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Unquenched gluon propagator in Landau gauge
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Using lattice quantum chromodynamics~QCD! we perform an unquenched calculation of the gluon propa-
gator in Landau gauge. We use configurations generated with the AsqTad quark action by the MILC collabo-
ration for the dynamical quarks and compare the gluon propagator of quenched QCD~i.e., the pure Yang-Mills
gluon propagator! with that of 211 flavor QCD. The effects of the dynamical quarks are clearly visible and
lead to a significant reduction of the nonperturbative infrared enhancement relative to the quenched case.
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I. INTRODUCTION

The gluon propagator, the most basic quantity of QC
has been the subject of much calculation and specula
since the origin of the theory. In particular there has lo
been interest in the infrared behavior of the Landau ga
gluon propagator as a probe into the mechanism of confi
ment @1#. Some authors have argued it to be infrared fin
@2–4# while others favored it as infrared singular@5,6#. There
is a long history of its study on the lattice, in quenched QC
@7–19# and in quenched SU~2! @20,21#. The restriction to
quenched lattice gauge theory calculations has been du
the lack of sufficient computational resources. The quenc
theory differs from full QCD only in the relative weightin
of the background gauge configurations~due to the fermion
determinant!, but the evaluation of the Green’s functions
otherwise the same. In the quenched approximation the
mion determinant is replaced by unity and this correspo
to the complete suppression of all quark loops. The remo
of quark loops is equivalent to the limit where all sea-qua
masses are taken to infinity. In this paper, we report the
results for the gluon propagator from an unquenched lat
computation.

We study the gluon propagator in Landau gauge us
configurations generated by the MILC collaboration@22#
available from the Gauge Connection@28#. These use
‘‘AsqTad’’ improved staggered quarks, giving us access
relatively light sea quarks. We find that the addition of d
namical quarks preserves the qualitative features of the g
dressing function q2D(q2) in the quenched case—
enhancement for intermediate infrared momenta followed
suppression in the deep infrared—but produces a clearly
ible effect. A significant suppression of the infrared enhan
ment with respect to the quenched case is observed.
interesting to compare these results to those of a re
Dyson-Schwinger equation study@23#.

II. DETAILS OF THE CALCULATION

The gluon propagator is gauge dependent and we wor
the Landau gauge for ease of comparison with other stud
It is also the simplest covariant gauge to implement on
1550-7998/2004/70~3!/034509~4!/$22.50 70 0345
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lattice. Landau gauge is a smooth gauge that preserves
Lorentz invariance of the theory, so it is a popular choice
will be interesting to repeat this calculation for the Gribo
copy free Laplacian gauge, but that will be left for a futu
study.

The MILC configurations were generated with theO(a2)
one-loop Symanzik improved@24# Lüscher-Weisz gauge ac
tion @25#. The dynamical configurations use the ‘‘AsqTad
quark action, anO(a2) Symanzik improved staggered fe
mion action.b and the bare sea-quark masses are matc
such that the lattice spacing is held constant. The lattices
consider all have the same dimensions. This means tha
systematics are fixed; the only variable is the addition
quark loops. The parameters are summarized in Table I.
lattice spacing is approximately 0.125 fm@26#.

In Landau gauge the gluon propagator is entirely tra
verse. In Euclidean space, in the continuum, the gluon pro
gator has the tensor structure

Dmn~q!5S dmn2
qmqn

q2 D D~q2!, ~1!

and at tree level

D~q2!5
1

q2
. ~2!

TABLE I. Lattice parameters used in this study. The dynami
configurations each have two degenerate light quarks~up/down!
and a heavier quark~strange!. In physical units the bare masse
range from ;16 to ;79 MeV. The lattice spacing isa
.0.125 fm.

Dimensions b Bare
quark mass

Number of
configurations

1 203364 8.00 quenched 192
2 203364 6.76 0.01, 0.05 193
3 203364 6.79 0.02, 0.05 249
4 203364 6.81 0.03, 0.05 212
5 203364 6.83 0.04, 0.05 337
©2004 The American Physical Society09-1
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With this lattice gauge action the propagator at tree leve

D21~pm!5
4

a2 (
m

H sin2S pma

2 D1
1

3
sin4S pma

2 D J , ~3!

where

pm5
2pnm

aLm
, nmPS 2

Lm

2
,
Lm

2 G , ~4!

a is the lattice spacing andLm is the length of the lattice in
the m direction. As explained in Ref.@14#, this suggests a
‘‘kinematic’’ choice of momentum,

qm~pm![
2

a
Asin2S pma

2 D1
1

3
sin4S pma

2 D , ~5!

ensuring that the lattice gluon propagator has the cor
tree-level behavior.

The bare gluon propagatorD(q) is related to the renor
malized propagatorDR(q;m) through

D~q!5Z3~m,a!DR~q;m!, ~6!

where m is the renormalization point. In a renormalizab
theory such as QCD, renormalized quantities become in
pendent of the regularization parameter in the limit wher
is removed.Z3 is then defined by some renormalization pr
scription. We choose the momentum space subtrac
~MOM! scheme whereZ3(m,a) is determined by imposing
the renormalization condition

DR~q!uq25m25
1

m2
, ~7!

i.e., it takes the tree-level value at the renormalization po
In the following figures we have chosenm54 GeV.

FIG. 1. Gluon dressing function in Landau gauge. Full triang
correspond to the quenched calculation, while open circles co
spond to 211 flavor QCD. As the lattice spacing and volume a
the same, the difference between the two results is entirely du
the presence of quark loops. The renormalization point is am
54 GeV. Data have been cylinder cut@16#.
03450
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III. SIMULATIONS RESULTS

Lattice studies strongly suggest that the quenched gl
propagator is infrared finite@14#. As is customary, we will
begin by considering the~necessarily finite! gluon dressing
function, q2D(q2). In Fig. 1 we compare the well-known
quenched dressing function with that for 211 flavor QCD.
For the moment we only consider the lightest of our dynam
cal quarks as we expect that they will show the grea
difference from the quenched case.

Indeed there is a clear difference between quenched
dynamical quark behavior in the infrared region. The ad
tion of quark loops to the gluon propagator softens the inf
red enhancement without altering its basic features. T
screening of dynamical sea quarks brings the 211 flavor
results significantly closer to the tree-level form,q2D(q2)
51.

In Fig. 2 we show the gluon dressing function for th
lightest and for the heaviestu andd quark masses in our se
These correspond to bare light-quark masses of.16 MeV
and.63 MeV, respectively; a factor of four difference. Th
bare strange-quark mass is the same in both ca
(.79 MeV). The mass dependence of the gluon dress
function is only just detectable. We expect that increasing

s
e-

to

FIG. 2. The sea-quark mass dependence of the Landau g
gluon propagator dressing function renormalized atm54 GeV.
Filled squares correspond tou and d bare masses.63 MeV and
bares-quark mass.79 MeV. Open circles correspond to the sam
strange-quark mass, but with bareu andd masses.16 MeV. Data
have been cylinder cut@16#. Increasing the sea-quark masses alt
the results in the expected way, i.e., towards the quenched dat

FIG. 3. The renormalized propagator at one momentum poin
the infrared hump of the gluon dressing function (q.1.12 GeV) is
shown here as a function of the bare light-quark mass.
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sea-quark masses further will interpolate between the cu
in Fig. 1. We see that the gluon propagator changes in
expected way. As the sea-quark mass increases, the c
moves toward the quenched result. However, for the rang
bare quark masses studied here the change is relatively s
This transition would be better studied with heavier s
quarks.

Another view of the mass dependence of the gluon pro
gator is provided in Fig. 3. We choose one data point fr
the infrared hump (q.1.12 GeV) and plot it for each choic
of bare light-quark mass. Although the variation in t
propagator at this momentum is only 4.5% over the range
quark masses investigated here, the light sea-quark mas
pendence is clearly resolved.

In Fig. 4 we present results for the gluon propaga
D(q2). The largest effects of unquenching are observed
the deep infrared. The shape of the curves suggest that
vious results indicating the infrared-finite nature of t
quenched gluon propagator@14# are unchanged upon un
quenching. The results suggest that the gluon propagato
QCD is infrared finite. It will be interesting to examine th
behavior ofD(0) as a function of volume to elucidate th
aspect of the gluon propagator further.

Finally, in Fig. 5 the light sea-quark mass dependence
the renormalized gluon propagator is illustrated for a m
mentum point in the infrared region. To avoid finite volum
artifacts, the second smallest nontrivial momentum is con
ered. Whereas the mass dependence of the propagator fo
masses studied here is at the 4.5% level forq.1.12 GeV,
the variance is larger in the infrared region at 6% forq
.0.31 GeV.

FIG. 4. The sea-quark mass dependence of the Landau g
gluon propagator renormalized atm54 GeV. Filled triangles illus-
trate the quenched propagator while filled squares correspon
bare up/down masses.63 and bare strange-quark mass.79 MeV.
Open circles correspond to lighter bare up/down masses.16 MeV
but with the same strange quark mass. Data have been cylinde
@16#.
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In a recent Dyson-Schwinger equation~DSE! study
@23,27# the inclusion of the quark DSE in the gluon DSE w
found to slightly diminish its infrared enhancemen
Osterwalder-Schrader positivity is still violated. Our resu
are consistent with the qualitative features of that predicti

IV. CONCLUSIONS

The addition of quark loops has a clear, quantitative eff
on the gluon propagator. While its basic structure is qual
tively similar there is significant screening of the propaga
in the infrared. As anticipated, the effect is to suppress
non-Abelian enhancement of the gluon propagator in
nonperturbative infrared-momentum region. This is relev
to analytic studies of the gluon propagator and confinem
@23#. Despite the clear difference between the quenched
dynamical results, we see little dependence on the dynam
quark mass for the range of available light sea-quark mas
The dependence that is observed is consistent with expe
tions.

Calculations on finer lattices are currently being ma
which will provide more information on the ultraviolet na
ture of the propagator and provide a test for finite latt
spacing artifacts. We would like to extend the study to
wider range of dynamical masses to study both the ch
limit and the transition to the quenched limit. Finall
a study of the volume dependence of the propagator
provide valuable insights into the nature of the propagato
q250.
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FIG. 5. The light sea-quark mass dependence of the renor
ized gluon propagator at a momentum point in the infrared reg
(q.0.31 GeV).
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