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Why QCD equation of state?
Input to already well established approach — hydrodynamic simulations of
heavy ions collisions:

Continuous hot and
dense matter
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Why QCD equation of state?
An important input to model stable neutron stars and neutron star mergers:
● temperatures < 100 MeV
● energy densities > 1 GeV/fm3
typical QCD scales — new challenge for nuclear and subnuclear physics!

Credit: NASA/Swift/Dana Berry
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Known QCD phenomenology
Stefan-Boltzmann limit
for massless quarks

hadron-resonance
gas at low T

HotQCD, 1407.6387

Nuclear first order
liquid-vapor phase
transition

Chiral symmetry
restoration

U. Vogl, W. Weise, 1991

Parity doubling
among baryons
V. Vovchenko et al., 1506.05763

G. Aarts et al., 1710.08294
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Known QCD phenomenology, Ep. 2 — neutron stars
Equation of state at T=0:

Neutron star physics put
constraints on properties
of T=0 QCD matter!
Hyperons
u,d,s quarks
Color
superconducting
matter

Annala, Gorda, Kurkela, Vuorinen,1711.02644

Atmosphere: H/He plasma, Fe nuclei
Outer crust:
electrons, ions
Inner crust: electrons,
neutrons, nuclei
Outer core: electrons,
neutron-proton liquid
Inner core:

M
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Tidal
deformabilities
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Most, Weih, Rezzolla, Schaffner-Bielich., 1803.00549

Nättilä et al., 1509.06561
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Soon:
● Neutron star mergers
like GW170817
● Data from NICER
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Most, Weih, Rezzolla, Schaffner-Bielich., 1803.00549

Nättilä et al., 1509.06561

SU(3) parity-doublet quark-hadron chiral mean field model
A well developed unified approach for QCD thermodynamics at wide
range of scales. Includes:
● PDG list of hadrons with eigenvolume corrections;
● Scalar, pseudoscalar, and vector fields as non-linear σ – ω model;
● Coupling of SU(3) baryon octet + parity partners to mesonic fields;
● Quarks within PNJL-like approach.

Main aspects of QCD phenomenology are included.
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SU(3) parity-doublet quark-hadron chiral mean field model
Mesonic fields:

Baryon octet + partners:

Quarks in PNJL-like approach:
and drive chiral symmetry breaking
of non-strange and strange sector
respectively.
Excluded volume corrections for hadrons:
where Polyakov loop controls
deconfinement with the following potential:

Ratti, Thaler, Weise, hep-ph/0506234
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Model parameterization
Model has numerous couplings that got to be determined.
Nuclear physics comes to provide constraints on parameters:
● Nuclear matter ground state
E/A(n0) = -15.2 MeV, n0=0.16 fm-3;
● Compressibility
K(n0)= 267 MeV;
● Asymmetry energy
S(n0) = 31.9 MeV;
● Vacuum masses of octet baryons

Model reproduces correct binding energies for nuclei.
S. Schramm, Phys.Rev. C66 (2002) 064310

Parameters of quark sector still to be fixed.
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Fitting quark sector to lattice QCD data
Lattice QCD provides
information about transition
from Hadron-Resonance-Gas
at low T to gas of massless
quarks and gluons at high T.
Model parameters of Polyakov
loop potential U — T0, a1, a2,
b3 and quark couplings to
scalar fields — gq , gq are
fitted to reproduce lattice data
on trace anomaly I=(ε-3P)/T4.
Wuppertal-Budapest collaboration, 1112.4416, 1309.5258, 1507.04627
HotQCD collaboration, 1203.0784, 1407.6387, 1701.04325
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Properties at

B

=0

Good description
of
thermodynamics,
while interpretation
of order
parameters ( , ) is
lost.

Lattice data from: HotQCD collaboration, 0903.4379

11

Probing phase diagram with fluctuations
Baryon number susceptibilities
fluctuations:

B
N

are a sensible measures of particle number

Close to critical point susceptibilities
are proportional to increasing powers
of correlation length (Stephanov, 2009).
Fluctuation observables probe
critical behavior and provide clear
signatures of phase transition.
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Fluctuations in T,

●
●
●
●
●

B

plane

Skewness and kurtosis suggest separation in four different phases.
Transition from HRG to dense liquid is reflected even at B=0.
Signals in crossover region at B=0 are remnants from nuclear
liquid-vapor phase transition — Vovchenko et al., 1711.07260 .
Chiral symmetry restoration and transition to quark-dominated phase are
at very high B and/or T .
Wiggles at small T are due to appearance of higher resonances + Fermi
statistics.
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Phase diagram

Two critical points:
Nuclear liquid-vapor phase
transition;
Chiral symmetry restoration;
both at low T.
Transition to quark rich phase
εq/εtot≈1 is always of second
order.
Red blurred lines — crossover
estimated by local maxima of
scaled variance = B2/ B1.
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Application to neutron stars

At T=0 with beta equilibrium model
produces an equation of state that can be
used as an input to model neutron stars by
solving Tolman–Oppenheimer–Volkoff
equation:

Additional input is needed to model star’s
crust — Nuclear Statistical Equilibrium
(Baym, Pethick, Sutherland,1971, Astrophys. J.,
170,299.)
Model suggests finite quark abundance in
core of the star.
n0=0.16 fm-3 — nuclear saturation density
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Mass-radius relations
Local quark fraction
(dashed — unstable stars):

Maximal mass is in agreement with recent
constraints from GW170817:

Rezzolla, Most, Weih, Astrophys.J. 852 (2018) no.2, L25
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Neutron star tidal deformabilities
Tidal deformability — how star’s gravitational field reacts on external
quadrupolar field:
Qij = — Λεij
It’s an important EoS-dependent quantity for inspiral phase of binary
neutron star system.

Bands — recent constraints for radius and tidal deformability of 1.4Msun star.
Most, Weih, Rezzolla, Schaffner-Bielich., 1803.00549

Lines — results on Λ using EoS obtained from the model.
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Summary
● SU(3) parity-doublet quark-hadron chiral mean field model — is
unified phenomenological approach to model QCD thermodynamics
at wide range of scales;
● B=0 lattice QCD data is used to constrain parameters of model’s
quark sector;
● Nuclear liquid-vapor phase transition gives strong signals in
fluctuations even at B=0;
● Chiral symmetry restoration and transition to quark-dominated phase
are at very high B and/or T;
● Model produces neutron stars in agreement with modern constraints;
● Model’s EoS can be used as input for both finite T and T=0 neutron
star physics.

Thanks for your attention!
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