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Introduction

@ Lattice QCD simulations at non zero
temperature and baryon chemical potential
to locate the QCD (pseudo)critical line.

@ “Sign problem” : possible way out analytic
continuation from imaginary chemical
potential (other methods: reweighting from
the ensemble at ug=0, the Taylor expansion
method, the canonical approach, the density
of states method).

@ The QCD (pseudo)critical line can be
parameterized by a lowest order Taylor
expansion in the baryon chemical potential:
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@ Ouraim: Estimate the curvature of the (pseudo)critical line of (2+1) flavor QCD

using the method of analytic continuation.
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@ Highly improved staggered quark action with tree level improved Symanzik gauge
action (HISQ/tree) with 2+1 flavors.

@ We work on a line of constant physics (LCP) determined (*) by fixing the strange quark mass
to its physical value ms at each value of the gauge coupling 8. The light-quark mass has
been fixed at m;=my/20. (My= 160 MeV)

(*) as determined in A. Bazavov et al (HotQCD Collaboration), PRD 85, 054503 (2012))

@ In the present study we assign the same quark chemical potential to the three quark
species: B = ps == pp/3

@ To perform numerical simulations we used the MILC code suitably modified in order to
introduce an imaginary quark chemical potential u=us/3.

That has been done by multiplying all forward and backward temporal links entering
the discretized Dirac operator by exp(iau) and exp(—iau), respectively.

@ All simulations make use of the rational hybrid Monte Carlo (RHMC) algorithm.
(The length of each RHMC trajectory has been set to 1.0 in molecular dynamics time units.)
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@ Table of simulations performed
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trajectories for each run and have collected from
4000 to 8000 trajectories for measurements.
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@ Todetermine the pseudocritical line we consider
the disconnected susceptibility of the light
quark chiral condensate
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@ Table of simulations performed @ We have typically discarded not less than 1000
trajectories for each run and have collected from

Tatlice /(7 T) 4000 to 8000 trajectories for measurements.
16° x 6 0.157
0.2
YLRVE 8;?2 @ To de.termine the pseudocrit.ic.al line we Fonsider
32° < 8 0.15 the disconnected susceptibility of the light
ggéi quark chiral condensate
40° x 10 0.15¢
83% 1 X1,disc
<4901
I x 12 0.20i Z2 T2
0.25
1
my(8) T —
Zm(B) = =
() my(G*) a(B)L,
n?_. —1)2 —1\2
Xasdise = {{(rxD7)*) - (TrD*)2}

16 N3N,

@ We need to set the lattice scale in order to get the
temperature at a given gauge coupling.



Setting the lattice scale

The lattice spacing can be determined using the slope of the static quark-antiquark potential
on zero-temperature lattices or the value of the decay constant fx (we use results of HotQCD
collaboration (¥)).
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Numerical results: T.(n)/T.(0)

@ The (pseudo)critical line T(u) has been determined as the value for which the renormalized
disconnected susceptibility of the light quark chiral condensate exhibits a peak
5]

1+ ao(T — T.)2

@ To localize the peak, a Lorentzian fit has been used:

1 Xiight
72 T2
_ Might (8)
T myign (8%)
T 1
B a(B3)L;
5 2.37

B* = 6.54706 (ry scale)
B* = 6.56778 (fk scale)



Numerical results: T.(n)/T.(0)

@ The (pseudo)critical line T(u) has been determined as the value for which the renormalized
disconnected susceptibility of the light quark chiral condensate exhibits a peak
aj

1+ ao(T — T.)2

@ To localize the peak, a Lorentzian fit has been used:

1 . 90 I I T | T |
Xlight } 1
72 T2 80 [— w(nxT)=0200i —

m i O 16°x6 7
70 - O 32°x§ —
Miight (,3) - _ O 40’x10 -

p— A 3
™m 60 — 48 x 12 —
Miight (/6*) i A |
1 = sl —
T pt \% i o ]
a(8)L: S ol % )
X- [ —
T 30— ]
— 2.37 i ]

a(8*)

20 — _

B* = 6.54706 (r; scale) i |

B* = 6.56778 (fk scale) 10 - |

0 | | | |
150 160 170 180 190

T (MeV)



Numerical results: T.(n)/T.(0)

lattice u/(wT) T.(1)/T=(0) T.(1)/T=(0)
(r1 scale) (fx scale)
16° X 6 0.154 1.038(13) 1.043(14)
0.2i 1.063(15) 1.070(15)
0.257 1.085(16) 1.095(18)
24° X 6 0.2i 1.061(9) 1.067(10)
32° x 8 0.153 1.054(7) 1.059(8)
0.2i 1.066(10) 1.071(11)
0.257 1.117(10) 1.126(10)
40° x 10 0.153 1.023(23) 1.024(24)
0.2i 1.075(14) 1.079(15)
0.251 1.102(15) 1.107(15)
48° x 12 0.203 1.051(14) 1.052(15)
0.257 1.094(26) 1.097(25)

(*) To estimate T¢(0) on lattices 243x6, 323x8, 403x 10, 483x12 we take data for disconnected light chiral susceptibility form
Table X, XI, XII of A.Bazavov et al (HotQCD Collaboration) arXiv:1111.1710 Phys. Rev. D 85, 054503 (2012) and from Table XI of
A.Bazavov et al (HotQCD Collaboration) arXiv:1407.6387 Phys. Rev. D 90, 094503 (2014)
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Linear fit (in p2) to data at fixed L:
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The curvature of the pseudocritical line

0 i | 1 | | 1 | | 1 | | | 1 | | | 1 | 1 1 ]

I @ from r, scale _

05 - m fromf scale |

1k N

15— ®

q i ® L. =8 [ | il

n [ | _

i L; =12 _

D -+ —

: B} L;=6

250 _

_3 B | L1 | | | L1 | | | L1 | | | | L1 | | | L1 | L1 L1 ]
0 0.005 0.01 0.015 0.02 0.025 0.03

/L

t



The curvature of the pseudocritical line
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Estimate of the (pseudo)critical line
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Estimate of the (pseudo)critical line
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Summary & Conclusions

@ We have studied QCD with 2+1 flavors discretized in the HISQ/tree staggered fermion
formulation and in the presence of an imaginary chemical potential, with a light-to-strange
mass ratio my/ms = 1/20 and quark chemic potentials u=u=us.

@ We have estimated by the method of analytic continuation the curvature of the
(pseudo)critical line in the temperature - baryon chemical potential. The observable adopted
to identify, for each fixed y, the crossover temperature is the disconnected part of the
(renormalized) susceptibility of the light quark condensate.

@ We have found that, within the accuracy of our determinations, cutoff effects on the curvature
are negligible (used lattices with temporal size L+=6,8,10,12):

k = 0.020(4) this work k = 0.018(4) our previous paper

@ The extrapolation of the critical line as determined in this work to the region of real baryon
density compares quite well with the freeze-out curves resulting from a few

phenomenological analyses of relativistic heavy-ion collisions.



