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What is confinement - Experiment
● Experiment tells...
● Hadrons exist in excited states
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● Scattering experiments

● Rutherford-like behavior at high energies
● Point-like scattering centers

● Substructure cannot be isolated: 
Confinement

Confinement: Experiment - Formulation - Green's functions - Topology - Summary

Slides left: 41 (in this section: 9)



Confinement of gluons/Axel Maas

● Baryon: 3 (valence-)quarks

Substructure: Quarks and gluons
Confinement: Hadron structure - Formulation - Green's functions - Topology - Summary

Slides left: 40 (in this section: 8)



Confinement of gluons/Axel Maas

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark

Substructure: Quarks and gluons
Confinement: Hadron structure - Formulation - Green's functions - Topology - Summary

Slides left: 40 (in this section: 8)



Confinement of gluons/Axel Maas

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark
● Interactions mediated by gluons

Substructure: Quarks and gluons
Confinement: Hadron structure - Formulation - Green's functions - Topology - Summary

Slides left: 40 (in this section: 8)



Confinement of gluons/Axel Maas

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark
● Interactions mediated by gluons
● Gluons are also charged

Substructure: Quarks and gluons
Confinement: Hadron structure - Formulation - Green's functions - Topology - Summary

Slides left: 40 (in this section: 8)



Confinement of gluons/Axel Maas

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark
● Interactions mediated by gluons
● Gluons are also charged
● No free quarks and gluons: Confinement

● Measured to very high precision for quarks
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QCD – The theory of quarks and gluons
● QuantumChromoDynamics is a gauge theory

● Non-Abelian gauge group SU(3): Color
● Quarks (likely) subject to, but not source of 

confinement – Gluons alone: Yang-Mills theory
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Spectral functions
● Criteria for positivity violation

● Negative-(semi-)definite propagator
● Vanishing propagator at zero Euclidean momentum

● Sum rule for gluons

● Z
3 
(divergent) renormalization constant

● Likely also valid at finite temperature

Propagator=One particle part∫dq2
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Confinement of quarks
● Inter-quark potential confining

● Flattened by string breaking
● Origin of linear potential?

[Figures from Sommer et al., 2001 (left) and from Greensite, 2003 (right)]
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● One option for individual particles
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● Sufficient, but not neccesary
● Confining potentials, e.g. linear rising
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Perturbation theory

● 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 
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Configuration space (artist's view)
Gribov horizon

Fundamental modular region

Common boundaries

● Require only one gauge copy 
of each configuration: 
Fundamental modular region

● Partition configuration space 
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operator

● Both have a common 
boundary
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Configuration space (artist's view)

● 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

Gribov horizon

Fundamental modular region

Common boundaries
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● Gauge condition

● To supplemented by a prescription of the 
fundamental modular region

● No practical solution outside perturbation theory
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● Landau gauge
● Gauge condition generalizable to include smoothly
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Lambda gauges
● (Symbolic) Lagrangian for Gaussian average:

● Degrees of freedom:

  Gluons:

  Ghosts:           
(Intermediate states - not observable)
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F 

a =∂ A

a−∂ A

a−gf abc A

b A

c

D

ab
=

ab
∂−gf

abc A

c

A


a
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Faddeev-Popov operator
● “Jacobian” under gauge transformations
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Faddeev-Popov operator
● “Jacobian” under gauge transformations
● Linear lambda gauges:

● Lambda-LaPlacian+more: 

M ab
=−∂ 'D

ab

M ab
=−
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∂ ' ∂∂ '  gf

abc A
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Faddeev-Popov operator
● “Jacobian” under gauge transformations
● Linear lambda gauges:

● Lambda-LaPlacian+more: 

● Second-order differential operator 
(“Hamilton-like”)

M ab
=−∂ 'D
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M ab
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Confinement of gluons/Axel Maas

Faddeev-Popov operator
● “Jacobian” under gauge transformations
● Linear lambda gauges:

● Lambda-LaPlacian+more: 

● Second-order differential operator 
(“Hamilton-like”)

● Simpler in Landau gauge

● No (non-trivial) zero-modes in the vacuum

M ab
=−∂ 'D

ab

M ab
=−

ab
∂∂gf

abc A

c
∂

M ab
=−

ab
∂ '∂∂ ' gf

abc A

c
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Landau-gauge Faddeev-Popov operator eigenspectrum

● Near zero enhanced compared to vacuum
[Cucchieri et al., PRD 2006]
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Confinement of gluons/Axel Maas

Landau-gauge Faddeev-Popov operator eigenspectrum

● Near zero enhanced compared to vacuum
● Average configuration in the continuum limit on the 

Gribov horizon
● Agrees with Gribov-Zwanziger scenario

[Cucchieri et al., PRD 2006]
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Propagators [Introduction: Alkofer et al., PR 2001]

● 2-point Green's functions are the propagators
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Confinement of gluons/Axel Maas

Propagators [Introduction: Alkofer et al., PR 2001]

● 2-point Green's functions are the propagators
● Gluon (only one dimension anisotrope):
D

ab x− y= A

a xA

b  y

D p=−
p p
p2


Z  p

p2

p p
p2

L  p

p2
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Confinement of gluons/Axel Maas

Propagators [Introduction: Alkofer et al., PR 2001]

● 2-point Green's functions are the propagators
● Gluon (only one dimension anisotrope):

● Ghost:

D

ab
 x− y = A

a
x A

b
 y

DG
ab
 x− y = c

a
x cb y

D p=−
p p
p2


Z  p

p2

p p
p2

L  p

p2

DG  p=
−G  p

0 p0
2
...d pd

2
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Confinement of gluons/Axel Maas

Propagators [Introduction: Alkofer et al., PR 2001]

● 2-point Green's functions are the propagators
● Gluon (only one dimension anisotrope):

● Ghost:

● Ghost linked to the Faddeev-Popov operator

D

ab
 x− y= A

a
 x A

b
 y

DG
ab
 x− y = c

a
x cb y

D p=−
p p
p2


Z  p

p2

p p
p2

L  p

p2

DG  p=
−G  p

0 p0
2
...d pd

2

DG
abx−y ~ ∂ ' D

ab−1 = ∂ '
ab∂−g f

abc A

c −1
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● Confinement scenarios give predictions
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● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing
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● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
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Green's functions – The predictions
● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
● Ghost propator stronger infrared enhanced than 
a massless particle

D0=0
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Green's functions – The predictions
● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
● Ghost propator stronger infrared enhanced than 
a massless particle lim p0−p

2DG p=G 0=∞

D0=0
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Green's functions – The predictions
● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
● Ghost propator stronger infrared enhanced than 
a massless particle

● Relation to the Faddeev-Popov operator

lim p0−p
2DG p=G 0=∞

D0=0
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Green's functions – The predictions
● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
● Ghost propator stronger infrared enhanced than 
a massless particle

● Relation to the Faddeev-Popov operator
● Negative definite – not a physical particle

lim p0−p
2DG p=G 0=∞

D0=0
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Green's functions – The predictions
● Confinement scenarios give predictions

● Gribov-Zwanziger:
● Gluon propagator infrared vanishing 

● Positivity violated
● Ghost propator stronger infrared enhanced than 
a massless particle

● Relation to the Faddeev-Popov operator
● Negative definite – not a physical particle
● Infrared enhancement – mediates long-range 
forces

lim p0−p
2DG p=G 0=∞

D0=0
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Discretization of (Euclidean) space-time in a finite volume

● Hypercubic lattice & Monte-Carlo methods
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Discretization of (Euclidean) space-time in a finite volume

● Hypercubic lattice & Monte-Carlo methods
● Limited by finite volume/discretization effects

● No arbitrary small or large momenta
● Lattice symmetry is hypercubic
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topological objects
● Discretization of (Euclidean) space-time in a finite volume

● Hypercubic lattice & Monte-Carlo methods
● Limited by finite volume/discretization effects

● No arbitrary small or large momenta
● Lattice symmetry is hypercubic

● Statistical method – statistical errors
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Discretization of (Euclidean) space-time in a finite volume

● Hypercubic lattice & Monte-Carlo methods
● Limited by finite volume/discretization effects

● No arbitrary small or large momenta
● Lattice symmetry is hypercubic

● Statistical method – statistical errors
● No further approximations

● Assumption: Wick-rotation works
● All non-perturbative effects taken correct
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions
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● Equations of motion: Dyson-Schwinger equations
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Methods
● Lattice calculations - operators, Green's functions and 
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● Functional methods – Green's functions

● Equations of motion: Dyson-Schwinger equations
● Renormalization group methods
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions

● Equations of motion: Dyson-Schwinger equations
● Renormalization group methods
● Effective action methods
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions

● Equations of motion: Dyson-Schwinger equations
● Renormalization group methods
● Effective action methods
● (Uncontrolled) approximations necessary

● Usually also in Euclidean space-time
● Truncation of infinite sets of equations
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions

● Equations of motion: Dyson-Schwinger equations
● Renormalization group methods
● Effective action methods
● (Uncontrolled) approximations necessary

● Usually also in Euclidean space-time
● Truncation of infinite sets of equations

● Continuum
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions

● Equations of motion: Dyson-Schwinger equations
● Renormalization group methods
● Effective action methods
● (Uncontrolled) approximations necessary

● Usually also in Euclidean space-time
● Truncation of infinite sets of equations

● Continuum
● Partly analytical solvable

Confinement – Formulation - Green's functions: Methods - Topology - Summary
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions
● Analytical methods – operators and topological objects
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Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions
● Analytical methods – operators and topological objects

● Only simple problems tractable
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Confinement of gluons/Axel Maas

Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions
● Analytical methods – operators and topological objects

● Only simple problems tractable
● Exact results
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Confinement of gluons/Axel Maas

Methods
● Lattice calculations - operators, Green's functions and 

topological objects
● Functional methods – Green's functions
● Analytical methods – operators and topological objects
● Other methods
● Combination of methods necessary

● Successful cooperation

Confinement – Formulation - Green's functions: Methods - Topology - Summary
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Landau gauge
● Gauge condition ∂ A

a
=0
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Landau gauge
● Gauge condition

● Also known as Lorentz gauge
● Simple propagator structure

D  p=−
p p
p2 

Z  p

p2

DG p=
−G  p
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∂ A
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Confinement of gluons/Axel Maas

Landau gauge
● Gauge condition

● Also known as Lorentz gauge
● Simple propagator structure

● Most intensively studied gauge so far

D  p=−
p p
p2 

Z  p

p2

DG p=
−G  p

p2

∂ A

a
=0
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Predictions
● Gribov-Zwanziger scenario

● Gluon infrared vanishing, ghost infrared enhanced
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Predictions
● Gribov-Zwanziger scenario

● Gluon infrared vanishing, ghost infrared enhanced
● Functional methods

● Provide a full and analytical solution for the infrared 
behavior of Green's functions in Landau gauge
[Alkofer et al., PLB 2005, 2006]
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● Gribov-Zwanziger scenario

● Gluon infrared vanishing, ghost infrared enhanced
● Functional methods

● Provide a full and analytical solution for the infrared 
behavior of Green's functions in Landau gauge
[Alkofer et al., PLB 2005, 2006]

● Tightly constrained [Fischer et al., PRD 2007]

● Yields power-laws for the propagators in the far 
infrared,
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Confinement of gluons/Axel Maas

Predictions
● Gribov-Zwanziger scenario

● Gluon infrared vanishing, ghost infrared enhanced
● Functional methods

● Provide a full and analytical solution for the infrared 
behavior of Green's functions in Landau gauge
[Alkofer et al., PLB 2005, 2006]

● Tightly constrained [Fischer et al., PRD 2007]

● Yields power-laws for the propagators in the far 
infrared, 

● Numerical values of exponents under rather well-
supported assumptions [Lerche et al., PRD 2002, Zwanziger PRD 2002]

● Depend only on dimensionality
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[DSE: Fischer et al., PLB 2002,
Lattice 324: Cucchieri et al., unpublished]Ghost
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[DSE: Fischer et al., PLB 2002,
Lattice 324: Cucchieri et al., unpublished]Ghost

● IR divergent: Mediates long-range forces
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Confinement of gluons/Axel Maas

[DSE: Fischer et al., PLB 2002,
Lattice 324: Cucchieri et al., unpublished]Ghost

● IR divergent: Mediates long-range forces
● DSEs gives power-law: G(p)~(p2)-0.60 [Zwanziger PRD 2002, Lerche et al. PRD 2002]

● Confirmed by RG calculations [Pawlowski et al., PRL 2004]
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Gluon [DSE: Fischer et al., PLB 2002, Lattice 524:  Cucchieri et al., 2006]
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Gluon

● Infrared vanishing – confined
● DSEs and RG gives Z(p)~(p2)1.19 

 [Zwanziger PRD 2002, Lerche et al. PRD 2002,

    Pawlowski et al., PRL 2004]

[DSE: Fischer et al., PLB 2002, Lattice 524:  Cucchieri et al., 2006]
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Gluon

● Infrared vanishing – confined
● DSEs and RG gives Z(p)~(p2)1.19 

 [Zwanziger PRD 2002, Lerche et al. PRD 2002,

    Pawlowski et al., PRL 2004]

● Lattice data strongly affected by finite volume

[DSE: Fischer et al., PLB 2002, Lattice 524:  Cucchieri et al., 2006]
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Gluon

● Infrared vanishing – confined
● DSEs and RG gives Z(p)~(p2)1.19 

 [Zwanziger PRD 2002, Lerche et al. PRD 2002,

    Pawlowski et al., PRL 2004]

● Lattice data strongly affected by finite volume

[DSE: Fischer et al., PLB 2002, Lattice 524:  Cucchieri et al., 2006]
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Very large lattices needed: 2d [Maas, unpublished]
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Confinement of gluons/Axel Maas

Very large lattices needed: 2d

● Similar results in three dimensions [Cucchieri et al., PRD 2003]

[Maas, unpublished]
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Confinement of gluons/Axel Maas

Very large lattices needed: 2d

● Similar results in three dimensions [Cucchieri et al., PRD 2003]

● Effects less pronounced for the ghost

[Maas, unpublished]
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Confinement of gluons/Axel Maas

Possibility to extract exponents quantitatively

● Results compatible with predictions (red)
● Requires better statistics and larger volumes

[Maas, unpublished]
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Confinement of gluons/Axel Maas

Lattice vs. DSE in a finite volume

● Qualitative similar behavior
[Fischer et al., 2007]
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Confinement of gluons/Axel Maas

Lattice vs. DSE in a finite volume

● Qualitative similar behavior
● Relevant length scale about 10-15 fm

[Fischer et al., 2007]
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Lambda gauges
● Gauge condition 0∂0 A0
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Confinement of gluons/Axel Maas

Lambda gauges
● Gauge condition
● Choose:

●      Landau gauge
●      (under-constrained) Coulomb gauge

0∂0 A0
a
...d ∂d Ad

a
=0

0= ,1=...=d=1

=1
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Confinement of gluons/Axel Maas

Lambda gauges
● Gauge condition
● Choose:

●      Landau gauge
●      (under-constrained) Coulomb gauge 

● Lorentz invariance not manifest
● Two (continuous) variables: Energy, 3-momentum 
● Gluon propagator: two tensor structures

● Temporal:
● Spatial: D tr
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● Infrared vanishing gluon propagator
● Infrared enhanced ghost propagator

● Coulomb-limit       singular [Baulieu et al., NPB 1999] 
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● Temporal gluon propagator diverges as function of 
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● Infrared vanishing gluon propagator
● Infrared enhanced ghost propagator
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Confinement of gluons/Axel Maas

Lambda gauges predictions
● Gribov-Zwanziger scenario predicts Landau-like 

behavior for       [Fischer et al. PRD 2006]

● Infrared vanishing gluon propagator
● Infrared enhanced ghost propagator

● Coulomb-limit       singular [Baulieu et al., NPB 1999] 

● Gribov-Zwanziger predictions for Coulomb
● Temporal gluon propagator diverges as function of 
spatial momentum

● Ghost only function of spatial momentum
● Transverse gluon propagator vanishing

0

Confinement – Formulation - Green's functions: Lambda gauges predictions - Topology - Summary
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Confinement of gluons/Axel Maas

Gluon propagator - Landau [Lattice 403, beta=4.2, λ=1: 
 Cucchieri et al., unpublished]

●Different in Landau gauge because the gluon is a vector particle
●Distinct maximum and infrared suppressed 
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Gluon propagator [Lattice 403, beta=4.2, λ=1/2: 
 Cucchieri et al., unpublished]

●No visible changes
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Confinement of gluons/Axel Maas

Gluon propagator [Lattice 403, beta=4.2, λ=1/10: 
 Cucchieri et al., unpublished]

●Temporal: Maximum becomes more pronounced, more infrared
●Spatial: Spatial maximum at larger momenta
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Confinement of gluons/Axel Maas

Gluon propagator [Lattice 403, beta=4.2, λ=1/20: 
 Cucchieri et al., unpublished]

●Resolution of maxima more complicated
●Larger volumes required
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Confinement of gluons/Axel Maas

Gluon propagator [Lattice 403, beta=4.2, λ=1/100: 
 Cucchieri et al., unpublished]

●Coulomb-like at large momenta - Landau-like at small momenta
●Separation momentum, decreasing with 

Confinement – Formulation - Green's functions: Lambda gauges gluon - Topology - Summary



Slides left: 14 (in this section: 2)



Confinement of gluons/Axel Maas

Gluon propagator - Coulomb [Lattice 403, beta=4.2, Coulomb: 
 Cucchieri et al., unpublished]

●Temporal propagator infrared divergent – discontinous change
●Spatial propagator only vanishing at zero energy

Confinement – Formulation - Green's functions: Lambda gauges gluon - Topology - Summary
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Confinement of gluons/Axel Maas

Ghost dressing function
● Scalar particle

● Isotrope
● Infrared strongly 

enhanced

[Lattice 403, beta=4.2, λ=1: 
 Cucchieri et al., unpublished]
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Confinement of gluons/Axel Maas

Ghost dressing function
● Increase at all 

temporal momenta 
for infrared 
spatial momenta

[Lattice 403, beta=4.2, λ=1/10: 
 Cucchieri et al., unpublished]
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Confinement of gluons/Axel Maas

Ghost dressing function
● Effects increase

[Lattice 403, beta=4.2, λ=1/20: 
 Cucchieri et al., unpublished]
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Confinement of gluons/Axel Maas

Ghost dressing function
● Strong 

enhancement at all 
temporal momenta 
for infrared 
spatial momenta

[Lattice 403, beta=4.2, λ=1/100: 
 Cucchieri et al., unpublished]
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Lambda gauges
● Change of Green's functions under gauge 
transformation
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Zwanziger scenario
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Confinement of gluons/Axel Maas

Lambda gauges
● Change of Green's functions under gauge 
transformation

● Results in agreement with the Gribov-
Zwanziger scenario

● Results in 4d similar [Cucchieri et al., 2007]

● Smaller volumes – stronger finite volume 
effects

Confinement – Formulation - Green's functions: Lambda gauges summary - Topology - Summary
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Confinement of gluons/Axel Maas

But what has all of this to do...
● ...with the linear-rising potential 
between quarks and anti-quarks?
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But what has all of this to do...
● ...with the linear-rising potential 
between quarks and anti-quarks?
● Two possibilities

● Construct potential from the correlation 
functions

● Yields a linear rising potential  [Alkofer et al., 2006]

● Requires knowledge of vertices
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But what has all of this to do...
● ...with the linear-rising potential 
between quarks and anti-quarks?
● Two possibilities

● Construct potential from the correlation 
functions

● Yields a linear rising potential  [Alkofer et al., 2006]

● Requires knowledge of vertices
● Determine connection to the source of the 
potential

Confinement – Formulation - Green's functions – Topology: Connection - Summary
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Topological configurations
● Vortices
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Topological configurations
● Vortices

● String-like objects – world surface
● Influence the confinement potential
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Topological configurations
● Vortices
● Monopoles

● Particle-like objects – world-lines
● Provide the same effect as vortices
● When in a long-range ordered cluster

● Intricate relations to vortices [Greensite, 2003]

● Long-range ordering by vortices?
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Confinement of gluons/Axel Maas

Topological configurations
● Vortices
● Monopoles

● Particle-like objects – world-lines
● Provide the same effect as vortices
● When in a long-range ordered cluster

● Intricate relations to vortices [Greensite, 2003]

● Long-range ordering by vortices?
● Monopoles move on the surface of vortices
  [Greensite, 2003, Reinhardt, NPB 2002, Boyko et al., NPB 2006]
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Topological configurations
● Vortices
● Monopoles
● Instantons
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Confinement of gluons/Axel Maas

Topological configurations
● Vortices
● Monopoles
● Instantons

● Point-like objects – events
● Too low density to influence potential
● ...but cluster around monopole world-

  lines
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Topological configurations
● Vortices
● Monopoles
● Instantons
● Highly non-trivial problem
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● Instantons
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● Many contributors
● Likely more than listed here
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● Many open questions
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Confinement of gluons/Axel Maas

Topological configurations
● Vortices
● Monopoles
● Instantons
● Highly non-trivial problem

● Many contributors
● Likely more than listed here

● Partly gauge-dependent
● Many open questions

● How relates this to the gluons?

To answer: Return to the Faddeev-Popov operator

Confinement – Formulation - Green's functions – Topology: Configurations - Summary
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Confinement of gluons/Axel Maas

Ghost propagators and vortices
● Removal of vortices tames infrared divergence

[Gattnar et al., 2004]
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Confinement of gluons/Axel Maas

Ghost propagators and vortices
● Removal of vortices tames infrared divergence
● Hints to a change of the FP-eigenspectrum

[Gattnar et al., 2004]

G
(p

)
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Confinement of gluons/Axel Maas

Vortices and the eigenspectrum of the FPO
● Removal of vortices in Coulomb gauge reduces 

enhancement of near-zero modes

[Greensite et al., 2004]
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Confinement of gluons/Axel Maas

Analytical approach
● Study analytically the eigenspectrum of the 
FP-operator in topological background fields

● Use as background fields the field of
● Instantons [Maas, EPJC 2006]

● Monopoles [Maas, 2006]

● (Center) Vortices [Maas, EPJC 2006]
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Eigenvalue equation
● General form (for transverse fields)

−ab∂2g f abc A

c ∂
b=2a
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Confinement of gluons/Axel Maas

Eigenvalue equation
● General form (for transverse fields)

● Equivalent to a 4+1-dimensional, static Schrödinger-
equation

● Internal degrees of freedom: Color
● Solution possible by separation in appropriate 

variables
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Confinement of gluons/Axel Maas

Eigenvalue equation
● General form (for transverse fields)

● Equivalent to a 4+1-dimensional, static Schrödinger-
equation

● Internal degrees of freedom: Color
● Solution possible by separation in appropriate 

variables
● Solutions are series of hypergeometric type

−ab∂2g f abc A

c ∂
b=2a
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Confinement of gluons/Axel Maas

Vacuum
● Faddeev-Popov operator becomes 
(negative) Laplace-operator
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● Solutions are free waves with positive-
definite spectrum
● Only trivial, i.e. constant zero modes
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Confinement of gluons/Axel Maas

Vacuum
● Faddeev-Popov operator becomes 
(negative) Laplace-operator

● Solutions are free waves with positive-
definite spectrum
● Only trivial, i.e. constant zero modes

● Non-localized: Correspond to scattering 
states in quantum mechanics

Confinement – Formulation - Green's functions – Topology: Vacuum - Summary
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Confinement of gluons/Axel Maas

Solutions
● Eigenproblem can be solved exactly [Maas, EPJC 2006, 2006]
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● Number depends on configuration [Maas, EPJC 2006, 2006]

● Instanton: 3
● Vortex: 2(flux-1)
● Monopole: 4
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Confinement of gluons/Axel Maas

Solutions
● Eigenproblem can be solved exactly [Maas, EPJC 2006, 2006]

● All configurations generate zero-modes
● Number depends on configuration [Maas, EPJC 2006, 2006]

● Instanton: 3
● Vortex: 2(flux-1)
● Monopole: 4

● Zero-modes are non-localized
● Instanton and vortex: Non-trivial radial behavior
● Monopole: Non-trivial angular behavior
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Confinement of gluons/Axel Maas

Solutions
● All can contribute in the Gribov-Zwanziger scenario

● Could be the relevant field configurations for 
confinement

● All lie at least on the Gribov horizon
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confinement

● All lie at least on the Gribov horizon
● All provide enhancement at zero eigenvalue

● Not in the low eigenvalue spectrum
● At least for the vortex an infinite free energy of a 

free color charges follows: Necessary for 
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Confinement of gluons/Axel Maas

Solutions
● All can contribute in the Gribov-Zwanziger scenario

● Could be the relevant field configurations for 
confinement

● All lie at least on the Gribov horizon
● All provide enhancement at zero eigenvalue

● Not in the low eigenvalue spectrum
● At least for the vortex an infinite free energy of a 

free color charges follows: Necessary for 
confinement [Maas, EPJC 2006]

● Results for a more complicated system?
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Confinement of gluons/Axel Maas

Summary
● The Gribov-Zwanziger scenario provides (up to now) a 

closed picture of confinement
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Confinement of gluons/Axel Maas

Summary
● The Gribov-Zwanziger scenario provides (up to now) a 

closed picture of confinement
● Propagators in Landau gauge comply with the predictions

● Strong finite volume effects on the lattice
● Results show the expected gauge dependence
● Topological configurations could be the relevant gauge-

field configurations
● Equivalence of very different confinement scenarios

● Many open questions...
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Confinement of gluons/Axel Maas

Other results & outlook
● Finite temperature

● Gluon confinement persist at all temperatures
● E. g. hep-lat/0610006, hep-ph/0506066 (review)
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● Vertices - elementary connectors to build bound states
● Results qualitative in agreement between functional 

methods and lattice
● Supporting the Gribov-Zwanziger scenario
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Collaborations
● A. Cucchieri, T. Mendes (Uni. of São Paulo, Brazil)

● Lattice results on interpolating gauges and Landau gauge 
Faddeev-Popov operator

● hep-lat/0701011, hep-lat/0610123, hep-lat/0610006, 
hep-lat/0605011

● C. S. Fischer (Darmstadt Uni. of Technology), J. M. 
Pawlowski (Uni. of Heidelberg), L. von Smekal (Uni. of 
Adelaide, Australia)

● Finite volume DSEs
● hep-ph/0701050

● Supported by the DFG and VEGA
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