreaking of RW-symmetry)

Braun, Haas, Marhauser, JMP '09 FunMethods E::ﬁ::: :\)/Igaas Miiller "10
14 4
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Imaginary chemical potential

confinement order parameters

[

~

O

1
= / deoge—%wJ
0

(at imaginary chemical potential)

FRG DSE

dual pressure=-T dual density

dual susceptibility= T dual density

dual quark propagator

dual susceptibilities

dual pressure

dual density

(at vanishing chemical potential)

FRG DSE
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Imaginary chemical potential

confinement order parameters

1
[@: / deoge—%ﬂ
0

(at imaginary chemical potential) (at vanishing chemical potential)

FRG DSE FRG DSE

dual quark propagator - |

= dual pressure - -

dual density

(2-1o0p) (3-loop)
dual susceptibilities - -

1 ' 1 1 '
df (0pOg)e 2™ = — / df Oge 2
T 0

27T

)
S~
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| potent

1Ca

inary chemi

Imag

Braun, Haas, Marhauser, JMP '09

[Nf =2 & chiral Iimit]

N

7

7

\ v

240

Teonf ===~
T

300

250

200 r

150 1

[ASIN] L

100

50 1

2n/3 T 41/3

/3

210
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Imaginary chemical potential
Nature of the RW endpoint

T [MeV]

300

250

200

150

100

50

007
)

¥

7)

7

)

)

7

7,
7

A

N

%

7,
5
11
74
7

N

%
v

/
0
/i

7
T

75

7
7

by

5
7%

//'ﬁii

P
Y !
2l
1

4

RN
NN

240

/3

21/3
210

T

41/3

!
R

TR
Y
TR \\“\\\‘\“““"

PRIRE
R

-(/3)?

O. Philipsen '11

9.5 . . .
Potts model

Real u

Imaginary u

6.6+1.6((/3)>+(WT)2)%°

RW endpoint

0.5 1 1.5 2 2.5
(WT)?

Nature of RW endpoint
lattice: D’Elia, Sanfilippo ‘09
de Forcrand, Philipsen ‘10

PNJL: Sakaietal '10,
Morita et al '11
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Imaginary chemical potential

T [MeV]

300 ' Braun, Haas, Marhauser, JMP ‘09
250 - .
200 ‘ > |Teont — TXD ( Dual order parameters )
150 .
lattice results, e.q.
100 | i G:ompatibility) Kratochvila et al ‘06, Wu et al ‘06
& D’Elia et al ‘07, Fromm et al ‘11
Tconf """
o0 T .
(Nf =2 & chiral |imi9 y T
O T 1 1
0 /3 27/3 oo 47/3
210
1.2 - T - 16 T T
Tconf TX
14 F .
11| : )
-:j) I I:-E£ 1;5 T T I:-E:E }Ii’ T E 12 - ,’/’\\\ :'/,\\‘\ i
- 3:1 IE - x L 1 E 3 i e : \ ‘ :
1 I *
14
0.9 ' ' ' 0 1 2 3 4
0 1 2 3 4 0/(mt/3)
0/(m/3)

PNIL: Sakai et al ‘09 Cadjust 8-fermi interactiorD
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Full dynamical QCD: N,= 2 & chiral limit

Phase structure

0.8

0.6

0.4

0.2 ¢

fr(T)/(0)
Dual density

Polyakov Loop —

-
-
= -

160

180

200

0.6%

0.4%

0.2%

150 160 170 180 190 200 210 220 230

factorisation property of dual density

T [MeV]
Braun, Haas, Marhauser, JMP ‘09

1%

0%
140

160 180
T [MeV]

200

220

240

0.05

0.04

=0.03

0.02

0.01

| DSE

— Quark condensate
- - Dressed Polyakov-loop

T [GeV]

0.25

Fischer, Liicker, Miiller ‘11

Log of dual condensate, m=60 MeV

OF

(Aﬁ —

n[0]

ﬁ[<AO>] o L[<AO>D N

-2 ¥
-3 EI{!
-4l ‘{i
X
-5 . : . :
50 100 150 200
T(MeV)

250

Zhang, Bruckmann, Gattringer, Fodor, Szabo '10
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[
==
~ —
|

Real chemical potential

PN @
\\.// + .

D=

(WT)?

-(/3)?

Temperature

il

“—
e )
\\\\““‘R\\““\‘\“‘“
\\‘\‘\\\\““
i

X5 ':"'
g

o
ol
i
o,‘g
\

\

K5
%
()

Early
Universe

Hadronic
(confined) phase

:?f:’o,
00
|
)

<> —]
===

\

QGP phase

1st order
region starts

—

Baryonic chemical potential

RW

RW Endpoint
RW transition
chiral transition

GP

Hadrons

(chemical potential)2




Chemical potential
Full dynamical QCD

Braun, Fister, Haas, JMP

10 . @ A
. H
0.8 /// %?"vy QGP phase
0.6 | /////////////
. j 3 // ’,
I § Earl \
04+ ) Um\clléryse 1st order
i Q region starts
: &
02+ 2
e e e e e Hadronic
0.00 0.02 0.04 0.06 0.08 0.10 (confined) phase
. p [GeV]
uw =
5 06 0 0.1 0.2 0.3 0.4 0.5 Baryonic chemical potential
5_04l. * % x4 <sign>~085(1) QGP 1 1.0 O. Philipsen ‘11
5.02 | ok _ A
3 <sign> ~ 0.45(5) 4 0.95 Heavy
5r & *E ion QGP phase
4.98 |- | %%% <sign>~0.1(1) | ///// /
4.96 | TR % = | //////
4.94 | N = ////
- , | 1085 =° O Eorly % ////
4.92 -+  confined AN F S Universe ’ %
] N Q %
4.9 . i £ Z
i 0.80 S ?
4.88 | e
4.86
4.84 | Azcotti et al., 85 —— ", 1078 Hadronic
480 | Fodor, Katz, 63 : : : (confined) phase
: de Forcrand, Kratochvila, rew., 63 A _
4.8 + de F., K., canonical, 67 = | N 0.70 =
0 05 1 15 5 Baryonic chemical potential
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Chemical potential
Full dynamical QCD

Braun, Fister, Haas, JMP

10¢ . @
0.8
06r Herbst, JMP, Schaefer '10,’13
04/ 200 ::iie-?d\lagram of quantised PQM-model |
02f "-\:,.\\.;i\ m,=138 MeV
i 150 B \\:;\\\\\ -
000 002 004 006 008 010 % \f".\\.\\ N
p [GeV] = R X crossover RN |
au =100 SN
il I o(T=0)/2 N
0 0.1 0.2 0.3 0.4 0.5 O
5.06 l_ T T T T T - T @ crossover \\‘\
5.04 I ¥ m:sign>~0.85{1) OGP 1 1.0 50 L f—_— e 6 crossover “‘.\\ _
B = " L
5.02 _ b <signo~045() 1 0.05 x, 1st order A\

5 *E ® CEP / \
4.98 '*%%* ~ <sign>~0.1(1) | 0.90 0 . . . . . L
4.96 Ton T ox o 0 50 100 150 200 250 300 350
4.94 | R

4 0.85 o
= 4921  confined AN S u [MeV]

49 1 e 1 0.80
4.88 + see talk of T. Herbst
4.86 '
4.84 - Azcoiti et al., 8 —— 10-75
480 | Fodor, Katz, 6

; de Forcrand, Kratochvila, rew., 63 .

4.8 + de F., K., canonical, 67 — = | N 0.70

0 0.5 1 1.5 2
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Chemical potential

Polyakov-extended models

Potential

Polyakov-loop PotentiaI\

U[®, ]

Fermionic fluctuations

+ Q[CID,Ci),O, |

\

Mesonic potential h

+ Vi, 7]

J

Fit to YM-thermodynamics

fermionic fluctuations

0.6

P/Psp

0.4 r

0 0.5

1 1.5 2

T/TC lattice data: Ali Khan et al ‘01

mesonic fluctuations

Meisinger, Ogilvie 96

Pisarski '00
|

'

Fukushima '04

Ratti, Thaler, Weise ‘06
Megias, Ruiz Arriola, Salcedo ‘06

Ghosh, Mukherjee, Mustafa, Ray ‘06

C. Sasaki, B. Friman and K. Redlich ‘06

—— —» Schaefer, JMP, Wambach ‘07
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Chemical potential

Dynamical Polyakov-extended models [@ "\\.,‘|+ [@

Potential
Polyakov-loop PotentiaI\[ Fermionic fluctuations Y Mesonic potential h
U|P, D + Qd, P, 0,7 + Vi, 7]
N AN J

Fit to YM-thermodynamics

quark fluctuations change glue dynamics

Toynm — To(Ny, p;mg)

estimated via HTL/HDL computation

Schaefer, JMP, Wambach ‘07

fermionic fluctuations

mesonic fluctuations

Herbst, JMP, Schaefer ‘10,13

Phase ciiagram of quan'tised P('2M-modlel

R & 2 Ny m_=138 MeV
: SRR -
NI
~\\.\\
NN
---------- X, crossover RGN
i NN |
————— o(T=0)/2 ‘\\\:\
—-—-- ® crossover AN
— "\
-~~~ & crossover AN 1
—— 1y 1st order D
i CEP /. \\
0O 50 100 150 200 250 300 350

u [MeV]
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Chemical potential

Polyakov-extended models as reduced QCD

Effective potential

Polyakov-loop PotentiaI\

U[®, ]

_|_

Fermionic fluctuations Y

Q[CID,CT),U, | +

Mesonic potential h

Vi, 7]

J

N N _
Fit to YM-thermodynamics fermionic fluctuations mesonic fluctuations
glue hadronic
quantum fluctuations quantum fluctuations
4 4 Y Yo )
{1 _ \ 1§
Wk (9] =3 \ il Ta
\ AN ‘ N AN J
free energy
quark -
quantum fluctuations (Remlnder)

126



Chemical potential

Polyakov-extended models as reduced QCD

Towards QCD

Haas, Stiele, Braun, JMP, Schaffner-Bielich '13

JMP '10

Polyakov-loop PotentiaI\[ Fermionic fluctuations Y Mesonic potential h
_ _ » .
Ul®, ?] Q[®, P, 0, 7] + Ve, 7]
N AN J
4 )
PUN
1 o \
2 \ /
\_ @ J
0 — T | ' !
o2 N 000 T
A\ N 4 i j )
7 | QCD confirmation of
=< .04
> B
L AN e HTL/HDL quark estimate
-0.6 - y,
08L —- Yang-Mills TS~ >
0 o2 04 06 os 1
BgA, / 2n

[(8'V)auelt 0] = (BV)yualtvma(t) A0])
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Chemical potential

Improving models towards full QCD
Haas, Stiele, Braun, JMP, Schaffner-Bielich '13

T T T T T T T T T T T T T T T 0.1 5 T T T T T T T T T T T T T T T T T T T T T T T T
Glue Potential 0 | U'-[(I) (T)]I | - i | | | | L
b i —— tyy=t s
s ® N ® ? 0.1k YM ~ ‘glue - E
% 1 ) + % 0.0 _ i  — tYM = 0.57 tg|ue //
\ / 02r O WNW O - T 3
N X R S B |
Braun, Haas, Marhauser, JMP ‘09 — i
< .
— -0.4 o ]
> l
< _ i
. . o N\ NN e == L
Yang-Mills Potential 06 i ]
P ® < :Xxxxxxx TC
1 1 \ lue ] 01E i ]
2 \ , g N | 0.1 P
N X -0.8F —— Yang-Mills ~<_ e s 1
- SN~ —_ - 1 - /7 N
H 4 L L L ] L L L ] L L L ] L L I | I L L AR R R S T S ST N ST N AN SN T T S AN T T N S A S MO S
Braun, JMP, Gies 07 0 0.2 0.4 0.6 0.8 1 015 01 -0.05 0 0.05 01 015
BQAO tglue
27
7 i T I T I T T I T L —\I T T mea n fleld | T T I T T T T T T T T l//7
T_ | - tYM (tglue) /// \\\\\ i 3+ —_— tYM (tg|ue) /// —
’E_\ 6 ~— UP|00F’ =Uym ll } \\\\: - : - — UPIoop = Uym /// J
P - HotQCD I { 1 = W /
W ~ - uppertal-Budapest / .
~ 5r . ]:”SQ Ny t= 112 &8 ,' { o L Borsanyi et al., /// .
=l arXiv:1210.6312 ' o 2 THEP 11, 2010 / ]
€ 4r L — @ i
o i Wuppertal-Budapest i %] i
% 3L = Borsanyi et al., ] 05)_ |
[} JHEP 11,2010 o |
(&) i
© Q
£ 9 | s 1 -
O
3 | 7 ]
S 1 - ]
0 —————— ! ] ! ] I ] I 0 ! ! | |
-04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4 -0.9 -0.6 -0.3 0 0.3 0.6
reduced temperature t reduced temperature t

see also talk of T. Herbst see also Fukushima, Kashiwa '12
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Chemical potential
Full dynamical QCD

I (" Polyakov loop potential in full QCD )
1.0s @ e v v oo v
. s 0 _ -
0.8 [ ) ]
02 W e
0.6 - —~
i = 04
> L
04+ N TR N CEET
I -0.6
02 7
I 08F —— Yang-Mils T~~~ g
| | | | | | | | | | | | | | | | | | | . TR S E— TR S S — |§—‘—" TR S T—
0.00 0.02 0.04 0.06 0.08 0.10 0 0.2 0.4 0.6 0.8 1
" [GeV] \_ BgA, / 2 )

T T T T f [

@ R 2000 _ I
Critical point B NS m_=138 MeV
unlikely for 15Q0} RSN _

3=
HB %00 | T X Crossover _
— < 2 =48 G(T=0)/2
T = +—a dressed Polyakov-loop
- |v--v dressed conjugate P.-loop A\ §
S ) 520 | |=-= chiral crossover b\ |
o ® chiral CEP o\
PQM: Herbst, JMP, Schaefer "10, "13 | |=—= chiral first order region / N
DSE: Fischer, Liicker, Mueller '11 0 ' ' ' ' | —

Fischer, Liicker ‘12 (2+1 flavour) Og—ﬁﬁﬁ‘g@ﬁﬁ@ﬁ@@%@—g‘g@ 350
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Chemical potential
Full dynamical QCD

I (" Polyakov loop potential in full QCD )
1.0s @ e v v oo v
. s 0 _ -
0.8 [ ) ]
02 W e
0.6 - —~
i = 04
> L
04+ N TR N CEET
I -0.6
02 7
I -0.8F —— Yang-Mills T~ g
| | | | | | | | | | | | | | | | | | | | . . I L L L L L L L |§—‘—"‘ L L L L
0.00 0.02 0.04 0.06 0.08 0.10 0 0.2 0.4 0.6 0.8 1

p [GeV] \ BgA /2 Y,

T T T T f [

d A 2000 _ _ 1
Critical point ' m_=138 MeV
unlikely for 1580} .

] %I; ?
B Se | X Crossover
— < 4.5 =32G8 ____ G(T=0)/2 .
T = »~— dressed Polyakov-loop
' |v--v dressed conjugate P.-loop \
OQ I e a ohi 3\ :
\_ ) 50|~ |=—= chiral crossover B
® chiral CEP |
PQM Herbst JMP, Schaefer ’10 13 =—=a Cchiral flrst Order reglon / \
DSE: Fischer, Liicker, Mueller ‘11 O A

Fischer, Liicker ‘12 (2+1 flavour) Og—ﬁﬁﬁ‘g@ﬁﬁ@ﬁ@@ﬁ’%@—gg@ 350

130



Technical report

down

up @ ‘-st(ange
@ 'S R
Quarks Gluons
b - C
bottom L charm
e FRG QCD survey

JMP, Aussois '12
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http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/erg12_pawlowski.pdf
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/erg12_pawlowski.pdf

Functional Methods for QCD

present approximation scheme

Yang-Mills Matter
(" / )
O "*'O'*‘tl - _*§?+%,_ + a8 ) +_*§%+
\ full momentum dependence DSE-flOW)
( (" N\ [ )
~1/2 _ 1
’ O i)
| J
2PI
\_
Ay

s-channel-hadronised

(+ matter-contributions)

hlo, 7] X

full mesonic field-dependence
see talk of F. Rennecke

V [ 7T AQ]
(2> 2 e
scaling mass & wave function |— @ +%
(O N Ao
full field-dependence
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Functional Methods for QCD

present approximation scheme

Yang-Mills Matter
(" / )
\ full momentum dependence DSE-flOW)
4 ( )

~1/2

-

2PI
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(IV) Dynamics

*Turbulence in gauge theories

= Abelian Higgs model & beyond

*Transport in YM & QCD

= Spectral functions

= transport coefficients
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Non-equilibrium dynamics in QCD
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Gauge dynamics far from equilibrium
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Quiz
Complex scalar vs Abelian Higgs

phase of scalar field

4 4

- 3

2

1

-4

mt=000000 mt=000000

24+1 dim

Which i1s which?

Gasenzer, McLerran, JMP, Sexty, in prep
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Heavy ion collisions

Far from equilibrium & hydrodynamics

U+U 23 GeV/A

Extraction of (7/s)qqp from AuAu@RHIC

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

t=-17.14 fm/c

UrQMD Frankfurt/M

magnetic field

vortex gissvhgtion

s MC-KIN  hydro(n/s)+ UrQMD _ n/s | MC-Glauber  hydro (n/s) + UrQMD _ 'S

- hydro (1/s)+UrQMD 0.0 3 00 [ A2 0.0
0 o ”

= 008 025 (a) ~(b) =" 008
. - 3 0.08 B / .

- 0.16 02 016 [ ” o R 0.16

g ¢ =

024 | W i d24 T / e ';‘-rT - ":_,,0—-" 0.24

- ] N o 015F - B ‘I/H". ~ -

(fm/ic) max - - |
- Glauber /KLN 72 T &Nidy 0.1 N »~
O =0 G=mgp 00 04 810 - 2 \12 ix/"/ 2 a2
i b b Ak 008 0.6 810 0.05 - > VAZH (gt o » 0 VAZH el
& Trmmamell OO 2 emrege [ 7T i,
1 1 1 0 " " " " " " "
0 10 20 30 40 0 10 20 , 30 0 10 20 , 30 40
(1/S) dN_/dy (fm ") (1/S) AN, /dy (fm™) (1/5) AN /dy (fm™)

1< 4m(n/s)qap < 2.5

Abelian Higg

U. Heinz, talk at RETUNE ‘12

vortex giasvhgtion

mt=000000

0.000385¢

|

0.000385

0.000384¢

0.000384

0.000383¢

0.000383

0.000382¢

0.000382

0.000381¢

2 + 1 d i 1 0

4

phase of Higgs

Gasenzer, McLerran, JMP, Sexty, in prep
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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

0.16
0.14 4
0.12 1
0.10 1
0.08 +
(=}
0.06 +
0.04 -

0.02

0.00

| hydro (1)/s)+UrQMD o0
025+
0.08
021 0.16
w 0.24
?’a 015 «
01fF JKIN ¥ % e
' O =0 =g 00 04 810
005k Aom wh Aeed 008 06 810
5 e == =p =gy 016 09 810
0 . | . o—l-oofo 0|24 l."l 810
0 10 20 30 40
(1/S) dN_ /dy (fm )
| N | I I 1 1
Au+Au RHIC i
20~30%
/.//.'--._ 7
—u—ideal -
—eo—n/s = 0.08
—A—n/s=0.16 7
/ —v—n/s = 0.24
| N | I 1 N 1 v 1 |
1 2 3 4 5 6 7
-t (fm/c)

| MC-KLN hydro (n/s) + UrQMD _ n/s | MC-Glauber  hydro (n/s) + Ul'Q.\{_D" (‘)135
0.0 .
(a) et 008 | (b) :
B = 016 [~
d.24 |
i = [ e
- N ' o
: " 2 12 i’ /( " 2 a2
i OV, {2}/ (Epm)m.\' | o 0 v,{2}/ (Epaﬂ)(’-l
VAN TECHESAN v s VATECR
I 1 : L , , 1 , 1 , 1 ,
10 20 , 30 0 10 20 , 30
(1/S) dN ch/dy (fm") (l/S) d.\chldy (fm")

1< 4m(n/s)qar < 2.5

U. Heinz, talk at RETUNE '12
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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,

) _iig'ﬁi‘fm&f ;/30'3)0.217:0.005 S(T_L) = sa9(7r ] ; &2, P2) + s3(r);Es, Y3), with
,'_'_'?:gﬁ}gjﬁﬁﬁj ?,5:28;,;};3%1 ) 1. equal Gaussian radii R% = R% = 8fm? to reproduce (ri) of MC-KLN
10 ™ ] source for 20-30% AuAu
=8 et 2. £9 and €3 adjusted such that
! 1 = _ 20—30% /« g
S8 - 3= (6213>KLN ("MC-KLN-like")
4 - £33 = (62’3)2G01_30% ("MC-Glauber-like")

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

2 Au+Au @2 RHIC, 20-30%
. e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
80 oz 04 cevy® 08 10 for 20-30% AuAu as “mock data”

I MCOKLNIEe n/s ~0217 e Fit mock vg (pr) data with VISH2+1 for "MC-Glauber-like" or “MC-KLN-

4:'_"_','?}83{2::5'& B 0111 £0.001 like” Gaussian initial conditions with both elliptic and triangular deformations
i ) by adjusting /s

il — (n/s)kLN = 0.217 & 0.005 for “MC-KLN-like",

% : . (n/s)c) = 0.111 £ 0.001 for "MC-Glauber-like"

) - e Compute v; (py) for "MC-KLN-like" fit with (7/s)G=0.217 and repro-
duce it with "MC-Glauber-like” initial condition by readjusting n/s
== (*r;/s)g1 = 0.224 + 0.005 for “MC-Glauber-like"

Au+Au @1 RHIC, 20-30%

e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted

86 o0z o4 o8 08 10 v ,
pr (GeV) (n/s)G3] = 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 v, (pr) data.

U. Heinz, talk at RETUNE '12
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Heavy ion collisions

(Computing the elephant )

Proof of principle calculation:

Zhi‘Qiu and U. Heinz, to be published o 1,0 ancemble of sum of deformed Gaussian profiles,

) :?:gl&:@%;/g?o.aw:0.005 s(ry) = sa(ry;E2,%2) + s3(r; €3, v3), with )
7::?{%}2;:};‘;:; ?,5:28;;;;;3;&';;,.‘ - 1. equal Gaussian radii R% = R% = 8fm? to reproduce (9 ) of MC-KLN
10 L™ ] source for 20-30% AuAu
= 8 e 2. £9 and €3 adjusted such that
! 1 = _ 20—30% /« g
£ e - 93 = (€2r3>KLN ("MC-KLN-like")
4 - 93 = (613)%3_30% ("MC-Glauber-like")

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

2 Au+Au @ RHIC, 20-30%
P o e Use v3 (pr) from VISH241 for /s = 0.20 with MC-KLN initial conditions
0 0z o.;r (Gw(;.s 08 . for 20-30% AuAu as “mock data”
° —MCKLNike, /s = 0207 e Fit mock v3 (p) data with VISH2+1 for "“MC-Glauber-like” or “MC-KLN-
4:'_"_','?}83}2::‘&}2: 3’/'2 St like” Gaussian initial conditions with both elliptic and triangular deformations
i by adjusting /s
al P = (n/s)kLN = 0.217 £ 0.005 for "MC-KLN-like",
= [ . (n/s)q; = 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: PR —— == ('17/8)1(’-1.31 = 0.224 + 0.005 for “MC-Glauber-like"
g, e Compute v3(pp) for “MC-Glauber-like" initial profiles with readjusted
- Pr (GeV) ‘ - (77/5)2;3] = 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.
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Transport in QCD

correlations of energy-momentum tensor

4 )
>< / @ ’ s @ s
1 . ® * . L o e
a Y ~S 1 / ) ) S e ',
t ) | Ll 2 L}
g J
[ Pr j
current approximation
4 ) ‘Those are my methods (principles), and if
you don’t like them...well, I have others’
direct computation Groucho Marx
Prr — ] —>- 4 h
with MEM
PT/L
g J S P

prr(p) = —5= / (37:;4 (k%) = n(k” +po)] (Verpr (k)pr(k + p) + Vrrpr(k)pr(k +p) + Virpr (k)pr(k + p))
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Viscosity in QCD

Shear viscosity

see talk of M. Laine

e D\
3: full vertex
_ Y,

4 )
1 d
n = Prr(w,0) | Kubo relation
20 dw | _,
g W= J
current approximation
4
IOT/L Ntherm.
/07'('7'(' — > >
PT/L
\_
4 )

\_

Pr /1, With MEM

J
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Viscosity In pure glue

imaginary time correlations

Fister, M. Haas, JMP, in prep
Transversal Propagator G ]
FRG: T =0 :
—— — FRG: T =0.3617T. 1
----- FRG: T = 0.903T.
— - — FRG: T =181T7T.

o Lattice: T =0 ]
4 Lottice: T= 03617, | transversal gluon propagator
[ | Lattice: T'= 0.903 T,

(o) Lattice: T = 1.81T.

momentum p [GeV]

144



Viscosity In pure glue

spectral functions

transversal spectral functions  Fister, M. Haas, JMP, in prep
20

I1 0.05
s 0.04
. w/T - 10.03
10 -10.02
‘ f0.4 |
0.01
0.2 ]
| 0
0 1
0 5 10 15 20 0
p/T . . p/T
T =0.367T. longitudinal spectral functions T =1.8T,
20
I Io.oe
0.3 15

- 10.04

1 10.02
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Viscosity in pure glue

spectral functions

Fister, M. Haas, JMP, in prep

longitudinal spectral functions transversal spectral functions
T=1.2GeV T=1.2GeV
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Viscosity In pure glue

spectral functions

Gluon Propagator - Real Part

Complex DSEs

— ghost: p

—— gluon: Py

Ipl [GeV]
T Strauss, Fischer, Kellermann '12
2 T=100 MeV . pion and sigma spectral functions
Pg —
: 1000 | P ——
100 |
3 10 F
‘g’ 1.5
g 'r I
s transversal spectral function T o B
8 1 =~ '
7 = oot}
05 Fister, M. Haas, JMP, in prep 0.001
0.0001
0 1e05 complex FRG
1e-06 1 1 1 1 1
FRG+ MEM "0 100 200 300 400 500
05 1 1 1 1 1 1 1 1 1 w[MeV]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 . ’
o [Gev] Kamikado, Strodthoff, von Smekal, Wambach 13
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Viscosity in pure glue

spectral functions

Fister, M. Haas, JMP, in prep

=2 Broad spectral function :

Gluon‘s /\\T =135T,
p(w, k): \

transversal spectral function
024
P ]
0.1

“ T=1.44T,

0.2+

Po.14
E. Bratkovskaya, talk at RETUNE "12 5

confirmed at T=0 with complex DSEs
Strauss, Fischer, Kellermann ‘12
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Viscosity In pure glue

shear viscosity

Fister, M. Haas, JMP, in prep

1.4+ * # Nakamura (2005) [SU(2)] |
= MEM results
1.28 MERM fit Il
4 * H.Meyer (2007/2009)
) L =
R .
0.6F T i

ol LT o
0.2¢ 1 3* -
AdS/CFT * r% -

() 1 1 1

1 2 3
TfTC 6 | entropY IatFice[
4
oaf
H. Meyer '09 |
Boyd, Engels, Karsch '95

8702 03 04 05 06 07 08 09 1
temperature T [GeV]
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2 janisation!!

v A \‘

of a very interesting winterschool
AS always in SchladmmgI Some participants at the lectures
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