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We report the results of a study aimed at inferring direct information on the repulsive three-nucleon potential
V R

i jk—driving the stiffness of the nuclear matter equation of state at supranuclear densities—from astrophysical
observations. Using a Bayesian approach, we exploit the measurements of masses, radii, and tidal deforma-
balities performed by the NICER satellite and the LIGO/Virgo Collaborations as well as the mass of the
heaviest observed pulsar to constrain the strength of V R

i jk . The baseline of our analysis is the widely employed
nuclear Hamiltonian comprising the Argonne v18 nucleon-nucleon potential and the Urbana IX model of the
three-nucleon potential. The numerical results, largely determined by the bound on the maximum mass, suggest
that existing and future facilities have the potential to provide valuable new insight into microscopic nuclear
dynamics at supranuclear densities.
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I. INTRODUCTION

Over the past decade, the availability of astrophysical
data collected by electromagnetic (EM) observatories [1–9]
and gravitational-wave (GW) interferometers [10–12],
supplemented by the information obtained from Earth-based
laboratory experiments [13–20], has opened a new era for the
investigation of neutron star (NS) structure and dynamics.

The studies aimed at constraining the equation of state
(EOS) of NS matter have recently benefited from measure-
ments of the tidal deformabilities [21–26]—encoding the
footprint of tidal interactions on the signal emitted by a bi-
nary system—performed within the GW band. Because the
tidal deformability depends on the internal composition of
the stars, any information on its value is potentially a source
of novel insight into the EOS. The discovery of GW170817
has triggered a large number of efforts aimed at constraining
the NS structure, also exploiting multimessenger approaches
based on joint GW-EM analyses [27–45]. For extensive re-
views on this topic, see Refs. [46,47] and references therein.

Besides being a valuable source of information on average
properties of dense matter embodied in the EOS as well as on
the possible occurrence of a transition to exotic high-density
phases—in which constituents other than nucleons are the
relevant degrees of freedom—the new data provide an un-
precedented opportunity to constrain the existing models of
nuclear dynamics at supranuclear density.

The description of nuclear systems in terms of pointlike
protons and neutrons interacting through phenomenological
two- and three-body forces—hereafter nuclear many-body
theory (NMBT)—has proved remarkably successful. The re-
sults of calculations based on NMBT account for a variety of

observables of nuclei with A � 12—including the energies of
ground and low-lying excited states and electromagnetic form
factors [48]—and provide accurate and reliable estimates
of the empirical equilibrium properties of isospin-symmetric
matter [49]. Applications of NMBT in the region of supranu-
clear densities, however, unavoidably involve a degree of
extrapolation.

Phenomenological nucleon-nucleon (NN) potentials ac-
count for scattering data up to large energies—typically
≈600 MeV in the laboratory frame, well beyond the pion
production threshold—as well as for the effects of high-
momentum components in the deuteron wave function.
Therefore, these models are expected to be suitable to describe
interactions in matter at densities as large as ≈4�0 with �0

being the nuclear matter equilibrium density [50].
Three-nucleon (NNN) potentials, on the other hand, are

designed to explain only the ground-state energy of the
three-nucleon bound states and nuclear matter equilibrium
properties, whereas being totally unconstrained in the regime
corresponding to densities � � �0 in which the contribu-
tion of three-nucleon interactions rapidly increases to become
dominant. In this article, we report the results of an analysis
based on a novel approach in which astrophysical data are
exploited to obtain information on the strength of the repulsive
component of the NNN potential, which largely determines
the compressibility of matter at supranuclear densities.

It has to be stressed that our approach is conceptually
different from the one aimed at constraining the EOS of dense
matter and has a much broader scope. The bottom line is
that, whereas being admittedly nonobservable, the NN and
NNN potentials can be modeled in such a way as to repro-
duce the available data, and the resulting phenomenological
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Hamiltonians allow to perform calculations of a variety of
nuclear matter properties other than the ground-state energy,
whose understanding is needed for a comprehensive descrip-
tion of neutron star structure and dynamics. This line has
been pursued by the authors of Refs. [51–55], who carried out
pioneering studies of the transport coefficients, the response
to neutrino interactions, and the superfluid gap of nuclear
matter based on a unified microscopic description of nuclear
interactions.

The body of this article is structured as follows. In Sec. II
we outline the dynamical model underlying our paper as
well as the simple parametrization adopted to characterize the
strength of the repulsive component of the NNN potential. The
datasets considered in the analysis are described in Sec. III,
whereas the results are reported and discussed in Sec. IV.
Finally, the summary of our findings and an outlook to future
developments can be found in in Sec. V. Unless explicitly
stated otherwise, we will use geometric (G = c = 1) units.

II. DYNAMICAL MODEL

The model of nuclear dynamics employed in our paper is
based on a Hamiltonian of the form

H =
∑

i

p2
i

2m
+

∑

i< j

vi j +
∑

i< j<k

Vi jk . (1)

Here, vi j is the Argonne v18 (AV18) NN potential [56],
corrected to take into account relativistic boost corrections
needed to describe NN interactions in the locally inertial
frame associated with a star [49,57]. The NNN potential Vi jk

is assumed to consist of a two-pion exchange contribution
V 2π

i jk and a purely phenomenological repulsive term V R
i jk , which

largely determines the stiffness of the nuclear matter EOS
at high densities, usually parametrized by the compression
modulus K . In the Urbana IX (UIX) model [58], the strengths
of V 2π

i jk and V R
i jk are fixed in such a way as to reproduce

the ground-state energy of 3He and the saturation density
of nuclear matter, respectively. The Hamiltonian comprising
the boost-corrected AV18 potential and the UIX potential has
been employed to obtain the EOS of Akmal, Pandharipande
and Ravenhall (APR) [49], widely used in the calculations
of neutron star properties. The pressure of isospin-symmetric
nuclear matter computed using this Hamiltonian turns out
to be consistent with the bounds obtained from the analysis
of high-energy nuclear collisions of Ref [16], extending to
� � 4�0.

In order to explore the possibility to constrain the NNN
potential using astrophysical data, we have generated a set of
EOSs, computed replacing V R

i jk → αV R
i jk and varying the value

of parameter α, which determines the strength of the repulsive
NNN interaction. For any values of α, the EOS of charge
neutral and β-stable matter consisting of protons, neutrons,
electrons, and muons has been obtained using a straight-
forward generalization of the fitting procedure discussed in
Ref. [49] yielding the energy-density functional Hα (�, x) with
x being the proton fraction. Note that, although the EOS of
Ref. [49] has been obtained within a variational approach,
in our paper the contributions arising from (1 − α)V R

i jk are

added in perturbation theory. To maintain consistency with
the APR EOS, corresponding to α = 1, at densities � ≈ �0,
we have limited our analysis to the range of 0.7 � α � 2.
Within these bounds the displacement of the equilibrium den-
sity with respect to the empirical value remains small, ranging
between ≈4% and ≈20%. This range appears to be accept-
able, considering that the corresponding change in the energy
per particle does not exceed 3%. Moreover, the pressure of
isospin-symmetric matter turns out to be compatible with the
empirical constraints derived in Ref. [16] for all values of α.

III. ASTROPHYSICAL DATASETS

The EOSs belonging to the family considered in our paper
only depend on the strength of the NNN force. Therefore,
stellar configurations are specified by the values of α and the
central pressure pc and provide two macroscopic observables:
the mass M(α, pc) and either the radius R(α, pc) or the tidal
deformability1 �(α, pc) to be compared with observations.

We consider two classes of datasets: (i) the GW ob-
servation of the binary NS event2 GW170817 [12], and
(ii) the spectroscopic observation in the EM bandwidth of
the millisecond pulsars PSR J0030+0451 performed by the
NICER satellite [8]. Figure 1 shows the confidence intervals
on the M-R (A) and �1-�2 (b) plane for the two datasets
considered together with the results corresponding to stellar
configurations having different values of α. It appears that,
compared to NICER results, the tidal deformabilities inferred
from GW170817 tend to rule out models with α � 1.6, corre-
sponding to the stiffest EOSs.

To constrain the parameters associated with the EOS,
we sample their probability distribution through a Bayesian
approach based on Monte Carlo Markov chain (MCMC)
simulations [66]. For a given astrophysical dataset O com-
prising n observed stars, the probability distribution of
θ = {α, p(i=1,...n)

c } is given by

P (θ |O) ∝ P0(θ )L[O|D(θ )], (2)

where P0 is the prior information on θ and L is the likelihood
function with D(θ ) being the set of NS observables needed to
interpret the data, i.e., the mass, the radius, and/or the tidal
deformability. For the GW event the likelihood function is
given by the marginalized joint density distribution3 inferred
by the LIGO/Virgo Collaborations [67],

L[OGW|D(θ )] = LGW(M1, M2,�1,�2) . (3)

1We refer here to the normalized tidal deformability � = λ/M5,
where λ = 2/3k2R5 is the quadrupolar Love number.

2The LIGO/Virgo Collaborations have recently announced the de-
tection of GW190814, an asymmetric binary system featuring a
black hole and a 2.6-M� companion [59]. Although it is still unclear
whether the latter is a NS or a black hole, this discovery could have a
profound impact on our understanding of stellar evolution, see, e.g.,
Refs. [60–65].

3The likelihood function can be directly derived from the GW pos-
terior since the joint prior on the masses and the tidal deformabilities
is flat. The same holds for the NICER dataset since the joint prior on
the mass, and the radius is also flat.
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FIG. 1. (a) Mass-radius relations of NS obtained using EOSs
corresponding to the values of α specified on top of each curve.
The shaded band identifies the most massive pulsar observed so far,
PSR J0740+6620 [4]. The closed contours show to the 68% and
95% confidence intervals derived for the NICER pulsar [8]. The
dashed straight lines correspond to constant compactness C = M/R.
(b) NS models on the �1-�2 plane for selected values of α and
corresponding to the masses measured for GW170817. The 50% and
90% confidence intervals derived using the GW170817 data [12] are
also shown.

Moreover, given the exquisite precision to which the chirp
mass M = (M1M2)3/5/(M1 + M2)1/5 of GW170817 has been
measured, compared to the individual masses, and following
Ref. [36]—see, in particular, the discussion of Appendix B—

we fix it to the median value of M = 1.186 M�. The mass
M2 as well as the tidal deformability �2 are then uniquely
determined by M1, i.e., by the central density of the primary
object, and the number of parameters to be constrained is
reduced. Finally, we transform the likelihood function to the
mass ratio4 q = M1/M2, and Eq. (4) becomes

P(
α, p(1)

c

∣∣OGW
) ∝ P0

(
α, p(1)

c , p(2)
c

)LGW(q,�1,�2). (4)

Equation (4) shows that the central pressure of the sec-
ond component of the binary system is also needed. We
reconstruct its value by inverting the mass relation M2 =
M2(α, p(2)

c ) to lie within the prior support.
For the NICER dataset the likelihod is given by the

marginalized joint posterior [36] L[Oem|D(θ )] = LEM(M, R)
such that

P(
α, p(1)

c

∣∣OEM
) ∝ P0

(
α, p(1)

c

)LEM(M, R). (5)

In the multimessenger scenario, we consider the joint GW
and electromagnetic datasets. Since the two sets of observa-
tions are independent, we have

P(
α, p(1)

c , p(3)
c

∣∣OGW, OEM
)

∝ P0
(
α, p(1)

c , p(2)
c , p(3)

c

)

×LGW(q,�1,�2)LEM(M, R), (6)

where p(1)
c and p(2)

c refer to the two NSs of GW170817 and
the third pressure p(3)

c corresponds to the pulsar observed by
NICER.

The values of α are sampled uniformly within the range
of [0.7,2], whereas the central pressures of each star are
drawn in the logarithm space between ln10 pc � 34.58 and
ln10 pmax

c (α). The latter represents the maximum central pres-
sure for a stable configuration of the EOS family identified by
α. The lower end of the prior interval for α is chosen such
that the nuclear model supports NSs with masses larger than
1.8 M�. Moreover, we ask the speed of sound cs = √

d p/dε

inside each stellar configuration to be smaller than the speed
of light.

Finally, we also include in the prior information the max-
imum mass that must be supported by the EOS, provided
by the high-precision radio pulsars timing of the binary
PSR J0740+6620 [4]. Following the procedure described
in Refs. [9,36,37,68], we do not impose a hard prior on
Mmax. Rather, we describe the highest mass measurement as
a normal distribution N (μ, σ ) with mean μ = 2.14 M� and
standard deviation σ = 0.09 M�.5 This practically amounts
to adding to the MCMC parameter vector an extra cen-
tral pressure—which we label p(M )

c and corresponds to

4Changing L(M1, M2, �1,�2) → L(M, q, �1, �2) the prior on
the chirp mass and the mass ratio P0(q,M) is no longer flat. How-
ever, as discussed in Ref. [36], reweighting GW170817 so that the
prior on the mass ratio and the chirp mass is flat has a negligible
effect.

5The actual value of the mass inferred by timing observations is
2.14+0.10

−0.09 M�. However, the asymmetry of the error has a negligible
effect in our analysis.
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FIG. 2. Posterior probability distribution of the strength of the
repulsive three-body potential α, inferred using the mass radius
constraints obtained by (a) NICER for the millisecond pulsar
PSR J0030+0451, (b) the GW observation of the binary system
GW170817, and (c) combining the two datasets. Filled and empty
histograms correspond to results obtained including and neglecting
the bound on the maximum mass imposed by PSR J0740+6620.
Long- and short-dashed vertical lines identify 90% symmetric and
highest posterior density intervals, respectively.

PSR J0740+6620—and multiplying Eqs. (4)–(6) by the likeli-
hood function LJ0740+6620 = N (μ, σ ). For the multimessenger
analysis this corresponds to multiply the posterior (6) by
N (μ, σ ).

FIG. 3. Range of pressure-energy density relations based on the
90% confidence interval of α inferred using GW170817 and PSR
J0030+0451 and including the maximum mass constraint. Horizon-
tal lines identify the 90% high-density posterior intervals for the
central pressures derived for the heavier (dashed) and lighter (dotted)
NSs of GW170817.

We sample the posterior distribution using the emcee algo-
rithm with a stretch move [69]. For each set of data, we run
100 walkers of 106 samples with a thinning factor of 0.02.

IV. RESULTS AND DISCUSSION

We first consider the constraints inferred from either the
EM or the GW observation alone. Panels (a) and (b) of Fig. 2
show the marginalized probability distribution of α inferred
for the two datasets, respectively, with and without taking
into account the maximum mass bound. Interestingly, the GW
data alone do not seem to provide any reliable constraint on
α with the marginal posterior being sharply peaked around
the wall at α = 0.7 set by the prior. On the other hand,
inference from the mass-radius measurements of the millisec-
ond pulsar observed by NICER yields a tighter distribution
featuring a peak far from the reference value of α = 1 and
leaves non-negligible support for the region outside the prior.
The inclusion of the bound provided by PSR J0740+6620
has a strong effect on both observations. This is particularly
relevant in the case of GW170817 in which P (α) acquires
a well-defined shape between α = 0.8 and α = 1.8. We can
identify a 90% confidence interval, which gives around the
median αGW = 1.25+0.48

−0.53. For the EM observation, inclusion
of the maximum mass bound sharpens the posterior and leads
to the value of αEM = 1.52+0.43

−0.47 at 90% probability. Note that
NICER points to larger values of α, which is consistent with
the fact that, compared to GW170817, the EM measurements
seem to favor a stiffer EOS.
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The multimessenger scenario, illustrated in panel (c), sug-
gests that when no additional data is taken into account, the
joint NICER-GW inference is dominated by the latter. Includ-
ing the maximum mass constraint results again in a major
change and leads to αGW+EM = 1.32+0.48

−0.51 at a 90% confidence
level. Note that all panels in Fig. 2 show that the requirement
that the EOS supports the mass of PSR J0740+6620 makes
P(α) have essentially zero support for α � 0.8.

For the sake of completeness, in Fig. 3 we also show the
range of variation of the pressure-energy density relations
obtained using the 90% high posterior density intervals of
α resulting from our analysis. Considering that the central
energy density of the heavier (lighter) NS of GW170817
obtained from our calculations ranges between 6.2×1014 and
1.2×1015 g/cm3 (6.7×1014 and 1.4×1015 g/cm3) for 0.7 �
α � 2.0, it appears that the EOSs displayed in the figure are
largely compatible with the empirical bounds represented by
the horizontal lines. Note that the plateau extending between
≈1.1�0 and ≈1.5�0 is associated with the transition to a phase
featuring neutral pion condensation, discussed in Ref. [49].

V. SUMMARY AND OUTLOOK

The quantity and quality of data provided by the new ob-
servatories operating in the GW and EM band have allowed
to study the properties of neutron stars evolving in differ-
ent astrophysical environments. These observations have set
multiple and complementary constraints on the NS structure,
which have the potential to shed new light on different aspects
of the microphysics of dense nuclear matter.

We have investigated the constraints that the recent ob-
servations of GW170817 and the NICER pulsar can impose
on the potential describing NNN interactions, which are
presently unconstrained at densities larger than ≈�0. Us-
ing a Bayesian approach, we have explored both single
and multimessenger constraints, including also the bounds
on the maximum mass given by the 2.14 M� pulsar PSR
J0740+6620. For the cases analyzed, the results suggest that
constraints on the strength α of repulsive NNN interactions
are still dominated by the requirement that EOS must support
the most massive NS observed. In this regard, the discovery
of NSs more massive than PSR J0740+6620 would be po-
tentially able to rule out a large part of the parameter space
we sampled, leading to higher values of α, i.e., favoring stiff
nuclear matter. The probability distributions inferred for α are
compatible with the value of α = 1, corresponding to the APR
EOS [49], providing the baseline for our analysis. However, it

is interesting to note that the sampled values of α show large
support for α > 1, which correspond to more repulsive NNN
forces and stiffer EOSs.

The work described in this paper should be seen as a first
step towards more systematic studies, aimed at obtaining in-
formation on microscopic nuclear dynamics from the samples
of observed masses, radii, and tidal deformabilities.

In principle, chiral effective field theory (EFT) provides
a scheme allowing to derive NN and NNN potentials in a
fully consistent fashion. However, being obtained from a low-
momentum expansion, chiral potentials cannot be used to
obtain the EOS of nuclear matter at densities � � �0 [50].
In particular the breakdown scale of EFT is expected to be
between 1 and 2�0. In this respect the authors of Ref. [70]
explored the possibility of using multimessenger astronomy
to test the predictions of EFT for the EOS only up to 2�0.

Further applications of the methodology underlying our
approach can be pursued following different directions, and,
in particular, considering observations of binary NS by
the LIGO/Virgo Collaborations and the Japanese detector
KAGRA [71,72] at design sensitivity as well as by third
generation interferometers, such as the Einstein telescope
[73–75]. In this context, it should be kept in mind that the
accuracy of the bounds inferred from GW170817 are expected
to improve by, at least, a factor of ≈3 with the LIGO/Virgo
Collaborations at full capacity and by more than one order of
magnitude with the planned Einstein telescope [76]. The large
rate of detections provided by these instruments will allow to
stack multiple observations and to study nucleon interactions
from constraints on sources within a wider mass spectrum.
These data, supplemented by electromagnetic measurements
that will also benefit from longer observation times [8], will
narrow the bounds on α with the errors expected to scale as
the number of events increases. Finally, the quality and the
quantity of data obtained from the new facilities will allow to
test more sophisticated models and to explore, for example,
the sensitivity of GW and EM signals to an explicit density
dependence of the strength of the three-body potential.
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