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ABSTRACT

In this work, we study matter in the cores of proto-neutron stars, focusing on
the impact of their composition on the stellar structure. We begin by examining the
effects of finite temperature (through a fixed entropy per baryon) and lepton fraction
on purely nucleonic matter by making use of the DSH model . We then turn our
attention to a relativistic mean-field model containing exotic degrees of freedom, the
Chiral Mean Field (CMF) model, again, under the conditions of finite temperature
and trapped neutrinos. In the latter, since both hyperons and quarks are found in the
cores of large-mass stars, their interplay and the possibility of mixtures of phases is
taken into account and analyzed. Finally, we discuss how stellar rotation can affect

our results.
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1 INTRODUCTION

Neutron star temperatures become much smaller than the
neutron Fermi energy within a few minutes after a neutron
star is born. This is not the case for so-called proto-neutron
stars (PNS) or for the remnant objects of binary NS mergers.
In the former instance, the core temperature can reach a few
tens of MeV Burrows & Lattimer (1986); Pons et al. (1999)
whereas, in the latter, it can reach up to 100 MeV in certain
regions of hypermassive NS’s Galeazzi et al. (2013); Most
et al. (2019). At T = 0, hyperons, being more massive than
nucleons, appear in stars at the usual threshold of a couple of
times the equilibrium density of symmetric nuclear matter,
ng = 0.16 + 0.01 fm=3, whereas the quark phase is reached
when the strong coupling becomes weak enough, at a few
times ng. At high temperatures, the chemical potentials (at
a given baryon density) of the constituent particles decrease
at varying degrees depending on their effective masses (con-
sequences themselves of interactions with the surrounding
medium) with corresponding changes in their populations.
Immediately after a PNS has been born, matter in its
core is opaque to neutrinos and only after a time-scale of
10-15 s Burrows & Lattimer (1986); Burrows (1990); Keil &
Janka (1995) does it start to cool, via URCA type processes,
when it becomes transparent to neutrinos. This evolution
depends on the distribution of baryonic/quark and leptonic
constituents in the stellar interior and, by extension, on the
equation of state (EoS) of hot and dense matter. Several
works have studied the effects of trapped neutrinos and tem-
perature in stars with hyperons Prakash et al. (1997); Dex-
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heimer & Schramm (2008); Yasutake et al. (2012); Masuda
et al. (2016); Lenka et al. (2018); Balberg & Gal (1997); Vi-
dafia et al. (2003); Mornas (2005); Marques et al. (2017), chi-
ral partners Dexheimer et al. (2013) and stars with a decon-
finement phase transition Prakash et al. (1997); Steiner et al.
(2000); Pons et al. (2001); Menezes & Providencia (2004);
Schaffner-Bielich (2007); Nakazato et al. (2008); Gu et al.
(2008); Bombaci et al. (2009); Lugones et al. (2009, 2010);
Shao (2011); Tatsumi et al. (2012); Bombaci et al. (2011);
Yasutake et al. (2012); Dexheimer et al. (2013); do Carmo
& Lugones (2013); Hempel et al. (2013, 2016); Masuda et al.
(2016); Olson et al. (2016); Mariani et al. (2017); Bombaci
et al. (2016); Marquez & Menezes (2017); Lugones & Ben-
venuto (1998); Carter & Reddy (2000); Steiner et al. (2001);
Menezes & Providéncia (2003); Nicotra et al. (2006); Sandin
& Blaschke (2007); Glendenning (1995).

In this work, we perform a thorough investigation of the
composition and structure of PNS’s modeled by fixed lepton
fraction while drawing comparisons with deleptonized (with
respect to neutrinos) B-equilibrated NS’s in the context of
several models. These models possess different degrees of
freedom together with different interactions. An overview of
these models is given in section II with results presented
in section III, where we also briefly discuss how the stel-
lar particle population is modified by stellar rotation. Our
conclusions are given in section IV.
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2 FORMALISM

We begin by presenting different models that fulfill standard
nuclear and astrophysical constraints.

2.1 DSH model

Our prototype model for matter with only nucleonic de-
grees of freedom is the recent set of EoS’s constructed in
Ref. Du et al. (2019), hereafter “DSH”. These EoS’s were
built from a parametrized phenomenological model for ho-
mogeneous nucleonic matter that can be used over a wide
range of densities, temperatures, and electron fractions. It
is designed to match (i) the virial expansion at low densi-
ties, (ii) nuclear structure experiments which probe nearly
isospin-symmetric matter near ng, (iii) chiral effective the-
ory which provides a description of pure neutron matter,
and (iv) NS mass and radius observations. The phenomeno-
logical parameterization contains several parameters which
are selected randomly and, then, models which are physi-
cally disallowed (for example, because their maximum mass
is not sufficiently large or because the nucleon effective mass
becomes negative) are removed.

The DSH formalism provides an infinite family of EoS’s
selected according to a probability density to match these
four sets of constraints. The range of neutron star radii is
somewhat small, even though Ref. Du et al. (2019) takes care
to include the relevant uncertainties. Three effects give rise
to this result: (i) DSH presumes no strong phase transitions
in dense matter, (ii) the observational requirement that the
maximum mass must be larger than about 2 Mg, and (iii)
the push towards smaller radii, as suggested by neutron star
mass and radius observations. In this work, we randomly
select 10 DSH EoS parameterizations to give the reader an
idea of the remaining uncertainties in the quantities of inter-
est and at the same time a benchmark for understanding the
effects of temperature and neutrinos in a model that does
not include exotic degrees of freedom.

2.2 CMF model

The Chiral Mean Field (CMF) model is based on a non-
linear realization of the SU(3) sigma model. It is an ef-
fective quantum relativistic model that describes hadrons
and quarks interacting via meson exchange. This formal-
ism is based on chiral invariance, meaning that the particle
masses originate from interactions with the medium and,
therefore, decrease at high densities Dexheimer & Schramm
(2010); Hempel et al. (2013). The deconfinement of quarks
is mimicked by the introduction of an order parameter .
The hadronic coupling constants of the model are calibrated
to reproduce the vacuum masses of baryons and mesons,
nuclear constraints for isospin-symmetric and asymmetric
matter at saturation, and reasonable values for the hyperon
potentials. The quark coupling constants are constrained
using lattice QCD data, as well as information about the
QCD phase diagram for isospin-symmetric and asymmet-
ric matter. As a consequence, this formalism reproduces the
nuclear liquid-gas phase transition, as well as the decon-
finement/chiral symmetry restoration phase transitions ex-
pected to be found in the QCD phase diagram with critical
points and crossover regions. Finally, the model is successful

in reproducing perturbative QCD (PQCD) results for both
NS and PNS matter at high densities Roark & Dexheimer
(2018); Kurkela & Vuorinen (2016).

Since the CMF model includes deconfinement to quark
matter, it is important to note that, as explained in detail
in Ref. Hempel et al. (2013) and references therein, when-
ever two or more quantities (including baryon number) are
conserved globally in coexisting macroscopic phases with
different compositions, non-congruent phase transitions are
present. This is usually referred to as Gibbs construction
when modeling NS’s with globally imposed charge neutral-
ity (NS GCN). Alternatively, if the surface tension of quark
matter is too high, local electric charge neutrality is estab-
lished between the phases instead. This is usually referred to
as Maxwell construction when modeling NS’s and denoted
here as (NS LCN). A discussion about how surface tension
values can depend on density, temperature, neutrino trap-
ping, and magnetic fields can be found in Ref. Lugones &
Grunfeld (2019).

As already discussed, PNS matter is modeled by im-
posing lepton fraction conservation. Recently, Ref. Roark
& Dexheimer (2018) derived in detail the formalism nec-
essary to describe non-congruent phase transitions in the
case of PNS matter. Lepton fraction is conserved globally,
since there is no long-range force (equivalent to Coulomb)
associated with it Hempel et al. (2009). Here, for simplic-
ity, we only discuss the non-congruent case for PNS mat-
ter where lepton fraction is globally conserved but elec-
tric charge is locally conserved in each phase (PNS LCN
GY}). In contrast to our previous work, we now calculate
macroscopic stellar structures. In addition, we study a non-
physical forced-congruent case for comparison, in which both
electric charge and lepton fraction are locally conserved in
each phase (PNS LCN LY;), again, calculating macroscopic
stellar structures. Also for comparison, protoneutron stars
featuring only hadrons (PNS H), as well as neutron stars
featuring only hadrons (NS H) will be studied in the follow-
ing section.

3 RESULTS

In all cases involving NS matter, calculations are done by im-
posing charge neutrality and S—(chemical) equilibrium. The
temperature is set to zero, except when otherwise stated.
When dealing with PNS matter, trapped neutrinos are in-
cluded through a fixed (electron and electron neutrino) lep-
ton fraction ¥; = L/B = 0.4, where L and B are the num-
bers of electron-type leptons and baryons, respectively. This
typical value of 0.4 comes from numerical simulations of
proto-neutron-star evolution Burrows & Lattimer (1986);
Pons et al. (1999); Fischer et al. (2010); Hudepohl et al.
(2010); Peres et al. (2013). Finite temperature is included
by means of a fixed entropy density per baryon number den-
sity Sgp = s/np (usually referred to as entropy per baryon).
When the entropy per baryon is fixed, it allows the tem-
perature in stars to increase toward the center: For small
entropies Sp < 2, Sp « T/nz/3 (ignoring the week density
dependence of the Landau effective mass at high density).
Thus, for constant S, T increases with ng, becoming larger
towards the center of a star. In this section, entropy per
baryon is fixed at Sg = 1 or 2. Note that some finite temper-
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Figure 1. Mass-radius diagram for 10 different DSH EoS pa-
rameterizations for two f—equilibrated neutron star and two fixed
lepton-fraction proto-neutron star configurations, each at the in-
dicated temperature or entropy per baryon. The circles represent
samp]e stars with the same central baryon number density of 0.6
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Figure 2. Particle number densities as a function of stellar radius
(of a 1.4 M, star) for cold neutron stars showing 10 different DSH
EoS parameterizations.

ature NS and zero temperature PNS results are shown for
the sake of comparison.

‘We begin by discussing the influence of lepton fraction
and fixed entropy per baryon on the DSH model. Fig. 1
shows mass-radius curves obtained by using 10 different DSH
EoS parameterizations in the Tolman-Oppenheimer-Volkoff
(TOV) equations for each cold or hot configuration (without
or with neutrinos). For cold NS matter, a cold neutron-star
crust was added to the EoS including an inner crust, an outer
crust and an atmosphere Baym et al. (1971). For the other
cases, a hot PNS crust with entropy per baryon Sg = 4 was
applied Lattimer & Swesty (1991). The four colors repre-
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Figure 3. Particle number densities as a function of stellar radius
(of a 1.4 My star) for proto-neutron stars with fixed entropy per
particle Sg = 2 showing 10 different DSH EoS parameterizations.

sent NS and PNS evolution snapshots from Ref. Pons et al.
(1999). On average, neutrino-free B—equilibrated stars ex-
hibit a small decrease in maximum stellar mass with increas-
ing entropy per baryon (from dashed double-dotted black to
dashed green lines) whereas the opposite is true for stars
with fixed lepton fraction (from dashed-dotted blue to full
red lines). The latter also support less gravitational mass
than their f—equilibrated counterparts at the same entropy
per baryon (from red to green lines), due to their higher
content of isospin-symmetric matter, which corresponds to
a softer EoS. Curves of constant central density n. in Fig. 1
are directed diagonally across the plot (for example con-
necting the circles that represent sample stars with central
baryon number density of 0.6 fm‘3). That is, at the same
ne, increasing Sp and decreasing ¥; leads to more massive
stars. Note that, in order to follow the temporal evolution
of isolated stars, we would have to follow particular paths of
fixed baryon masses, which are not shown here. We revisit
this point in our discussion of Fig. 11.

The effects of fixed lepton fraction (together with fixed
entropy per baryon) on a 1.4 Mg star can be better seen
in Figs. 2 and 3, which show the population for NS and
PNS matter as a function of stellar radius. In the PNS case,
the relative amount of protons (with respect to the total
baryon number) is much larger than in the NS case. In both
figures the amount of electrons equals the amount of protons
in order to satisfy charge neutrality. For PNS matter, the
amount of neutrinos does not go over 0.04 fm™3.

To study the effects caused by the presence of exotic
matter in proto-neutron stars and the interplay of the ap-
pearance of hyperons and quarks, we now make use of the
CMF model. Once more, we fix the entropy per baryon and
allow the temperature to change inside each star. The result-
ing temperature profile can be seen in Fig. 4 for the PNS
LCN LY; case (solid-red line), along with the curve for a fixed
entropy per baryon version of the NS LCN case (dashed-blue
line) for comparison.

To address the presence of neutrinos, it is advantageous
to define a modified chemical potential i = ugp +¥; gy, that
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depends on the electronic lepton chemical potential and is
equal to the Gibbs free energy per baryon of the system.
This quantity has been derived and discussed in detail in
Ref. Roark & Dexheimer (2018) and is shown on the hor-
izontal axis of Fig. 4. For the NS case, i = up. For the
PNS case, ji > upg, resulting in a lower temperature for the
same modified chemical potential. The reason the temper-
ature discontinuity is smaller in the PNS case is directly
related to the smaller discontinuities between the electron
and lepton chemical potentials between phases (see Fig. 3
in Ref. Roark & Dexheimer (2018) for more details). This
results in a small jump in temperature across the phase tran-
sition, which violates the condition of thermal equilibrium.
As explained in section 3D of Ref. Hempel et al. (2009), this
is not the correct treatment and a phase coexistence region
should be constructed.

Fig. 5 shows similar results but focusing on the PNS
LCN GY; case. Within the pp-range of the mixture of
phases (1325.0 — 1330.8 MeV), the results for the individ-
ual hadronic and quark phases in which case lepton frac-
tion is not fixed (although entropy per baryon is fixed and
charge neutrality is satisfied) are also featured. The mixture
of phases is constructed by calculating the volume of the
quark phase A so that global lepton fraction is conserved.
Note that such a treatment still has two coexisting phases
with different temperatures, not meeting the requirement of
thermal equilibrium. Nevertheless, for PNS matter this jump
is of the order of 1 MeV, and a more refined approach, while
conceptually gratifying, would not produce any practical im-
provements in the results. The temperature in the mixed
phase is given by Tjyix = ATg + (1 — )Ty = 0. The curve for
the PNS LCN LY case is indicated by the two dotted-black
lines, between which there would be a discontinuity, being
that no mixture of phases is possible in this scenario. Large
portions of these dotted lines are hidden from view by the
black line corresponding to PNS LCN GY;.

In Fig. 6, the latent heat L = T ASp associated with
the entropy per baryon in the deconfinement phase transi-
tion is plotted over a range of temperatures T for NS and
PNS matter (not fixing the entropy per baryon) when both
charge neutrality and lepton fraction are conserved locally.
The red star in the figure indicates the point in the phase di-
agram where the deconfinement line intersects with the line
for PNS matter with fixed entropy per baryon Sg = 2. The
curves end when their critical points are reached. Close to
these points, the first order phase transition becomes weaker
and latent heat decreases. The non-obvious behavior of these
curves is related to the fact that the entropy density has non-
trivial contributions from the order parameter of deconfine-
ment ®(upg,T).

Next, the TOV equations are solved for each of the CMF
model cases. Fig. 7 shows the results for the three cases in-
vestigated involving NS matter, while Fig. 8 shows the re-
sults for the three cases involving PNS matter. As before,
different crusts were used for NS and PNS’s. The maximum
stellar mass for each of the cases shown in Figs. 7 and 8 is
listed in Table 1, along with the corresponding stellar ra-
dius, central (modified) baryon chemical potential, and ra-
dius occupied by hyperons, quarks, and the quark phase in
the maximum-mass star. In the cases involving only hadrons
(where quark matter was artificially suppressed, NS H and
PNS H), the curves reach larger stellar mass values than
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Figure 4. Temperature vs (modified) chemical potential phase
diagram for neutron-star matter with locally conserved electric
charge and proto-neutron-star matter with locally conserved elec-
tric charge and lepton fraction, both calculated at a fixed entropy
per baryon in the CMF model.
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Figure 5. Temperature vs baryon chemical potential phase dia-
gram featuring PNS matter with locally conserved electric charge
and globally conserved lepton fraction calculated with fixed en-
tropy per baryon, as well as the data corresponding to the indi-
vidual hadronic and quark phases in the CMF model.

in the cases with quarks but about the same for NS’s and
PNS’s. In the left portion of Table 2, the minimum (modi-
fied) central baryon chemical potential for a star to harbor
hyperons, quarks, and the quark phase is listed for each case.

From these, it becomes clear that the appearance of a
quark phase renders NS’s unstable, as the maximum-mass
central (modified) chemical potentials are approximately
equal to the thresholds for the quark phase in the NS LCN
and PNS LCN LY, cases. Nevertheless, note that in the PNS
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Figure 6. Latent heat associated with the deconfinement phase
transition vs temperature, featuring the cases of NS matter with
locally conserved electric charge and PNS matter with locally
conserved electric charge and lepton fraction in the CMF model.
The red star around T =40 MeV indicates the point in the phase
diagram where the deconfinement line intersects with the line for
PNS matter with fixed entropy per baryon Sg = 2.

25 . . | .
L e NS()T=0.H |
= NS (+) T=0, LCN

2+ . — = NS (*) T=0, GCN |
"E 1.5 -
= i
= L |
0.5 -

0 ! . ! . | .
10 15 20 25

R (km)

Figure 7. Mass-Radius diagram for 3 families of stars obtained
from the EoS for neutron-star matter with only hadrons, locally
conserved electric charge, and globally conserved electric charge
in the CMF model.

LCN LY, case, quarks appear significantly before the quark
phase. This is because the CMF model allows for the exis-
tence of soluted quarks in the hadronic phase and soluted
hadrons in the quark phase at finite temperature. Regard-
less, quarks will always be the dominant component in the
quark phase, and hadrons in the hadronic phase and the
phases can be distinguished from one another through their
order parameter ®. We believe that this inter-penetration
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Figure 8. Mass-Radius diagram for 3 families of stars obtained
from EoS for proto-neutron-star matter with only hadrons, lo-
cally conserved electric charge and lepton fraction, and locally
conserved electric charge and globally conserved lepton fraction
in the CMF model.

of quarks and hadrons (that increases with temperature) is
indeed physical, and required to achieve the crossover tran-
sition known to take place at small chemical potential values
Aoki et al. (2006). In the cases with global conserved quan-
tities, both NS GCN and PNS LCN GY) allow stars with a
couple of kms of mixtures of phases.

Hyperons (A in NS’s and A and X in PNS’s) are present
in some of the NS’s and all of the PNS’s produced, as ther-
mal effects become more important than baryon mass dif-
ferences in the latter case. E's do not appear in any type
of star, although included in the CMF model. The pres-
ence of hyperons (quarks) can be seen when comparing the
maximum-mass stellar radius in the third column in Table
I and the fifth column (sixth-seventh columns) of Table 2,
with the maximum radius of stars in a family to contain
hyperons (quarks).

While for NS’s the appearance of a quark phase (no
matter NS LCN or NS GCN) suppresses hyperons, this does
not happen as strongly for PNS’s. This behavior can be
seen in the following figures: Fig. 9 features the particle
population curves (as functions of the stellar radius) in the
maximum-mass star obtained via the NS GCN EoS, while
Fig. 10 features the curves in the maximum-mass star ob-
tained via the PNS LCN GY; EoS (values shown in the right
portion of Table I). Note that the quark population curves
all "kink” at one particular R-value for each case: 2.03 km
in Fig. 9 and 0.87 km in Fig. 10 showing the beginning of
the mixed phase, although down quarks persist well beyond
this radius for PNS’s.

Finally, we explore how changes in spinning frequency
can modify the stellar particle population as stars age. We
follow the formalism proposed in Glendenning & Weber
(1994), which includes monopole and quadrupole corrections
to the metric due to rotation. We then solve self-consistently
the equation for the Kepler frequency at fixed baryon num-
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Table 1. Single Star: The maximum stellar mass for each case considered in the CMF model, along with the corresponding stellar
radius, central (modified) baryon chemical potential, and radius inside the maximum-mass star occupied by hyperons, quarks, and a
quark phase.

Case Mmax (Mg) corr. R (km) corr. central ug (MeV) corr. stellar R (km) occupied by:
hyperons quarks quark phase

NS H 2.07 11.94 1599.0 5.53 N/A N/A
NS LCN 1.97 12.95 1345.0 5.53 0.42 0.42
NS GCN 1.93 13.07 1319.0 4.95 2.03 2.03
PNS H 2.06 16.38 1460.8 10.47 N/A N/A
PNS LCN Ly; 2.04 17.69 1452.0 (i) 10.47 7.52 0.44
PNS LCN GY; 2.03 18.04 1326.0 10.51 7.42 0.87

Table 2. Family of Stars: Minimum central (modified) baryon chemical potential as well as the maximum stellar radius necessary for a
star to harbor hyperons, quarks, and a quark phase in the CMF model. In the cases where electric charge or lepton fraction are conserved
globally, the threshold values of central baryon chemical potentials (as well as the end range of maximum stellar radii) corresponding to
the mixture of phases is instead listed in the "quark phase” columns.

Case minimum central ug (MeV) required for:
A quarks quark phase

maximum stellar R (km) required for:
hyperons quarks quark phase

NS H 1220.5 N/A N/A 13.42 N/A N/A
NS LCN 1229.5 1345.5 1345.5 13.42 12.95 12.95
NS GCN 1229.5 1302.0 1302.0 13.42 13.13 13.13

PNS H 955.7 N/A N/A all N/A N/A

PNS LCN Ly; 955.7 1090.5 1452.5 (i) all 26.25 17.69

PNS LCN GY; 955.7 1090.5 1325.0 all 26.25 17.69

ber including the dragging of reference frames. Fig. 11 shows
the stellar central baryon number density for different ro- 0
tational frequencies in the CMF model. In each case [con-

sidering NS’s (solid-blue line) and PNS’s (dashed-red line)

both with mixtures of phases|, we fix the number of baryons

to the respective non-rotating maximum masses. We find S
that, even when rotating at the maximum allowed Kepler
frequency (vertical thin red line), the PNS always contains
hyperons and quarks. But only when its rotational frequency
goes below 89 Hz, it develops a mixed phase, after which the e
fraction of the quark phase rapidly increases. On the other

hand, the cold deleptonized NS rotating at the maximum
Kepler frequency (vertical thin blue line) contains only nu-
cleons. It develops A-hyperons when its rotational frequency

drops below 903 Hz, and when it goes below 295 Hz, it de-
velops a mixed phase with quarks.

BT *ogE

n, (fm”)

B [ o T

Figure 9. Particle number densities (quark number densities are

Note that the maximum-mass non-rotating PNS in divided by 3) as a function of stellar radius of the maximum-mass

Fig. 11 has a larger baryon number than the maximum-mass neutron star with globally conserved electric charge in the CMF
non-rotating NS. When the rotating PNS baryon number is model.

fixed to that of the non-rotating NS, the mixed phase disap-

pears (dotted-orange line). Thus, an evolutionary path from

a rotating PNS without a mixed phase (but with hyperons

and quarks) to a cold-deleptonized NS with a mixed phase is 4 CONCLUSIONS AND OUTLOOK

possible in the CMF model. On the other hand, a PNS with
a mixed phase cannot have a NS counterpart at the same
baryon number and will, therefore, collapse to a black hole.

In this work, we studied protoneutron-star properties, focus-
ing on the effects caused by different particle populations.
For this purpose, we presented different models with dif-
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Figure 10. Particle number densities (quark number densities
are divided by 3) as a function of stellar radius of the maximum-
mass proto-neutron star with locally conserved electric charge and
globally conserved lepton fraction in the CMF model. Note that
the curve for protons largely overlaps the curve for electrons.

ferent degrees of freedom and different features. The DSH
formalism with nucleons provided several different equations
of state, being presented here for the first time at fixed lep-
ton fraction. The CMF formalism with nucleons, hyperons,
and quarks generated several different equations of state,
assuming different conditions for the deconfinement phase
transition. For the first time results were presented for mix-
tures of phases inside stars with global lepton conservation
and fixing the entropy per baryon in the CMF (or any other)
model.

‘We found that, as the stellar composition becomes more
complex, so do the effects of finite temperature/entropy per
baryon and fixed lepton fraction on stellar properties. While
in the DSH model maximum-mass values are directly related
to the isospin-symmetry of nucleons, in the CMF model it
is also related to the suppression/enhancement of hyperon
and quark content, together with first order phase transition
effects. In the CMF model, the appearance of quarks sup-
presses hyperons and the existence of a mixed phase allows
for NS’s with quarks to be stable (with up to about 2 km of
mixed phase). In PNS’s, quarks are present in stable stars
regardless of the existence of mixed phases and can occupy
large portions of stars (up to about 7 km).

In addition, other factors have to be accounted for
when studying stellar evolution, including constant num-
ber of baryons and effects due to stellar rotation. Assuming
that stars do not speed up significantly as they loose neu-
trinos and cool down, the CMF model predicts that large-
mass stars contain a small amount of quarks (not in a mixed
phase) and more hyperons in the earliest stage of their evo-
lution and can develop a mixed phase with fewer hyperons
at a later time.

Summarizing, our results point out to the delicate and
complex balance between the existence of hyperons and
quarks in hot dense matter, which should play an impor-
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Figure 11. Stellar central baryon number density for different
rotational frequencies in the CMF model. We fix in each curve
the number of baryons to the non-rotating maximum-mass one
in different evolution stages. The thin vertical lines show the Ke-
pler limiting frequency for each case. The blue squares mark the
appearance of Lambdas and quarks/quark phase in NS’s, while
the red /orange circles mark the appearance of quarks and quark
phase in PNS’s. Hyperons are always present in PNS’s.

tant role in core-collapse supernovae modeling. So far, there
have been a few supernova simulations including hyper-
ons/quarks Drago & Tambini (1999); Sagert et al. (2009);
Fischer et al. (2011); Nakazato et al. (2010); Ouyed et al.
(2012); Banik (2014); Yasutake et al. (2012); Benvenuto &
Horvath (2013); Fischer et al. (2018); Epsztein Grynberg
et al. (2000); Ishizuka et al. (2008); Baumgarte et al. (1996);
Char et al. (2015). However, to our knowledge, consistent
simulations of neutron stars from birth in the core-collapse,
through the PNS stage and cooling to cold NS’s using the
same model have not been reported as yet. It is our goal
to perform such a study utilizing the EoS models presented
in this work. Moreover, we plan to supplement the results
presented here by studying the EoS based on the Quark-
Coupling model Guichon et al. (2018), which includes the
full baryon octet. Finally, a natural more simple extension
of our work is to study magnetic field effects on the stellar
particle population. Work along these lines is already under
way.
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