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THE QUEST FOR THE UNEXPECTED  *




Outline

- A brief introduction to the physics of compact stars.

- The role of the symmetry energy in determination of the
properties of compact stars.

- The symmetry energy in the framework of hybrid
compact stars.



Motivation

- New channels of multi-messenger observations like gravitational
radiation from merger events of binary systems of compact stars or
radio and X-ray signals from isolated pulsars allow to study their
most basic structural properties like mass, radius, compactness,
cooling rates and compressibility of their matter.

- Nuclear measurement and experiments have narrowed the Equation
of State (EoS) uncertainty in the lowest to intermediate density range.

- The nuclear symmetry energy plays an important role in the neutron
star structure and cooling rates that can be studied.
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Nuclear Symmetry Energy
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is the difference between symmetric nuclear matter and pure neutron
matter:

E(n,x)=E(n,x=1/ 2)+Es(n)*a’2(x)+Eq(n)*a’4(x)+0(a’6(x))

where a=1-2x



Neutron Star Equation of State

The energy per nucleon in neutron star core matter is given by:

Eiot(n,{zi}) = Ep(n,zp) + Eep(n, ze,z,) .
Ey(n,zp,) = Eo(n)+ S(n,zp)
Blep(n, e, zy) = Ee(n,ze)+ Eu(n,z,) ,

where n = ny, + n, is the total baryon density and z; = n;/n, i = p,e, u are
the fractions of protons, electrons and muons, respectively. The baryonic part
is very well described by the parabolic approximation w.r.t. the asymmetry

72’71 - TL ’)
a = — P _—_1- 2z,
Ny + Np

resulting in S(n,x,) = (1 — 2x,)?Es(n). The leptonic contribution is a sum of
the Fermi gas expressions for the contributing leptons [ = e, u

Ei(n,x) = 711 i3 [\/1 + 212 (1 + %) —ZZ—iIArsinh (%)]

where z; = my/pr;. For massless leptons (z; — 0), this expression goes over to
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Charge neutrality and B-equillibrium

Under neutron star conditions charge neutrality holds,
Tp =Te + Ty .

The — equilibrium with respect to the weak interaction processes n — p +
e + V. and p+ e~ — n+ v, (and similar for muons), for cold neutron stars
(temperature 7' below the neutrino opacity criterion 7' < T,, ~ 1 MeV) implies

P — Mp = Jle = [y -

The chemical potentials are defined as

Oz d
= = —Fi(n,{x;}), i, =n,p.e.pn,
on; Oz (n,{z5}) » 4] P € 1L

i

where e; = n E;(n,{z;}) is the partial energy density of species i in the system.
From the above equations:

e =4(1 —2x)E (n) .

Since electrons in neutron star interiors are ultrarelativistic,

fle = ,/p%‘e +m2 = pre, and pre = (31%n,)Y3 = (372n) /3 (2 — :1:,,)1/3 .

A I 2
T— Ty 64E3(n) (@ —2,)2/% — 22/3 = my,
(1 —2x)3 3mn £ ® (3m2n)2/3

The total pressure is then given as P(n) = n? (‘)gﬁ)
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Symmetry energy effects
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Symmetry energy effects
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Hybrid compact stars
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Compa

Ct Star Twins
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Was GW170817 a canonical neutron star merger?
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Gravitational Wave Signals
First Order Phase Transitions
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Mass Twins — Energy Released
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HESS J1731-347
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Compact Star Mass Twins
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CRUST-CORE Transition

The shear modulus in the crust is given by

0.1106 ni (Ze)*
p= — ’(a )’ (5)
akp,
1+17810 ( (Ze)2)

where T is the temperature, n; is the ion density, Z is the proton
number of the nuclei, and

3 3
o ( 4mi) | 6)

Resonant Shattering Flares as Multimessenger Probes of the Nuclear Symmetry Energy
Duncan Neill, William G. Newton, David Tsang, MNRAS Volume 504, Issue 1 (2021)

arXiv: 2012.10322
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Hybrid and Hadronic Stars
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Fractional Mass of the CS Crust
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Outlook

Collect multi-messenger astronomy and collider experiments results to probe
the properties of dense matter.

Employ Bayesian Analysis and Machine Learning methods in order to
estimate unknown physical parameters of the EoS.

Study and detect CS excitations, see for instance: arXiv: 2309.08775
Employ the universal |-Love-Q relations to study CS crusts.
Study finite temperature effects relevant for CS mergers.

Key question: is it possible to study the crust of neutron stars in order to
determine whether they are are hybrid stars or not?



