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Hyperons and A’s in rotating protoneutron stars: Global properties
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Rotation plays an important role in the evolution of most types of stars; in particular, it can have a strong
influence on the evolution of a newly born protoneutron star. In this study, we investigate the effects of
rotation on four snapshots of the evolution of protoneutron stars with hyperons and A resonances in their
cores, from birth as neutrino-rich objects to maturity as cold, catalyzed neutron stars. We focus on the
effects of uniform rotation on the macroscopic structure of the star at three rotational frequencies—
346.53 Hz, 716 Hz, and the Kepler frequency. Our investigation indicates that the impact of rotation at
frequencies of 346.53 and 716 Hz causes minor changes in the maximum gravitational mass but leads to
significant changes in the stellar radius, particularly for stars with masses smaller than 2M . However, we
observe drastic changes in the star’s mass and radius when considering the Kepler frequency. In addition,
we investigate other relevant characteristics of the rotating protoneutron stars as they evolve such as the
moment of inertia, compactness, central temperature, and Kerr parameter. Our results suggest that the
inclusion of new degrees of freedom in the stellar core lead the star to be more sensitive to rotational
dynamics, owing to an increase in compactness, a decrease in the central temperature, and a decrease in the

moment of inertia.

DOI: 10.1103/3djv-zbcj

I. INTRODUCTION

When massive stars exhaust their nuclear fuel and
eventually reach the end of their life, their cores collapse,
often resulting in a supernova explosion and the formation
of either a neutron star (NS) or a black hole (BH).
Supposing the supernova does not result in the formation
of a BH, the dense core of the progenitor massive star
initially forms a protoneutron star (PNS). The newly born
PNS is typically hot, lepton-rich, and rapidly rotating. After
the ejection of the stellar envelope during the supernova
explosion, deleptonization occurs, releasing the trapped
neutrinos. The process of deleptonization continues
through neutrino diffusion, heating the star while
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decreasing the net lepton fraction. Afterward, the star
enters a neutrino-poor phase and slowly cools down until
it forms a cold-catalyzed NS several years later [1-3]. This
way, the PNSs are believed to evolve in four main stages, as
follows: lepton-rich stage, neutrino-poor stage, cooling
phase, and the formation of cold-catalyzed NSs [2,3].
These processes are prominently governed by the proper-
ties of dense matter under extreme temperature and density
conditions, along with neutrino reaction rates and diffusion
timescales. A detailed study of the microphysics properties
of PNSs can be found in Refs. [4-6].

Rotation is another important ingredient in the evolu-
tionary stages of a PNS. Observational evidence shows that
massive stars that end their lives through supernova
explosions are usually rapid rotators [7,8]. Moreover, there
is strong evidence that long-duration gamma-ray bursts are
associated with the formation of magnetars rotating at
frequencies near the Kepler limit, or with a precursor stage
to the formation of a rapidly rotating BH [9,10]. Thus, the
shrinking core that results from the explosion of a massive
star is thought to be rapidly rotating. The numerical
simulations of core collapse and explosion [11-14] and
later evolutionary stages of massive stars [15,16] provide
estimates for the minimum period of NSs at birth to be
~1-15 ms; however, these models still present many
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uncertainties. However, during the evolution of the PNSs, a
great amount of angular momentum can be lost due to
neutrino emission [17,18], gravitational radiation [19],
magnetic winds [15,20], and other possible mechanisms
[21]. In this way, modeling the evolution of PNSs can be a
very complex task, since it may involve the incorporation of
neutrino transport in the equation of state (EOS) [13,22,23]
and general relativistic hydrodynamics that account for
fluid motion in rotating relativistic stars [13,14] as well as
the effects of strong magnetic fields [12,15,24]. Therefore,
the microphysics inputs need to be carefully treated for
consistency. As discussed in [1], the careful construction of
the EOS for dense nuclear matter, neutrino opacity, and the
interactions between neutrinos and matter are important
factors for achieving reliable results.

Some efforts have been made to simplify the modeling
of the PNSs in the literature [1,2,25-29]; to obtain an
insight into the structure of the PNSs, without loss of
generality, using quasistationary approximation, imposing
some ad hoc thermodynamic constraints (such as fixed
temperature, fixed entropy per baryon, and/or fixed lep-
ton fraction) we can study the PNSs evolution as a
sequence of equilibrium configurations. The quasistation-
ary assumption is justified because, during the early life of a
PNS, it quickly attains equilibrium among gravitational,
pressure, and rotational forces on a timescale much shorter
than its overall evolutionary timescale. Other slow proc-
esses govern its long-term evolution, such as neutrino
diffusion, cooling via thermal radiation emission, and
rotational evolution (like angular momentum redistribution,
viscosity, and magnetic fields) [2,3,30]. While the quasista-
tionary assumption is useful and justified for simplifying
PNS models by focusing on the long-term timescale, it also
has known limitations that can affect the accuracy of
simulations and theoretical predictions. It does not account
for essential physical phenomena that occur on shorter
timescales or under extreme conditions. Addressing these
issues requires advanced computational efforts and sophis-
ticated modeling, leaving room for further development in
nonequilibrium modeling. In this work, we adopt the rigid
rotation approximation, assuming that the star rotates as a
solid body with a constant angular velocity at each stage of
its evolution. This implies the absence of differential
rotation, as all parts of the star share the same angular
velocity.

Advancements in observational astrophysics and
increased data availability have imposed stringent con-
straints on the dense matter EOS through measurements of
the maximum possible gravitational masses and radii of
NSs. The recent data from NICER x-ray observatory has
led to simultaneous measurement of both the mass and
radius of the pulsars: PSR J0030 + 0451 [31,32], PSR
J0740 4 6620 [33,34], PSR J0437 — 4715 [35], and PSR
J1231 — 1411 [36] with good precision. Additionally, data
from the binary NS merger event GW170817, which led to

the observation of the gravitational wave signal [37]
together with the electromagnetic counterpart [38,39],
has provided valuable insights into NS properties [40].
These constraints serve as a benchmark for modeling PNSs.
Even though the dynamics of hot EOSs differ significantly
from those of cold EOSs, a realistic and consistently
modeled PNS EOS must demonstrate satisfaction with
these constraints when the star is cold and catalyzed. The
EOS intended for this work has been proven to satisfy the
constraints mentioned above when the star is cold [26,41].

In this work, we employ an EOS model to study the
Kelvin-Helmholtz phase, such that we use the assumption
of a quasistationary evolution to study the PNSs from birth
to maturity imposing thermodynamic conditions such as
fixed entropy per baryon and fixed lepton fraction. The
EOSs have been tested in studying PNSs with exotic
baryons in [26], PNSs with quark cores in [41], and the
hybrid NSs in [42]. In the present work, we assume the
PNS is a rigidly rotating compact object [43] and inves-
tigate its observable properties at different frequencies.
Rigid rotation allows NSs to exist in a supermassive
state [44], where their gravitational mass exceeds the
nonrotating maximum mass limit due to rotational support.
This phenomenon provides valuable insights into achieving
higher maximum stellar masses, enhanced stability, and
observable properties such as oblateness and rapid spin
rates. These characteristics are crucial for understanding
astrophysical phenomena, including pulsars, gravitational
wave sources, and merger events. On the other hand, the
long-term effects of rigid rotation are influenced by the
interplay between energy dissipation and angular momen-
tum loss dynamics. In rigid rotation, the angular velocity
remains constant throughout the entire star, whereas in
nonrigid rotation [45,46], it varies along the radius. This
distinction simplifies calculations for the case of rigid
rotation and offers valuable insights into the star’s structural
variations caused by rotation throughout its evolutionary
path [30,47].

The paper is organized as follows: in Sec. II, we discuss
the microphysics that governs the calculations of the EOS,
where we introduce the DDME2 parametrization and its
extension to heavy baryons. The structure of the spacetime
metric associated with relativistic, rigidly rotating stars with
isentropic matter is considered in Sec. III. In Sec. IV, we
present the analyses of the impact of rotation on the
macroscopic structure of the PNSs. Finally, in Sec. V,
we present our final remarks and conclusions.

II. MICROPHYSICS

The interaction between hadronic particles is governed
by quantum hadrodynamics, where the strong nuclear force
between the hadrons is modeled through the exchange of
massive mesons. We consider the mesons represented by
the fields i = o, w, p, ¢, where o is a scalar meson, w and ¢
are vector-isoscalar mesons (with ¢ carrying hidden
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strangeness), and p, a vector-isovector meson. They medi-
ate the interaction. The associated Lagrangian density is
given by

L=Ly+Ly+ L+ Ly, (1)
where Ly represents the baryon octet, £, represents the A
resonances, L, represents the mass terms of the mediating

mesons, and £; represents the free leptons. The individual
Lagrangian densities can be expressed explicitly as

Ly = ZV_/}; [0, = Y°(Gup®0 + GppPo + Gppl36P03)
b
— (my — gabGO)]va (2)

ﬁA = Zl/_/d [iyﬂaﬂ - yo(gmdwo + g/)d13dp03)
d

= (Mg = 9pa00)|Wa- (3)
| 2o by 1,
L, = —Emaoo + Emwwo + Emr/)‘f’o + Emﬂp%’ (4)
Ly = Z‘/_’L(Wﬂaﬂ — ML)y, ®)
L

in natural units, where ¢ = A = 1. Here, y,, is the baryonic
Dirac-type field, with the subscript b indicating summation
over all baryon octets (nucleons and hyperons), g, denotes
the baryon-meson couplings, and /5, = £1/2 represents
the isospin projection in Eq. (2). The A resonances are
described by the Rarita-Schwinger—type Lagrangian den-
sity, represented by y, where d indexes all the A
resonances, and I3; = +3/2 denotes the isospin projec-
tions in Eq. (3). This formulation for the A resonances is
used because their vector-valued spinor contains additional
components compared to the four components of the spin-j
Dirac-type spinors [48]. Additionally, Eq. (4) represents the
Lagrangian density of the mediating massive mesons, with
m; representing the meson masses presented on Table I and
the subscript “0” representing the mean-field version of the
meson fields. Finally, Eq. (5) is the Lagrangian density of
the free leptons described by the Dirac free Lagrangian
density. The summation index L runs over all the lepton
flavors in the stellar matter at each stage of the stellar
evolution. For cold and catalyzed stellar matter, L includes
electrons (e) and muons (¢), while 7 leptons are considered
too heavy to be present. In the case of fixed entropy per

TABLE I. DDME2 parameters.

Meson (i) m; MeV)  q; b; ¢ di  gin (no)

c 550.1238 1.3881 1.0943 1.7057 0.4421 10.5396
) 783 1.3892 0.9240 1.4620 0.4775 13.0189
P 763 0.5647 7.3672

baryon and fixed lepton fraction, ¢’s and their correspond-
ing lepton neutrinos (v,) are considered since simulations
indicate that the presence of muons in supernova remnant
matter becomes relevant only after the matter becomes
neutrino transparent following supernova physics [1,2].
The presence of hyperons and A resonances is considered
because neutrons, being fermions governed by the Pauli
exclusion principle, experience increasing degeneracy
pressure at higher densities. As a result, it becomes
energetically favorable for some neutrons to convert into
heavier baryons, such as hyperons and A resonances, to
alleviate this pressure [49,50].

The EOS is calculated using the density-dependent
parametrization, commonly referred to in the literature as
the DDME2 parametrization [51]. The meson-nucleon
couplings are adjusted through the expressions

_ 1+ b;(n+d;)?
gi(np) = gib(”O)aim’ (6)
apa) = gs(m)exp | ~a,0- D). ()

where np is the total baryon density and n = ng/n,. Under
this framework the free model parameters, a;, b;, c¢;, and d;,
are fitted to experimental bulk nuclear properties with
saturation density ny = 0.152 fm™> with the following
properties: Ep = —16.14 MeV (binding energy), K, =
251.9 MeV (incompressibility), J = 32.3 MeV (symmetry
energy), and Ly =51.3 MeV (symmetry energy slope).
These listed properties agree with recent constraints on the
characteristics of symmetric nuclear matter, as reported in
Refs. [52-54]. The determined model parameters are
presented in Table I.

The fitting of the meson-nucleon couplings discussed
above was through fitting to pure nucleonic matter. An
extension to include the hyperons and A-resonance cou-
plings is done through several approaches reported in the
literature [55-58]. However, in the present work, we use the
meson-baryon coupling reported in [59], where the authors
determine the couplings using SU(3) and SU(6) symmetry
arguments and potential depths of each particle. One of the
advantages of using these couplings is that they enable us to
obtain stellar masses within the 2M threshold in the
presence of hyperons and A resonances. The adopted
coupling parameters are presented in Table II.

In Ref. [60], the authors also considered meson—hyperon
couplings based on SU(6) flavor symmetry arguments, with
magnitudes comparable to those reported in [59]. However,
in [60], they adopted a universal coupling scheme for all
meson-A resonance interactions by setting the coupling
ratios to unity. In contrast, in [59], the meson-A couplings
were determined analogously to the meson-hyperon cou-
plings, using a combination of SU(3) and SU(6) symmetry
arguments. As discussed in Refs. [61,62], the emergence of
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TABLE II.  The ratio of the baryon coupling to the correspond-
ing nucleon coupling for hyperons and A’s.

b, d Xob.d Xob.d Xpb.d Kb
A 0.714 0.646 0 —0.808
>0 1 0.663 0 —-0.404
>,z 1 0.663 1 —-0.404
ORC) 0.571 0.453 0 —-1.01
A=, A0 AT AT 1.285 1.331 1 0

the A~ resonance in dense matter alters the chemical
equilibrium conditions among the particles involved in
the Urca process, n — p + e~ + ,. This rearrangement of
chemical potentials leads to an enhanced proton fraction
compared to matter composed solely of npeu. The pres-
ence of the A~ can also influence neutrino diffusion and,
consequently, the thermal evolution of the star by intro-
ducing additional weak interaction channels, such as
A™—-n+e +v, or, in the presence of hyperons,
A" = A+e +1, [63]

The details and relevant EOSs under this formalism are
presented in [26], where the EOS was originally used to
study stellar evolution from supernova remnants. Further
developments of the EOS can be found in [41,64], where
these EOSs were applied to investigate other astrophysical
phenomena, such as hybrid PNSs and the effects of dark
matter on stellar evolution. Additionally, similar derivations
of these EOSs are detailed in Refs. [27,28,60], and we do
not intend to repeat them here. Instead, we highlight some
relevant relations that connect the entropy density (s), the
EOS [energy density (e) versus pressure (p)], and the
temperature (7') fluctuations within the star in the neutrino-
trapped and neutrino-transparent regimes of stellar evolu-
tion. The thermodynamic relation connecting these varia-
bles is given by the expression for the free energy density:
Fp =€, —Ts, where ¢, represents the total energy density
of the system. Therefore, the explicit relation connecting
the s, T, p, (p, is the total pressure), and &, becomes

sT =¢+p;— Zﬂbnh - Zﬂd”d - ZﬂL”L» (8)
b d 2

where ¢, and p, include the sum of the pressures and the
energy densities of all of the particles in the system, y is
the chemical potential, and n is the number density, the
subscripts denote the particle type, and the sum extends
over all particles of that type. Since the NSs are physically
observable objects, the stellar matter is in £ equilibrium and
charge neutrality. Applying these conditions, the above
expression can be simplified further:

sT = p; + & — npug, (9)

for neutrino-transparent matter, where p is the total baryon
chemical potential. For neutrino-trapped matter, the expres-
sion becomes

sT = D: + €& —npup _.uuﬂ(nuﬂ +ne)v (10)

where p,is the neutrino chemical potential, and n,, and n,
are the number densities of electron neutrinos and elec-
trons, respectively. To calculate the EOSs together with the
temperature fluctuations, we fix the entropy per baryon of
the system, sp = % in units of the Boltzmann constant

(kg), which is set to unity in accordance with the natural
unit convention.

III. STELLAR STRUCTURE

In this work, the PNSs are assumed to be axisymmetric
stars with stationary rotation in which the matter can have
only azimuthal motion, so that we do not consider effects
from convection, mass flows induced by heat transport, or
meridional currents, for example. This way, the spacetime
metric can be given by the following line element in quasi-
isotropic spherical coordinates [47]:

ds* = —er*dt* + e**(dr? + r*d6?)
+ e’ r?sin” O(d¢p — wdt)?, (11)

where a, 7, p, and @' are the metric functions which depend
only on r and @, and in this work we use natural units
(G = ¢ =1). The function w is associated with dragging
the local inertial frame, the so-called Lense-Thirring
effect [65,066]. We also consider that the matter that
composes the star can be described by the energy-momen-
tum tensor of a perfect fluid,

" = pg" + (¢ + p)U*U", (12)

where ¢ and p are the energy density and the pressure,
respectively, g"* is the metric tensor, and U* and U” are the
four-velocity of the fluid. The conservation of the energy-
momentum tensor, VM T = 0, when effects of temperature
and stationary rotation are considered, will give [67,68]

N1\ Te "
a,-<H+1nH> =2 s —UU0Q,  (13)
F mpg

where H is the pseudoenthalpy H = In [(p + €)/(mgng)),
N = Ve is the lapse function, I' = NU' is the Lorentz
factor, and Q = U?/U" is the angular velocity. Since we are

considering isentropic snapshots of the PNS evolution
(0;5 =0) and that the stars are rigidly rotating

"Note that p, , vy, and ¢ defined in this section describe
different physical quantities than those in Sec. II.
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(0;Q = 0), the right side of Eq. (13) will vanish, and this
equation will reduce to the following:
6l-p o 0,»Ut
e+p U’

(14)

Therefore, combining the Einstein field equations, calcu-
lated using Egs. (11) and (13), with the hydrostatic
equilibrium Eq. (14), we obtain the set of equations that
rules the stages of evolution of the PNSs, where an
isentropic EOS describes each stage. We solve the equa-
tions with a numerical code based on the self-consistent
field method proposed in [69,70]. It is important to mention
that the EOS captures the local thermodynamic properties
of matter, such as the pressure as a function of energy
density. Therefore, according to the equivalence principle,
spacetime always appears locally Minkowskian, even in a
curved background. Rotational effects, such as frame
dragging, manifest in the global spacetime structure
through modifications to the metric.

For cold, catalyzed, and static NS matter, the turning
point theorem states that the onset of secular instability
against axisymmetric perturbations occurs where
(dM/de..) = 0, marking a transition from stable to unstable
configurations. However, we need to extend the turning point
criterion when considering hot and rigidly rotating PNSs as
discussed in [71,72]. In this case, if we consider a set of
equilibrium models parametrized by the central energy
density €., we need three out of four of these derivatives:

oM oM, o as
oe,’ oe, ’ oe,’ oe,’

(15)

where M is the gravitational mass, M, is the baryonic mass, J
is the total angular momentum, and S is the total entropy, to
vanish so that we have a turning point determining the
transition from stable to unstable models [68,73]. For
sequences of isentropic PNSs, S = spM, [68] and we need
to satisfy two out of the first three conditions of Eq. (15); if, in
addition, we consider sequences with constant angular
momentum, then the stability condition can be reduced to

M
o > 0. (16)
0.y s

Another possible criterion is considered in [43],
(0J/0ng)|y.s = 0, where n§ is the central baryon density
and N is the total baryon number. On the other hand, secular
instabilities, such as r-mode and f-mode instabilities, operate
on timescales from about 1 s to several years. These
instabilities become significant at temperatures around 7" 2
10" K so that they typically occur after the first minute of the
PNS lifetime [18,19,74]. In our results, we analyze the
relation between nonaxisymmetric instabilities and the ratio
of rotational kinetic to gravitational binding energy 7'/W.

IV. RESULTS AND ANALYSIS

In all of our figures, solid lines represent static stars,
dashed lines represent stars rotating at 346.53 Hz, which is
the frequency of PSR J0740 4 6620 [75], dash-dotted
curves represent stars rotating at 716 Hz, the frequency
of PSR J1748 — 2446ad the fastest known NS [76], and
dash double dotted represent stars rotating at the Kepler
frequency, which is given by

where p, y, and w are the metric functions from Eq. (11).
The Kepler frequency is reached when the equatorial
angular velocity at the star’s surface equals the angular
velocity of a particle in a circular Keplerian orbit at the
equator. At this point, the mass-shedding limit is attained,
rendering the star unstable.

In this work we analyze four snapshots of the PNSs’
evolution from birth to maturity as cold NSs; each snapshot
represents a stage of evolution with constant values of
entropy per baryon and lepton fraction (Y;). The first stage
(sg = 1,Y; = 0.4) represents the moment following core
birth when the PNS has low entropy in its core and
neutrinos are trapped due to high densities. Neutrino
trapping heats the star, playing a critical role in stabilizing
the PNS and creating the conditions necessary for the
eventual explosion. Shortly after the core bounce

0 0 2 (0 0
QK —w+ ro,@ + ro,w € ( Y+ r/))
2+rdy—rod,p 2+ rdy —ro,p r(

, 17
2+ rd,y— rd,p)> ‘ oz (17)
r=~K,,0=5

[

(~0.5-1 s), intense neutrino loss takes place decreasing
the lepton fraction while increasing the entropy of the
stellar matter and, consequently, the temperature. This
defines the second stage considered (sz =2.Y;, =0.2).
The third stage (sg = 2,Y,, = 0) occurs after some time of
around ~10-15 s when the PNS completes deleptoniza-
tion, becomes increasingly neutrino transparent, and
reaches its peak temperature. After this phase, the PNS
starts cooling down until it reaches its final stage of
evolution as a cold-catalyzed NS (T = 0 MeV). A detailed
discussion of the evolution of NSs from birth to maturity
can be found in Refs. [4,77].

In Fig. 1, we show the relation between the gravitational
mass and the equatorial radius; we can observe that for all
stages of evolution analyzed the mass and the radius of
the PNSs increase with the increasing of the rotation rate.

023007-5



FRANCIELE M. DA SILVA et al.

PHYS. REV. D 112, 023007 (2025)

‘ .
3fsp=1Y =04

N ]
—— NH
2.5 NHD -
©
=i
= 0 I
= "
1k i
05 e e
0 1 L 1 1 L L L
10 12 14 16 18 20 22 24

M [My)

10 12 14 16 18 20 22 24

FIG. 1.

M [My)]

T T
J0952 — 0607
GW170817
J0740 + 6620 4
J0030 + 0451
N i
NH

NHD

M (M)

———

The gravitational mass M as a function of the equatorial radius R, for four snapshots of the NS evolution. The two upper plots

show the neutrino-trapped regime and the two lower plots show the neutrino-transparent regime. On the bottom right plot, for the cold
NS, we also show the following constraints: purple contours for PSR J0O030 + 0451 (solid line [31], dashed line [32]), pink contours for
PSR J0740 + 6620 (solid line [33], dashed line [34]), red contours for GW170817 [78] and yellow shaded region for

PSR J0952 — 0607 [79.,80].

For the lowest frequency considered (346 Hz), the M, .«
and the radius at M,,,, change very little at each stage,
however, the radius of the stars at the intermediate to lower
mass regions of the curve show a significant increase. For
the higher rotation frequency of 716 Hz, we observe a
noticeable increase in the maximum mass and radius at
each snapshot. Moreover, we observed that for the EOSs
considered, only PNSs with M 2 1.7M can rotate with a
frequency of 716 Hz. In contrast, at the final stage, when
the stars have cooled and become more compact, it is
possible for NSs with M ~ 1.4M, to rotate at that rate.
When we consider the case of the Kepler frequency Q, we
obtain a great increase in both mass and radius for all stars
at all stages of evolution.

For hot stars (upper panels and lower-left panels of
Fig. 1), we observe an increase of approximately 1.18 times
in the value of M,,,, and about 1.32 times in its radius,
compared to the static configuration. Our result for the
increase in M,,,, of the PNSs is slightly higher than the
ones found in [81] for stars with sz =3,Y;, = 0.3 but
similar to what was determined in [82] for hot NSs, while
the increases in the radius are in good agreement.

For cold stars (lower-right panel of Fig. 1), the maximum
mass increases by 1.22 times and the radius by 1.33-1.37
times, both results agree with Ref. [81]. For the cold pure

nucleonic EOS we obtained a maximum mass of 3.02M
rotating with a Kepler frequency of 1527 Hz, while for the
EOS with hyperons and delta baryons, we obtain M,,x =
2.76M and Qk = 1459 Hz. For the first and the last
stages of the evolution the presence of hyperons affects
mainly the more massive stars reducing M,,,,,, while for the
second and third stages, when the stars have higher entropy,
the hyperons also affect the stars at the intermediate-mass
region reducing their radii. As for the A baryons, they show
almost no effect in the first snapshot. As the stars
deleptonize and become hotter, it becomes noticeable that
stars with intermediate mass have a smaller radius when
A’s are present. When the PNSs form cold-catalyzed NSs,
the effect of the exotic baryons persists but its impact
becomes less significant than for the stages with sz = 2.

In general, we observe in Fig. 1 that the difference in
mass and radius between stars with only N and those with
NH (nucleon plus hyperons) or NHD (nucleon plus hyper-
ons plus A resonances) is slightly higher when we compare
stars that are rotating than when they are static. The bottom
right plot shows some observational constraints from
NICER and gravitational wave data. The purple contours
show the mass-radius estimates from NICER for the pulsar
PSR J0030 + 0451, the solid contour shows the estimate

obtained by Riley et al. [31], M = 1.347015M and
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12.711]"13 km bounded by 16% and 84% quartiles, and the
dashed contour shows the estimate from Miller ef al. [32]),
M =1.447017Mg and 13.027/3¢ km at 68% credibility.
The pink contours show the mass-radius estimates from
NICER for the massive pulsar PSR J0740 + 6620, the solid
contour shows the estimate obtained by Riley et al. [33],
M = 2072007 My and R = 12.397}30 km bounded by
16% and 84% quatrtiles, and the dashed contour shows the
estimate from Miller er al. [34]), R = 13.71:2.‘21 km at
68% credibility. The red contours show the mass and radius
encountered by the Virgo/LIGO collaboration for the stars
involved in the GW170817 event [78], M| = 1.4670-[2M
and radius R; = 10.8779 km and M, = 1.277:% M, and
radius R, = 10.7:2:; km with 90% credible intervals. The
yellow shaded region shows the estimated mass of PSR
J0952 — 0607 [79,80], 2.35 + 0.17M,, which is the fastest
(707 Hz) known NS in our galaxy. We can observe that the
mass-radius curves for static NSs satisfy all the constraints
considered, the curves for 346 Hz satisfy the constraints
from NICER and PSR J0952 — 0607 with larger radii than
the static configuration, but for the EOSs considered in this
work, the NSs in the GW170817 event are likely rotating
with Q < 346 Hz. Our results also show that it is possible
to have NSs with approximately the same mass-radius
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ot
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100

constraints as the ones from NICER rotating with a fast
rotation of 716 Hz. We also obtain that, if PSR J0740 4+
6620 were rotating at the Kepler limit, it would have a
minimum radius of 18.5 km with the NHD EOS.

In Fig. 2, we show the plot of the central temperature
against the baryon mass at the first three stages of the stellar
evolution considered, namely, the upper-left panel corre-
sponds to the initial stage with small entropy density,
sp = 1, and large lepton fraction Y; = 0.4, the upper-right
panel shows the deleptonization stage with sz =2 and
Y; = 0.2, and the lower panel presents the neutrino trans-
parent stage corresponding to sz =2 and ¥, =0. The
baryon mass is a quantity that is expected to remain
conserved throughout the stellar evolution unless there is
mass lost from winds, tidal trapping, or mass gain through
accretion, phase transformation, or gravitational collapse.
The gravitational mass is associated with the gravitational
field generated by the star, and it is the mass that is
determined by observational constraints; this way, it is
more interesting to use the gravitational mass in Fig. 1. The
baryonic mass is associated with the total number of
baryons inside the star, and it is assumed to be conserved
as the PNS evolves; this way, if we plot the temperature as a
function of the baryonic mass we can follow the evolution
of specific stars by looking to fixed values of M|,

100 T T T

Mo [Mc)]

80

2 2.5 3 3.5

My [Mg)

FIG. 2. The central temperature as a function of the baryonic mass for three snapshots of the NS evolution. The two upper plots show
the neutrino-trapped regime and the lower plot shows the neutrino-transparent regime. In all plots solid lines represent static stars,
dashed lines represent stars rotating at 346.53 Hz, dash-dotted curves represent stars rotating at 716 Hz, and dash double dotted represent
stars rotating at Q. Notice that the top left plot has a different temperature scale.
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The current study assumes hydrostatic equilibrium of the
stellar matter where the baryon mass is conserved through
stellar evolution. On the other hand, the central temperature
of the PNSs is higher after the core bounce and starts
decreasing due to neutrino cooling and thermal radiation
after deleptonization. Rotation introduces centrifugal forces
that change the equilibrium structure of the matter, thereby
impacting temperature distributions and changes in the
maximum mass limit. The centrifugal force decreases the
effective gravitational pull, allowing the star to support
more mass at a given temperature.

From Fig. 2, we observe that rotating stars have lower T,
compared to the static ones. Moreover, the higher the
rotating frequency, the lesser the 7. of the PNSs. Aside
from that, increasing baryon degrees of freedom tends to
lower T, as clearly shown in all three panels, independent
on the lepton fraction. Along the star evolution following
upper left (first stage), right (second stage), and the bottom
panel (third stage), the T, is lower when the star is young
and neutrino rich. After the core bounce, neutrino diffusion
together with external shocks increases 7.

In the third stage, shown in the lower panel of Fig. 2,
when the neutrinos have escaped from the stellar core, the
temperature reaches its peak and begins to drop through
neutrino cooling and thermal radiation. The decrease in 7',
due to cooling processes reduces the thermal support in the
PNSs, leading to contraction from diminished thermal
pressure and potentially lowering the baryonic mass thresh-
old for stability [83,84]. Notice that, similar to the mass-
radius relation, the behavior of T, as a function of M|, is
reversed after reaching the maximum baryonic mass
(MF™). From low masses up to My, T, increases with
increasing M. However, beyond this point, 7. increases as
M, decreases, which clearly indicates that the compression
resulting from the decrease in the star’s size, as seen in
Fig. 1, drives the rise in temperature. Additionally, the other
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FIG. 3.

relations analyzed in this work also present a similar
pattern.

On the left side of Fig. 3, we show the Kepler frequency
Qp as a function of the ratio of the rotational kinetic energy
to gravitational binding energy T/W for the four snapshots
of the PNSs evolution. The NSs can emit gravitational waves
due to no-axisymmetric perturbations and the ratio between
the kinetic energy 7" and the gravitational potential energy W
can provide us a way to detect the point where instabilities
driven by gravitational radiation would begin. Morsink
et al. [85] considered a wide range of realistic EOSs and
established that, for stars with gravitational mass of 1.4M 4
the instabilities set in at 7/ W ~ 0.08, which is shown in our
figure by a vertical line. We can observe in this figure that for
the EOSs considered in this work if a star of mass 1.4M is
born rotating at the Kepler limit it will be approximately
inside the limit for nonaxisymmetric instability. As the
1.4M , PNS starts to deleptonize and become hotter, the ratio
T/W decreases and it becomes more unlikely that the
instabilities occur. However, when the stars become cold
and catalyzed the ratio of the rotational kinetic to gravita-
tional binding energy increases greatly, since the stars
become more compact; so at this stage, the instabilities
driven by gravitational radiation will begin before the stars
reach the Kepler limit. In this case, the star will lose angular
momentum through the emission of gravitational waves
until the star becomes stable [85]. This way, our results
indicate that, although a canonical NS can be born max-
imally rotating, it is likely to spin down as it cools due to the
loss of angular momentum by gravitational radiation.

An additional quantity that we can investigate when
studying rotating PNSs is the Kerr parameter K; on the
right side of Fig. 3, we display X as a function of the
gravitational mass M for stars at the Kepler limit for
the four stages of evolution. The Kerr parameter, or
dimensionless spin parameter, is given by

1 ! “ Kerr bound
|
{!
|
0.8 |i |
e —
=
0.4 H / NS bound n
[ —= sp=1,%=04
02 ] —— sp=2Y =02
—= s5=2Y, =0
V - = T=0
0 | | | | | |
0 0.5 1 1.5 2 2.5 3

On the left we show the Kepler frequency as a function of the ratio of rotational kinetic to gravitational binding energy. The

vertical line represents the critical value 7/W = 0.08 for gravitational radiation instabilities, and the position of the M = 1.4M, is
highlighted by disks. On the right, we show the Kerr parameter as a function of gravitational mass for stars at the mass-shedding limit.
The horizontal line indicates the Kerr limit for astrophysical Kerr BHs, Kgy = 0.998 [86]. The shaded area corresponds to the

constraints for NSs obtained from Eq. (19).

023007-8



HYPERONS AND A’S IN ROTATING PROTONEUTRON ...

PHYS. REV. D 112, 023007 (2025)

J IQ
= (18)
where J is the total angular momentum, € is the rotation
frequency, and [ is the moment of inertia around the
rotation axis, for a rigidly rotating star I = J/Q. The
Kerr parameter is an important physical quantity related
to BHs and to the final fate of rotating NSs, especially the
ones rotating at the mass-shedding limit. When a massive
rotating NS collapses, due to the conservation of angular
momentum and mass energy, the BH that is generated has
almost the same mass and angular momentum of the
originating NS, and consequently almost the same K.
Kerr BHs have a maximum value of Kgy = 0.998 [86],
indicated by a horizontal line in our figure, while for cold
NSs, a maximum value of Cng ~ 0.75 was obtained in [87].
Besides, Koliogiannis and Moustakidis [83] obtained a
simple universal relation between KX and the compactness
of the maximum mass configuration for cold, catalyzed

NSs given by
M,
Kx~134 N = (19)
emax

where M, is the maximum mass of the rotating cold,
catalyzed NS, and R, is the equatorial radius for the
same configuration. The relation of Eq. (18) is shown as a
shaded area in our figure and indicates that for cold NSs
with M > 1M, and rotating at Qg the value of X is almost
independent of the EOS. We can observe that for the EOSs
considered in this work, the “hot” NSs also follow an
almost universal relation for M > 1M, but on a lower
range of values for . For the EOSs considered in this
work, we encountered a maximum value of K ~ 0.71 for
cold NSs with nucleonic EOSs. This is consistent with the
results found in [87], which indicate that stiffer EOSs lead
to higher maximum values of the Kerr parameter in NSs. In
the first evolutionary stage, the Kerr parameter increases
with the increase of the gravitational mass; in the second
and third stages, the IC values decrease with M until around
M ~ 1.5M and then start to increase. As mentioned above,
for cold NSs, we observe that for M 2 1M, the Kerr
parameter remains nearly constant. However, taking a
closer look at it, we can observe that for hyperonic NSs
the value of K starts to slightly decrease for M = 2M,
while for NSs with A’s the decrease starts in M 2 1.25M g,
which indicates that the inclusion of new degrees of
freedom can make the Kerr parameter decrease with the
increasing of the mass, for masses above a certain value. In
general, we observe that the inclusion of hyperons leads to
a decrease in the value of /C, and the inclusion of A’s leads
to further decrease, in all stages of evolution. Additionally,
the increase in the temperature of the PNS, and as a
consequence, the softening of the EOS, also lead to a
decrease in the Kerr parameter.

In Fig. 4 we show the moment of inertia (/) as a function
of the gravitational mass. The moment of inertia is
associated with the distribution of mass relative to the axis
of rotation of the star and it measures the star’s resistance to
changes in its rotational motion, for a uniformly rotating
star I = 2zJ/Q, where J is the angular momentum and € is
the angular frequency. On the other hand, the gravitational
mass represents the star’s total mass, which determines its
gravitational influence and dictates the strength of its
gravitational field. These two physically independent
quantities, the moment of inertia and gravitational mass,
are connected through rotational dynamics, as both influ-
ence the rotational behavior of a star. For a spherically
symmetric, rigidly rotating star with a uniformly distributed
mass, the moment of inertia is given by I = 2/5MR?. For
highly compact objects (lower radius and constant mass),
the moment of inertia / becomes smaller, making the star
less resistant to rotational changes.

Comparing the snapshots in Fig. 4, we observe that, for
stars rotating at the Keplerian frequency, / increases from
the first panel (representing the birth of the star) and reaches
its maximum when the star becomes cold and catalyzed. On
the other hand, for stars rotating at 346 and 716 Hz, the
value of I increases as the PNSs heat up and then decreases
again when the stars become cold and catalyzed. This
suggests that / can change in different ways as the PNSs
evolve if they are rotating at the maximum rotational rate or
below this limit. We can observe from the snapshots that the
emergence of heavy baryons reduces /, as the star becomes
more compact. The appearance of these new degrees of
freedom redistributes the available energy among a larger
number of particle species, lowering the average kinetic
energy and Fermi momentum. Consequently, the pressure
support against gravitational collapse decreases, leading to
a more compact configuration. This increased compact-
ness, in turn, reduces the moment of inertia, as more mass is
concentrated toward the stellar core. This implies that stars
with a larger number of degrees of freedom are more
susceptible to changes in rotational speed. Additionally, in
the bottom right plot we also show the inferred estimates of
I for PSR J0740 4 6620 [89], PSR J0030 + 0451 [88], and
the active radio pulsar PSR J0737 —3039A [90], for
comparison. We emphasize that the binary NS system
PSR J0737 — 3039 is highly relativistic [91,92], such that
it is an important system to execute tests of general
relativity and modified theories of gravity. In particular,
it is believed that in the future it will be possible to measure
the moment of inertia of the pulsar PSR J0737 — 3039A.
So, several works in the literature are directed towards
estimating the moment of inertia of this NSs, see, for
example, [90,93-97]. In Fig. 4, we can observe that our
results are in agreement with the constraints for PSR
JO030 + 0451 and PSR J0737 —3039A. However, only
the curves for stars at the mass shedding limit satisfy the
constraint for PSR J0740 + 6620. Our results predict that
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FIG. 4. The moment of inertia as a function of the gravitational mass for four snapshots of the NS evolution. The two upper plots show
the neutrino-trapped regime, and the two lower plots show the neutrino-transparent regime. On the bottom right plot, for the cold NSs,
we also show the following constraints: purple shaded regions for PSR J0030 + 0451 [88], pink shaded region for PSR J0740 + 6620
[89], and red bar for PSR JO737 — 3039A [90]. In all plots, dashed lines represent stars rotating at 346.53 Hz, dash-dotted curves
represent stars rotating at 716 Hz, and dash double dotted represent stars rotating at Q.

an NS with ~2M 5 and rotating at 346 Hz has a moment of
inertia of ~3 x 10% gcm?.

In Fig. 5, we display the dimensionless moment of inertia
1/(MR?) as a function of the compactness M/R, for four
stages of evolution of the PNS. The dimensionless moment
of inertia places a significant constraint on the internal
structure of the NSs; besides, several studies [94,98—102]
have shown that this quantity is strongly correlated with the
compactness. In our figures, we compare our results with
the correlation bands encountered by Steiner et al. [98] and
the ones found by Breu and Rezzolla [99], which were
obtained for cold NSs. In [28], the authors proposed a
corrected fit for PNSs with sz = 2,Y; = 0.2. Our results
for cold NSs only agree with these bands for stars rotating
below the Kepler limit and for M/R, = 0.15, a similar
result was obtained in [102]. In all stages of evolution, the
correlations for stars at the mass shedding limit stay far
below the curves for stars rotating at 346 and 716 Hz. In
general, we observe that the correlations for the hot stars
also fall below the bands encountered for the cold stars.
This is because hotter, more rapidly rotating stars are less
compact.

In Table IIT we summarize some of the physical proper-
ties associated with the configuration with maximum
gravitational mass and uniformly rotating at the mass
shedding limit for each of the stages of evolution of the
PNSs and for the three types of EOS considered: only
nucleons (N), nucleons plus hyperons (NH), and nucleons
plus hyperons plus As (NHD). As expected, EOSs with
nucleons only produce the highest values of M, and M,
compared to EOS with NH and NHD. We also observe that
the inclusion of A baryons has almost no effect on the
maximum mass but leads to a slightly smaller radius than
the EOS NH. As a consequence, the stars with NHD are
more compact (M/R,) than those with NH. In general, the
EOS for nucleonic matter leads to the highest compactness.
The Kepler frequency Qg, the angular momentum J, the
Kerr parameter X, and the ratio of rotational kinetic to
gravitational binding energy T /W are all proportional to
the compactness. On the other hand, the central number
baryon density (n./ny) increases when hyperons are
included and increases even further when As are added.
Nonetheless, the central temperature T, and the moment of
inertia / go in the opposite direction; that is, they decrease
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FIG.5. Dimensionless moment of inertia //(MR?) as a function of compactness M /R for four snapshots of the NS evolution. The two

upper plots show the neutrino-trapped regime and the two lower plots show the neutrino-transparent regime. The correlation bands
found by Steiner et al. [98] are in gray, and the ones found by Breu and Rezzolla [99] are in beige. In all plots, dashed lines represent
stars rotating at 346.53 Hz, dash-dotted curves represent stars rotating at 716 Hz, and dash double dotted represent stars rotating at Q.

with NH and decrease again by adding As. In general, we
observe that T, seems to be the quantity that is most
sensitive to the presence of A resonances, while the ratio
between the polar and the equatorial radius R,/ R, seems to
be the property least affected by the three types of EOS. As

TABLE III.

already observed in our figures, in the first stage of
evolution considered (sz = 1, Y; = 0.4), we do not observe
significant differences in the characteristics of the star with
M .« when we compare the EOS for NH and NHD. The
stage when the temperature in the star has reached its peak

Summary of the physical properties of the PNSs at the mass shedding limit. All properties are related to the star with

maximum gravitational mass M, for each sequence. Where Qj is the Kepler frequency, K is the Kerr parameter, n./n is the ratio of
the central baryon density to the saturation density, T is the central temperature, R,,/R, is the ration of the polar radius to the equatorial
radius, T'/W is the ratio of the rotational kinetic energy to the gravitational binding energy, / is the moment of inertia, and M /R, is the

compactness.

sg. Y1 BOS My, [Mg] My [Mg] R, [km] n./ny T. [MeV] J [GM3/c] Qg [Hz] K 1[10% gem?] T/W R,/R, M/R,

1,04 N 2.88 3.24 162 486  29.1 5.43 1467  0.656 5.19 0.120 0.57 0.263
NH 2.75 3.07 165 486 226 4.86 1403 0.644 4.85 0.116 0.57 0.246
NHD 275 3.07 165 486 224 4.86 1403 0.644 4.85 0.116 0.57 0.246

2,02 N 2.93 333 169 460  69.3 5.53 1385 0.646 5.59 0.116 0.57 0.255
NH 2.70 3.04 167 499 487 4.55 1362 0.626 4.68 0.108 0.58 0.239
NHD  2.70 3.05 164 5.1 459 4.59 1394 0.629 4.61 0.109 0.58 0.243

2,0 N 2.92 3.34 170 460  67.6 5.48 1377  0.642 5.58 0.115 0.58 0.254
NH 2.66 3.01 166  5.11 51.5 4.38 1362 0.620 4.50 0.106 0.58 0.236
NHD  2.66 3.02 162 524 458 4.43 1408  0.626 4.41 0.109 0.58 0.242

T=0 N 3.02 3.57 160  4.77 6.42 1527 0.704 5.89 0.141 0.56 0.278
NH 2.75 3.20 163 4.90 5.19 1426 0.687 5.09 0.132  0.56 0.248
NHD 276 3.21 16.1  5.03 5.22 1459 0.687 5.01 0.132  0.56 0.253
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FIG. 6. Extra plots: dashed lines represent stars rotating at 346.53 Hz and dash double dotted represent stars rotating at Q.

(s =2,Y,, =0) is when the inclusion of A resonances
leads to more noticeable effects. Additionally, we observe
that the maximum baryonic mass for the EOS with only
nucleons (N) increases throughout the evolutionary stages.
However, this only can happen if we consider some type of
mass accretion; otherwise, if M, is conserved, the maxi-
mum baryonic mass at each stage cannot be higher than
3.24M 5 (maximum M in the first stage), so that, in the last
stage we would have M,,,x = 2.79M, for the nucleonic
EOS. The EOSs with hyperons and A baryons have the
smallest M, maximum in the third stage, 3.01M, and
3.02M , respectively, causing PNSs with greater M|, in the
first two stages to collapse. For the NH and NHD EOSs, if
the baryonic mass is conserved, the M,,,, at the last stage
will be 2.62M, for both EOSs.

In Fig. 6, we show two extra plots: the central temper-
ature as a function of the baryonic mass, on the left, and the
moment of inertia as a function of the gravitational mass, on
the right. In this figure, we show the results for all stages of
evolution in the same plot, but only for the NH EOS. This
way, we can more easily observe how these quantities
change as the PNS evolve. We summarize our findings for
the rotating stars in Table III, where it is shown that their
properties with M, rotate at Kepler frequency. It is
believed that NSs can born rotating at or very close to
Qg , however, at the moment, we have not detected any NS
rotating at this limit. It is thought that this occurs because,
as the PNSs evolve, various mechanisms, such as magnetic
winds and neutrino emission, can lead to significant loss of
angular momentum, causing the rotation to slow down.

V. FINAL REMARKS AND CONCLUSION

This work investigates the effects of rotation on the
evolution of the macroscopic structure of PNSs, focusing
on rigidly rotating PNSs with hyperons and A resonances
in its core. We considered three different rotational
frequencies: 346.53 Hz, 716 Hz, and the Kepler frequency
Qg to analyze their effect on the star’s structure. Three
stellar matter configurations were considered: only

nucleons, nucleons plus hyperons, and nucleons plus
hyperon plus A resonances. This enables us to analyze
the stellar composition vis-a-vis the structural changes
induced by rotation. Generally, the centrifugal force gen-
erated by the star’s rotation reduces the effective gravita-
tional pull, enabling the star to support a higher mass before
collapsing. We observe that an increase in rotational
frequency significantly impacts the star’s radius in the
intermediate region (M < 2M ), with only a small differ-
ence in the maximum mass, particularly between 346.53
and 716 Hz. However, at the mass-shedding limit, the
maximum mass and radius exhibit significant differences
compared to the static case. As expected, an increase in the
baryonic degrees of freedom of stellar matter results in a
reduction in both the maximum mass and radius. In
particular, the main effect of the inclusion of A resonances
on the mass-radius relation is to reduce the radius of stars
with intermediate mass especially when the stars are hotter.
We also compared our results for cold, catalyzed, and
rigidly rotating NSs with the constraints for PSR J0740 +
6620 and PSR J0030 + 0451, GW170817 and PSR
J0952 — 0607 and concluded that, considering the EOSs
used in this work, the NSs involved in the GW170817 event
likely rotate at frequencies lower than 346 Hz. On the other
hand, we observed that it is possible to have stars rotating at
the mass shedding limit and obeying the constraints
from [34] for PSR J0740 + 6620.

We studied the conserved baryon mass against the
central temperature and observed that 7. is lower in a
neutrino-rich stellar matter when the star is still young and
increases during neutrino diffusion. After the neutrinos
have escaped from the stellar core, the T reaches its peak
and starts to decrease. This causes contraction and leads to
a reduction in the baryon mass threshold for stability. We
observed that rotating PNSs have lower central temper-
atures compared to static ones. The higher the rotation
frequency, the lower the central temperature. Furthermore,
when new baryonic degrees of freedom are introduced, it
generally leads to a drop in the 7, and also reduces the
baryon mass threshold for stability, as the star contracts.

023007-12



HYPERONS AND A’S IN ROTATING PROTONEUTRON ...

PHYS. REV. D 112, 023007 (2025)

From the variation of Qg against 7/W, we observe that
newly born stars can maintain stability while rotating
rapidly. However, as they evolve, they may lose angular
momentum through gravitational wave emission, leading to
a significant reduction in their rotation rate. On the
contrary, once instability sets in, the star may collapse
gravitationally. Analyzing the M versus K relation, we
observe that the emergence of hyperons and A baryons in
the stellar core reduces the value of K. This reduction is
attributed to the softening of EOS, which lowers the
maximum angular momentum and mass that the star can
sustain. Additionally, the presence of heavy baryons
decreases the rotational support of the star and reduces
the maximum mass limit, potentially increasing the like-
lihood of BH formation during its evolution, even though it
poses a lower K value.

The moment of inertia was calculated and studied in
terms of compactness and gravitational mass. The results
were compared to inferred values in the literature.
Generally, a higher value of / stabilizes the star against
rapid changes in the rotational regime and reduces the
efficiency of rotational energy loss. Our results showed
that, when new baryonic degrees of freedom appear in the
stellar matter, / decreases. This implies that stars with
hyperons and A resonances in their cores are more
responsive to rotational dynamics. We also observed that
the moment of inertia behaves differently based on the
star’s rotation rate. For stars rotating at Q, [ increases and
peaks when the star becomes cold and catalyzed. For stars
rotating at lower frequencies (346 and 716 Hz), I increases
as the star heats up but decreases as it cools. Analyzing
the variation of M against I, we observe that all of our
results fall within the inferred value of PSR JO030 + 0451
reported in [88] for all baryonic composition; for PSR
JO737 — 3039A only the curves with 346 Hz satisfy the
constraint in [90], which is a good result since this pulsar
has a low rotation rate. On the other hand, only the mass-
shedding limit curves match the constraints for PSR
JO740 4+ 6620 [89]; our estimate is that / for a 2M
NSs rotating at 346 Hz is around ~3 x 10% gcm?. We
also compared our results with the universal relations
between I/(MR?) and M/R, proposed by Breu and

Rezzolla [99] and Steiner et al. [98] and concluded that
these relations must be shifted towards smaller values for
hot and rapidly rotating NSs.

Finally, we presented a summary of the properties of the
PNSs with M,,,,, rotating at the mass-shedding limit and
conclude that the central temperature 7', is the property
most sensitive to the emergence of A resonances in the
stellar core, with a decrease in 7. when A baryons are
added. In contrast, the ratio of the polar to equatorial radius
R,/R, is the least affected by the different EOS types.

On the second part of this work, we are going to
investigate the influence of rotation on the local properties
of individual rotating PNSs along their evolutionary stages.
In addition, we are going to analyze if the decrease in
angular momentum due to neutrino loss can have a
significative effect on the stages of evolution of the
PNSs considered in our work. In this way, we will be
able to investigate how the internal properties of the star—
such as particle fractions and temperature distribution, for
example—change with rotation and the presence of the A
resonances.
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