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Abstract

We propose a possible resolution of how 2 solar-mass neutron stars are sustained from the point of view of the smooth crossover between the hadronic
matter with hyperons and the strongly interacting (2+1)-flavor quark matter at around 3 times the normal nuclear matter density.

This mechanism leads to a stiff EOS and hence to two solar-mass neutron stars with reasonable radius of about 12-13 km. Our idea is in sharp contrast to the
conventional approach of the first-order hadron-quark transition where the EOS always becomes soft.

We also try to extend this model to the finite temperature region to treat proto-neutron stars.

Introduction [1,2,3,4]

/-Recent observation [1]

In 2010, NS(PSRJ1614-2230)
with (1.97%£0.04) M was found

through Shapiro delay .
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A serious conflict between the stiff EOS required from

the observations and the soft EOS with hyperons
required from theory.

/-Key guestions \
At T=0 MeV |[3,4]

e Are there any EOS which can explain 2Ms NS?
e What is the fate of the quark matter inside a heavy NS ?

At T#0 MeV
&How do hot NSs impose new constraints on dense matter?/

Quark EOS [5]

We use (2+1)-flavor NJL with 3-equilibrium and charge neutrality.
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Hadron-quark crossover

Hot NSs are composed of
“'supernova matter”
characterized by

constant entropy per baryon S
and lepton fraction Y.

Free energy
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/-Deﬁnition of EOS for supernova matter
we hypothesis pand I’ do not depend on T.

Helmholtz free energy F(p,T) = E(p,T) - TS(p,T)
L tanh (£52) L+ tanh (#52)

F(p,T) = Fu(p,T) % 5 - Eq(p,T) X 5
thermodynamic 1
relation _5 —5
1 — tanh (£=2 1 + tanh (&2
K s(p,T) = su(p,T) x Q(F) -5q(p, T) x Q(F)/

H-EOS: TNI2u (. I') = (3p0, po)

Sound velocity

1. Effects of crossover
M-R relation
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The sound velocity is found to increase in the crossover region,
which leads to a stiff EOS.

2. Finite temperature extension  gv = 0.5Gs (p,I") = (3po, po)
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e For typical neutron stars, quarks appear in the very central
region and strange quarks do not emerge.

e Due to the color degree of freedom of quarks, the internal
temperature becomes lower.

Summary

e By using crossover picture, EOS can become hard due to
strongly interacting quark matter.

e The three-body forces acting among nucleons and hyperons
play essential role for the cooling of neutron stars.

e Due to the color degree of freedom of quarks,
temperature becomes lower .

Future works
1. Cooling from our crossover model.
2. Constraints on EOS from other observables. (Radius etc.)
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