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● Belong to the physical subspace of the Hilbert space

● Positive norm state
● Required for probability interpretation

● Requires a positive spectral function
● In QED, transverse photons have one, but 

longitudinal and time-like ones do not
● Are gluons physical?

● Sufficient to show in one gauge
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Positivity violation for the gluon propagator

● Landau gauge
● Results in 4d (left) and 3d (right)
● Unquenching does not change anything
● Clear positivity violation – gluons are not physical particles 

[Bowman et al., 2007] [Cucchieri et al., PRD 2005]
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● Vanishing propagator at zero Euclidean momentum

Propagator=One particle part∫dq2
spectral function q2

p2q2
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Spectral functions
● Other sufficient criteria for positivity violation

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

● Sum rule for gluons
● Oehme-Zimmermann superconvergence relation

● Z
3 
(divergent) renormalization constant – violation 

already in perturbation theory

Propagator=One particle part∫dq2
spectral function q2

p2q2

Overlapwithone particle∫dq2 spectral function q2= 1
Z 3

=0
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● Dynamical origin is not fully clear

● What are the relevant field configurations?
● Topological objects may be involved, like in the case of 

quarks [Greensite et al., 2004, Langefeld et al. 2002-2005, Maas 2005/2006]

● Mechanism to connect field configurations and their 
consequences: Gribov-Zwanziger mechanism
● Similar, but different basis: Kugo-Ojima scenario

● Less investigated
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Configuration space (artist's view)

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 

probe all of configuration 
space
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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 
by zeroes of the 
determinant of the 
(generalized) Faddeev-Popov 
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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Landau-gauge Faddeev-Popov operator eigenspectrum

● Near zero enhanced compared to vacuum in 2d,3d,4d
● Average configuration in the continuum limit on the 

Gribov horizon
● Agrees with Gribov-Zwanziger scenario

[Cucchieri et al., PRD 2006]
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Landau gauge
● Lagrangian (gauge group SU(2) from here):

● Degrees of freedom:

  Gluons:

  Ghosts:           
(Intermediate states - not observable)

L=−
1
4

F 

a F 

a
−c

a
∂ D

ab cb

F 

a =∂ A

a−∂ A

a−gf abc A

b A

c

D

ab
=

ab
∂−gf abc A

c

A


a

c
a , ca
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Propagators [Introduction: Alkofer & von Smekal, 2001]

● 2-point Green's functions are the propagators
● Gluon:

D

ab
 x− y= A

a
 x A

b
 y

D

 p=


−

p p

p2


Z  p

p2
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Propagators [Introduction: Alkofer & von Smekal, 2001]

● 2-point Green's functions are the propagators
● Gluon:

● 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

DG  p=
−G  p

p2
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Propagators [Introduction: Alkofer & von Smekal, 2001]

● 2-point Green's functions are the propagators
● Gluon:

● 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

DG  p=
−G  p

p2

DG
ab
 x− y ~ ∂ D

ab

−1
 = ∂

ab
∂−g f abc A

c

−1

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3-point vertices in Landau gauge
● Two exist:

● Ghost-gluon vertex

A

a cbc
c
 =D

ad DG
beDG

cf


d e f
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c
 =D

ad DG
beDG

cf


d e f
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tl
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3-point vertices in Landau gauge
● Two exist:

● Ghost-gluon vertex

● Three-gluon vertex

A

a cbc
c
 =D

ad DG
beDG

cf


d e f

G Ac c=
tl
Acc /

tlDDGDG
tl


A

a A

b A

c
 = D

ad D

be D

cf


d e f

G A3
=

tl
AAA /

tlDDD
tl

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3-point vertices in Landau gauge
● Two exist:

● Ghost-gluon vertex

● Three-gluon vertex

● Mixes in general tensor structures
● Here only in case of the three-gluon vertex
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Gluon confinement/Axel Maas

Predictions
● Direct consequence of the infrared enhanced 

Faddeev-Popov operator: Infrared diverging ghost 
propagator
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Predictions
● Direct consequence of the infrared enhanced 

Faddeev-Popov operator: Infrared diverging ghost 
propagator

● Conformal/critical limit: Likely power-laws

● No consistent non-power-law solution found [Fischer et al. PRD 2007]
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Predictions
● Direct consequence of the infrared enhanced 

Faddeev-Popov operator: Infrared diverging ghost 
propagator

● Conformal/critical limit: Likely power-laws

● No consistent non-power-law solution found [Fischer et al. PRD 2007]

● κ>0 for infrared enhanced Faddeev-Popov operator
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Gluon confinement/Axel Maas

Predictions
● Direct consequence of the infrared enhanced 

Faddeev-Popov operator: Infrared diverging ghost 
propagator

● Conformal/critical limit: Likely power-laws

● No consistent non-power-law solution found [Fischer et al. PRD 2007]

● κ>0 for infrared enhanced Faddeev-Popov operator
● Very general result [Watson et al. PRL 2001]
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Gluon confinement/Axel Maas

Exponent
● Precise value of κ>0 cannot be determined without 

further assumptions
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Exponent
● Precise value of κ>0 cannot be determined without 

further assumptions
● Various methods and assumptions employed: 

Stochastic quantization, Dyson-Schwinger equations 
(DSEs) and functional renormalization group equations
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Exponent
● Precise value of κ>0 cannot be determined without 

further assumptions
● Various methods and assumptions employed: 

Stochastic quantization, Dyson-Schwinger equations 
(DSEs) and functional renormalization group equations

● Favored results for κ in 4d: approx. 0.595...
● In 3d either approx. 0.398...
● In 2d 1/5
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Exponent
● Precise value of κ>0 cannot be determined without 

further assumptions
● Various methods and assumptions employed: 

Stochastic quantization, Dyson-Schwinger equations 
(DSEs) and functional renormalization group equations

● Favored results for κ in 4d: approx. 0.595...
● In 3d either approx. 0.398...
● In 2d 1/5

● Assumption: Infrared constant ghost-gluon vertex
● Support: STIs and DSEs
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Gluon confinement/Axel Maas

Exponent
● Precise value of κ>0 cannot be determined without 

further assumptions
● Various methods and assumptions employed: 

Stochastic quantization, Dyson-Schwinger equations 
(DSEs) and functional renormalization group equations

● Favored results for κ in 4d: approx. 0.595...
● In 3d either approx. 0.398...
● In 2d 1/5

● Assumption: Infrared constant ghost-gluon vertex
● Support: STIs and DSEs – test on the lattice
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Gluon confinement/Axel Maas

Ghost-gluon vertex in 4d [Cucchieri et al., unpublished
 164, 224, beta=2.2, 2.5]
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Ghost-gluon vertex in 4d [Cucchieri et al., unpublished
 164, 224, beta=2.2, 2.5]
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Gluon confinement/Axel Maas

Ghost-gluon vertex in 4d

● Vertex in various momentum configurations is 
infrared finite and essentially tree-level-like

● Some structure at intermediate momenta

[Cucchieri et al., unpublished
 164, 224, beta=2.2, 2.5]
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Gluon confinement/Axel Maas

Ghost-gluon vertex in 3d

● Infrared finite
● Same as in 4d, but larger volumes
● More statistics needed

[Cucchieri et al., preliminary
 403, 603, beta=4.2, 6.0]
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Gluon confinement/Axel Maas

Ghost-gluon vertex in 2d
● Also infrared 

finite – at (21.3 
fm)2

● Less momentum 
configurations 
possible in 2d

[Maas PRD 2007
1202, beta=10]
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Gluon confinement/Axel Maas

Ghost-gluon vertex in 2d
● Also infrared 

finite – at (21.3 
fm)2

● Less momentum 
configurations 
possible in 2d

● Assumption of 
infrared finite 
ghost-gluon 
vertex supported 
in all d

[Maas PRD 2007
1202, beta=10]
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Gluon confinement/Axel Maas

Assumption status
● Infrared finite ghost-gluon vertex seems reasonable

● Also in SU(3) [Ilgenfritz et al., BJP 2007]

Gluon confinement – Mechanism – Predictions: Assumptions check – Tests – Summary

Slides left: 21 (in this section: 1)



Gluon confinement/Axel Maas

Assumption status
● Infrared finite ghost-gluon vertex seems reasonable

● Also in SU(3) [Ilgenfritz et al., BJP 2007]

● Sufficient assumption to determine the general infrared 
behavior of all Green's functions [Fischer et al., PRD 2007]

● For a particular momentum configuration
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Assumption status
● Infrared finite ghost-gluon vertex seems reasonable

● Also in SU(3) [Ilgenfritz et al., BJP 2007]

● Sufficient assumption to determine the general infrared 
behavior of all Green's functions [Fischer et al., PRD 2007]

● For a particular momentum configuration
● Yields the numerical value of the exponents of all Green's 

functions under additional assumptions
● Non-vanishing pre-factors of some quantities
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Gluon confinement/Axel Maas

Assumption status
● Infrared finite ghost-gluon vertex seems reasonable

● Also in SU(3) [Ilgenfritz et al., BJP 2007]

● Sufficient assumption to determine the general infrared 
behavior of all Green's functions [Fischer et al., PRD 2007]

● For a particular momentum configuration
● Yields the numerical value of the exponents of all Green's 

functions under additional assumptions
● Non-vanishing pre-factors of some quantities

● Domination of the BRST-exact part of the action
● Like in a topological field theory
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Gluon confinement/Axel Maas

General IR behavior
● A dressing function with n ghost legs and m gluon legs in 

d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007] p2−n /2−m−1−n /2d /2−2
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d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007]

● Favored values for κ: 0.595..(4d), 0.398..(3d), 1/5 (2d)
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d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007]

● Favored values for κ: 0.595..(4d), 0.398..(3d), 1/5 (2d)
● Resulting IR-behavior:

● Ghost-gluon vertex: Constant in all d: Self-consistent
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General IR behavior
● A dressing function with n ghost legs and m gluon legs in 

d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007]

● Favored values for κ: 0.595..(4d), 0.398..(3d), 1/5 (2d)
● Resulting IR-behavior:

● Ghost-gluon vertex: Constant in all d: Self-consistent
● Ghost propagator: Infrared divergent in all d: As required 

by Gribov-Zwanziger scenario
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General IR behavior
● A dressing function with n ghost legs and m gluon legs in 

d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007]

● Favored values for κ: 0.595..(4d), 0.398..(3d), 1/5 (2d)
● Resulting IR-behavior:

● Ghost-gluon vertex: Constant in all d: Self-consistent
● Ghost propagator: Infrared divergent in all d: As required 

by Gribov-Zwanziger scenario
● Gluon propagator: Infrared vanishing in all d: Always 

positivity violating

 p2−n /2−m−1−n /2d /2−2
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Gluon confinement/Axel Maas

General IR behavior
● A dressing function with n ghost legs and m gluon legs in 

d dimensions with all external momenta p of the same 
magnitude behaves as                        [Huber at al. 2007]

● Favored values for κ: 0.595..(4d), 0.398..(3d), 1/5 (2d)
● Resulting IR-behavior:

● Ghost-gluon vertex: Constant in all d: Self-consistent
● Ghost propagator: Infrared divergent in all d: As required 

by Gribov-Zwanziger scenario
● Gluon propagator: Infrared vanishing in all d: Always 

positivity violating
● Three-gluon vertex: Divergent in all d

 p2−n /2−m−1−n /2d /2−2
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Gluon confinement/Axel Maas

Ghost propagator in 4d

● Infrared divergent – as predicted
[Cucchieri et al., unpublished
 164, 224, beta=2.2, 2.5] [Ilgenfritz et al., BJP 2006]
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Gluon confinement/Axel Maas

Ghost propagator in 4d

● Infrared divergent – as predicted
● Exponent too small comp. to prediction. Finite volume effect?

[Cucchieri et al., unpublished
 164, 224, beta=2.2, 2.5] [Ilgenfritz et al., BJP 2006]
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Gluon confinement/Axel Maas

Ghost propagator in lower dimensions

● Infrared enhanced

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

3d
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Gluon confinement/Axel Maas

Ghost propagator in lower dimensions

● Infrared enhanced

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

[Maas, PRD 2007
 202, 402, 802, 2402, beta=10, 30]

3d 2d
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Gluon confinement/Axel Maas

Ghost propagator in lower dimensions

● Infrared enhanced
● Exponent in 2d agrees with predictions

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

[Maas, PRD 2007
 202, 402, 802, 2402, beta=10, 30]

3d 2d
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Gluon confinement/Axel Maas

Ghost propagator and finite volumes

● Discrepancy a finite volume effect?

[Fischer et al., Ann. Phys. in press]
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Gluon confinement/Axel Maas

Ghost propagator and finite volumes

● Discrepancy a finite volume effect?
● Volume effects different than in functional calculations

[Fischer et al., Ann. Phys. in press]
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Gluon confinement/Axel Maas

Ghost propagator and finite volumes

● Discrepancy a finite volume effect?
● Volume effects different than in functional calculations
● Approximations may affect volume effects

[Fischer et al., Ann. Phys. in press]
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Gluon confinement/Axel Maas

Ghost propagator and finite volumes

● Exponent first smaller, then at intermediate volumes larger 
than expected. Only at very large volumes in agreement

[Maas, PRD 2007]
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Gluon confinement/Axel Maas

Ghost propagator and finite volumes

● Exponent first smaller, then at intermediate volumes larger 
than expected. Only at very large volumes in agreement

● Propagator more divergent with increasing d – expected

[Maas, PRD 2007]

Gluon confinement – Mechanism – Predictions – Tests: Ghost propagator and finite volumes – Summary
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Gluon confinement/Axel Maas

Gluon propagator
● If the gluon propagator vanishes at zero 
momentum: Positivity violated and gluons are 
confined
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Gluon confinement/Axel Maas

Gluon propagator
● If the gluon propagator vanishes at zero 
momentum: Positivity violated and gluons are 
confined
● Gribov-Zwanziger scenario does not necessarily 
imply a vanishing gluon propagator
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Gluon propagator
● If the gluon propagator vanishes at zero 
momentum: Positivity violated and gluons are 
confined
● Gribov-Zwanziger scenario does not necessarily 
imply a vanishing gluon propagator

● Power-law solution implies an infrared vanishing 
gluon propagator if the ghost-gluon vertex is 
infrared constant
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Gluon confinement/Axel Maas

Gluon propagator
● If the gluon propagator vanishes at zero 
momentum: Positivity violated and gluons are 
confined
● Gribov-Zwanziger scenario does not necessarily 
imply a vanishing gluon propagator

● Power-law solution implies an infrared vanishing 
gluon propagator if the ghost-gluon vertex is 
infrared constant

● Situation complicated by finite volume effects

Gluon confinement – Mechanism – Predictions – Tests: Gluon propagator – Summary
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Gluon confinement/Axel Maas

Very large lattices needed [Maas, PRD 2007]
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Gluon confinement/Axel Maas

Very large lattices needed: 2d [Maas, PRD 2007]
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Gluon confinement/Axel Maas

Very large lattices needed: 2d

● Propagator goes from diverging to massive to infrared 
suppressed

● In accordance with functional methods

[Maas, PRD 2007]
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Gluon confinement/Axel Maas

Lattice vs. DSE in a finite volume

[Fischer et al., 2007]
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Gluon confinement/Axel Maas

Lattice vs. DSE in a finite volume

● Qualitative similar behavior
[Fischer et al., 2007]
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Gluon confinement/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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Gluon confinement/Axel Maas

Gluon propagator in 2d

● Strong infrared suppression

[Maas, PRD 2007,
2402, beta=10, V=(42 fm)2]
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Gluon confinement/Axel Maas

Gluon propagator in 2d

● Strong infrared suppression
● Exponent reaches the predicted numerical value

[Maas, PRD 2007,
2402, beta=10, V=(42 fm)2]
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Gluon confinement/Axel Maas

Gluon propagator in higher dimensions

● Infrared suppression in 3d

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

3d
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Gluon confinement/Axel Maas

Gluon propagator in higher dimensions

● Infrared suppression in 3d
● None (yet?) in 4d

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

[Cucchieri et al., unpublished
 224, 164, beta=2.2, 2.5]

3d 4d
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Gluon confinement/Axel Maas

Gluon propagator in higher dimensions

● Infrared suppression in 3d
● None (yet?) in 4d
● Strong finite volume effects – larger volumes necessary?

[Cucchieri et al., unpublished
 403, 603, beta=4.2, 6.0]

[Cucchieri et al., unpublished
 224, 164, beta=2.2, 2.5]

3d 4d
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Gluon confinement/Axel Maas

Gluon propagator in 4d and large volumes

[Sternbeck et al., 2007]
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Gluon confinement/Axel Maas

Gluon propagator in 4d and large volumes

[Cucchieri et al., 2007, 
1284, beta=2.2]

[Sternbeck et al., 2007]
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Gluon confinement/Axel Maas

Gluon propagator in 4d and large volumes

● No suppression at very large volumes visible (?)

[Cucchieri et al., 2007, 
1284, beta=2.2]

[Sternbeck et al., 2007]
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Gluon confinement/Axel Maas

Gluon propagator in 4d and large volumes

● No suppression at very large volumes visible (?)
● Genuine or other artifacts (Gribov-copies?) relevant?

[Cucchieri et al., 2007, 
1284, beta=2.2]

[Sternbeck et al., 2007]
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Gluon confinement/Axel Maas

Functional results vs. infrared finite gluon propagator

● Infrared finite gluon propagator not in contradiction to 
functional results in general
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Functional results vs. infrared finite gluon propagator

● Infrared finite gluon propagator not in contradiction to 
functional results in general

● Truncation leading to a vanishing gluon propagator must be 
incorrect
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Gluon confinement/Axel Maas

Functional results vs. infrared finite gluon propagator
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● Truncation leading to a vanishing gluon propagator must be 
incorrect

● More stringent test: If the gluon propagator is infrared 
finite, ghost exponent must be 1/2

● Possibly compatible with lattice results?
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incorrect

● More stringent test: If the gluon propagator is infrared 
finite, ghost exponent must be 1/2

● Possibly compatible with lattice results? 
● Ghost-gluon vertex must show infrared structure for 

functional results to be valid
● Volumes too small in 4d to test - yet
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● More constraints needed
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Functional results vs. infrared finite gluon propagator

● Infrared finite gluon propagator not in contradiction to 
functional results in general

● Truncation leading to a vanishing gluon propagator must be 
incorrect

● More stringent test: If the gluon propagator is infrared 
finite, ghost exponent must be 1/2

● Possibly compatible with lattice results? 
● Ghost-gluon vertex must show infrared structure for 

functional results to be valid
● Volumes too small in 4d to test - yet

● More constraints needed: Three-gluon vertex
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Three-gluon vertex in 4d

● Requires large statistics
[Cucchieri et al., unpublished, 
224, 164 beta=2.2, 2.5]

Gluon confinement – Mechanism – Predictions – Tests: Three-gluon vertex – Summary

Slides left: 8 (in this section: 6)



Gluon confinement/Axel Maas

Three-gluon vertex in 4d

● Requires large statistics
● Seems to be infrared suppressed

[Cucchieri et al., unpublished, 
224, 164 beta=2.2, 2.5]
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Three-gluon vertex in 4d

● Requires large statistics
● Seems to be infrared suppressed
● Functional results predict enhancement

[Cucchieri et al., unpublished, 
224, 164 beta=2.2, 2.5]
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Three-gluon vertex in 3d

● Possible zero-crossing at small momenta
● Behavior at very small momenta open
● Infrared divergent after sign-change?

[Cucchieri et al., unpublished, 
403, beta=4.2, 6.0]
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Three-gluon vertex in 2d

● Strong infrared divergence – with negative pre-factor
● Zero-crossing where the maximum in the gluon propagator is

[Maas, PRD 2007]
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Three-gluon vertex in 2d

● Strong infrared divergence – with negative pre-factor
● Zero-crossing where the maximum in the gluon propagator is
● Exponent is the predicted one from functional results

[Maas, PRD 2007]
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Summary on SU(2)
● Very good agreement in 2d

● Functional results confirmed
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Summary on SU(2)
● Very good agreement in 2d

● Functional results confirmed
● Situation not yet settled in 3d

● But seems in general to be in agreement with 
functional results
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Summary on SU(2)
● Very good agreement in 2d

● Functional results confirmed
● Situation not yet settled in 3d

● But seems in general to be in agreement with 
functional results

● Situation is currently contradictory in 4d
● Functional results partly successful, partly not
● Role of renormalization and Gribov copy effects?
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Summary on SU(2)
● Very good agreement in 2d

● Functional results confirmed
● Situation not yet settled in 3d

● But seems in general to be in agreement with 
functional results

● Situation is currently contradictory in 4d
● Functional results partly successful, partly not
● Role of renormalization and Gribov copy effects?

● Still many questions open
● Test other predictions!
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Gauge group dependence
● Functional methods predict qualitative 
independence on N for SU(N)  [Alkofer et al., AoP 1997]
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Gauge group dependence
● Functional methods predict qualitative 
independence on N for SU(N)  [Alkofer et al., AoP 1997]

● Can be extended to any (semi-)simple Lie-
group  [Maas, MPLA 2005]
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Gauge group dependence
● Functional methods predict qualitative 
independence on N for SU(N)  [Alkofer et al., AoP 1997]

● Can be extended to any (semi-)simple Lie-
group  [Maas, MPLA 2005]

● Sub-leading effects can be qualitatively different
● Leading effects are quantitatively different
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Gauge group dependence
● Functional methods predict qualitative 
independence on N for SU(N)  [Alkofer et al., AoP 1997]

● Can be extended to any (semi-)simple Lie-
group  [Maas, MPLA 2005]

● Sub-leading effects can be qualitatively different
● Leading effects are quantitatively different

● Main assumption: Color structure does not 
change from the tree-level structure
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Gauge group dependence
● Functional methods predict qualitative 
independence on N for SU(N)  [Alkofer et al., AoP 1997]

● Can be extended to any (semi-)simple Lie-
group  [Maas, MPLA 2005]

● Sub-leading effects can be qualitatively different
● Leading effects are quantitatively different

● Main assumption: Color structure does not 
change from the tree-level structure
● No contradiction on the lattice yet
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Propagators as a function of gauge group (2d)
[Maas & Maas et al., unpublished
342, beta=10]
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Propagators as a function of gauge group (2d)
[Maas & Maas et al., unpublished
342, beta=10]
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Propagators as a function of gauge group (2d)
[Maas & Maas et al., unpublished
342, beta=10]
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Propagators as a function of gauge group (2d)

● No qualitative difference – limit to infinite N?
● Same in 3d and 4d (only SU(2/3)) [Cucchieri et al. 2007, Sternbeck et al. 2007]

[Maas & Maas et al., unpublished
342, beta=10]
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Gluon confinement/Axel Maas

Propagators as a function of gauge group (2d)

● No qualitative difference – limit to infinite N?
● Same in 3d and 4d (only SU(2/3)) [Cucchieri et al. 2007, Sternbeck et al. 2007]

● Agrees with prediction of functional methods

[Maas & Maas et al., unpublished
342, beta=10]
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Other tests
● Inclusion of quarks or adjoint scalars: Results 
compatible with lattice results
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Other tests
● Inclusion of quarks or adjoint scalars: Results 
compatible with lattice results

● Interpolating & Coulomb gauges: Compatible
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● Inclusion of quarks or adjoint scalars: Results 
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● Covariant gauges: Unclear
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● Inclusion of quarks or adjoint scalars: Results 
compatible with lattice results

● Interpolating & Coulomb gauges: Compatible
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● Finite temperature: Compatible qualitative 
temperature dependence

Gluon confinement – Mechanism – Predictions – Tests: Other – Summary

Slides left: 2 (in this section: 0)



Gluon confinement/Axel Maas

Other tests
● Inclusion of quarks or adjoint scalars: Results 
compatible with lattice results

● Interpolating & Coulomb gauges: Compatible
● Covariant gauges: Unclear
● Finite temperature: Compatible qualitative 
temperature dependence
● In particular gluons are not deconfined
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Other tests
● Inclusion of quarks or adjoint scalars: Results 
compatible with lattice results

● Interpolating & Coulomb gauges: Compatible
● Covariant gauges: Unclear
● Finite temperature: Compatible qualitative 
temperature dependence
● In particular gluons are not deconfined

● Finite density: No lattice results yet
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Summary
● Gluons are confined by positivity violation
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Summary
● Gluons are confined by positivity violation
● Manifest in infrared properties of 
Green's function
● Surely in 2d, likely in 3d, unsure in 4d
● Many effects prevent definite conclusions
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Summary
● Gluons are confined by positivity violation
● Manifest in infrared properties of 
Green's function
● Surely in 2d, likely in 3d, unsure in 4d
● Many effects prevent definite conclusions

● Many results compatible between lattice 
and functional methods
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Gluon confinement/Axel Maas

Summary
● Gluons are confined by positivity violation
● Manifest in infrared properties of 
Green's function
● Surely in 2d, likely in 3d, unsure in 4d
● Many effects prevent definite conclusions

● Many results compatible between lattice 
and functional methods

● Many open questions, though
Slides left: 1 (in this section: 1)
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Collaboration
● A. Cucchieri, T. Mendes (Uni. of São Paulo, Brazil)
● Š. Olejnίk (Slovak Academy of Sciences, Slovakia)
● C. S. Fischer (Darmstadt), J. M. Pawlowski (Heidelberg), 

L. v. Smekal (Adelaide, Australia)
● Supported by the DFG

● Some e-prints on the topic: 0704.0772[hep-lat], hep-
lat/0701011, hep-lat/0610006, hep-th/0610011, 
hep-th/0511307, hep-ph/0506066, hep-ph/0408074
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Topical workshop
415th Wilhelm & Else Heraeus Seminar

“Quarks and Hadrons in Strong QCD”
17th-20th March 2008 – St. Goar – Germany

Invited speakers include:

  R. Alkofer, A. Cucchieri, A. di Giacomo, H. Gies,  
J. Greensite, M. Pennington, S. Sorella, A. Thomas, 
A. Wipf, S. Yuri, D. Zwanziger

http://crunch.ikp.physik.tu-darmstadt.de/qhqcd 
Organizers: C. S. Fischer & A. Maas


