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1. Introduction

At high temperatures the dominant degrees of freedom of strongly ititeganatter change
from hadrons to quarks and gluons. This transition can be studied usiicg auge theory. There
are various results using different fermion regularizations.

Most of these resultd][1[3 4] use the computationally inexpensive stabgéseretization
which also preserves a subset of the continuum chiral symmetry. Eveghlibfferent staggered
results seem to be consistent one should not forget that all these usgkhie fourth root trick
to studyNs = 2+ 1 flavors of quarks. There are still some questions in the literature ab®ut th
correctness of this approach. Furthermore taste symmetry breaking rddg lasge discretization
errors when using small quark masses, especially at low temperatures.

There are also several results using Wilson fermi¢hs[[5—8]. Since Witsamions break
chiral symmetry explicitly, one has to take very fine lattices to study chiral syryrmesttoration at
finite temperature. Due to the scattering of the low lying eigenvalues of the WiBicac operator,
one needs large lattice volumes when going to small pion masses. Thereodiesalesults with
twisted mass fermiong§][9].

It seems logical to use chiral fermions to study chiral properties at finite tettype. Even
though chiral lattice fermions are computationally much more expensive thasthbetypes of
discretization, there are results in the literature using domain wall fernfiojhagiell as first at-
tempts with overlap fermion§ [IL[L,]12]. While domain-wall fermions provideeghairal symmetry
only for an infinite extent of the fifth dimension, the overlap formulatjoh [#3 Has the advantage
of exact symmetry on finite four dimensional lattickg [15].

In this work we present results using two degenerate flavors of dynhaviedap fermions.
We use four different lattice resolutions, correspondingiite- 6, 8, 10 and 12 temporal extents.
We determine the temperature dependence of the chiral condensateirtihaswsceptibility, the
isospin susceptibility and the Polyakov loop. The results are compai¢d-to2 staggered data at
the same pion mass.

2. Overlap action and simulation details

The possibility of using the Hybrid Monte Carlo algorithm (HMC) with overlapri®ons was
first discussed in Referende]16]. The overlap operator was implethesittea multi-shift inverter
using the Zolotarev rational approximatidn][17]. It was observed thatitrg topology changes
requires special care during the HMC trajectories. One has to track tlestitying eigenvalues of
the Wilson kernel of the overlap operator. This topic was studied in detaifarBnces[[18 F20].

Reference[[41] demonstrated that one can run simulations with a fixed ¢igalleharge in
several different sectors, and that it is possible to determine their eelagight. However, even
this approach requires a tracking of Wilson eigenvalues. In RefefBt# was suggested that by
adding an extra heavy Wilson fermion to the action which decouples in the aantitimit, one
can disable topological sector changes and at the same time speed up tileralgjgnificantly. It
was also claimed that in the thermodynamic limit physics is independent of thd ggpblgy and
therefore this approach should give correct results. Howeveliifisgmt power-like finite volume
corrections are expectefl 28] 24]. Here we follow the same appra&ehadd an extra Wilson
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fermion to suppress low lying eigenvalues of the Wilson kernel and disableling between
different topological sectors. As a further improvement we use smeaurithige Wilson kernel. It
was observed iff [25, 6] that smearing significantly improves the propeftte overlap operator.
Furthermore, since smearing decreases the eigenvalue density in the mitdélgilson spectrum
it results in a significant speedup of the algorithin] [26].

In the gauge sector we use a tree-level Symanzik improved gauge adtemdssive overlap
operator can be written as

D— (mo—g> (1+ yssgn(Hw)) +m, 2.1)

whereHy = Dy is the Hermitian Wilson operator with a negative mass parameatgrwhich is
supposed to be in the rang® < —my < 0 andmis the mass of the overlap quark. For the Wilson
kernel we use two steps of HEX smearipd [47}- 29] with smearing parangter.72, a; = 0.60
andas = 0.44. In order to seiny we evaluated the Wilson kernel on quenched configurations with
the targeted lattice spacings and smearing parameters of this work and ltheafemint which is
in the middle between the physical modes and the first doublers. This resutigd= 1.3. The
simulations are performed witk; = 2 flavors.

As suggested inJ22] we add two irrelevant terms to the action to suppressdewalues of
Hw and fix topology, so that the complete action takes the form

S = ) {We(X)Dw(—mo) e (X) + @1(X)[Dw(—Mmo) +imeysTs]@(x)} - (2.2)

The first term is the action of two flavors of extra fermions with negative masg. The sec-
ond term, including a two component bosonic field, is included to control fleetesf the extra
fermions. The eigenvalues bfy belowmg are most strongly suppressed. Since bugrandmg
are fixed in lattice units they correspond to infinitely large masses in the contitionit and both
these terms decouple. For the bosonic mass wengse 0.54. Since our lattice action results in a
fixed topology we aimed at simulations with zero topological charge.

We use a HMC algorithm with the Hasenbusch tricK [30], with an Omelyan intiegizd] and
with a Sexton—Weingarten multi-scale scheme for the different fi¢lds [3B% Iatter ingredient
turned out to be rather advantageous; the extra Wilson fermion has to geatetk with a much
smaller stepsize than the much more expensive overlap fermion.

The first step of our analysis was to determine the line of constant phi&€3 énd the scale.
The lattice sizes used for this purpose weré 224 for couplings between.@ and 39, 16° x 32
for B values 40 and 41, and 32 for 3 values 4.2 and 4.3, with initial guesses for the bare quark
masses between@l5 and (06. We determined they scale [3B] as well as the pion masses on all
of these lattices. Since due to the chiral symmetry of overlap fernmigns mand the scalev is
quite insensitive to the quark mass, it was possible to tune the quark masse® @ fixed value
of my;-wp = 0.312 for each beta without further simulations. With the physical valugdt the
Nf = 2+ 1 flavor physical pointyy = 0.1755 fm, this corresponds ta; = 350 MeV. The lattice
spacing as a function ¢ and the LCP are shown in Figujfe 1. In one of our runs we had a (large)
nonzero topological charg€) = 20. One can see from the figure that both the scale and the LCP
have still a significant dependence on topology for our volumes. Aauglsd this Q = 20 run is
left out in the final analysis.
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Figure 1: Left: The lattice spacing as a function of the coupling. Thermbox shows a run with a topolog-
ical charge ofQ = 20 (not included in the fit). Right: The tuned bare quark nmass a function of3.

For the finite temperature calculations the aspect ratio was &M = 2, that is, the spatial
extent was twice the size of the temporal extent. As a consequmepde lies between 3 and 5
for all simulations in the transition regime.

3. Resaults

The first quantity we study is thehiral condensategy = (T /V)d/dmlogZ. This can be
renormalized using the zero temperature condenggig(this observable was studied [n]34])

MR YR/ M = m(PY — Pi) /iy (3.1)

and the renormalized condensate is plotted in the first panel of Higureth¢ogéth our staggered
continuum estimate. One observes a broad cross-over, similar to thersgegsults at physical
quark masse$ [B5].

We have also determined tlhiral susceptibility

Xow = (T/V)d?/dnflogZ (3.2)

but at the present level of statistics the necessary renormalization stefs ie large errors. There-
fore we only show the bare susceptibilities in the second panel of Hijure 2.

The next quantity we study is tHeolyakov loop The bare Polyakov loop has a multiplica-
tive divergence of the form el (B)/T| where the divergent teriiiy can be determined up to a
constant[[36]. Different constants correspond to different neatization schemes. We determine
Fo entirely from finite temperature simulations in the following way. We perforns nwith nine
differentN; valuesN; = 4,5,6,7,8,9,10,11,12; the lattice extents are 38N,. We choose a fixed
physical temperature such that thégealues span oy range. This corresponds to a temperature
of 208 MeV (having\; = 9 atf3 = 4.1). From these runs we can determiéf) = 1/N; - logL at
nine B values. This can then be extended by interpolation to all of our couplings.r&normal-
ization scheme corresponds to the conditigsiT = 208MeV) = 1. The renormalized Polyakov
loop is then given as

Lr= Loe_N[‘FO(B), (3.3)
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Figure2: The renormalized chiral condensate (top left panel), bailcsusceptibility (top right panel),
renormalized Polyakov loop (bottom left panel) and the pgosusceptibility normalized by the respective
Stefan—-Boltzmann limits (bottom right panel) as a functidrthe temperature. The physical temperature
scale (at the top boundary) is for illustration only and ib&sed orwg = 0.1755 fm ]. The gray band
indicates our staggered continuum estimate based en6, 8,10 simulations.

whereLy is the bare Polyakov loop. The result is shown in the third panel of Figureh2re
our renormalization conditiohg(T = 208MeV) = 1 is represented by a black circle. We can see
almost no lattice spacing dependence and an excellent agreement withytiersteresults.

Our final observable is thgospin susceptibility

xi = (T/V)a?/dutlogZ| (3.4)

m=0’
where is the isospin chemical potential, i.e. the quark chemical potentialgiare= +1 /2.
Obtaining results at non-vanishing chemical potentials is very CPU demafzdieg.g.[[37 £ 39]).
Even though a detailed analysis fio> 0 is beyond the scope of this work, including the chem-
ical potential on the level of eq[ (3.4) is quite interesting. The reason ighkee is an ongoing
discussion in the literature about the proper inclusion of the chemical pdtentiee overlap op-
erator [4pf4R]. We follow Referencg J40] and define the chemicalrpiadeas a fourth, imagi-
nary component of the temporal gauge field and use the analytic contino&tiom sign function
sgnz) = sgnRéz). The second derivative can be calculated using the formulag pf [18]a A
tree level improvement we normalize all susceptibilities with the correspondéaigrs-Boltzmann
values. Our results for the isospin susceptibility are shown in the last paR&ure[}.

4. Summary

We presented results for the temperature dependence of sevenafatibse using two degen-
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erate flavors of dynamical overlap fermions with a pion massypt 350MeV. We have used
four different lattice spacings, correspondingNjo= 6, 8, 10 and 12. The errorbars on the finer
lattices are still large, but at the current level of statistical precision wedmo contradiction with
the staggered results.
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