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Abstract. The QCD cross-over line in the temperature (T ) – baryo-chemical
potential (µB) plane has been computed by several lattice groups by calculating
the chiral order parameter and its susceptibility at finite values of µB. In this
work we focus on the deconfinement aspect of the transition between hadronic
and Quark Gluon Plasma (QGP) phases. We define the deconfinement temper-
ature as the peak position of the static quark entropy (S Q(T, µB)) in T , which
is based on the renormalized Polyakov loop. We extrapolate S Q(T, µB) based
on high statistics finite temperature ensembles on a 163 × 8 lattice to finite den-
sity by means of a Taylor expansion to eighth order in µB (NNNLO) along the
strangeness neutral line. For the simulations the 4HEX staggered action was
used with 2+1 flavors at physical quark masses. In this setup the phase dia-
gram can be drawn up to unprecedentedly high chemical potentials. Our results
for the deconfinement temperature are in rough agreement with phenomeno-
logical estimates of the freeze-out curve in relativistic heavy ion collisions. In
addition, we study the width of the deconfinement crossover. We show that
up to µB ≈ 400 MeV, the deconfinement transition gets broader at higher densi-
ties, disfavoring the existence of a deconfinement critical endpoint in this range.
Finally, we examine the transition line without the strangeness neutrality con-
dition and observe a hint for the narrowing of the crossover towards large µB.
This work is based on Ref. [1].

1 Introduction

In the last decades, a large body of evidence has been gathered on the crossover transition
between the hadronic and Quark Gluon Plasma (QGP) phases of QCD at zero net baryon den-
sity, both from theory [2–7] and the phenomenology of heavy ion collision experiments [8–
10]. Theoretically, there are two distinct aspects of the QCD transition. One is chiral sym-
metry restoration and the other is deconfinement. Lattice computations have mostly focused
on chiral transitions compared with confinement aspects. The main goal of this work is to
further study the deconfinement properties of the QCD medium at non-zero µB, by extending
the accessible range in non-zero baryochemical potential.
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Direct simulations at finite µB are hindered by the sign problem. Here we apply the
Taylor method to the Polyakov loop and related observables using an eighth order expansion
in the baryochemical potential-to-temperature ratio µB/T . We simulate lattices with a fixed
number of time-slices, Nt = 8. The aspect ratio of Nx/Nt = L · T = 2 is chosen in order to
keep the sign problem under control, allowing us to reach 400 MeV in the baryo-chemical
potential. We take advantage of the fact that the Polyakov loop is much less sensitive to finite
volume corrections compared with chiral observables.[11] Simulating with extreme statistics
(> 1 million configurations) at each temperature in a finite volume, we calculated the bare
Polyakov loop in the entire range covered by the Beam Energy Scan program in collider
mode.

The main observable calculated in this work is the static quark free energy FQ, that is
based on the expectation value P of the Polyakov loop: P = 1

3
1
V

〈∑
x⃗∈V Tr

∏Nt−1
t=0 U0(t, x⃗)

〉
.

Here the product refers to the multiplication of the temporal link variables (U0) of the gauge
field along the entire temporal direction of the lattice that consists of Nt time slices. Thus, a
Wilson line is formed and its normalized trace is the Polyakov loop. It is averaged over the
three-volume V as well as over the ensemble of gauge configurations.

From P, the static quark free energy is then defined as FQ = −T log P. It follows from the
additive nature of the FQ renormalization that the static quark entropy S Q(T, µB) = − ∂FQ(T,µB)

∂T
is well defined, and the scheme dependence cancels in the continuum limit. We defined the
transition line as the peak of the renormalized static quark entropy.

2 Deconfinement versus Chiral transition lines
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Figure 1. Left: the deconfinement line (orange) defined as the peak position of the static quark entropy
(S Q) at fixed µB as a function of µB. We add the chiral transition line from lattice QCD [12] in the phase
diagram, defined from the peak of the full chiral susceptibility, as well as the corresponding result
based on Dyson-Schwinger equations [13] (the latter used the µS = µB/3 scheme as an approximation
to nS = 0). We also include the chemical freeze-out parameters [14, 15]. Right: the width associated
to the deconfinement (orange) and chiral (blue) transitions: the two differ already at µB = 0. With
increasing µB, while the chiral width is mostly constant, the deconfinement width grows.

The transition line in this work could be extended up to 400 MeV in the baryo-chemical
potential. It closely follows the chiral crossover line, though the latter is known with larger
errors and in a smaller range. With this result the phenomenological freeze-out line can be
compared to the deconfinement line in a longer range than before. In particular, we cover the
full range of the STAR freeze-out determination of Ref. [14]. The curvature of the static quark
entropy at its peak can be used to define a width parameter for the deconfinement crossover.
We showed that up to µB ≈ 400 MeV, the width parameter is getting larger at larger µB. This
disfavors the existence of a deconfinement critical endpoint in this regime.
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3 Comparison between nS = 0 and µS = 0
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Figure 2. Left: The maximum position of S Q(T ) for fixed baryo-chemical potential (µB). We show
both setups with (nS = 0) and without (µS = 0) strangeness neutrality. We quote a rounded value of
the curvature of the chiral transition and show the corresponding transition line for further guidance.
We also show the sixth order result on the phase diagram. The eighth order is clearly significant above
350 MeV. Right: The width of the transition defined as ∆T (µB) =

√
− S Q (T, µB)

/
∂2S Q (T,µB)

∂T2

∣∣∣∣∣∣∣∣T=Tc (µB)
. While the

width is similar for the strangeness neutral and in the µS = 0 case we see a hint for a strengthening for 
µS = 0 at the highest chemical potentials.

Finally, we compared the phenomenologically more relevant case of strangeness neu-
tral matter (nS = 0) with the theoretically more easily tractable case of zero strangeness 
chemical potential (µS = 0). While the curvature of the Tc(µB) curve is slightly smaller 
for the strangeness neutral case, the width parameters are consistent (within error) up to 
µB ≈ 300 MeV. In the range 300 MeV < µB < 400 MeV, there is a difference in the width 
parameters, with the µS = 0 curve apparently turning around, and showing a narrowing of the 
transition (at least to this order in the Taylor expansion). This behavior might be caused by a 
critical endpoint beyond µB = 400 MeV. One might speculate that such a narrowing can also 
happen to the nS = 0 transition, but at higher values of µB. Unambiguously deciding whether 
this is the case calls for further investigations.
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