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isobars and hyperonic degrees of freedom. Using both the Hartree and Hartree-Fock approximation we
find that A’s appear already at densities slightly above the saturation density of nuclear matter for a
wide range of the meson-A coupling constants. This delays the appearance of hyperons and significantly

Keywords: affects the gross properties of compact stars. Specifically, A’s soften the EoS at low densities but stiffen

Equation of state it at high densities. This softening reduces the radius of a canonical 1.4My star by up to 2 km for a

Dense matter reasonably attractive A potential in matter, while the stiffening results in larger maximum masses of

Delta resonance compact stars. We conclude that the hypernuclear CDF parametrizations that satisfy the 2Ms maximum

Compact stars mass constraint remain valid when A isobars are included, with the important consequence that the
resulting stellar radii are shifted toward lower values, which is in agreement with the analysis of neutron
star radii.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction their properties in the intervening years as compared to hyperons
and quark matter. This may partially be a consequence of Ref. [9]
where A’s were found to appear at densities that are much larger

Compact stars are unique laboratories for studies of dense A <
than the typical central densities of neutron stars. Thus, A’s have

hadronic matter [1-6]. The hadronic core of a compact star extends - . h X
from half up to a few times the nuclear saturation density pg. In been considered largely unimportant in neutron star astrophysics.
the high-density region of the core a number of exotic degrees Recently, a number of studies of A’s in neutron star matter
of freedom are expected to appear in addition to nucleons. Pos-  aPpeared which were conducted within the CDF theory in the
sible new constituents of matter include hyperons [7-30], delta Hartree approximation, ie. the so-called relativistic mean-field
isobars [8,9,31-41], and deconfined quark matter [46-65]. The de- model [28,29,34—41]. Some Of. these studies ignore hypergns in
tails of the composition of compact stars at high densities are not ~ order to isolate the effects A isobars have on the nucleonic EoS
fully understood yet. The current observational programs focusing ~ and neutron star properties by choosing a particular set (in some
on neutron stars combined with the nuclear physics modeling of ~ €ases several sets) of meson-A coupling constants [29,34,39,41].

their interiors are aimed at resolving the puzzles associated with The universal coupling scheme is typically adopted in these stud-
their EoS and interior composition. ies. In analogy to hyperons, the A degrees of freedom were found

Although the appearance of A’s in neutron star matter was to soften the EoS of neutron star matter and to reduce the maxi-
conjectured long ago [8,31] there has been much less research on mum mass of a compact star. However, a smultgneous treatment
of hyperons and A’s appears to be mandatory in order to assess
the overall effect of these new degrees of freedom on dense mat-

* Corresponding author ter and the gross properties of compact stars.
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in the studies of nucleon-pion-A dynamics, which resum the RPA
diagrams including A-hole loops with the A-hole vertex given by
gna Landau-Migdal parameter [42-44]. These studies are mainly
focused on the pion propagator and dispersion (condensation) in
nuclear matter. More recently, A’s were included in the studies of
nuclear matter in the chiral approach where the nuclear density
functional is arranged in powers of small parameters (e.g. num-
ber of derivatives of the pion field) and A’s appear in virtual
states [45].

The principal aim of this work is to explore, in great detail, the
competition between A isobar and hyperon populations in dense
matter, and to study the impact of A populations on the proper-
ties of compact stars such as masses and radii. For that purpose
we carry out a detailed analysis of the parameter space of the
meson-A coupling values within the CDF theory at the relativistic
Hartree and Hartree-Fock level.

This work is organized as follows. In Sec. 2 we outline the CDF
model and its parametrizations. Section 3 presents our results for
the EoS of dense matter and its composition. The global properties
of compact stars and their internal structures are discussed in this
section as well. Finally, a summary of our results is provided in
Sec. 4.

2. Theoretical model
2.1. CDF model for stellar matter

We start with a brief outline of our theoretical framework,
which is based on the CDF theory treated in the Hartree and
Hartree-Fock approximations. The Lagrangian density of the model
is given by

L=+ L+ L + 4, (M

where the first term %3 is the Lagrangian of free baryonic
fields v, with index B labeling the spin-1/2 baryonic octet, which
comprises nucleons N € {n, p}, hyperons Y € {A, E%—, x+0.—},
and the spin-3/2 zero-strangeness quartet A € {AT+t+.0.=} Note
that the A’s are treated as Rarita-Schwinger particles [66]. The
second term %, represents the Lagrangian of free meson fields ¢,
which are labeled according to their parity, spin, isospin and
strangeness. In the present model we include the isoscalar-scalar
meson o, which mediates the medium-range attraction between
baryons, the isoscalar-vector meson w, which describes the short
range repulsion, the isovector-vector meson p, which accounts for
the isospin dependence of baryon-baryon interactions, and the 7
meson which accounts for the long-range baryon-baryon inter-
action and the tensor force. The two hidden-strangeness mesons,
o* and ¢, describe interactions between hyperons. The interaction
between the baryons and mesons is described by the third term
%int Which has the generic form

ﬁntzgmeBl/_fBFmgamWB’ (2)

where gpnp is the meson-baryon coupling constant, tp € {1, T}
is the isospin matrix and I'y € {1, Yy, Y5V, opv} is the relevant
(Dirac-matrix) vertex. Finally, the last term % describes the con-
tribution from free leptons; we include electrons (e~) and muons
(™) and neglect the neutrinos which are irrelevant at low tem-
peratures.

Starting from Eq. (2) we carry out the standard procedure for
obtaining the density functional in CDF theories. This amounts to
finding the equations of motions from the Euler-Lagrange equa-
tions of the theory, which for the baryon octet and leptons have

the form of the Dirac equation, whereas for the A decuplet are
given by the Rarita-Schwinger equation. The equations of motion
for meson in the mean-field approximation take the form of Klein-
Gordon equation. Each of the baryon self-energies is then decom-
posed in the Dirac space according to

S(k) = Zs (k) + yoZok) + ¥ - KTy (k) 3)

where ¥s, ¥p and Xy are the scalar, time and space compo-
nents of the vector self-energies and k is a unit vector along k.
The energy density functional is then generated by evaluating
the baryon self-energies (k) in the Hartree (RMF) or Hartree-
Fock (RHF) approximations [67-70]. The detailed expressions for
self-energies are given, for instance, in Refs. [41,71]. Note that
the pion-exchange and the tensor couplings of vector mesons to
baryons contribute only to the Fock self-energies. In -equilibrium
the chemical potentials of the particles are related to each other
by

1B =bpn —qpLe, (4)

where bg and gp denote the baryon number and electric charge
of baryon species B, and u, and u. are the chemical potentials of
neutrons and electrons, respectively. This, together with the field
equations and charge neutrality condition allows us to determine
the EoS and composition of matter for any given net baryonic den-
sity p at zero temperature self-consistently.

Once the EoS is determined, the integral parameters, in partic-
ular the mass and the radius, of a compact star of given central
density can be computed from the Tolman-Oppenheimer-Volkoff
(TOV) equations [72,73]. To do so we match smoothly our EoS to
an EoS of the inner and outer crusts [74,75] at the crust-core tran-
sition density /2, where pg denotes the saturation density of
ordinary nuclear matter.

2.2. Meson-baryon couplings

We now turn to the procedure of choosing the appropriate
values of the coupling constants gma between the mesons and
baryons. These have to be fitted to the experimental (empirical)
data of nuclear and hypernuclear systems. In the purely nucleonic
sector the meson-nucleon (mN) couplings are given by gnn(p) =
gmn (00) fmn (x), where x = p/pg. For the isoscalar channel, one has

1+bm(x+ dm)2
"1 omx+dn)?’
which is subject to constraints fyn(1) =1, f;\(0) =0 and

sy = f/\(1). The density dependence for the isovector chan-
nels is taken in an exponential form'

me(X)Za m=o,w, (5)

fmn(x) = m&=D,

In the hypernuclear sector, as usual, the vector meson-hyperon
couplings are given by the SU(3) flavor symmetric quark model [11,
76] whereas the scalar meson-hyperon couplings are determined
by their fitting to empirical hypernuclear potentials. We note that
the isovector couplings are non-universal and, for example, values
gpx/8pN > 1/4-1/3 are required to describe the X-atom [77].

m=p,m. (6)

1 For the PKO3 interaction used in this study the masses (in MeV) of nucleon, o -,
w-, p- and w-mesons are 938.9, 525.6677, 783, 769, 138. The coupling constants at
the saturation pg = 0.153 fm~3 are g, = 8.8956, g, = 10.8027, gp =2.0302 and
fz =0.3929; the remaining parameters, which describe the density-dependence of
couplings can be found in Table 1 of Ref. [85].
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Table 1

The parameters of symmetric nuclear matter at saturation density and the masses
and radii of hypernuclear stars, predicted by the hypernuclear CDF theory with
PKO3 and DD-ME2 parametrizations. Upper panel: the saturation density py (fm—3),
binding energy Ep (MeV), compression modulus K (MeV), symmetry energy J
(MeV) and its slope L (MeV), the Dirac mass M}, (in units of nucleon mass M),
and the Landau mass M} (M) for symmetric nuclear matter. Lower panel: The mass
Mmax (in solar units), radius Rmax (km) and central density pmax (fm—3) of the
maximum-mass star, the threshold density py (fm~3) for hyperons A and E-, the
radius Ry4 (km) and central density p14 (fm~3) for a canonical 1.4M¢ neutron
star.

CDF Symmetric nuclear matter

L0 Ep K ] L My Mj
PKO3 0.153 —16.04 262.44 32.99 82.99 0.59 0.72
DD-ME2 0.152 —16.14 25115 3231 51.27 0.57 0.63

Hypernuclear matter

Mmax Rmax Pmax Pf\ ,O_E-; Ri4 P14
PKO3 2.00 11.82 0.96 0.33 0.48 13.96 0.31
DD-ME2 2.00 11.83 0.93 0.34 0.38 13.22 0.34

Let us focus now on the range of the meson-A couplings. No
consensus has been reached yet on the magnitude of the A po-
tential in nuclear matter. The phenomenological model analyses of
the scattering of electrons and pions off nuclei and photoabsorp-
tion [78-81] indicate that the A isoscalar potential V o should be
in the range [37]

=30 MeV + Vn(00) S Va(po) S Vn(po), (7)

where Vy = X9 0) + Zs,0(w) IS the nucleon isoscalar potential.
The studies of A production in heavy-ion collisions [82-84] sug-
gest a less attractive potential [29],

Vn(po) S Va(oo) S2/3VN(po). (8)

Below, we will use instead of gma the ratio Rya = gma/gmn. The
isoscalar potential of the A isobars in symmetric nuclear matter at
saturation density is thus given by

Va(00) = RwaZocs),0(00) + Roa Ls),0 (00)- (9)

The isovector meson-A couplings are largely unknown. It has been
found that the critical density of the onset of A’s is most sensi-
tive to the ratio Rya [37,39]. In our numerical study we use two
representative parametrizations of the nucleonic CDF theory based
on the density-dependent meson-baryon couplings, specifically the
relativistic Hartree-Fock PKO3 parametrization [85] and the rel-
ativistic Hartree DD-ME2 parametrization [86]. Both parametriza-
tions describe successfully the properties of finite nuclei. We will
use the extensions of these models to the hypernuclear sector as
given in Ref. [71]. In this work the meson-hyperon couplings have
been chosen to: (a) reproduce the empirical potentials of hyper-
ons in nuclear matter deduced from nuclear structure calculation
and (b) produce heavy 2Mg compact stars [87]. In Table 1 we
list the key parameters of symmetric nuclear matter and some
properties of hyperonic stars predicted by the two models. Note
that the combined analysis of terrestrial experiments and astro-
physical observations [6] predict values for the symmetry energy
J =31.7+3.2 MeV and its slope L =58.7 + 28.1 MeV at satura-
tion density. The ] value predicted by both parametrizations are
compatible with the central value of 32 MeV, while the value of L
predicted by PKO3 is located at the upper bound of the preferred
range.

3. Results and discussions

In this section we investigate the competition between A iso-
bars and hyperons in dense stellar matter and their effect on the

500

400 |

300 -

200
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100 -
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Fig. 1. Effects of A-isobars on the EoS and mass-radius relation of compact stars. (a)
EoSs for different A potential depths Va(pp) = (1 +1/3)Vn(po), npY denotes the
hyperonic matter, (b) the corresponding mass-radius relations. The gray shading in-
dicates the mass of PSR J0348+0432. The yellow, pink, and cyan shading indicate the
radius range of canonical 1.4Mq neutron stars set by Refs. [88-90]. Notice that the
ordering of the EoSs according to their stiffness depends on the density interval. The
w-A coupling constants are fixed as 1.1, while the 0 -A coupling constants are ad-
justed to the potential depths VA (pp), which corresponds to Rya = 1.075 £ 0.125.
The results are calculated for the RHF parametrization PKO3. (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)

properties of compact stars. In a first step, we will analyze the EoS
of stellar matter with A’s for selected sets of Ry values, which
are motivated by the constraints shown in Eqgs. (7) and (8); note
that the value of the potential V5 does not fix any of the cou-
plings, rather it provides a relation between R, and Rsa. This
illustrates the general features that emerge when A isobars are
included. In the second step, we construct the EoS and the associ-
ated stellar models for a continuum of meson-A couplings which
span the complete parameter space. This provides insight into the
dependence of the stellar parameters on Ry, Which, in turn, per-
mits us to narrow down the meson-A parameter space using the
astrophysical constraints.

3.1. Illustrative cases

We start with several illustrative examples which are con-
structed as follows: (a) the R,A parameter is kept fixed at a value
of 1.1, which leads to the largest masses of compact star for our
parameter space (to be discussed in Fig. 3 below); (b) all isovec-
tor meson couplings are set equal to the meson-nucleon coupling;
(c) the potential V5 is varied within the bounds set by Eqs. (7)
and (8) by tuning the Ry parameter.

In Fig. 1(a) we show the EoS of A-admixed-hypernuclear
(npY A) matter for three values of the isoscalar potential VA (po).
For comparison, we also show the case of matter without A’s, i.e.,
npY matter. The corresponding mass-radius relations of compact-
star models computed for these EoS are shown in Fig. 1(b). In the
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Table 2

The threshold densities (in fm~3) for the onset of direct Urca processes in npY
matter (rows 1 and 3) and in npY A matter with VA (pg) = Vn(00) (rows 2 and 4).
No entry means that the process is forbidden. The rows 1 and 2 correspond to PKO3,
and rows 3 and 4 to the DD-ME2 parametrizations. The thresholds (from left to
right) corresponds to the following processes: n — p+e~ + Ve, A~ — A+e~ + Ve,
A—>p+e +7Ve,and E- > A+e” + De.
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Fig. 2. Particle fractions in npY (panel a) and npY A (panels b, ¢, d and e) matter.
The A potential depths are Vo =1/3Vy (b), 2/3Vy (c), Vn (d) and 4/3Vy (e). The
thick vertical lines indicate the central density of the respective canonical 1.4Mg
neutron star, the yellow shadings indicate densities beyond the maximum mass
configurations. The results are calculated by using the RHF parametrization PKO3.

case of npY matter the abrupt change in the slope of the pressure
at baryonic density p ~ 0.33 fm~3 is the result of the onset of
hyperons in matter. It is seen that if A’s are included in the com-
position, the EoS is softened at low and stiffened at high densities.
This is the more pronounced the deeper the VA (po) potential.

These modifications in the EoS affect the mass-radius rela-
tions of neutron-star models as depicted in Fig. 1(b). It is seen
that accounting for A’s reduces the radii of models from their
values obtained for hypernuclear and nuclear matter EoS. This is
a consequence of the softening of the EoS at low to intermedi-
ate baryonic densities. Note that the A’s may appear already at
densities slightly above the nuclear saturation density, which im-
plies that even low-mass (~Mg) compact stars can be affected
by A populations. As expected, the larger the VA (0p) potential,
the larger is the observed shift in the radius. For example, for
Va(po) =4/3Vn(po) the radius of a canonical 1.4Mg neutron star
is about 2 km smaller than the radius of its purely hyperonic or
nucleonic counterpart. At the same time, A’s lead to marginally
greater maximum masses of compact stars, because of the stiffen-
ing of the EoS in the high-density region. The deeper the potential
VA (po) the larger the star's maximum mass.

Fig. 2 shows the particle fractions for several selected values
of the Va(po) potential. In the case of hyperonic matter with-
out A’s, shown in Fig. 2(a), the first hyperon to appear is the A,

which is followed by the E~ hyperon. The £~ hyperons appear

CDF Composition oY p2Y p2Y P2

PKO3 npY 0.282 - 0.329 0.536
npY A 0.271 0.431 0.458 -

DD-ME2 npY - - 0.341 0.382
npY A - 0.358 0.366 -

only briefly, because they are disfavored due to their repulsive
potential at nuclear saturation density. This sequence of hyperon
thresholds is consistent with the recent hypernuclear CDF com-
putations of Refs. [16,26,28,30]. In the cases when A’s are taken
into account the following new features are observed: (1) The
A-threshold density could be at much lower density than that for
the first hyperon (i.e., the A). The larger the potential V(AN> the
lower the onset threshold for A’s. (2) The first A isobar to appear
is the A~, which eliminates the X~ entirely and significantly shifts
the threshold for the £~ ; the threshold of the A hyperon is also
shifted but to a lesser extent. (3) In the case of a strongly attractive
potential V5 < Vy, the A%+ resonances appear at intermediate to
high densities, in addition to the A~. (4) Electric charge neutral-
ity, maintained by baryons and leptons, implies that the onset of
the A~ not only shifts the threshold of &~ hyperons, but leads
also to a depletion of the negatively charged lepton population, es-
pecially that of muons. (5) For VA > 2/3Vy the threshold for the
onset of A’s is reached in a canonical 1.4Mg neutron star. Further-
more, the central density of the maximum-mass star is larger by
about 0.1 fm~3 than in the absence of A’s.

The inclusion of the A-isobars in the EoS of neutron stars
can impact their cooling through modifications of the direct Urca
(DU) neutrino emissivities in the star’s core. The onsets densi-
ties of the electronic versions of DU processes in purely npY and
npY A matter are listed in Table 2. We recall that for npY matter,
the nucleonic DU process (n — p + e~ + Ve) occurs only for the
PKO3 parametrization, while the hyperonic DU processes operate
for both PKO3 and DD-ME2 parametrizations as soon as hyperon
states are populated [71]. In npY A matter the early appearance of
the A~ causes a significant increase in the proton (p) fraction but
a decrease in the e~ fraction (see Fig. 2). As a result, the onset
of the nucleonic DU process is slightly shifted toward lower den-
sities for the PKO3 parametrization. This also results in a delay in
the onset of the A — p +e~ + U, process as the density increases.
The A= — A +e~ + Ve process proceeds for both parametrizations
shortly after the A’s appear, which occurs for stars with masses
M > 1.5Mg. The E= — A +e~ + V. process is absent at high den-
sity due to the very low fraction of leptons. Our speculations above
show that the inclusion of A’s may cause substantial modifications
in the rates at which neutrinos are emitted from neutron stars.
It will be worthwhile to explore these modifications in numerical
cooling simulations.

3.2. Meson-A coupling space

Having established some general trends, we would now like to
explore the parameter space in a more systematic manner. We will
still keep the isovector meson-A couplings in accord with the uni-
versal scheme, i.e., Ry(7r)a = 1.0. Instead of having Rya = 1.1 we
will now allow for variations of R,a €[0.8;1.6] and Rya — Ry €
[—0.20;0.20]. As we will see below, such a range captures the
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Fig. 3. Contour plots for the gross properties of compact stars in the parameter
space spanned by R,a and (Rsa — Rya). Shown are the: (a) maximum mass,
(b) radius of the maximum mass star, and (c) radius of a canonical 1.4M star.
The dashed lines show the constant values of the potential Vo = (1 £+1/3)Vy. The
solid line in the lower-left corner of panel (a) means that the configurations contain
A’s but have a mass equal to the purely hyperonic star. The white areas indicate
coupling sets for which no physical solutions exist. The mass and radii for purely
hyperonic matter are marked by horizontal arrows pointing at the labels. To obtain
these results we used the RHF parametrization PKO3. Analogous contour plots for
relativistic mean-field models were first obtained in Ref. [28].

most interesting region of the parameter space spanned by the
masses and radii of the models.

The three panels in Fig. 3 show the value of the maximum-
mass star, the radius of this star, and the radius of a canonical
1.4Mg star, computed for the PKO3 parametrization. Fig. 4 shows
the same quantities but computed for the DD-ME2 parametriza-
tion. The white areas indicate the range of couplings for which
the EoS is unphysical due to either a negative Dirac baryon mass
or a non-monotonic pressure. The grey pixels indicate that no
A-isobars are populated. The lines of constant values of the po-
tential VA = (1£1/3)Vy are also shown.

Figs. 3 and 4 display some common features on which we com-
ment first; we will return to differences below. It is seen that (a)
the maximum masses increase when the couplings Ry are in-
creased, i.e.,, when moving from the lower-left corner to the right.
For Rpma < 1.0, ie,, when A's interact weaker than nucleons, the
stellar masses are close or slightly below the 2M¢ limit (i.e., the
purely hyperonic case). For the parameter space considered here,
the stellar masses are consistent with the current observational
limits on pulsar masses. The heaviest stars appear when both
V is most attractive and the difference (Roa — Rya) is largest.
(b) The smallerst radii of the maximum-mass stars are located in
the region where R,a ~ 1.0 and Rsa ~ 1.1, i.e., the most massive
compact stars are not automatically also the most compact ones.
Quite generally, the radii of stars containing A’s in their cores are
smaller than the radii of their nucleonic/hyperonic counterparts.
(c) For neutron stars with canonical masses of around 1.4Mg we
find a strong reduction of the radius of about < 2.5 km. The most
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Fig. 4. Same as Fig. 3, but for the RMF parametrization DD-ME2. The grey pixels
show areas where no A-isobars are populated.

compact stars, in this case, are those for which the coupling Ry A
is maximal. This reduction may help to achieve a better agreement
of the theoretical model parameters of neutron stars with observa-
tions. Indeed the models with hyperons only produce R = 13.9 km
for a M = 1.4Mg model star, which is close to the upper range
of radii (14 km) inferred in Refs. [88,90,91]. But it fails to satisfy
the 13.2 km upper bound obtained in Refs. [89,92]. However, if
A’s are included and the coupling constants are chosen such that
RoA > Rya, the radius of the M = 1.4Mg model is sufficiently re-
duced so that the latter constrained is satisfied too.

The trends discussed above can also be seen in Fig. 4. One
sees that for the PKO3 parametrization A’s appear already for
Ryan — Roa = —0.20 irrespective of the value of Ry, while for
the DD-ME2 parametrization A’s are absent when Rya — Roa <
—0.10. This can be traced back to the differences in the isoscalar
and isovector sectors of the nucleonic CDF models [39], as it is the
nucleonic CDF model that determines the critical density of A.

We have also examined the dependence of the compact star
properties on the isovector meson-A coupling by setting VA = Vy
and Rya = 1.1 while varying Ryr)a in the range [0; 3]. (We re-
call that the VA (p)-potential is independent of R,(7)a.) We find
that modifications of the isovector couplings change the critical
densities of delta isobars (for example, an increase ~0.04 fm—3
for A~ is observed over the entire range), which changes the
particle fractions. Nevertheless, the maximum-star mass is insen-
sitive to changes in Ry(r)a. Indeed, varying R,r)a within the
bounds mentioned just above decreases the maximum mass by
only about 0.02M, for both parametrizations. The radii are almost
unchanged for the maximum-mass configurations, while they in-
crease by about 0.3 km for canonical 1.4Mg neutron stars. This is
because (a) the energy and pressure densities are dominated by
the isoscalar channels and (b) the isovector couplings vanish expo-
nentially at large densities in the present model. We conclude that
there are no significant changes in stellar parameters associated
with the variations of the isovector meson-A coupling.
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4. Summary and conclusions

In this work, we have studied models of stellar matter which
contain the full baryon octet and the delta decuplet within the
CDF theory. We have used a class of models of CDF which fea-
ture density-dependent meson-baryon couplings. The meson-A
coupling constants cannot be unambiguously constrained with the
available empirical data. Therefore we have conducted a parame-
ter study which included assumptions about the strength of the A
potential in nuclear matter and a variation of couplings of the A’s
to mesons with strength close to that for nucleons. Our results in-
dicate that A isobars may indeed appear in dense nuclear matter
for a wide range of meson-A coupling constants.

We find that the appearance of A’s softens the EoS in the low
to intermediate-density region and stiffens it at high densities. This
has two important effects on the global parameters of neutron
stars: firstly, the maximum mass of a compact star increases by
a small amount. Because the hypernuclear CDF parametrizations,
employed in this work, satisfy the 2M s maximum mass constraint,
the inclusion of A’s affect this feature only mildly. Secondly, and
more importantly, the radius of a compact star decreases consid-
erably, by about 2 km, for stars with a canonical mass of around
1.4Mg once A’s are included.

We argued above that A’s may also have a significant effect
on the thermal evolution of compact stars, because they lead to
changes in the particle concentration, which changes the thresh-
olds and efficiency of the nucleonic and hyperonic DU processes.
Furthermore, A~’'s would contribute to the emissivity of the star
via the DU process A~ — A + e~ + Ve, which has an efficiency
comparable to that of the nucleonic counterparts [33]. This process
requires coexistence of A~’'s and A’s which occurs in stellar mod-
els with M > 1.5Mg,. Therefore, a natural extension of the present
work would be to simulate the cooling of neutron stars containing
A's in their centers.
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