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Scientific context:  

Neutron stars (NS) are born in core-collapse supernova (CCSN) events, and, along with black holes, are one 
of the most compact objects in the Universe. They can be viewed as giant very neutron-rich nuclei. They are 
born very hot: the proto-neutron stars’ temperature can reach several MeV, but after a few hours, their 
temperatures have dropped considerably, so that (old) neutron stars are cold objects. The densities in their 
interiors can reach several times the nuclear saturation density. They have a layered structure: an outer crust, 
with very neutron-rich nuclei, embedded in an electron sea, an inner crust formed by non-homogeneous 
nuclear matter in a sea of neutrons and electrons, an outer core where homogeneous stellar matter exists, that 
is, nuclear matter neutralised by electrons and muons, and in the very centre of the core, exotic matter may 
appear, such as hyperons, or even deconfined quark matter. These objects span several orders of magnitude 
in density, proton fraction, and temperature, and the fact that several degrees of freedom may appear in their 
interiors, make the building of their equation of state (EoS), that is, the pressure versus energy density, a 
challenging task [1]. 
The observation of gravitational waves (GW) from a NS binary merger GW170817 was detected for the first 
time by the Advanced LIGO and Virgo interferometers [2]. This event was followed by the detection of the 
short gamma-ray burst GRB170817A, which was observed independently by the NASA’s FERMI and by the 
ESA’s INTEGRAL gamma-ray telescopes, and by the detection by different instruments [3,4] of a UV/
optical/near-infrared emission, identified as a kilonova, AT2017gfo. Since then, a door has been opened to a 
new epoch of multi-messenger astrophysics that will allow more stringent constraints on the EoS of dense 
matter.  
While GW detectors provide constraints on the tidal deformability of NS, X-ray observatories such as the 
NASA's NICER [5] has reported the simultaneous inference of mass and radius of four pulsars, PSR 
J0030+0451 [6], PSR J0740+6620 [7,8], PSR J1231-1422 [9], and PSR J0437-4751 [10,11] and will report 
further measurements in the future, with the goal of achieving a 5-10% uncertainty in the radius inference. 
X-ray missions, such as eXPT [12] and STROBE-X [13], scheduled to launch later this decade or early next, 
will report mass-radius measurements with uncertainties as low as 2%. Radius uncertainties of the order of 
100 meters or less are also expected from future third-generation observatories (e.g. Einstein Telescope [14], 
Cosmic Explorer’s [15]). 
On the nuclear experimental side, many of the current EoS have been fitted to experimental data in a very 
limited range of densities. They do not probe the high-density limit, i.e. well above nuclear saturation 
density. The symmetry energy, which is 
a quantity that is still not well 
determined around the nuclear 
saturation density, is unknown in the 
high-density limit. However, it is 
expected that in the coming years, 
co l l i s i ons o f heavy nuc l e i a t 
intermediate beam energies will be able 
to probe nuclear matter from a few 
tenths to about 5 times the nuclear 
saturation density and temperatures 
from a few to over 100 MeV [16]. 

Fig.1. Ranges in density  and 
temperature that are probed in heavy-
ion collisions (HIC), nuclear matter 
properties, NS mergers events, and inside a neutron star, from the crust to the core. 

With the high-quality data expected in the future, it will be possible to place strong constraints on the high-
density EoS, and, in particular, to extract the NS composition. Microscopic calculations, such as ab-initio 
neutron matter calculations from chiral Effective Field Theory (chiEFT) models [17,18] are also used to 
constrain the nuclear matter EoS in the low-density regime [19].  
The sub-saturation density EoS must also be constrained. In hot systems like CCSN and binary neutron star 
mergers (BNSM), not only heavy clusters (nuclear pasta), that are formed in the NS inner crust, but also light 
clusters, such as H and He isotopes, are expected. These clusters play an important role: in BNSM, the 
abundance of light clusters has a direct influence on the fraction of the ejecta [20], or on the viscous 
evolution of the accretion disk after the merger [21]. Moreover, the composition of the low-density EoS rules 
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Neutron stars (T=0, very neutron-rich) and neutron star merger 
events (finite T, less asymmetric) provide a laboratory to test 
Nuclear physics, Particle Physics and QCD (deconfinement, quark 
matter). 
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• Can we infer the high-density EoS?

• Can we get information from M(R)?

Nucleonic RMF EOS (Bayesian Approach): how limitative is the method?
(Malik ApJ930 17; PRD106 063024)

99% CI posteiror (DDB, DDBL , DDBLX ) 90% CI P(R|M)

I Region spanned by model includes known calibarated EOS
I Inclusion of Hyperons: the nucleonic EOS is harder, larger radii for low

and medium mass stars, similar Mmax
I No hyperons: maximum mass ⇡ 2.5M�, R1.4 & 12km
I Hyperons: maximum mass ⇡ 2.2M�, R1.4 > 12.5km

Malik et al, PRD 106, 063024 (2022)

This figure illustrates the 
difference in M(R) relations, using 
hyperonic and nucleonic EoS.
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• Is there a deconfinement phase 
transition?


• Which observables can help us identify 
the deconfinement?

Hybrid Star Properties with NJL and MFTQCD Model
Milena Albino, T Malik, M Ferreira, CP, 2406.15337 [nucl-th]

I Hybrid stars
I hadronic EOS: one hard and one soft RMF with

NL terms
I Quark EoS: NJL with 4 and 8 quark terms,

MFTQCD (MIT bag model with vector term)
I Phase transition: Maxwell construction

I Parameters of quark models: Bayesian inference
I transition to quark matter [0.15:0.4]fm�3

I pQCD constarints
I NICER J0740 constraints

I Comments:
I Compatible with gray: Annala Nat Phys 16, 907

I MFTQCD model: deconfinement at much lower
baryon densities than NJL model.

gray: Annala et al, Nature Phys. 16, 907 (2020)

Albino et al arXiv:2406.15337

This figure illustrates hybrid stars.

The deconfinement depends on the EoS 
model:

With MFTQCD, it happens at much lower 
densities.
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• What is the abundance of light clusters 
in warm low-density EoS?


• Do exotic clusters like hypernuclei or 
tetraneutron play a role?

Pais, H., et al.: A&A 679, A113 (2023)
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Fig. 1. Mass fractions as a function of density when considering di↵erent energy bands for the tetraneutron, for T = 4 (left) and 10 (right) MeV,
and two di↵erent scalar couplings for the clusters, xs = 0.92 (top) and xs = 0.85 (bottom).
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where ⌦µ⌫ = @µV⌫ � @⌫Vµ and Bµ⌫ = @µb⌫ � @⌫bµ � g⇢(bµ ⇥ b⌫).
The total binding energy of a light cluster j is given by

Bj = Ajm⇤ � M⇤j , j = d, t, h,↵,6 He, 4n, (11)

with M⇤j the e↵ective mass of cluster j, which is determined by
the meson coupling as well as by a binding energy shift:

M⇤j = Ajm � gs j�0 �
⇣
B0

j + �Bj
⌘
. (12)

In expression (12), B0
j is the binding energy of the cluster

j= 2H, 3H, 3He, 4He,6He in the vacuum, and these constants are
fixed to experimental values. For the tetraneutron, we take the
values of Duer et al. (2022). We take the binding energy of the
tetraneutron, B0

4n, as negative, as it is considered a resonant state
in Duer et al. (2022), while the other five light clusters, being
bound states, have positive binding energies.

The binding energy shift �Bj is given by (Pais et al. 2018)

�Bj =
Zj

⇢0

⇣
✏⇤p � m⇢⇤p

⌘
+

Nj

⇢0

�
✏⇤n � m⇢⇤n

�
. (13)

This term acts as the energetic counterpart of the excluded vol-
ume mechanism in the Thomas-Fermi approximation. ⇢0 is the
nuclear saturation density, Nj and Zj are the neutron and proton
numbers, and ✏⇤j and ⇢⇤j are the energy density and density of the
lowest energy levels of the gas, respectively. This means that the
energy states occupied by the gas are removed from the calcu-
lation of the cluster binding energy, which circumvents double-
counting of the particles of gas and those of the clusters.

Regarding the scalar and vector cluster–meson couplings,
we follow the prescription introduced in Pais et al. (2018). The
scalar coupling is given by

gs j = xs jA jgs, (14)

while the vector coupling is given by

gv j = Ajgv. (15)

Here, Aj corresponds to the number of nucleons in cluster j.
The xs factor can vary from 0 to 1. In a previous work, its value
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For neutron-rich systems:

• Hypernuclei and 4n can be more abundant than 4He —> transport properties 

can be affected.

• The presence of hyperons and heavy baryons make the dissolution density of 

light clusters increase and also their mass fractions.

Custódio et al, PRC 
104, 035801 (2021)
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Scientific context:  

Neutron stars (NS) are born in core-collapse supernova (CCSN) events, and, along with black holes, are one 
of the most compact objects in the Universe. They can be viewed as giant very neutron-rich nuclei. They are 
born very hot: the proto-neutron stars’ temperature can reach several MeV, but after a few hours, their 
temperatures have dropped considerably, so that (old) neutron stars are cold objects. The densities in their 
interiors can reach several times the nuclear saturation density. They have a layered structure: an outer crust, 
with very neutron-rich nuclei, embedded in an electron sea, an inner crust formed by non-homogeneous 
nuclear matter in a sea of neutrons and electrons, an outer core where homogeneous stellar matter exists, that 
is, nuclear matter neutralised by electrons and muons, and in the very centre of the core, exotic matter may 
appear, such as hyperons, or even deconfined quark matter. These objects span several orders of magnitude 
in density, proton fraction, and temperature, and the fact that several degrees of freedom may appear in their 
interiors, make the building of their equation of state (EoS), that is, the pressure versus energy density, a 
challenging task [1]. 
The observation of gravitational waves (GW) from a NS binary merger GW170817 was detected for the first 
time by the Advanced LIGO and Virgo interferometers [2]. This event was followed by the detection of the 
short gamma-ray burst GRB170817A, which was observed independently by the NASA’s FERMI and by the 
ESA’s INTEGRAL gamma-ray telescopes, and by the detection by different instruments [3,4] of a UV/
optical/near-infrared emission, identified as a kilonova, AT2017gfo. Since then, a door has been opened to a 
new epoch of multi-messenger astrophysics that will allow more stringent constraints on the EoS of dense 
matter.  
While GW detectors provide constraints on the tidal deformability of NS, X-ray observatories such as the 
NASA's NICER [5] has reported the simultaneous inference of mass and radius of four pulsars, PSR 
J0030+0451 [6], PSR J0740+6620 [7,8], PSR J1231-1422 [9], and PSR J0437-4751 [10,11] and will report 
further measurements in the future, with the goal of achieving a 5-10% uncertainty in the radius inference. 
X-ray missions, such as eXPT [12] and STROBE-X [13], scheduled to launch later this decade or early next, 
will report mass-radius measurements with uncertainties as low as 2%. Radius uncertainties of the order of 
100 meters or less are also expected from future third-generation observatories (e.g. Einstein Telescope [14], 
Cosmic Explorer’s [15]). 
On the nuclear experimental side, many of the current EoS have been fitted to experimental data in a very 
limited range of densities. They do not probe the high-density limit, i.e. well above nuclear saturation 
density. The symmetry energy, which is 
a quantity that is still not well 
determined around the nuclear 
saturation density, is unknown in the 
high-density limit. However, it is 
expected that in the coming years, 
co l l i s i ons o f heavy nuc l e i a t 
intermediate beam energies will be able 
to probe nuclear matter from a few 
tenths to about 5 times the nuclear 
saturation density and temperatures 
from a few to over 100 MeV [16]. 

Fig.1. Ranges in density  and 
temperature that are probed in heavy-
ion collisions (HIC), nuclear matter 
properties, NS mergers events, and inside a neutron star, from the crust to the core. 

With the high-quality data expected in the future, it will be possible to place strong constraints on the high-
density EoS, and, in particular, to extract the NS composition. Microscopic calculations, such as ab-initio 
neutron matter calculations from chiral Effective Field Theory (chiEFT) models [17,18] are also used to 
constrain the nuclear matter EoS in the low-density regime [19].  
The sub-saturation density EoS must also be constrained. In hot systems like CCSN and binary neutron star 
mergers (BNSM), not only heavy clusters (nuclear pasta), that are formed in the NS inner crust, but also light 
clusters, such as H and He isotopes, are expected. These clusters play an important role: in BNSM, the 
abundance of light clusters has a direct influence on the fraction of the ejecta [20], or on the viscous 
evolution of the accretion disk after the merger [21]. Moreover, the composition of the low-density EoS rules 
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Figure 2.4: Left: Selected constraints on the symmetric EOS obtained from comparisons of experimental data to hadronic transport simulations

in [69] (region with black horizontal stripes), [70, 71] (region with red forward stripes), [72] (region with blue backward stripes), and [73] (region

with green vertical stripes); see text for more details. Also shown are results of analytical calculations for the free Fermi gas (green dotted

line) and in the linear Walecka model (pink dashed line). Right: Selected constraints on the symmetry energy obtained from comparisons of

hadronic transport simulations to experimental data in [36] (region with purple forward stripes), [177] (region with green backward stripes),

[178] (the solid orange region), and [65] (the red circle, square, and triangle symbols). Also shown are symmetry energy constraints obtained

in [65] based on a novel interpretation of analyses of dipole polarizability ωD [179] (green diamond), of nuclear masses in DFTs [41, 180] (cyan

dot symbol) and in Skyrme models [181] (cyan star symbol), of Isobaric Analog States (IAS) energies [182] (magenta plus symbol), and of

PREX-II experiment [52] (blue inverted triangle symbol), as well as the 68% confidence region consistent with the best fit of experimental data

points presented in [65] (region with yellow vertical stripes).

to shown to result in a spuriously sti! EOS at intermediate densities. As such, the study should be treated as a proof

of principle that a tight constraint on the EOS at high densities can be achieved by using a combination of precise data,

flexible forms of the EOS used in simulations, state-of-the-art models, and advances in analysis techniques.

The symmetry energy contribution to the EOS can be studied at low collision energies Ekin ↭ 1.0 AGeV (→sNN ↭
2.32 GeV), where in particular observables such as charged pion yields [183] or neutron and proton flow [184, 185] have

been proposed as sensitive to the asymmetric contribution to the EOS. Some of the constraints derived from such studies

are shown in the right panel of Fig. 2.4, where, in addition to the usual EOS constraint bands, symbols with uncertainty

bars represent results from analyses in which the symmetry energy has been determined for the most sensitive density

of a given measurement. At incident energies below Ekin = 100 AMeV (→sNN = 1.93 GeV), low densities are probed

after the initial impact and compression of the projectile and target [36, 186]. Since the symmetry potentials for neutrons

and protons have opposite signs, emission of a particular nucleon type is enhanced or suppressed depending on the

asymmetry. A comparison of the experimental measurements of isospin di!usion and the ratio of neutron and proton

spectra in collisions of 112Sn+124Sn at Ekin = 50 AMeV (→sNN = 1.90 GeV) to results from ImQMD [187] simulations

produced a constraint on the symmetry energy for densities (0.3–1)n0 [36] (see the region with purple forward stripes in

the right panel of Fig. 2.4). Collisions at higher energies (Ekin > 200 AMeV, or →
sNN > 1.97 GeV) probe the EOS at

n > n0. In the FOPI-LAND experiment, constraints on the symmetry energy were obtained from studies of the ratio

of the elliptic flow of neutrons and hydrogen nuclei in Au+Au collisions at Ekin = 0.4 AGeV (→sNN = 2.07GeV) [177],

while the ASY-EOS experiment used neutron to charged fragments ratios measured in Au+Au collisions [178] (see the
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14

FIG. 10 Spectroscopy of 12
⇤B from the E05-115 and E01-011

experiments. The area below the black line is the accidental
background. From Tang et al., 2014.

lent to a rotation plus a shift of the spectrometer so that
scattered electrons  4.5� hit the HES yokes and thus do
not enter the spectrometer acceptance. This angle was
chosen based on a figure of merit optimization between
hypernuclear yield and accidental background rate. The
tilt improved the true data rate by an order of magni-
tude while reducing accidental background. The beam
and spectrometer parameters are tabulated by Tang et
al. (2014). The experimental energy resolution to spe-
cific states was approximately 600 keV FWHM.

The 12
⇤B spectrum obtained in these experiments on

a 12C target is shown in Fig. 10, demonstrating the im-
proved resolution in the more recent E05-115 experiment
with respect to that in the older one E01-011 and also
with respect to the Hall A experiment E94-107 (Iodice
et al., 2007). In the upper panel of the figure, peaks 1,
2, 3, and 4 result from the pN ! s⇤ transition strength,
with peak 1 standing for the 12

⇤B g.s. doublet which to
a very good approximation is based on the 11B g.s. core
state. The other three peaks correspond to coupling the
s⇤ hyperon to known excited levels in 11B. Peaks 5, 6,
7, and 8 result from the pN ! p⇤ transition strength
which extends further up into the continuum. Similar
spectra were reported for the charge-symmetric hyper-
nucleus 12

⇤C in (⇡+
,K

+) and (K�
stop

,⇡
�) experiments at

KEK (Hotchi et al., 2001) and at DA�NE (Agnello et al.,
2005b), respectively. Yet, the JLab (e, e0K+) experiment
provides by far the most refined A= 12 ⇤ hypernuclear
excitation spectrum.

Very recently, the spectrum of another p-shell hypernu-
cleus, 10

⇤Be, was obtained in a JLab Hall C (e, e0K+) ex-
periment (Gogami et al., 2016a). This experiment gives
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FIG. 11 Energy levels of the ⇤ single-particle major shells
in A

⇤Z hypernuclei as a function of A
�2/3. The curves are

obtained from a standard Woods-Saxon potential VWS repre-
senting the ⇤-nucleus interaction with depth V0=�30.05 MeV,
radius R=r0A

1/3, where r0=1.165 fm, and diffusivity a =

0.6 fm. Updated from Millener, Dover, and Gal, 1988.

a B⇤ value for a hypernucleus for which there are only
a few emulsion events (see Table I). It shows four clear
s⇤ peaks as expected from the proton removal strength
from 10B [see Sec. I.C and Fig. 3 of Millener (2012)].

The (e, e0K+) experiments in Hall A were performed
using two existing high-relsolution (long flight path)
spectrometers and used a much higher electron-beam en-
ergy of ⇠ 3.7 GeV to increase the K

+ survival time. The
two essential features of the setup were the placement of
superconducting septum magnets before each spectrom-
eter to be able to take data at 6� and a ring-imaging
Cherenkov detector to provide unambiguous K

+ identi-
fication. Data were taken using targets of 12C (Iodice
et al., 2007), 16O (Cusanno et al., 2009), and 9Be (Urci-
uoli et al., 2015). In particular, B⇤ =13.76 ± 0.16 MeV
was determined for 16

⇤N by using the ⇤ and ⌃0 peaks
from the elementary (e, e0K+) reaction on the hydrogen
in a waterfall target for calibration.

6. Single-particle structure

Taking the positions of the ⇤ major shells as observed
in the (⇡+

,K
+) and other reactions, the ⇤ single-particle

energies show a very smooth A-dependence, which can be
reproduced by a simple Woods-Saxon potential VWS, as
shown in Fig. 11 for a data set that includes information
up to 208

⇤Pb (Hasegawa et al., 1996). The data used in
the construction of Fig. 11 is given in Table IV. Because
the B⇤ values in Table IV differ in several respects from
the values given in the original papers and reviews [see,
e.g., Hashimoto and Tamura (2006)], some explanation
is needed.

The most important overall change in the tabulated
B⇤ values arises from the fact that the KEK (⇡+

,K
+)

A. Gal et al, RMP 88, 035004 (2016)


