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QCD phase transitions

. . % 200k
@ Existence and location : |2 Quarks and Gluons
Of CEP : é [Quark-Gluon Plasma]
2 |#
@ Propagation of gluons in 2wl © crtatpoin?
QGP =
Hadrons
@ Properties of quarks in . Neutron stae ,
QGP ¢ " Nuckl I\Ilet Baryon Density

@ Chiral limit (Myeak — 0): order parameter chiral condensate
@ Static quarks (Myeak — 00): order parameter Polyakov-loop
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QCD in covariant gauge

quarks, gluons and ghosts:

Zaco /D[\U A c] exp{ /d4 v (ip —m)w

- (F;;V)2+ > i +6(—8D)c)}
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QCD in covariant gauge
Zocp = /D[\IJ,A,C] exp{ /1Tdt/d x v (iD —m)w

-3 > (Fa)2+ 82A) +6(—8D)C)}

Landau gauge (¢ = 0) propagators in momentum space, q = (¢, wg):

—‘— SQuark(q) — i 1

—i 4G A(Q) — i vawn C(q) + B(q)

The Goal:
Gauge invariant information from gauge fixed functional approach
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Green’s functions

QCD Green'’s functions
@ are connected to confinement:
@ Gribov-Zwanziger and Kugo-Ojima scenarios
Running Coupling
Positivity
Polyakov Loop

J. Braun, H. Gies, J. M. Pawlowski, PLB 684 (2010) 262-267.

e ¢ ¢

@ encode DxSB

@ are ingredients for hadron phenomenology

@ Bound state equations:
Bethe—Salpeter equation / Faddeev equation
@ Form factors, decays etc.

The Goal:

Gauge invariant information from gauge fixed functional approach
The Tool:

Dyson-Schwinger and Bethe-Salpeter-equations (DSE/BSE)
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Lattice QCD vs. DSE/FRG: Complementary!

@ Lattice simulations
» Ab initio

» Gauge invariant

@ Functional approaches:
Dyson-Schwinger equations (DSE)
Functional renormalisation group (FRG)

Analytic solutions at small momenta
Space-Time-Continuum
Chiral symmetry: light quarks and mesons

Multi-scale problems feasible

vV v v VY

Chemical potential: no sign problem
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9 Properties of SU(N) Yang-Mills theory
T =0
0T #0
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Dyson-Schwinger equations (DSES)
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DSEs vs Lattice (T = 0)

I [ T [ T
= Bowman (2004)
15F - Sternbeck (2006)|
--DSE
i — FRG 1
N_I 1 |- ~ ~ N -
I SO3
'_ -~
N L |
0.5+ f
% 1 2 3 1 5
p [GeV]

@ Scale generated dynamically
@ Deep infrared: Interesting and subtle questions

L. von Smekal, R. Alkofer, A. Hauck, PRL 79 (1997) 3591-3594.
C.F, A. Maas and J. M. Pawlowski, Annals Phys. 324 (2009) 2408-2437.
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Glue at finite temperature T £ 0

T -dependent gluon propagator from lattice simulations:

25r .+ T=0 1 50 « T=0 ’
L . T=06T, | | . T=06T,
2l . T=099T,| | 2 . TE099T | |
. T=22T . T=22T
o] | c
- g 15[k s
&
N
| 1 - . i
g SR T PGS o <
1 o5 R
L | L | L L | L | L
% 5 10 s % 5 10 15
2
P’ [Gev] P’ [Gev’]

@ Difference between electric and magnetic gluon
@ Maximum of electric gluon at T

Cucchieri, Maas, Mendes, PRD 75 (2007)

C.F, Maas and Mueller, EPJC 68 (2010)
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Gluon screening mass

SU(2) -'new’ data SU(3) - "'new’ data

e-om, (lattice) 1.47 —my (lattice)
— Fits

o
o
o
o

-0 0.5 1 (85 2 23 -0 05 1 15 2 215

C.F, Maas, Mueller, EPJC 68 (2010)

2,2 b LW 5 2/n2 7
2A c : aZ ( Boolw) nla” /A" +1]
Zr1(q,T) (@+n2)2 { (q2+/\2aT,|_(T)) T ( o )

@ SU(2): 2nd order phase transition not yet visible
@ Fits more reliable at large T than lattice: m o« T
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e Chiral and deconfinement transitions in QCD
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The ordinary chiral condensate

-1 -1

-9 - — +

@ gluon propagator from DSE/lattice

@ T = 0: quark-gluon vertex studied via DSEs

Alkofer, C.F, Llanes-Estrada, Schwenzer, Annals Phys.324:106-172,2009.
C.F, R. Williams, PRL 103 (2009) 122001

@ T # 0 : temperature and mass dependent ansatz

@ Order parameter for chiral symmetry breaking:

- d3 =
o) =ZNT Y [ Grys o S(B.up)
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T = 0: Explicit vs. dynamical chiral symmetry breaking

o 10'F

2 ¢ ] 2\ _ 2 2.
) © M(p?) = B(p%)/A(p%):
g _— momentum dependent!
'*cé ' 3 - E

2 /[ Bottom quak B @ Dynamical masses

@ ; — Charm quark Mstrong (0) ~ 350 MeV
= | Strangequark

x 10°F\_ Up/Down quark

8 |- Chiral limit ] @ Flavour dependence
Cu0' L i i i e N

10% 1c‘>'l 1(‘)0 1‘0l 10° 10° because of MWGak
p’[Gev’]

@ (Y1p) ~ (250MeV)®

C.F. J.Phys.G G32 (2006) R253-R291

Christian S. Fischer (JLU Giessen) Strong QCD with functional methods Nov. 2010 16/ 33



T # 0: Chiral symmetry restauration

Quark — =
S (@) = —i Y9 A(q) — i y4wn C(q) + B(q)

m(p)=1.85 MeV m(u)=1.85 MeV
0 Q
B (O i e s e st i e A e 18 T T T T T
ST _
S f — T=130MeV _
F —I= — T=130MeV
S T=190Mev R | N —— . — T=190MeV
= o Cliw,p) )
L g 1E g 77777777 o .
S ¢ O 14f 1
= f .
r =
107 312
<
1
0-3 il . . ul al i d ud . 1 1 L 1 1
10° 10* 10° 10? 10;1 10° 2101 10* 10° 10* 10 107 10 10° 10*
p[Gev’] p’[GevY]

@ dynamical effects below T, <« ’'HTL-ish’ above T,
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The dual condensate |

Consider general U(1)-valued boundary conditions in temporal
direction for quark fields :

Y(X,1/T) = e'¥4(X,0)

Matsubara frequencies:  wp(nt) = (27T )(ny + ¢/27)

Lattice:

ei<|>

(i), ~ 3 2lenl closed Loops

(am)

E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 (2008) 094007.
F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).
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The dual condensate i

Then define dual condensate > :

27 d(p ) .
h = — —L gl¥n R
n /O o € <7/)1/J>gu

@ n = 1 projects out loops with n(l) = 1: dressed Polyakov loop

@ transforms under center transformation exactly like ordinary
Polyakov loop: order parameter for center symmetry breaking

@ Y ; is accessible with functional methods
C.F, PRL 103 (2009) 052003

C. Gattringer, PRL 97, 032003 (2006)

F. Synatschke, A. Wipf and C. Wozar, PRD 75, 114003 (2007).

E. Bilgici, F. Bruckmann, C. Gattringer and C. Hagen, PRD 77 094007 (2008).
F. Synatschke, A. Wipf and K. Langfeld, PRD 77, 114018 (2008).

J. Braun, L. Haas, F. Marhauser, J. M. Pawlowski, arXiv:0908.0008 [hep-ph]
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Condensate: angular dependence in chiral limit

GeV?)

W), [

@ Width of plateau is T-dependent, (1)¢) (¢ = 0) ~ T?2

C.F. and Jens Mueller, PRD 80 (2009) 074029.
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Transition temperatures, quenched

quenched, DSE

quenched, FRG

‘ ‘ 10
L e—e Polyakov loop
0.10- eo—e Condensate o5l
0.6
[ 041
0.05- *
[ 02f
F oo 7\ I I I I I I I
0 007 _ 0.90 0.95 1.00 1.05 .10 115 1.20 1.25
) 05 1 15 2 2.5 J.Braun, H. Gies, J. M. Pawlowski, PLB 684 (2010) 262-267.
T/T
c
C.F., Maas, Mueller, EPJC 68 (2010). ) P0|yakov |00p pote ntial via

Mueller, PhD-thesis.

gluon/ghost propagators
@ SU(2): T. ~ 305 MeV
SU(3): T¢ ~ 270 MeV
@ increasing condensate due to
electric part of gluon

cf. Buividovich, Luschevskaya, Polikarpov, PRD 78 (2008) 074505.
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Transition temperatures, Ny = 2

DSE

012 ; ; ——
P @-e Polyakov Loop FRG
0.10 @-e Condensate T T T T T T T T T
4 1t f{T)f40) |
0.08 Dual density ------
0.8 Polyakov Loop

0.06

[ 0.6
0.04

0.02 o

0.0 P o S N S I N 0.2 k-7 4
. 8.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19
T [Gev]

Luecker, C.F,, Mueller, in preparation 0
Mueller, PhD-thesis TU Darmstadt 2010. 150 160 170 180 190 200 210 220 230

. T [MeV]
@ reduction of T¢: T¢ & 165 M€V . sraun, L. Haas, £ Marhauser, J. M. Pawlowski,

. arXiv:0908.0008
@ 'usual’ behaviour of
condensate

@ chiral limit
@ T, ~ Teonr ~ 180 MeV
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1 =% 0 : Chiral transition

0.20
T T T T T

E 0.18

4 0.6

4 = 0.14

€}

! 1 =0.12
ES —T=70 MeV

0.04+ =—T=80 MeV , 0.10
-~ T=90 MeV

0021 = T=100MeV 0.08

00.15 R 052 01125 . 0{3 R 085 0.000.050.100.150.200.250.300.35
&) 1 [GeV]

@ approximation: backcoupling of quarks onto glue via HTL
@ CEP at (T, u) ~ (85,275) MeV

C.F, Luecker, Mueller, in preparation
J. Mueller, PhD-thesis, TU Darmstadt, 2010
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1 # 0 : Deconfinement transition

Dressed Polyakov-Loop _
Zl ~ o Z_l ~ o

e N
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Luecker, C.F,, Mueller, in preparation
Mueller, PhD-thesis TU Darmstadt 2010.

@ Small u: difference between ¢ and ® with ¢ < &
@ Qualitative agreement with PQM
B. -J. Schaefer, J. M. Pawlowski, J. Wambach, PRD 76 (2007) 074023.

T. K. Herbst, J. M. Pawlowski, B. -J. Schaefer, [arXiv:1008.0081 [hep-ph]].
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@ Quark spectral functions
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Framework

@ Vital input into transport approaches (HSD,...)
@ Computation of quark-loop contribution of dilepton production
Braaten, Pisarski, Yuan, PRL 64, 1990
Idea: Fit spectral representation to quark propagator

F. Karsch and M. Kitazawa, PRD 80, 056001 (2009).
F. Karsch and M. Kitazawa, PLB 658, 45 (2007).

S(wp B) /d w', p)

w—w

Use ansatz for spectral function:

p(w) =21 é(w — E1) +Z, §(w + Ey)

Pseudoparticles: Quark and Plasmino (idealized!)
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Results I: Deconfinement and quark analytic structure

= ]
2]
. T=1.03T,
. T=0.92T, -
| T=073T, 1
0.04F ]
= L L L L 1
0 02 04 _ 06 08 1

T

Mueller, C.F, Nickel, EPJC in press, arXiv:1009.3762
@ T > T.: Two pole ansatz works: quark and plasmino
@ T < T¢: No fit with only real poles; positivity violations
@ Alternative criterion for deconfinement
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Results II: Mass dependence of quark and plasmino

Lattice
25
& af
w
S
o 15 '/
TT=8 o |
' & Tﬂ{i?.‘zg - —t " ' n }
n n ; 05 ]
T ol ] ~04 —TT=22 ]
¥ oel ] ¥ 03 . TT=15
o ol e ; ; ] =02 o TIT = 1.25
0 05 iy h 15 2 0.1 ) I I
% 0.25 05 0.75 1
mu/T
Karsch and Kitazawa, PRD 80, 056001 (2009). Mueller, C.F, Nickel, EPJC in press, arXiv:1009.3762

@ Qualitative agreement with lattice results
@ Large quark masses: plasmino disappears
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Results Ill: Dispersion Relation

Lattice DSE
ST ! 5 R
TS o L eeTmz22 E/T
4 L 4k . TmE1s

W[ —TTE125
al I3
C ot

ET, BT

E,T
(plasmino)

Z,/(Z1+Z,)

. .
0 1 2 3 4
T

pIT
Karsch and Kitazawa, PRD 80, 056001 (2009). Mueller, C.F, Nickel, EPJC in press, arXiv:1009.3762

@ Min for Plasminoatp # 0
@ Plasmino enters spacelike region — fit function incomplete!
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Results IV: Dispersion Relation - Details

F 4 ~
Fosr Bl ';L ==
N N 046 . 4
N 02 S - Y =
o1l % i N .44 R
- = L ! TS
o — 0425 005 01 015 02

@ Include continuum part (Landau damping) into fits:

plL(w, Ip)) = 27 [Z16(w F Ex) + Z26(w £ Ep)]

2 41 1
T 2ax Pyen - (& Bl = 1ol +2])? n?mi il
+ it @R e =Ga| (R g o s S 1| ¥ ) app@ il

@ Dashed lines: HTL-result of slope at p — 0.

Mueller, C.F,, Nickel, EPJC in press, arXiv:1009.3762
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Summary: QCD phase transitions

Summary:

@ Temperature dependent gluon propagator:
characteristic behavior of electric screening mass at T,

@ Similar T, from dressed Polyakov-loop calculated from DSEs
@ Similar T from positivity violations of quark

@ Similar chiral T, from ordinary quark condensate

@ Finite chemical potential beyond mean field

@ Quark spectral functions: quarks and plasminos

Outlook:
@ Thermodynamic observables
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Thank you for your attention!

Happy Birthday, Jochen!

Helmholtz Young Investigator Group "Nonperturbative Phenomena in QCD”

JUSTUS-LIEBIG-

UNIVERSITAT ﬁHELMHOLTZ o
GIESSEN | GEMEINSCHAFT ESI

H I G F_\IR 35 LOEWE - Landes-Offensive zur Entwicklung

Wissenschaftlich-6konomischer Exzellenz

Christian S. Fischer (JLU Giessen) Strong QCD with functional methods Nov. 2010



Gluon and Quark-Gluon-Vertex

Ansatz for Quark-Gluon-Vertex:

C(k) +C(p) _A(k)+A(IO)> "
2

ru(q, ku p) = Z3 <541/74 + 5]1/7] 2

. < o (G 11)25) |

d2+q2+/\2+q2 4rr
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Ghost, Glue and Coupling

2
O~ e I 10} e

— running coupling

10

ol

10°¢
[
107
3 2
; — G(IOZ)
o[ o
107, Zp) |
ok -- ’decoupl!ng’ ]
3 -- "decoupling’| 3
10'4]”\7 vl el vl
10* 10°  10° 10" 10 10' 10°

p’[Gev?]

@ dynamically generated scale
@ fixed point of coupling o(p?) = g?/(47)Z (p?)G(p?) ~ 9/N¢
@ deep infrared (p < 50 MeV): scaling vs. decoupling

CF and Alkofer, PLB 536 (2002) 177. C. Lerche and L. von Smekal, PRD 65, 125006 (2002)

C.F, A. Maas and J. M. Pawlowski, Annals Phys. 324 (2009) 2408-2437.
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