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Neutron stars

o NSs are residues of supernovas
> NS are born hot T =10-100 MeV =101 1012 x Tm, =157-107 K
> t(1 h) ~ 102 K= 100 keV; cooling by v and y emission

e mass range: 1Mo S M <2Mo

> Miin, Mmax inform on formation, EoS and composition

e radii R=10-15 km Rm, =6.96- 10° km
« average density ~2-1014 g/cm® = pg oM, ~1.4 g/cm3
« highly non-uniform 0.<p <5-10pg what are NS made of?
« compactness 0.1 < GM/c2R <0.35 Cgy =05
« surface gravity is 7-1012 m/s? EEarth = 9.8 m/s?

« fast spinning: v=716 Hz (PSR J1748-2446)
« huge magnetic fields: B=101% G BEarth;core =25 G, Bryn = 10° G

NS are labs for dense matter, General Relativity, physics of magnetic fields ...
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Structure and Composition
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Observables: Masses

[Suleiman et al., PRC104, 015801]

DNS: binaries with two neutron stars,

MSP: millisecond pulsars with f > 50 Hz ,
SLOW: slowly rotating pulsars with f < 50 Hz ,
X/OPT measurement via X-ray or optical obs. ,

GW: measurements using detection of GW
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Massive NS

PSR J1614-2230 (M = 1.908 + 0.016Mo) [De-
morest+, 2010; Arzoumanian+, 2018]; PSR
J0348+0432 (M = 2.01 £ 0.04Mg) [Antoniadis+,
2013]; MSP J0740+6620 (M =2.0873:3/Mo) [Fon-
seca+, 2021]; PSR J1810+1744 (M =2.13+£0.04Mo
[Romani+, 2021]

Relevant for the compaosition of the core




Observables: Radii

Two measurements:

> J0740+6620 by NICER+XMM Newton
R(2.08+0.07Mo) = 13.772:% km [Miller+, 2021]

R(2.072733%7Mo) = 12.397 139 km [Riley+, 2021

o [
E. [ — non. rel.
> PSR J0030+0451 by NICER =
R(1.449~§§2M@) = 13”%2% km [Miller+, 2019] 5
R(1.34751gMo) =12.71711g km [Riley+, 2019]
151
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e uncertainties still large but enough to rule out R [km]

a number of EOS
Data from CompOSE,

e more measurements from NICER and future https://compose. obspm. fr/

LOFT, Athena missions
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https://compose.obspm.fr/

Observables: Tidal deformabilities

<
> the tidal deformability, A, describes how much

body is deformed by tidal forces, which arise wher
two massive bodies orbit each other;

10°
> GW170817 - detection of GW emitted by the

merging of two NS with M =2.73t8'8‘1‘ Mp and
0.72=sqg=My/M; =1 ’

[
o

BT

> tidal deformability 70 < A1 4 <580 [Abbott+, P
2018], constraint on the NS EQOS over R VRN RN R TR VR Y R ¥
2nsat S n < 3nsat Mg [M@]

[

Data from CompOSE,

« enough to rule out a number of realistic EOS
https://compose.obspm.fr/
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https://compose.obspm.fr/

Equations of state: Cold nuclear matter

E/A(n,8) is Taylor expanded in terms of deviation from isospin asymmetry,
& =(np—np)/n, and saturation density, y = (n— nsat)/3nsat, with n=np+np.

E/A(n68) = E/A(n o) + S(n) 82+ ...
2
z x{)y v Y XY s .
! j=0J!
energy SNM symmetry energy
- - [d'(E/A j i[4S
Xs(zit) 3I”éat(—( / )) ' Xs(J) y”éat( (n))
on' on
Nn=ng,,6=0 N=nga,0=0
i=0, 2, ... binding energy per nucleon Egy, incompressibility Ksat, etc. at ngat
j=0, 1, 2, ... symmetry energy Jsym and its slope Lsym, curvature Ksym, etc. at nsat

> EOS exist for phenomenological and microscopic models

> large uncertainties away from (nsa, 6 ~0)
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Equations of state: Neutron Stars

=—500¢

@ may be built from any model of eff. interactic g _ ¢
4= 450~ — Skyrme

3 4005

@ NS EOS are 1D, P(e) 27

=.3500

. . . o, F

@ composition determined by B-equilibrium, 300

Hn = ip + pe 250

200F

@ correlations among properties of NS, NM and  1s0F-

nuclei 100-

. . ) 50F

@ correlations are best investigated by E

e et R SR U B
200 400 600 800 1000

. . . . 0
Bayesian-like analysis, talks by A. Fantina and e [MeV/fm’]
M. Beznogov

o tainti ,6 =0

@ how to build a NS? talk by A. Fantina uncertainties away (nsa )

@ dominated by Esym(n), which is

@ at n 2 2ngyt, extra particles, hyperons, As, 7, poorly known
quarks, can appear; onset densities depend of
the effective interactions

largely different NS properties
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Exotica in the core

e at n=~2—3ngy extra particle degrees of freedom may be populated: hyperons,
A(1232), quarks, condensates [Glendenning, PLB, 1982]

Baryon B Q S I3 JI rest mass mean life
(Mev) (s)
A 1 0 -1 0 1/2* 1115683 uds 2.60-10710
=t 1 1 -1 -1 1/2* 118937 uus 8.02-10711
50 1 0 -1 0 1/2 1192642 uds 7.4-10720
z- 1 -1 -1 1  1/2% 1107.449 dds 148-10710
=0 1 0 -2 -1/2 1/2* 131483 uss 290-10710
= 1 -1 2 1/2 1/2% 132131 dss 1.64-10710
ATt 1 2 0 -3/2 3/2* 1232 uuu  5.63-10724
At 1 1 0 -1/2 3/2* 1232  uud 5.63-107%
Al 1 0 0 1/2 3/2F 1232 udd 5.63-10724
A 1 -1 0 3/2 3/2* 1232 ddd 5.63-10724

o few hundreds scattering events for NA and NX

e spectroscopic data of single- and double-hypernuclei [U/(\N) ~ —28MeV,

UéN) ~ —18MeV UP(:N) =~ 30MeV], [Millener et al., 1998];
e pion-nucleus scattering and pion photo-production, electron scattering on nuclei and

electromagnetic excitations of the As provided —30 MeV + U,(VN) < UgN) < U,(VN) [Drago+,

2014; Kolomeitsev+, 2017]
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How to "build" a NS7

@ “choose” the particles: baryons (n, p, A, ™
mesons (77%*, K=0+), and leptons (e~, u~)

0 , z—,0,+, A—,0,+,++)’

@ choose the approach and the nucleonic effective EOS
@ tune the coupling constants of all exotic species
@ for each ng solve the equil. egs.
> ng=XieB N,
> local net charge neutrality: Yjegnj+X qer Na =0,
> chemical equilibrium for baryons: ;= Qpup+ Qqug+ Qsis,
> chemical equilibrium for leptons g = Qoug + QLpL
[strangeness not conserved pg =0; v are not trapped p; =0]
2

> "switch-on" particles with y; > m,-cz, Ha > mgcC

> repeat until converged
@ loop over ng; result: n;(ng), n (ng), P(ng), e(ng), etc.
@ with P(e) solve Tolman-Oppenheimer-Volkoff (TOV) eqs.

@ check causality, compliance with astrophys. data (Mmax = 2Mo, R 4, R208, A1.4)
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NS with exotic cores: composition

@ particles’ onset and abundances are decided upon
rest mass, interaction potential, charge

@ uncertainties in NN, NY, NA entail uncertainties
in composition, especially at high ng

@ not all “allowed” species are present
» hyperonic NS: only A, Z~ and £~
np = 2nsat, MA = 1.5M@
n=-= 2.5nsat, Mgf =~1.6— 1.8M@

» A-admixed hyperonic NS: only A7, A, E~

@ change in abundances will impact P(e), NS

properties
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NS with exotic cores: EOS softening, reduction of M,

@ exotic species soften the EOS o F
g 600 — N

% =

S 500 NY

o 400; NYD
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zoof—
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@ exotic NS have lower Mpax 0 oo
compliance with = 2Mg constraints ;fn r
composition and interaction potentials 2
@ exotic NS have smaller R, A .
compliance with GW170817 constraints r
interaction potentials i
0.5;

R(km)
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CompOSE

online repository for EOS (https://compose.obspm.fr/)

@ stores thermodyn., composition, microscopic, transport properties in standardized
format

@ tabulation with respect to temperature (T), charge fraction (Y(), part. number
density (ng)

@ wide ranges: 0.1< T [MeV] <100; 0.01 < Y <0.6; 10710 < ng [fm™3]<1-2

@ fine mesh; allows interpolation

@ various types of EOS: cold neutron stars; neutron matter; “general purpose”, ready
for input in simulations; from microscopic, phenomenological, schematic models;

various particle d.o.f.

provides tools
@ to sort by type; approach; particle composition; prop. of NM; group of authors
@ to compute thermodyn. quantities, thermal coefficients,
@ to extract information for arbitrary thermodyn. conditions,

modular; constantly upgrading

[Typel, Oertel, Klaehn, Phys.Part.Nucl. (2015); Typel et al., Eur.Phys.J.A (2022)]


https://compose.obspm.fr/

CompOSE
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EOS for CCSN and BNS

e from 1991 to 2010 only two EoS:

(1) Lattimer & Swesty (LS) [NPA 535, 331 (1991)];
(2) Shen, Toki, Oyamatsu & Sumiyoshi (STOS) [NPA 637, 435 (1998)]

e in June, 2021

o about 100 EOS models are now available,
o 36 EOS with exotic d.o.f. (A, hyperons, hyperons and A, 7, K, quarks)
o different features:
o effective interactions: Skyrme, Covariant Density Functionals, ab-initio;
o various NM properties, i.e. nsat, Esat, Ksat, Jsym, Lsym: Ksym,» Mefr
[not always in accord with constraints];
o still far from exhausting the parameter space

Adriana R. Raduta Russbach School on Nuclear Astrophysics March 15, 2023 15 /21



Finite temperature - nucleonic models

Thermal contrib.: Xy, = X(ng, Ye, T)—X(ng, Ye,0)
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Adriana R. Raduta

[Raduta+-, EPJA (2021)]

Russbach School on Nuclear Astrophysics

@ non-rel. and RMF
models behave
differently; strong
model dependence; so
far unexplored

in Skyrme-like models
thermal effects are
determined by m*
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Thermal energy and pressure: models with exotica

Thermal contrib.: Xy, = X(ng, Ye, T) = X(ng, Ye,0)
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@ the larger the number of particle d.o.f. the larger ey;

[Raduta, EPJA (2022)]

@ nucleation of exotic d.o.f. diminishes py,; under specific conditions py, <0
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Early post-bounce evolution

m*/m=1 (LS220), 0.634 (Shen)
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[Yasin+, PRL (2020)]

large m* — fast explosion; fast contraction of PNS; high (low) pc (T)

large m* — high (low) T (ng and R) in the v-sphere; large Ey, Ly [Schneider+,
ApJ(2020)]
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BH formation in failed CCSN
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[Schneider et al., ApJ (2020)]

simulation results: collapse begins when hot core’s gravitational mass exceeds the
maximum gravitational mass predicted by the EoS under the specific thermo conditions;

most important ingredients: progenitor and m*
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Conclusions

@ Neutron Stars: definition, structure, composition, observables
@ Equation of State: constraints, exotic particle d.o.f.

@ CompOSE: an online repository of EOS

@ Finite-temperature EOS
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