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In this contribution, I review the connection between compact stars
and high-baryon density matter, focusing on astrophysical observables for
deconfinement to quark matter. I discuss modern ingredients, repositories,
and constraints for the neutron-star equations of state. Finally, I draw
comparisons between dense and hot matter created in neutron-star mergers
and heavy-ion collisions and the possibility of quantitatively establishing a
link between them.
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1. Introduction to compact stars

Compact stars are the endpoints of stellar evolution and refer to white
dwarfs, neutron stars (NSs), and black holes. The different evolution end-
points are determined by the mass of the stars at the beginning of their
lives. Stars that begin their evolution more massive, move faster through
the different fusion cycles and collapse more violently when they run out
of fuel for fusion. The gravitational collapse comes to a halt when there
is enough degenerate matter pressure to balance gravity once more. The
degenerate matter pressure is provided by an electron gas in white dwarfs,
and mainly by a neutron gas in NSs, with contributions (in the latter) from
electrons, muons, protons, and possibly hyperons and quarks. But, more
importantly, in NSs the additional compression due to stronger gravity also
brings baryons close enough for the strong force to contribute significantly
to hydrostatic equilibrium. This is evidenced by the fact that if NSs are
modeled as a free gas of baryons, one does not reproduce any of the ob-
served NS masses (1–2 M⊙), generating errors of ∼ 100% [1]. Finally, for
extremely massive stars, the gravitational collapse never halts, giving birth
to black holes.
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Intermediate-mass stars explode as core-collapse supernovae and leave
behind small NSs, of the size of a city (∼ 12 km of radius). They span
densities from 1 g/cm3 in the atmosphere to about 1015 g/cm3 — corre-
sponding to a number density of about 1 baryon per fm3 — in the center.
The crust extends until around nuclear saturation density n0 ∼ 0.15 fm−3,
where nuclei dissolve into bulk baryonic matter in the core. At a few times
n0 it becomes energetically favored for nucleons to convert into hyperons [2]
or spin 3/2 ∆ baryons [3] (see Fig. 1 in Ref. [4]). Eventually, all baryons de-
confine into quarks, the question being, are massive NS cores dense enough
for deconfinement to take place in their interiors? And if they are, can
deconfinement precede the appearance of hyperons?

2. Neutron-star equation of state

Formally, the equation of state (EoS) is a thermodynamic equation relat-
ing state variables, usually referring to the pressure as a function of energy
density. More broadly, it can include a full list of thermodynamical vari-
ables, particle composition, microscopic information, and stellar properties.
Although NSs can be considered to have zero temperature (in MeV scale)
and be in β-equilibrium with leptons, the matter in proto NSs or in hyper-
massive stars formed in NS mergers is hot and not equilibrated. As such,
supernova and merger simulations require 3-dimensional EoS tables as an
input. These usually include temperature T and charge fraction YQ, in ad-
dition to baryon number density nB, as independent variables.

A complete EoS for NSs must include atmosphere and crust components
connected to the core. Due to competing effects between strong and elec-
tromagnetic forces, such a connection is far from being simple due to the
formation of a diversity of shapes, the so-called pasta phase. Although the
pasta does not influence stellar properties such as mass and radius, it mod-
ifies, for example, the interactions of neutrinos with the nuclear medium
and is important for the dynamics of supernovae [5]. Due to the attractive
component of the strong force, fermionic matter at high densities (and low
temperatures) is paired. This feature has also been shown to be important
for the dynamics of baryonic matter in both the crust and core and, in the
case of deconfined matter, for the quarks [6–10].

Modern online repositories provide 1-, 2-, and 3-dimensional EoS tables
for astrophysical applications. The largest example is CompOSE [11], now
offering hundreds of different EoS’s, together with software to interpolate
data, calculate additional quantities, and graph EoS dependencies (see full
instruction manual in Ref. [12]). Another idea is to offer a Modular Unified
Solver of the Equation of State (MUSES) [13]. While currently under devel-
opment, in a few years MUSES will be offering customized EoSs that will be
fitted and combined at will to cover any desired portion of the high-energy
QCD phase diagram.
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3. Equation of state constraints

The most important qualities for an EoS are being thermodynamical con-
sistent and remaining causal, the latter being guaranteed by relativistic mod-
els, as long as vector interactions are not too strong [14]. Isospin-symmetric
(effectively) zero-temperature baryonic matter can be constrained around n0

from low-energy nuclear experiments, providing guidance for EoS modeling.
These constraints include the value of n0, binding energy per nucleon, in-
compressibility, and hyperon optical potentials, among others. An example
is the Σ potential recently calculated by ALICE [15], shown to be relevant
for NSs (see Fig. 7 of Ref. [16]). Other constraints include the symmetry
energy and its derivatives and, of course, NS observables (see Ref. [17] for a
recent review). The latter apply to zero-temperature β−equilibrated matter
and include reproducing NSs with at least 2 M⊙, radii, and tidal deforma-
bility in agreement with new NASA NICER and LIGO/VIRGO results (see
Fig. 1 in Ref. [18] for a compilation of data shown in the mass–radius dia-
gram), and cooling data. Chiral effective field theory methods also provide
a systematic way to learn about the EoS at low and intermediate densities
and temperatures [19–22].

Finite-temperature constraints include intermediate and high-energy nu-
clear experiments and lattice QCD. The (nearly) isospin-symmetric and zero
net strangeness heavy-ion constraints require an extrapolation in isospin and
strangeness, which is non-trivial at finite temperature when comparing with
NS matter [23]. The lattice QCD constraints are provided at any isospin
and strangeness [24], but are restricted to low density (relative to the tem-
perature) and require a large extrapolation in density when comparing with
NS matter. Still, the lattice provides an anchor for the QCD phase diagram,
determining that deconfinement is a crossover at zero nB [25].

Finally, as either the density, temperature or both increase, baryons
start to overlap, either because they come closer or become larger. At this
point, the definition of baryon loses its meaning and the degrees of free-
dom of high-energy matter become quarks. Although the deconfinement of
quark matter inside cold beta-equilibrated NSs is still an open question, it
is known from QCD that chiral symmetry should be restored at large densi-
ties and temperatures, decreasing the overall baryonic masses and the mass
gap between parity doublets [26], which can have interesting consequences
for NSs [27–29]. At asymptotically large energies, perturbative QCD can
provide the weakly interacting EoS [30, 31], which can be used to constrain
the NS EoS [32, 33].

4. Recent developments

In the past decade, much discussion has been devoted to possible struc-
ture in the speed of sound cs of dense matter [34–37]. This stems from the
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fact that 2 M⊙ stars require a stiff EoS (with c2s → 1 in natural units) at
intermediate densities, while the conformal limit of massless free quarks re-
quires c2s → 1/3 from below at asymptotically large densities. This implies
a non-monotonic behavior in cs, usually referred to as a “bump”. Besides
EoS softening due to new degrees of freedom, other explanations for the
bump are medium effects related to a vector condensate [38] or breaking or
restoration of symmetries [29, 39]. Figure 1 (adapted from Ref. [18]) shows
how bumps appear in realistic models and under a controlled cs parametriza-
tion, which allows one to relate the density at which the bump appears with
curves in the NS mass–radius diagram. Furthermore, different slopes in the
mass–radius diagram manifest as different slopes of the binary Love relation
(between the tidal deformabilities of binary NSs), which may be observable
during the fifth LIGO observing run (O5) [40]. See Refs. [41, 42] and ref-
erences therein for additional discussion on the correlation between the NS
EoS and observational constraints.
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Fig. 1. Left: speed of sound “bumps” generated by several realistic EoSs. Middle
and right: relation between density at which speed of sound bumps are present
and mass–radius relation of neutron stars within a parametrized approach. Figure
modified from Ref. [18].

Beyond NS static properties, signatures for deconfinement to quark mat-
ter have been investigated in supernova explosions and in NS mergers. In
particular, additional bursts of neutrinos were predicted when a hybrid star
is formed already during the supernova stage [43–47]. In NS mergers, sig-
nals for deconfinement as a first-order phase transition have been identified
in the waveform, through changes in amplitude, frequency, and duration of
the postmerger signal [48–50], which has not yet been detected. Through the
identification of a universal relation including the postmerger peak frequency
and tidal deformability, a deviation from it was identified as a signature for
deconfinement [51]. There were also other effects related to smoothing out
the first-order phase transition using piecewise polytropes [52], a percola-
tion scenario [53], the construction of a mixture of phases (Gibbs construc-
tion) [54], or a crossover [55] that were identified in merger simulations. In
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all these studies, the temperature dependence was included in the EoS, ei-
ther self-consistently, which allows different degrees of freedom and the phase
transition itself to depend on temperature (see Refs. [56–58] for details), or
in an ad hoc manner.

5. Comparison of neutron-star mergers and heavy-ion collisions

Recently, the first self-consistent comparison between NS mergers and
low-energy heavy-ion collisions was presented in Ref. [55]. It used the SU(3)
CMF model with excluded volume including parity doublets [59, 60] in rel-
ativistic hydrodynamics simulations using the full general relativity Frank-
furt/Illinois GRMHD code [61] and the Frankfurt SHASTA code. Figure 2
shows how, in spite of a difference of 18 orders of magnitude between the
systems, their geometry is very similar. It was shown that, despite some
differences generated by gravity (which is only relevant for the merger), sim-
ilar temperatures, entropies and, most importantly, densities are achieved.
In particular, similar trajectories in the QCD phase diagram allow for the
first time to establish a connection between different total merger masses
and laboratory energies, presently available for experiments of the HADES
detector set-up at GSI [62]. This kind of comparison is finally allowing us
to quantitatively study astrophysics in the laboratory.

Fig. 2. Distributions of entropy per baryon (top) and temperature (bottom) for
a binary neutron-star merger with a total mass of 2.8 M⊙ (left) and a Au+Au
heavy-ion collision at Elab = 450 MeV (right). Density contours are shown in units
of n0. The snapshots refer to t = 3 ms after the merger and to t = 5 fm/c after
the full collision overlap. Figure modified from Ref. [55].
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