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1. Introduction

Neutron stars are among the most extreme astrophysical objects, with central baryon densities,
npg, reaching several times the nuclear saturation density, ng,. These compact remnants of massive
stars provide an excellent environment to explore dense nuclear matter, where nuclei dissolve into
hadrons (baryons, containing 3 valence quarks each), which may coexist with or transition into
deconfined quark matter [1]. Understanding the equation of state (EoS) of neutron star matter is
a fundamental challenge in nuclear and astrophysics, requiring insights from both theoretical and
observational constraints. Atdensities around ng,y, strongly interacting matter is mainly composed of
nucleons (protons and neutrons) bound by nuclear forces. In neutron stars, the number of neutrons
is much larger than the one of protons, balanced by electrons to fulfill charge neutrality. This
difference creates an isospin imbalance or asymmetry, which extends to matter containing heavier
baryons (hyperons) or deconfined quarks. Various theoretical approaches have been developed to
study the low temperature, effectively zero on the MeV scale, EoS across different ngs. In the low-
density regime, Chiral Effective Field Theory (Y EFT) can be employed to calculate the EoS relevant
around np ~ ng, of neutron stars [2]. Ab initio yEFT calculations allow for the study of the EoS at
arbitrary isospin asymmetry within many-body perturbation theory or the Brueckner—Hartree—Fock
approach [3]. Benchmark calculations with the first and second generation of y EFT Norfolk 2 and
3-body interactions have been performed to assess the uncertainties associated with studying the
many-body Schrodinger equation [4]. These methods provide reliable constraints; however, their
validity becomes uncertain at higher densities due to missing higher-order many-body interactions
and non-perturbative QCD effects.

In the high-temperature (7 > 125 MeV) and low baryon chemical potential up regime, where
the number of baryons (or quarks) is or almost is matched by the number of antibaryons (or
antiquarks), Lattice QCD (LQCD) can be applied. LQCD is a non-perturbative technique for solving
the quantum chromodynamics (QCD) theory of quarks and gluons formulated on a grid of points
in space and time, and it is a powerful first-principles approach for studying the thermodynamic
properties of strongly interacting matter. LQCD calculations successfully describe the EoS at zero
and imaginary baryon chemical potential up [5], but due to the infamous sign problem [6], direct
simulations at real finite up or np are currently not feasible. Interestingly, this problem is not
present for isospin chemical potential u. Alternative methods, such as Taylor expansions in ug/T
and analytical continuation from imaginary chemical potential, have been extremely successful in
extending our knowledge of QCD to finite up [7]. Nevertheless, these techniques are still limited
to moderate up and high 7. In the extremely high np regime (either due to extreme high T or u),
perturbative QCD (pQCD) becomes applicable, where asymptotic freedom ensures that quarks and
gluons interact weakly [8—11]. At T=0, the pQCD EoS has been computed at extremely large npg
for zero isospin [12, 13] as well as for largely asymmetric isospin [14]. Unfortunately, this regime
is not directly relevant for astrophysics, however, pQCD calculations can provide constraints to
models [15]. Combined QCD inferences can also provide information for the EoS in the cold dense
regime [16].

Experimental studies provide crucial constraints on the EoS at nuclear densities. Measurements
of neutron skin thickness in heavy nuclei, obtained from, e.g., parity-violating electron scattering
experiments, offer valuable insights into the symmetry energy [17]. The symmetry energy is a
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measure of the energy cost to make nuclear systems more neutron rich, or isospin asymmetric.
Measurements of this quantity provide a way to use experimental data obtained on Earth to under-
stand the interior of neutron stars. Beyond ng,, new forms of matter become more energetically
favored. Exotic particles such as hyperons and meson condensates can appear and alter the dense-
matter EoS, generally softening it by opening more Fermi channels and decreasing the energy level
in each, lowering the pressure for a given energy density and reducing the maximum neutron star
mass, leading to the so-called hyperon puzzle [18]. Possible resolutions to this problem include
introducing hyperon-hyperon interactions [19], three-body repulsive forces [20], or considering a
phase transition to deconfined quark matter [21-23]. At high energies, ultra-relativistic heavy-ion
collisions also provide information about the EoS, including, e.g., evidence for quark deconfinement
from collective flow [24].

Furthermore, astrophysical observations have significantly refined the range of viable EoS
models to describe dense matter. Accurate mass measurements of neutron stars exceeding two
solar masses, radius estimates from the Neutron Star Interior Composition Explorer (NICER) [25,
26], and tidal deformability constraints from gravitational wave events [27, 28] have imposed
stringent limits on the stiffness of the EoS. These observations suggest that the EoS must be
sufficiently stiff to support massive neutron stars, while still being soft enough to be consistent
with radius and tidal deformability constraints. At effectively 7=0, neutron-star matter is governed
by nuclear interactions, S-equilibrium, and charge neutrality. The Tolman-Oppenheimer-Volkoft
(TOV) equations [29, 30] describe the structure of non-rotating neutron stars, yielding mass-radius
relations that can be directly tested against observations. Neutron stars, whether in isolation or in
binary systems, are governed by general relativity, requiring the EoS as an input to connect pressure
to energy density. The densities relevant for neutron star cores can reach several times ng,, making
connections between theoretical calculations, terrestrial experiments, and astrophysical observations
crucial. However, some extrapolation is necessary, and the conclusions drawn depend on the
particular scheme chosen. Understanding the EoS thus requires a multi-faceted approach, combining
lattice QCD, perturbative QCD, yEFT, nuclear experiments, and astrophysical observations.

In this proceeding, we briefly summarize the constraints on dense matter derived from first-
principles calculations, experimental measurements, and astrophysical observations (see [31] for
the full review). We present two QCD phase diagrams, where we summarize our constraints, first
independently of isospin, then in a new diagram as a function of isospin fraction.

2. Constraints on the QCD phase diagram as a function of net baryon density

The phases of QCD (matter containing nuclei, bulk hadronic matter, and deconfined quark
matter) are usually depicted in a diagram showing upg or ng vs. of T, the QCD phase diagram
[32]. The EoS of dense matter is constrained by several theoretical approaches, including LQCD,
pQCD, and yEFT, as well as from laboratory experiments and astrophysical observations. We
now discuss each of these constraints and delimit their regime of validity across 7 and np in a
(isospin independent) QCD phase diagram, Figure 1. In green, LQCD provides reliable results at
high temperatures (7' > 125 MeV) and small baryon chemical potentials (up < 300 MeV). In pink,
pQCD becomes valid at extremely high densities (np = 40 ng,) and/or high temperatures (T > 300
MeV), where asymptotic freedom weakens the strong interaction. In gray, y EFT or CEFT describes
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low-density nuclear matter at ng < 2 ng,e and temperatures below 7' < 20 MeV, providing systematic
uncertainty quantification for nuclear interactions. Heavy-ion collisions (HICs) in brown explore a
broad range of temperatures (T ~ 50 — 650 MeV) and np depending on the beam energy /sy n,
with high energies probing the quark-gluon plasma and lower energies accessing more baryon-rich
hadronic matter. In blue, many different constraints extracted from low-energy nuclear physics
(LENP) experiments near ng, are combined. In pink, neutron star observations provide constraints
for a wide range of np, in the low-temperature regime (effectively at 7=0).

2.1 Theoretical Constraints

At vanishing or small baryon chemical potential (up=0), lattice QCD provides a reliable
determination of the equation of state (EoS) for temperatures above approximately 125 MeV [33, 34].
These numerical calculations reveal that the transition from a hadron resonance gas (HRG) to a
quark-gluon plasma is a smooth crossover. LQCD has proven to be highly effective for investigating
strong interactions in the vicinity of and beyond the deconfinement phase transition zone within
the QCD phase diagram in the high-temperature and low-u p regime, primarily due to its ability to
handle non-perturbative aspects [5]. Extending to finite up, although no first-order phase transition
has been found, a (chiral) pseudo-phase transition line can be calculated, based on where the phase
transition order parameters change rapidly. According to the latest LQCD results, the presence of a
critical point (where a first-order phase transition coexistence line begins) is excluded for ug < 450
MeV at a 20 confidence level [7], and the critical temperature (if a critical point exists) is expected
to be smaller than Tf Q- 132J:36 MeV for isospin-symmetric matter with zero strange (us) chemical
potential [35]. Down that path, recent works employing different methods based on LQCD data
have even been able to find evidence of the existence of a critical point within 400 < up < 650
MeV [36, 37].

Based upon LQCD calculations, the chiral symmetry restoration crossover or pseudo-critical
temperature at up = 0 has been identified with high accuracy as 7Y = 158 + 0.6 MeV [38].
Additionally, a first-order deconfinement phase transition has been observed at ug = 0 for pure
glue (QCD without quarks) at a temperature of TCd ~ 270 MeV [39]. However, at finite up,
the sign problem prevents direct Monte Carlo simulations, limiting the applicability of lattice
QCD to chemical potentials up to ug ~ 3.5T [40, 41]. Despite these challenges, lattice QCD
can constrain the hadronic spectrum through partial pressures (with the hadronic phase treated as
ideal resonance gas) [42] and provide insights into strangeness-baryon interactions via correlations
among the different conserved charges (baryon number B, strangeness S, and electric charge Q)
given by derivatives of the pressure with respect to the different chemical potentials (up, ps, and
1) [43, 44]. Nevertheless, its reach does not extend to the high u g relevant for neutron stars.

At high temperatures and/or large chemical potentials, pQCD becomes applicable due to
asymptotic freedom, where the strong coupling constant «; decreases, and Debye screening reduces
interactions among quarks and gluons [45]. Analytic calculations of the pQCD EoS are reliable
above T > 300 MeV at up = 0 and at densities exceeding ng = 40ng at T = 0 [8]. Theoretical
improvements, such as resummation techniques using effective field theory [46] and hard-thermal-
loop perturbation theory [11, 47-51], have extended these calculations to next-to-next-to leading
order (N2LO) at up = 0 [51] and partially to next-to-next-to-next-to leading order (N3LO) at
finite chemical potential [52]. Quantities provided include the EoS [11], the curvature of the QCD
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Figure 1: Constraints on different regions of the QCD phase diagram (7 vs. np) from various theoretical
and experimental approaches: heavy-ion collisions (HIC), lattice QCD (LQCD), perturbative QCD (pQCD),
low-energy nuclear physics (LENP), chiral effective field theory (CEFT), and astrophysical observations of
neutron stars (NS). Figure taken from Ref. [31].

phase transition line [53], and transport coefficients such as the sheer viscosity [54]. At T=0, the
most up-to-date pQCD results for the EoS at finite densities can be found in [13]. Although their
applicability at ng > 40ngy is very far from the regime reached inside neutron stars, pQCD can still
impose constraints on the EoS relevant for stellar interiors [15].

In the low-density regime (I' < 20 MeV, np < 2nga), YEFT provides a systematic, model-
independent approach to describing hadronic interactions. Based on the symmetries of low-energy
QCD, yEFT incorporates nucleons and pions as degrees of freedom and employs an order-by-order
expansion constrained by empirical two- and few-body scattering data. One of its advantages over
phenomenological models is the ability to quantify uncertainties through convergence studies and
Bayesian methods [55]. yEFT provides the EoS computed up to N3LO in many-body perturbation
theory (with three-body forces up to N2LO) [56]. It also provides the symmetry energy and its
slope (as a function of density) at ng, [56] and can be used to study the finite temperature behavior
of nuclear matter by estimating the critical point for the nuclear liquid-gas phase transition for
isospin-symmetric nuclear matter (from a finite-temperature calculation up to 7 ~ 25 MeV [57]).
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2.2 Experimental Constraints

Heavy-ion collisions provide a unique experimental avenue to probe the EoS of dense QCD
matter at varying 7 and ug. Depending on the center-of-mass beam energy (/s ), these collisions
explore a wide range of thermodynamic conditions, with high +/sx» leading to high temperatures
and lower baryon chemical potential, and low /sy accessing higher np at more moderate tem-
peratures. The evolution of the system in these collisions follows a dynamic trajectory through the
QCD phase diagram, where different experimental observables provide insights into distinct stages
of this evolution. For high /sy, the formation of a quark-gluon plasma (QGP) is expected, and
hydrodynamic models describe the system well. In contrast, at very low /sy (below ~ 4—7 GeV),
the hadronic phase dominates, making hadronic transport models more suitable. The transition be-
tween these two regimes remains a topic of debate, and identifying the exact switching point is an
ongoing challenge. The freeze-out temperature, which marks the point at which inelastic collisions
cease and particle abundances are fixed, can be extracted from experimental data by assuming ther-
mal equilibrium at freeze-out [S8—63]. In contrast, the extraction of ng is more model-dependent.
Emission of electromagnetic probes, such as photons and dileptons, which do not interact strongly,
allows for the reconstruction of the temperature evolution of the system [64, 65].

An exciting frontier in heavy-ion collision research is the search for a possible QCD critical
point. If such a critical point exists, susceptibilities of the pressure should diverge at that location in
the phase diagram, leading to enhanced fluctuations of conserved charges, such as the kurtosis of the
proton distribution. Measurements of these fluctuations have been carried out in the Beam Energy
Scan (BES-I) program [66—69], with some early hints of non-monotonic behavior, though with
large statistical uncertainties. Preliminary data from BES-II, coming with significantly improved
precision, seem to confirm this non-monotonic behavior hinting for the potential existence of a
critical point [70], although finalized results have not yet been released. Further constraints on the
EoS at high g and moderate temperatures will come from the upcoming Compressed Baryonic
Matter (CBM) experiment at FAIR, which will provide high-statistics measurements in fixed-target
mode [71].

One of the most promising experimental observables for constraining the EoS at intermediate
and low /sy is the anisotropic flow of produced particles. These azimuthal anisotropies, known
as flow harmonics, are sensitive to the pressure gradients in the system and, consequently, to the
underlying EoS [72]. However, there is considerable uncertainty in the correct dynamical model
and transport coefficients used to extract the EoS from experimental data. Different modeling
assumptions can lead to radically different posterior distributions for the EoS, as highlighted by
studies comparing various approaches [72]. As a result, while heavy-ion experiments provide
crucial constraints on the EoS, extracting precise implications from the data remains an open
challenge that requires further theoretical and computational advancements. Nevertheless, a step
towards quantitative measurement of the speed of sound in HIC was recently achieved by the ALICE
and CMS collaboration, although limited to single-temperature-valued results [73, 74].

In the future, improved experimental precision, combined with more sophisticated dynamical
models, will allow for a more direct extraction of the EoS from heavy-ion data. The ongoing
and upcoming programs at RHIC, FAIR, NICA, and J-PARC will be instrumental in refining our
understanding of dense QCD matter by systematically probing different regions of the QCD phase
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diagram. On the other hand, low-energy nuclear physics experiments provide essential constraints
on the by probing nuclear interactions near and at ng,. These experiments primarily investigate the
properties of nuclei in regimes that overlap with neutron star crusts and the outer core, helping to
bridge the gap between laboratory data and astrophysical observations.

At significantly lower beam energies, dense matter properties are studied through experiments
that explore nuclei near ng,. While most stable nuclei consist of nearly symmetric nuclear matter
with a charge fraction (number of protons over the number of nucleons) of Yo = Z/A ~ 0.5, heavier
and neutron-rich nuclei can reach Yo ~ 0.4, and unstable nuclei near the neutron drip line have even
smaller values. Key properties of symmetric nuclear matter, such as the saturation density, binding
energy per nucleon, and compressibility serve as fundamental constraints on nuclear EoS models.
The saturation density has been estimated to be ngy,; = 0.17 + 0.03 fm ™ from measurements of
volume of a nucleus [75], while larger values of ny,; = 0.148 — 0.185 fm~> can be obtained within
relativistic approaches [76, 77]. On the other hand, lower values n,; = 0.1480+0.0038 fm ™3 came
out of the PREX collaboration [78]. The binding energy per nucleon has been determined through
mass measurements of heavy nuclei, with values of B/A = —15.677 MeV at ng = 0.16146 fm™3
[79]and B/A = —16.24 MeV at ng, = 0.16114 fm~3 [80]. The nuclear incompressibility parameter
(K), which quantifies the stiffness of nuclear matter, has been estimated from the Isovector Giant
Monopole Resonance (ISGMR) in *°Zr and 2°8Pb, yielding a value of K = 240 + 20 MeV [81-84].
However, a comprehensive review covering various experimental and theoretical approaches from
1961 to 2016 suggests a broader range of K values between 100 MeV and 380 MeV [85]. A more
constrained range of 250 < K < 315 MeV was determined by considering the Coulomb effect
independently of microscopic models [85].

The symmetry energy Egyn, and its density-dependent slope parameter (L) are crucial for
describing asymmetric nuclear matter and neutron stars. A comprehensive analysis of nuclear
experiments and astrophysical data yielded fiducial values of Egyy, = (31.6 £2.7) MeV and L =
58.9 + 16 MeV [86]. The slope parameter, extracted from nuclear mass measurements, was found
tobe L = 50.0 + 15.5 MeV at ng = 0.16 fm~3 [87]. Meanwhile, the PREX-II experiment, which
measured the neutron skin thickness of 2°®Pb, provided two different constraints on L: one study
reported a high value of L = 106+37 MeV [88], while another, based on parity-violating asymmetry
measurements, found a lower value of L = 54 + 8 MeV [89], consistent with previous astrophysical
estimates.

Beyond nucleons, the properties of hyperons and A-baryons in symmetric nuclear matter
provide additional constraints on the EoS. The optical potential at nuclear ng, is a key observable
for effective model calibration. Experimental data from the 1980s determined the A-nucleon
potential to be approximately Uy ~ —28 MeV [90], with more recent estimates ranging from —32
to =30 MeV [91]. Measurements from the KEK facility in Japan suggest a repulsive potential for X
hyperons, with Uy = 30 +20 MeV, while data from the KEK and J-PARC collaborations indicate an
attractive potential for E hyperons, with Uz = —21.9 +£ 0.7 MeV [92]. The ALICE collaboration’s
studies of proton-E correlations suggest a less attractive E potential of Uz = —4 MeV, consistent
with lattice QCD calculations from the HAL-QCD collaboration, which report Uz = —4 MeV,
Up = —28 MeV, and Us, = +15 MeV, with an uncertainty of approximately +2 MeV [93-95]. It is
worth mentioning that the recent measurements of proton-£2 correlations in proton-proton collisions
by the ALICE collaboration indicate an even more and purely attractive potential, but the analysis



Neutron stars and Constraints for the Equation of State of Dense Matter Veronica Dexheimer

still needs to be pursed further for any possible quantitative comparison with LQCD prediction [94].

Finally, at higher temperatures, nuclear experiments also probe the liquid-gas phase transition
in hadronic matter. Data from heavy-ion collisions have provided information on the critical point
of this transition TCLG ~ 15-17 MeV, :“Iff'c ~ 910 MeV, where nuclear clusters dissolve into bulk
nuclear matter [96]. Understanding these phase transitions is particularly relevant for studying the
EoS at conditions encountered in, e.g., core-collapse supernovae and neutron star mergers.

2.3 Observational Constraints

Observational constraints on the EoS of dense matter are obtained from a combination of
electromagnetic and gravitational-wave measurements of neutron stars. The macroscopic properties
), and tidal deformability (A),
are intrinsically linked to the microphysics of nuclear matter. These properties provide critical

of neutron stars, such as maximum mass (Mmax), radius (Raz, ..
benchmarks against which theoretical models of dense matter are tested. Most importantly, the
masses of neutron stars have accurately been constrained to be at least ~ 2 solar mass (Mg),
PSR J0740+6620 with M > 2.08 £ 0.07 Mg [97] and PSR J0348+0432 with M > 2.01 + 0.04
Mg [98]. Furthermore, X-ray observations from NASA’s NICER have significantly improved
radius measurements of neutron stars. For instance, the radius of a 2.072f%‘%6676 M neutron star
was determined to be 12.?>9fll'_3908 km [99], while a separate study found a radius of 13.7f21'.65 km
for the same star, together with a mass of 2.081%%77

mass-radius relation predicted by various EoS models.

Mg [100]. These measurements constrain the

Gravitational-wave observations from binary neutron star (BNS) mergers provide comple-
mentary constraints on the EoS, particularly through the tidal deformability parameter (A), which
quantifies how much a neutron star deforms under its companion’s gravitational field. The event
GW170817, detected by the Laser Interferometer Gravitational-wave Observatory (LIGO) and
Virgo, placed an upper limit on the tidal deformability of neutron stars, constraining A < 800 for a
1.4 Mg neutron star [101]. Such constraints are crucial in ruling out overly stiff or soft EoS models.

Beyond individual observations, multi-messenger astrophysics—combining data from electro-
magnetic emissions (radio and X-ray) and gravitational waves—provides a more complete picture
of neutron star interiors. Pulsar timing from radio telescopes such as the Green Bank Telescope
(GBT) [102] yields the most precise neutron star mass measurements, setting a lower bound on
Max, Which any viable EoS must support. Meanwhile, the aftermath of neutron star mergers,
including kilonova light curves and post-merger gravitational waves, informs the behavior of matter
at extreme densities and temperatures [103]. Future gravitational-wave detectors are expected to
probe post-merger signals more effectively, which could provide further insights into the possible
deconfinement of quark matter in neutron star cores [104, 105].

3. Constraints on the QCD phase diagram as a function of isospin fraction

In addition to exploring the QCD phase diagram as a function of np and 7, it is also essential
to examine it as a function of some quantity related to isospin, Here we choose the isospin fraction
Yr = Y I3in;/np, where I3 is the third component of isospin and n the density of each particle.
This quantity characterizes the relative abundance of different particles in isospin multiplets in
dense matter and is crucial in describing neutron-rich astrophysical systems such as neutron stars
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Figure 2: Same as Figure 1 but as a function of isospin fraction Y;. It is implied that these regions do not
necessarily correspond to the entire baryon density region covered in Figure 1. Note that the pQCD region
extends behind the other regions and covers the whole phase diagram.

and their mergers. It relates to the aforementioned charge fraction as Y7 = Yo — % + %YS [106],
where the charge fraction can also be defined as Yo = }}; Q;n;/npg, and the strangeness fraction
as Ys = Y, S;n;/np. Figure 2 illustrates the same theoretical and experimental constraints already
discussed and plotted in Figure 1, but now shown as a function of Y;. The figure highlights different
regions of interest, including symmetric nuclear matter (Y; = 0) on the right, relevant for nuclei, and
pure neutron matter on the left (Y; = —0.5), which is more relevant for astrophysics. The numbers
associated with the different colored regions are described in Table 1.

At high T and moderate ng, LQCD calculations have been used to study the thermodynamic
properties of QCD matter, providing insight into the deconfinement transition and critical behavior
at different charge asymmetries. The expansion already shown in Fig. 1 has not yet been extended
to isospin asymmetric matter, but an expansion until lower ug/T = 2.5 is valid for any isospin
fraction [107]. In particular, Ref. [107] tuned us(up,T) and puo(up,T) to enforce strangeness
neutrality and electric charge conservation to reproduce the conditions Ys = 0 and Yp = 0.4. This
is possible because LQCD does not suffer from the sign problem concerning isospin unbalance (as
it does for baryon/antibaryon unbalance) [108].

In the high-energy regime, pQCD calculations provide constraints on the EoS at extreme
T and/or up, where hadronic matter transitions into deconfined quark matter, then into weakly
interacting quark matter. Extensions to arbitrary isospin can be found for any 7" and u g combinations,

800 (2oSHO )sod
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as long as T and/or y; for the different quarks correspond to

’ Region ‘ Isospin Fraction (Y7) ‘
high energy [9, 11]. See Ref. [109] for an idea of how different

. . ) PQCD -0.5t00
chemical potentials and constraints affect how matter reach the LQCD 20510
conformal (non-interacting rrllasslf.:ss Fermi gas of quarks) limit. CEFT 05100

Atlow T, for ng ~ ngy, isospin-dependent effects are well- NS 05100
-0.5to
described by yEFT, which can be used to study the EoS at
. . . . LENP | (-0.5),-0.25t00
arbitrary isospin asymmetry [2, 110-112]. However, in prac-
HIC -0.12t0 0

tice it is convenient to first compute the EoS for symmetric

nuclear matter (Yo = 0.5) and pure neutron matter (Yo = 0) Table 1: Region of applicability of
and then interpolate between the two using the symmetry energy the theories and experiments shown
expansion [113]. in the figures with respect of isospin.
Heavy-ion collisions collide nuclei that are either isospin
asymmetric (Y7 = —0) or slightly asymmetric (e.g., Uranium Y; = —0.12), although isospin fluctu-
ations remain finite during the evolution [114, 115]. With the exception of experiments that focus
on neutron matter (Y7 = 0) (e.g., tetraneutron experiments [116]), low-energy nuclear experiments
produce matter that is either isospin symmetric (Y7 = 0), or asymmetric up to ¥; = —0.25 (e.g., He-
8) at FRIB. Neutron stars, on the other hand possess a variety of isospins, from isospin symmetric
nuclei (such as Carbon) in the bottom of their inner crusts, to very asymmetric matter in their cores
Yy ~ -0.45).

4. Conclusion

In this proceeding we review current constraints on dense matter, including constraints from
heavy-ion collisions (HIC), lattice QCD (LQCD), perturbative QCD (pQCD), low-energy nuclear
physics (LENP), chiral effective field theory (yEFT), and astrophysical observations of neutron stars
(NS). In particular, recent theoretical results seem to narrow down the window for the existence of a
critical point, with several predictions from rather different approaches. Experimental results from
intermediate to low energy also help to infer with more precision the region of potential existence
of this critical point, with important results awaited from BES-II, considering exciting preliminary
results presented last year. The emergence of multi-messenger astronomy in the past decade also
contributed to improve our knowledge at very high-density, through more accurate measurements
of neutron star properties and their merger. Beyond that QCD phase diagram already discussed in
[31], we present here a new one where the different constraints are shown also taking into account
isospin. In this new diagram, some regions are narrow in isospin fraction, e.g., heavy-ion collisions,
and some are wide, e.g., lattice QCD and perturbative QCD. Neutrons stars have isospin fractions
varying from close to -0.5 to 0, going from their centers to their surfaces. This compilation allows
us to form a complete map of the QCD phase diagram, for the first time quantitatively as a function
of temperature, baryon density, and isospin fraction, connecting our current knowledge from theory
and experiment, helping us understanding better dense QCD matter.
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