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1. Introduction and Motivation

The infrared behaviour of Green’s functions of Yang-Mills theory has been the subject of
many studies in recent years. The relevance of such studies is rooted in the information on the non-
perturbative phenomena encoded in the propagators of fundamental fields of QCD. In particular,
gluon and ghost propagators encode information about confinement. While most of the studies of
QCD propagators are done in Landau gauge dyA,(x) =0 [1, 2, 3, 4, 5, 6], we would like to go
beyond this gauge to understand the gauge dependent properties of QCD propagators.

Here we consider the linear covariant gauge (LCG), defined by ;A (x) = /A(x), where A(x) =
N (x)t* are matrices belonging to the SU(N) Lie algebra, and A?(x) are random real numbers,
Gaussian distributed around zero with a variance €.

The LCG gluon propagator has already been studied on the lattice by some authors [7, 8, 9, 10].
In this paper we report a lattice calculation of the LCG ghost propagator — see also [11] for a recent
report.

2. Landau and LCG ghost propagator on the lattice

On the lattice, the Landau gauge is defined through the numerical optimization, along the
gauge orbit, of the gauge fixing functional

Flnde(us) = = 5 Retr [ g(x) Un(x) ¢ (x-+ )] 1)
xf

From the first variation of eq. (2.1) one gets a lattice version of the Landau gauge condition d,Af, =
0, whereas the second variation defines the symmetric matrix

M = %Retr Hr“,rb}(Uu(x) UL (x— [1))} 5o

—2 % Retr [1"1°Up(x)] 8y — 2 % Retr [ Un(x— )| &g 2.2)

At some minimum of the functional (2.1), M)‘jyb is positive semi-definite. One can show that (2.2)
is a suitable discretization of the continuum operator —% (0‘1fo’ +fo’ 0,,), which in the Landau
gauge is equal to —0“D”b , 1.e. the usual Faddeev-Popov (FP) operator. The lattice approach to
compute the Landau gauge ghost propagator consists in inverting the matrix described by eq. (2.2).
Since M;‘yb is symmetric and positive semi-definite, the Conjugate Gradient method can be used to
perform such inversion.

Similarly, the linear covariant gauge can be defined on the lattice through the numerical opti-
mization of the gauge fixing functional [10]

FIO(U*;g) = FEma(Us) + Retr Y [ig(x)A(x)]. (2.3)

The first variation defines the lattice analogue of the LCG condition in the continuum, whereas the
second variation defines the same symmetric matrix, eq. (2.2), as in Landau gauge. However, in
the LCG case, eq. (2.2) is not a suitable discretization of the continuum FP operator.
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A suitable lattice discretization of the LCG FP operator, with the correct continuum limit, can
be found by defining the lattice operators

(M) = M2+ [AM] 2.4)
(M7]8) = M2 — [am)% 2.5)
where
AM)? =Retr’S [ [14,6] (Uu(x) ~ Ul ) | 8y 2.6)
[0

The matrices M and M~ are suitable discretizations of the continuum operators —dyDy and
—D,,0,, respectively. Note that M, M and M~ can not be distinguished as quadratic forms, in
the sense that

@’ (x) [AM]2 @ (y) = @™ (x) fupe Rete [t (U (x) — Up(x — 1)) ] &’ (v) = 0, 2.7

Xy

due to the antisymmetry of the structure constants f..

3. Results

The matrix M provides a suitable lattice discretization of the continuum FP operator, enabling
a lattice computation of the LCG ghost propagator. Since M is a real non-symmetric matrix, it can
not be inverted using Conjugate Gradient method (as in Landau gauge) and, therefore, we rely on
the Generalized Conjugate Residual method, described e.g. in [12]. To avoid possible zero modes!
of Mt , we solve the system [13]
M*M™X =M"b

that, for performance purposes, is solved in two steps

MY = M'h;
MTX =Y.

In Figures 1 and 2 we report our results for the LCG ghost propagator, evaluated using a point
source for the inversion. We considered SU(3) pure gauge simulations using the Wilson action at
B = 6.0, which corresponds to a lattice spacing a ~ 0.102 fm. For 16* and 24* lattice volumes, we
have generated 100 thermalized gauge configurations, and 20 sets of Gaussian-distributed {/A(x)}
matrices for each configuration. We compare with the Landau gauge ghost propagator, computed
from the same set of configurations. No clear difference between Landau and LCG data is observed
in the plots.

4. Conclusion

We discussed an approach to compute the LCG ghost propagator on the lattice, and presented
numerical results for small lattice volumes. LCG lattice data is in agreement with Landau gauge
results. Similar results have been obtained using SU(2) pure gauge simulations [11, 14].

INote that, in the LCG case, constant vectors are not zero modes of M.
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Figure 1: Landau and LCG ghost propagators (¢ € {0.1,0.2,0.3}) for a 16* lattice volume.
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Figure 2: Landau and LCG ghost propagators (¢ € {0.1,0.2}) for a 24* lattice volume.

¢4

. e Landau :
I, = &01 ]
L + &=0.2 i
3=
L - i
L
— < —
o ""X B
3 e E
E e E
L Ty - ,
o
L ‘.-h. i
| | | |
1 4 5 6 7 8
p (GeV)



Lattice LCG Ghost Propagator Paulo J. Silva

Acknowledgements

A.C. and T. M. acknowledge partial support from CNPq. A.C. also acknowledges partial
support from FAPESP (grant # 16/22732-1). The research of D.D. and M.R. is supported by
KU Leuven IF project C14/16/067. The authors O.O. and P.J.S. acknowledge the Laboratory
for Advanced Computing at University of Coimbra (http://www.uc.pt/Ica) for providing access
to the HPC computing resource Navigator. O. Oliveira and P. J. Silva acknowledge financial
support from FCT Portugal under contract with reference UID/FIS/04564/2016. P.J.S. acknowl-
edges support by Fundagdo Luso-Americana para o Desenvolvimento (FLAD Proj. 155/2018), and
by Fundagdo para a Ciéncia e a Tecnologia (FCT) under contracts SFRH/BPD/40998/2007 and
SFRH/BPD/109971/2015. The SU(3) lattice simulations were done using Chroma [15] and PFFT
[16] libraries.

References

[1] R. Alkofer, L. von Smekal, Phys. Rept. 353 (2001) 281.

[2] J. Greensite, Lect. Notes Phys. 821 (2011) 1.

[3] N. Vandersickel and D. Zwanziger, Phys. Rept. 520 (2012) 175.
[4] A.Maas, Phys. Rept. 524 (2013) 203.

[5] D. Binosi and J. Papavassiliou, Phys. Rept. 479 (2009) 1.

[6] P. Boucaud,J. P. Leroy, A. L. Yaouanc, J. Micheli, O. Pene and J. Rodriguez-Quintero, Few Body
Syst. 53, 387 (2012).

[7] L. Giusti, M. L. Paciello, S. Petrarca, C. Rebbi and B. Taglienti, Nucl. Phys. Proc. Suppl. 94 (2001)
805.

[8] A. Cucchieri, A. Maas and T. Mendes, Comput. Phys. Commun. 180 (2009) 215.
[9] P. Bicudo, D. Binosi, N. Cardoso, O. Oliveira and P. J. Silva, Phys. Rev. D92 (2015) 114514.
[10] A. Cucchieri, T. Mendes and E. M. S. Santos, Phys. Rev. Lett. 103 (2009) 141602.

[11] A. Cucchieri, D. Dudal, T. Mendes, O. Oliveira, M. Roelfs, P. J. Silva, arXiv:1809.08224
[hep-lat].

[12] Iterative Methods for Sparse Linear Systems, Y. Saad (SIAM, 2nd edition, USA, 2003).
[13] H. Suman, K. Schilling, Phys.Lett. B373 (1996) 314.

[14] A. Cucchieri, D. Dudal, T. Mendes, O. Oliveira, M. Roelfs, P. J. Silva, in proceedings of “XIII Quark
Confinement and the Hadron Spectrum - Confinement2018” conference,
PoS (Confinement2018) 043 (2018).

[15] R. G. Edwards, B. Jo6, Nucl. Phys. Proc. Suppl. 140, 832 (2005) [arXiv:hep-1at/0409003].
[16] M. Pippig, SIAM J. Sci. Comput. 35 (2013) C213.



