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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,
ns = 0.16 ± 0.01 fm−3, whereas the quark phase is reached
when the strong coupling becomes weak enough, at a few
times ns. 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-

heimer & Schramm (2008); Yasutake et al. (2012); Masuda
et al. (2016); Lenka et al. (2018); Balberg & Gal (1997); Vi-
daña 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 & Providência (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) β-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 ns, (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 M�, 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 Φ.
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
GYl). 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 LYl), 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 β−(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 Yl = 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 SB = s/nB (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 SB ≤ 2, SB ∝ T/n2/3 (ignoring the week density
dependence of the Landau effective mass at high density).
Thus, for constant SB, T increases with nB, becoming larger
towards the center of a star. In this section, entropy per
baryon is fixed at SB = 1 or 2. Note that some finite temper-
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Fi g u r e 1. M a s s- r a di u s di a g r a m f o r 1 0 di ff e r e nt D S H E o S p a-

r a m e t e ri z a ti o n s f o r t w o β − e q uili b r a t e d n e u t r o n s t a r a n d t w o fi x e d
l e p t o n-f r a c ti o n p r o t o- n e u t r o n s t a r c o n fi g u r a ti o n s, e a c h a t t h e i n-
di c a t e d t e m p e r a t u r e o r e nt r o p y p e r b a r y o n. T h e ci r cl e s r e p r e s e nt
s a m pl e s t a r s wi t h t h e s a m e c e nt r al b a r y o n n u m b e r d e n si t y of 0 .6
f m− 3 .
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Fi g u r e 2. P a r ti cl e n u m b e r d e n si ti e s a s a f u n c ti o n of s t ell a r r a di u s

( of a 1 .4 M s t a r ) f o r c ol d n e u t r o n s t a r s s h o wi n g 1 0 di ff e r e nt D S H

E o S p a r a m e t e ri z a ti o n s.

a t u r e N S a n d z e r o t e m p e r a t u r e P N S r e s ul t s a r e s h o w n f o r
t h e s a k e of c o m p a ri s o n.

We b e gi n b y di s c u s si n g t h e i n fl u e n c e of l e p t o n f r a c ti o n
a n d fi x e d e nt r o p y p e r b a r y o n o n t h e D S H m o d el. Fi g. 1
s h o w s m a s s- r a di u s c u r v e s o b t ai n e d b y u si n g 1 0 di ff e r e nt D S H
E o S p a r a m e t e ri z a ti o n s i n t h e T ol m a n- O p p e n h ei m e r- V ol k o ff
( T O V ) e q u a ti o n s f o r e a c h c ol d o r h o t c o n fi g u r a ti o n ( wi t h o u t
o r wi t h n e u t ri n o s ). F o r c ol d N S m a t t e r, a c ol d n e u t r o n- s t a r
c r u s t w a s a d d e d t o t h e E o S i n cl u di n g a n i n n e r c r u s t, a n o u t e r
c r u s t a n d a n a t m o s p h e r e B a y m e t al. ( 1 9 7 1 ). F o r t h e o t h e r
c a s e s, a h o t P N S c r u s t wi t h e nt r o p y p e r b a r y o n S B = 4 w a s
a p pli e d L a t ti m e r & S w e s t y ( 1 9 9 1 ). T h e f o u r c ol o r s r e p r e-
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Fi g u r e 3. P a r ti cl e n u m b e r d e n si ti e s a s a f u n c ti o n of s t ell a r r a di u s

( of a 1 .4 M s t a r ) f o r p r o t o- n e u t r o n s t a r s wi t h fi x e d e nt r o p y p e r
p a r ti cl e S B = 2 s h o wi n g 1 0 di ff e r e nt D S H E o S p a r a m e t e ri z a ti o n s.

s e nt N S a n d P N S e v ol u ti o n s n a p s h o t s f r o m R ef. P o n s e t al.
( 1 9 9 9 ). O n a v e r a g e, n e u t ri n o-f r e e β − e q uili b r a t e d s t a r s e x-
hi bi t a s m all d e c r e a s e i n m a xi m u m s t ell a r m a s s wi t h i n c r e a s-
i n g e nt r o p y p e r b a r y o n (f r o m d a s h e d d o u bl e- d o t t e d bl a c k t o
d a s h e d g r e e n li n e s ) w h e r e a s t h e o p p o si t e i s t r u e f o r s t a r s
wi t h fi x e d l e p t o n f r a c ti o n (f r o m d a s h e d- d o t t e d bl u e t o f ull
r e d li n e s ). T h e l a t t e r al s o s u p p o r t l e s s g r a vi t a ti o n al m a s s
t h a n t h ei r β − e q uili b r a t e d c o u nt e r p a r t s a t t h e s a m e e nt r o p y
p e r b a r y o n (f r o m r e d t o g r e e n li n e s ), d u e t o t h ei r hi g h e r
c o nt e nt of i s o s pi n- s y m m e t ri c m a t t e r, w hi c h c o r r e s p o n d s t o
a s of t e r E o S. C u r v e s of c o n s t a nt c e nt r al d e n si t y n c i n Fi g. 1
a r e di r e c t e d di a g o n all y a c r o s s t h e pl o t (f o r e x a m pl e c o n-
n e c ti n g t h e ci r cl e s t h a t r e p r e s e nt s a m pl e s t a r s wi t h c e nt r al
b a r y o n n u m b e r d e n si t y of 0 .6 f m− 3 ). T h a t i s, a t t h e s a m e
n c , i n c r e a si n g S B a n d d e c r e a si n g Y l l e a d s t o m o r e m a s si v e
s t a r s. N o t e t h a t, i n o r d e r t o f oll o w t h e t e m p o r al e v ol u ti o n
of i s ol a t e d s t a r s, w e w o ul d h a v e t o f oll o w p a r ti c ul a r p a t h s of
fi x e d b a r y o n m a s s e s, w hi c h a r e n o t s h o w n h e r e. We r e vi si t
t hi s p oi nt i n o u r di s c u s si o n of Fi g. 1 1 .

T h e e ff e c t s of fi x e d l e p t o n f r a c ti o n ( t o g e t h e r wi t h fi x e d
e nt r o p y p e r b a r y o n ) o n a 1 .4 M s t a r c a n b e b e t t e r s e e n
i n Fi g s. 2 a n d 3 , w hi c h s h o w t h e p o p ul a ti o n f o r N S a n d
P N S m a t t e r a s a f u n c ti o n of s t ell a r r a di u s. I n t h e P N S c a s e,
t h e r el a ti v e a m o u nt of p r o t o n s ( wi t h r e s p e c t t o t h e t o t al
b a r y o n n u m b e r ) i s m u c h l a r g e r t h a n i n t h e N S c a s e. I n b o t h
fi g u r e s t h e a m o u nt of el e c t r o n s e q u al s t h e a m o u nt of p r o t o n s
i n o r d e r t o s a ti sf y c h a r g e n e u t r ali t y. F o r P N S m a t t e r, t h e
a m o u nt of n e u t ri n o s d o e s n o t g o o v e r 0 .0 4 f m− 3 .

T o s t u d y t h e e ff e c t s c a u s e d b y t h e p r e s e n c e of e x o ti c
m a t t e r i n p r o t o- n e u t r o n s t a r s a n d t h e i nt e r pl a y of t h e a p-
p e a r a n c e of h y p e r o n s a n d q u a r k s, w e n o w m a k e u s e of t h e
C M F m o d el. O n c e m o r e, w e fi x t h e e nt r o p y p e r b a r y o n a n d
all o w t h e t e m p e r a t u r e t o c h a n g e i n si d e e a c h s t a r. T h e r e s ul t-
i n g t e m p e r a t u r e p r o fil e c a n b e s e e n i n Fi g. 4 f o r t h e P N S
L C N L Y l c a s e ( s oli d- r e d li n e ), al o n g wi t h t h e c u r v e f o r a fi x e d
e nt r o p y p e r b a r y o n v e r si o n of t h e N S L C N c a s e ( d a s h e d- bl u e
li n e ) f o r c o m p a ri s o n.

T o a d d r e s s t h e p r e s e n c e of n e u t ri n o s, i t i s a d v a nt a g e o u s
t o d e fi n e a m o di fi e d c h e mi c al p o t e nti al µ̃ = µ B + Y l µ l , t h a t

M N R A S 0 0 0 , 1 – ? ? ( 2 0 1 9 )
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d e p e n d s o n t h e el e c t r o ni c l e p t o n c h e mi c al p o t e nti al a n d i s
e q u al t o t h e Gi b b s f r e e e n e r g y p e r b a r y o n of t h e s y s t e m.
T hi s q u a nti t y h a s b e e n d e ri v e d a n d di s c u s s e d i n d e t ail i n
R ef. R o a r k & D e x h ei m e r ( 2 0 1 8 ) a n d i s s h o w n o n t h e h o r-
i z o nt al a xi s of Fi g. 4 . F o r t h e N S c a s e, µ̃ = µ B . F o r t h e
P N S c a s e, µ̃ > µ B , r e s ul ti n g i n a l o w e r t e m p e r a t u r e f o r t h e
s a m e m o di fi e d c h e mi c al p o t e nti al. T h e r e a s o n t h e t e m p e r-
a t u r e di s c o nti n ui t y i s s m all e r i n t h e P N S c a s e i s di r e c tl y
r el a t e d t o t h e s m all e r di s c o nti n ui ti e s b e t w e e n t h e el e c t r o n
a n d l e p t o n c h e mi c al p o t e nti al s b e t w e e n p h a s e s ( s e e Fi g. 3
i n R ef. R o a r k & D e x h ei m e r ( 2 0 1 8 ) f o r m o r e d e t ail s ). T hi s
r e s ul t s i n a s m all j u m p i n t e m p e r a t u r e a c r o s s t h e p h a s e t r a n-
si ti o n, w hi c h vi ol a t e s t h e c o n di ti o n of t h e r m al e q uili b ri u m.
A s e x pl ai n e d i n s e c ti o n 3 D of R ef. H e m p el e t al. ( 2 0 0 9 ), t hi s
i s n o t t h e c o r r e c t t r e a t m e nt a n d a p h a s e c o e xi s t e n c e r e gi o n
s h o ul d b e c o n s t r u c t e d.

Fi g. 5 s h o w s si mil a r r e s ul t s b u t f o c u si n g o n t h e P N S
L C N G Y l c a s e. Wi t hi n t h e µ B - r a n g e of t h e mi x t u r e of
p h a s e s ( 1 3 2 5. 0 – 1 3 3 0. 8 M e V ), t h e r e s ul t s f o r t h e i n di vi d-
u al h a d r o ni c a n d q u a r k p h a s e s i n w hi c h c a s e l e p t o n f r a c-
ti o n i s n o t fi x e d ( al t h o u g h e nt r o p y p e r b a r y o n i s fi x e d a n d
c h a r g e n e u t r ali t y i s s a ti s fi e d ) a r e al s o f e a t u r e d. T h e mi x t u r e
of p h a s e s i s c o n s t r u c t e d b y c al c ul a ti n g t h e v ol u m e of t h e
q u a r k p h a s e λ s o t h a t gl o b al l e p t o n f r a c ti o n i s c o n s e r v e d.
N o t e t h a t s u c h a t r e a t m e nt s till h a s t w o c o e xi s ti n g p h a s e s
wi t h di ff e r e nt t e m p e r a t u r e s, n o t m e e ti n g t h e r e q ui r e m e nt of
t h e r m al e q uili b ri u m. N e v e r t h el e s s, f o r P N S m a t t e r t hi s j u m p
i s of t h e o r d e r of 1 M e V, a n d a m o r e r e fi n e d a p p r o a c h, w hil e
c o n c e p t u all y g r a tif yi n g, w o ul d n o t p r o d u c e a n y p r a c ti c al i m-
p r o v e m e nt s i n t h e r e s ul t s. T h e t e m p e r a t u r e i n t h e mi x e d
p h a s e i s gi v e n b y T mi x = λ T Q + (1 − λ )T H = 0 . T h e c u r v e f o r
t h e P N S L C N LY l c a s e i s i n di c a t e d b y t h e t w o d o t t e d- bl a c k
li n e s, b e t w e e n w hi c h t h e r e w o ul d b e a di s c o nti n ui t y, b ei n g
t h a t n o mi x t u r e of p h a s e s i s p o s si bl e i n t hi s s c e n a ri o. L a r g e
p o r ti o n s of t h e s e d o t t e d li n e s a r e hi d d e n f r o m vi e w b y t h e
bl a c k li n e c o r r e s p o n di n g t o P N S L C N G Y l .

I n Fi g. 6 , t h e l a t e nt h e a t L = T ∆ S B a s s o ci a t e d wi t h
t h e e nt r o p y p e r b a r y o n i n t h e d e c o n fi n e m e nt p h a s e t r a n si-
ti o n i s pl o t t e d o v e r a r a n g e of t e m p e r a t u r e s T f o r N S a n d
P N S m a t t e r ( n o t fi xi n g t h e e nt r o p y p e r b a r y o n ) w h e n b o t h
c h a r g e n e u t r ali t y a n d l e p t o n f r a c ti o n a r e c o n s e r v e d l o c all y.
T h e r e d s t a r i n t h e fi g u r e i n di c a t e s t h e p oi nt i n t h e p h a s e di-
a g r a m w h e r e t h e d e c o n fi n e m e nt li n e i nt e r s e c t s wi t h t h e li n e
f o r P N S m a t t e r wi t h fi x e d e nt r o p y p e r b a r y o n S B = 2 . T h e
c u r v e s e n d w h e n t h ei r c ri ti c al p oi nt s a r e r e a c h e d. Cl o s e t o
t h e s e p oi nt s, t h e fi r s t o r d e r p h a s e t r a n si ti o n b e c o m e s w e a k e r
a n d l a t e nt h e a t d e c r e a s e s. T h e n o n- o b vi o u s b e h a vi o r of t h e s e
c u r v e s i s r el a t e d t o t h e f a c t t h a t t h e e nt r o p y d e n si t y h a s n o n-
t ri vi al c o nt ri b u ti o n s f r o m t h e o r d e r p a r a m e t e r of d e c o n fi n e-
m e nt Φ ( µ B , T ).

N e x t, t h e T O V e q u a ti o n s a r e s ol v e d f o r e a c h of t h e C M F
m o d el c a s e s. Fi g. 7 s h o w s t h e r e s ul t s f o r t h e t h r e e c a s e s i n-
v e s ti g a t e d i n v ol vi n g N S m a t t e r, w hil e Fi g. 8 s h o w s t h e r e-
s ul t s f o r t h e t h r e e c a s e s i n v ol vi n g P N S m a t t e r. A s b ef o r e,
di ff e r e nt c r u s t s w e r e u s e d f o r N S a n d P N S’ s. T h e m a xi m u m
s t ell a r m a s s f o r e a c h of t h e c a s e s s h o w n i n Fi g s. 7 a n d 8 i s
li s t e d i n T a bl e 1 , al o n g wi t h t h e c o r r e s p o n di n g s t ell a r r a-
di u s, c e nt r al ( m o di fi e d ) b a r y o n c h e mi c al p o t e nti al, a n d r a-
di u s o c c u pi e d b y h y p e r o n s, q u a r k s, a n d t h e q u a r k p h a s e i n
t h e m a xi m u m- m a s s s t a r. I n t h e c a s e s i n v ol vi n g o nl y h a d r o n s
( w h e r e q u a r k m a t t e r w a s a r ti fi ci all y s u p p r e s s e d, N S H a n d
P N S H ), t h e c u r v e s r e a c h l a r g e r s t ell a r m a s s v al u e s t h a n

1 0 0 0 1 5 0 0 2 0 0 0
µ  ( M e V)
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2 0

4 0
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8 0
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N S ( β ) S
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P N S ( Y
l
) S

B
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~

Fi g u r e 4. Te m p e r a t u r e v s ( m o di fi e d ) c h e mi c al p o t e nti al p h a s e
di a g r a m f o r n e u t r o n- s t a r m a t t e r wi t h l o c all y c o n s e r v e d el e c t ri c
c h a r g e a n d p r o t o- n e u t r o n- s t a r m a t t e r wi t h l o c all y c o n s e r v e d el e c-

t ri c c h a r g e a n d l e p t o n f r a c ti o n, b o t h c al c ul a t e d a t a fi x e d e nt r o p y
p e r b a r y o n i n t h e C M F m o d el.
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Fi g u r e 5. Te m p e r a t u r e v s b a r y o n c h e mi c al p o t e nti al p h a s e di a-
g r a m f e a t u ri n g P N S m a t t e r wi t h l o c all y c o n s e r v e d el e c t ri c c h a r g e
a n d gl o b all y c o n s e r v e d l e p t o n f r a c ti o n c al c ul a t e d wi t h fi x e d e n-

t r o p y p e r b a r y o n, a s w ell a s t h e d a t a c o r r e s p o n di n g t o t h e i n di-
vi d u al h a d r o ni c a n d q u a r k p h a s e s i n t h e C M F m o d el.

i n t h e c a s e s wi t h q u a r k s b u t a b o u t t h e s a m e f o r N S’ s a n d
P N S’ s. I n t h e l ef t p o r ti o n of T a bl e 2 , t h e mi ni m u m ( m o di-
fi e d ) c e nt r al b a r y o n c h e mi c al p o t e nti al f o r a s t a r t o h a r b o r
h y p e r o n s, q u a r k s, a n d t h e q u a r k p h a s e i s li s t e d f o r e a c h c a s e.

Fr o m t h e s e, i t b e c o m e s cl e a r t h a t t h e a p p e a r a n c e of a
q u a r k p h a s e r e n d e r s N S’ s u n s t a bl e, a s t h e m a xi m u m- m a s s
c e nt r al ( m o di fi e d ) c h e mi c al p o t e nti al s a r e a p p r o xi m a t el y
e q u al t o t h e t h r e s h ol d s f o r t h e q u a r k p h a s e i n t h e N S L C N
a n d P N S L C N L Y l c a s e s. N e v e r t h el e s s, n o t e t h a t i n t h e P N S
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Fi g u r e 6. L a t e nt h e a t a s s o ci a t e d wi t h t h e d e c o n fi n e m e nt p h a s e
t r a n si ti o n v s t e m p e r a t u r e, f e a t u ri n g t h e c a s e s of N S m a t t e r wi t h
l o c all y c o n s e r v e d el e c t ri c c h a r g e a n d P N S m a t t e r wi t h l o c all y

c o n s e r v e d el e c t ri c c h a r g e a n d l e p t o n f r a c ti o n i n t h e C M F m o d el.
T h e r e d s t a r a r o u n d T = 4 0 M e V i n di c a t e s t h e p oi nt i n t h e p h a s e

di a g r a m w h e r e t h e d e c o n fi n e m e nt li n e i nt e r s e c t s wi t h t h e li n e f o r
P N S m a t t e r wi t h fi x e d e nt r o p y p e r b a r y o n S B = 2 .
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Fi g u r e 7. M a s s- R a di u s di a g r a m f o r 3 f a mili e s of s t a r s o b t ai n e d

f r o m t h e E o S f o r n e u t r o n- s t a r m a t t e r wi t h o nl y h a d r o n s, l o c all y
c o n s e r v e d el e c t ri c c h a r g e, a n d gl o b all y c o n s e r v e d el e c t ri c c h a r g e

i n t h e C M F m o d el.

L C N L Y l c a s e, q u a r k s a p p e a r si g ni fi c a ntl y b ef o r e t h e q u a r k
p h a s e. T hi s i s b e c a u s e t h e C M F m o d el all o w s f o r t h e e xi s-
t e n c e of s ol u t e d q u a r k s i n t h e h a d r o ni c p h a s e a n d s ol u t e d
h a d r o n s i n t h e q u a r k p h a s e a t fi ni t e t e m p e r a t u r e. R e g a r d-
l e s s, q u a r k s will al w a y s b e t h e d o mi n a nt c o m p o n e nt i n t h e
q u a r k p h a s e, a n d h a d r o n s i n t h e h a d r o ni c p h a s e a n d t h e
p h a s e s c a n b e di s ti n g ui s h e d f r o m o n e a n o t h e r t h r o u g h t h ei r
o r d e r p a r a m e t e r Φ . We b eli e v e t h a t t hi s i nt e r- p e n e t r a ti o n
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Fi g u r e 8. M a s s- R a di u s di a g r a m f o r 3 f a mili e s of s t a r s o b t ai n e d
f r o m E o S f o r p r o t o- n e u t r o n- s t a r m a t t e r wi t h o nl y h a d r o n s, l o-
c all y c o n s e r v e d el e c t ri c c h a r g e a n d l e p t o n f r a c ti o n, a n d l o c all y

c o n s e r v e d el e c t ri c c h a r g e a n d gl o b all y c o n s e r v e d l e p t o n f r a c ti o n
i n t h e C M F m o d el.

of q u a r k s a n d h a d r o n s ( t h a t i n c r e a s e s wi t h t e m p e r a t u r e ) i s
i n d e e d p h y si c al, a n d r e q ui r e d t o a c hi e v e t h e c r o s s o v e r t r a n-
si ti o n k n o w n t o t a k e pl a c e a t s m all c h e mi c al p o t e nti al v al u e s
A o ki e t al. ( 2 0 0 6 ). I n t h e c a s e s wi t h gl o b al c o n s e r v e d q u a n-
ti ti e s, b o t h N S G C N a n d P N S L C N G Y l all o w s t a r s wi t h a
c o u pl e of k m s of mi x t u r e s of p h a s e s.

H y p e r o n s ( Λ i n N S’ s a n d Λ a n d Σ i n P N S’ s ) a r e p r e s e nt
i n s o m e of t h e N S’ s a n d all of t h e P N S’ s p r o d u c e d, a s t h e r-
m al e ff e c t s b e c o m e m o r e i m p o r t a nt t h a n b a r y o n m a s s dif-
f e r e n c e s i n t h e l a t t e r c a s e. Ξ ’ s d o n o t a p p e a r i n a n y t y p e
of s t a r, al t h o u g h i n cl u d e d i n t h e C M F m o d el. T h e p r e s-
e n c e of h y p e r o n s ( q u a r k s ) c a n b e s e e n w h e n c o m p a ri n g t h e
m a xi m u m- m a s s s t ell a r r a di u s i n t h e t hi r d c ol u m n i n T a bl e
I a n d t h e fif t h c ol u m n ( si x t h- s e v e nt h c ol u m n s ) of T a bl e 2 ,
wi t h t h e m a xi m u m r a di u s of s t a r s i n a f a mil y t o c o nt ai n
h y p e r o n s ( q u a r k s ).

W hil e f o r N S’ s t h e a p p e a r a n c e of a q u a r k p h a s e ( n o
m a t t e r N S L C N o r N S G C N ) s u p p r e s s e s h y p e r o n s, t hi s d o e s
n o t h a p p e n a s s t r o n gl y f o r P N S’ s. T hi s b e h a vi o r c a n b e
s e e n i n t h e f oll o wi n g fi g u r e s: Fi g. 9 f e a t u r e s t h e p a r ti cl e
p o p ul a ti o n c u r v e s ( a s f u n c ti o n s of t h e s t ell a r r a di u s ) i n t h e
m a xi m u m- m a s s s t a r o b t ai n e d vi a t h e N S G C N E o S, w hil e
Fi g. 1 0 f e a t u r e s t h e c u r v e s i n t h e m a xi m u m- m a s s s t a r o b-
t ai n e d vi a t h e P N S L C N GY l E o S ( v al u e s s h o w n i n t h e ri g ht
p o r ti o n of T a bl e I ). N o t e t h a t t h e q u a r k p o p ul a ti o n c u r v e s
all ” ki n k ” a t o n e p a r ti c ul a r R - v al u e f o r e a c h c a s e: 2. 0 3 k m
i n Fi g. 9 a n d 0. 8 7 k m i n Fi g. 1 0 s h o wi n g t h e b e gi n ni n g of
t h e mi x e d p h a s e, al t h o u g h d o w n q u a r k s p e r si s t w ell b e y o n d
t hi s r a di u s f o r P N S’ s.

Fi n all y, w e e x pl o r e h o w c h a n g e s i n s pi n ni n g f r e q u e n c y
c a n m o dif y t h e s t ell a r p a r ti cl e p o p ul a ti o n a s s t a r s a g e. We
f oll o w t h e f o r m ali s m p r o p o s e d i n Gl e n d e n ni n g & We b e r
( 1 9 9 4 ), w hi c h i n cl u d e s m o n o p ol e a n d q u a d r u p ol e c o r r e c ti o n s
t o t h e m e t ri c d u e t o r o t a ti o n. We t h e n s ol v e s elf- c o n si s t e ntl y
t h e e q u a ti o n f o r t h e K e pl e r f r e q u e n c y a t fi x e d b a r y o n n u m-
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T a bl e 1. Si n gl e S t a r: T h e m a xi m u m s t ell a r m a s s f o r e a c h c a s e c o n si d e r e d i n t h e C M F m o d el, al o n g wi t h t h e c o r r e s p o n di n g s t ell a r
r a di u s, c e nt r al ( m o di fi e d ) b a r y o n c h e mi c al p o t e nti al, a n d r a di u s i n si d e t h e m a xi m u m- m a s s s t a r o c c u pi e d b y h y p e r o n s, q u a r k s, a n d a

q u a r k p h a s e.

C a s e  M m a x ( M ) c o r r. R ( k m ) c o r r. c e nt r al µ B ( M e V ) c o r r. s t ell a r R ( k m ) o c c u pi e d b y:

h y p e r o n s q u a r k s q u a r k p h a s e

N S H 2. 0 7 1 1. 9 4 1 5 9 9. 0 5. 5 3 N / A N / A

N S L C N 1. 9 7 1 2. 9 5 1 3 4 5. 0 5. 5 3 0. 4 2 0. 4 2

N S G C N 1. 9 3 1 3. 0 7 1 3 1 9. 0 4. 9 5 2. 0 3 2. 0 3
P N S H 2. 0 6 1 6. 3 8 1 4 6 0. 8 1 0. 4 7 N / A N / A

P N S L C N L Y l 2. 0 4 1 7. 6 9 1 4 5 2. 0 ( µ̃ ) 1 0. 4 7 7. 5 2 0. 4 4

P N S L C N G Y l 2. 0 3 1 8. 0 4 1 3 2 6. 0 1 0. 5 1 7. 4 2 0. 8 7

T a bl e 2. F a mil y of S t a r s: Mi ni m u m c e nt r al ( m o di fi e d ) b a r y o n c h e mi c al p o t e nti al a s w ell a s t h e m a xi m u m s t ell a r r a di u s n e c e s s a r y f o r a

s t a r t o h a r b o r h y p e r o n s, q u a r k s, a n d a q u a r k p h a s e i n t h e C M F m o d el. I n t h e c a s e s w h e r e el e c t ri c c h a r g e o r l e p t o n f r a c ti o n a r e c o n s e r v e d
gl o b all y, t h e t h r e s h ol d v al u e s of c e nt r al b a r y o n c h e mi c al p o t e nti al s ( a s w ell a s t h e e n d r a n g e of m a xi m u m s t ell a r r a dii ) c o r r e s p o n di n g t o

t h e mi x t u r e of p h a s e s i s i n s t e a d li s t e d i n t h e ” q u a r k p h a s e ” c ol u m n s.

C a s e  mi ni m u m c e nt r al µ B ( M e V ) r e q ui r e d f o r:  m a xi m u m s t ell a r R ( k m ) r e q ui r e d f o r:
Λ q u a r k s q u a r k p h a s e  h y p e r o n s q u a r k s q u a r k p h a s e

N S H 1 2 2 9. 5  N / A N / A 1 3. 4 2 N / A N / A
N S L C N 1 2 2 9. 5 1 3 4 5. 5 1 3 4 5. 5 1 3. 4 2 1 2. 9 5 1 2. 9 5
N S G C N 1 2 2 9. 5 1 3 0 2. 0 1 3 0 2. 0 1 3. 4 2 1 3. 1 3 1 3. 1 3

P N S H 9 5 5. 7  N / A N / A all N / A N / A
P N S L C N L Y l 9 5 5. 7 1 0 9 0. 5 1 4 5 2. 5 ( µ̃ ) all 2 6. 2 5 1 7. 6 9

P N S L C N G Y l 9 5 5. 7 1 0 9 0. 5 1 3 2 5. 0 all 2 6. 2 5 1 7. 6 9

b e r i n cl u di n g t h e d r a g gi n g of r ef e r e n c e f r a m e s. Fi g. 1 1 s h o w s
t h e s t ell a r c e nt r al b a r y o n n u m b e r d e n si t y f o r di ff e r e nt r o-
t a ti o n al f r e q u e n ci e s i n t h e C M F m o d el. I n e a c h c a s e [ c o n-
si d e ri n g N S’ s ( s oli d- bl u e li n e ) a n d P N S’ s ( d a s h e d- r e d li n e )
b o t h wi t h mi x t u r e s of p h a s e s], w e fi x t h e n u m b e r of b a r y o n s
t o t h e r e s p e c ti v e n o n- r o t a ti n g m a xi m u m m a s s e s. We fi n d
t h a t, e v e n w h e n r o t a ti n g a t t h e m a xi m u m all o w e d K e pl e r
f r e q u e n c y ( v e r ti c al t hi n r e d li n e ), t h e P N S al w a y s c o nt ai n s
h y p e r o n s a n d q u a r k s. B u t o nl y w h e n i t s r o t a ti o n al f r e q u e n c y
g o e s b el o w 8 9 H z, i t d e v el o p s a mi x e d p h a s e, af t e r w hi c h t h e
f r a c ti o n of t h e q u a r k p h a s e r a pi dl y i n c r e a s e s. O n t h e o t h e r
h a n d, t h e c ol d d el e p t o ni z e d N S r o t a ti n g a t t h e m a xi m u m
K e pl e r f r e q u e n c y ( v e r ti c al t hi n bl u e li n e ) c o nt ai n s o nl y n u-
cl e o n s. I t d e v el o p s Λ - h y p e r o n s w h e n i t s r o t a ti o n al f r e q u e n c y
d r o p s b el o w 9 0 3 H z, a n d w h e n i t g o e s b el o w 2 9 5 H z, i t d e-
v el o p s a mi x e d p h a s e wi t h q u a r k s.

N o t e t h a t t h e m a xi m u m- m a s s n o n- r o t a ti n g P N S i n
Fi g. 1 1 h a s a l a r g e r b a r y o n n u m b e r t h a n t h e m a xi m u m- m a s s
n o n- r o t a ti n g N S. W h e n t h e r o t a ti n g P N S b a r y o n n u m b e r i s
fi x e d t o t h a t of t h e n o n- r o t a ti n g N S, t h e mi x e d p h a s e di s a p-
p e a r s ( d o t t e d- o r a n g e li n e ). T h u s, a n e v ol u ti o n a r y p a t h f r o m
a r o t a ti n g P N S wit h o ut a mi x e d p h a s e ( b u t wi t h h y p e r o n s
a n d q u a r k s ) t o a c ol d- d el e p t o ni z e d N S wit h a mi x e d p h a s e i s
p o s si bl e i n t h e C M F m o d el. O n t h e o t h e r h a n d, a P N S wi t h
a mi x e d p h a s e c a n n o t h a v e a N S c o u nt e r p a r t a t t h e s a m e
b a r y o n n u m b e r a n d will, t h e r ef o r e, c oll a p s e t o a bl a c k h ol e.
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Fi g u r e 9. P a r ti cl e n u m b e r d e n si ti e s ( q u a r k n u m b e r d e n si ti e s a r e
di vi d e d b y 3 ) a s a f u n c ti o n of s t ell a r r a di u s of t h e m a xi m u m- m a s s

n e u t r o n s t a r wi t h gl o b all y c o n s e r v e d el e c t ri c c h a r g e i n t h e C M F
m o d el.

4  C O N C L U S I O N S A N D O U T L O O K

I n t hi s w o r k, w e s t u di e d p r o t o n e u t r o n- s t a r p r o p e r ti e s, f o c u s-
i n g o n t h e e ff e c t s c a u s e d b y di ff e r e nt p a r ti cl e p o p ul a ti o n s.
F o r t hi s p u r p o s e, w e p r e s e nt e d di ff e r e nt m o d el s wi t h dif-
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Fi g u r e 1 0. P a r ti cl e n u m b e r d e n si ti e s ( q u a r k n u m b e r d e n si ti e s
a r e di vi d e d b y 3 ) a s a f u n c ti o n of s t ell a r r a di u s of t h e m a xi m u m-

m a s s p r o t o- n e u t r o n s t a r wi t h l o c all y c o n s e r v e d el e c t ri c c h a r g e a n d
gl o b all y c o n s e r v e d l e p t o n f r a c ti o n i n t h e C M F m o d el. N o t e t h a t
t h e c u r v e f o r p r o t o n s l a r g el y o v e rl a p s t h e c u r v e f o r el e c t r o n s.

f e r e nt d e g r e e s of f r e e d o m a n d di ff e r e nt f e a t u r e s. T h e D S H
f o r m ali s m wi t h n u cl e o n s p r o vi d e d s e v e r al di ff e r e nt e q u a ti o n s
of s t a t e, b ei n g p r e s e nt e d h e r e f o r t h e fi r s t ti m e a t fi x e d l e p-
t o n f r a c ti o n. T h e C M F f o r m ali s m wi t h n u cl e o n s, h y p e r o n s,
a n d q u a r k s g e n e r a t e d s e v e r al di ff e r e nt e q u a ti o n s of s t a t e,
a s s u mi n g di ff e r e nt c o n di ti o n s f o r t h e d e c o n fi n e m e nt p h a s e
t r a n si ti o n. F o r t h e fi r s t ti m e r e s ul t s w e r e p r e s e nt e d f o r mi x-
t u r e s of p h a s e s i n si d e s t a r s wi t h gl o b al l e p t o n c o n s e r v a ti o n
a n d fi xi n g t h e e nt r o p y p e r b a r y o n i n t h e C M F ( o r a n y o t h e r )
m o d el.

We f o u n d t h a t, a s t h e s t ell a r c o m p o si ti o n b e c o m e s m o r e
c o m pl e x, s o d o t h e e ff e c t s of fi ni t e t e m p e r a t u r e / e nt r o p y p e r
b a r y o n a n d fi x e d l e p t o n f r a c ti o n o n s t ell a r p r o p e r ti e s. W hil e
i n t h e D S H m o d el m a xi m u m- m a s s v al u e s a r e di r e c tl y r el a t e d
t o t h e i s o s pi n- s y m m e t r y of n u cl e o n s, i n t h e C M F m o d el i t
i s al s o r el a t e d t o t h e s u p p r e s si o n / e n h a n c e m e nt of h y p e r o n
a n d q u a r k c o nt e nt, t o g e t h e r wi t h fi r s t o r d e r p h a s e t r a n si ti o n
e ff e c t s. I n t h e C M F m o d el, t h e a p p e a r a n c e of q u a r k s s u p-
p r e s s e s h y p e r o n s a n d t h e e xi s t e n c e of a mi x e d p h a s e all o w s
f o r N S’ s wi t h q u a r k s t o b e s t a bl e ( wi t h u p t o a b o u t 2 k m of
mi x e d p h a s e ). I n P N S’ s, q u a r k s a r e p r e s e nt i n s t a bl e s t a r s
r e g a r dl e s s of t h e e xi s t e n c e of mi x e d p h a s e s a n d c a n o c c u p y
l a r g e p o r ti o n s of s t a r s ( u p t o a b o u t 7 k m ).

I n a d di ti o n, o t h e r f a c t o r s h a v e t o b e a c c o u nt e d f o r
w h e n s t u d yi n g s t ell a r e v ol u ti o n, i n cl u di n g c o n s t a nt n u m-
b e r of b a r y o n s a n d e ff e c t s d u e t o s t ell a r r o t a ti o n. A s s u mi n g
t h a t s t a r s d o n o t s p e e d u p si g ni fi c a ntl y a s t h e y l o o s e n e u-
t ri n o s a n d c o ol d o w n, t h e C M F m o d el p r e di c t s t h a t l a r g e-
m a s s s t a r s c o nt ai n a s m all a m o u nt of q u a r k s ( n o t i n a mi x e d
p h a s e ) a n d m o r e h y p e r o n s i n t h e e a rli e s t s t a g e of t h ei r e v o-
l u ti o n a n d c a n d e v el o p a mi x e d p h a s e wi t h f e w e r h y p e r o n s
a t a l a t e r ti m e.

S u m m a ri zi n g, o u r r e s ul t s p oi nt o u t t o t h e d eli c a t e a n d
c o m pl e x b al a n c e b e t w e e n t h e e xi s t e n c e of h y p e r o n s a n d
q u a r k s i n h o t d e n s e m a t t e r, w hi c h s h o ul d pl a y a n i m p o r-
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Fi g u r e 1 1. S t ell a r c e nt r al b a r y o n n u m b e r d e n si t y f o r di ff e r e nt
r o t a ti o n al f r e q u e n ci e s i n t h e C M F m o d el. We fi x i n e a c h c u r v e
t h e n u m b e r of b a r y o n s t o t h e n o n- r o t a ti n g m a xi m u m- m a s s o n e

i n di ff e r e nt e v ol u ti o n s t a g e s. T h e t hi n v e r ti c al li n e s s h o w t h e K e-
pl e r li mi ti n g f r e q u e n c y f o r e a c h c a s e. T h e bl u e s q u a r e s m a r k t h e
a p p e a r a n c e of L a m b d a s a n d q u a r k s / q u a r k p h a s e i n N S’ s, w hil e

t h e r e d / o r a n g e ci r cl e s m a r k t h e a p p e a r a n c e of q u a r k s a n d q u a r k
p h a s e i n P N S’ s. H y p e r o n s a r e al w a y s p r e s e nt i n P N S’ s.

t a nt r ol e i n c o r e- c oll a p s e s u p e r n o v a e m o d eli n g. S o f a r, t h e r e
h a v e b e e n a f e w s u p e r n o v a si m ul a ti o n s i n cl u di n g h y p e r-
o n s / q u a r k s D r a g o & T a m bi ni ( 1 9 9 9 ); S a g e r t e t al. ( 2 0 0 9 );
Fi s c h e r e t al. ( 2 0 1 1 ); N a k a z a t o e t al. ( 2 0 1 0 ); O u y e d e t al.
( 2 0 1 2 ); B a ni k ( 2 0 1 4 ); Y a s u t a k e e t al. ( 2 0 1 2 ); B e n v e n u t o &
H o r v a t h ( 2 0 1 3 ); Fi s c h e r e t al. ( 2 0 1 8 ); E p s z t ei n G r y n b e r g
e t al. ( 2 0 0 0 ); I s hi z u k a e t al. ( 2 0 0 8 ); B a u m g a r t e e t al. ( 1 9 9 6 );
C h a r e t al. ( 2 0 1 5 ). H o w e v e r, t o o u r k n o wl e d g e, c o n si s t e nt
si m ul a ti o n s of n e u t r o n s t a r s f r o m bi r t h i n t h e c o r e- c oll a p s e,
t h r o u g h t h e P N S s t a g e a n d c o oli n g t o c ol d N S’ s u si n g t h e
s a m e m o d el h a v e n o t b e e n r e p o r t e d a s y e t. I t i s o u r g o al
t o p e rf o r m s u c h a s t u d y u tili zi n g t h e E o S m o d el s p r e s e nt e d
i n t hi s w o r k. M o r e o v e r, w e pl a n t o s u p pl e m e nt t h e r e s ul t s
p r e s e nt e d h e r e b y s t u d yi n g t h e E o S b a s e d o n t h e Q u a r k-
C o u pli n g m o d el G ui c h o n e t al. ( 2 0 1 8 ), w hi c h i n cl u d e s t h e
f ull b a r y o n o c t e t. Fi n all y, a n a t u r al m o r e si m pl e e x t e n si o n
of o u r w o r k i s t o s t u d y m a g n e ti c fi el d e ff e c t s o n t h e s t ell a r
p a r ti cl e p o p ul a ti o n. W o r k al o n g t h e s e li n e s i s al r e a d y u n d e r
w a y.
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