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The phase diagram and the location of the critical endpoint (CEP) of lattice QCD with unimproved
staggered fermions on a N, =4 lattice was determined fifteen years ago with the multiparameter
reweighting method by studying Fisher zeros. We first reproduce the old result with an exact algorithm
(not known at the time) and with statistics larger by an order of magnitude. As an extension of the old
analysis we introduce stout smearing in the fermion action in order to reduce the finite lattice spacing
effects. First we show that increasing the smearing parameter p the crossover at 4 = 0 gets weaker, i.e., the
leading Fisher zero gets farther away from the real axis. Furthermore as the chemical potential is increased
the overlap problem gets severe sooner than in the unimproved case, therefore shrinking the range of
applicability of the method. Nevertheless certain qualitative features remain, even after introducing the
smearing. Namely, at small chemical potentials the Fisher zeros first get farther away from the real axis and
later at around au, = 0.1-0.15 they start to get closer, i.e., the crossover first gets weaker and later stronger
as a function of x. However, because of the more severe overlap problem the CEP is out of reach with the

smeared action.

DOI: 10.1103/PhysRevD.102.034503

I. INTRODUCTION

One of the most interesting open problems in the study of
QCD is determining its phase diagram in the temperature
(T)-baryonic chemical potential (ug = 3u, = 3u) plane. It
is established that near 4 = 0 there is an analytic crossover
[1,2] at T = 150-160 MeV [3-6]. It is conjectured that at
higher chemical potential this crossover gets stronger and
above a point it turns into a first order phase transition. The
endpoint of the line of first order transitions is called the
critical endpoint.

The direct study of the phase diagram is not possible due
to the sign problem; however, several extrapolation meth-
ods are available including the analytic continuation from
imaginary chemical potential [7-22], the Taylor expansion
method [23-34], and the reweighting method [35-40].
All of these methods are based on the fact that the sign
problem is absent at 4 = O or at purely imaginary chemical
potential. One can therefore use the standard simulation
techniques there and then try to reconstruct the theory at
real p > 0.
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Among these methods reweighting has no other system-
atic error besides the overlap problem, thus in principle it
can lead to the correct results with infinite statistics. With
this method, the location of the critical endpoint has been
determined for N, = 4 lattice QCD with an unimproved
staggered action [38,39], but there are still no results closer
to the continuum limit. This is unfortunate as the unim-
proved staggered action at N, = 4 is known to have too
large cutoff effects to be directly relevant for phenomenol-
ogy. The lack of results at finer lattice spacings is due to
reweighting methods getting prohibitively expensive for
large lattices. One possible way to reduce the cutoff effects
without increasing the lattice size is to improve the UV
behavior of the action, e.g., by introducing stout smearing
[41] in the fermion action.

In this paper we first reproduce the old N, = 4 results
with the unimproved action with an exact algorithm [42]
(not known at the time of Refs. [38,39]) and much larger
statistics. Second, we use one step of stout smearing with
several values of the p smearing parameter and study the
behavior of the phase diagram and the severity of the
overlap problem at nonzero chemical potential as a function
of p. Our simulations use Ny =2 + 1 rooted staggered
fermions with physical quark masses. The ambiguity of
rooting at finite y was first discussed in detail in Ref. [43]
and also recently emphasized in Ref. [44] where the so-
called geometric matching method was introduced to deal
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with the analyticity issues of the rooted staggered deter-
minant. Here we will use the geometric matching method
and compare it to standard rooting.

II. MULTIPARAMETER REWEIGHTING

At finite pp the fermionic determinant det M is generally
complex and importance sampling methods cannot be
applied. This problem can be circumvented with the
reweighting technique. The main idea is to rewrite the
grand canonical partition function as:

= / DU det M(u)e=S:P)

:/DUdetM(O)e‘Sﬂ(ﬂO)W(ﬂ,ﬁ)7 (1)
where for a fixed gauge configuration
detM(p) s (5145 (s0)
B) = — s, 9(Po) 2
W) = Gerv(0) € @

The configurations can now be generated with importance
sampling methods since det M(0) is a positive real number.
The weight w(p, f) is instead treated as an observable.
Even though Eq. (1) is exact, in practice its application is
limited to small enough values of the chemical potential
and of the volume. This is due to the fact that the tails of the
distribution of the weights w(y, 3) are hard to sample. This
is known as the overlap problem and is exponentially
severe in the volume. Reweighting in # was introduced to
decrease the severity of this problem, with /3, chosen to be
close to the value of the gauge coupling at the crossover at
zero chemical potential in order to have a more variable
ensemble [37,38].

The analytical form of the staggered fermion determinant
on a fixed gauge configuration can be expressed at
arbitrary p with the eigenvalues 4; of the so called reduced
matrix [35]:

6N?
detM(ap) = e3NsNan TT [eNeew — 4],
i=1

(3)

where N, and N, are the linear spatial and temporal size of
the lattice in lattice units, and the 4; depend on the gauge
fields. This determinant describes four flavors of quarks. In
order to describe N, < 4 the rooting trick is invoked, i.e.,
det M is replaced by (det M)"/4, In particular, for Ny=2
the complex square root is taken. This introduces a sign
ambiguity of the rooted determinant. At > 0 one usually
chooses the complex root that continuously connects to the
positive root at u = 0 for each factor in Eq. (3), i.e., the first
factor in the Eq. (2) becomes:

detM(ap) eNan —

detM(0) | “)

— e_EN N.,ap H
w

In Ref. [44] a new approach, dubbed geometric matching,
has been proposed in order to remove the branch point
singularities in Eq. (4) configuration by configuration. This
makes the partition function an entire function of y already
at finite lattice spacing, which is not the case when one
uses Eq. (4). The new definition of the corresponding
reweighting factor reads:

3N3 Naﬂ_

3 a i
el S

where P stands for “paried” and the set of the ¢&; are
obtained from the set of the 4; via geometric matching [44].
Essentially, they are the geometric means of the close-lying
pairs of 4;. In the continuum limit the two methods are
expected to give the same results.

Phase transitions can be studied by means of the zeros of
the partition function [45,46]. The zeros as a function of
complex f are called Fisher zeros [47]. A phase transition is
signaled by an accumulation of the zeros near the real axis
in the thermodynamic limit. In the reweighting approach
one solves:

detM(au)

detM(0) |~ )

Z(B,u)
(/30 H= 0)

on the complex /3 plane for fixed p, where w(u, f3) is defined
in (2). When using rooted staggered fermions the ratio of
determinants in Eq. (2) has to be replaced by the appro-
priate complex root. In particular, for Ny = 2 one can use
either of Egs. (4) or (5). As the volume V goes to infinity
the imaginary part of the zero closest to the real axis goes to
a nonzero constant for a crossover and to zero in case of a
true phase transition. At large enough volumes one expects:

(7)

where for a first order phase transition b = 1 and Im® = 0,
for a second order transition b < 1 and Impy = 0, while in
the absence of phase transition Imf% # 0 and b is in general
not known. In our infinite volume extrapolations we will use
Eq. (7) with b = 1 in order to determine whether our data is
consistent with a first order phase transition or not. Our
estimate of the critical endpoint will correspond to the first
value of y where Imf% is consistent with zero. When Impg¥
is nonzero it can be considered as a measure of the strength
of the crossover.

In this paper we studied the effect of stout smearing [41]
on the Fisher zeros. Stout smearing is an analytic map that
replaces link variables with a suitable average in order to
smooth ultraviolet fluctuations. The procedure depends on

= (wu.p)) = (6)

Impp ~ AV + ImpBY,
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a parameter p which measures the relative weight of the
original and the neighboring links in the average. This
procedure has been shown to reduce cutoff effects on
several observables. Since stout smeared links are used to
compute the fermionic determinant, the Fisher zeros
become functions of the smearing parameter p.

We will give results on the Fisher zero closest to the
simulation point f,. This is the natural choice in the case of
reweighting, as the closest zero is the one that the data is
most sensitive to. In particular, as discussed in Ref. [33] the
Fisher zero closest to the origin controls the large order
cumulants of the distribution of the gauge action. The
determination of the zeros farther away in the real p
direction suffers from a more severe overlap problem.
When the simulation point is close enough to a phase
transition, the choice between the zero closest to ff; and
closest to the real axis should not matter. Furthermore, on
our dataset it was also possible to calculate more than one
partition function zero. Calculating the three closest zeros
to Sy we observed that the one closest to the real axis was
the same as the one closest to f,. In the remainder of this
paper we therefore limit our discussion to the Fisher zero
closest to the simulation point.

III. NUMERICAL RESULTS

A. Lattice action and algorithm

We used the plaquette gauge action and 2 + 1 flavors of
staggered fermions with one step of stout smearing with
smearing parameter p. For p = {0,0.01,0.02,0.03} we
have performed simulations near the crossover temperature,
which for the different values of p correspond to fy =
{5.188,5.171,5.154,5.137} respectively. The bare quark
masses were set to m,,; = 0.0092, m,; = 0.25. These
correspond to the physical Goldstone pion and kaon mass
and are the same as in Ref. [39]. In this exploratory study
we use the same bare quark masses for all values of /3, and
p. We checked that this has at most a 2% effect on both the
scale setting and the pion mass. The lattice spacing for all
smearing values corresponds to approximately a ~ 0.3 fm.
For each p we simulated lattices of size 8% x 4, 103 x 4,
123 x 4. The overlap and sign problems put practical
limitations to the volumes we can use in the present study.
This implies that the results of this paper, including the
extrapolated position of the leading Fisher zero for the
various values of u, and also the location of the critical
endpoint have some unknown systematic errors, coming
from the lack of larger volumes in the infinite volume
extrapolation. As in Ref. [38,39] we only introduce a
chemical potential for the light quarks, i.e., we use y;, = 0
which corresponds to pg = pp/3.

In Ref. [39] the diagonalization required for Eq. (4) was
carried out on ~3000 configurations, which were generated
with the R algorithm [48] with a fixed step size. This is
not an exact algorithm, thus it may have uncontrolled

TABLE I. Number of configurations for each ensemble. Con-
figurations are separated by 10 RHMC trajectories each.
p
0 0.01 0.02 0.03
N, 8 42215 10237 10245 13196
10 71263 22127 22363 53741
12 49020 26653 26861 56107

systematic errors. Here we used the rational hybrid
Monte Carlo algorithm [42], which is exact. Furthermore
since the overlap problem occurs, it is worthwhile to repeat
the analysis with much larger statistics. For the diagonal-
ization of the reduced matrix, we applied GPU accelerated
determinant calculations using the publicly available
MAGMA library [49-51]. This allowed us to measure
the determinant on an order of magnitude more configu-
rations than in Ref. [39]. The number of configurations for
each simulation point is shown in Table I.

B. Results with the unimproved action

First we show in Fig. 1 a comparison of the position of
the leading Fisher zero, i.e., the one closest to S, obtained
with the standard rooting and geometric matching for the
largest volume in our study at p = 0. This assesses the
systematics related to the rooting ambiguity. The two
methods agree nicely in this case. To estimate the position
of the leading Fisher zero we performed an infinite volume
extrapolation linear in 1/V for both types of rooting. As
discussed in the previous section this corresponds to
checking whether the data is consistent with a first order
phase transition or not. The results are shown in Fig. 2. As
can be seen in Fig. 1 and Fig. 2 the leading Fisher zero as
well as our estimate of its infinite volume extrapolation first
get farther away from the real axis, i.e., the transition gets
weaker at small values of y. Indeed, on the 123 x 4 lattice
the slope of the imaginary part of the leading Fisher zero at
1 = 01is positive within 3o. At larger u the Fisher zero starts
to get closer to the real axis, i.e., the crossover strengthens.
The value of the chemical potential where the extrapolated
imaginary part starts to be consistent with zero is

us,)T =228 +0.07. (8)

Here, the errors are purely statistical. This is our estimate of
the location of the critical endpoint for N, = 4 unimproved
staggered fermions. Beyond this point the results with the
two types of rooting start to disagree, i.e., the ambiguity in
the rooting procedure starts to matter. As we will discuss
below, in this region the overlap problem is already strong
and therefore it is somewhat unclear whether the difference
between the two methods is a genuine effect or only an
artifact of an incorrect sampling of the tail of the distri-
bution of the weights w(u, ).
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FIG. 1.

geometric matching on a 123 x 4 lattice at p = 0.

C. Results with stout smearing

The infinite volume estimates of the leading Fisher zero
position with the different values of the smearing parameter
p can be seen in Fig. 3. Here we only present results
obtained with geometric matching. In the left panel we
zoom in on the region around u = 0 to emphasize two
effects. First, for all values of p considered in this work at
small chemical potentials the crossover first gets weaker
with increasing u. Second, already at y = 0 the leading
Fisher zero gets farther away from the real axis as p is
increased, i.e., the crossover weakens with increasing p.
This is probably a manifestation of the critical line of the
Columbia plot getting farther away from the physical quark
masses [52,53]. In the right panel of Fig. 3 we show the
full range of chemical potentials. One can see that some
qualitative features of the unsmeared case remain: at
intermediate values of y the transition starts to get stronger.
However, the much larger errors make the determination of
the CEP unreliable and we preferred not to attempt it.
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The real and imaginary part of the Fisher zero closest to /3, as a function of u obtained with standard staggered rooting and with

As can be seen in the right panel of Fig. 3 even though
the statistics are comparable the error bars at finite smearing
are considerable larger than at p = 0. This is due to two
effects. As we will discuss below the overlap problem gets
stronger with finite smearing. It is also known that the
strength of the sign problem as measured by the fluctua-
tions of the phase of the determinant is weakened by taste
symmetry breaking. For a demonstration of this see
Ref. [29]. Reducing taste symmetry breaking via smearing
is then expected to make the sign problem worse.

To look more closely at the overlap and sign problems
we consider the distribution of the real part of the weights
w(u, ) for the case of = Refp(u), i.c., we consider
reweighting along the crossover line as defined by the real
part of the location of the leading Fisher zero. These
weights read:

W, = ARe [ S} vre-por, ()
detM(0) |
1
\ \ \ \ \
0.003 - Standard rooting —
Geometric matching
0.0025 — —
0.002
D
e“- 0.0015
£
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0.0005
0
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0 025 05 075 1 125 15 175 2 225
up/T

FIG. 2. The real and imaginary part of the infinite volume extrapolation of the leading Fisher zero via standard rooting and geometric
matching at p = 0. The red point with error bars denotes our estimate of the location of the critical endpoint for N, = 4 unimproved

staggered fermions.

034503-4



EFFECT OF STOUT SMEARING ON THE PHASE DIAGRAM ...

PHYS. REV. D 102, 034503 (2020)

0.0065 T T T T
0.006 - p=0.00

p=0.01 — |
0.0055 | 0=0.02 —— -
0.005 | 0=0.03 -

0.0045 =
0.004 L -
0.0035 -
0.003 = : —
0.0025 - .

0.002 I L | | —
0 0.25 0.5 0.75 1

up/T

Im(BF>)

FIG. 3.

where P; is the average plaquette of a single configuration
and the rescaling factor V' is chosen such that (log W) = 0.
In Fig. 4 we show the distributions of the positive and
negative weights, obtained using geometric matching,
separately on a logarithmic scale at p =0 and 0.01. As
u increases the two distributions become comparable,
signaling the onset of the sign problem. At the same time
the support of the histogram broadens and configurations
with large reweighting factors become more and more
likely. In particular configurations with very large reweight-
ing factors appear but only rarely (“outliers™), indicating
that our y = 0 simulations are sampling the tail of the
distribution poorly. This signals the onset of the overlap

$=0.00, ap 4=0.05 =0.00, a 4=0.10

0.009 T T T T T T T T T
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The i dependence of the imaginary part of the Fisher zeros extrapolated to infinite volume at several values of the smearing
parameter p. The left figure shows only the values close to y = 0.

problem. The range spanned by the outliers increases as y is
increased, indicating that the overlap problem gets worse at
larger chemical potentials. Moreover, it also increases when
smearing is introduced, again indicating a worsening of the
overlap problem.

In Fig. 5 we compare the distributions of the positive
weights obtained with geometric matching and standard
rooting at the largest value of u considered in this paper for
different values of the smearing parameter. At p = 0 and
0.01 the two distributions agree nicely except in the outlier
region. However since the contribution of the outliers is
substantial the central value for the Fisher zero can (and
does)change appreciably, but the statistical errors are also
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FIG. 4. The distribution of the weights W; of Eq. (9) for Ny = 12 for different values of p and u obtained with geometric matching.
The distribution of the positive and negative weights are shown separately on logarithmic scale. At zero smearing there is no outlier
configurations even at large u, however at large x4 and finite smearing configurations appears with extremely large weights. The few
outlier configuration appearing indicate a bad sampling of the Monte Carlo integration.
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FIG. 5. Distributions of the positive weights W; of Eq. (9) on a 123 x 4 lattice at au = 0.2 for different values of the smearing
parameter.

large, since the jackknife samples without the outliers differ
considerably from the central value. At p =0.02 the
situation is similar.

It seems then that substantial differences in the Fisher
zeros obtained with the two rooting methods appear only
when the overlap problem is strong. This is most likely also
the case for the unsmeared action at au, > 0.2.

IV. SUMMARY AND CONCLUSION

The determination of the phase diagram of lattice QCD
at finite baryochemical potential, and in particular that
of the critical endpoint, are especially difficult due to the
infamous sign problem. Bypassing this problem by
extrapolating from up = 0, where it is absent, to finite
up is possible in principle, but hindered by the overlap
problem, i.e., the difficulty in sampling correctly the
probability distribution of the relevant observables. Such
a problem is exponentially severe in the volume of the
system. Despite these difficulties, multiparameter reweight-
ing techniques were employed successfully in Refs. [38,39]
to determine the CEP using unimproved staggered fer-
mions on lattices of fixed temporal size N, =4 with
physical quark masses. In this paper we have confirmed
this result using an exact algorithm [42] not available at the
time (so reducing systematic errors), much higher statistics
(so reducing the statistical error), and a new definition [44]
of the rooted fermion determinant which improves the
analyticity properties of the partition function. The
approach used here is based on the study of the large-
volume limit of the Fisher zeros of the partition function at
finite up using multiparameter reweighting techniques. We
have found for the critical endpoint uj /T = 2.28 £0.07, a
result compatible with that of Ref. [39].

Extrapolation of this result to the continuum is obviously
difficult, in particular due to the need of bigger lattices that
would make the overlap problem worse. A possible way to
reduce UV effects and bring the system effectively closer to
the continuum is to employ stout smearing [41] on the

gauge links. In this paper we have studied the effect of
one step of smearing with small smearing parameter on the
Fisher zeros of the partition function at finite up.
Unfortunately smearing turns out to make the overlap
problem worse, making it appear sooner, i.e., at lower
values of up, and making the determination of the critical
endpoint unreliable. This is probably related to the critical
line of the Columbia plot moving away from the physical
point when smearing is introduced [52,53]. In fact, for the
unimproved action the leading Fisher zero (i.e., the one
closest to the real f = f, where the simulations are
performed) is relatively close to the real axis at ug = 0,
thus allowing a sufficiently accurate sampling of the
relevant configurations for the finite-uz physics using
simulations at pp = 0. This reflects the presence of a
genuine phase transition at up =0 for quark masses
smaller but not much smaller than the physical ones
[52]. On the other hand, it is known that smearing pushes
the critical values of the masses away from the physical
point [53]. This is expected to lead to a weakening of the
transition, which should reflect into the leading Fisher zero
moving away from the real axis. This is precisely what
we observed in our study: even for small values of the
smearing parameter the imaginary part of the leading Fisher
zero grows appreciably already at ug = 0. This leads to a
poorer sampling at 4z = 0 of the configurations relevant at
finite up, and an earlier onset of the overlap problem. This
is particularly evident if one looks at the distribution of the
reweighting factors used to reconstruct the finite-up theory,
focusing on the presence of outliers with large reweighting
factors. These are a symptom of the poor sampling of the
tails of the distribution of the weights, and become more
and more relevant as up increases. It turns out that smearing
makes the problem worse, with outliers appearing already
at smaller pp.

As a side analysis, we have compared the Fisher zeros
obtained using the recently introduced geometric matching
method [44], with those obtained with the standard rooting.
While the two methods are expected to lead to the same
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continuum limit, finite lattice spacing effects could be
very different. Our results with the two methods are
compatible whenever the overlap problem is absent or
mild, indicating that they have comparable cutoff effects at
zero and small pp, at least for the lattices considered in this
work. Incompatibility of the two methods only shows up
when the overlap problem is severe, and it is not possible to
determine whether it signals a large difference in their finite
lattice spacing effects or whether it has to be ascribed to the
overlap problem itself.

In conclusion, the results of this paper indicate that the
bottleneck to studying QCD at finite up with multipara-
meter reweighting is the overlap problem, which appears
before the sign problem, already at moderate values

of up. Extending our results closer to the continuum limit
therefore requires a much better control of the overlap
problem.

ACKNOWLEDGMENTS

We thank Zoltdn Fodor for a careful reading of the manu-
script. This work was partially supported by the Hungarian
National Research, Development and Innovation Office—
NKFIH Gant No. KKP126769 and by OTKA under the Gant
No. OTKA-K-113034. A. P. is supported by the Janos Bolyai
Research Scholarship of the Hungarian Academy of Sciences
and by the UNKP-19-4 New National Excellence Program of
the Ministry for Innovation and Technology.

[1] Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz, and K. K. Szabo,
The order of the quantum chromodynamics transition
predicted by the standard model of particle physics, Nature
(London) 443, 675 (2006).

[2] T. Bhattacharya et al.,, QCD Phase Transition with Chiral
Quarks and Physical Quark Masses, Phys. Rev. Lett. 113,
082001 (2014).

[3] Y. Aoki, Z. Fodor, S.D. Katz, and K. K. Szab6, The QCD
transition temperature: Results with physical masses in the
continuum limit, Phys. Lett. B 643, 46 (2006).

[4] Y. Aoki, S. Borsdnyi, S. Diirr, Z. Fodor, S. D. Katz, S. Krieg,
and K. Szabo, The QCD transition temperature: Results
with physical masses in the continuum limit II, J. High
Energy Phys. 06 (2009) 088.

[5] S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C.
Ratti, and K. K. Szabé, Is there still any 7. mystery in lattice
QCD? Results with physical masses in the continuum limit
III, J. High Energy Phys. 09 (2010) 073.

[6] A. Bazavov et al., The chiral and deconfinement aspects
of the QCD transition, Phys. Rev. D 85, 054503 (2012).

[7] P. de Forcrand and O. Philipsen, The QCD phase diagram
for small densities from imaginary chemical potential, Nucl.
Phys. B642, 290 (2002).

[8] M. D’Elia and M. P. Lombardo, Finite density QCD via
imaginary chemical potential, Phys. Rev. D 67, 014505
(2003).

[9] M. D’Elia and F. Sanfilippo, Thermodynamics of two flavor
QCD from imaginary chemical potentials, Phys. Rev. D 80,
014502 (2009).

[10] P. Cea, L. Cosmai, and A. Papa, Critical line of 2 + 1 flavor
QCD, Phys. Rev. D 89, 074512 (2014).

[11] 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, 074030
(2014).

[12] P. Cea, L. Cosmai, and A. Papa, Critical line of 2 4 1 flavor
QCD: Toward the continuum limit, Phys. Rev. D 93, 014507
(2016).

[13] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, and
F. Sanfilippo, Curvature of the chiral pseudocritical line in
QCD: Continuum extrapolated results, Phys. Rev. D 92,
054503 (2015).

[14] R. Bellwied, S. Borsanyi, Z. Fodor, J. Giinther, S. D. Katz,
C. Ratti, and K. K. Szab6, The QCD phase diagram from
analytic continuation, Phys. Lett. B 751, 559 (2015).

[15] M. D’Elia, G. Gagliardi, and F. Sanfilippo, Higher order
quark number fluctuations via imaginary chemical poten-
tials in Ny = 2 + 1 QCD, Phys. Rev. D 95, 094503 (2017).

[16] J.N. Giinther, R. Bellwied, S. Borsanyi, Z. Fodor, S.D.
Katz, A. Pasztor, C. Ratti, and K. K. Szabé, The QCD
equation of state at finite density from analytical continu-
ation, Nucl. Phys. A967, 720 (2017).

[17] P. Alba et al., Constraining the hadronic spectrum through
QCD thermodynamics on the lattice, Phys. Rev. D 96,
034517 (2017).

[18] V. Vovchenko, A. Pasztor, Z. Fodor, S.D. Katz, and H.
Stoecker, Repulsive baryonic interactions and lattice QCD
observables at imaginary chemical potential, Phys. Lett. B
775, 71 (2017).

[19] C. Bonati, M. D’Elia, F. Negro, F. Sanfilippo, and K.
Zambello, Curvature of the pseudocritical line in QCD:
Taylor expansion matches analytic continuation, Phys. Rev.
D 98, 054510 (2018).

[20] S. Borsanyi, Z. Fodor, J.N. Giinther, S.K. Katz, K. K.
Szabd, A. Pasztor, I. Portillo, and C. Ratti, Higher order
fluctuations and correlations of conserved charges from
lattice QCD, J. High Energy Phys. 10 (2018) 205.

[21] R. Bellwied, S. Borsanyi, Z. Fodor, J.N. Guenther, J.
Noronha-Hostler, P. Parotto, A. Pasztor, C. Ratti, and J. M.
Stafford, Off-diagonal correlators of conserved charges
from lattice QCD and how to relate them to experiment,
Phys. Rev. D 101, 034506 (2020).

[22] S. Borsanyi, Z. Fodor, J. N. Guenther, R. Kara, S. D. Katz,
P. Parotto, A. Pasztor, C. Ratti, and K. K. Szabo, The QCD
Crossover at Finite Chemical Potential from Lattice Sim-
ulations, Phys. Rev. Lett. 125, 052001 (2020).

034503-7


https://doi.org/10.1038/nature05120
https://doi.org/10.1038/nature05120
https://doi.org/10.1103/PhysRevLett.113.082001
https://doi.org/10.1103/PhysRevLett.113.082001
https://doi.org/10.1016/j.physletb.2006.10.021
https://doi.org/10.1088/1126-6708/2009/06/088
https://doi.org/10.1088/1126-6708/2009/06/088
https://doi.org/10.1007/JHEP09(2010)073
https://doi.org/10.1103/PhysRevD.85.054503
https://doi.org/10.1016/S0550-3213(02)00626-0
https://doi.org/10.1016/S0550-3213(02)00626-0
https://doi.org/10.1103/PhysRevD.67.014505
https://doi.org/10.1103/PhysRevD.67.014505
https://doi.org/10.1103/PhysRevD.80.014502
https://doi.org/10.1103/PhysRevD.80.014502
https://doi.org/10.1103/PhysRevD.89.074512
https://doi.org/10.1103/PhysRevD.90.074030
https://doi.org/10.1103/PhysRevD.90.074030
https://doi.org/10.1103/PhysRevD.93.014507
https://doi.org/10.1103/PhysRevD.93.014507
https://doi.org/10.1103/PhysRevD.92.054503
https://doi.org/10.1103/PhysRevD.92.054503
https://doi.org/10.1016/j.physletb.2015.11.011
https://doi.org/10.1103/PhysRevD.95.094503
https://doi.org/10.1016/j.nuclphysa.2017.05.044
https://doi.org/10.1103/PhysRevD.96.034517
https://doi.org/10.1103/PhysRevD.96.034517
https://doi.org/10.1016/j.physletb.2017.10.042
https://doi.org/10.1016/j.physletb.2017.10.042
https://doi.org/10.1103/PhysRevD.98.054510
https://doi.org/10.1103/PhysRevD.98.054510
https://doi.org/10.1007/JHEP10(2018)205
https://doi.org/10.1103/PhysRevD.101.034506
https://doi.org/10.1103/PhysRevLett.125.052001

GIORDANO, KAPAS, KATZ, NOGRADI, and PASZTOR

PHYS. REV. D 102, 034503 (2020)

[23] C.R. Allton, S. Ejiri, S. J. Hands, O. Kaczmarek, F. Karsch,
E. Laermann, C. Schmidt, and L. Scorzato, The QCD
thermal phase transition in the presence of a small chemical
potential, Phys. Rev. D 66, 074507 (2002).

[24] C.R. Allton, M. Doring, S. Ejiri, S. J. Hands, O. Kaczmarek,
F. Karsch, E. Laermann, and K. Redlich, Thermodynamics of
two flavor QCD to sixth order in quark chemical potential,
Phys. Rev. D 71, 054508 (2005).

[25] R. V. Gavai and S. Gupta, QCD at finite chemical potential
with six time slices, Phys. Rev. D 78, 114503 (2008).

[26] S. Basak et al., QCD equation of state at non-zero chemical
potential, Proc. Sci., LATTICE2008 (2008) 171.

[27] S. Borsanyi, Z. Fodor, S.D. Katz, S. Krieg, C. Ratti, and
K. Szabd, Fluctuations of conserved charges at finite
temperature from lattice QCD, J. High Energy Phys. 01
(2012) 138.

[28] S. Borsanyi, G. Endrédi, Z. Fodor, S.D. Katz, S. Krieg,
C. Ratti, and K. K. Szab6, QCD equation of state at nonzero
chemical potential: continuum results with physical
quark masses at order mu?, J. High Energy Phys. 08
(2012) 053.

[29] R. Bellwied, S. Borsanyi, Z. Fodor, S. D. Katz, A. Pasztor,
C. Ratti, and K. K. Szabd, Fluctuations and correlations in
high temperature QCD, Phys. Rev. D 92, 114505 (2015).

[30] H.T. Ding, S. Mukherjee, H. Ohno, P. Petreczky, and H. P.
Schadler, Diagonal and off-diagonal quark number suscep-
tibilities at high temperatures, Phys. Rev. D 92, 074043
(2015).

[311 A. Bazavov et al., The QCD Equation of state to (’)(/4%)
from lattice QCD, Phys. Rev. D 95, 054504 (2017).

[32] A. Bazavov et al., Chiral crossover in QCD at zero and non-
zero chemical potentials, Phys. Lett. B 795, 15 (2019).

[33] M. Giordano and A. Pasztor, Reliable estimation of the
radius of convergence in finite density QCD, Phys. Rev. D
99, 114510 (2019).

[34] A. Bazavov et al., Skewness, kurtosis and the 5th and
6th order cumulants of net baryon-number distributions
from lattice QCD confront high-statistics STAR data, Phys.
Rev. D 101, 074502 (2020).

[35] A. Hasenfratz and D. Toussaint, Canonical ensembles and
nonzero density quantum chromodynamics, Nucl. Phys.
B371, 539 (1992).

[36] I. M. Barbour, S. E. Morrison, E. G. Klepfish, J. B. Kogut,
and M. P. Lombardo, Results on finite density QCD, Nucl.
Phys. B, Proc. Suppl. 60, 220 (1998).

[37] Z. Fodor and S.D. Katz, A new method to study lattice
QCD at finite temperature and chemical potential, Phys.
Lett. B 534, 87 (2002).

[38] Z. Fodor and S. D. Katz, Lattice determination of the critical
point of QCD at finite T and mu, J. High Energy Phys. 03
(2002) 014.

[39] Z. Fodor and S. D. Katz, Critical point of QCD at finite T
and mu, lattice results for physical quark masses, J. High
Energy Phys. 04 (2004) 050.

[40] F. Csikor, G.I. Egri, Z. Fodor, S.D. Katz, K. K. Szabé,
and A.I Téth, Equation of state at finite temperature and
chemical potential, lattice QCD results, J. High Energy
Phys. 05 (2004) 046.

[41] C. Morningstar and M. J. Peardon, Analytic smearing of
SU(3) link variables in lattice QCD, Phys. Rev. D 69,
054501 (2004).

[42] M. A. Clark and A.D. Kennedy, Accelerating staggered
Fermion dynamics with the rational hybrid Monte Carlo
(RHMC) algorithm, Phys. Rev. D 75, 011502 (2007).

[43] M. Golterman, Y. Shamir, and B. Svetitsky, Breakdown of
staggered fermions at nonzero chemical potential, Phys.
Rev. D 74, 071501 (2006).

[44] M. Giordano, K. Kapas, S.D. Katz, D. Nogradi, and A.
Pasztor, Radius of convergence in lattice QCD at finite up
with rooted staggered fermions, Phys. Rev. D 101, 074511
(2020).

[45] T.D. Lee and C.-N. Yang, Statistical theory of equations of
state and phase transitions. 2. Lattice gas and Ising model,
Phys. Rev. 87, 410 (1952).

[46] M. E. Fisher, Lecture Notes in Theoretical Physics (Uni-
versity of Colorado Press, Boulder, CO, 1965), Vol. 7c.

[47] Note that in Ref. [39] the terminology was different and
zeros in complex f were called Lee-Yang zeros. We adopt
the more conventional terminology in statistical physics
where zeros of the partition function in complex f are called
Fisher zeros, while the term Lee-Yang zeros is used for zeros
in complex .

[48] S. A. Gottlieb, W. Liu, D. Toussaint, R. L. Renken, and R. L.
Sugar, Hybrid molecular dynamics algorithms for the
numerical simulation of quantum chromodynamics, Phys.
Rev. D 35, 2531 (1987).

[49] S. Tomov, J. Dongarra, and M. Baboulin, Towards dense
linear algebra for hybrid GPU accelerated manycore sys-
tems, Parallel Comput. 36, 232 (2010).

[50] S. Tomov, R. Nath, H. Ltaief, and J. Dongarra, Dense linear
algebra solvers for multicore with GPU accelerators, in
Proc. of the IEEE IPDPS’10, Atlanta, GA (IEEE Computer
Society, Washington, 2010), pp. 1-8.

[51] J. Dongarra, M. Gates, A. Haidar, J. Kurzak, P. Luszczek,
S. Tomov, and 1. Yamazaki, Accelerating numerical dense
linear algebra calculations with gpus, Numerical Compu-
tations with GPUs (Springer International Publishing,
Switzerland), pp. 1-26.

[52] P. de Forcrand and O. Philipsen, The Chiral critical line of
N(f) =2+ 1 QCD at zero and non-zero baryon density,
J. High Energy Phys. 01 (2007) 077.

[53] L. Varnhorst, The N, = 3 critical endpoint with smeared
staggered quarks, Proc. Sci., LATTICE2014 (2015) 193.

034503-8


https://doi.org/10.1103/PhysRevD.66.074507
https://doi.org/10.1103/PhysRevD.71.054508
https://doi.org/10.1103/PhysRevD.78.114503
https://doi.org/10.22323/1.066.0171
https://doi.org/10.1007/JHEP01(2012)138
https://doi.org/10.1007/JHEP01(2012)138
https://doi.org/10.1007/JHEP08(2012)053
https://doi.org/10.1007/JHEP08(2012)053
https://doi.org/10.1103/PhysRevD.92.114505
https://doi.org/10.1103/PhysRevD.92.074043
https://doi.org/10.1103/PhysRevD.92.074043
https://doi.org/10.1103/PhysRevD.95.054504
https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1103/PhysRevD.99.114510
https://doi.org/10.1103/PhysRevD.99.114510
https://doi.org/10.1103/PhysRevD.101.074502
https://doi.org/10.1103/PhysRevD.101.074502
https://doi.org/10.1016/0550-3213(92)90247-9
https://doi.org/10.1016/0550-3213(92)90247-9
https://doi.org/10.1016/S0920-5632(97)00484-2
https://doi.org/10.1016/S0920-5632(97)00484-2
https://doi.org/10.1016/S0370-2693(02)01583-6
https://doi.org/10.1016/S0370-2693(02)01583-6
https://doi.org/10.1088/1126-6708/2002/03/014
https://doi.org/10.1088/1126-6708/2002/03/014
https://doi.org/10.1088/1126-6708/2004/04/050
https://doi.org/10.1088/1126-6708/2004/04/050
https://doi.org/10.1088/1126-6708/2004/05/046
https://doi.org/10.1088/1126-6708/2004/05/046
https://doi.org/10.1103/PhysRevD.69.054501
https://doi.org/10.1103/PhysRevD.69.054501
https://doi.org/10.1103/PhysRevD.75.011502
https://doi.org/10.1103/PhysRevD.74.071501
https://doi.org/10.1103/PhysRevD.74.071501
https://doi.org/10.1103/PhysRevD.101.074511
https://doi.org/10.1103/PhysRevD.101.074511
https://doi.org/10.1103/PhysRev.87.410
https://doi.org/10.1103/PhysRevD.35.2531
https://doi.org/10.1103/PhysRevD.35.2531
https://doi.org/10.1016/j.parco.2009.12.005
https://doi.org/10.1088/1126-6708/2007/01/077
https://doi.org/10.22323/1.214.0193

