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e One of the most dense objects in Universe:

NQU'l'ron S'l'ars R~10km and M~1.5 M,
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Coulomb lattice

e The choice of inner crust EoS and the matching to the core EoS
can be critical :

Variations have been found of 0.5km for a M=1.4 M, star!

* P, plays crucial role in fraction of | in crust of star: Terust ~ 3 R,

which also depends on crust thickness, [,



Describing neutron stars

PB. Demorest et a/
ature 467, 1081, 2010
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Prescription:
1.E0S: P(F) for a system at given
pand T )
2.Compute TOV equations
3.Get star M(R) relation _—

Problem: Which EoS to choose?
Many EoS models in literature: R -

ePhenomenological models (parameters are fitted to nuclei
properties): RMF, Skyrme...

eMicroscopic models (starts from n-body nucleon
interaction): (D)BHF, APR...

Need Constrains!!



EoS Constrains
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Choosing the EoS(s)

We need unified EoS, but if we don’t have it..

Choose 1 EoS for each NS layer: A

[astro_ph %7?-07944

12016
/
eQuter crust EoS (BPS or HP or RHS) —M(R) not affected

e/nner crust EoS (1) — pasta phases 7, unified core EoS ?
eCore EOS — homogeneous matter

and then

eMatch OC EoS at the neutron drip with |IC EoS
eMatch IC EoS at crust-core transition (2) with Core EoS

We are going to focus on (1) and (2)
to obtain the transition densities and pressures!




The pasta phases

- R

eCompetition between Coulomb and nuclear forces leads to
frustrated system

eGeometrical structures, the pasta phases, evolve with density
until they melt — crust-core transition

e(Criterium: pasta free energy must be lower than the
correspondent hm state

QMD calculations:

g, <0

R ape 1
P a .
A goavh O
54

-

G. Watanabe et al, PRL 103, 121101, 2009

C. J. Horowitz et al, PRC 70, 065806, 2004




Pasta phases - calculation (I)

® Thomas-Fermi (TF) approximation:

- Nonuniform npe matter system described inside Wigner-Seitz cell:

Sphere, cilinder or slab in 3D (spherical symmetry), 2D (axial symmetry
around z axis) and 1D (reflexion symmetry).

- Matter is assumed locally homogeneous and, at each point, its density is
determined by the corresponding local Fermi momenta.

- Fields are assumed to vary slowly so that baryons can be treated as
moving in locally constant fields at each point.

- Surface effects are treated self-consistently.

- Quantities such as the energy and entropy densities are averaged over the
cells. The free energy density and pressure are calculated from these
two thermodynamical functions.



Pasta phases - calculation (II)

Checy
p
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e Coexistence Phase (CP) approximation:

- Separated regions of higher and lower density: pasta phases, and a
background nucleon gas.

- Gibbs equilibrium conditions: for 7 = 71 = T1!:
pp =ty b =pll pT=pl

- Finite size effects are taken into account by a surface and a Coulomb
terms in the energy density, after the coexisting phases are achieved.

- Total F and total Ppof the system:

F=fF'+1—=HF" +Fot €ours + €coul
Pp = pe =ypp = fol + (1= f)pl!



Pasta phases - calculation (III)

The total free energy density is minimized, including the
surface and Coulomb terms.

The equilibrium conditions become:
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Non-linear Walecka Model

R

mesons: mediation of nuclear force
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How to calculate transition density?

R, ()

courtesy: C. Providéneia
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1) Get the instability region: (-
- Dynamical spinodal or
- Thermodynamical spinodal

2) Intersect EoS with

that boundary to get p:
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Thermodynamical spinodal =

e [he (free) energy curvature matrix for asymmetric NM is
defined by: o ( 0*F )
dp;0p;

eStability conditions: T'r(C) > 0, Det(C) > 0
*The spinodal is given by (T, p,, pn) for which Det(C) =0

.e., one of eigenvalues is negative in the region of instability
and goes to zero at border:

A — %(TT(C) ~ VTr(C — 4Det(C)) = 0




The crust-core transition - thermodynamical spinodal approach
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a) density-dependent models
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b) non-linear mixing meson
couplings models
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Dynamical spinodal

ch
€ck PRC 94, 01 5808 2016

eDynamical instabilities are given by collective modes that
correspond to small oscillations around equilibrium state.

e\/ery good tool to estimate crust-core transition in cold
ﬂeutri ﬂo-free neutron stars. check PRC 82, 055807 2010; PRC 85, 059904(E) 2012

¢ [hese small deviations are described by linearized equations
of motion.

ePerturbed fields: F; = Fyo + 0F;

ePerturbed distribution function:  f, = f,o + 6 f;



Dynamical spinodal (cont)

e The time evolution of the distribution functions is described

by the Vlasov equation: %J;Z +{f;, h;} =0, i=p,n,e

semiclassical approach, that is a good approximation to
t-dependent Hartree-Fock eqs at low energies

¢ \\le get a set of equations for the fields and particles, whose solutions
form a complete set of eigenmodes, that lead to the following matrix:

1+ FPPL,  FP"L, CEL, s
FPPL 14 FL 0 2Pr, dpn | =

CPL, 0 1—C%L,

* The dynamical spinodal surface is defined by the region in (0p, Pn)
space, for a given wave vector k and temperature 7, limited by the

surface w = 0.
¢ |n the k=0 MeV limit, the thermodynamic spinodal is obtained.



p, (fm™)
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a) effect of pasta:

o e o - M(R) relations

............ _ bps+pasta+hm _
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5 I Effect on Mmax is negligible, not true for the radius!
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1
[ op give slightly larger radii than wp models, the
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If we combine the 3 constrains,

10

T=d, neutron matter

P (MeV fm?®)
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ext. Nambu—Jona-Lasinio Model

P
RC'93, 06550: 2018

eSet of models with chiral symmetry included, unlike RMFs

eSince chiral symmetry is satisfied, EoS valid at higher
densities!
L= @E(iy_“au @w Ziii'll‘ikfy;i?l‘ii“y“f’e"ss"ii_?fpf
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make the symmetry energy softer
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eNJL models

e [n this study, we used eNJLx, eNJLxwpy, and eNJLxopy type of models

¢ \We also considered models with a current mass: eNJLxm, and eNJLxmaopy.

e To make Esym softer: *wp* and *op* models, where we fixed the Esym at p=0.1 at the
same value of eNJLx (eNJLxm), and we calculated the new Gp, fixing the Gvp (Gsp)

Esym (MeV)

constant.
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eNJL models-Constrains

But the models need to fulfil the constrains...
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only 2 models passed:
eNJL3op1 and eNJL2mop1
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M(R) relations
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R(M=1.4M©)=13.212 km, with AR(M=1.4M©®)=1.405km.

eNJL2mop1:

R(M=1.4M©)=13.084 km, with AR(M=1.4M©)=1.408km.

1) EoS:

1) outer crust: BPS

2) inner crust: pasta from a

CP or CLD calculation

3) core: hom. nucleonic matter,
same model as inner crust

2) integrate TOV

3) get M(R)
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M(R) relations (cont)

Considering hybrid stars:
e quark core described within SU(3) NJL model

M (Mgyn)

e perform a Maxwell construction to get hadronic to quark transition

2.5 e

- psr J0348+0432
1 psrJ1614-2230
'eNJL3op1+NJL1 —
leNJL3op1+NJL2 ——
0.5 reNJL3op1+NJL3 ——

reNJL3op1+NJL4 ——

The deconfinement phase transition
decreases maximum mass

though...

We are still able to describe stable
2Mo stars with a quark core!




Summary

————————

eInclusion of the inner crust EoS has strong effect on
the radius of low and intfermediate mass neutron stars!

eUnified EoS are needed!
but...

eInner crust EoS with similar symmetry energy
properties as the core EoS: effect on radii for stars
with M > 1 Mo is negligible!

eFor RMF models, R(M=1.4M®)=13.6+0.3km, with
AR(M=1.4M0)=1.36+0.06km.

eInner-crust—core unified EoS with chiral symmetry and
pasta allows the description of 2 MO stars, with

R(M=1.4M0)=13.148+0.064km.



Strong correlations of neutron star radii with the slopes of nuclear matter

incompressibility and symmetry energy at saturation aceep. PRC (R), arXiv.
1610.06344[nucl-th]

set of 24 Skyrme-type effective forces and 18 RMF 37 | |
models, and 2 microscopic calculations, all 25l
describing 2Mo neutron stars. I
~ 2F
Unified EoSs for the inner-crust-core region g@ ’
have been built for all the phenomenological v% 1.5F
models, both relativistic and non-relativistic. = 1;
I i I i I I i I I - _
g ey ~oss R T o
é 1 Y 05 i3
7 i p, (fm™)

A
‘;;.

C(R, , M) =0.743]

14’ | 0

120 CR, . L) = 0.850

T CR, ,, L) =0.745

°

A A

We started by calculating correlation
of Rwith K, Mand L...




and then...
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We found strong correlation of the neutron star R with

linear combination of M and L, and almost independent
of the neutron star mass in the range 0.6-1.8Mo.

This correlation can be linked to the empirical relation between R and P at a
nucleonic density between 1-2 saturation density, and the dependence of P on
K, M and L.




Thank youl!




