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Stabilized Wilson fermions are a reformulation of Wilson clover fermions that incorporates several
numerical stabilizing techniques, but also a local change of the fermion action – the original clover
term being replaced with an exponentiated version of it. We intend to apply the stabilized Wilson
fermions toolbox to the thermodynamics of QCD, starting on the 𝑁 𝑓 = 3 symmetric line on the
Columbia plot, and to compare the results with those obtained with other fermion discretizations.
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(a) (b)

Figure 1: Two possible scenarios for the light quark mass region of the Columbia plot in the continuum
limit: either (a) the first-order region remains finite, ending with a tricritical point, or (b) the first-order region
vanishes in the continuum limit. Figures taken from Ref. [1].

1. Introduction

The order of the thermal phase transition (Fig. 1) in QCD depends on the number of quark
flavours and on their masses. While the transition is a smooth crossover at the physical point, a
first order transition region [2] was found when the light and strange quark masses are sufficiently
heavy. The crossover and first order regions are separated by a second order critical line in the
𝑍2 universality class. As for what precisely happens near the chiral limit, the picture is less clear.
When approaching the chiral limit with 𝑁 𝑓 = 2, evidence for a second order 𝑂 (4) transition line
ending with a tricritical point has been recently found [1, 3]. Performing a similar study on the
𝑁 𝑓 = 3 flavour symmetric line, a first-order region [4], again separated by a second-order 𝑍2 line [5],
appears. A way to quantify the extent of this region is to measure the pion mass 𝑚𝑍2

𝜋 corresponding
to the intersection between the second-order 𝑍2 critical line and the 𝑁 𝑓 = 3 diagonal.

The precise location of this 𝑍2 endpoint in the Columbia plot is still unclear. In the literature
(Tab. 1), there are many results obtained with both staggered and Wilson fermions, and different
types of related improved actions, but they cover a wide range of possible masses. Cutoff effects
are found to play a significant role in the light mass sector of the plot, and it is even possible that the
first order region could vanish in the continuum limit. This would have profound implications for
our understanding of the phase diagram at finite baryon chemical potential [6], which so far cannot
be simulated on the lattice due to the sign problem.

Simulating QCD at low quark masses is a challenging task and various techniques have been
developed to deal with the increasing condition number of the Dirac operator. Improved actions are
necessary to reduce cutoff effects, yet Wilson Clover fermions are known to cause instabilities at
light pion masses, because the lowest eigenvalue of the Dirac operator can become arbitrarily small.
Stabilized Wilson fermions [7, 8] have recently been developed as an alternative to the standard
𝑂 (𝑎)-improved Wilson Clover action, with the attempt to mitigate some of its drawbacks. Multiple
zero-temperature ensembles are being generated by the Open Lattice initiative [8] (Fig. 2) with an
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𝑁f Action 𝑁𝜏 𝑚
𝑍2
𝜋 [MeV] Ref.

std 4

100 200 300

[9]
std 4 [10]

3 std 6 [11]
p4 4 [5]

HISQ 6 [12]
2 std-`𝑖 4 [13]

(a) Results obtained with staggered fermions

𝑁f Action 𝑁𝜏 𝑚
𝑍2
𝜋 [MeV] Ref.

3 clover 6-8

0 200 400 600

[14]
clover 8-10 [15]
clover 10-12 [16]

2 std 4 [17]
tm 12 [18]

clover 16 [19]

(b) Results obtained with Wilson fermions

Table 1: Results in the literature for the location of the 𝑍2 endpoints in the light-quark region for 𝑁 𝑓 = 2
and 3, with various fermionic actions. Note that 𝑁 𝑓 = 3 results cover a range that goes from 50 MeV to 304
MeV.

open science philosophy underlying its efforts. Our intent is to apply these tools to the study of
QCD thermodynamics, starting with the ensembles currently available on the flavour symmetric
𝑁 𝑓 = 3 line, and investigate their impact on the location of the 𝑍2 endpoint.

2. Stabilized Wilson fermions

First developed in order to cure a pathology of Wilson-Clover fermions in large volumes [7],
stabilized Wilson fermions have been shown [8] to also benefit ordinary simulations by reducing
cutoff effects, potentially enabling the use of coarser lattices, and by reducing the probability of
encountering exceptional configurations. They consist in

• Stochastic Molecular Dynamics (SMD) update algorithm, which has been shown to be less
affected by instabilities in the molecular dynamics (MD) evolution than standard HMC;

• An exponentiated version of the Clover improvement term, which protects its contribution to
the Dirac operator from arbitrarily small eigenvalues and is guaranteed to be safely invertible;

• Uniform norm solver stopping criterion, to protect from precision loss from local effects
when large lattices are used;
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Figure 2: Ensembles being tuned and generated by the Open Lattice initiative. Figure taken from Ref. [8].

• Quadruple precision arithmetic, in order to further reduce precision loss effects.

These features are implemented in the open source software openQCD-2.0 and higher [20].

3. Methodology

When approaching the chiral limit, the light chiral condensate, defined as

⟨𝜓𝜓⟩ = 𝑇

𝑉

𝜕 log 𝑍

𝜕𝑚𝑢𝑑

=
𝑇

𝑉

〈
Tr(𝐷−1)

〉
(1)

can be regarded as an approximate order parameter for the thermal phase transition. The statistical
properties of the sampled

〈
𝜓𝜓

〉
distribution can be studied to obtain information on the phase

transition. This means studying the (disconnected) chiral susceptibility

𝜒𝜓𝜓 =
𝑇

𝑉

[〈
Tr(𝐷−1)2〉 − 〈

Tr(𝐷−1)
〉2] (2)

and the 𝑛-th standardized moments of the chiral condensate

𝐵𝑛 (𝛽, ^, 𝑁𝜎) =
〈
(𝜓𝜓 −

〈
𝜓𝜓

〉
)𝑛
〉〈

(𝜓𝜓 −
〈
𝜓𝜓

〉
)2
〉𝑛/2 . (3)

where 𝑉 ≡ (𝑁𝜎𝑎)3 is the spatial volume.
The disconnected susceptibility is known to exhibit a peak at the critical temperature of the

phase transition. As for the skewness 𝐵3 of the order parameter, its behavior is shown in Fig. 3a.
It vanishes far away from the transition, then becomes non-zero, then vanishes at the critical
temperature. Therefore, it can be used to locate the phase transition. The corresponding behavior
of the kurtosis 𝐵4 as a function of temperature is shown in Fig. 3b.

In order to extract information on the order of the phase transition, one can perform a finite-size
scaling analysis of the kurtosis 𝐵4(𝑇𝑐) of the order parameter at the critical temperature. The value
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Figure 3: Schematic behavior of the skewness 𝐵3 (𝑇) (3a) and kurtosis 𝐵4 (𝑇) (3b) of the order parameter as
a function of temperature, modelled as in Ref. [3].

of the kurtosis on the transition in the thermodynamical limit is given by

lim
𝑁𝜎→∞

𝐵4(𝑇𝑐, 𝑚, 𝑁𝜎) =


1 1𝑠𝑡 order
1.604 2𝑛𝑑 order 𝑍2

3 crossover

(4)

and it can be used to distinguish the first-order case, the crossover case and the second-order 𝑍2
line, which is in the universality class of the three-dimensional Ising model.

4. Lattice setup

We start with the 𝑁 𝑓 = 3 ensembles at 𝑚𝑢 = 𝑚𝑑 = 𝑚𝑠, and a pion mass of 𝑚𝜋 = 412 MeV
produced by the Open Lattice initiative, varying the temperature by changing 𝑁𝜏 . For ensemble
generation the tree-level Symanzik improved gauge and the exponentiated Wilson Clover fermion
actions are employed, together with the SMD update algorithm and the uniform norm stopping
criterion for the force solvers. We employ twisted mass Hasenbusch preconditioning for 𝑢 and
𝑑 and the rational approximation for the 𝑠 quark. Reweighting is then needed to correct for the
error due to the rational approximation, but we do not use a non-zero outer twisted mass parameter,
which demands a twisted mass reweighting. The deflated Schwarz-preconditioned GCR solver [21]
is used whenever allowed by the choice of 𝑁𝜏 , otherwise a conjugate gradient solver is used.

We consider lattices with spatial length such that 𝑚𝜋𝐿𝜎 ≳ 4 in order to have relatively small
finite size effects at the various lattice spacings.

5. Preliminary results

The currently simulated setups on the two coarsest lattices, corresponding to a lattice spacing
of 0.12 fm and 0.094 fm, are shown in Tab. 2. We show in Fig. 4 the preliminary results (in lattice
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a [fm] ^ 𝛽 T [MeV] 𝑁𝜏 𝑁𝜎

0.12 0.1394305 3.685 274 6 16
205 8 16
164 10 16

0.094 0.138963 3.800 262 8 24
210 10 24
175 12 24

Table 2: Setups currently simulated and shown in the preliminary results.

units) of the bare light chiral condensate, its susceptibility and its skewness 𝐵3 on these lattices. We
temporarily neglected the contribution of the reweighting factors for the rational approximation of
the third quark flavour, as it is much smaller than the statistical errors. We notice that the skewness
𝐵3 is positive, which hints that the critical temperature is smaller than the ones simulated. From
the 𝑎 = 0.12 fm runs, we can estimate 𝑇𝑐 ≲ 164 MeV, while from the 𝑎 = 0.094 fm runs we notice
that the skewness is compatible with zero already at 𝑇𝑐 ≃ 175 MeV. Larger amounts of statistics are
necessary to reduce the error bars, and simulations at smaller temperatures are needed to confirm
the trend and to check that the peak of the susceptibility is consistent with the behavior of the
skewness.

Due to the limited resolution in temperature, and to the limited amount of statistics, we cannot
yet draw any conclusions from this analysis on the order of the transition at this pion mass, which
we expect to be well in the crossover region. For our finest lattice (𝑎 = 0.055 fm), we expect to
reach a resolution on the order of 20 MeV around the critical temperature.

6. Summary

We performed an exploratory study of 𝑁 𝑓 = 2 + 1 thermodynamics with stabilized Wilson
Fermions, using as starting points the zero-temperature ensembles provided by the Open Lattice
initiative. We started on the flavour symmetric line, at 𝑚𝜋 = 412 MeV, and with the coarsest lattice
spacings of 𝑎 = 0.12 fm and 𝑎 = 0.094 fm, varying the temperature by changing 𝑁𝜏 , and looked for
the thermal phase transition by studying the susceptibility and moments of the chiral condensate.

Runs at smaller temperatures and more statistics are still needed to obtain a determination of
𝑇𝑐 at this pion mass, and finer lattice spacings are necessary both for a continuum extrapolation and
for obtaining a finer resolution in temperature. Parts of this work serve as preparation for a future
more detailed study, in which we aim to locate the 𝑍2 endpoint by varying 𝛽 at fixed 𝑁𝜏 .
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Figure 4: Preliminary results of the light chiral condensate, its susceptibility and its skewness on the 𝑎 = 0.12
fm (4a) and 𝑎 = 0.094 fm (4b) lattices. Results are given in lattice units.

Frankfurt and we thank the computing staff for their support. AF acknowledges support by the
Ministry of Science and Technology Taiwan (MOST) under grant 111-2112-M-A49-018-MY2.

References

[1] F. Cuteri, O. Philipsen and A. Sciarra, On the order of the QCD chiral phase transition for
different numbers of quark flavours, JHEP 11 (2021) 141 [2107.12739].

[2] F. Cuteri, O. Philipsen, A. Schön and A. Sciarra, Deconfinement critical point of lattice QCD
with 𝑁 𝑓 = 2 Wilson fermions, Phys. Rev. D 103 (2021) 014513 [2009.14033].

[3] F. Cuteri, O. Philipsen and A. Sciarra, QCD chiral phase transition from noninteger numbers
of flavors, Phys. Rev. D 97 (2018) 114511 [1711.05658].

[4] R.V. Gavai, J. Potvin and S. Sanielevici, Metastabilities in Three Flavor QCD at Low Quark
Masses, Phys. Rev. Lett. 58 (1987) 2519.

[5] F. Karsch, C.R. Allton, S. Ejiri, S.J. Hands, O. Kaczmarek, E. Laermann et al., Where is the
chiral critical point in three flavor QCD?, Nucl. Phys. B Proc. Suppl. 129 (2004) 614
[hep-lat/0309116].

[6] K. Rajagopal and F. Wilczek, The Condensed matter physics of QCD, in At the frontier of
particle physics. Handbook of QCD. Vol. 1-3, M. Shifman and B. Ioffe, eds., pp. 2061–2151
(2000), DOI [hep-ph/0011333].

[7] A. Francis, P. Fritzsch, M. Lüscher and A. Rago, Master-field simulations of O(𝑎)-improved
lattice QCD: Algorithms, stability and exactness, Comput. Phys. Commun. 255 (2020)
107355 [1911.04533].

7

https://doi.org/10.1007/JHEP11(2021)141
https://arxiv.org/abs/2107.12739
https://doi.org/10.1103/PhysRevD.103.014513
https://arxiv.org/abs/2009.14033
https://doi.org/10.1103/PhysRevD.97.114511
https://arxiv.org/abs/1711.05658
https://doi.org/10.1103/PhysRevLett.58.2519
https://doi.org/10.1016/S0920-5632(03)02659-8
https://arxiv.org/abs/hep-lat/0309116
https://doi.org/10.1142/9789812810458_0043
https://arxiv.org/abs/hep-ph/0011333
https://doi.org/10.1016/j.cpc.2020.107355
https://doi.org/10.1016/j.cpc.2020.107355
https://arxiv.org/abs/1911.04533


P
o
S
(
L
A
T
T
I
C
E
2
0
2
2
)
2
7
7

QCD thermodynamics with stabilized Wilson fermions Rocco Francesco Basta

[8] A.S. Francis, F. Cuteri, P. Fritzsch, G. Pederiva, A. Rago, A. Schindler et al., Properties,
ensembles and hadron spectra with Stabilised Wilson Fermions, PoS LATTICE2021 (2022)
118 [2201.03874].

[9] F. Karsch, E. Laermann and C. Schmidt, The Chiral critical point in three-flavor QCD, Phys.
Lett. B 520 (2001) 41 [hep-lat/0107020].

[10] N.H. Christ and X. Liao, Locating the 3-flavor critical point using staggered fermions, Nucl.
Phys. B Proc. Suppl. 119 (2003) 514.

[11] P. de Forcrand, S. Kim and O. Philipsen, A QCD chiral critical point at small chemical
potential: Is it there or not?, PoS LATTICE2007 (2007) 178 [0711.0262].

[12] A. Bazavov, H.T. Ding, P. Hegde, F. Karsch, E. Laermann, S. Mukherjee et al., Chiral phase
structure of three flavor QCD at vanishing baryon number density, Phys. Rev. D 95 (2017)
074505 [1701.03548].

[13] C. Bonati, P. de Forcrand, M. D’Elia, O. Philipsen and F. Sanfilippo, Chiral phase transition
in two-flavor QCD from an imaginary chemical potential, Phys. Rev. D 90 (2014) 074030
[1408.5086].

[14] X.-Y. Jin, Y. Kuramashi, Y. Nakamura, S. Takeda and A. Ukawa, Critical endpoint of the
finite temperature phase transition for three flavor QCD, Phys. Rev. D 91 (2015) 014508
[1411.7461].

[15] X.-Y. Jin, Y. Kuramashi, Y. Nakamura, S. Takeda and A. Ukawa, Critical point phase
transition for finite temperature 3-flavor QCD with non-perturbatively O(𝑎) improved Wilson
fermions at 𝑁t = 10, Phys. Rev. D 96 (2017) 034523 [1706.01178].

[16] Y. Kuramashi, Y. Nakamura, H. Ohno and S. Takeda, Nature of the phase transition for finite
temperature 𝑁f = 3 QCD with nonperturbatively O(𝑎) improved Wilson fermions at 𝑁t = 12,
Phys. Rev. D 101 (2020) 054509 [2001.04398].

[17] O. Philipsen and C. Pinke, The 𝑁 𝑓 = 2 QCD chiral phase transition with Wilson fermions at
zero and imaginary chemical potential, Phys. Rev. D 93 (2016) 114507 [1602.06129].

[18] F. Burger, E.-M. Ilgenfritz, M. Kirchner, M.P. Lombardo, M. Muller-Preussker, O. Philipsen
et al., The thermal QCD transition with two flavours of twisted mass fermions, Phys. Rev. D
87 (2013) 074508 [1102.4530].

[19] B.B. Brandt, A. Francis, H.B. Meyer, O. Philipsen, D. Robaina and H. Wittig, On the
strength of the 𝑈𝐴(1) anomaly at the chiral phase transition in 𝑁 𝑓 = 2 QCD, JHEP 12
(2016) 158 [1608.06882].

[20] M. Lüscher, “Code available at https://luscher.web.cern.ch/luscher/openQCD/.”

[21] M. Lüscher, Local coherence and deflation of the low quark modes in lattice QCD, JHEP 07
(2007) 081 [0706.2298].

8

https://doi.org/10.22323/1.396.0118
https://doi.org/10.22323/1.396.0118
https://arxiv.org/abs/2201.03874
https://doi.org/10.1016/S0370-2693(01)01114-5
https://doi.org/10.1016/S0370-2693(01)01114-5
https://arxiv.org/abs/hep-lat/0107020
https://doi.org/10.1016/S0920-5632(03)01600-1
https://doi.org/10.1016/S0920-5632(03)01600-1
https://arxiv.org/abs/0711.0262
https://doi.org/10.1103/PhysRevD.95.074505
https://doi.org/10.1103/PhysRevD.95.074505
https://arxiv.org/abs/1701.03548
https://doi.org/10.1103/PhysRevD.90.074030
https://arxiv.org/abs/1408.5086
https://doi.org/10.1103/PhysRevD.91.014508
https://arxiv.org/abs/1411.7461
https://doi.org/10.1103/PhysRevD.96.034523
https://arxiv.org/abs/1706.01178
https://doi.org/10.1103/PhysRevD.101.054509
https://arxiv.org/abs/2001.04398
https://doi.org/10.1103/PhysRevD.93.114507
https://arxiv.org/abs/1602.06129
https://doi.org/10.1103/PhysRevD.87.074508
https://doi.org/10.1103/PhysRevD.87.074508
https://arxiv.org/abs/1102.4530
https://doi.org/10.1007/JHEP12(2016)158
https://doi.org/10.1007/JHEP12(2016)158
https://arxiv.org/abs/1608.06882
https://luscher.web.cern.ch/luscher/openQCD/
https://doi.org/10.1088/1126-6708/2007/07/081
https://doi.org/10.1088/1126-6708/2007/07/081
https://arxiv.org/abs/0706.2298

	Introduction
	Stabilized Wilson fermions
	Methodology
	Lattice setup
	Preliminary results
	Summary
	Acknowledgments

