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- A brief introduction to the neutron star equation of state
and its location within the QCD phase diagram.

- The compact star mass twins hypothesis.

- Astrophysics measurements of compact stars: multi-
messenger astronomy & the GW170817 event.

- Astrophysical implications and perspectives.



Nuclear Matter

IIIIIIIIIIIlllI/_IOO‘IIIIIIIIIIIIIIIIIIIIIIIIIIIlll.l.llllllllﬁ
- v i / i

20 - neutron matter - == DBHF (BonnA) .

- |o--o BHF AV +3-BF ; >

- |o- -0 var AV, +3-BF S .

o NS S /|

-- DD-TW R4

- = ChPT ~

-20

nuclear matter

IIIII]IIlllIIII- IIllIlIIIIIIlIIIIIIIIIIIIIIIIlIlIIIlIII

0 0.05 0.1 0.15 0 0.1 0.2 0.3 0.4
3 -3
p [fm ] p [fm ]

C. Fuchs, H.H. Wolter, EPJA 30(2006)5



Compact Star Sequences
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Flow Constraint
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FIG. 6: Pressure region consistent with experimental flow
data in SNM (dark shaded region). The light shaded region
extrapolates this region to higher densities within an upper
(UB) and lower border (LB).



EoS Stiffness
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Most massive neutron star ever
detected strains the limits of physics
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Relativistic Shapiro delay measurements of an
extremely massive millisecond pulsar

H. T. Cromartie ©'*, E. Fonseca®2, S. M. Ransom

3, P. B. Demorest*, Z. Arzoumanian®,

H. Blumer®’, P. R. Brook®’, M. E. DeCesar®, T. Dolch®, J. A. Ellis™®, R. D. Ferdman ©", E. C. Ferrara'*?,
N. Garver-Daniels®’, P. A. Gentile®’, M. L. Jones®’, M. T. Lam®’, D. R. Lorimer®’, R. S. Lynch',
M. A. McLaughlin®?, C. Ng''¢, D. J. Nice @8, T. T. Pennucci ©", R. Spiewak @@, 1. H. Stairs'™, K. Stovall4,

J. K. Swiggum' and W. W. Zhu?°

Despite its importance to our understanding of physics at
supranuclear densities, the equation of state (EoS) of mat-
ter deep within neutron stars remains poorly understood.
Millisecond pulsars (MSPs) are among the most useful astro-
physical objects in the Universe for testing fundamental phys-
ics, and place some of the most stringent constraints on this
high-density EoS. Pulsar timing—the process of accounting
for every rotation of a pulsar over long time periods—can pre-
cisely measure a wide variety of physical phenomena, includ-
ing those that allow the t of the of the
components of a pulsar binary system'. One of these, called
relativistic Shapiro delay’, can yield precise masses for both
an MSP and its companion; however, it is only easily observed
in a small subset of high-precision, highly inclined (nearly
edge-on) binary pulsar systems. By combining data from the
North American Nanohertz Observatory for Gravitational
Waves (NANOGrav) 12.5-yr data set with recent orbital-
phase-specific observations using the Green Bank Telescope,
we have measured the mass of the MSP J0740+6620 to be
2.14') 19 M, (68.3% credibility interval; the 95.4% credibility
interval is 2.14'0 72 M_). It is highly likely to be the most mas-
sive neutron star yet observed, and serves as a strong con-
straint on the neutron star interior EoS.

Precise neutron star mass measurements are an effective way to
constrain the EoS of the ultradense matter in neutron star interiors.
Although radio pulsar timing cannot directly determine neutron
star radii, the existence of pulsars with masses exceeding the maxi-
mum mass allowed by a given model can straightforwardly rule out
that EoS.

In 2010, Demorest et al. reported the discovery of a 2 M, MSP,
J1614-2230 (ref. ‘) (though the originally reported mass was
1.97+0.04 M, continued timing has led to a more precise mass
measurement of 1.928 +0.017 M,, by Fonseca et al.’). This Shapiro-
delay-enabled measurement disproved the plausibility of some
hyperon, boson and free quark models in nuclear-density envi-
ronments. In 2013, Antoniadis et al. used optical techniques in
combination with pulsar timing to yield a mass measurement of
2.01+0.04 M,, for the pulsar J0348+0432 (ref. °). These two obser-
vational results (along with others’) encouraged a reconsideration
of the canonical 1.4 M, neutron star. Gravitational -wave astrophys-
ics has also begun to provide EoS constraints; for example, the Laser
Interferometer Gravitational-Wave Observatory (LIGO) detection
of a double neutron star merger constrains permissible EoSs, sug-
gesting that the upper limit on neutron star mass is 2.17 M (90%
credibility’). Though the existence of extremely massive (>2.4M,)
neutron stars has been suggested through optical spectroscopic

Edition v



Massive Neutron Stars




PSR J1614-2230

A precise AND large mass measurement
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Massive Neutron Stars
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Critical Endpoint in QCD
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Compact Star Mass 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 be
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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Piecewise polytrope EoS
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Compact Star Twins
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Multi-messenger Astronomy



GW170817: Neutron Star Merger
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Anatomy of the GWV signal
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Implications from GW170817
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral
B. P. Abbott et al. arXiv:1712.00451



Implications from GW170817
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Implications from GW170817
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Implications from GW170817
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Massive Neutron Stars:

|Is there a concrete limit for the
maximum mass?
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Upper limit on the Maximum
mass of static compact stars?

diff. rot. hypermassive NSs
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Universal relation for maximum
mass increase upon rigid rotation
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Mixed phase effects
(pasta phases)
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Speed of sound and causality
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Mass Radius Relations
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Effect of Rotation and Mixed Phase
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Effect of Rotation and Mixed Phase

Maxwell construction
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Universal relationship for rotating
Compact Stars
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Implications from GW170817
Nonlocal NJL
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GW170817 - Nonlocal NJL
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Gravitational Wave Signals
First Order Phase Transitions
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Conclusions

GW170817 favours softer EoS but also hybrid stars with strong
phase order transitions.

Future GW observations, NICER and SKA will soon result into
stronger NS EoS constraints probing the mass twins
hypothesis.

Many possible astrophysical scenarios for mass twins could be
confirmed implying a CEP in QCD.

The mixed phase construction mimics the pasta phase in
accordance with a full pasta calculation. This construction
makes the approach more realistic and has advantages for
numerical treatment of hybrid stars in general relativity.



Conclusions

The conjecture of an upper limit on the maximum mass of
nonrotating compact stars derived from GW170817 has been
revisited. We find a criterion for the minimal central energy
density in the maximum mass configuration that would
correspond to the core of GW170817. The equation of state at
high densities must be effectively soft, either as a relatively soft
hadronic one or a hybrid one with a strong phase transition.
The NICER radius measurement could be decisive
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