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In order to study spectral quantities in thermal QCD, the FASTSUM collaboration employs
anisotropic lattice simulations with N f = 2+ 1 flavours of Wilson fermions. Here we discuss
our Generation 2 and Generation 2L ensembles, which differ in the pion mass. The focus is on
observables related to the light quarks and chiral symmetry restoration.
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1. Introduction

The study of strongly interacting matter under extreme conditions remains a topical challenge
in thermal lattice QCD. The aim of the FASTSUM collaboration [1] is to go beyond bulk thermo-
dynamic quantities and arrive at a detailed understanding of spectral quantities in both the hadronic
and quark-gluon plasma phases. By providing a thorough analysis of mesonic and baryonic chan-
nels over a range of temperatures, a comprehensive understanding can be obtained, linked with e.g.
manifestations of chiral symmetry restoration for light quarks, interquark potentials for heavy ones,
and transport for conserved currents. Such a study is relevant for the phenomenology of heavy-ion
collisions, where (possibly flavour-dependent) in-medium effects play an important role.

From the perspective of simulations, these studies are still at a more exploratory stage than
is the case for QCD bulk thermodynamics. While for the latter [2, 3], simulations are carried
out at the physical point and for a sequence of lattice spacings, permitting an extrapolation to the
continuum limit, in our programme we are currently working away from the physical point and at a
single spatial lattice spacing. There are (at least) two reasons for this, both related to having access
to a sufficient number of lattice points in the temporal direction: we employ Wilson-type quarks
rather than staggered ones, often used for thermodynamics, to ensure every time slice contributes
in the analysis; we use anisotropic lattices, with aτ < as, to increase temporal resolution. The latter
implies that a new tuning of the anisotropy parameters is required each time the lattice spacing is
changed. In this contribution, we update the status of our project, moving to lighter quarks, while
staying at approximately the same lattice spacings, with as/aτ ∼ 3.5. Compared to last year [4],
we have increased the statistics and made progress on the analysis of the ensembles, especially at
the lower temperatures. Here we report on our findings for susceptibilities, the chiral condensate,
baryons and parity doubling. In two related contributions, O(µ2) corrections to the light meson
spectrum [5] and bottomonium on the new ensembles [6] are discussed. Other work considering
QCD thermodynamics with Wilson-type quarks includes Refs. [7–10].

2. FASTSUM ensembles

We consider N f = 2+ 1 dynamical quark flavours, of the Wilson-clover type, on anisotropic
lattices with ξ = as/aτ ≈ 3.5. The tuning of the anisotropy and the ensembles at the lowest temper-
ature (“T = 0”) are made available through the HadSpec collaboration [11, 12] and denoted with
a ∗ below. We work at a single fixed lattice spacing. While the strange quark mass ms is at its
physical value, the light quarks are not yet at the physical point. En route from mq → mud , we
consider here our Generation 2L ensembles, with mπ = 236(2) MeV, and contrast them with our
previous Generation 2 ensembles, with mπ = 384(4) MeV [13, 14]. We employ [15] a modifica-
tion of OpenQCD [16], to include anisotropy and stout-smearing, supplemented with a stand-alone
spectroscopy code [17]. Details of the Gen 2L ensembles are given in Table 1, while those for Gen
2 can be found in Refs. [4, 13, 14].

3. Fluctuations and chiral properties

In order to interpret the results from the spectral studies at finite temperature, it is necessary to
first understand properties of the thermal crossover for Wilson fermions. Here we give some results
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Nτ 256∗ 128 64 56 48 40 36
T [MeV] 23 47 94 107 125 150 167

Ncfg 750 306 1041 1042 1123 1102 1119
Nτ 32 28 24 20 16 12 8

T [MeV] 187 214 250 300 375 500 750
Ncfg 1090 1031 1016 1030 1102 1267 1048

Table 1: Gen 2L ensembles, mπ = 236(2) MeV, lattice size 323×Nτ , spatial lattice spacing as = 0.1136(6)
fm, temporal lattice spacing a−1

τ = 5.997(34) GeV, anisotropy as/aτ = 3.453(6).

linked to fluctuations and chiral properties, comparing the Gen 2 and 2L ensembles. Since the dom-
inant difference is a reduction of the pion mass, it is expected that the pseudocritical temperatures,
marking the crossover, shift to lower values as mπ is reduced.

In Fig. 1 we show the susceptibilities representing fluctuations of isospin, electric charge and
baryon number, and light and strange quark number, normalised with the lattice Stefan-Boltzmann
result for massless quarks, comparing Gen 2 [14] and 2L. The most important result is the shift
of the transition to lower temperatures, as expected. This can be quantified by fitting the data
with cubic splines and determining the temperature of the inflection point, to define pseudocritical
temperatures. The findings are summarised in Table 2.

In addition, we have studied the chiral condensate and susceptibility for light quarks, defined
via the first respectively second derivative of the free energy with respect to the quark mass. In
order to renormalise these, we note that we use a fixed-scale approach, in which additive and
multiplicative renormalisation factors are independent of the temperature. We first discuss the
susceptibility, see Fig. 2 (right). To remove the additive divergence, we subtract the value at the
lowest temperature. The remaining multiplicative factor is the same at all temperatures, but not the
same for Gen 2 and 2L, which may explain the different behaviour at large temperatures; it can
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Figure 1: Susceptibilities χ/χSB for isospin (I), electrical charge (Q) and baryon number (B) (left), and light
and strange quark number (right), normalised with the massless, lattice Stefan-Boltzmann result, for Gen 2
and 2L. The lines are meant to guide the eye.
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Figure 2: Renormalised chiral condensate (left) and subtracted chiral susceptibility (right), for Gen 2 and 2L.

Tpc [MeV] Tpc [MeV]
observable Gen 2 Gen 2L observable Gen 2 Gen 2L

χI 168.0(2) 157.2(1) χlight 162(2) 154(1)
χQ 167.9(8) 157.3(3) χstrange 184(1) 161(1)
χB 172(2) 153(1) 〈ψ̄ψ〉R 181(1) 162(1)

χψ̄ψ 167(3) 165(2) R 164-177 159-161

Table 2: Pseudocritical temperatures extracted via various susceptibilities χ , the renormalised chiral con-
densate 〈ψ̄ψ〉R, and the parity doubling parameter R for octet and decuplet baryons. The latter depends on
strangeness in Gen 2, but significantly less so in Gen 2L.

indeed be absorbed by a simple rescaling. The interest is in the peak position, which is extracted
using a simple fit according to A/[B2 +(T −Tpc)

2]. The result for this pseudocritical temperature
is given in Table 2 as well, labelled by χψ̄ψ . We note that for Gen 2 the peak is broader and less
pronounced, as expected of a pseudocritical scaling, making the estimate less reliable.

For the chiral condensate, we follow the procedure of Refs. [7, 18], which yields a renormal-
ized result for mR〈ψ̄ψ〉R, where mR denotes the renormalised quark mass. To make this quantity
dimensionless and well-defined in the chiral limit, we normalise it with m2

πm2
Ω

, using the “T = 0”
values for Gen2 and 2L respectively. The result is shown in Fig. 2 (left). We observe a shift of the
inflection point towards lower temperatures. Following Ref. [9], we fit the temperature dependence
according to A+Barctan[C(T −Tpc)], including only the data points in the S-shaped part, which
yields the values for the pseudocritical temperature given in Table 2. The observed drop of the
value of the condensate at higher temperatures is currently under investigation.

Unlike in the case of staggered quarks, thermal simulations with Wilson-type fermions do not
yet take place at the physical point. Hence it is important to compare the pion mass dependence
of our results with those in the literature. This is presented in Fig. 3 for the renormalised chiral
condensate, where results from twisted-mass fermions [9] are compared to ours. We note a good
consistency between the different Wilson-type formulations, providing support for our findings.
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Figure 3: Estimates for the pion mass dependence of Tpc, extracted from the inflection point of the renor-
malised chiral condensate, for twisted-mass [9] and Wilson-clover (this work) fermions.
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Figure 4: Parity doubling parameter R for octet (left) and decuplet (right) baryons as a function of tempera-
ture. The vertical lines indicate the inflection points.

4. Baryons and parity doubling

As a second topic, we consider parity doubling in the light baryon sector, previously discussed
for the Gen 2 ensembles in Refs. [19–21], and its relation to chiral symmetry breaking/restoration.
Starting from the euclidean correlator G±(τ) for positive- and negative-parity states, we construct a
quasi-order parameter R from the ratio R(τ) = [G+(τ)−G−(τ)]/[G+(τ)+G−(τ)], see Refs. [19–
22] for details. In the case of parity doubling, i.e. no chiral symmetry breaking, this ratio tends to
0, while it is positive when the respective ground states satisfy m−� m+. The results for Gen 2L
are shown in Fig. 4. As before [21], we observe a systematic drop as the temperature increases and
an ordering at high temperature according to strangeness, due to the nonzero strange quark mass.
However, while for Gen 2 the inflection points, indicating the transition, show some dependence
on the strangeness content [21], here we find that the inflection points essentially coincide, at the
lower temperature interval 159-161 MeV, as indicated in Table 2. Overall we find therefore that the
pseudocritical temperature from all observables shifts to lower values as the pion mass is reduced
and, moreover, that the strangeness dependence is reduced.
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Figure 5: Temperature dependence of the nucleon ground state masses m± in the two parity channels, for
Gen 2 (left) and 2L (right). Dotted lines indicate the value at the lowest temperature and are meant to guide
the eye, while the stubs sticking out on the left are the physical values.

As a final result, we present the temperature dependence of the nucleon ground state masses
in the hadronic phase, comparing the results for Gen 2 [21] with those in Gen 2L, see Fig. 5. Due
to the light quarks being closer to the physical value, we observe a better agreement with nature at
the lowest temperature, indicated with the short stubs on the left. In Gen 2L we are able to note
the absence of temperature dependence up to at least T = 100 MeV. At higher temperatures the
emergence of parity doubling can be observed, following the trend found in Ref. [21]. Interestingly,
a more pronounced drop close to the transition to the deconfined phase is visible also for m+, albeit
with large uncertainty. A full analysis of all light baryons will be given elsewhere.

5. Summary

An overview was presented of FASTSUM’s anisotropic N f = 2+ 1 ensembles, comparing
Generations 2 and 2L, with mπ = 384(4) and 236(2) MeV respectively, with a focus on properties
of the chiral crossover with Wilson fermions. A full study of spectroscopy is currently in progress.
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