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Overview
● Describing gluons at zero temperature

● Fixing an umambiguous gauge

● Gluons at finite temperature
● Resolving the Linde problem
● Properties of gluons for SU(2) and SU(3)

Supported by the FWF
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Gauge freedom

● QCD is a gauge theory
● Keep only gluons: Yang-Mills theory

● Quarks and gluons are only well-defined in a fixed 
gauge
● No concept of a gauge-invariant local color density
● Like energy density in general relativity

● Describing gluons requires gauge-fixing
● Comparison of different methods requires the same 

gauge fixing in all methods
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Configuration space (artist's view)

● Gauge fields not unique

● Gauge transformation does not 
change physics
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● Impose Landau gauge condition

● Reduces configuration space to a 
hypersurface
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Configuration space (artist's view)

● Impose Landau gauge condition

● Reduces configuration space to a 
hypersurface

● Introduces an auxiliary degree of 
freedom: ghosts
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(Perturbative) Landau gauge

● Lagrangian:

● Degrees of freedom:

  Gluons:

  Ghosts:           

● Ghosts interact with gluons: They have to be included
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Configuration space (artist's view)

● Impose Landau gauge condition

● Reduces configuration space to a 
hypersurface

● Introduces an auxiliary degree of 
freedom: ghosts

● Have to be included in all 
calculations 

● Well-defined and unique 
prescription in perturbation 
theory
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Configuration space (artist's view)

● Impose Landau gauge condition

● Reduces configuration space to a 
hypersurface

● Introduces an auxiliary degree of 
freedom: ghosts

● Have to be included in all 
calculations 

● Well-defined and unique 
prescription in perturbation 
theory

● Permits to describe gluons using 
correlation functions

∂ A

a
=0
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● Green's functions, or correlation functions, describe a theory 
completely

● Expectation values of a product of field operators

● Build from the fields, here gluons and ghost
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● If having a non-vanishing color quantum number they change under 
gauge transformations
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Green's Functions or correlation functions [Alkofer & von Smekal PR 2001]

● Green's functions, or correlation functions, describe a theory 
completely

● Expectation values of a product of field operators

● Build from the fields, here gluons and ghost

● E.g.: 

● If having a non-vanishing color quantum number they change under 
gauge transformations

● Simplest non-zero Green's functions: 2-point functions or 
propagators

● Expectation values of products of two field operators

● 1-point functions vanish

c c
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Propagators

● In Landau gauge: Gluon and one auxiliary field: Ghost

● Gluon:

D
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a
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b
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Propagators

● In Landau gauge: Gluon and one auxiliary field: Ghost

● Gluon:
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Propagators

● In Landau gauge: Gluon and one auxiliary field: Ghost

● Gluon:

● Ghost:

● G and Z are the dressing functions
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Proceeding

● Once the gauge is fixed, all kind of (perturbative) 
calculations can be done

● Use correlation functions as basic entities
● Combination of gauge-variant Green's functions yield 

gauge-invariant results
● E.g. scattering cross-sections

● Almost all perturbative calculations proceed via 
gauge-variant correlation functions

● Also for the non-perturbative physics?
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Configuration space (artist's view)

Perturbation theory

● Perturbation theory is applicable close 
to the origin
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Describing Gluons/Axel Maas

Configuration space (artist's view)

● Perturbation theory is applicable close 
to the origin

● Non-perturbative physics probes the 
complete hypersurface
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Unique gauge-fixing [For an introduction: Sobreiro & Sorella, 2005]

● Local gauge condition
● Landau gauge:

● Sufficient for perturbation theory
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Unique gauge-fixing [For an introduction: Sobreiro & Sorella, 2005]

● Local gauge condition
● Landau gauge:

● Sufficient for perturbation theory

● Insufficient beyond perturbation theory
● There are gauge-equivalent configurations which obey the same 

local gauge-condition: Gribov copies [Gribov 1978]

● There are no local gauge conditions, which select a unique 
gauge field configuration [Singer  1978]

● Gribov-Singer ambiguity

∂ A

a
=0
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Defining a non-perturbative gauge

● A (method-independent) prescription is required to 
select unambiguously between Gribov copies

● It appears to be sufficient to specify the ghost 
dressing function at a single momentum [Maas, 2009]

● Most conveniently at zero momentum
● The deep infrared properties are thus dominated by the 

gauge choice
● It is possible to select a convenient behavior: Either infrared 
divergent or finite

● Resolves the Gribov-Singer ambiguity explicitly
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Implementation

● Generates a one-parameter family of Landau gauges, 
parameterized by the ghost propagator at zero momentum: A 
second gauge parameter [Maas, 2009; Fischer, Maas, Pawlowski, 2008]
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● Can be implemented with various methods
● Lattice: Sorting Gribov copies appropriately [Maas 2009]

● Exact renormalization group methods, Dyson-Schwinger 
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Implementation

● Generates a one-parameter family of Landau gauges, 
parameterized by the ghost propagator at zero momentum: A 
second gauge parameter [Maas, 2009; Fischer, Maas, Pawlowski, 2008]

● Can be implemented with various methods
● Lattice: Sorting Gribov copies appropriately [Maas 2009]

● Exact renormalization group methods, Dyson-Schwinger 
equations: Boundary conditions [Fischer, Maas, Pawlowski, 2008]

● Differences only visible in the deep infrared
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Ghost propagator from the lattice [3d, Maas, 2009]

● Results from lattice calculations
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Ghost propagator from the lattice [3d, Maas, 2009]

● Results from lattice calculations

● Different gauge choices yield different propagators

● Lattice artifacts still to be studied
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Ghost dressing function in the continuum [Fischer, Maas, Pawlowski, 2008]

● Corresponding results from functional methods (Dyson-Schwinger 
equations (DSEs))
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Ghost dressing function in the continuum [Fischer, Maas, Pawlowski, 2008]

● Corresponding results from functional methods (Dyson-Schwinger 
equations (DSEs))

● One-to-one-correspondence of lattice and continuum methods

● Scaling: Divergent, Decoupling: Finite dressing function
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Gluon propagator from the lattice [3d, Maas, 2009]

● Almost unaffected of the gauge choice at presently 
accessible volumes

● Effects only expected below 200 MeV
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Gluon dressing function in the continuum [Fischer, Maas, Pawlowski, 2008]

● Scaling case: Vanishing gluon propagator
● No positive spectral function: Gluons confined [Zwanzgier, '90s]

● Decoupling case: Screened gluon
● No positive spectral function [Fischer, Maas, Pawlowski, 2008; Cucchieri, Mihara, Mendes, 2004]
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Part II
Finite Temperature

Infinite-temperature case: See poster of Veronika Macher
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Finite-Temperature Propagators

● Equilibrium Physics: Matsubara formalism

● Ghost

 

● Gluon
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T Z  p0
2 , p2



p2 P

L H  p0
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
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Finite-Temperature Propagators

● Equilibrium Physics: Matsubara formalism
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● At T=0 :  Z=H

DG  p0
2 , p2

=
−G  p0

2 , p2


p2

D p0 , p=P

T Z  p0
2 , p2



p2 P

L H  p0
2 ,p2



p2

Introduction – Non-perturbative gauges – Finite temperature – Electric screening mass

Slides left: 10 (in this section: 7)



Describing Gluons/Axel Maas

Finite-Temperature Propagators

● Equilibrium Physics: Matsubara formalism

● Ghost

 

● Gluon
 

● At T=0 :  Z=H

● At T→ ∞: Z: chromomagnetic/(3d-)transverse and H: 
chromoelectric/(3d-)longitudinal
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Finite-Temperature Propagators

● Equilibrium Physics: Matsubara formalism

● Ghost

 

● Gluon
 

● At T=0 :  Z=H

● At T→ ∞: Z: chromomagnetic/(3d-)transverse and H: 
chromoelectric/(3d-)longitudinal

● p
0
 discrete, p

0
=0: soft, p

0
<>0: hard
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Finite-Temperature Propagators

● Equilibrium Physics: Matsubara formalism

● Ghost

 

● Gluon
 

● At T=0 :  Z=H

● At T→ ∞: Z: chromomagnetic/(3d-)transverse and H: 
chromoelectric/(3d-)longitudinal

● p
0
 discrete, p

0
=0: soft, p

0
<>0: hard

● Here: Only soft
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Splitting of electric and magnetic sectors  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

Magnetic
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Energy
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Splitting of electric and magnetic sectors  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● For all temperatures separation of scale: ultrasoft vs. temperature

● Infrared: Momenta much smaller than (any) temperature

Magnetic

Electric
Energy

T

ultrasoft hard
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Splitting of electric and magnetic sectors  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● For all temperatures separation of scale: ultrasoft vs. temperature

● Infrared: Momenta much smaller than (any) temperature

● The ultrasoft electric sector decouples from any ultrasoft interactions

● Structure of functional equations
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Splitting of electric and magnetic sectors  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● For all temperatures separation of scale: ultrasoft vs. temperature

● Infrared: Momenta much smaller than (any) temperature

● The ultrasoft electric sector decouples from any ultrasoft interactions

● Structure of functional equations

● The ultrasoft electric sector is driven by interactions of the 
scale of the temperature

Magnetic

Electric
Energy

T

ultrasoft hard
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Describing Gluons/Axel Maas

Splitting of electric and magnetic sectors  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● For all temperatures separation of scale: ultrasoft vs. temperature

● Infrared: Momenta much smaller than (any) temperature

● The ultrasoft electric sector decouples from any ultrasoft interactions

● Structure of functional equations

● The ultrasoft electric sector is driven by interactions of the 
scale of the temperature

● The ultrasoft magnetic sector behaves essentially as in a 
dimensionally reduced (3d) theory

Magnetic

Electric
Energy

T

ultrasoft hard

3d-like
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Describing Gluons/Axel Maas

Resolving the Linde problem  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● The deep infrared of the magnetic sector behaves as 
in a pure zero-temperature 3d-Yang-Mills theory

Introduction – Non-perturbative gauges – Finite temperature – Electric screening mass

Slides left: 8 (in this section: 5)



Describing Gluons/Axel Maas

Resolving the Linde problem  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● The deep infrared of the magnetic sector behaves as 
in a pure zero-temperature 3d-Yang-Mills theory
● This theory shows the same behavior as in 4d:  

[Zwanziger 2001; von Smekal & Lerche, 2001]
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● The deep infrared of the magnetic sector behaves as 
in a pure zero-temperature 3d-Yang-Mills theory
● This theory shows the same behavior as in 4d:  

[Zwanziger 2001; von Smekal & Lerche, 2001]

● The magnetic propagator is at least screend or 
stronger suppressed
● Non-perturbative interactions tame infrared divergencies
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in a pure zero-temperature 3d-Yang-Mills theory
● This theory shows the same behavior as in 4d:  

[Zwanziger 2001; von Smekal & Lerche, 2001]

● The magnetic propagator is at least screend or 
stronger suppressed
● Non-perturbative interactions tame infrared divergencies

● Electric sector is screened by hard interactions
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Resolving the Linde problem  [Cucchieri, Maas, Mendes, 2007

           Maas, Alkofer, Wambach, 2004/5]

● The deep infrared of the magnetic sector behaves as 
in a pure zero-temperature 3d-Yang-Mills theory
● This theory shows the same behavior as in 4d:  

[Zwanziger 2001; von Smekal & Lerche, 2001]

● The magnetic propagator is at least screend or 
stronger suppressed
● Non-perturbative interactions tame infrared divergencies

● Electric sector is screened by hard interactions
● No infrared divergencies left: No Linde problem
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Describing Gluons/Axel Maas

Physical spectrum from DSEs  [Cucchieri, Maas, Mendes, 2007]

● Select a gauge with a divergent ghost dressing function
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● Deep infrared qualitatively independent of temperature!
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● Magnetic gluon propagator is infrared vanishing

● No positive-definite spectral function

● Magnetic sector not part of the physical spectrum
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● Select a gauge with a divergent ghost dressing function

● Solution at all temperatures possible

● Deep infrared qualitatively independent of temperature!

● Magnetic gluon propagator is infrared vanishing

● No positive-definite spectral function

● Magnetic sector not part of the physical spectrum

● Electric gluon part of a BRST quartet already in perturbation theory

● Not part of the physical spectrum either
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● Select a gauge with a divergent ghost dressing function

● Solution at all temperatures possible

● Deep infrared qualitatively independent of temperature!

● Magnetic gluon propagator is infrared vanishing

● No positive-definite spectral function

● Magnetic sector not part of the physical spectrum

● Electric gluon part of a BRST quartet already in perturbation theory

● Not part of the physical spectrum either

● Gluons are not deconfined!
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Describing Gluons/Axel Maas

Physical spectrum from DSEs  [Cucchieri, Maas, Mendes, 2007]

● Select a gauge with a divergent ghost dressing function

● Solution at all temperatures possible

● Deep infrared qualitatively independent of temperature!

● Magnetic gluon propagator is infrared vanishing

● No positive-definite spectral function

● Magnetic sector not part of the physical spectrum

● Electric gluon part of a BRST quartet already in perturbation theory

● Not part of the physical spectrum either

● Gluons are not deconfined!

● Gauge-invariant statement
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Describing Gluons/Axel Maas

Imprint of the phase transition  [Cucchieri, Maas, Mendes, 2007]

● Non-perturbative contribution to the free energy scale as T3

● Irrelevant for bulk thermodynamic quantities at high temperatures
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Imprint of the phase transition  [Cucchieri, Maas, Mendes, 2007]

● Non-perturbative contribution to the free energy scale as T3

● Irrelevant for bulk thermodynamic quantities at high temperatures

● Relevant at the phase transition

● Temperature essentially a perturbative scale for the 
ultrasoft magnetic sector: No qualitative impact of the phase 
transition in the magnetic sector at low momenta expected
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Describing Gluons/Axel Maas

Magnetic gluon at low temperature

● Very small changes only
● Ultraviolet almost unchanged
● Somewhat stronger infrared suppressed with increasing temperature

[SU(2), Maas, unpublished]

Introduction – Non-perturbative gauges – Finite temperature – Electric screening mass

Slides left: 5 (in this section: 2)



Describing Gluons/Axel Maas

Magnetic gluon at the phase transition

● No response to the phase transition visible

[SU(2), Maas, unpublished]
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Describing Gluons/Axel Maas

Magnetic gluon at high temperature

● Continued infrared suppression
● Possibly emergence of a maximum structure around 0.5 GeV

[SU(2), Maas, unpublished]
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Describing Gluons/Axel Maas

Imprint of the phase transition  [Cucchieri, Maas, Mendes, 2007]

● Non-perturbative contribution to the free energy scale as T3

● Irrelevant for bulk thermodynamic quantities at high temperatures

● Relevant at the phase transition

● Temperature essentially a perturbative scale for the  
ultrasoft magnetic sector: No qualitative impact of the phase 
transition in the magnetic sector at low momenta expected

● Electric sector sensitive to hard interactions: Impact 
expected
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Describing Gluons/Axel Maas

Electric gluon at low temperature

● Becomes infrared enhanced with temperature
● Already significant effects at low temperature

[SU(2), Maas, unpublished]
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Describing Gluons/Axel Maas

Electric gluon at the phase transition

● Maximum at the phase transition temperature
● Sharp drop afterwards
● Very sensitive to the phase transition

[SU(2), Maas, unpublished]
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Describing Gluons/Axel Maas

Electric gluon at high temperature

● Further drop
● Less dramatic
● Becomes compatible with a massive particle

[SU(2), Maas, unpublished]
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Describing Gluons/Axel Maas

Electric screening mass  [Cucchieri, Maas, Mendes, 2007; Maas, unpublished]

● Phase transition manifests in the electric screening mass
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Describing Gluons/Axel Maas

Electric screening mass  [Cucchieri, Maas, Mendes, 2007; Maas, unpublished]

● Phase transition manifests in the electric screening mass
● Driving mechanism is unclear
● No gluon deconfinement: Glueballs are natural (and gauge-

invariant) candidates for the physical mechanism
● Or even higher order objects: Polyakov-loop,...?
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● Phase transition manifests in the electric screening mass
● Driving mechanism is unclear
● No gluon deconfinement: Glueballs are natural (and gauge-

invariant) candidates for the physical mechanism
● Or even higher order objects: Polyakov-loop,...?

● Implies that the magnetic-electric asymmetry of the dimension two 
condensate found is a consequence of the temperature-
dependence of the electric screening mass
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Describing Gluons/Axel Maas

Electric screening mass  [Cucchieri, Maas, Mendes, 2007; Maas, unpublished]

● Phase transition manifests in the electric screening mass
● Driving mechanism is unclear
● No gluon deconfinement: Glueballs are natural (and gauge-

invariant) candidates for the physical mechanism
● Or even higher order objects: Polyakov-loop,...?

● Implies that the magnetic-electric asymmetry of the dimension two 
condensate found is a consequence of the temperature-
dependence of the electric screening mass

● Is it sufficiently sensitive to distinguish first and second 
order transitions?
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Describing Gluons/Axel Maas

SU(2) vs. SU(3) electric screening mass  [Maas, unpublished]

● SU(3) magnetic sector qualitatively identical to SU(2)
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SU(2) vs. SU(3) electric screening mass  [Maas, unpublished]

● SU(3) magnetic sector qualitatively identical to SU(2)

● Electric screening mass shows an effect when comparing SU(2) to SU(3)
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SU(2) vs. SU(3) electric screening mass  [Maas, unpublished]

● SU(3) magnetic sector qualitatively identical to SU(2)

● Electric screening mass shows an effect when comparing SU(2) to SU(3)

● Dependence on temperature sharper for SU(3) (?)
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Describing Gluons/Axel Maas

SU(2) vs. SU(3) electric screening mass  [Maas, unpublished]

● SU(3) magnetic sector qualitatively identical to SU(2)

● Electric screening mass shows an effect when comparing SU(2) to SU(3)

● Dependence on temperature sharper for SU(3) (?)

● Jump instead of rapid change? - Could distinguish the order
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Describing Gluons/Axel Maas

Summary
● Describing gluons requires an unambiguous gauge choice
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Describing Gluons/Axel Maas

Summary
● Describing gluons requires an unambiguous gauge choice

● A method-independent definition of a one-parameter family of 
Landau gauges is available

● Resolves the Gribov-Singer ambiguity explicitly

● Yields an automatic resolution of the Linde-problem
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● Yields an automatic resolution of the Linde-problem
● Applying the procedure at finite temperature yields:

● No gluon deconfinement! at all temperatures
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● Compatible with bulk thermodynamics almost perturbative
● Driving mechanism for the phase transition?
● Electric gluon screening mass sensitive to the phase transition
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Summary
● Describing gluons requires an unambiguous gauge choice

● A method-independent definition of a one-parameter family of 
Landau gauges is available

● Resolves the Gribov-Singer ambiguity explicitly

● Yields an automatic resolution of the Linde-problem
● Applying the procedure at finite temperature yields:

● No gluon deconfinement! at all temperatures
● Compatible with bulk thermodynamics almost perturbative
● Driving mechanism for the phase transition?
● Electric gluon screening mass sensitive to the phase transition

● Application to quarks and mesons: See talks by J. Braun, 
C. S. Fischer, L. Haas, J. Müller, J. M. Pawlowski
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