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Abstract: | will review the progress made in our understanding of the QCD phase diagram within an RG approach to QCD and effective QCD

models. In particular this includes a discussion of the confinement-deconfinement phase transition/cross-over, the chiral phase transition/cross-over,
aswell astheir interrelation.
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Qutline

* QCD phase diagram

e Quark confinement & chiral symmetry breaking

e Chiral phase structure at finite density

e Summary and outlook
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QCD phase diagram
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Phase diagram of QCD
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Phase diagram of QCD
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Phase diagram of two flavour QCD

Continuum methods
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Phase diagram of two flavour QCD

Continuum methods
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Phase diagram of two flavour QCD

RG-flows in QCD
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Phase diagram of two flavour QCD

Continuum methods
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Quark confinement & chiral symmetry breaking
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Confinement
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Confinement
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Chiral symmetry breaking

chiral symmetry
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Chiral symmetry breaking
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Chiral symmetry breaking

mass term: (49) qq
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Order parameter
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Functional RG
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Functional RG

* Introduction to Functional RG flows & some results in QCD (talks & lit)

» Integrals from differential equations: The FRG-idea in 0+0-dimensions

* Confinement & chiral symmeiry breaking from Functional Methods

* Aspects of the Functional RG
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Functional RG
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Functional RG
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* Fermions are straightforward ougn ‘physically’ complicared
* no sign problem numerics as in scalar theones
e chiral fermions reminder: Ginsparg-Wilson fermions from RG arguments

* bound states via dynamical hadronisation effective field theory techniques applicable
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Functional RG

* Introduction to Functional RG flows & some results in QCD (talks & lit)
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Functional RG
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Functional RG

* Introduction to Functional RG flows & some results in QCD (talks & lit)
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Functional RG
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Functional RG

= 1 1
kO o] = ETI' koL Ri(p)

(D)

r;{_ [r‘rl R \P)

» Yang Mills Theory: 0 = (A.C.C) RG-scale k: t =Ink

o ﬁ(}f-\ -O-
d; f;. g = , :

14

'f:l- ﬁl.)

*-‘F_l,_,_[‘
|

» Perturbation theory

e i B Qi
0,k [0] = 0 ETI’ log (S‘ﬂ '[o] + Ry ;H)

Pirsa: 10030028 Page 35/108



Functional RG
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Functional RG
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Functional RG

. 1
KOUTfo] = 3T+ ———— KRu(p)
- ]‘_‘Fr- [D‘! -+ RL \P)

» Yang Mills Theory: o = (A.C.C) RG-scale k: t=Ink

i:j+r;.-rj)- = % :'; -

» Flow infrared finite R _
J[.: L
k2 . al

Pirsa: 10030028 0.5 1 1.5 - J) Page 39/108

F



Functional RG
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Functional RG
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Confinement

Perturbation theory
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Confinement
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Confinement
Continuum methods <3=— Functional RG-flows)

Braun, Gies, JMP 07
VAo = _%Trlog<AA)[Aﬂ] +O0(8:(AA)) — Trlog(CC)[Aq] + O(8:(CC)) + O(V"[Ao],

'

* Yang-Mills propagators in Landau gauge ( '96 - today)

» DSE, FRG, Lattice, Stochastic Quantisation von Smekal, Hauck, Alkofer ‘98

Micheli, Muller-PreuBker, Oliveira, Papavassilio, JMP, Quandt, Reinhardt, Rodnguez-Quintsro,

» Numerical solutions

. AI'I&'YtiC IFi-asymptotlcs IR-scaling & Gribov ambiguity
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Confinement
Continuum methods <= (Functonal RG-flows)

Braun, Gies, JMP “07
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Confinement
Continuum methods <3=—— Functional RG-flows)

Braun, Gies, JMP 07

V[A4o] = —; Trlog(44)[4o] + O(3(44)) — Trlog(CC)[Aa] + O(3,(CC)) + O(V"[ o]

'

* Yang-Mills propagators in Landau gauge ( '96 - today)

» DSE, FRG, Lattice, Stochastic Quantisation von Smekal, Hauck, Alkofer ‘06

Micheli, Muller-PreuBker, Oliveira, Papavassilio, JMP, Quandt, Reinhardt, Rodnguez-Quintsro,

» Numerical solutions

" Ana]ytic IFi-asymptotlcs IR-scaling & Gribov ambiguity
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Confinement
Continuum methods <<3=—— (Functional RG-flows)

Braun, Gies, JMP 07

ViAo = —%Tl' log(AA)[Ao] + O(8:(A4)) — Trlog(CC)[Ao] + O(3:(CC)) + O(V"[A0]]

o

» Yang-Mills propagators in Landau gauge ( '96 - today)

» DSE, FRG, Lattice, Stochastic Quantisation von Smekal, Hauck, Alkofer ‘06

Fischer, Gies, Gracey, ligenifritz, Langfeld, Lsinweber, Laroy, Litim, Lianes-Estrada, Natale, Mendes,
Micheh, Muier-PraﬂkerOMPapavasaio onmmmmnm-am

» Numerical solutions

. Ana]ytic IR-asymptotlcs IR-scaling & Gribov ambiguity
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Confinement

Computation of propagators
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Confinement

Computation of propagators

@ full momentum dependence of propagators
@ vertices momentum-dependent RG-dressing
@ functional optimisation

@ functional relations between diagrams: Flow=Flow(DSE)

= kd (A(p)A(—p)) = FID‘."«'A[ AA) . Cé]

K C(p;é(—p)- = FHow¢[(AA). CC]
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Chiral symmetry breaking

Order parameter
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mass term: (49) 49 /

esephiort]ly broken by massive quarks
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Functional RG

* Introduction to Functional RG flows & some results in QCD (talks & lit)

* Inteqgrals from differential equations: The FRG-idea in 0+0-dimensions

* Confinement & chiral symmeiry breaking from Functional Methods

» Aspects of the Functional RG
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Confinement
Continuum methods <= {Functional RG-flows)

Braun, Gies, JMP 07
ViAo = —%Tl' log(AA)[Ao] +O(9:(A4)) — Trlog(CC)[Ao] + O(3:(CC)) + O(V"[A0]]

'

* Yang-Mills propagators in Landau gauge ( "96 - today)

» DSE, FRG, Lattice, Stochastic Quantisation von Smekal, Hauck, Alkofer ‘98

Fischer, Gies, Gracey, ligeniritz, Langfeld, Leinwsber, Laroy, Litim, Lianes-Estrada, Natale, Mendes,
Micheli, Mm-PraﬁkerOMPapavasaio Jmamnmmmmzw

» Numerical solutions

. Ana]ytic IR-a.symptotlcs IR-scaling & Gribov ambiguity
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Confinement

Continuum methods

Braun, Gies, JMP ‘07
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Confinement

Compuitation of propagators

@ full momentum dependence of propagators
@ vertices momentum-dependent RG-dressing
@ functional optimisation

@ functional relations between diagrams: Flow=Flow(DSE)

= ki (A(p) A(—p)) = Flow,[(AA). C&]

ko (C(p)C(-p)) = Flowc[(AA). (CC)]
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@ scalina/decoupling via boundarv conditions at 2 = 0



Confinement

Continuum methods
Braun, Gies, JMP ‘07
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Confinement

Computation of propagators
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Confinement
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Confinement
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Confinement
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Universal properties & gauge independence

pDIyaJ(DV gal«m: A{_l = ‘qfi .3_(}4’75

RG-flow : V[Ad] = [ dt flow[ V"' [Ao] . ]

I T I T I
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Phase structure at vanishing density
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Universal properties & gauge independence

Polyakov gauge: 4, — A5(X)o-

RG-flow : V[A| = [ dt fiow{ V" [Ao] . cva]

®[Ao]

@ —— Polyakov gauge: crit. exp. » = 0.65
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Phase structure at vanishing density
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Chiral symmetry breaking

A glimpse at chiral symmetry breaking

Flow of four-fermion coupling \.. = \, k< with infrared scale &
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= ) X g > e g chiral symmetry breaking
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Chiral symmetry breaking

A glimpse at chiral symmetry breaking

Flow of four-fermion coupling \.. = \, k< with infrared scale &

r \ iy 3 'l 2 TN A 2
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Chiral symmetry breaking

Hubbard-Stratonovitch

A\ (Cv)? = hevro — 2mPa® Quark
s ' ‘ SR --- Meson

Ant-Quark

+Baryons ancd Glueballs -3:

Dynamical degrees of freedom

Quarks. Gluons . A — . A+ Mesons, Baryons o ~ 10, D ~ v

Pirsa: 10030028 Page 75/108



Chiral symmetry breaking

Dynamical hadronisation =<J3= (Functional RG-flows)

N '[‘*"’“ —‘(}—D— o
g L'A w =E=- i qa
Hubbard- Stratom\@
= "? O o — —m‘ 2

\, [L_"—')z -

) 2 --- Meson
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Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods <= {Functional RG-flows)

* RG-flow of Effective Action (Effective Potential) m o 'CI q[pa:smm

T RUO

— et
* flow of gluon propagator

AL

o | =
I~.J||'—‘

FNE N
pure gauge theory flow + "W“?.;.,-uug ® - +
\\_._,//
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Full dynamical QCD: N_f = 2 & chiral limit

0.8

Continuum methods
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Universal properties & gauge independence

Polyakov gauge: 4, — A5(X)o-

RG-flow : V[Ao] = / dt flow[V”'[Ao] . ats]

®[Ao]

@ — — Polyakov gauge: crit. exp. v
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Chiral symmetry breaking

A glimpse at chiral symmetry breaking

Flow of four-fermion coupling \,. = \, k< with infrared scale &
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Chiral symmetry breaking

A glimpse at chiral symmetry breaking

Flow of four-fermion coupling \,. = \, k< with infrared scale &
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Chiral symmetry breaking

A glimpse at chiral symmetry breaking

Flow of four-fermion coupling \.. = \, k< with infrared scale &
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Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice

fATWiL(0)
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Phase structure at finite density
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Imaginary chemical potential

Lattice & Continuum QCD
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Phase structure at finite density
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Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice
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Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice
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Imaginary chemical potential

Lattice & Continuum QCD

Vgt + 3,T) = —e2™Pohy(t, 1) with

® RW Endpoint

----- RW ttansiton

. 0 R
Pirsa: 10030028 == ( 2 ﬂ'Tﬁ) # (chemucal PO(EI]D.B])'

— . T B o~ . et . o .

pr =2nT60

Page 96/108



Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods

T [MeV]
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I [Mev]

Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice

300 compatbiiity lattice results T~
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Full dynamical QCD: N_f = 2 & chiral limit

Remark on dual order parameters for confinement

T [MeV]
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Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice
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Real chemical potential

vg(t + 3.7) = —v(t. )
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T [MeV]

A glimpse at real chemical potential

Polyakov - Quark-Meson model
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Summary & Outlook
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A glimpse at real chemical potential
Polyakov - Ouark-Meson
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Summary & outlook

e Phase diagram of QCD

* Confinement & chiral symmetry breaking at finite temperaturs
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Summary & outlook

* Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperaturs

e Dynamical hadronisation

e critical point and phase lines in sffective theories
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Summary & outlook

e Phase diagram of QCD
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e Confinement & chiral symmetry breaking at finite temperaturs
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A glimpse at real chemical potential

Polyakov - Ouark-Meson@
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