
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

FAIRNESS2019

Journal of Physics: Conference Series 1667 (2020) 012001

IOP Publishing

doi:10.1088/1742-6596/1667/1/012001

1

Constraining the equation of state of dense nuclear

matter using thermal emission of neutron stars
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Abstract. In this work, the equation of state (EoS) of the dense matter in the core of neutron
stars (NSs) is based on a recently proposed meta-modeling of nuclear matter composed of
nucleons, which can be parametrized by empirical quantities such as the energy density at
saturation density or the nuclear incompressibility modulus. We use a set of recent observations
of the thermal emission of seven NSs in quiescent low-mass X-ray binaries (qLMXBs) in order to
find some constraints on the parameters of the meta-model, and thus on the nuclear EoS. This is
done in a Bayesian statistical framework using Markov Chain Monte Carlo (MCMC) methods,
to perform a simultaneous analysis over the seven sources. For the first time, the theoretical
modeling of the EoS is directly implemented in the data analysis. We obtain constraints on
the slope of the symmetry energy, Lsym = 37.2+9.2

−8.9 MeV, and give the first estimation of its
curvature, Ksym = −85+82

−70 MeV, and on the isoscalar skewness parameter, Qsat = 318+673
−366 MeV.

Radii of about 12 km are preferred with a good fit statistic, yielding a nuclear EoS that is
consistent with observational data and recent gravitational waves signals from NSs coalescence.

1. Introduction
The equation of state (EoS – the relation between pressure and density) of dense matter remains
a crucial issue in fundamental physics, which has driven a lot of progress in the last decades.
The matter in neutron star (NS) cores can reach several times the nuclear saturation density
ρsat ∼ 2.4× 1014 g.cm3, making them a key probe of the EoS in the high-density regime, which
is hardly accessible in terrestrial experiments. There exist several approaches to describe this
regime, based on different degrees of freedom such as nucleons, hyperons, or quarks and gluons
which may appear at high densities [1].

In the present work, we use a recently proposed meta-modeling of cold catalyzed nuclear
matter for the description of the NS core, improving a previously used constant radius
approximation [2, 3, 4], or piecewise polytropes representation [5, 6, 7]. In our approach, the
matter is composed only of neutrons, protons, electrons, and muons, which is realistic for central
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densities up to 3–4 ρsat, neglecting the possibility of a phase transition. Densities larger than
3–4 ρsat, however, are likely to occur in very massive stars of about 2M�, which seems not to
be the case of the sources studied in the present work (see section 4).

For a given EoS, the Mass-Radius (MR) relation for NSs can be obtained by solving the
Tolman-Oppenheimer-Volkov (TOV) equations [8, 9], so that measurements of masses and radii
can provide strong constraints on the EoS [10]. One of the most employed methods to determine
NS masses and radii is the observation of the thermal emission of quiescent low mass X-ray
binaries (qLMXBs) [11, 12] in the soft X-rays (0.2 – 10 keV). Realistic atmosphere models
have been developed along the years [13, 14] and have been applied to an increasing number of
sources [3, 15], allowing to constrain the MR relation, and thus the dense-matter EoS. We use
this method in the present work.

The first section briefly introduces the meta-modeling of the EoS and its application to
NSs. The second describes the spectral modeling of the thermal emission and the Bayesian
simultaneous analysis of our 7 selected sources, in order to constrain the meta-EoS. The third
section summarizes our main results, and the fourth presents our conclusions.

2. Modeling the dense matter in the core of neutron stars
This meta-model (denoted as ELFc in [16, 17]) consists in the Taylor expansion of the potential
part v(n, δ) of the total energy density per baryon e(n, δ) = t(n, δ) + v(n, δ) around nuclear
saturation density, where t(n, δ) is the kinetic energy per baryon, n = nn + np is the sum of
the neutron density nn and proton density np, and δ = (nn − np)/n is the isospin asymmetry
parameter. The potential term can thus be expressed as a function of the density parameter
x = (n− nsat)/3nsat as

v(n, δ) =
N∑
α=0

(
visα + δ2vivα

) xα
α!
u(x), (1)

where the function u(x) ensures that v(n, δ) → 0 for n → 0 for any order N (see [16]). The

parameters v
is/iv
α of the expansion stand for the isoscalar (is) and isovector (iv) contributions

to the energy. These coefficients are closely related to nuclear observable properties, such as
the symmetry energy or the incompressibility modulus at saturation density. Some of these
are well constrained in experiments, for example the energy at saturation density Esat and the
incompressibility modulus Ksat, while others are difficult to constrain, e. g. the slope of the
symmetry energy Lsym , and some are not accessible in nuclear physics experiments, such as
the skewness Qsat/sym and the kurtosis parameters Zsat/sym. A review of their experimental
determination can be found in [16] and in references therein. In general, the lower-order terms
can be better constrained, while the higher-order ones have a major impact at high density and
are therefore difficult to constrain.

We use this meta-EoS to describe the core of NSs as described in [17], imposing some
constraints: i) positiveness of the symmetry energy; ii) causality; and iii) the observational
constraint that the maximum predicted mass for NSs should reach at least 1.9 M� to be
consistent with the 2σ lower limits of the measurements for PSR J1614–2230, 1.908± 0.016M�
[18, 19, 20], and PSR J0348+0432 [21], 2.01 ± 0.04M�. The EoS from nsat to approximately
3nsat depends mostly on the slope of the symmetry energy Lsym, the isovector incompressibility
modulus Ksym, and the isoscalar skewness Qsat. Thus, we treat these as free parameters, while
the others are fixed to their central values presented in [17]. We explore a large number of MR
relations by varying these three parameters, in order to confront the meta-EoS with observational
data and constrain their values.
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3. Confronting the meta-model with thermal emission from NSs
We analyse X-ray data of thermal emission from 7 qLMXBs in the globular clusters (GCs) M13
(NGC 6205), M28 (NGC 6266), M30 (NGC 7099), NGC 6304, NGC 6397, ωCen (NGC 5139), and
X-7 in 47 Tuc (NGC 104), coming from the XMM-Newton and Chandra observatories (using the
XSPEC software and the related PyXSPEC package [22]) to constrain the empirical parameters
of the meta-EoS as well as the emission model parameters. Details on the data reduction can
be found in [23]. Thermal emission of NSs can be modeled with realistic atmosphere models
[24, 13] allowing to estimate the red-shifted temperatures and radii of the sources, leading to an
estimation of their real masses and radii. NSs in quiescence do not undergo outbursts and show
nearly pure thermal emission from the inner layers, which crosses the atmosphere of the star and
the interstellar medium (ISM) before reaching the detectors. It is reasonable to assume that the
stars we have considered have a pure H atmosphere [25, 15, 26], so we use the nsatmos model
[13], modulated by absorption of soft X-rays in the ISM using the tbabs model [27]. We also add
a power law to account for possible non-thermal emission at higher energy and set the exponent
of the power law to 1.5, leaving the normalization free in the fit (finding that this normalization
is always consistent with 0). We also account for the pile-up for all Chandra spectra, even for
low pile-up fraction, as suggested by [15], and include a multiplicative constant to account for
absolute flux cross-calibration errors between XMM -pn, XMM -MOS, and Chandra detectors.

All the NSs in our analysis are assumed to be described by the same EoS and thus lie on
the same MR relation. In the fit, their masses and radii are tied together by the parameterized
EoS. The novelty of this approach is that the theoretical model is directly implemented in the
analysis and the observational and theoretical parameters are treated on equal footing. With
7 sources, we end up with approximately 50 parameters, making MCMC methods appropriate.
We use a stretch-move algorithm [28] with the python package emcee [29].

Since the distances are correlated with the radius [30] (the model being roughly a black body),
we select sources in GCs because their distances can be accurately estimated [31]. The source
distances are implemented within a Gaussian prior distribution considering the 1σ estimation
from [32], obtained from the individual X, Y , Z coordinate values, as shown in their Table C.3,
using rGC,� =

√
X2 + Y 2 + Z2). Similarly, we include nuclear knowledge through a prior on the

empirical parameter Lsym , which can be constrained in some experiments (see [33] for a detailed
review), giving approximately Lsym = 50± 10 MeV. All the other observational parameters are
sampled with a uniform distribution since we do not assume any constraints on them, as well
as for the empirical parameters Ksym ∈ [−400; 200] MeV and Qsat ∈ [−1300; 1900] MeV [17].

4. Results and comparison with recent works
Figure 1 illustrates the posterior probability distribution of the empirical parameters, while the
posterior MR distributions for all the sources are shown in figure 2. The main result is that the
posterior distributions of Ksym and Qsat are rather well peaked in comparison with their initial
uniform distribution, confirming that these parameters are well constraining the considered
data. Note that the constraints we obtain, Ksym = −85+82

−70 MeV and Qsat = 318+673
−366 MeV

are the first estimations of these parameters coming from data, even with large uncertainties.
The parameter Lsym = 37.2+9.2

−8.9 MeV is consistent with the prior imposed but lower values are
preferred. This tension probably comes from the fact that the lower values of Lsym give lower
radii at low masses, which seems to be favored for our sources as illustrated in figure 2, and
giving R1.45 = 12.35±0.37 km for a 1.45 M� NS, even if low masses are preferred in our analysis
(see [23] for more details). We also find correlations among the empirical parameters, illustrating
compensations between them, likely originating from the causality and stability requirements.

We also compare our contours in figure 2 with the constraints from AT2017gfo [34] and from
GW170817 [35, 36, 37] and find that our results are consistent. A recent analysis in a similar
framework [7] found RNS = 11.2–12.3 km for a 1.4 M� NS and Lsym = 38.94–58.09 MeV,
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Figure 1. Posterior probability distributions
and correlations of the empirical parameters
Lsym, Ksym and Qsat. On the two-dimensional
correlation plots, the contours indicate the 1,
2, and 3σ confidence areas while on the one
dimensional posterior distributions, the dashed
vertical line shows the 68% and 90% quantiles.

Figure 2. Mass-Radius posterior probability
distributions considering all the 7 sources.
The 50%, 90% and 99% confidence level are
represented, as well as the constraints from
AT2017gfo [34] and from GW170817 [35, 36, 37].

which is also consistent with our findings. Note that the main difference with our analysis is
that we implemented the EoS directly in the fit instead of determining posterior distributions
for masses and radii and then fitting to different EoSs. We also note that, in our case, the
uncertainties are smaller. We also compare our results to other recent analyses using different
methods [34, 38, 35, 36, 37] in [23].

5. Conclusions
We described NS cores with a recently proposed meta-modeling of nuclear matter [16, 17],
disregarding the possibility of a strong first-order phase transition. The meta-model parameters
having the strongest effect on the predicted MR relation of NSs are the slope of the symmetry
energy Lsym, the isovector incompressibility Ksym and the isoscalar skewness Qsat. By varying
these parameters in a wide range, we sampled a large number of EoSs to confront the meta-
model to observational data. We performed a simultaneous spectral analysis of the thermal
emission of 7 qLMXBs in GCs, assuming a pure H atmosphere and accounting for pile-up, X-
ray absorption in the ISM, and possible non-thermal emission. The novelty of our approach is
the direct implementation of the EoS in the fit, treating observational and theoretical parameters
on equal footing and avoiding over-constraints. Independent estimations of the distances to the
sources [32] as well as for the slope of the symmetry energy Lsym = 50±10 MeV [33] were taken
into account through Bayesian priors. The robustness of our results concerning the priors, the
number of free parameters or the sources considered in the fit are presented in detail in [23].
We obtained Lsym = 38 ± 9 MeV, as well as the first estimations of Ksym = −85.82+82

−70 MeV,

and Qsat = 318+673
−366 MeV from observational data. We also find an anti-correlation between

Ksym and Qsat, originating from the causality and stability constraints. We predict a radius
R1.45 = 12.35±0.37 km for a 1.45 M� NS, consistent with, but near the upper bounds, of other
recent analyses [34, 38, 7, 35, 36, 37]. This is due to the inclusion of nuclear physics knowledge
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through the EoS modeling in the fit.
The meta-model is currently being extended to a relativistic treatment of nucleons and the

inclusion of a possible phase transition. The parameters of this new model will be constrained
by the data in the same spirit as in the present work, including new observables such as those
from the Neutron Star Interior Composition ExploreR (NICER) [39] and those coming from
gravitational-wave signals obtained by the LIGO-Virgo collaboration.
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