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Motivation

 The equation of state (EoS)
— the most basic characterization of equilibrium properties of strong-interaction
matter

* The EoS at non-vanishing (ug, Ks, Hg)
— important for hydrodynamic modeling of conditions met in BES@RHIC
* Beam energy range expected in BES@RHIC
> 7.7GeV < /Syy < 200GeV
-0 <up/T <3

e Lattice QCD simulationsat u>0
— suffers from the well-known sign problem
* The Taylor expansion method
— small values of chemical potentials can
can be studied
— higher order of expansion coefficients

Temperature {MeV)

are needed to cover 0 < ug/T < 3 om0 ome o
= This study: up to 6" order
H. Ohno
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Taylor expansion : pressure
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Taylor expansion : energy and entropy densities
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Hadron resonance gas model

* based on non-interacting hadrons
e describes the thermodynamics for low temperature,
hadronic regime well

For simplicity, po=ps=0
PHRS(T, ug) = Py (T) + Pp(T, ip)

Mesonic contributions Baryonic contributions

In the Boltzmann approximation (good for the baryonic sector)

‘ IDB(Tj /lB) — PB(T, 0) + PB(T, 0)(0081’1(@3) — 1)
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Truncation effects in HRG model

" Truncation at (2n)-th order A

-
o

T
(AP)2n = (Pp(T, ig) — Pp(T,0))2n = Pp(T,0) ), o5t
G el )
o | AP/PR(T0) (< [1-aP) aP) The 4t order result is
8t
03 |
7t nmo —— ool already good for p; < 2T
i 6 —
2 L 4 — 0':, Deviation from the exact result < 5%
o J—
: - In the interesting temperature range
5 mesonic contributions are dominant
.1 — Truncation effects are much smaller in
0 , , , the total pressure
0 0.5 1 1.5 2 2.5 3

Note: In the high temperature limit - a massless ideal gas of quarks and gluons

Th o 5nd ord | - pidal B 82 n T2 n 1, n 1 4
e pressure Is just a oraer polynomia T4 45 65 zﬂf A2 Hy
f:u‘.‘dﬁs
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Simulation setup

* Tree level improved Symanzik gauge action
* Highly Improved Staggered Quark (HISQ) action in (2+1)-flavor
* Physical strange quark mass
2 different light quark masses:
- m/m,=1/27 (m¢_=140 MeV), 1/20 (m®¢_ = 160 MeV)
* AspectratioN,/N_=4

600

e 4 different tempral lattice sizes: I u |
- = HISQ/tree @ \ AP
N, =6, 8, 12, 16 | - R
- continuum extrapolation o
300 - | 4
* Temperature range: 135 —-330 MeV
* Calculating generalized susceptibilities **|
up to 6" order 100 |
0 | | a [fm]
0 0.05 0.1 0.15 0.2
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Generalized susceptibilities at p, = ps =0
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PDG-HRG: based on all hadron resonances listed by the particle data group

QM-HRG: based on the PDG + additional hadron resonances predicted in quark model calculations

At low temperatures the QCD results overshoot the PDG-HRG results
but agree well with the QM-HRG results at T < 150 MeV.
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Generalized susceptibilities at p, = ps =0

(
B |
T4 92 B B 360 xB(T) P B
\_
12 77— L
T cont. est. | ;
1 : contr.est. | Ni=6 A
4 Ni=6 A 8
' * 8 i m¢/m=20 (open) -
0.8 ] - 27 (filled)
oo mg/m;=20 (?_;I::Zg)
m‘z_‘:— 0.6  m 27 (filled) |
=
@
0.2 .@' g, _Ef_rc::e guaik gf;sg_
0 1 L L 1 L L I 1 I I 1 I
140 160 200 220 240 260 280 160 180 200 220 240 260 280
T [MeV] T [MeV]

Both NLO and NNLO results agree with the HRG results at T < 150 MeV.
The NLO contribution is large in the hadronic regime but becomes rapidly small at large T.
Statistical errors for the current NNLO results at low temperatures are still large.
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K, dependence of pressure and baryon number density

at pa=ps =0
Y Y
- Ho=Hs=0

0.8 |
<
~
E% 0.6
a
o
3 04
=
o,

0.2 g/ T=1

1 l l L l " 1 " 1

200 220
T [MeV]

140 160 180 240 260 280

Pressure is well described at p; < 2T.
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NNLO corrections both for pressure and ng; are small at high temperatures even

at yg = 2.5T.

Getting the dip in x8./x?, at T = 160 MeV under control is important to
understand the EoS close to the transition region.

H. Ohno
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Net electric charge and strangeness densities at p, = ps=0
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HRG: sensitive to the charged (strange) baryon content in the model
- difference between PDG-HRG and QM-HRG

QM-HRG describes the QCD results better than PDG-HRG at low temperatures.
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Energy and entropy densities p,=ps=0
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Total pressure and energy density at p, = ps=0

140 160 180 200 220 240 260 280 140 160 180 200 220 240 260 280

Errors at p; = 0 is still dominant despite of the large errors of
higher order expansion coefficients.
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Expansion coefficients of pressure for ng =0, ny/n; = 0.4
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[P(T,ug)-P(T,0)/T*

K, dependence of pressure and baryon number density
for ng=0, ng/ng = 0.4
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The pressure and ng agree quite well with the HQG calculations at low
temperatures.

The agreement is getting worse for larger p; and higher T.

- HRG models fail to describe the physics in the crossover region for so
large u; and T 2 160 MeV.

H. Ohno
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K, dependence of pressure and baryon number density

for ng=0, ng/ng = 0.4
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The pressure and ng agree quite well with the HQG calculations at low

temperatures.

The agreement is getting worse for larger p; and higher T.
- HRG models fail to describe the physics in the crossover region for so
large u; and T 2 160 MeV.
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Expansion coefficients of pressure, energy and entropy
densities for ng =0, ny/ng = 0.4
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Total pressure and energy density for ng =0, ny/n; = 0.4
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Errors at p; = 0 is still dominant despite of the large errors of higher order
expansion coefficients.
The analytic continuation results agree with the Taylor expansion results.
The analytic continuation results tend to stay below the central values of the

Taylor expansion results.
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Lines of constant physics

The thermal conditions at the time of chemical freeze-out in heavy ion collisions can
be characterized by the lines of constant thermodynamic observables in T-p; plane.
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Lines of constant physics
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LCPs for constant pressure, energy and entropy densities agree with each other
at pg < 2T.
Constant pressure and entropy density cannot hold simultaneously.
The star data do not follow any LCPs.
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Radius of convergence

The series for the net baryon number susceptibility should diverge at the critical point.

6 T T T T T T T T T T T T T T T T T T T T
Fodor, Katz, 2004 @
—> Dattaetal, 2016 © ]
— - D'Elia et al., 2016, r§ i« ]
. ) H'-: this work: lower bound for r} Il A ]
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E
converges to the true value inthe n > o= limit @ o2 :
For finite radius of convergence for n - oo ?jc
B /Bl ~ n2 I distavored region for the |
|Xﬂ+3f' Xn | n | | location of a gritical point
At least for a large n, there should be large 0 L& ' ' - '
deviation from the HRG value |2,/ Z|#EC =1 135 140 145 150 155
T [MeV]

A critical point at pg; < 2T in the temperature range 135MeV < T< 155 MeV is

strongly disfavored in our study.
Its location at higher temperature also seems to be ruled out.

HC.SI-(IDPhlr;O The QCD Equation of State at p > 0 from Lattice QCD 22/23



Summary

The QCD equation of state at non-vanishing baryon chemical
potential has been studied with Taylor expansions up to 6" order.

The bulk thermodynamic quantities are well under control at p; £ 2T.

We calculated lines of constant pressure, energy and entropy
densities in T-pg plane.

The radius of convergence has been estimated.

Our current results suggest that a critical point in the QCD phase
diagram is unlikely to located for p; £ 2T at T > 135 MeV.

H. Ohno
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no/ng = r dependence of pressure coefficients
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4'h and 6 order pressure coefficients for ng =0, no/ng = 0.4
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