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Outline

Introduction to the neutron star equation of state and
the hyperon puzzle.

First order phase transition and deconfinement in
compact stars: neutron star twins.

- Astrophysics measurements of compact stars.

- Astrophysical implications and perspectives.



Key Questions

Can we resolve the hyperon puzzle in the framework
of quark deconfinement in compact stars?

Can compact star observations provide compelling
evidence about a first order phase transition in
QCD?

- What are the relevant observables?



Compact Star Sequences
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Mass (solar)

Massive neutron stars

M50
2.5 ; MPA1 4
PAL1
ENG
AP MS
2.0 0348+04
SOM3 \ MS

1.5_ S'f,"f‘-".?!—~_\ PALG '//—

oot 7 &

P i e

/// ,/_/’/
0.5f -~
0.0 Nucleons Nucleons+Exotic Strange Quark Matter, X X
ol 8 9 10 11 12 13 14 15

Radius (km)



Masquerades
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Compact Star Twins

Third family (disconnected branch)
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Critical Endpoint in QCD
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Neutron Star Twins and the AHP
scheme

First order PT can lead to a stable
branch of hybrid stars with quark
matter cores which, depending on the
size of the “latent heat” (jump in
energy density), can even Dbe
disconnected from the hadronic one
by an unstable branch — “third
family of CS”.

Measuring two disconnected
populations of compact stars in the
M-R diagram would represent the
detection of a first order phase
transition in compact star matter and
thus the indirect proof for the
existence of a critical endpoint
(CEP) in the QCD phase diagram!

Alford, Han, Prakash,
Phys. Rev. D 88, 083013 (2013)
arxiv:1302.4732
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Neutron Star Twins

Equation of State
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Quark substructure effects in baryonic matter

Excluded volume mechanism in the context of RMF models

Consider nucleons as hard spheres of volume V., the available volume V,, for the motion of
nucleons is only a fraction ® = V,,,/V of the total volume V of the system. We introduce

¢=1—1:Zn,-,

i=n,p

. T 3 . N
with nucleon number densities n; and volume parameter v — %"T" (2rpuc)” = 4Vaue and identical
radii rpye = rp = 1, of neutrons and protons. T'he total hadronic pressure and energy density are:

|
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ELUL(-“’H?-”’P] = P + Z i Mg
i=n,p

with contributions from nucleons and mesons depending on p,, and j,. The nucleonic pressure

i = — ji“‘i i — o )
pi = ( n; —min,

contains the nucleon number densities, scalar densities and energies:

b . (s) Pbm! || w2, ki t+ E; , " 2 v
n; @L.i, n; o2 Eik; — (m}) [IIT y Ei=\ki 4+ (m})" =p—V; p3 Pi,

j=p,n

as well as Fermi momenta k; and eflective masses m! = m; — S;. The vector V; and scalar 5;
potentials and the mesonic contribution py,es to the total pressure have the usual form of RMF
models with density-dependent couplings.

Benic, Blaschke, Alvarez-Castillo, Fischer, Typer, A&A 577, A40 (2015)
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NJL model with multiquark interactions

L= -mg+udy"q+ L+ Ls . L= 53

Ly = f\m aq)” + (Giystq)] — i @rq)* -5 mefi) [@g)° + (GivsTq)’]

Meanfield approximation: Lar = glid— M)g + izqc_]'yoq - U,

( B22
AS 99 — 2,5
= Loz
Hg — Hg — 2 AO2 4‘;’_(‘7 (I) '\9 ‘l)
U= ,\_ —(gq)* +3 <qq> - * (qq> q'gy — A2 —(a'a)* — ? =g q?
Thermodynamic Potential:
dp

Q = U—2N,N, [ E + Tlogll + 5] 4T log{1 + e #5]| + 0

(2x)°

S. Benic - Eur.Phys.J. A50 (2014) 111, arXiv:1401.5380

12



=
1
05 -
0 -
10
FIGURE 1.

[V
(o]

mn

(o

@

M (M)

13 14

R (km)

"

0

Avoiding reconfinement
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Mass-radius sequences for different model equations of state (EoS) illustrate how the three major problems in the

theory of exotic matter in compact stars (left panel) can be solved (right panel) by taking into account the baryon size effect within a
excluded volume approximation (EVA). Due to the EVA both, the nucleonic (N-EVA) and hyperonic (B-EVA) EoS get sufficiently
stiffened to describe high-mass pulsars so that the hyperon puzzle gets solved which implies a removal of the reconfinement
problem. Since the EVA does not apply to the quark matter EoS it shall be always sufficiently different from the hadronic one so

that the masquerade problem is solved.

Blaschke, Alvarez-Castillo (2015), arXiv:1503.03834
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Pasta phases in hybrid stars
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Energy bursts from
deconfinement
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Radius measurement

Nearest millisecond pulsar PSR J0437 —
4715 revisited by XMM Newton
Distance: d = 156.3 +/- 1.3 pc

Period; P=5.76 ms, dot P = 1020 g/s,
Field strength B = 3x108 G
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Three thermal component fit: R > 11.1 km (at
3 sigma level), M = 1.76 Msun

S. Bogdanov, 2013 ApJ 762 96
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Baryonic Mass

Double core scenario: . I l : : :
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Conclusions

Three of the fundamental puzzles of compact star structure,
the hyperon puzzle, the masquerade problem and the
reconfinement problem may likely be all solved by
accounting for the compositeness of baryons (by excluded
volume and/or quark Pauli blocking) on the hadronic side

and by introducing stiffening effects on the quark matter
side of the EoS.

Given the knowledge from lattice QCD that at zero baryon
density the QCD phase transition proceeds as a crossover,
twins would then support the existence of a CEP in the QCD
phase diagram.
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