
Constraining the equation of state for dense matter
through thermal emission of neutron stars

Nicolas Baillot d’Etivaux - IPN Lyon
RESANET
Paris - 25 septembre 2018

under the supervision of :
Jérôme Margueron - IPN Lyon

in collaboration with :
Hubert Hansen - IPN Lyon
Natalie Webb - IRAP Toulouse
Sébastien Guillot - IRAP Toulouse

22 septembre 2018 0 / 32



Neutron stars are best laboratory for very high densities :

Hadronic matter at very high density / isospin asymmetry
Phase transition ?
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Hadronic matter, anyway !

Comparision between two "isotopes" :

' 10−15 m −→ ' 104 m
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Link between EoS and M-R relation :
T.O.V equations (Tolmann-Oppenheimer-Volkov) :
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Equation of state : P(ε)↔ mass-radius relation.

Anna Watts et al, 2014
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Masses distribution of NSs :
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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)
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, Özel 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 qLMXBs (Guillot et al 2013,
Lattimer & Steiner 2014, Heinke et al 2014, Özel et al 2015,
Bogdanov 2016).
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The equation of state (EoS) for neutron stars interior :

Various kinds of EoS :

Purely nucleonic → no phase transition, smooth EoS with n, ye ,T .
Phase transition :

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 :

extrapolation of nuclear physics knowledge (and uncertainties)
towards high densities and low Yp.
Define M-R boundaries for smooth EoS to Confront with
observational data.
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The EoS model based on empirical parameters :

Definition of the empirical parameters :

ε(n, δ) = εIS + δ2εIV (3)

εIS = Esat +
1
2Ksatx2 +

1
3!Qsatx3 +

1
4!Zsatx4 + o(x5) (4)

εIV = Esym + Lsymx +
1
2Ksymx2 +

1
3!Qsymx3 +

1
4!Zsymx4 + o(x5) (5)

Taylor expansion around nsat for the energy density :

ε(n, δ) = t(n, δ)+
N∑
α≥0

vα(δ)
x(n)α
α!

uN
α (x), δ =

(nn − np)
n , x =

(n − nsat)
3nsat

vα(δ) = vα,IS + vα,IV δ2, and uN
α (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 :

(Margueron et al. PRC 2018)
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Dependence of M-R on the empirical parameters :
+ constrains : 0 < v2

s < c2 and εIV (n) > 0 for n < 4nsat
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(Baillot d’Étivaux, Thesis, 2018)
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Dependence of M-R on the empirical parameters : isoscalar
chanel

 0

 0.5

 1

 1.5

 2

 2.5

 10  11  12  13  14  15  16

M
/M

o

Radius (km)

Ksat (MeV)

210

230

250
 1 

 2 

 3 

 0

 0.5

 1

 1.5

 2

 2.5

 10  11  12  13  14  15  16

Radius (km)

Qsat (MeV)

-100

300

700
 1 

 2 

 3 

(Margueron et al. PRC 2018)
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Dependence of M-R on the empirical parameters :
isovector chanel
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(Margueron et al. PRC 2018)
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X-ray observations of neutron stars :

In collaboration with Natalie Webb and Sebastien Guillot

XMM-Newton Chandra Observatory
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Observation of hermal emission of neutron stars :
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Observations of thermal emission from NSs :

Black body like emission :

F ∝ T 4(R∞/D)2 .

(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) (kpc)

47-Tuc 4.53± 0.08 4.50± 0.06
ω-Cen 4.59± 0.08 5.20± 0.09
M13 7.1± 0.62 7.9± 0.62
M28 5.5± 0.3 5.50± 0.13
M30 8.2± 0.62 8.10± 0.12

NGC6397 2.51± 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 :
"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 α parameter
hydrogen collumn density on the line of site nH,22 (1022 cm−2)
distance to the stars D (kpc), surface effective temperature Teff (K),
the mass of the stars M (M�)
the nuclear empirical parameters {Pα} : EoS({Pα},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
N exp

(
−χ

2

2

)
−→ 1

N exp
(
−χ

2

2

)
×
∏
i

P i(d i) ,

with reference distances d i
ref , and reference uncertainties σid ,ref :

P i(d i) = exp
(
−1
2 ×

d i − d i
ref

σid ,ref

)2

.
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Constraining Lsym from nuclear knowledge

Lsym = 50± 10 MeV :

P(Lsym) = exp
(Lsym − 50

2× 10

)2

Ksym ∈ [−400 : 200] MeV

Qsat ∈ [−1300 : 1900] MeV

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

(Baillot d’Étivaux et al. (in preparation))
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Constraining Lsym and Ksym

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

22 septembre 2018 21 / 32



M-R exploration varying Lsym, Ksym and Qsat

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

(Baillot d’Étivaux et al. (in preparation))
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Tests of sensibility

Sources Distances prior Lsym Ksym Qsat
Lsym MeV MeV MeV

all Gaia DR2 yes 37.2+9.2
−8.9 -85+82

−70 318+673
−366

all qLMXB publ. yes 38.3+9.1
−8.9 -91+85

−71 353+696
−484

all qLMXB publ. yes 38.6+9.2
−8.7 -95+80

−36 -
all qLMXB publ. no 27.9+11.4

−5.8 -60+107
−79 498+738

−479
all qLMXB publ. 3σ yes 40.2+9.5

−9.2 -86+111
−85 555+740

−494
High S2N Gaia DR2 yes 37.5+9.0

−8.9 -88+76
−70 263+764

−361
Low S2N Gaia DR2 yes 50.3+9.8

−9.6 -1+134
−143 881+671

−705
all/47-Tuc Gaia DR2 yes 43.4+9.7

−9.3 -66+137
−102 622+763

−560
all/NGC6397 Gaia DR2 yes 42.6+9.9

−9.5 -77+129
−96 623+757

−544
all/M28 Gaia DR2 yes 42.5+9.5

−9.5 -80+124
−91 597+717

−510

(Baillot d’Étivaux et al. (in preparation))
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Constraining Lsym, Ksym and Qsat : M-R distribution

 0.5

 1.5

 2.5

 10  11  12  13  14

M
N

S
 / 

M
o•

Radius (km)

 0.5

 1.5

 2.5

 10  11  12  13  14
 0

 0.002

 0.004

 0.006

 0.008

 0.01

pr
ob

ab
ili

ty

99%90%50%

Prior on Lsym

GW170817 at 90%CL

AT 2017gfo

22 septembre 2018 25 / 32



Conclusions

Link between the EoS and the M-R relation.
Nuclear EoSs can hardly produce radii below 11.5 km.
Nucleonic models are able to reproduce the data.
The parameters which have the most impact on the EoS are :
Lsym, Ksym, and Qsat .
NSs observation can bring new constraints on these parameters.
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Thank you !
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Ability of the EoS to mimic known EoS : example of SLy5

(Margueron et al. PRC 2018)

22 septembre 2018 28 / 32



Ability of the EoS to mimic known EoS : example of SLy5

(Margueron et al. PRC 2018)
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Parameters for isoscalar channel :

E0 = eb(x = 0, δ = 0), (6)

P0 = n2
sat(1+ 3x)2 ∂

∂x eb(x , δ)
∣∣∣∣
x=0,δ=0

= 0, (7)

K0 =
∂2

∂x2 eb(x , δ)
∣∣∣∣
x=0,δ=0

, (8)

Q0 =
∂3

∂x3 eb(x , δ)
∣∣∣∣
x=0,δ=0

, (9)

Z0 =
∂4

∂x4 eb(x , δ)
∣∣∣∣
x=0,δ=0

. (10)
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Parameters for isovector channel :

Ssym = es,iv (x = 0), (11)

Lsym =
∂

∂x es,iv (x)
∣∣∣∣
x=0,δ=0

, (12)

Ksym =
∂2

∂x2 es,iv (x)
∣∣∣∣
x=0,δ=0

, (13)

Qsym =
∂3

∂x3 es,iv (x)
∣∣∣∣
x=0,δ=0

, (14)

Zsym =
∂4

∂x4 es,iv (x)
∣∣∣∣
x=0,δ=0

. (15)
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Spectrum 1 :
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