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® Phase transition ?

Neutron stars are best laboratory for very high densities :
© Hadronic matter at very high density / isospin asymmetry

EARLY UNIVERSE

" ny (fm?)
NEUTRON STARS
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Hadronic matter, anyway !

Comparision between two 'isotopes"’

proton

neutron

~1075 m

~ 10* m
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Link between EoS and M-R relation

T.0.V equations (Tolmann-Oppenheimer-Volkov)

elol) = 47rr25(r)7 (1)
dr
dP(r) Ge(r)m(r) ( P(r) ) anP(r)rd ( Ish m(r))71
=— 1 1+ ——— | x([1-—= . 2
dr r2 * e(r)c? * = r M (2)
Equation of state : P(€) <> mass-radius relation.
Equation of state Mass-Radius
Nucleonic
Strange
cores
] 8 0 12
Density (gom™) Radius (km)
Anna Watts et al, 2014
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Masses distribution of NSs :

J1203+03;
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Radii distribution of NSs :

Recent works :
R € [9;15] km for a 1.4 M® NS

Tools :
© Thermal emission of NSs (Guillot et al. 2013, Steiner 2018)
o X-ray bursts (Ozel et al. 2016, Poutanen and Suleimanov 2013)

® Present and future : Gravitational waves from NS-NS mergers (Tews
et al. 2018)

© Future : NICER mission (Ozel et al. 2016, Gendrau et al. 2017)
© Future : Athena mission (Barcons et al. 2017)
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Constraining nuclear equation of state from thermal
radiation of neutron stars :

® Developpement of pulsar X-ray astronomy — strong limits on the
equation of state at high density (Heinke et al. 2014, Ozel et al 2016 ,
Steiner et al 2018).

® Tool : Thermal radiation from the surface of neutron stars.

© Developpement of atmosphere models (Heinke et al 2006).

© Applying Bayesian analysis for several gLMXBs (Guillot et al 2013,

Lattimer & Steiner 2014, Heinke et al 2014, Ozel et al 2015,
Bogdanov 2016).
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The equation of state (EoS) for neutron stars interior :
Various kinds of EoS :
© Phase transition

® Purely nucleonic — no phase transition, smooth EoS with n, y., T
# hadronic matter : onset of hyperons, pion condensate ...
= pure quark stars (absolutely stable strange matter) ?
» hybrid stars (QGP /color superconductivity in the core) ?

Motivation for choosing pure nucleonic matter :
towards high densities and low Y.

© extrapolation of nuclear physics knowledge (and uncertainties)
observational data.

Define M-R boundaries for smooth EoS to Confront with
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The EoS model based on empirical parameters :

Definition of the empirical parameters :
6([‘1, 5) = €IS aF 52€IV

1 1 1
€15 = Esat + EKsatX2 + ﬁasatx3 + Ezsatx4 + O(XS)
1 1 1
iy = g b et =5 EKS),mX2 + astmx‘Q’ + EZS},,,,X4 +o(x°)  (5)

Taylor expansion around ns: for the energy density :

X )au(l)y(x)’ 5= (”n_”P)

n
al n

N
e(n,8) = t(n,8)+ > va(5)

a>0

Va(d) = vais + va7/\/52, and uY(x) ensure the convergence.
(Margueron et al. PRC 2018)
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Our present knowledge of the empirical parameters :

Empirical parameters for various effective approaches :

Explore in Explore in
small interval large interval

Esar Esy LJ_\'II! Kiar Ks‘\’m le Q:ym Zsar nym
Model MeV ° | MeV MeV MeV
(Ng) der. order 0 1 2 3
Skyrme Average -15.88 30. . [T478 2[]-129.8 0 3779
(16) o ! . ! 16.8 X 66.0 4 1103
Skyrme Average . . . 49.6 . . .0 370.0
(35) (4 . 21.6 187.9
RMF  Average X .1494 |1 90.2 . 271.1
(11) o . . 29.6 . .5 357.1
RHF  Average . X 90.0 248. .2 5233

@ . 37 0. 1.1 116 || 51.1 3504 236.8

[Total _ Average |-16.03 33.30 0.1543| 76.6 251.1] -2. ) 3925.0
(50) Gor | 020 265 0.0054] 292 286 1317 431. 2269.7
Min  -16.35 26.83 0.1450| 9.9 201.0 |-393.9 -748. -903.0
Max  |-15.31 3871 0.1746| 1227 3554|2132 949.8 9997.3

(Margueron et al. PRC 2018)
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Dependence of M-R on the empirical parameters :

+ constrains : 0 < v2 < ¢ and ¢)/(n) > 0 for n < 4ngy
3 T T T T

25

05

0 1 1 il 1
10 11 12 13 14 15

Radius (km)
(Baillot d'Etivaux, Thesis, 2018)
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Dependence of M-R on the empirical parameters : isoscalar

chanel
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(Margueron et al. PRC 2018)
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Dependence of M-R on the empirical parameters :

isovector chanel

M/M,

M/M,

(Margueron et al. PRC 2018)
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X-ray observations of neutron stars :

Lesa

SCIENCE

In collaboration with Natalie Webb and Sebastien Guillot

XMM-Newton
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Observation of hermal emission of neutron stars :

PSR BOB56+14
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(De Luca et al. 2005)
<O 4P P «=> = > Ay
22 septembre 2018 14 / 32




Observations of thermal emission from NSs :

Black body like emission :

F o« T*(Rs/D)? .
(Rutledge et al. 1999)

® 7 low mass X-ray transcients :
constant flux, purely H atmosphere,

low magnetic fields — almost pure thermal components,
in globular clusters — well constrained distances.

© a single EoS — simultaneous analysis.

» Theory directly implemented in the data analysis
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Globular clusters with qLMXBs

Source | distance (recent pub) distance (GAIA DRII-2018)
(kpc) (kpe)

47-Tuc 4.53+£0.08 4.50 £ 0.06
w-Cen 4.59 + 0.08 5.20 £ 0.09
M13 7.1+0.62 7.9 +0.62
M28 55+0.3 5.50+£0.13
M30 8.2£0.62 8.10 £0.12
NGC6397 251 £0.07 2.30 £0.05
NGC6304 6.22+0.26 5.90+0.14
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Modeling the spectra with Xspec

Spectrum model used :

o "pile-up" (Davis 2001, Bogdanov 2016), "TBgas" absorbtion and
"nsatmos" for the atmosphere (Heinke et al. 2006).

@ E < 2 keV : only thermal component and no power-law

Parameters which are allowed to vary :
@ pile-up o parameter
e hydrogen collumn density on the line of site ny 2 (1022 cm™2)

o distance to the stars D (kpc), surface effective temperature Teg (K),
the mass of the stars M (M)

@ the nuclear empirical parameters {P,} : EoS({Pn}, M) — R
~ 40 free parameters for ~ 1000 degrees of freedom.

— MCMC methods
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Prior distribution for the distances

Multiplying the likelihood by gaussian priors :

1 X 1 X icqi
Nexp <—2> — Nexp (—2 X rI[P (d)7

with reference distances d’.;, and reference uncertainties o) :

: : 2
LI 1 d — d'
PI(d") = exp (_f) .
Ud,ref
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Constraining Ly, from nuclear knowledge

Leym = 50 + 10 MeV :

'D(Lsym) = exp (Lsym e

0\ 2
2x10 )

Keym € [—400 : 200] MeV

Qsat € [—1300 : 1900] MeV

26

28

30

A S I B

32 34
(Lattimer and Lim 2013)
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M-R exploration varying Lsym

Lsym=30 MeV

Rys (km)

125
(Baillot d’Etivaux et al. (in preparation))
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Constraining Lsym and Kgym

Leym(MeV) = 38.57*

(Baillot d’Etivaux et al. (in preparation))
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M-R exploration varying Lem, Ksym and Qsa

(Baillot d’Etivaux et al. (in preparation)) (O <> (Zr» «=» = Hao
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Constraining Lsym, Ksym and Qsat

Loym (MeV) = 38.27+313

Qs (MeV) = 353.45*

Loym (Mev)

(Baillot d’Etivaux et al. (in preparation))

Quat (MeV)
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Tests of sensibility

Sources Distances prior | Lsym Ksym Qsat
Lsym | MeV MeV MeV
all Gaia DR2 yes |37.2122 |-85182 | 318783
all qLMXB publ. | yes |383*3% |-9178> | 353+0%
all qLMXB publ. yes | 386752 |-95%30 |-
all qLMXB publ. no | 27.971L% | 607107 | 498738
all qLMXB publ. 30 | yes | 402733 | -861111 | 5551780
High S2N Gaia DR2 yes |37.5750 |-8877% | 26375
Low S2N Gaia DR2 yes | 50.375% |-1+13% | gg1+571
all/47-Tuc | Gaia DR2 yes | 43.4%5L | 661137 | 6221103
all/NGC6397 | Gaia DR2 yes | 426755 | -77119 | 623+ 07
all /M28 Gaia DR2 yes | 425792 | -8075* | o7+l

(Baillot d’Etivaux et al. (in preparation))
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Constraining Lsym, Ksym and Qsat

Mys / M,
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Conclusions

[C

Link between the EoS and the M-R relation.

Lsymv Ksymy and Qsat.

Nuclear EoSs can hardly produce radii below 11.5 km.
The parameters which have the most impact on the EoS are :

Nucleonic models are able to reproduce the data.

NSs observation can bring new constraints on these parameters.
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Ability of the EoS to mimic known EoS : example of
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Parameters for isoscalar channel :
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Som

es,iv(X:o),
Lsym = 6—35,,",()()
X:O76=0
o2
Ksym = —esz(X)
8X2 X:016:0
o3
stm = —esﬂ-v(x)
8X3 X:075:0a
84
Zsym = _eS,iv(X) '
Ox4 .
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Spectrum 1 :

18

log v (Hz)

20
ignani, Pavlov, Kargaltsev 2011)
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