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The QCD phase diagram-motivation
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The QCD phase diagram-results Ni=2
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The QCD phase diagram-results Ni=2
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The QCD phase diagram-results Ni=2
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Quark confinement & chiral

symmetry breaking




Chiral phase transition

macroscopic states microscopic, states
dofs: hadrons —> dofs: q,q, g
broken X symmetry transition X’ symmetry
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Chiral phase transition

macroscopic states microscopic, states
dofs: hadrons —> dofs: q,q, g
broken X symmetry transition X’ symmetry

phase
<€

symmetry of matter sector of QCD for m, = 0

order parameter: chiral condensate (Y¥)

0 T>T.,
>0 T<T,,.
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Confinement phase transition

Symmetry of gauge sector of QCD:

center symmetry Z3 for SU(3)




Confinement phase transition

Symmetry of gauge sector of QCD:

center symmetry Z3 for SU(3)
symmetry present in the limit of static quarks (m, — oo)

order parameter: Polyakov loop ¢

O = ETrPei 0

1 /T 1y (Ao) _ { >0 1 > Tc,conf

0 T < chconf.




Approximation

imaginary pu = 271607 and finite T, N, = 2, chiral limit
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confining properties: full momentum dependence of ghost & gluon propagator



Roberge-Weiss periodicity & p.t.

RW Endpoint
RW transition

chiral transition

QGP

Hadrons

(chemical potential)2

0= —ip/27T :
QCDQ — QCD9+9Z pel"IOdIC

where 6, =0,1/3,2/3 for SU(3)

quantities related to effective action:
show same periodicity (RWV periodicity)

e.g. (Y1)

QCDy :smooth until 6 = 7/3, then
shows discontinuity: Polyakov loop RW
phase transition




Order parameters
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Phase diagram for imaginary [t

J. Braun, LMH, F. Marhauser, |. M. Pawlowski '09

7t/3 271t/3
2710

Teonf and T, lie close together, end in critical point (RW
phase transition) at (Trw, 270) = (210 MeV, g(Zn + 1))




Phase diagram for imaginary [t

agrees with lattice:

Kratochvila et al ’06;
Wu et al ’06

PNJL model agrees if 8-quark
interaction is adjusted:

50 1

0 1 ]
0 /3 21t/3

2nf Sakai et al 08
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4 T )
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from interplay of
quantum fluctuations &
_are not adjusted by hand |
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Dual order parameters

C. Gattringer ’06;
F. Synatschke, A.Wipf, C.Wozar ’07;
F. Bruckmann, C. Hagen, C. Gattringer ’'08;

C.S. Fischer '09; C.S. Fischer, J. Mueller '09;
imaginary chemical potential — J. Braun, LMH, F. Marhauser, J. M. Pawlowski ’09

Observable Oy : transforms non-trivially under center
transformations z = ¢*™%* with 6, = 0,1/3,2/3 for SU(3)

is an oder parameter for confinement

1
O = / df e =200,
0

O sensitive w.r.t. center transformations © — 20

e.g. dual density n ~ log Z(6)




Order parameters
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Tcont,® = Lcont,n —> consistency check




Polyakov loop vs. dual density

J. Braun, LMH, J. M. Pawlowski, work in progress
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a s at imaginary u & finite T
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a s at imaginary u & finite T

J. Braun, LMH, J. M. Pawlowski, work in progress

— YMresutt] Weak 0-dependence

— 9=0 b
6 112 6 : shift in k

— 0=1/6




On the chiral phase
transition with

real chemical potential

(1ststep: T=0, Ni=1)




Dynamical hadronisation

dynamically

QCD flow > hadronic effective theory




Dynamical hadronisation
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QCD flow

> hadronic effective theory
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Dynamical hadronisation
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dynamically

QCD flow > hadronic effective theory
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chiral condensate:  (Yy) ~ h(¢p) ~m




Dynamical hadronisation

H. Gies, C.Wetterich '02; . M. Pawlowski '05; S. Florchinger, C.Wetterich 09

dynamically

QCD flow > hadronic effective theory

VA a

T pn ! ! Hubbard—

— o
- Stratonomch
q q

step
VALK VALY

will be generated at next step — bosonise at each RG step

chiral condensate:  (Yy) ~ h(¢p) ~m




at finite 4 & T=0, Ni=1

J. Braun, LMH, J. M. Pawlowski, in preparation
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at finite © & T=0, Ni=1

J. Braun, LMH, J. M. Pawlowski, in preparation

fermionic
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at finite 4 & T=0, Ni=1

real 11 contributes mass-like
—> strong (-dependence

EEE— ] chiral phase transition at
— u=10GeV : Ler = 350 MeV

— u=2GeV
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Summary & Outlook

Summary

strong coupling a;: weak 0-dependence
strong 1 -dependence

phase diagram Ny = 2 :imaginary chemical potential

Roberge-Weiss periodicity
Tconf,cr = Tx,cr




Summary & Outlook

Summary

strong coupling a;: weak 0-dependence
strong 1 -dependence

phase diagram Ny = 2 :imaginary chemical potential

Roberge-Weiss periodicity
Tconf,cr = Tx,cr

Outlook

extendto Ny =24 1: dynamical hadronisation &
real chemical potential




Additional slides




The flow of the effective action

Theory space:




The flow eqguation
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Flow equation for the effective action:

%ka = ;T

Wetterich equation, ‘93




Center symmetry

center of group G:
set of elements that commute with all elements of G

z € center of gauge group Z(G)
U.(t,z) gauge transformation

= Uz_l(oaf)Uz(ﬁaf) — <

z=1e’™" whereeg.  syQ) ¢, 0,1
and SU(3) 6, =0.,1

02




Critical temperatures
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Tconf, cr = Tx,cr

N;=2+1

compatible with Karsch et al '08

Tconf,cr = Tx,cr

compatible with Fodor et al '08
175 MeV = Toont.er > Tyer = 150 MeV




