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1. Introduction

Since the first physical point, continuum limit study was reported on the finite temperature
phase transition of 2+1 flavor QCD being a crossover [1], lots of studies have provided consistent
results to their result. However, recent 3 flavor studies suggest that one should reexamine the result
with different lattice fermions and/or finer lattices [2-7]. The common wisdom of the 3 flavor
system was: the transition is first order near the chiral limit and becomes crossover as the fermion
mass becomes larger, is now under serious investigation. As the finer lattice simulation becomes
available, the critical mass between the first order and the crossover region becomes smaller. It
also changes with the lattice fermion formulation used in the simulation. It is almost obvious that
controlling lattice artifact in this study is quite a challenging task. It motivates us to reexamine the
quark mass dependence of the finite temperature transition depicted in the famous Columbia plot.

In this study, we use Mobius domain-wall fermion that has almost exact chiral symmetry
and investigate the light quark mass dependence at the physical strange quark mass. As the
spontaneously breaking of the chiral symmetry characterizes the finite temperature transition, using
a fermion formulation with chiral symmetry is very important, especially the system is close to
the chiral limit. We use the same fermion formulation used in our zero temperature simulation, of
which details are summarized in the supplemental material in [8]. We choose the simulation points
along the line of constant physics (LCP) at which the light quark mass is fixed in the physical unit.
The temperature is controlled through changing the lattice spacing a. To this end, we utilize the
zero temperature simulation results to obtain the gauge coupling 8 dependence of the lattice spacing
and the renormalization factor of the quark mass. The details of the S-dependence and the choice
of lattice parameters are presented in this conference by one of the authors (Y.A.) [9].

In this article, we first discuss at which quark mass we should simulate and the effect of the
additive residual mass correction. The input quark mass must be tuned to correct the residual mass
effect for the coarse lattice we use Ny = 12, but the mass reweighting also works for the fine
lattice with Ny = 16. We present out preliminary results on chiral condensate and disconnected
susceptibilities as well as the topological susceptibility.

2. Simulation Setup

We first scanned m-T parameter space along fixed temperature lines to find the parameter region
to prepare LCP configurations. We measured several gluonic observables: plaquette, topological
charge, Polyakov loop and their susceptibilities. We also monitored the iteration counts and the
variance of the light quark solver during the molecular dynamics of HMC. The iteration count is not
a physical observable but it is sensitive to the spectrum of the Dirac operator. It turned out that the
variance of the iteration counts exhibits most clearly the sign of (pseudo) phase transition (Fig. 1).
The figure shows that the peak of the variance is around m; ~ 10 MeV. From this information we
can sketch the phase diagram in m-T plain as the left panel of Fig. 2 (the figure assumes crossover
for m; > 0). Since the quark mass explicitly breaks the chiral symmetry, we expect that the heavier
light quark pushes the upper limit of the temperature of broken phase as in the figure. We start
with the light quark mass m; = 0.1mg (= 9 MeV) before studying the physical point and the chiral



Thermodynamics with Mobius domain wall fermions near physical point I1 Issaku Kanamori

iteration count of the light quark solver variance of iteration count of the light quark solver
2500 T 180000 T T
e NT=12 arryg 0.1 amg NT=12
N NT=14 160000 |- NT=14 R
NT=16 —+— NT=16 —+—
2000 - N 1 140000 - R
\+
120000 |- \ N
1500 | B \
100000 [ \ B
80000 B
1000 |- B \
60000 |- \ ]
500 I i 40000 E
20000 B
0 L L L O L L L
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
am, am

Figure 1: Iteration counts of the light quark solver during HMC (left panel) and the variance (right panel)
with fixed lattice spacing 1/a ~ 1.8 GeV. The temperature is 7 = 153 MeV (Np = 16), 175 MeV (Nr = 14)
and 205 MeV (N = 12).

limit in the end. To cover the (pseudo) phase transition in this range of light quark mass, we set the
temperature in 120 MeV < T < 205 MeV (right panel of Fig. 2).

Since we use a finite Sth-dimensional extension Ly = 12 and finite lattice spacing in the
simulations, the chiral symmetry is broken and the quark mass receives an additive correction. The
size of the correction mieq 1S

Y5 (Jsq (%, 1) P(0,0))

Myes = R(t) = = p
2x(P(¥,0)P(0,0))

)

where Js, is the pseudo scalar density at the mid point in the 5th extent. As emphasized in the
talk by Y.A., it is crucially important to take into account the effect of mes in the LCP simulation
[9]. Figure 3 shows the S-dependence of m; measured by using several parameter sets. The plot
shows almost no dependence on the input bare quark mass or the lattice volume and data points
are well described by an exponential ansatz in 8. For the coarse lattice (Ny = 12), which uses
4.00 < B < 4.17, the size of my is compatible or even larger than 0.1m; plotted in yellow dashed
line. We therefore need to shift the input mass to m; — m.s to cancel the effect of m.s. The fine
lattice (N7 = 16) uses larger 8, 4.10 < S < 4.30, and the correction is small compared to the
target light quark mass 0.1m . We therefore use mass reweighting on the configurations generated
without correcting m effect. To determine the value of m,.s, we combine the measured values and
results from a fit with exponential ansatz. An exponential fit by using N7 = 16 data has a good x>
value so we determine the ms for 8 > 4.10 from the fit result, which has smoother S-dependence
than the measured value itself (the bottom fit in the Figure). On the other hand, exponential fits
with N7 = 12 data have rather poor y? value so we use the measured values to determined the 71,
for 8 < 4.10

3. Results

We use the following three different lattices with m; = 0.1my.

* 243 x 12 lattice, 9 points with ~ 10k — 19Kk trajectories.
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Figure 2: Sketch of m-T parameter space. Cross (X) symbols represent simulation points. The left panel is
fixed temperature scanning, and the right panel is for the Line of Constant Physics (LCP) with the fixed light
quark mass.
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Figure 3: Residual mass in lattice unit. The lattice size is 24 x 12 (al, bl) and 323 x 16 (c1). The coarse
ensembles (N7 = 12) use 4.00 < 8 < 4.17 and the fine ones (N7 = 16) use 4.10 < B < 4.30. Red, blue and
green dashed lines are fits to al, bl and c1 data, respectively.

* 36° x 12 lattice, 8 points with ~ 4k — 12k trajectories.

* 32316 lattice, 9 points with ~ 4k — 6k trajectories after mass reweighting (~ 20k trajectories
before reweighting).

Figure 4 shows iterations counts of CG solver for the light quark during HMC and the variance,
which are not physical observables but sensitive to the low mode of the Dirac spectrum. Especially
from the larger volume (36> x 12) data, we observe that our choice of simulation points covers the
(pseudo) transition point, of which temperature is 150 — 170 MeV. The finer lattice data (323 x 16)
are mass reweighted from the configurations generated without ms corrections. The distributions
of the iteration counts before and after reweighting are collected in Fig. 5. The plots show that the
distribution after the reweighting has a large overlap with the original distribution, which justifies
to use the reweighing method for this quantity'. We have also observed similar overlap for other
quantities we present here.

1Post conference analysis with more statistics up to 20k trajectories gives smoother distribution than the figure.
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Figure 4: Iteration counts of CG solver for the light quark during HMC (left panel) and the variance (right
panel). Finer lattice data (323 x 16, green cross) has been reweighted from the configurations without 71,
corrections.

Figure 6 is the renormalized chiral condensate and disconnected susceptibility. Although
the mass reweighting is not applied to the finer lattice data, the values from two different lattice
spacings, Ny = 12 and Ny = 16, have almost the same value of chiral condensate. This implies
the divergent part of the condensate is properly subtracted by using strange quark condensate as
Wy — Z—i((/_/sl//s>, and the multiplicative normalization (u = 2 GeV) is properly applied. The
peak of the susceptibility is located in 150-170 MeV, but changes as the volume becomes larger.
We need a larger volume data to give a conclusive statement about the transition temperature.

The topological susceptibility is rather sensitive to the quark mass. Therefore, without the 71,
correction we cannot obtain the correct value. The left panel of Fig. 7 demonstrates this fact. The
plotted data with Ny = 12 and Ny = 16 differ only in the lattice spacing but m s corrections are
not applied to both data series. One would naively expect that they give almost the same value,
however, as the coarse lattice has much larger m, the results significantly deviate from each other.
Furthermore, the value of the topological susceptibility with Ny = 12 overshoots the value at 7 = 0
[10] in the low temperature. After the effect of m,.s are corrected (right panel of Fig. 7), we observe
a good agreement of Ny = 12 and Ny = 16 data in T > 140 MeV. In the lower temperature, we
still observe an overshoots of Ny = 12 data. We interpret this is due to a remnant lattice artifact,
because the lattice cut off of the lowest temperature simulation with Ny = 12 is about 1.5 GeV,
which is rather small.

4. Summary and Outlooks

We tuned the simulation parameters of 2+1 flavor configurations with Mobius domain-wall
fermions to study the (pseudo) critical transition at finite temperature. The simulation points are
chosen along the line of constant physics, where the light quark mass is set to 0.1mg in the physical
unit. The quark mass is tuned by taking into account the effect of the residual mass. For the finer
lattice with Ny = 16, we used quark mass reweighting to correct the residual mass effect (except
for the chiral condensate of which reweighted results are to come, as additional measurements with
the new valance quark mass are needed). The preliminary results confirms the correctness of the
parameters and imply the transition temperature is in 150-170 MeV.
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Figure 5: Distribution of the iteration counts of CG solver for the light quark during HMC, before (upper
panels) and after (lower panels) reweighing for N7 = 16 ensembles. From the left panels to right: Temperature
T =129 MeV (8 =4.10), 153 MeV (8 =4.17) and 184 MeV (B8 = 4.25).
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Figure 6: Renormalized chiral condensate of the light quarks (left panel) and the disconnected part of the
susceptibility (right panel). The divergent part of the condensate is removed by subtracting the condensate
of strange quark. The multiplicative renormalization with ¢ = 2 GeV is also applied. Mass reweighing is not
applied to Ny = 16 data.

We are now adding more statistics and larger volume data, which are crucial to give a conclusive
statements on the transition temperature from our data. The data with lighter quark mass at physical
point are also to come.
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myes correction and the right panel is with ms correction. The horizontal lines denote the value at zero
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