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o Introduction

e Landau gauge QCD
@ Signatures of confinement
@ Infrared asymptotics & finite volume effects

e QCD at finite temperature
@ Polyakov loop potential
@ confinement-deconfinement phase transition
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9 Landau gauge QCD
@ Signatures of confinement
@ Infrared asymptotics & finite volume effects
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gauge fixing ensures the existence of the gauge field propagator

Al

O[A]

Landau gauge§ =0: A' = 9,A, =0
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Gribov problem



@ Observables in Yang-Mills theory: O[A%] = O[A]
(O[A]) = / dA O[A] e~ SwlAl

with Syy = 3 [trF? and F2, = §,A% — 9,A% + gf 3 A AC

nv n v



@ Observables in Yang-Mills theory: O[A%] = O[A]

(O[A]) = /dAé[c) A,]| det(—0,D,) O[A] e~ SwlA

Faddeev-Popov



@ Observables in Yang-Mills theory: O[A9] = O[A]
(O[A]) = /dA(S[a A,]| det(—9,D,,)| O[A] e SwiAl
Faddeev-Popov

@ BRST: | det(—0,D,)| — det(—9,D,,)

(O[A]) = /dAdCdC 3[0,A,] O[A] e~SmlAI-/ Co.D,.C

physical Hilbert space « nilpontency of BRST transformation s.



@ Observables in Yang-Mills theory: O[A%] = O[A]

(O[A]) = /dA6[8 A,]| det(—9,D,,)| O[A] e SwiAl

Faddeev-Popov

@ BRST: | det(—9,D,)| — det(—9,D,)

(O[A]) = /dAdCdC 3[0,A,] O]A] e~ SwlAI-[ €2,D,.C
but

/dA6[8 Al % _0



@ Observables in Yang-Mills theory: O[A%] = O[A]

(O[A]) = /dA(S[a A,]| det(—,D,)| O[A] e~ SwIA

Faddeev-Popov

@ BRST: | det(—9,D,)| — det(—9,D,)

(OA]) = / dAdCAC 5]0,A,] O[A] e~ SwlAl-J €a,D.c
Remedies:
o We|ght|ng Of COpIeS |OSS Of BRST‘|nVar|anCe loss of nilpotency

9 topological gauge fixing Witten index



confinement scenario

Q={A|9,A, =0, -3,D, > 0}
@ entropy o0
J dA det(—oD)e~S

@ entropy ([ dA)

@ 0Q(NOA) dominates IR
@ ghost IR-enhanced
@ gluonic mass-gap: confined gluons

non-renormalisation of ghost-gluon vertex

@ violation of reflection positivity



confinement scenario

Q={A|9,A, =0, -3,D, > 0}
@ entropy o0
J dA det(—oD)e~S

@ entropy ([ dA)

@ 0Q(NOA) dominates IR
@ ghost IR-enhanced

@ gluonic mass-gap: confined gluons

non-renormalisation of ghost-gluon vertex

[+ KUgO-Ojlma (in BRST-extended configuration space)

@ gluonic mass-gap + no Higgs mechanism
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KoTk[¢] = > Tr —Ff)[qﬁ] TR

kR (p?)

@ in Yang-Mills theory: ¢ = (A,C,C)
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1
KoTk[¢] = > Tr —Ff)[dﬂ TR

kkRk(p?)
@ self-similarity, reparameterisation & projections

o fermlOﬂS Stralghtforward though "physically’ complicated

@ NO S|gn problem numerics as in scalar theories!
o Ch|ral ferm|ons reminder: Ginsparg-Wilson fermions from RG argument!

o bound States Vla (re-)bOsonlsatlon effective field theory techniques applicable!
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KoTk[¢] = > Tr —Ff)[dﬂ TR

‘ 2
K Ok Rk(p )
@ self-similarity, reparameterisation & projections
o fermlOﬂS Stralghtforward though "physically’ complicated
o gauge |nVar|anCe Ellwanger '94, Bonini et al '94,

@ loss of BRST-nilpotency

¢ flow of modified Slavnov-Taylor identity Wi

AW ITr 1 AR 1 i W
t k — —35 -5 k
2\r@ 4R TP 4R 092

Ellwanger '94, D'Attanasio, Morris '96, Litim, Pawlowski '98, Pawlowski '05
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1
KoTk[¢] = > Tr —Ff)[qﬁ] TR

kR (p?)

@ self-similarity, reparameterisation & projections
o fermlOﬂS Stralghtforward though "physically’ complicated

@ gauge invariance

talks of Y. Igarashi, E. Itou, H. Sonoda
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KoTk[¢] = > Tr —Ff)[dﬂ TR

kR (p?)

@ self-similarity, reparameterisation & projections
@ fermions straightforward
@ gauge invariance

@ flows in Landau gauge QCD

Ellwanger, Hirsch, Weber '96

Bergerhoff, Wetterich '97

Pawlowski, Litim, Nedelko, von Smekal '03
Kato '04

Gies, Fischer '04

Pawlowski '05
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1
KoTk[¢] = > Tr —rf)[dﬂ TR

k(“)k Rk (pz)
@ self-similarity, reparameterisation & projections

@ fermions straightforward

@ functional methods in Landau gauge QCD (IR)

©

Dyson-Schwinger equations

von Smekal, Hauck, Alkofer '97

©

stochastic quantisation

Zwanziger '02

©

flows in Landau gauge QCD

Pawlowski, Litim, Nedelko, von Smekal '03

©

guark confinement from Landau gauge propagators

Braun, Gies, Pawlowski '07

©

analytic perturbation theory (fixed point for coupling)

Shirkov, Solovtsov '96



Fischer, Pawlowski, Phys. Rev. D 75 (2007) 025012

functional RG

Olelo] = 3 -0




Fischer, Pawlowski, Phys. Rev. D 75 (2007) 025012; work in progress

Unigue infrared asymptotics in Landau gauge QCD

@ conformal scaling

r(2n,m)(/\p1, veey /\p2n+m) = \ffnm r(zn)m)(pl7 () p2|"l+m)

r@.m): vertex with n ghost and anti-ghost lines, m gluons



Fischer, Pawlowski, Phys. Rev. D 75 (2007) 025012; work in progress

Unigue infrared asymptotics in Landau gauge QCD

@ conformal scaling

r(2n,m)(/\p1, veey /\p2n+m) = \ffnm r(zn)m)(pl7 () p2|"l+m)

@ decoupling: kznm = 0 & massive gluon no confinement!?



Fischer, Pawlowski, Phys. Rev. D 75 (2007) 025012; work in progress

Unigue infrared asymptotics in Landau gauge QCD

r(2n,m) ~ pz(n_m)ﬁC with ke > 0

r@n.m): vertex with n ghost and anti-ghost lines, m gluons

confirms Alkofer, Fischer, Llanes-Estrada, Phys. Lett. B611 (2005) 279-288
see also Alkofer, Huber, Schwenzer '08



Fischer, Pawlowski, Phys. Rev. D 75 (2007) 025012; work in progress

Unigue infrared asymptotics in Landau gauge QCD

r(2n,m,quarks) ~ p2(n—m)nc +quarks

QCD: work in progress; QEDg: Nedelko,Pawlowski, in preparation



UV-IR flow

Truncation
@ full momentum dependence of propagators
@ vertices momentum-dependent RG-dressing

*] Opt|m|sat|on Litim '00, Pawlowski '05



UV-IR flow

Truncation
@ full momentum dependence of propagators
@ vertices momentum-dependent RG-dressing

) optimisation J. M. Pawlowski, Annals Phys. 322 (2007) 2831
@ RG-invariance: D,y = 0 from D, = O rawiowski 0002
! () 2
(DM—&—Z’yd,)Rk:O — Rk:rk I’(X/k )

with D,x =0, e.g. x = p?, x =T /z.



UV-IR flow

Truncation
@ full momentum dependence of propagators
@ vertices momentum-dependent RG-dressing

o optlmlsatlon J. M. Pawlowski, Annals Phys. 322 (2007) 2831

@ RG-invariance

@ functional optimisation rawowski s

Ropt = (MY — re(r? —r?)



UV-IR flow

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

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

= kdp 1o(p?) = Flow [T . r®



UV-IR flow
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p2 <A(p)A(—p)> + i gi% RG  Pawlowski, in preparation
!g DSE  smekaletal 97;...;
3 x§ix Alkofer, Fischer '02;...  —|
5, lattice Leinweber et al '98;
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Improvement on FRG & DSE results: ; w. rawiowski 0, Fischer 08
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Pawlowski, Litim, Nedelko, von Smekal, Phys. Rev. Lett. 93 (2004) 152002

@ functional optimisation: xc = 0.59535..., ag =2.9717...

equals DS/StochQuant-result: Lerche, von Smekal, Phys. Rev. D 65 (2002) '02
D. Zwanziger, Phys. Rev. D 65 (2002)
RG-confirmation: C. S. Fischer and H. Gies, JHEP 0410 (2004)



Fischer, Maas, Pawlowski, von Smekal, Annals Phys.322:2916-2944,2007
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Fischer, Maas, Pawlowski, von Smekal, Annals Phys.322:2916-2944,2007
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Functional methods—lattice puzzle

@ |lower dimensions

9 guantitative agreement in d = 2 waas o7

@ qualitative agreementin d = 3 4 waas (st Goar 08)
@ large volumes on the lattice

o |n d - 4 Up tO 1284 at /8 = 22 Cucchieri et al '07

@ gauge fixings
o ImpI‘OVEd gauge f|X|ngS Bogolubsky et al ‘07, von Smekal et al ‘07, Maas (St Goar '08)

o StOChaStIC quantlsatlon with D. Spielmann, 1.0. Stamatescu

o SU (2) versus SU (3) Cucchieri et al '07, Sternbeck et al ‘07

@ (= 0: evidence for gauge fixing/finite size problems von smexal (st Goar 08)
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e QCD at finite temperature
@ Polyakov loop potential
@ confinement-deconfinement phase transition



Order parameter

@ Polyakov loop ®(X) = (L[Ao])
ve 1 i [P dt A
L[Ao](X) = —trPe'Jo &7o
Nc
with ¢ ~ e~Fe
@ confinement: Fq = oo

@ deconfinement: Fq finite

@ string tension
(LKL (Y)) ~ e P

o lim Fg(X —Y) ~polX —¥]

[X—Y|—o0



Weiss potential

VWA = —Q Trin S [Ao] — Tr InsZ A
0.8:—
V[Ao] [ su@)

0.6

0.4:—

0.2:—
I i3 3n 271 AAC
2 2 BAG

SU(2): L[Ag] = cos 38AS with A = ASos



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ background field flow for effective potential Ve [Ao] = M'[Ao]/Q

1

r kR (T [Ao])
M Ao] + Re () [Ao]) “

1
Kk Vet [Ao] = ET

@ determination of fluctuation propagator in Landau-DeWitt gauge

MP1A] = M aa(P” — —D?) + O(F)

k,Landau



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ background field flow for effective potential Ve [Ao] = M'[Ao]/Q

1

r kR (T [Ao])
M Ao] + Re () [Ao]) “

1
Kk Vet [Ao] = ET

@ determination of fluctuation propagator in Landau-DeWitt gauge

MP1A] = M aa(P” — —D?) + O(F)

k,Landau

@ Polyakov loop L[(Aq)] > (L[Ao])

OVei|Ao]

=0
9Ao Ao=(Ao)

L[{Ao)] from



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ full effective action

1
rofA] = 2 TrinrP[A] + /O(atrff)) +et.



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ full effective action

1
rofA] = 2 TrinrP[A] + /O(atrff)) +et.

@ full effective potential in the deep infrared, I'((f/)\/c ~ (—D?)L+rasc

VIR[Ag] ~ {%(14— ka) + % —(1+ nc)} éTrIn (- D?[Ao])



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ full effective action

1
rofA] = 2 TrinrP[A] + /O(atrff)) +et.

@ full effective potential in the deep infrared

Viopag] = {14 B2 2e by




Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ full effective action

1
rofA] = 2 TrinrP[A] + /O(atrff)) +et.

@ full effective potential in the deep infrared

VIR[AO] ~ {1+ (d - ]c-i)/iAZ_ 2rkc }VUV[AO]

) . ) 4—d
@ confinement criterion with sum rule ka = —2kc — 5

Ke > ————
¢ 4

no confinement with background field propagators



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

@ full effective action

1
MN:?mm9W+/0@#WmL

@ full effective potential in the deep infrared

VIR[AO] ~ {1+ (d - ]c-i)/iAZ_ 2rkc }VUV[AO]

o bOUﬂdS on K}C |n d — 4 Eichhorn, Gies, Pawlowski, poster

14
AN



@ determination of L({A))

Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]
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Polyakov loop potential: SU(2)

Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

Te >~ 276 &= 10MeV Te/V/o =0.627 +£0.023  aee 1/ 5 700
0 n 2
0.00 [ i -
VI[Ao]
0050 T = 290 MeV J
-0.10 - -
-0.15F -
T = 280 MeV

-0.20 - -

| . 1 Cc

0 n or /gAO

L[Ao] = cos 13A§



Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

TC ~ 276 = 10MeV TC/\/_ =0.627 £ 0.023  iaiice Te/\/@ = .709

| SU(2) ]
L[(A0)] ™1 ]
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02} 1
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Marhauser, Pawlowski, poster

flow in Polyakov gauge: Ag = A§(X)o3
cos(gB(A)/2)
1.0p
0.8+
06 Landau gauge
04r [ = ] Polyakov gauge
0.2+
0.0 : : : : : - T/Te
0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

@ ——: Polyakov gauge: crit. exp. v = 0.65 Using = 0.63

@ —— Landau gauge propagators



Polyakov loop potential: SU(3)

Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]
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Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

T ~ 284 + 10MeV Te/v/o =0.646 £0.023 e 1/ 5 - o6

0 2 4n

0.0F
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Braun, Gies, Pawlowski, arXiv:0708.2413 [hep-th]

TC ~ 284 + 10MeV TC/\/_ = 0.646 +0.023  jaiice Tc/\/T = .646
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@ results
@ support for Kugo-Ojima/Gribov-Zwanziger scenario
@ confinement-deconfinement phase transition from KO/GZ
@ dynamical chiral symmetry breaking

@ 'QCD phase diagram’ from models

@ challenges
o full QCD
o flow of Wilson loops & Polyakov loops: area law

@ QCD at finite temperature & density



@ results
@ support for Kugo-Ojima/Gribov-Zwanziger scenario
@ confinement-decofinement phase transition from KO/GZ
@ dynamical chiral symmetry breaking

9 'QCD phase diagram’ from models

@ challenges
e full QCD
o flow of Wilson loops & Polyakov loops: area law
@ QCD at finite temperature & density

thanks to J. Braun, A. Eichhorn, C. Fischer, H. Gies, D. Litim, A. Maas,
F. Marhauser, S. Nedelko, B.-J. Schaefer, L. von Smekal, J. Wambach
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