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 produced in core collapse
supernova explosions, usually
observed as pulsars

« usually refer to compact objects
with M=1-2 Mg and R=10-12 Km

» extreme densities up to 5-10 pg
AT (Np=0.16 fm3=> p,=3°1014 g/cm3)

RADIATION
BEAM

* magneticfield :B~10816G

« temperature: T~ 1061 K

RADIATION

S * observations: masses, radius (?),

gravitational waves, cooling...




Observations: Mass Lattimer 16
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Fortin et al '15:

Radius > RP-MSP: Bodganov‘13

» BNS-1: Nattila et al ‘16
analysis of X-ray spectra from > BNS-2: Guver & Ozel ‘13
neutron star (NS) atmosphere: » QXT-1: Guillot & Rutledge ‘14

» BNS+QXT: Steineretal '13

 RP-MSP: X-ray emission from AERARRRS
radio millisecond pulsars RP-MSP -
* BNS: X-burst from accreting NSs

« QXT: quiescent thermal emission BNs -

theory + pulsar observations: QXT-1
R1.4M~1 1-13 Km

Lattimer and Prakash’16 BNS+QXT -
8 9 1.0 1.1 1.2 l.3 l‘4 1‘5 16
Ry, [km]

Some conclusions:
v marginally consistent analyses, favored R < 13 Km (?)
v future X-ray telescopes (NICER, eXTP) with precision for M-R of ~5%

v what about GW1708177 adapted from Fortin’s talk
@ NewCompstar Annual Meeting “16



Strain (1021

Frequency (Hz)

Abbot et al. (LIGO-VIRGO) 18

Low-spin prior (x < 0.05) High-spin prior (x < 0.89)
Binary inclination 61y 146+3 deg 152*31 deg

Binary inclination 6;y using EM distance constraint [105] 151%1% deg 153*1} deg
Detector frame chirp mass M%* 119751000 M 11976 10 00 M
Hanford, Washington (H1) Livingston, Louisiana (L1) Chirp mass M 1186+ 3.0 M, 1186+ 2901\
‘ , 1 | 1 [ ] | Primary mass m, (1.36, 1.60) My (1.36, 1.89) Mg
Secondary mass my (1.16, 1.36) M (1.00, 1.36) Mg
L0 Total mass m 2.73+00M, 2774 8M,
0.5r Mass ratio g (0.73, 1.00) (0,53, 1.00)
0.0 Effective spin x.q 0.00+53 0024358
.05+ Primary dimensionless spin x1 (0.00, 0.04) (0.00, 0.50)
Lot || Irprerewm 1 Secondary dimensionless spin xa (0.00, 0.04) (0.00, 0.61)
e [=Fiowered || 2 bsened i, invete Tidal deformability A with flat prior 30050 (symmetric)/ 300* 33 (HPD) (0,630)
" : : : | : : : |
| quadrupole Qij = —AEij tidal field
00k | moment . > tidal deformability
-0 5F | — .
03 \r ’ I=2 Love number ko = =AR™° radius
21,01 — Numeraal relativity | HH— Numericl relativity [ - = 2
Reconstructed (wavelet) Reconstructed (wavelet)
I Reconstructed (template) I Reconstructed (template) d . | 2 k
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05F ‘ ' ' 3F I ' ' 5 IMENSIonIess A = —— compactness: C=M/R
O'OWWNWWWWNWWWWWW tidal deformability 305
-0.5f—— 1= 1 ~
~ Residual |—R|du! I . . ™
e —J=——————| | | A: weighted tidal deformability (A, and A,)
5
: ¢ using tidal deformability sets constraints on
©
.§ Mroy ~2.16-2.17 M,
2% Margalit and Metzger ‘17, Rezzolla, Most and Weih '18
£
8 9-10 Km = Ry 4me = 13 Km
Z 1 ) 1 [1
030 035 040 045 030 035 040 045 Annala et al ‘18, Kumar et al ‘18, Abbott et al ‘18, Fattoyev
Time () Time (s) et al ‘18, Most et al ‘18, Lim et al ‘18, Raithel et al '18,

Burgio et al ’18, Tews et al 18, De et al “18, Abbott et al '18,
Malik et al ‘18, ..

Abbot et al. (LIGO-VIRGO) ‘17



Internal structure and composition.....

A NEUTRON STAR: SURFACE and INTERIOR

* Atmosphere
few tens of cm, p <104 g/cm3made of
atoms

» Outer crust or envelope

few hundred m’s, p=104-410"" g/cm3
made of free e- and lattice of nuclei

* Inner crust

1-2 km, p=4+10"1-10"4 g/cm3 made of
free e, neutrons and neutron-rich

atomic nuclei
~Po/2: uniform fluid of n,p,e-

e Outer core

Po/2-2pgis a soup of n,e",y and
possible neutron 3P, superfluid or
proton 'S, superconductor

* Inner core (?7)

2-10 po with unknown interior made of

hadronic, exotic or deconfined matter

Homogeneous
Matter
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Neutron Superfluid .

Neutron Superfluid «
Neutron Vortex  Proton Superconducto .
Neutron Vortex 7

Magnotic Flux Tube

http .//www.astro.umd.edu/~miller/nstar.html



.... the Inner Core

ud;s
quarks
Il]v

& TA

absolutely stable ’ K~
strange quark -
matter




.... the Inner Core: n,p, e, M
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Nuclear Equation of State for the Inner Core

Neutrons, protons and electrons are in -equilibrium

n—pe U,

pPpeE — N

This equilibrium can be expressed in terms of the chemical potentials.
Since the mean free path of the v, is >> 10 km, neutrinos freely escape

Hn = Hp T He
Charge neutrality is also ensured by demanding
np= Ng

Note that baryon number is conservedtoo: n =n_+ n,



The nuclear Equation of State (EoS) is a relation between thermodynamic
variables describing the state of nuclear matter. eutron

At T=0, —" nhumber
0= (N—2Z)/A proton
E(nB,S) :E(nBao)‘l—S(flEzSz with A:](V_FZ)\/’ Eur:]ber

baryon density

|
energy of — — 2
symmetric nuclear matter E(nB’O) o E(n()) T 18 Koe™ . (n . )/n
1 , B 0 0

symmetry energy S(nB) — S() + §L8 + E sym€

E(ng)/A = Ey/A SO:l<82E>

ngp = 0.16£0.01 fm—3 2982/, 5-0

Ey/A = —16.0+ 1.0 MeV symmetry energy at ng

binding energy per nucleon at

saturation density ng L =3ng (ag(nB) )

0= “Ng 2 d-S(n
anB ng=ngp,0=0 Ksym — 9n(2) ( 5 (2B) )
incompressibility at ng Np ng=n




Constraints on Nuclear Equation of State
Constraints from Nuclear Physics Experiments

E/A from experimentally measured nuclear

Masses no = 0.16£0.01 fm~>
. Burgio and Fantina (review) ‘18
Ey/A = —16.0£1.0 MeV J
100 ——— T T LI SR e |
. . . L G .7
Ko from isoscalargiant monopole resonances in P
heavy nuclei and HiCs (difficult experimentally) 0 Snrmg g,
? 180 MeV < Ky <270 MeV ? g A I>
. . — 605 PARNRY ErSY
Sy from nuclear masses, isobaric analog state E o yim
phenomenology, neutron skin thickness and S o e
HiCs; aditionally from NS data (fairly well > ol
constrained) : v 4
SO ~ 30'32 MeV 20+ ‘0{‘\\“ “,.»"'/ O AvI8+UIX
- ,,{;»i,'b \ O APR @ SLy4
,‘(>\a/_,- \ o 1)uv‘m(-‘(> ] Bjkil
] ] ] [Ql L \\}\ l%;:\\-lilﬂxlucnl\TBll’ l::)f;k"ihj 1
L from dipole resonances, electric dipole b 28 30 32 34
polarizability and neutron skin thickness Sy [MeV]

(very uncertain)

Other higher order coefficients are very uncertain,
suchas K,



Constraints on Nuclear Equation of State

Constraints from Astrophysical Observations
NS masses Ozelet al “16
precise values for 2NSs in binary system '

With ~2Mo 1 M < Minax < 2.5M.,

MSO0

NS radii - |
- precise estimations of NS radii are very difficult £
because observations are indirect

- need of simultaneous mass-radius measurement o}
- future: NICER, ATHENA+, eXTP

1.0f

masses and ra

0.0 : ; ; ; ‘ ' ,
7 8 9 10 11 12 13 14 15
Radius (km)
NS cooling Latti d Prakash’ 04
. mer a aKa
depends on composition and on occurrence AUImetr and Frakash o,
of superfluidity, thus giving complementary ssl IS modified Urco 1
information on EoS I \\
< \\\"J\Oo‘(réf éz{s\\ S J0720.4-3125. |
NS moment of inertia ! N SR =
mass and radius constrained by determination g
of moment of inertia, but not yet measured 55
Gravitational waves and quasi-periodic oscillations sl

Logio age (yr)



Ab-initio versus Phenomenological Models

Microscopic Ab-initio Approaches

Based on solving the many-body
problem starting from
two- and three-body interactions [T o= )

Burgio and Fantina (review) ‘18

Variational method: APR, CBF,..
Quantum Montecarlo : VMC,
AFDMC, GFDMC..

- Coupled cluster expansion

E/A [MeV]
E/A [MeV]
3

- Diagrammatic: BBG (BHF), SCGF.. - - S=EE=C
- Relativistic DBHF PO R s Y e
= RGmethOdS.'SRGfromXEFT. [T I\f| L I: 20_l||||||1||||||||||||_
. Vlm_x NN from N'LO (500 MeV) - - g
- Lattice methods 3 1 b ©QM2hcon ]
- @ QM 3h-con .
—- NN+3N /3 - 0: o QM 2h-gap ]
: e % R 3% °[ =QM3bgap ]
Advantage: systematic addition of - RN ]
. . . 3 3rd order pp+hlh h\\. ] 3 120k N
higher-order contributions O R N B S =N i
H,\=28ﬁnl.\IN+3N \ LA B .
9A=18fm NN % ‘\—; - .
. . * A=28 " NN ] [ ]
Disadvantage: applicable up to? E1) 20 N RN, VR ) PR VNP . A

(SRG from yEFT ~ 1-2 ng) k ) k fn)



Ab-initio versus Phenomenological Models

Phenomenological Models

Burgio and Fantina (review) ‘18

-r_l-__l__l SL_V"4I T T T T l"/‘ T T
7’

Based on density-dependentinteractions 200}
adjusted to nuclear observables and
neutron star observations

- Non-relativistic EDF: Gogny, Skyrme..

- Relativistic Mean-Field (RMF) and
Relativistic Hartree-Fock (RHF) ==

- Liquid Drop Model: BPS, BBP...  afm™]

- Thomas-Fermi model: Shen 1 I:T, Centelles and Ramps “17
- Statistical Model: HWN,RG,HS.. e
Advantage: applicable to high densities S E e

beyond n, ;z;

Disadvantage: not systematic

= R 1
i HIC exp + asy-stiff 1
'I/ HIC exp + asy-soft -

1 lllllllllllllll




. the Inner Core: n,p,e, 4, Y

absolutely stable
strange quark
matter
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What about Hyperons?

credit: Vidana

A hyperonis a baryon containing one Hyperon | Quarks | 107 | Mass (MeV)
A uds o(/2) ms
Or more Strange quarks >+ uus 1/2%) n89
>0 uds 1(1/2%) 119%
>- dds 1(1/2%) 197
. . = uss [1/2(1/2%) 1315
First proposedin 1960 by = Jss 12729 B2
Ambartsumyan & Saakyan @ sss |0G/2Y | ter

Traditionally neutron stars were modeled by a uniform fluid of
neutron rich matter in 3-equilibrium _
b-ed n—pe U,

peE —Nl

but more exotic degrees of freedom are expected, such as
hyperons, due to:

* high value of density at the center and

* the rapid increase of the nucleon chemical potential with density

Hyperons might be present at n~(2-3)n, !!!
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Equation of State of Hyperonic Matter

pn—matter

——— NN and free hyperons
- NN and YN

—— = NN, YNand YY
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“Recipe” for neutron star structure calculation

Y

ﬂ
ﬂ

Structure of a Neutron Star: Mass and Radius

E n;

 Energy density € = 4 e(na,xe,xp,az/\, L)X = -
€

* Chemical potentials Wi = 7
ani i — bz,un — {ille
* B-equilibrium and charge neutrality -

> xiqi =0

» Composition/EoS  z;(n); P(n) = n’ d(;én) (n,z;(n))

« TOV equations (hydrostatic equilibrium)

dP Gme P Arr3 P 2Gm\
— = — 1+ — 1+ 1 —
dr r2 € m r

dm = 4 m(r O) 0 P(r=0)=Ple)
& e m(r = R) = P(r=R)=0

. adapted from
Structure of the neutron star n(7), (R), e Cmostar07




M [solar mass units]

-
6]

0.5

pn—matter

Vidana, Polls, Ramos, Engvik & Hjorth-densen ‘00

B T NN, YNand YY 7
— \‘\\\
\, - Scenario Maximum mass | R
(Mo) (km)
d e - _ _____ - pn-matter 1.9-2.2 10.3
\\Hulsi?-TaonrPuIsar NN,NY 15-16 10.2
N '. NN, NY, YY 1.3-1.4 10.0

W\ Hadronic model too soft

L 1 1 1 1 1 "
9 10 11 12 13
R [km]

Hyperons induce a softer EoS than when only nucleons are
considered and, hence, a smaller maximum mass that the neutron
star can sustain.

EoS is too soft!! Need of extra pressure at high density to
compare with observations of 2 M,

The Hyperon Puzzle



The Hyperon Puzzle “®'C .=

Scarce experimental
information:

- data from 40 single and 3
double A hypernuclei

- few YN scattering data
( ~ 50 points) due to
difficulties in preparing
hyperon beams and no
hyperon targets available

Chatterjee and Vidana ‘16

The presence of hyperons in neutron
stars is energetically probable as
density increases. However, it
induces a strong softening of the
EoS that leads to maximum
neutron star masses < 2M,,,,

Solution?

» stiffer YN and YY interactions
» hyperonic 3-body forces

» push of Y onsetby A or meson
condensates

» quark matter below Y onset



- General relativity arguments:
neutron stars are not black holes

R>2GM

- Compressibility (stability) of
matter: dP/dp > 0 (from TOV
equations) 0

R>-GM
4

- Causality constraint : speed of
sound must be smaller than the

speed of light
R >29GM

- Rotation must not pull the star
apart (the centrifugal force for a
particle on the surface cannot
exceed the gravitational force)

GM\Y3 1
re (3" 3
Y v2/3

Mass and Radius

NS

0.0

10 11
Radius (km)

12 13 14 15
Ozel et al ‘16



Future: space missions to study the interior of NS

Watts et al '18,

arXiv: 1812.04021

Mass (Mg )
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Constraints from pulse profile modelling
of rotation-powered pulsars with eXTP

NICER/NASA

g idigalarinetry Mission.



Challenges/Future }

The EoS is the crucial input for describing the statical (and dynamical)
properties of neutron stars

There has been a lot of progress over the years in modelling the EoS

There are still some challenges for the determination of the EoS, such as:

- the model dependence of the experimental and astrophysical constraints
- the treatment and role of the three-body forces

- the presence of hyperons

- the search for a unified EoS for neutron stars and supernovae

Future: NICER, ATHENA, eXTP.. and GW observations

There exists an online EoS database developed by COST “NewCompstar”
and being improved by PHAROS: CompOSE, https://compose.obspm.fr/

Reviews to read:
Oertel, Hempel, Klaehn and Typel ‘17; Burgio and Fantina’18; Vidana ‘18



