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Overview
* Confinement, screening, and all that
* Confinement of gluons at

* Observations at non-zero temperature

* Lattice
 DSEs

* A possible interpretation

* Summary
All lattice results for SU(2)

[First look: Maas et al., hep-lat/0610006]
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[Figures from Karsch et al. 2003 (l), Andronic et al., 2004 (r)]
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Finite Temperature QCD

[Figures from Karsch et al. 2003 (l), Andronic et al., 2004 (r)]
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* Aim: From microscopic dynamics to experimental observables

* More modest: Yang-Mills (QCD without quarks) phase diagram




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

|
Low-temperature phase T

“confined”




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

|
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group

|
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group

|
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”

* Phase transition manifest in measurable quantities

* Thermodynamic potential, pressure, entropy...




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group T
‘ >
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”

* Phase transition manifest in measurable quantities

* Thermodynamic potential, pressure, entropy...

* Expectation: Perturbative at very high temperatures




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group T
‘ >
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”

* Phase transition manifest in measurable quantities

* Thermodynamic potential, pressure, entropy...
* Expectation: Perturbative at very high temperatures

* Temperature ~ Energy




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group T
‘ >
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”

* Phase transition manifest in measurable quantities
* Thermodynamic potential, pressure, entropy...
* Expectation: Perturbative at very high temperatures

* Temperature ~ Energy

* Small coupling: Perturbation theory works




Introduction: Yang-Mills Phase diagram

Phase diagram of Yang-Mills theory

Order of transition depends on the gauge group T
‘ >
Low-temperature phase T,  High-temperature phase
“confined” "deconfined and screened”

* Phase transition manifest in measurable quantities
* Thermodynamic potential, pressure, entropy...
* Expectation: Perturbative at very high temperatures

* Temperature ~ Energy

* Small coupling: Perturbation theory works...




Introduction: Failure of Perturbation theory

Dynamics at high temperatures

* Some quantities are never perturbative

* Eg SpaTial S1'r'ing TenSIioN (i o o PrL 1993, Manousakis et al. PRL 1987]




Introduction: Failure of Perturbation theory

Dynamics at high temperatures

* Some quantities are never perturbative
* Eg SpaTial S1'r'ing $eNSION (i ot ol PrL 1993, Manousakis et al. PRL 1987]

* Perturbative expansion does not converge

1)) ”n
]




Introduction: Failure of Perturbation theory

Dynamics at high temperatures

* Some quantities are never perturbative
* Eg SpaTial S1'r'ing $eNSION (i ot ol PrL 1993, Manousakis et al. PRL 1987]

* Perturbative expansion does not converge

1)) ”n
]

* Lattice input required to obtain a perturbative
description of ?hermodynamlc bulk quantities

[Kajantie et al., PRL 2001, PRD 2003, JHEP 2003,.

* At all temperatures




Introduction: Failure of Perturbation theory
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* Some quantities are never perturbative
* Eg SpaTial S1'r'ing $eNSION (i ot ol PrL 1993, Manousakis et al. PRL 1987]

* Perturbative expansion does not converge

1)) ”n
]

* Lattice input required to obtain a perturbative
description of ?hermodynamlc bulk quantities

[Kajantie et al., PRL 2001, PRD 2003, JHEP 2003,.

* At all temperatures
* Why??
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Introduction: Failure of Perturbation theory

Why perturbation theory fails

* Coupling constant argument invalid

* Renormalization scale in QFT arbitrary
* Can always renormalize at, say, 1 eV

* Non-perturbative dynamics for arbitrary small
coupling constant in QFT

* HGGQ'S theorem [Haag's book, 1992]

* (Perturbative) (stable) particles are
at finite temperature

* NOf‘ﬂhOfo‘-Thif‘f‘ing ?heorem [Narnhofer et al., CMP 1983]
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Introduction: Beyond perturbation theory

What is necessary...

* Full non-perturbative treatment at all
temperature

* Lattice, functional methods, etc.

* What happens to non-perturbative
phenomena?

* Yang-Mills theory: What happens to
confinement?

* What is meant by and
, anyway?
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Confinement: Experiment

What is confinement - Experiment

* Experiment tells...

 Hadrons exist in excited states
* Should have a substructure
* Scattering experiments

* Rutherford-like behavior at high energies

* Point-like scattering centers

* Substructure cannot be isolated:
Confinement
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Confinement: Theory

What is confinement - Theory
* Substructure can be described by QCD

* Degrees of freedom are quarks and gluons

* Color charge carried by both

* Confinement: Colored objects unobservable

* Color charges in QCD not gauge-invariant

* Axiomatic: well-defined only with confinement
* No confinement in perturbation theory

* Non-perturbative effect




Confinement

Confined , screened, deconfined

* Confinement

* Colored particles are not physical states

* Colored states exist only in an unphysical part of the
describing Hilbert space

* Only bound states are physical
* There has to be at least one stable bound state

* Interactions are non-perturbative, but may be weak
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Confined , screened, deconfined

* Confinement

* Strong confinement

* Requires additionally linear rising potentials for the
object in question (e.g. quarks in Yang-Mills theory)




Confinement: Deconfined

Confined , screened, deconfined

* Confinement

Colored particles are quasi-free and measurable in
detectors

Requires phase transition to confinement

Bound states can decay into their constituents, when
energetically possible

Interactions can be strong or weak

Colored states have to have a gauge-invariant
representation - free constituent gluons




Confinement: Screening

Confined , screened, deconfined

* Confinement

 Screened

* Colored particles are screened and can travel only a
finite distance - not directly observable

* No phase transition to confinement necessary (e.g.
Adjoint Higgs-Yang-Mills)

* Requires a gauge-invariant description only of
asymptotially detectable states

* Interactions non-perturbative, but may be weak
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e Confinement
 Screened

* How to observe confinement?
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How to observe confinement

* In general:

* Necessary and sufficient
* One option for individual particles

* No positive definite-spectral function/no Kdllen-
Lehmann representation

» Sufficient, but not neccesary
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Spectral functions

* Criteria for positivity violation
* Negative-(semi-)definite propagator

, spectral function(q)
2 2
p tq

Propagator =0One particle part + f dq

* Sum rule for gluons

Overlap with one particle + f dq’ spectral function(q’)= ZL =0
3
» Z,(divergent) renormalization constant

* Likely also valid at finite temperature




Confinement: Observation

How to observe confinement

* In general:

* Necessary and sufficient
* One option for individual particles

* No positive definite-spectral function/no Kdllen-
Lehmann representation

» Sufficient, but not neccesary
* Confining potentials, e.g. linear rising

* Works only for non-dynamic objects - useless for
gluons
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* Topological field configurations source of confinement
[Greensite PNPP 2003]

» Special field configurations (Vortices, monopoles...)
* Yield linear potentials for quarks
 Structural aspects iaiofer et al. pr 2001
* Algebraic structure (Kugo-Ojima: BRST)
* Geometry of field configuration space: Gribov-Zwanziger
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* Relation between both classes exists

[Gattnar et al. PRL 2004, NPB 2005, Greensite et al. PRD 2004, JHEP 2005, Maas EPJC 2006, 2006]
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Confinement: Gribov-Zwanziger scenario

Configur'a'rion Space (artist's view)

Gauge fields not unique

* Gauge transformation does
not change physics

Quantum-mechanically one
copy has to be singled out

Perturbation theory is
applicable close to the origin

Non-perturbative calculations
probe all of configuration
space

Perturbation theory
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Common boundaries
* Require only one gauge copy ©ribev horizen y
of each configuration:
Fundamental modular region

* Partition configuration
space by zeroes of the
determinant of the

(generalized) Faddeev-Popov /

i

operator

 Both have a common
boundary

Fundamental modular region
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Confinement: Gribov-Zwanziger scenario

Configur'a'rion Space (artist's view) N

Gribov-Zwanziger:
Dominated by common
boundary region

Configuration space infinite
dimensional: volume
dominated by boundary

Faddeev-Popov determinant
vanishes there

Leads to positivity violating
spectral functions

Common boundaries
Gribov horizon /
RN

i

)

Fundamental modular region
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Landau-gauge Faddeev-Popov operator eigenspectrum
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Landau-gauge Faddeev-Popov operator eigenspectrum

|_Epectrum near zero eigenvalue | Smallest eigenvalue of the Faddeev-Popov operator
-3

fll_"

D

2,

Eliﬂ

2 —
107 4
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
% 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
w [Cucchieri et al., PRD 2006] 1/L [GeV]

* Near zero enhanced

* Average configuration in the continuum limit on the
Gribov horizon

. scenario
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Confinement: Gauge dependence

Gauge dependence

* Colored quantities depend on the gauge

* Need to specify a gauge

* Practical calculations limited to classes of gauges
* Here: Only Landau gauge

* Best studied at zero temperature

* Many advantegous technical properties

* Linear lambda gauge class (includes Landau gauge)

[Cucchieri et al., 2006, unpublished]

¢ Coulomb gaUQgEe iicucchieri 2006, Cucchieri et al. PRD 2002]




Zero temperature: Formulation

Landau gauge

* Lagrangian:
1 a a —d a
L=—=F" F* —¢°0 D”¢"
4= HvToRv Tl
a a a abc (b 4c
F“V—(’iubAv baVA“ gf AHAV
D*=6"8 —of ™ A’
* Degrees of freedom:
. A°

u

—da a

s C,C

(Intermediate states - not observable)
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Propaga?o r.s [Introduction: Alkofer & von Smekal, 2001]

» 2-point Green's functions are the propagators

Dy (x=y)= <d4,(x)4,(y)>
(p)=(s,,~ L) ZL2)
pv Hv pz pz




Zero temperature: Propagators

Propagato r.s [Introduction: Alkofer & von Smekal, 2001]

» 2-point Green's functions are the propagators

* Ghost linked to the Faddeev-Popov operator
D (x—y) ~ <(8,D*)"'> = <(8,(5"0,—g f" 45))"'>
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Zero temperature: Predictions

Green's functions - The predictions

* Confinement scenarios give predictions

* 6ribov-Zwanziger:

* Gluon propagator infrared vanishing D, (0)=0
* Positivity violated
* Ghost propagator stronger infrared enhanced
than a massless one limpﬁo—pzDG(p)zG(O):oo
* Relation to the Faddeev-Popov operator
* Negative definite - not a physical particle
* Infrared enhancement -
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Zero temperature: Methods

Methods
e Lattice

* Finite volume, discreet - minimal and maximal
momenta

* Full non-perturbative dynamics correctly
implemented

* Dyson-Schwinger equations (Quantum equations
of motion)

* Requires (partly uncontrolled) approximations

* Continuum, partly analytical
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Ghost Dressing Function
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Zero temperature: Ghost

Ghost

Ghost Dressing Function

[DSE: Fischer et al., PLB 2002,
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Zero temperature: Ghost

Ghost

Ghost Dressing Function

[DSE: Fischer et al., PLB 2002,
Lattice 32*: Cucchieri et al., unpublished]

—

o

—

o,
| QG(}%

* IR divergent: Mediates long-range forces

q[GeV]

° DSES, RGS: GN(pZ)—O.S% [Zwanziger PRD 2002, Lerche et al. PRD 2002, [Pawlowski et al., PRL 2004]

* Faddeev-Popov operator eigenspectrum enhanced near zero

* Due to topological configurations? (cariner et al.,

2004, Greensite et al., 2004, Maas, 2006]




Zero temperature: Gluon

Gluon [DSE: Fischer et al., PLB 2002, Lattice 52*: Cucchieri et al., 2006]
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Zero temperature: Gluon

Gluon [DSE: Fischer et al., PLB 2002, Lattice 52*: Cucchieri et al., 2006]
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* Infrared vanishing - confined
° DSES Clnd RG giveS Z(p)N(p2)1'19 [Zwanziger PRD 2002, Lerche et al. PRD 2002,

Pawlowski et al., PRL 2004]




Zero temperature: Gluon

Glu 0 n [DSE: Fischer et al., PLB 2002, Lattice 524: Cucchieri et al., 2006]
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Pawlowski et al., PRL 2004]

* Lattice data strongly affected by finite volume




Zero temperature: Gluon

Glu 0 n [DSE: Fischer et al., PLB 2002, Lattice 524: Cucchieri et al., 2006]
el B
ﬁz'd': %
22 5 & 2 3 2
- =8
2f- 799 2
- N

1.8

0.8F
0.6
0.4
0.2F n
[ III|III|III|III|III|III|III|III|III u||||||||||I|III|III|III|III|III|III|III
02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
p[GeV] p[GeV]

* Infrared vanishing - confined
° DSES Clnd RG giveS Z(I))""(I)Z)l'l9 [Zwanziger PRD 2002, Lerche et al. PRD 2002,

Pawlowski et al., PRL 2004]

* Lattice data strongly affected by finite volume




Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

[203: Cucchieri et al., 2006]

Gluon propagator
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Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

[203, 303: Cucchieri et al., 2006]

Gluon propagator
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Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

[203, 303: Cucchieri et al., 2006

Gluon propagator 40%: Cucchieri et al., unpublished]
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Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

[203, 303: Cucchieri et al., 2006
Gluon propagator 40%: Cucchieri et al., unpublished
803: Cucchieri et al., PRD 2003]
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Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

Gluon propagator

[203, 303: Cucchieri et al., 2006
403: Cucchieri et al., unpublished
803, 1403: Cucchieri et al., PRD 2003]
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Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

Gluon propagator

[Lattice continuum extrapolated: Cucchieri et al., PRD 2001
Lattice 1403: Cucchieri et al., PRD 2003
DSE: Maas et al., EPJC 2004]
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q/g

* Comparison to continuum only possible in the range 1/Na<<p




Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

Gluon propagator

[Lattice continuum extrapolated: Cucchieri et al., PRD 2001
Lattice 1403: Cucchieri et al., PRD 2003
DSE: Maas et al., EPJC 2004]
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::-;-_.. - Continuum extrapolated
N "Il" A o 140°, p=4.2
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: A 1407, B=6
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107

2

q/g

« Comparison to continuum only possible in the range 1/Na<<p<<E ,
° DSES: GOZS 1'0 Zer'O, Z(p)N(p2)1.29 [Zwanziger, PRD 2002]




Zero temperature: Finite volume effects

Gluon - large lattice volumes needed

Gluon propagator

[Lattice continuum extrapolated: Cucchieri et al., PRD 2001
Lattice 1403: Cucchieri et al., PRD 2003
DSE: Maas et al., EPJC 2004]
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« Comparison to continuum only possible in the range 1/Na<<p<<E ,
° DSES: GOCS 1'0 Zer'O, Z(p)N(p2)1.29 [Zwanziger, PRD 2002]




Zero temperature: Finite volume effects

Lattice vs. DSE in a finite volume
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* Qualitative similar behavior




Zero temperature: Finite volume effects

Lattice vs. DSE in a finite volume

— I | | I I =

Al T=g I.=4.6 fm _

L . : — L.=9"7fm .

- - Sternbeck et al. (2005)] -

. Sternbeck et al. (2006)] -
> 3 Continuum i
Ao T _
PF 20 T
& - »
Q 1K o
1_ = |

) s

| | 1 | 1 1 1 I 1 1 | I | | | | | | | | | -I_'-Th# ] o

%.{} 0.4 0.8 1.2 1.6 2.0 2.4

P [GCV} [Fischer et al., unpublished]

* Qualitative similar behavior

* Relevant length scale about 10-15 fm




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism

° - _G<p2’ﬁ2)
Dg(py, p')=—
p 2 2 2 2
* Gluon ) Z(py, D) H(py, p°)
D, Po,P):PZv 02 -I_Pﬁv 02




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism

° - _G<p2’ﬁ2)
Dy(po, B )=——
p 2 2 2 2
e Gluon o 1 Z(pe, D7) . H(py, D)
D, Po,P):Puv pz P, pz




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism

. . —Gpy, D)
Dy(po, B )=——
p 2 2 2 2
e Gluon o 1 Z(pe, D7) . H(py, D)
Duv po’p):Puv p2 —I_Puv p2

e AT 7=0: Z=H

* At T— i Z: chromomagnetic and
H: chromoelectric




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism

* - _G<p2’ﬁ2)
Dy(py, D)= p§
* Gluon Z(p: D’ H(p., D’
D. (s B)=P" (p02p )+P,fv (p02 p)
p p

e AT 7=0: Z=H

* At T— i Z: chromomagnetic/(3d-)transverse and
H: chromoelectric/(3d-)longitudinal




Finite temperature: Propagators

Finite-Temperature Propagators

* Equilibrium Physics: Matsubara formalism

* - _G<p2’ﬁ2)
Dy(py, D)= p§
* Gluon Z(p: D’ H(p., D’
D. (s B)=P" (p02p )+P,fv (p02 p)
p p

e AT 7=0: Z=H

* At T— i Z: chromomagnetic/(3d-)transverse and
H: chromoelectric/(3d-)longitudinal

- p, discrete, p =0: soft, p,<>0: hard




Finite temperature: Propagators

Finite-Temperature propagators

* Explicit dependencies on the fields




Finite temperature: Propagators

Finite-Temperature propagators

* Explicit dependencies on the fields

Z(Po: D) _1 N yaga_Po

AjA >




Finite temperature: Propagators

Finite-Temperature propagators

* Explicit dependencies on the fields

Z 2 =2
<p02’p):1< : AA—&AA>
4 u=1 H p
H(p., D) 1,. p;
= (1+=)<Ag Ag>

pr 2 P




Finite temperature: Propagators

Finite-Temperature propagators

* Explicit dependencies on the fields

Z 2 =2
<p02’p):1< : AA—&AA>
4 u=1 H p
H(p;,?°) 1,. b
= (1+=)<Ag Ag>
pr 2P

* Zero-mode: Pure spatial/pure temporal

* Explicit gluon/adjoint Higgs-field in the infinite-
temperature limit




Finite temperature: Propagators

Finite-Temperature propagators

* Explicit dependencies on the fields

Z 2 =2
<p02’p):1< : AA—&AA>
4 u=1 H p
H(p;,?°) 1,. b
= (1+=)<Ag Ag>
pr 2P

* Zero-mode: Pure spatial/pure temporal

* Explicit gluon/adjoint Higgs-field in the infinite-
temperature limit

* Only valid in Landau gauge




Finite temperature: 3d-longitudinal gluon

Gluon 01. finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Longitudinal gluon dressing function

Longitudinal gluon propagator
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* Infrared suppression not visible - too small volume
* Identical to the transverse propagator




Finite temperature: 3d-longitudinal gluon

Gluon 01. finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Longitudinal gluon propagator Longitudinal gluon dressing function
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* (Weak) enhancement at small momenta
* Behavior now more similar to a screened object




Finite temperature: 3d-longitudinal gluon

Gluon 01. finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Longitudinal gluon propagator Longitudinal gluon dressing function
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 Strong enhancement just above critical temperature (295 MeV)
* Not a massless like behavior - but strong lattice artifacts




Finite temperature: 3d-longitudinal gluon

Gluon at finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Longitudinal gluon propagator Longitudinal gluon dressing function
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* Infrared suppressed, massive at high (and higher) temperatures
* Possibly strongest infrared enhancement at transition




Finite temperature: 3d-transverse gluon

Gluon 01. finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Transverse gluon propagator

Transverse gluon dressing function
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* Identical to 3d-longitudinal one at zero temperature

* Strongly finite volume affected




Finite temperature: 3d-transverse gluon

Gluon at finite temperature

Transverse gluon propagator
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[Cucchieri et al., 2006, unpublished]

Transverse gluon dressing function

* Stronger infrared suppressed
* Opposite effect as for the 3d-longitudinal part
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Finite temperature: 3d-transverse gluon

Gluon at finite temperature

Transverse gluon propagator
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[Cucchieri et al., 2006, unpublished]

Transverse gluon dressing function
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* Continously stronger infrared suppressed
* No influence of the phase transition visible




Finite temperature: 3d-transverse gluon

Gluon at finife 'remperla'rur.e [Cucchieri et al., 2006, unpublished]

Transverse gluon propagator Transverse gluon dressing function
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* Clear maximum - stronger infrared suppressed than at zero T!
* Solves the "infrared problem” - invalidates HTL in the infrared




Finite temperature: Ghost

Ghos.r 01. fini?e temperafure [Cucchieri et al., 2006, unpublished]

Ghost propagator Ghost dressing function
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* Infrared enhanced




Finite temperature: Ghost

Ghos.r 01. fini?e temperafure [Cucchieri et al., 2006, unpublished]

Ghost propagator Ghost dressing function
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* Essentially unaffected by temperature




Finite temperature: Ghost

Ghos.r 01. fini?e temperafure [Cucchieri et al., 2006, unpublished]

Ghost propagator Ghost dressing function
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* No effect of the phase transition visible




Finite temperature: Ghost

Ghost at finite temperature

[Cucchieri et al., 2006, unpublished]

Ghost propagator Ghost dressing function
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* No change resolvable on current lattices
* No temperature effect at large momenta
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Finite temperature: Faddeev-Popov operator

The IoweSf FPO - eigenvalue [Cucchieri et al., unpublished]

Dependence of the smallest FPO-eigenvalue on L Dependence of the smallest FPO-eigenvalue on TV_
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* Qualitatively unaltered by temperature
* Quantitative effects only in the temporal sector




Finite temperature: DSEs

DSE-System
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Finite temperature: DSEs

DSE -System
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* Truncation scheme reliable in the vacuum Fischer ot a1, 2006]

* Truncation assumptions at zero and infinite temperature
validated by lattice calculations (cuchicriet al., sHEP 2004, PRO 2006, 2006]




Finite temperature: DSEs

DSE-System
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* Truncation scheme reliable in the vacuum Fischer ot a1, 2006]

* Truncation assumptions at zero and infinite temperature
validated by lattice calculations (cuchicriet al., sHEP 2004, PRO 2006, 2006]

50|Ved Self-COHSiS'l'eﬂﬂy [Maas et al., EPJC 2004, 2005, Cucchieri et al. unpublished.]




Finite temperature: DSEs

DSE-System
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* Truncation scheme reliable in the vacuum Fischer ot a1, 2006]

* Truncation assumptions at zero and infinite temperature
validated by lattice calculations (cuchicriet al., sHEP 2004, PRO 2006, 2006]

Solved self-consisfen‘l'ly [Maas et al., EPTC 2004, EPJC 2005, Cucchieri et al. unpublished.]

* Reproduces perturbation theory in the ultraviolet
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Finite temperature: Infrared

Infrared behavior

* Separation of scale: ultrasoft vs. temperature
* Infrared: Momenta much smaller than temperature
* Effectively one dimension less in the transverse sector

* For all non-zero temperature 3d-behavior

* Longitudinal sector decouples and is dominated by the
temperature - 'conventional’' screening

. behavior

* Can affect only the value of the longitudinal screening mass

* Differ'en‘r than expec‘red [Griiter et al., EPTC 2005, Maas, MPLA 2005]

* Agrees with renormalization group results zran et ., 2005, sep 2006




Finite temperature: 3d-longitudinal gluon

3d-longitudinal propagator Gsers st e 2w,

3d-longitudinal gluon dressing function 3d-longitudinal gluon propagator
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* Acquires a screening mass

* Value cannot be determined




Finite temperature: 3d-transverse gluon

3d-transverse propagator Guers il i

3d-transverse gluon dressing function 3d-transverse gluon propagator
o 240l
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* Infrared suppressed - vanishing at zero momentum

p3" Aym

* 3d-like behavior: Stronger suppression than at zero
temperature - as on the lattice




Finite temperature: Ghost

[DSE@T=0: Fischer et al., PLB 2002,
Ghos.r prOPagator. DSE@T>0: Cltifcheir;rei e: al., unpublished]

Ghost dressing function Ghost propagator
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* Infrared enhanced at all temperatures

p3" Aym

* Enhancement as in the 3d-theory
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Lattice vs. DSEs

* 3d-transverse gluon stronger infrared suppressed as at
zero temperature, unaffected by phase transition

* Agrees, affected by finite volume effects

3d-longitudinal gluon screened, affected by transition

* Agrees, qualitative behavior of the screening mass cannot
yet be compared

. enhanced, unaffected by transition
* No difference to zero temperature - finite volume effect

* Finite volume effect: True infrared behavior only far
below momenta of order of the temperature




Finite temperature: Observations

Finite temperature observations

* 3d-longitudinal gluon
* Screened, screening mass depends on temperature

* Influenced by phase transition




Finite temperature: Observations

Finite temperature observations

* 3d-longitudinal gluon
* Screened, screening mass depends on temperature
* Influenced by phase transition

* 3d-transverse gluon

* Infrared suppressed - no particle-representation

* Unaffected by phase-transition




Finite temperature: Observations

Finite temperature observations

* 3d-longitudinal gluon
* Screened, screening mass depends on temperature
* Influenced by phase transition

* 3d-transverse gluon

* Infrared suppressed - no particle-representation

Unaffected by phase-transition

Enhanced - only quantitative change

Unaffected by phase transition

Reflected in the Faddeev-Popov operator eigenspectrum




Finite temperature: Confinement

Finite temperature scenario

* 6ribov-Zwanziger mechanism still at work

* Spatial subspace essentially unaltered
* 3d-transverse gluons are confined

* Ghost provides strong, long-range interaction




Finite temperature: Confinement

Finite temperature scenario

* 6ribov-Zwanziger mechanism still at work

* Spatial subspace essentially unaltered
* 3d-transverse gluons are confined

* Ghost provides strong, long-range interaction

* 3d-longitudinal decouples and is screened




Finite temperature: Confinement

Finite temperature scenario

* 6ribov-Zwanziger mechanism still at work

* Spatial subspace essentially unaltered
* 3d-transverse gluons are confined
* Ghost provides strong, long-range interaction

* 3d-longitudinal decouples and is screened

* Not a physical particle: BRST quartet member already
in perturbation theory




Finite temperature: Confinement

Finite temperature scenario

* 6ribov-Zwanziger mechanism still at work
* Spatial subspace essentially unaltered
* 3d-transverse gluons are confined
* Ghost provides strong, long-range interaction

* 3d-longitudinal decouples and is screened

* Not a physical particle: BRST quartet member already
in perturbation theory

* Applies to all Matsubara modes




Finite temperature: Confinement

Finite temperature scenario

* 6ribov-Zwanziger mechanism still at work

* Spatial subspace essentially unaltered
* 3d-transverse gluons are confined

* Ghost provides strong, long-range interaction

3d-longitudinal decouples and is screened

* Not a physical particle: BRST quartet member already
in perturbation theory

* Applies to all Matsubara modes

- independent of the phase transition
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Picture of the high-temperature phase

* How does the high-temperature phase look?

* Original idea: Gas of non-interacting constituent
gluons




Finite temperature: Possible interpretation

Picture of the high-temperature phase

* How does the high-temperature phase look?

e

* But these are confined - only glueballs observable

* The glueballs may overlap?




Finite temperature: Possible interpretation

Picture of the high-temperature phase

* How does the high-temperature phase look?

e

* Constituent gluons have to interact via gluon
exchange




Finite temperature: Possible interpretation

Picture of the high-temperature phase

* How does the high-temperature phase look?

o0 o

* If glueballs overlap, they may form glue-bridges
* No distinct, stable bound-states




Finite temperature: Possible interpretation

Picture of the high-temperature phase

* How does the high-temperature phase look?

L

* This permits long-distance travel of constituent
gluons by exchange processes - may make behavior
similar to free constituent gluons




Finite temperature: Possible interpretation

Picture of the high-temperature phase

* How does the high-temperature phase look?

)

e

* Strongly interacting molecular liquid with constituent-
exchange - but constituents unobservable
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[ Bulk-quantities

* High-temperature limit of bulk quantities
UnaffeCTed [Maas et al., EPJC 2004, Zwanziger PRL 2004, 2006]

* Thermodynamic potential, pressure,... reach
Stefan-Boltzmann limit

* Contributions due to strong interactions sub-
leading

* Contributions relevant at the phase transition

* E.g. relevant for the interaction measure

[Zwanziger, PRL 2004,2006]




Finite temperature: Phase transition

And about that phase transition...?

* Does not change the confining properties

* At least in Yang-Mills theory

* Completely open question for dynamical quarks




Finite temperature: Phase transition

And about that phase transition...?

* Does not change the confining properties

* At least in Yang-Mills theory

* Completely open question for dynamical quarks
* But the phase transition is therel

* Thermodynamic (and in QCD: chiral) quantities
demonstrate it

* Confining properties live on a different scale than
thermodynamic effects: Hence not affected




Finite temperature: Phase transition

And about that phase transition...?

* Does not change the confining properties

* At least in Yang-Mills theory

* Completely open question for dynamical quarks
* But the phase transition is therel

* Thermodynamic (and in QCD: chiral) quantities
demonstrate it

* Confining properties live on a different scale than
thermodynamic effects: Hence not affected




Finite temperature: Phase transition

And about that phase transition...?

* Does not change the confining properties
* At least in Yang-Mills theory
* Completely open question for dynamical quarks

* But the phase transition is therel

* Thermodynamic (and in QCD: chiral) quantities
demonstrate it

* Confining properties live on a different scale than
thermodynamic effects: Hence not affected

* Unknown. If you like speculations: Look at glueballs
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Summary

* Emergent understanding of gluon confinement at zero
temperature

Gluons at finite temperature/Axel Maas Slides left: 0 (in this section: 0)
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Summary

Summary

* Emergent understanding of gluon confinement at zero
temperature

* Consequent extension to finite temperature

* Lattice and DSE find evidence that

* No contradiction to Stefan-Boltzmann behavior
* Driving mechanism of the phase transition?
* Quarks?

* Many open questions...




