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We study the SU(3) gluon propagator in renormalizable R, gauges implemented on a symmetric
lattice with a total volume of (3.25 fm)* for values of the gauge fixing parameter up to £ = 0.5. As
expected, the longitudinal gluon dressing function stays constant at its tree-level value £. Similar
to the Landau gauge, the transverse R¢ gauge gluon propagator saturates at a nonvanishing value

in the deep infrared for all values of £ studied.

I. INTRODUCTION

During the last decade, ab-initio lattice gauge compu-
tations have been instrumental for advancing our under-
standing of the infrared (IR) sector of QCD. In fact, once
discretization and finite volume artefacts are accounted
for, these calculations provide nonperturbative results
that are regarded as benchmark tests for the available
continuum approaches. In particular, large volume SU(2)
and SU(3) lattice simulations of the gluon and ghost
propagators have been carried out by different groups, us-
ing quenched and unquenched configurations gauge fixed
in the Landau gauge [1-9]. These simulations have un-
equivocally established that in the deep IR the gluon
propagator and the ghost dressing function (defined as ¢>
times the propagator) saturate to a nonvanishing value.

The finding of these so-called massive (or decoupling)
solutions, has in turn spurred an intense activity in the
continuum formulation of the theory, in order to deter-
mine a reliable picture of the fundamental QCD dynam-
ics capable of predicting their emergence. The most suc-
cessful proposals that have been developed include: (%)
Schwinger-Dyson studies [10-14], in which the saturation
is due to the (dynamical) generation of an effective gluon
mass scale [15-18]; (i) the refined Gribov-Zwanziger pic-
ture [19-21], in which the effect is due to a mass scale
generated through dimension 2 condensates induced by
the presence of the Gribov horizon; (i) functional and
renormalization group studies [22, 23], in which decou-
pling solutions appear when special boundary conditions
are imposed to the relevant equations.

On the other hand, given the gauge variant nature of
the objects under scrutiny, it is clearly very important
to perform simulations in as many gauges as possible,
in order to discern which aspects of the nonperturbative
behavior of the function at hand are (or are not) affected
by a gauge choice. From the continuum perspective, this
is also extremely important as the results obtained can
be used to further test the aforementioned proposals.

Indeed, while the gluon two-point function has been
studied in covariant and non-covariant gauges [24-27]
(for continuum studies in non-covariant gauges see,
e.g., [28-34] and references therein), reliable calculations
in renormalizable-{ (R¢) gauges [35] have not been sys-

tematically pursued so far. While this class of gauges
is the only one completely under control at the pertur-
bative level, its lattice implementation has nevertheless
proven to be quite complicated due to poor numerical
convergence of the corresponding GF algorithm [36-41].
A GF procedure with an improved convergence rate was
finally implemented in [42]; however, one still encoun-
tered significant problems, which unfortunately become
more severe as the GF parameter £ and/or the lattice vol-
ume become larger, and the number of colors N, and/or
the lattice coupling 8 become smaller [43-45]. As a re-
sult, there have been only preliminary studies of the R
gluon propagator [41, 42, 45].

In this paper, we present the SU(3) gluon propagator
in Re gauges for a relatively large lattice volume (3.25
fm)* and GF parameter up to & = 0.5. This allows us to
address in some detail the IR behavior of the R¢ gluon
propagator, showing, in particular that, similarly to what
has been found in the Landau gauge, the gluon propaga-
tor saturates in the IR.

The paper is organized as follows. in Sect. IT we briefly
review the R¢ gauges framework, both in the continuum
and in its lattice discretized version. In Sect. III we dis-
cuss the algorithm we employ to successfully implement
the R GF procedure for a relatively large lattice volume
(3.25 fm)* and GF parameter up to & = 0.5. We present
our simulation results for the SU(3) gluon propagator in
R¢ gauges in Sect. IV. Our conclusions are finally drawn
in Sect. V.

II. THE R; GAUGES FRAMEWORK

In the continuum, gauge fixing is achieved by adding to
the SU(N.) Yang-Mills gauge invariant action the term
(in Minkowski space),

Ser = /d% [bmAm - g(bm)ﬂ . (1)
Here ¢ is a (non-negative) GF parameter, b™ are the so-
called Nakanishi-Lautrup multipliers and A™ = A™[A]
is the GF condition. For all fields we write & = ®™¢™,
where ™ are the SU(N,) generators.



It is usually convenient to adopt an on-shell formalism,
eliminating the b fields through their (trivial) equation
of motion; this yields the (gauge) condition £&™ = A™,
and the GF action

1 4 m\2
SGF:i/da:(A )2, (2)

R¢ gauges are obtained when choosing the linear GF con-
dition A™ = 9" A}}. In this case the (non-perturbative)
gluon propagator AJ = §™"A,, can be decomposed
according to

q1.9v q.9v
Apulg) = (gW— # )AT<q2>+ L) ()

Slavnov-Taylor identities ensure that ¢?A,; = & to all or-
ders. Therefore, all the dynamical information is carried
by the transverse form factor A alone.

The lattice formulation of Yang-Mills theories is ob-
tained in terms of the Wilson gauge action, in which the
dynamical variables are the gauge links U,,, related to the
gauge fields (in lattice units) through,

Uu(x) = expligoA,(z +€./2)],
Uy (z) = Uf(x)

Aula+,/2) = <2

;@)

traceless

where €, is the unit vector along the direction p, and
B =2N./g2 is the lattice coupling which determines the
lattice spacing a. Physical quantities are then obtained
by the evaluation of the Euclidean path integral through
Monte Carlo techniques, with a probability distribution
given by the exponential of the action.

In R¢ gauges, besides the usual integration over the
link variables, one has to integrate over the A fields.
Eq. (2) implies that the integration measure is a Gaussian
distribution, with variance &, i.e.,

PIA™ (@)] o exp{ 22 [Am<x>12} G

The numerical difficulty of implementing the R gauges
lies in enforcing the GF condition. In fact, the stan-
dard procedure for GF requires to gauge rotate all link
variables through the gauge transformation U,(z) —
g(x)U,(z)g"(x+€,), where g are elements of the SU(N,)
gauge group that minimizes a suitable functional imple-
menting the desired GF condition. In the Landau gauge
case, which is the £ — 0 limit of the gauges studied here,
the simplest possible functional of the gauge links U, (z)
leading, upon a suitable minimization procedure, to the
condition V-A™ =0 is

—ReTr Zg

Contrary to this simple limit, the general case of a non-
vanishing ¢ was proven to have no simple GF functional

ELG[U 9 z + e,u) (6)

suitable for minimization [36].
was shown that the functional

= &.a[U. g+ ReTx Y ig()A(e), (7

Nevertheless, in [42] it
SRg U, g]

yields the correct condition V-A™ = A™, provided that
the following convergence algorithm is implemented. The
gauge transformation g is built as a product of a sequence
of infinitesimal gauge transformations g = HJ— dg;. For
each infinitesimal transformation dg; one minimizes the
functional (7); however when moving on to the next in-
finitesimal transformation dg;41, the Gaussian distribu-
tion A™ is maintained unchanged and the link U, is up-
dated through a gauge rotation.

Writing dg; = 1+ i), wj"t™, the variation of the
functional (7) with respect to the coefficients w* then
reads

(CJ,Rg [U, 5gj]

A@) =D g0 | Aula

Choosing wl* = a;A™, with o; a relaxation parameter
to be optimized, will reduce A. Our goal is to converge
to a vanishing A in all lattice points x, which in turn
implies [36]

1
_ T
0= NIt % Tr [A(z)A

Whenever this condition is fulfilled (which, based on the
experience of Landau GF [46], means to have § < 1071°),

then the configuration can be considered to be R, gauge
fixed.

Er (U 1] TrZw A(x), (8)

+é,/2) —Au(x—é€,/2)| — A(x).

()] = 0. 9)

III. LATTICE SETUP AND ALGORITHM

In order to study the gluon propagator we use 50 con-
figurations generated through importance sampling of
the SU(3) Wilson action [47]. We opt for a symmetric
lattice of size L = 32 and 8 = 6.0, with associated lattice
spacing a = 0.1016(25) fm measured from the string ten-
sion [48]. The simulated volume is therefore (3.25 fm),
large enough to resolve the onset of nonperturbative ef-
fects in the propagator’s transverse form factor. The val-
ues of £ chosen are £ = 0.1, 0.2, 0.3, 0.4, and 0.5. For
comparison, we also report the Landau gauge, obtained
as the & — 0 limit of the gauges studied.

As explained above, to gauge fix the configurations, we
need to minimize the functional &z, [U, g] through a suit-
able succession of gauge rotations of the link variables.
In practice, for every lattice site x, 8 real valued numbers
A™(x) are generated with the Gaussian probability dis-
tribution (5) and combined in the SU(3) algebra element
A (for the generation of the Gaussian distribution we rely
on the standard Box-Muller algorithm). Then, for each
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Figure 1: Number of iterations required to meet our
convergence goal < 10715 with a FFT steepest
descent minimization procedure (similar results hold for
the OVR and STR minimization procedures). We
illustrate the case of 200 uncorrelated configurations for
the value £ = 0.3. Notice that at 50000 iterations the
minimization is considered to have failed.

link and A field, the GF functional (7) is minimized over
the link gauge orbit. For the A integration, we consider
50 different A’s for each configuration. Furthermore, to
reduce the correlations in the evaluation of the path inte-
gral, the A’s are generated independently for each gauge
configuration.

For each combination of link/A’s one expects the func-
tional & [U,g] to have several minima and that the
problem of the Gribov copies is, for the linear covari-
ant gauges, at least as complicated as for the Landau
gauge. Given the exploratory nature of this work (and
that the R¢ GF problem is computationally much more
demanding than the corresponding Landau GF problem,
see below), possible Gribov copies effects will be simply
neglected, and a single minimum (or copy) will be stud-
ied.

The GF procedure represents clearly the hardest and
most time consuming part of the whole calculation. In
fact, while in Landau gauge the minmization over the
gauge orbit is similar to finding the energy minimum of a
spin glass system, in linear covariant gauges the minmiza-
tion resembles finding the energy minimum of a spin glass
in a Gaussian random distributed external field (our A).
From the computational point of view the latter problem
is much harder than the first one. In addition, minimiza-
tion in the Landau case happens in a compact space,
whereas for linear covariant gauges the contribution of
the “external field” A is unbounded; therefore for suffi-
ciently large ¢ (recall that the width of the distribution
of the Gaussian distributed A increases with &), it can
happen that the minima of the energy is at the bound-
ary of the SU(3) group and not necessarily at a point
where the derivative of the energy vanishes.

For minimization purposes we first tried to apply three
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Figure 2: (Top) The 32* values of V-A* evaluated for a
configuration gauge fixed at £ = 0.5, grouped in 5000
bins, compared with a Gaussian with standard
deviation /€ ~ 0.316. (Bottom) Plot of d = V-A* — A%;

the two distributions coincide within v/ precision.

different standard optimized techniques used in the Lan-
dau case [46]: the Fast Fourier Transform - acceler-
ated steepest descent (FFT), Over Relaxation (OVR)
and Stochastic Relaxation (STR). Each one of the tech-
niques we have employed shows some convergence prob-
lems when minimizing the functional §. A typical case is
shown in Fig. 1 for the FFT algorithm, where one can see
a convergence rate of around ~ 75% for £ = 0.3 and up
to 50 thousand iterations. A similar behavior is seen for
OVR and STR, with the convergence rate dropping to ~
40% for £ = 0.5 in all three cases. Thus we opted to cycle
through all convergence techniques when the procedure
stalls. Indeed, by cycling through FFT, OVR and STR,
for our hardest case of £ = 0.5, we increase the conver-
gence success rate up to ~90%; for the remaining 10%
cases, restarting the combined algorithm, after perform-
ing finite random gauge transformations, leads to con-
vergence for all cases (technical details will be presented
elsewhere [49]).

In Fig. 2 we compare the distribution obtained from
the values of V-A™ with the one expected for A™ for
a given configuration and a given color index (m = 4)
after GF has succeeded; as one can appreciate the GF is
within the precision defined above.

IV. SIMULATION RESULTS
The lattice gluon two-point correlation function reads
(A(@)AL@)) = 6" A (@ L*6(T+7"),  (10)

where A, is given in Eq. (3). The lattice momenta g
(used for Fourier transforms) and ¢, are defined according
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Figure 3: (Left) The R¢ longitudinal dressing function ¢?A, = &; a fit of the data to a constant yield £ = 0.103(2),
0.203(2), 0.302(3), 0.402(3) and 0.502(3) respectively. (Right) The R¢ gluon transverse dressing function ¢2An.
Landau gauge results obtained for a symmetric lattice of L = 80 and 8 = 6.0 (gray crosses) are also plotted [9].

2 . q . 2mn
qu = asm?#; g = T“, n,=12,...,L. (11)
From Egs. (3) and (10) it follows that the transverse
and longitudinal SU(3) propagator form factors can be
estimated using,

M) = 5irr O B = aua /)AL @)AT (-0),

pv,m

Ax(0) = = SATO) AT (0)),

AP = 533 X/ PAT@A D). (1)

wyv,m

In the case of the transverse form factor, renormalization
is performed by fitting the bare lattice propagator to the
one-loop inspired result

ata) =25 (n ) (13

where v = 13/22 is the gluon anomalous dimension. The
fits, performed using the largest momentum range start-
ing around 2.5 GeV and going up to 5 GeV, provide the
constants K and A, which are then used to compute the
renormalization constant Z, via

Ar(q®) = Z. A% (¢?), (14)

after requiring that the renormalized propagator is such
that A7 (u?) = 1/p2. Our renormalization scale has been
set to u = 4.317 GeV.

To begin with, we show in Fig. 3 the gluon dressing
functions. Within statistical fluctuations, the longitu-
dinal dressing function ¢?A.(¢?) should be a constant
function, coinciding with the variance £ of the A prob-
ability distribution. This is evidently true for all cases

analyzed. In the right panel of Fig. 3 we plot the renor-
malized transverse dressing function ¢? A (¢?) for the dif-
ferent & values studied. Clearly, no significant deviation
from the Landau gauge case is observed; in particular,
we find no evidence of the effects reported in the recent
continuum study [51], where a dressing function in which
the height of the peak rapidly increases and its location
moves towards higher ¢? values with increasing ¢ was
observed.

Next, we turn our attention to the transverse form
factor Ar. The left panel of Fig. 4 shows the renor-
malized Ar(q?) for the various ¢ values. As was already
the case in the Landau gauge, one can see that the R
transverse propagators show an inflection point, implying
that the associated spectral density is not positive defi-
nite. Indeed, the associated (Euclidean) Schwinger func-
tion violates the property of reflection positivity [52, 53],
which could be interpreted as a manifestation of confine-
ment [54-58]. In addition, they have a marked tendency
to flatten towards the small momentum region, thus pro-
viding strong evidence that also in the & # 0 case the be-
havior of the zero-momentum modes of the lattice gluon
field are tamed by some non-trivial IR dynamics. The
data confirms an IR hierarchy such that A, (slightly)
decreases for increasing values of the gauge fixing pa-
rameter [40, 42]. This is better seen in Fig. 4 (right)
where we plot the ratio of the transverse propagator to
the Landau gauge propagator A5 as a function of the
momentum for the two values ¢ = 0.1 and £ = 0.5; ob-
serving a maximum difference of about 10%.

In order to estimate the finite volume effects on A,
we included in the corresponding plot the Landau gauge
(¢ = 0) transverse form factor computed from an 80*
lattice with 5 = 6.0 and a physical volume of about 8.1
fm [9] (gray crosses). These data show that simulations
on larger physical volumes have the tendency to suppress
the gluon propagator in the infrared region. This effect
is clearly seen for momenta about 300 MeV and smaller.
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Figure 4: (Left) The R, transverse propagator A, renormalized at p = 4.317 [GeV]. The gray crosses (same as Fig.
3 right [9]) provide an estimate for the volume effects expected at ¢2 = 0. (Right) The ratio Ay (q2)/A5%(4?).

For the R¢ gauges studied here, a similar scaling with
lattice volume is expected. This suggests a systematic
overall decrease of ~ 10 — 15% for A+ in the small mo-
mentum region.

V. CONCLUSIONS

In this paper the lattice SU(3) gluon propagator in Ry
gauges has been computed for values of the GF parameter
& up to 0.5 and a lattice volume large enough to access
its IR region. From the numerical point of view, the
most intensive task turned out to be the gauge fixing,
due to the large number of GF’s required and convergence
issues. Nevertheless, at least within the set of parameters
simulated here, a proper combination of various methods
(FFT, OVR and STR) solved the minmization problem
associated with the GF in R gauges.

Our R, propagators show very similar characteristics
to the one found in the Landau gauge, being character-
ized by an inflection point in the few hundreds MeV re-
gion followed by a rapid saturation to a finite nonvan-
ishing value in the IR. In particular, we find qualitative
agreement with the recent continuum analysis of [59],
where predictions for the behavior of the R, gauge gluon

propagator were derived within the context of a dynam-
ically generated gluon mass scenario.

Our study suggests that the IR saturation of the gluon
propagator represents a remarkable generic feature of all
Yang-Mills theories quantized in R¢ gauges, which every
model of the underlying IR dynamics ought to be able to
explain.

ACKNOWLEDGMENTS

The authors acknowledge the use of the computer
cluster Navigator, managed by the Laboratory for Ad-
vanced Computing, at the University of Coimbra, of the
GPU servers of PtQCD, supported by CFTP, FCT and
NVIDIA; AC33 and Hybrid GPU servers from NCSA’s
Innovative Systems Laboratory (ISL). Simulations on
Navigator were performed using Chroma [60] and PFFT
[61] libraries. We thank A. C. Aguilar for providing the
data needed for the continuum analysis, and J. Papavas-
siliou for a critical reading of the manuscript. P. B.
thanks the ECT* Centre for hospitality and CFTP, grant
FCT UID/FIS/00777/2013, for support. The work of
N. C. is supported by NSF award PHY-1212270. P. J. S.
acknowledges the support of FCT through the grant
SFRH/BPD/40998,/2007.

[1] P. O. Bowman, U. M. Heller, D. B. Leinweber, M. B.
Parappilly, and A. G. Williams, Phys. Rev. D70, 034509
(2004), hep-lat,/0402032.

[2] A. Cucchieri and T. Mendes, PoS LAT2007, 297 (2007),
arXiv:0710.0412 [hep-lat].

[3] A. Cucchieri and T. Mendes, PoS QCD-TNTO09, 026
(2009), arXiv:1001.2584 [hep-lat].

[4] I. L. Bogolubsky, E. M. Ilgenfritz, M. Muller-Preussker,
and A. Sternbeck, (2007), arXiv:0710.1968 [hep-lat].

[5] I. Bogolubsky, E. Ilgenfritz,
and A. Sternbeck, Phys. Lett.
arXiv:0901.0736 [hep-lat].

[6] O. Oliveira and P. Silva, PoS LAT2009, 226 (2009),
arXiv:0910.2897 [hep-lat].

[7] A. Ayala, A. Bashir, D. Binosi, M. Cristoforetti, and
J. Rodriguez-Quintero, Phys. Rev. D86, 074512 (2012),
arXiv:1208.0795 [hep-ph].

[8] O. Oliveira and P. Bicudo, J.Phys.G G38, 045003 (2011),
arXiv:1002.4151 [hep-lat].

M. Muller-Preussker,
B676, 69 (2009),



[9] O. Oliveira and P. J. Silva, Phys.Rev. D86, 114513
(2012), arXiv:1207.3029 [hep-lat].

[10] A. C. Aguilar and A. A. Natale, JHEP 08, 057 (2004),
hep-ph/0408254.

[11] D. Binosi and J. Papavassiliou, Phys.Rev. D77, 061702
(2008), arXiv:0712.2707 [hep-ph].

[12] D. Binosi and J. Papavassiliou, JHEP 0811, 063 (2008),
arXiv:0805.3994 [hep-ph].

[13] A. C. Aguilar, D. Binosi, and J. Papavassiliou, Phys.
Rev. D78, 025010 (2008), arXiv:0802.1870 [hep-ph].

[14] M. Tissier and N. Wschebor, Phys. Rev. D82, 101701
(2010), arXiv:1004.1607 [hep-ph].

[15] J. M. Cornwall, Phys. Rev. D26, 1453 (1982).

[16] C. W. Bernard, Nucl. Phys. B219, 341 (1983).

[17] J. F. Donoghue, Phys. Rev. D29, 2559 (1984).

[18] O. Philipsen, Nucl. Phys. B628, 167 (2002), arXiv:hep-
lat/0112047 [hep-lat].

[19] D. Dudal, J. A. Gracey, S. P. Sorella, N. Vandersickel,
and H. Verschelde, Phys. Rev. D78, 065047 (2008),
arXiv:0806.4348 [hep-th].

[20] D. Dudal, S. P. Sorella, N. Vandersickel, and H. Ver-
schelde, Phys. Rev. D79, 121701 (2009), arXiv:0904.0641
[hep-th].

[21] D. Dudal, O. Oliveira, and N. Vandersickel, Phys.Rev.
D81, 074505 (2010), arXiv:1002.2374 [hep-lat].

[22] C. S. Fischer, A. Maas, and J. M. Pawlowski, Annals
Phys. 324, 2408 (2009), arXiv:0810.1987 [hep-ph].

[23] J. Braun, H. Gies, and J. M. Pawlowski, Phys.Lett.
B684, 262 (2010), arXiv:0708.2413 [hep-th].

[24] A. Cucchieri, AIP Conf.Proc. 892, 22 (2007), arXiv:hep-
lat /0612004 [hep-lat].

[25] V. Bornyakov, M. Chernodub, F. Gubarev, S. Moro-
zov, and M. Polikarpov, Phys.Lett. B559, 214 (2003),
arXiv:hep-lat /0302002 [hep-lat].

[26] T. Mendes, A. Cucchieri, and A. Mihara, AIP Conf.Proc.
892, 203 (2007), arXiv:hep-lat/0611002 [hep-lat].

[27] A. Cucchieri, A. Maas, and T. Mendes, Mod.Phys.Lett.
A22, 2429 (2007), arXiv:hep-lat /0701011 [hep-lat].

[28] D. R. Campagnari and H. Reinhardt, Phys. Rev. D82,
105021 (2010), arXiv:1009.4599 [hep-th].

[29] A. P. Szczepaniak and E. S. Swanson, Phys. Rev. D65,
025012 (2002), arXiv:hep-ph/0107078 [hep-ph].

[30] A. P. Szczepaniak, Phys. Rev. D69, 074031 (2004),
arXiv:hep-ph/0306030 [hep-ph].

[31] D. Epple, H. Reinhardt, W. Schleifenbaum, and
A. Szczepaniak, Phys. Rev. D77, 085007 (2008),
arXiv:0712.3694 [hep-th].

[32] A. P. Szczepaniak and H. H. Matevosyan, Phys. Rev.
D81, 094007 (2010), arXiv:1003.1901 [hep-ph].

[33] P. Watson and H. Reinhardt, Phys.Rev. D82, 125010
(2010), arXiv:1007.2583 [hep-th].

[34] P. Watson and H. Reinhardt, Phys.Rev. D85, 025014
(2012), arXiv:1111.6078 [hep-ph].

[35] K. Fujikawa, B. W. Lee, and A. I. Sanda, Phys. Rev.
D6, 2923 (1972).

[36] L. Giusti, Nucl.Phys. B498, 331 (1997), arXiv:hep-
lat /9605032 [hep-lat].

[37] L. Giusti, M. Paciello, S. Petrarca, and B. Tagli-
enti, Nucl.Phys.Proc.Suppl. 83, 819 (2000), arXiv:hep-
lat /9910012 [hep-lat].

[38] L. Giusti, M. Paciello, S. Petrarca, and B. Taglienti,
Phys.Rev. D63, 014501 (2001), arXiv:hep-lat/9911038
[hep-lat].

[39] L. Giusti, M. Paciello, S. Petrarca, and B. Taglienti, ,
253 (1999), arXiv:hep-lat/9912036 [hep-lat].

[40] L. Giusti, M. Paciello, S. Petrarca, C. Rebbi, and
B. Taglienti, Nucl.Phys.Proc.Suppl. 94, 805 (2001),
arXiv:hep-lat /0010080 [hep-lat].

[41] L. Giusti, M. Paciello, S. Petrarca, B. Taglienti, and
N. Tantalo, Nucl.Phys.Proc.Suppl. 106, 995 (2002),
arXiv:hep-lat /0110040 [hep-lat].

[42] A. Cucchieri, T. Mendes, and E. M. Santos, Phys. Rev.
Lett. 103, 141602 (2009), arXiv:0907.4138 [hep-lat].

[43] A. Cucchieri, T. Mendes, and E. M. S. Santos, PoS
QCD-TNTO09, 009 (2009), arXiv:1001.2002 [hep-lat].

[44] A. Cucchieri, T. Mendes, G. M. Nakamura, and E. M.
Santos, AIP Conf.Proc. 1354, 45 (2011), arXiv:1101.5080
[hep-lat].

[45] A. Cucchieri, T. Mendes, G. M. Nakamura, and E. M.
Santos, PoS FACESQCD, 026 (2010), arXiv:1102.5233
[hep-lat].

[46] N. Cardoso, P. J. Silva, P. Bicudo, and O. Oliveira, Com-
put.Phys.Commun. 184, 124 (2013), arXiv:1206.0675
[hep-lat].

[47] N. Cardoso and P. Bicudo, Comput.Phys.Commun. 184,
509 (2013), arXiv:1112.4533 [hep-lat].

[48] G. S. Bali and K. Schilling, Phys.Rev. D47, 661 (1993),
arXiv:hep-lat /9208028 [hep-lat].

[49] P. Bicudo, D. Binosi, N. Cardoso, O. Oliveira, and P. J.
Silva, in preparation.

[60] D. B. Leinweber, J. I. Skullerud, A. G. Williams, and
C. Parrinello (UKQCD), Phys.Rev. D58, 031501 (1998),
arXiv:hep-lat /9803015 [hep-lat].

[61] M. Q. Huber, Phys.Rev.
arXiv:1502.04057 [hep-ph].

[52] K. Osterwalder and R. Schrader, Commun. Math. Phys.
31, 83 (1973).

[63] K. Osterwalder and R. Schrader, Commun. Math. Phys.
42, 281 (1975).

[64] M. Stingl, Phys. Rev. D34, 3863 (1986), [Erratum: Phys.
Rev.D36,651(1987)).

[65] U. Habel, R. Konning, H. G. Reusch, M. Stingl, and
S. Wigard, Z. Phys. A336, 423 (1990).

[56] U. Habel, R. Konning, H. G. Reusch, M. Stingl, and
S. Wigard, Z. Phys. A336, 435 (1990).

[57] J. M. Cornwall, Mod. Phys. Lett. A28, 1330035 (2013),
arXiv:1310.7897 [hep-ph].

[58] I. C. Cloet and C. D. Roberts, Prog. Part. Nucl. Phys.
77,1 (2014), arXiv:1310.2651 [nucl-th].

[69] A. Aguilar, D. Binosi, and J. Papavassiliou, Phys.Rev.
D91, 085014 (2015), arXiv:1501.07150 [hep-ph].

[60] R. G. Edwards and B. Joé (SciDAC Collabora-
tion, LHPC Collaboration, UKQCD Collaboration),
Nucl.Phys.Proc.Suppl. 140, 832 (2005), arXiv:hep-
lat /0409003 [hep-lat].

[61] M. Pippig, SIAM J. Sci. Comput. 35, C213 (2013).

D91, 085018 (2015),



