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Abstract

As the density of matter increases, atomic nuclei disintegrate into nucleons and, eventually, the nucleons themselves
disintegrate into quarks. The phase transitions (PT’s) between these phases can vary from steep first order to smooth
crossovers, depending on certain conditions. First-order PT’s with more than one globally conserved charge, so-called
non-congruent PT’s, have characteristic differences compared to congruent PT’s. In this conference proceeding we
discuss the non-congruence of the quark deconfinement PT at high densities and/or temperatures relevant for heavy-ion
collisions, neutron stars, proto-neutron stars, supernova explosions, and compact-star mergers.
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The formalism necessary to describe hadronic and quark matter at high densities and/or temperatures
is still an open question and also one of the main goals of current nuclear physics research. Since current
lattice QCD calculations cannot reach the regime of high densities due to the highly oscillatory behavior
in the functional integral, it is not possible to describe the equation of state of dense, strongly interacting
matter on a fundamental level. However, assuming that only baryon degrees of freedom are relevant for
intermediate energy scales, the nuclear interaction can be reasonably approximated by effective relativistic
mean field hadronic models. In such approaches, the baryon-baryon interaction is described by the exchange
of scalar and vector mesons, which simulate the attractive and repulsive features of the nuclear interaction.

In addition, for higher energy scales, features such as chiral symmetry restoration and deconfinement
to quark matter must be reproduced, together with being in agreement with perturbative QCD. In order to
investigate general features of the QCD phase diagram, we make use of the Chiral Mean Field (CMF) model
[1]. It is an extended non-linear realization of the SU(3) sigma model, which uses pseudo-scalar mesons
as parameters of chiral transformation. It includes the baryon octet, leptons, and quarks as degrees of free-
dom and it was fitted to reproduce nuclear, lattice QCD, heavy-ion collision, and astrophysical constraints.
The degrees of freedom change from hadrons to quarks through a contribution of the field ® (in analogy
to the Polyakov loop) in their effective masses. A potential for @ present at all chemical potentials and
temperatures generates the first-order phase transition (PT) coexistence lines seen in Fig. 1.

Figure 1 highlights the fact that there is no fundamental reason to make use of different descriptions or
models to describe astrophysical objects and the energetic matter produced in laboratories. With the realiza-
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Fig. 1. (Color online) QCD Phase diagram for isospin-symmetric matter (with zero net strangeness) and neutron-star matter (charge
neutral and in chemical equilibrium) calculated using the CMF model.

tion that astrophysical events such as supernova explosions and neutron-star mergers can reach temperatures
of T =30MeV [2,3,4] and T = 80 MeV [5], respectively, and heavy-ion experiments at SIS, FAIR, NICA,
and the beam energy scan at RHIC can reach large densities, there is no fundamental separation between
those two kinds of systems. In Fig. 1, one can see a first-order PT coexistence line corresponding to the nu-
clear liquid-gas PT for isospin-symmetric matter at low chemical potentials and temperatures (reproduced
within the CMF model). For large chemical potentials and temperatures, one finds a deconfinement line
for isospin-symmetric matter (with no net strangeness) and one for neutron-star matter (charge neutral and
chemically equilibrated), again calculated within the CMF model. All coexistence lines end up in critical
points, beyond which the transitions become smooth crossovers. It is important to point out that we obtain
the deconfinement critical points under the assumption that, for finite temperature, there are quarks in the
hadronic phase and hadrons in the quark phase and each phase is defined by the value of the order parameter
for deconfinement ®.

PT’s in systems with 2 macroscopic phases that possess more than one globally conserved charge are of
non-congruent type (see Refs. [6, 7, 8] and references therein for details). In the isospin-symmetric case, this
happens due to baryon number and isospin (or electric charge). Usually, in non-congruent PT’s, the local
concentration of the charge associated with the conserved quantity varies in the two coexisting macroscopic
phases and the associated chemical potential is the same in both phases. In the particular case of an isospin-
symmetric system (shown in Fig. 1), the chemical potential associated with the conserved quantity charge (or
isospin), g, is necessarily zero. This results in an azeotropic behavior [9] and a necessarily congruent PT.
Note that, for neutron-stars, non-congruent PT’s are referred to as Gibbs constructions [10] and congruent
PT’s (forced by a possibly large surface tension between phases) are called Maxwell constructions. In this
case, the conserved quantities involved are baryon number and zero electric charge (globally conserved
if one allows for global charge neutrality). The most relevant non-congruent feature that can take place
in neutron stars is the appearance of a coexistence of charged microfragments of hadrons and quarks that
extends over a large portion of the star’s radius (see for example Ref. [1]). Note that in Fig. 1 the neutron-star
matter PT is congruent instead because of the assumption of local charge neutrality.

Figure 2 shows phase diagrams for isospin-symmetric matter using the CMF model. The left panel shows
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Fig. 2. Phase diagrams for isospin-symmetric (HIS) matter showing temperature vs. baryon chemical potential (left panel) and
temperature vs. pressure (right panel). DC stands for deconfinement curve and CC for confinement curve. In these cases they coincide.

temperature versus baryon chemical potential and the right panel shows temperature versus pressure. In this
case, there is no extended phase coexistence region and the deconfinement and confinement curves coincide.
The right panel of Fig. 2 illustrates that the deconfinement coexistence line has a negative slope for dT'/dP.
This behavior is opposite from the nuclear liquid-gas PT (which is of first order in the case that Coulomb
interactions are neglected). By invoking the Clausius-Clapeyron equation, we find that the negative slope
stems from the fact that the entropy per baryon is larger in the quark phase than in the hadronic phase. This
behavior is still different from the water solid-liquid type of PT, in which case the slope is negative but due
to the fact that the density of solid water is lower than the one of liquid water in the relevant temperature
range. For more details on the so called “entropic” dT/dP < 0 PT’s, see Ref. [11].

A more interesting case pertains to lower energy heavy-ion collisions. If there is a significant net baryon
density left behind when the nuclei collide, the matter created will have a charge fraction of about Yy = 0.4
in Au-Au or Pb-Pb collisions. The two conserved charges to be considered in this system are baryon number
and electric charge fraction. Fig. 3 illustrates the non-congruent features that take place in the case of charge
fraction Yy = 0.3. The phase coexistence occupies an extended region of the diagram going from the
confinement curve until the deconfinement curve. Inside, the charged chemical potential (which is the same
in each phase) changes continuously, as has already been discussed in Refs. [12, 13, 14]. Nevertheless, the
area within this region becomes vanishingly small for large temperatures, as thermal effects dominate over
the non-congruent features. Such an effect is not observed for the nuclear liquid-gas PT region that extends
to much lower temperatures [15, 9]. In Fig. 3, there is also a curve calculated for a forced congruent PT,
in which the charge fraction is forced to be the same in both phases, which is only shown for comparison.
Finally, note that the x-axis in the left panel of Fig. 3 is fig, which is the chemical potential that is the same in
both phases (up is not). It is defined as fig = up + Ypup and calculated from the thermodynamical potential
as dQ/dB, where B is the baryon number.

In conclusion, we have presented an effective model (CMF) that has been calibrated and is suitable
to describe the entire QCD phase diagram, including the description of critical points. It is in agreement
with zero temperature nuclear physics, astrophysics, heavy-ion collisions, and lattice QCD. The model
is consistent with perturbative QCD at zero temperature and it is being tested at the moment for finite
temperature. In this work, we made use of the CMF model to study the thermodynamics of the QCD phase
diagram and made comparisons between the deconfinement PT and the nuclear liquid-gas PT. We point out
that only a unified equation of state description of phases (as it is usually used to study the nuclear liquid-
gas PT) can provide critical points and crossovers. In addition, the assumed full miscibility of hadrons and
quarks in the CMF model, e.g., in contrast to the underlying picture of simple quark-bag models, leads
to the appearance of quarks embedded in the "hadronic sea” and hadrons embedded in the “quark sea”.
Nevertheless, quarks will always give the dominant contribution in the quark phase, and hadrons in the
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Fig. 3. (Color online) Phase diagrams for isospin-asymmetric (HIAS) matter with charge fraction Yy = 0.3 showing temperature vs.
modified baryon chemical potential (left panel) and temperature vs. pressure (right panel). DC stands for deconfinement curve and CC
for confinement curve. f, illustrates the non-physical forced congruent case.

hadronic phase. The hadronic and the quark phase are characterized and distinguished from each other by
their order parameters. We assume that the inter-penetration of quarks and hadrons in the two phases is
physical, and it is required to obtain the cross-over transition at low baryon chemical potentials.

There is still much to be understood concerning non-congruent PT’s and possible signatures that can be
measured in heavy-ion collisions. In this work we assumed net strangeness to be locally set to zero, but
extensive work has been performed assuming more complicated scenarios [16, 17, 18, 19].
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