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In this joint contribution we announce the formation of the OPEN LATtice initiative,
https://openlat1.gitlab.io, to study Stabilised Wilson Fermions (SWF). They are a new avenue
for QCD calculations with Wilson-type fermions and we report results on our continued study
of this framework: Tuning the clover improvement coefficient, and extending the reach of lattice spacings to 𝑎 = 0.12 fm. We fix the flavor symmetric points 𝑚 𝜋 = 𝑚 𝐾 = 412 MeV at
𝑎 = 0.055, 0.064, 0.077, 0.094, 0.12 fm and define the trajectories to the physical point by fixing
the trace of the quark mass matrix. Currently our pion mass range extends down to 𝑚 𝜋 ∼ 200 MeV.
We outline our tuning goals and strategy as well as our future planned ensembles. First scaling
studies are performed on 𝑓 𝜋 and 𝑚 𝜋 . Additionally results of a preliminary continuum extrapolation of 𝑚 𝑁 at the flavor symmetric point are presented. Going further a first determination of the
light and strange hadron spectrum chiral dependence is shown, which serves to check the quality
of the action for precision measurements. We also investigate other quantities such as flowed
gauge observables to study how the continuum limit is approached. Taken together we observe the
SWF enable us to perform stable lattice simulations across a large range of parameters in mass,
volume and lattice spacing.
Pooling resources our new initiative has made our reported progress possible and through it we
will share generated gauge ensembles under an open science philosophy.
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1. Introduction

2. Stabilised Wilson fermion toolkit
Simulations with SWF imply the use of several measures designed to lead to a more stable
generation of gauge fields. As such SWF are a collection of tools, as opposed to one single change,
1An alternative, well-established discretisation is Wilson twisted mass (WTM) at maximal twist [3, 4]. The drawback
for WTM is the breaking of parity and flavor symmetries at finite lattice spacing and the constraint of an even number of
quark flavors. For a review see Ref. [5].
2Such windows of possibility can be defined for all lattice actions. Many bounds are indeed similar across all.
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Wilson-Clover fermions (WCF) [1] have been and continue to be one of the most popular
fermion discretisations in use in the lattice gauge theory community. Among their many attractive
features they are conceptually clear to work with, there are many advanced methods and public
codes available, they are relatively cheap and pose little restrictions on which observables can be
computed. Together with a rigorous improvement program they can also be O (𝑎)-improved, where
𝑎 denotes the lattice spacing, thereby removing one of their most visible drawbacks. This makes
them a flexible tool for carrying out a variety of physics programs, see e.g. the most recent FLAG
report [2] for a non-exhaustive collection of fields where WCF have impacted. Nevertheless, there
are some drawbacks that limit studies with WCF, as e.g., without automatic O (𝑎) improvement1
observables often require finer 𝑎 than other actions as higher order effects can become a difficulty.
Generating gauge fields at fine 𝑎 in turn requires dealing with topology freezing problems and
critical slowing down. Furthermore without chiral symmetry the lowest eigenvalue of the Dirac
operator is not protected from taking arbitrarily small values. This can become a problem especially
when the lattice spacing is coarse or the pion mass light. These features limit the parameter space
where WCF simulations can be successfully and safely deployed. They define the window of
possibility in lattice spacing, volume and quark mass in which all current simulations take place2.
Taming the large volume limitation of WCF to enable master-field simulations [6] lead to a
reformulation of WCF [7] that incorporates several numerical stabilising techniques but also a local
change of the fermion action - the original clover term 𝑐 𝑆𝑊 being replaced with an exponentiated
version of it. The combined package of algorithmic and fermionic stabilising measures are called
stabilised Wilson fermions (SWF).
First results from deploying the SWF framework in the master-field context have been reported at
this meeting [8, 9] demonstrating the effectiveness of SWF in removing the large volume limitation.
Aside of the volume aspects SWF incorporate further benefits applicable to all types of simulation.
For example, smaller values of 𝑐 𝑆𝑊 at a given lattice spacing with SWF were seen compared to
WCF. Overall good continuum scaling and relative 𝑎𝑚 𝑞 effects in the limited studies performed
were also observed. Even though it is too early to draw firm conclusions, the opportunity to work
with smaller masses at coarser lattice spacings makes it interesting to continue studying SWF in the
traditional volume setup. If confirmed, these features could be particularly attractive for nuclear and
nucleon applications, as well as (𝑔 − 2) 𝜇 and many of those calculations entering the FLAG report.
For this reason we founded the OPEN LATtice initiative, https://openlat1.gitlab.io, which has made
the following new studies possible and whose goals we detail in the last part of this proceedings
contribution.
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and some of their components have been established previously (e.g. the stochastic molecular
dynamics (SMD) shown below). Roughly, the measures combined in the SWF can be split into
two categories: Those aiming at an improved algorithmic stability, and those aiming at improving
aspects of the fermion discretisation. We note that the tools presented here are used in addition
to established techniques, such as SAP, local deflation, multi-grid, mass-preconditioning, multiple
time-scale integrators etc., in our simulations. All of these methods are implemented within the
open source software package openQCD-2.0 [10].

The first ingredient is to increase the stability in MD evolution in the gauge field generation
process. One aspect to note here is that in the HMC approach large jumps in the phase space
trajectory can occur, due to accumulated integration errors for example. Once they happen some
re-thermalisation is required to return to sampling the target distribution, which can lead to extended
autocorrelation times. An alternative approach is to switch to the related SMD algorithm [11–14].
In the SMD an update cycle is schematically given by:

1.

Refresh 𝜋(𝑥, 𝜇) and 𝜙(𝑥) by a random field rotation:

2.
3.
4.

𝑐21 + 𝑐22 = 1, 𝑐 1 = 𝑒 −𝜖 𝛾 ,
short MD evolution
Accept/Reject-step
Repeat

𝜖 = MD integration time,

𝜋 → 𝑐1 𝜋 + 𝑐2 𝑣
𝜙 → 𝑐1 𝜙 + 𝑐2 𝐷 †𝜂
(𝑣 and 𝜂 normal distributed)
𝛾 = friction parameter
(exact algorithm)

Here 𝜋(𝑥, 𝜇), 𝜙(𝑥) and 𝑈 (𝑥, 𝜇) denote the momentum and pseudofermion fields as well as gauge
links, respectively. The SMD is an exact algorithm that coincides with the HMC at fixed 𝜖 and large
𝛾. For small 𝜖 the SMD can be shown to be ergodic and to converge to a unique stationary state
simulating the canonical distribution [15]. The SMD gives an effective reduction of unbounded
energy violations |𝛿𝐻|  1 and exhibits shorter autocorrelation times [6, 16], largely compensating
for the longer time per MDU required compared to the HMC. Note that we use the version of the
SMD with the accept/reject step included. When configurations are rejected the momentum is
reversed and the trajectory tends to backtrack with a period 𝑡 𝑎𝑐𝑐 = 𝛿𝜏𝑃 𝑎𝑐𝑐 /(1 − 𝑃 𝑎𝑐𝑐 ) [16]. As
a result rejections should ideally occur only at large distances in the evolution, mandating a high
acceptance rate typically in excess of 98%. In passing we remark that the smooth changes in 𝜙𝑡
√
and 𝑈𝑡 improve the update of the deflation subspace. Finally, note that since 𝛿𝐻 ∝ 𝑉, higher
integration rules should be used to increase integration precision as the volume is increased. The
second ingredient for an improved stability is to utilize a volume-independent norm for the solver
stopping criterion:
Í

√
∝ 𝑉

k𝜂k 2 =

uniform norm:

k𝜂k ∞ = sup 𝑥 k𝜂k 2 , V-independent
3

𝑥 (𝜂(𝑥), 𝜂(𝑥))

 1/2

˜ 2 ≤ 𝑤k𝜂k 2 ,
k𝜂 − 𝐷 𝜓k
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2.1 Improving algorithmic stability
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this norm guarantees the quality of a given solve and gives insurance against precision losses from
√
local effects. As final algorithmic ingredient, note that for the global accept/reject step 𝛿𝐻 ∝ 𝜖 𝑃 𝑉.
This can lead to accumulation errors for global sums and to remedy this issue quadruple precision
is implemented in openQCD-2.0.
2.2 The exponentiated Clover action

𝐷=

i
𝑖
1h  ∗
𝛾 𝜇 ∇ 𝜇 + ∇ 𝜇 − 𝑎∇∗𝜇 ∇ 𝜇 + 𝑐 𝑆𝑊 𝜎𝜇𝜈 𝐹ˆ𝜇𝜈 + 𝑚 0 .
2
4

(1)

Typically one next classifies the lattice points as even/odd and writes the preconditioned form,
𝐷ˆ = 𝐷 𝑒𝑒 − 𝐷 𝑒𝑜 (𝐷 𝑜𝑜 ) −1 𝐷 𝑜𝑒 with diagonal part (𝑀0 = 4 + 𝑚 0 ):
𝑖
𝐷 𝑒𝑒 + 𝐷 𝑜𝑜 = 𝑀0 + 𝑐 𝑆𝑊 𝜎𝜇𝜈 𝐹ˆ𝜇𝜈 .
4

(2)

In this form the Dirac operator is not protected from arbitrarily small eigenvalues originating from
the second, clover, term. In particular, the clover term can saturate the bound k 4𝑖 𝜎𝜇𝜈 𝐹ˆ𝜇𝜈 k 2 ≤ 3 while
the clover coefficient 𝑐 𝑆𝑊 at tree-level is one and then grows monotonically with 𝑔02 . Furthermore,
the positive and negative eigenvalues of the clover term are equally distributed. Taken together
this makes the above statement more precise as we see that 𝐷 𝑜𝑜 is not protected from arbitrarily
small eigenvalues. This effect becomes more pronounced in simulations with small quark masses
or rough, coarse gauge fields or large lattices. As the probability to encounter such an arbitrarily
small eigenvalue of 𝐷 𝑜𝑜 increases with the volume, large volume simulations become pathological.
To remedy this situation the suggestion is to use a different form of the clover term, one that is
bounded from below by construction (for further details see [7]):
𝐷 𝑒𝑒 + 𝐷 𝑜𝑜

h𝑐
i
𝑖
𝑆𝑊 𝑖
ˆ
ˆ
𝜎𝜇𝜈 𝐹𝜇𝜈 .
= 𝑀0 + 𝑐 𝑆𝑊 𝜎𝜇𝜈 𝐹𝜇𝜈 → 𝑀0 exp
4
𝑀0 4

(3)

One can convince oneself that this form is valid in terms of Symanzik improvement. It guarantees
invertibility of the clover term, one of the features that is not present in the standard setup.
2.3 The stabilised Wilson fermion package
Once more, we understand stabilised Wilson fermions as the combination of all the above
mentioned measures into one simulation setup. The algorithmic measures are not unique to the
exponentiated Clover action and can be used with other actions too. Some of the measures presented
here show increasing benefit as the volume of a simulation increases.
Note that in the SWF setup the suggestion is to introduce a local change to the action only3. The
exponentiated clover action preserves the perturbative, Symanzik, expansion, which is particularly
important for renormalisation. Employing the exponentiated clover could be interesting for other
Wilson-type fermion discretisations as well for this reason.
3In particular, the reformulation of the WCF with the exponentiated Clover does not amount to a type of smearing.
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Next we turn to measures aimed at improving aspects of the fermion discretisation. This
marks a departure from the standard WCF setup and defines a new action. To start, recall the
O (𝑎)-improved Wilson Dirac operator:
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While SWF increase the accessible parameter window for lattice simulations, as we will see
below, they do not cancel the drawbacks of Wilson fermions in general. For example, the Dirac
operator can still exhibit exceptionally small eigenvalues, although their source will not be the clover
term anymore. The SWF are not a cure for this problem but alleviate it for certain parameter regions.
Finding out where the edges of the parameter window are is part of our continuing motivation to
study SWF.

3. Exploratory studies in quenched QCD

3.1 Non-perturbative tuning of 𝑐 𝑆𝑊 and 𝑐 𝐴
To tune the improvement coefficients 𝑐 𝑆𝑊 and 𝑐 𝐴 we follow the well established procedure in
the Schrödinger functional scheme [24] (SF) and take over notation from there. Throughout this
section the lattice size is 𝐿 = 8 and 𝑇 = 16 with 𝑁 = 2000 independent configurations.
First, we determine 𝑐 𝑆𝑊 and 𝜅 crit by performing scans in 𝜅 for a given 𝛽 in the range 𝛽 = 6.0
and 𝛽 = 18.0 and a number of trial 𝑐 𝑆𝑊 values. The results are linearly interpolated to find
𝑀 = 0, where 𝑀 is a particular definition of the unrenormalized current quark mass independent
of 𝑐 𝐴 as defined from the axial Ward-identity in the SF with background fields. This determines
the point in 𝜅 for the corresponding interpolation of Δ𝑀, where Δ𝑀 is a linear combination of
Ward-identity quark masses that should vanish at finite lattice spacing when 𝑐 𝑆𝑊 is appropriately
tuned, up to small tree-level corrections. Once Δ𝑀 (𝑐 𝑆𝑊 ) has been determined for a number
of 𝑐 𝑆𝑊 values the results are again interpolated linearly to match the improvement condition:
Δ𝑀 = Δ𝑀 (0) | 𝑀 =0,𝑐𝑆𝑊 =1 = 0.000277/𝑎. The determined values of 𝑐 𝑆𝑊 (𝑔02 ) are well described by:
𝑐 𝑆𝑊 (𝑔02 ) =

1 − 0.7975𝑔02 − (−0.2633)𝑔04 − 0.3675𝑔06

.

1 − 0.9523𝑔02

(4)

The results for 𝑐 𝑆𝑊 (𝑔02 ) are plotted in Fig. 1 (left). In all cases the blue band denotes the standard
Clover results from [24] while the red points and bands show those obtained using the exponentiated
clover. Using the results for 𝑐 𝑆𝑊 - either direct numerical or from the interpolation - also 𝜅crit can
4The references here are just a few non-exhaustive examples chosen for their recent emergence.
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Before passing to full QCD we study the effects of the exponentiated clover action in quenched
QCD, i.e. 𝑆𝑈 (3) gauge fields with valence quark probes. As in full QCD the improvement
coefficients 𝑐 𝑆𝑊 and 𝑐 𝐴 need to be tuned non-perturbatively. The results of the tuning and the
quenched hadron spectra provide some valuable insights into the exponential clover action with some
caveats: Due to the special properties of the quenched theory the behaviour of the lowest Dirac
eigenvalues cannot be understood as rigorously as in the full QCD case, for example. Nevertheless,
we present results here as testbed for the exponentiated clover idea going towards full QCD.
In addition, even though quenched simulations for precision QCD observables are phasing out,
they are still commonly used4 for exploratory studies of new observables [17, 18], proof-of-concept
developments of new methods [19, 20] or in the context of BSM models [21] and high temperature
QCD [22, 23]. The presented studies, providing non-perturbatively tuned improvement coefficients
and insights into spectral behaviour, open up the benefits of SWF to these efforts as well.
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be determined. Both are shown in Fig. 1 (middle) in red and orange, respectively. The orange line
denotes a cubic spline interpolation of 𝜅 crit (𝑔02 ).
For the improvement coefficient 𝑐 𝐴 we next generate a number of SF-boundary condition
ensembles without background field and calculate the required correlators with fermionic twists
𝜃 = 1 and 𝜃 = 0 as outlined in [24]. This leads to the improvement condition: Δ𝑚 = 𝑚| 𝜃=1 −𝑚| 𝜃=0 =
Δ𝑚 (0) | 𝑚=0,𝑐 𝐴=0 = 0.000365/𝑎. Performing tuning scans, 𝑐 𝐴 can then be found in a similar way to
𝑐 𝑆𝑊 . The determined values for 𝑐 𝐴 (𝑔02 ) are shown in Fig. 1 (right). They can be described by the
functional form:
1 − 0.6347𝑔02
𝑐 𝐴 (𝑔02 ) = −0.00756𝑔02
.
(5)
1 − 0.9680𝑔02
3.2 Comparing the valence pion correlator for the standard and exponentiated clovers
To study the effect of the different clover terms on hadrons in the quenched theory, we compare
the pion correlation function in a large volume calculation with periodic (anti-periodic for the valence
quarks) boundary conditions. As first step we generated 𝑁 = 1000 independent configurations at
𝛽 = 6.0 (𝑎 = 0.093fm) with 𝐿 4 = 484 . On the same configurations we next calculate valence
pion correlation functions using the non-perturbatively tuned improvement coefficients for both the
standard and the exponentiated clover. We carefully tune 𝜅 in both cases to achieve the same 𝑃𝐶 𝐴𝐶
quark masses. Our aim is to compare the performance of both clover terms in a regime where
quenched calculations are known to suffer from the frequent occurrence of so-called exceptional
configurations. As such we set the valence masses to 𝑚 val
𝜋 = 320 MeV, whereby we use the same
solver and parameters in both cases. To convert to physical units we use the scale set in [25]. The
comparison is given in Fig. 2, with the standard clover in blue and the exponentiated clover in
red. The left panel shows the bootstrapped pion correlation functions, while the right panel shows
the Monte Carlo time history of the correlators at Euclidean time 𝑡/𝑎 = 20. We observe that the
exponentiated clover does not exhibit any exceptional configurations, as the large spikes observed in
the standard clover in the Monte Carlo history are absent. The correlation function is well behaved
for all distances, while for the standard clover exceptional configurations dominate the signal in the
long distance regime. Recall that these measurements are on identical configurations.
6
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Figure 1: Non-perturbative tuning of 𝑐 𝑆𝑊 and 𝑐 𝐴 as well as the measurement of 𝜅 crit in the SF in quenched
QCD. We follow the tuning procedure outlined in [24] and compare the standard clover (blue) from there
with our exponentiated clover (red) results. Left: Determination of 𝑐 𝑆𝑊 (𝑔02 ). Middle: Determination of 𝜅crit
using the numerical (red) and fitted (orange) results for 𝑐 𝑆𝑊 . Right: Determination of 𝑐 𝐴 (𝑔02 ).
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Figure 2: Left: The pion correlation function determined using the standard (blue) and exponentiated (red)
clover terms. Right: The Monte Carlo time history of the pion correlator at Euclidean time 𝑡/𝑎 = 20. Both
correlators are calculated on the same gauge configurations with the same solvers using their respective
non-perturbative improvement coefficients and tuned to the same mass.

4. Dynamical QCD with 2 + 1 quark flavours
Moving forward from the quenched case we next address full QCD with a light isospin doublet
pair of quarks and a single strange quark, albeit the mass of the strange quark is not set to its physical
value, as explained in Sec. 4.2. In the following we describe our overall setup and tuning strategies
as well as tuning goals. The results shown comprise some published in [7] in addition to new ones.
Throughout, to set the scale we use the gradient flow time criterion and to convert our calculations
√
into physical units we employ the gradient flow time 𝑡0 = 0.1464(18)fm, corresponding to
√
8𝑡0 = 0.414(5)fm taken from [26].
4.1 Non-perturbative tuning of 𝑐 𝑆𝑊 - extending the reach in 𝑎
Turning to full QCD the clover coefficient must once more be fixed and in [7] the procedure
of [24] was used to perform the tuning in the range 𝛽 ≥ 3.8 in 𝑁 𝑓 = 3 QCD. There, simulations
with three, mass-degenerate, dynamical flavours with 𝑆𝐹 boundary conditions where performed in
small volumes of 𝐿 = 8 and 𝑇 = 16. A similar procedure was followed for the standard WCF setup
in [27]. The resulting comparison figure is shown once more for reference in Fig. 3 (left).
Here, we extend the range of the non-perturbative tuning to 𝛽 ≥ 3.685. This time a larger
volume of 𝐿 = 16 and 𝑇 = 16 was used. The choice of 𝛽 = 3.685 corresponds to 𝑎 = 0.12 fm
(determined via 𝑡0 /𝑎 2 ). Such a coarse lattice spacing has interesting applications for methods
development and nuclear physics studies in particular. Adding this new point to the previous ones
we obtain the results shown in Fig. 3 (middle, right), where the blue band denotes a re-interpolation
of the clover coefficient. We find good agreement, within 1𝜎, with the previously determined
interpolation formula and confirm
𝑐 𝑠𝑤 (𝑔02 ) =

1 − 0.325022𝑔02 − 0.0167274𝑔04
1 − 0.489157𝑔02

in the extended range 𝛽 = 6/𝑔02 ≥ 3.685.
7
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4.2 Setting the chiral trajectory
Renormalisation and O (𝑎)-improvement complicate the approach to the continuum limit for
certain observables with Wilson fermions. As a result special care needs to be taken when choosing
the trajectory in bare parameter space to physical masses and the continuum limit. Here, we choose
a tuning strategy applied previously by the QCDSF [28] and CLS [29] collaborations.
The idea is to simplify tuning of the mass-parameters at given gauge coupling and reducing
mass-dependent cutoff effects by working at constant trace of the simulated quark mass matrix
(tr[𝑀] = const). The tuning starts at the flavour-symmetric point where all pseudoscalar meson
masses are degenerate and tr[𝑀] = 𝑚 𝑢 + 𝑚 𝑑 + 𝑚 𝑠 = 𝑁 𝑓 · 𝑚 ℓ = const depends on a single mass
parameter. As physical input the ground state masses of the pion and kaon are chosen, and tuning
𝑚 ℓ amounts to matching the meson mass combination
𝑚 2𝜋𝐾 =


2 2
𝑚 𝐾 + 𝑚 2𝜋 /2 ≡ 𝑚 2𝜋𝐾 | phys
3

(7)

to its physical value. This definition is motivated by leading order chiral perturbation theory, from
which it is known that 𝑚 2𝜋𝐾 ∝ tr[𝑀]. Corrections due to higher order contributions are known to
be reasonably small. With the starting point tuned, the masses between strange and the degenerate
light isospin doublet 𝑚 𝑠 ≠ 𝑚 𝑢 = 𝑚 𝑑 is split by keeping tr[𝑀] = const. When the pion mass is
decreased to its physical value, the kaon mass also approaches its physical value as a result.
When choosing the input for matching the lattice theory to experiment, we have to subtract
small (perturbative) effects arising from strong isospin breaking and electromagnetic effects in
physical hadron masses. We follow the procedure outlined in [30], leading to input values (in MeV)
𝑚 𝜋 | phys = 134.8(3), 𝑚 𝐾 | phys = 494.2(3) ⇒ 𝑚 𝜋𝐾 | phys = 410.9(2) .

(8)

Similarly, we quote the physical values for the pion and kaon decay constants (in MeV)
𝑓 𝜋 | phys = 130.4(2), 𝑓𝐾 | phys = 156.2(7) ⇒ 𝑓 𝜋𝐾 | phys = 147.6(5) .
8
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Figure 3: Non-perturbative tuning of 𝑐 𝑆𝑊 using the Schrödinger functional for 𝑁 𝑓 = 3 full QCD. Left: In
[7] we compared the results of the SWF with those using the standard WCF setup [27]. Middle and right:
Extending the range in 𝑔02 we tune 𝑐 𝑆𝑊 also for 𝑎 = 0.12 fm. The red band denotes the interpolation formula
from before while the blue shows the updated result.
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4.3 Validation

• For the chiral trajectory the tuning quantity 𝜙4 = 8𝑡0 (𝑚 2𝐾 + 𝑚 2𝜋 /2) is within 0.5% of the target
value of 1.115 with an error of max. 1𝜎.
• Total reweighting factor fluctuations are mild and ideally below 5%.
• The SMD step distance 𝛿𝜏 is set to maximise the backtracking period 𝑡 𝑎𝑐𝑐 = 𝛿𝜏 𝑃 𝑎𝑐𝑐 /(1 −
𝑃 𝑎𝑐𝑐 ) [16].
• Distribution of 𝛿𝐻 matches that set by the acceptance rate.
• Distribution of the lower and upper bounds of the spectral gap for the strange quark are within
the input ranges and the degree of the Zolotarev is sufficiently high, 12(𝑉/2)𝛿2 < 10−4 [10].
• Observed well-behaved and gapped distribution of the lowest Dirac operator eigenvalue.
Furthermore, we carefully estimate the distance between two configurations, labelled as independent, based on the autocorrelation time of the topological charge 𝑄 computed via the gradient flow.
The boundary conditions are changed to open boundaries once we observe a marked and significant
increase in the autocorrelation time of 𝑄 signalling a possible freezing of topology. We check that
there are no visible thermalisation effects in all of the above as well as in the plaquette, 𝑡 2 h𝐸i as well
as 𝑃𝑃 and 𝑃 𝐴 correlators in addition to observing the rule-of-thumb of thermalising a minimum
of five autocorrelation lengths.

5. First Ensembles and preliminary results
With some of the overall features of the SWF setup established in the preceding studies we
study their scaling properties in large (non-SF) volumes for a few observables. In particular we
focus on the ensembles listed in Tab. 1. We adopt a naming convention in which simplified values
of the lattice spacing 𝑎 and the pion mass 𝑚 𝜋 are combined into a unique label.
There are some differences in the methodologies and statistics quoted for the the different
analysis performed. For the study of the continuum limit at the SU(3)𝐹 symmetric point, we have
analyzed 100 independent configurations for each of the 4 lattice spacing. The list of observables
contains the simplest hadrons and the analysis method follows Ref. [29] connecting well to our
previous work in [7]. To study the pion mass dependence we have analyzed a larger number
of gauge configurations and enlarged the number of observables, including the baryon decuplet
and full octet spectrum. Also a more advanced analysis methodology is deployed. This reflects
our growing data repository and evolving analysis methodologies as more varied and complex
observables become available. All results presented here are preliminary.
9
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Once the above outlined trajectory is tuned using the already available non-perturbatively 𝑐 𝑆𝑊 ,
the generation of large volume gauge ensembles with well defined physical mass and continuum
limits is enabled. To ensure the trajectory is followed to sufficient accuracy for the argument to hold
as well as to ensure the overall validity and quality of the gauge configurations produced, a number
of tuning goals and quality criteria should be fixed. As the understanding of the used algorithms
and QCD itself increases this list is constantly extended. Here, we highlight a small number of
examples of observables aimed at showing stability of the generation process. To label a set of
configurations as safe we set the targets:
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label
a12m400
a094m400
a094m300
a094m200S
a064m400
a055m400

𝑎 (fm)
0.12
0.094
0.094
0.094
0.064
0.055

𝑚 𝜋 (MeV)
410
408
293
215
409
412

𝛽
3.685
3.8
3.8
3.8
4.0
4.1

𝜅𝑢𝑑
0.1394400
0.1389630
0.1391874
0.1392888
0.1382720
0.1379450
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𝜅𝑠
0.1394400
0.1389630
0.1385164
0.1383160
0.1382720
0.1379450

dimension
96 × 243
96 × 323
96 × 323
96 × 323
96 × 483
96 × 483

5.1 First scaling studies and initial continuum extrapolations at the 𝑆𝑈 (3) 𝐹 point
To start our study of the scaling properties of the SWF setup, we show the approach to the
continuum of the renormalised pion decay constant 𝑓 𝜋 at the flavour symmetric point in Fig. 4
(left) from [7]. The full symbols denote results obtained using SWF on a094m500 and a064m400,
while the open squares show results obtained using WCF [26]. A key difference here is the
renormalisation, as in the latter 𝑍 𝐴 was computed in the SF scheme, while in the SWF case we
chose to determine 𝑍 𝐴 using the gradient flow [31]. This has advantages for the scaling but also lets
us eliminate the effect of 𝑐 𝐴 [7, 31]. However, this obscures the continuum scaling and therefore
we added simulations with WCF renormalised in the same way as the SWF (open circles).
Turning to relative 𝑎𝑚 𝑞 effects, in Fig. 4 (middle and right) we compare ratios of observables
at the flavor symmetric point and their counterparts at lower quark mass. In particular we study
𝑡0 /𝑡0,sym and 𝜙4 /𝜙4,sym for the SWF (middle) and the WCF (right). The latter were computed on
configurations generated and presented in [29]. The SWF results were derived from the ensembles
a094m400, a094m300 and a094m200. The 𝑥-axis in these cases is labelled by 𝜙2 = 𝑚 2𝜋 8𝑡0 . These
results clearly indicate that, on the lines of constant physics chosen here and for these 2 observables,
𝑡0 and 𝜙4 , cutoff effects for SWF are reduced in comparison with WCF.
Adding to these previously known results we next turn to new results using also our new
ensmebles. At the SU(3)𝐹 flavor-symmetric points we now have access to four lattice spacings
𝑎 = 0.12, 0.094, 0.064, 0.055 fm. Note, that the last uses open boundary conditions, unlike the
other ensembles, as we observed a significant slow down in topological charge tunneling. On these
plaq
new ensembles we first determined the ratio 𝑡0clov /𝑡0 . The continuum limit of this quantity is
exactly 1 and it was studied using WCF [29], giving an interesting opportunity for a comparison.
The results are shown in Fig. 5 (left) as a function of 𝑎 2 /𝑡0 , whereby the black squares denote
the SWF and the red/orange the WCF results obtained from [29]. We fit both data sets with a
Padé ansatz and we find that higher order discretization effects set in at finer lattice spacings for
WCF. Since 𝑚 𝜋 is used to tune the trajectory and set the flavour symmetric point, the next stable
particle that we can study with predictive power is the nucleon. Using the same ensembles as in the
plaq
preceding study of 𝑡0clov /𝑡0 , we determined the nucleon correlation function using point sources
with 100 configurations and 16 stochastic source locations. We then determined the nucleon mass by
10
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Table 1: Details of the gauge field ensembles used for the scaling studies and determination of the hadron
spectrum shown below. A listing of all available configurations is not given as we are currently producing
more. The subscript added to a094m200S denotes the small volume of the ensemble, we are currently
producing a larger one as discussed in Sec. 6.
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WCF

1.25
1.2

SWF, pt-corrs
lin.fit
"Ruler plot": MN = 800MeV + mπ

mN/mπ

2.96
preliminary
2.92
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1.15
1.1

2.88

1.05
1

a2/t0

a2/t0
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Figure 5: First scaling studies including new, preliminary, ensembles. Relative effects in 𝑡 0clov /𝑡0 (left) and
𝑚 𝑛𝑢𝑐𝑙𝑒𝑜𝑛 /𝑚 𝜋 (right) show good scaling in the SWF setup. These observations need to be further confirmed
before firm conclusions can be drawn.

performing 2-state and 1-state fits to determine the longest stable plateaus following the procedure
outlined in [29] and quote the ground state mass and error of the 1-state fits. Plotting the results as
𝑚 𝑁 /𝑚 𝜋 vs. 𝑎 2 /𝑡0 in Fig. 5 (right) we perform a rudimentary continuum extrapolation with a linear
fit in 𝑎 2 . At the level of accuracy achieved we observe good scaling properties up to 𝑎 = 0.12 fm
in the nucleon-to-pion mass ratio. For reference we give the “ruler plot” result [32, 33] at this pion
mass as well. Both studies are still at a preliminary level and the nucleon mass in particular should
be considered at an early stage. We emphasize that the indications of reduced cutoff effect for SWF,
in comparison with WCF, we found in these preliminary studies refer to the specific observables
analyzed here. Whether this is a general feature of this new lattice action is left to future studies. If
further confirmed, the good scaling in 𝑚 𝑁 up to 𝑎 = 0.12 fm at the flavour symmetric point could
be particularly interesting. It can directly impact nuclear physics applications, e.g. the H-dibaryon
[34–36], where larger than expected discretisation effects have been shown to have the potential to
spoil the conclusions drawn from finite-𝑎 calculations once the continuum limit [37, 38] is taken.
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Figure 4: First scaling studies at 𝑎 = 0.094 and 0.064 fm. Left: 𝑓 𝜋 , renormalised using the gradient flow,
scaling in lattice spacing 𝑎. Right: Chiral scaling at fixed 𝑎 for the quantities 𝑡0 /𝑡0,sym (top) and 𝜙4 /𝜙4,sym
(bottom) with SWF (middle) and WCF (right) setups. Figures from [7].
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Figure 6: Top row: Amplitudes (left) and effective masses (right) in lattice units for the proton on a094m300.
In the left panel we show the SP results only. Here, the gray bands represent the prior width of 1𝜎. The
dark gray band on the right represents the selected fitted time window. An extrapolation beyond this range
is shown after a break in the fit band. Bottom row: Fit window dependence of our results for the pion (left)
and proton (right). The figures show (from top to bottom): The value of 𝐸 0 (𝑡 𝑚𝑖𝑛 , 𝑁 𝑠 ), the corresponding 𝑄
values and the relative weights, based on the Bayes factor. The chosen fit window and 𝐸 0 are denoted by a
filled black symbol, 𝑡 𝑚𝑖𝑛 = 8 (pion) and 7 (proton), and the horizontal band.

5.2 First results on the pion mass dependences of hadrons
In this section we present a spectroscopic analysis of light and strange hadron masses on
SWF gauge ensembles with the goal to establish a first look at their pion mass dependence. The
calculation of the hadron spectrum has been performed using the lalibe [39] software package,
built on top of Chroma [40, 41]. The codes have been modified to include the exponentiated clover
term needed for SWF simulations, both for CPU and for GPU calculations. In the following, we
select the ensembles a094m400, a094m300 and a094m200S, with 𝑁 = 234, 167, 210 evaluated
configurations, respectively. We used point and smeared sources, with 16 source positions each,
for the correlation functions. We fix the smearing setup by studying four sets of gauge invariant
smearing parameters, 𝑁 smear and 𝜎, the input parameters of the GAUGE_INV_GAUSSIAN routine in
Chroma, as suggested in [42]. The parameters with the best trade-off between the reduction of
excited state contamination and the loss of signal are chosen for the following analyses. We find that
𝑁 smear = 32 for the number of iterations and 𝜎 = 3.86 for the smearing width are a good choice.
In total we gather ∼ 3000 measurements of point-smeared (PS) and smeared-smeared (SS)
correlators for each hadron and ensemble. Their analysis is performed using the Bayesian analysis
framework for constrained curve fitting as described in [43, 44]. The 𝑛-state function used as ansatz
12
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reads:
𝐶 (𝑡, 𝑍 𝑃,𝑛 , 𝑍 𝑆,𝑛 , 𝐸 𝑛 ) =

𝑛=𝑁
Õ𝑠

𝑍 𝑆,𝑛 𝑍 𝑆/𝑃,𝑛 𝑒 −𝐸𝑛 𝑡 ,

(10)

𝑛=0

where 𝑍 𝑃,𝑛 and 𝑍 𝑆,𝑛 are the amplitudes for the point and smeared sources/sinks. We are postponing
a detailed study of the decay constants to future work and, therefore, do not include renormalisation
constants at this point. The fit is performed in a combined way on both the PS and SS correlators.
Following [43] the Bayesian constraints on the fit are introduced through an addition to the 𝜒2
function to be minimized. We have to add a term for each prior, that is for every energy and the
amplitude that we fix. The prior 𝜒2 term is then:
𝜒2𝑝𝑟 𝑖𝑜𝑟 =

𝑁𝑠
𝑁𝑠
𝑁𝑠
Õ
(𝑍 𝑆,𝑛 − 𝑍˜ 𝑆,𝑛 ) 2 Õ
(𝑍 𝑃,𝑛 − 𝑍˜ 𝑃,𝑛 ) 2 Õ
(𝐸 𝑛 − 𝐸˜ 𝑛 ) 2
+
+
,
𝜎
˜ 𝑍2 𝑃,𝑛
𝜎
˜ 𝑍2 𝑆,𝑛
𝜎
˜ 𝐸2 𝑛
𝑛=0
𝑛=0
𝑛=0

(11)

the chosen prior values for 𝐸 0 , 𝑍 𝑃,𝑛 , 𝑍 𝑆,𝑛 are normally distributed, while the excited-state energy
priors are set to be log-normal, to preserve their order. The excited-state energy splittings are set to
2𝑚 𝜋 with a width allowing for fluctuations down to one pion mass within one standard deviation.
In Fig. 6 (top row) we present an overview of the prior setting procedure and the resulting final
numbers for the proton on a094m300. The choice of the standard deviation priors for the ground
state amplitudes and energy has been set as roughly ten times the expected uncertainty of the final
parameter, denoted by the light grey bands in the top row of the figure. To choose the fitting window
(𝑡 𝑚𝑖𝑛 , 𝑡 𝑚𝑎𝑥 ) and the number of states to fit 𝑁 𝑠 we perform a scan in the parameter space with fixed
𝑡 𝑚𝑎𝑥 = 28 (pion) and 16 (proton). The results for the pion (left) and proton (right) are shown in
Fig. 6 (bottom row). We observe stable fits with respect to the fit window and the number of states,
provided 𝑁 𝑠 is large enough to fully capture the correlation function. The choice of 𝑡 𝑚𝑖𝑛 and 𝑁 𝑠 is
made on a per-ensemble basis for the mesons and the baryons separately, meaning that all mesons
share the same set of parameters and all baryons share another. In the future the new Bayesian
model averaging [45] could be employed to further reduce this bias.
In passing we note that the 𝑁 𝑠 = 1, 2 results, corresponding to 1-state/2-state fits respectively,
generally lead to comparable or smaller errors than the results obtained with the Bayesian method.
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Figure 7: Spectrum for the light and strange hadrons for the ensembles at 𝛽 = 3.8. The left plot reports the
mesons, the center plot is for the baryon octuplet, while the right one shows the baryon decuplet. The black
point is the flavour symmetric ensemble a094m400. The vertical line represents the physical point.
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The results for the masses of the light and strange hadrons obtained with the outlined procedure
are summarised in Fig. 7. In particular we show the meson, baryon octet and decuplet pion mass
dependences. We are currently updating these studies to include all ensembles and configurations
enabling a chiral and continuum extrapolation in the future. Our goal is to establish robust results
as future benchmarks and standard reference for spectroscopy using SWF.

6. The OPEN LATtice initiative

6.1 Open science policy
To us the goals of the initiative are closely tied to an open science policy. It is important that
the community can access our results and gauge fields so that research on SWF can be facilitated
and accelerated. We summarise our activity and open science policy in four main points:
• define and uphold quality: Define standards for control observables, continue to research and
improve best practices.
• share and maintain repository: Manage downloads and maintain data integrity, while making
all control measurements and data available.
• community boosting: Use resource injections from members and interested/early access
parties to expand set of gauges.
• grant and enable access: Ensure that configurations will be made open access with accompanying first publication without further discriminating access control.
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Stabilised Wilson fermions combine and build upon recent developments in the generation of
gauge fields for use in lattice QCD. The newest ingredient, the exponentiated clover term, builds on
long established paradigms of action design and one of its motivations was to make WCF safe for
larger volumes. This includes in particular master-field type simulations, however their beneficial
effect is there for all types and sizes of lattice. The initial studies of [7] show a reduced 𝑐 𝑆𝑊
compared to standard clover simulations, alongside some indication of positive scaling behaviours.
For example we saw a benefit in relative 𝑎𝑚 𝑞 effects. In this current study we also observe good
scaling in flow and hadronic observables going towards the continuum. Deploying the full SWF
toolkit we observe that stable simulations can be run in an extended parameter window. The,
unrelated, reported master-field simulations [8, 9] are examples for their safety in 𝐿 but also the
presented studies at 𝑎 = 0.12 fm in this work show the possible benefit. Recall, that large volume
simulations with WCF are necessarily pathological as the clover term becomes non-invertible. How
far SWF do extend the parameter window and what exactly the scaling benefits are is currently
not determined. It is a key motivation for us to study SWF in more depth and to continue their
investigation. To make this possible we founded and are announcing here a new collaborative
effort: the OPEN LATtice initiative. It brings together researchers from different institutes and to
pool resources. Together we want to generate state-of-the-art QCD gauge ensembles for physics
applications and share them with the community under the open science philosophy. Much of the
progress achieved and reported here is under the umbrella of this initiative.
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Figure 8: Ensembles at the production (top-left) and at the tuning (top-right) stages. The colored bands
denote the corresponding 𝑚 𝜋 𝐿 regions. A discontinued a094 ensemble with 𝑚 𝜋 𝐿 = 2.1 at 𝑚 𝜋 = 135 MeV
is shown as grey star. The bottom figure shows an overview of all ensembles over lattice spacing.

6.2 Planned ensembles
Our goal is to generate ensembles that make best use of the beneficial SWF properties observed
so far. First, we want to exploit the benefits in the coarse regime, where lighter pion masses than
before seem possible. This is especially interesting for nucleon and nuclear physics applications
where the cost of contractions can be high or signal-to-noise issues play a dominant role. Second,
the ensembles should enable extrapolations from an as broad as possible window in 𝑎 and 𝑚 𝜋
to control their systematics. Reduced mass dependent cutoff effects could prove useful, e.g., for
applications in the meson sector like when studying (𝑔 − 2) 𝜇 or for the calculation of the the neutron
electric dipole moment [46]. Finally, they should cater for controlled estimation and exploitation
of finite volume effects and their scaling.
For all planned ensembles all configurations have to pass the criteria outlined in Sec. 4.3.
Additionally, they must satisfy the condition that 𝑚 𝜋 𝐿 & 4 and 𝐿 & 3 fm for production level
ensembles. Ideally all ensembles should be available with two volumes in the 𝑚 𝜋 𝐿 ∈ 4 − 6 range.
In the first iteration we plan to generate and share ensembles with four different lattice spacings,
𝑎 = 0.064, 0.077, 0.094 and 0.12 fm, with periodic/anti-periodic boundary conditions. Furthermore, there will be one finer lattice spacing with open boundary conditions at 𝑎 = 0.055 fm5. Their
simplified labels are a12, a094, a077, a064 and a055. The flavor symmetric point is tuned in all of
5We use open boundary conditions as we observe signs of the onset of topology freezing at this lattice spacing.
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