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We present a phenomenological model to investigate the chiral phase transition characterized by parity
doubling in dense, beta equilibrated, cold matter. Our model incorporates effective interactions constrained
by SU(3) relations and considers baryonic degrees of freedom. By constraining the model with
astrophysical data and nuclear matter properties, we find a first-order phase transition within realistic
values of the slope parameter L. The inclusion of the baryon octet and negative parity partners, along with a
chiral-invariant mass m, allows for a chiral symmetric phase with massive hadrons. Through exploration
of parameter space, we identify parameter sets satisfying mass and radius constraints without requiring a
partonic phase. The appearance of the parity partner of the nucleon, the N(1535) resonance, suppresses
strangeness, pushing hyperonization to higher densities. We observe a mild first-order phase transition to
the chirally restored phase, governed by mj. Our calculations of surface tension highlight its strong
dependence on m. The existence of mixed phases is ruled out since they become energetically too costly.
We compare stars with metastable and stable cores using both branches of the equation of state. Despite
limited lifespans due to low surface tension values, phase conversion and star contraction could impact
neutron stars with masses around 1.3 solar masses or more. We discuss some applications of this model in
its nonzero temperatures generalization and scenarios beyond beta equilibrium that can provide insights
into core-collapse supernovae, protoneutron star evolution, and neutron star mergers. Core-collapse
supernovae dynamics, influenced by chiral symmetry restoration and exotic hadronic states, affect

explosion mechanisms and nucleosynthesis.
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I. INTRODUCTION

First principle calculations on the lattice [1,2] support the
idea that hadronic matter undergoes a transition to a chirally
restored phase known as the quark-gluon plasma at high
temperatures and low baryon densities. Recently, the
existence of yet another type of chirally symmetric phase
dominated by chromoelectric interactions has been sug-
gested [3]. Despite these expectations, the precise nature
and location of this transition in the phase diagram remain
uncertain. When dealing with finite chemical potentials,
Monte Carlo techniques on the lattice are hindered by
the notorious sign problem [4,5]. Consequently, adopting
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effective models becomes the practical approach to cap-
ture the microphysics of the relevant degrees of freedom.
Perturbative QCD at finite densities is also an option but
can only be safely applied for extremely large densities,
surpassing the typical central densities of compact stars
[6-9], which are the densest known physical systems in the
universe.

In this study, our focus is directed to the chiral phase
transition occurring at high baryochemical potentials and
zero temperature. We specifically examine how the interplay
between parity doubling and hyperonization influences the
properties of neutron star matter. Chiral approaches are
employed, introducing a nonvanishing nucleon mass that
remains finite even during the restoration of chiral symmetry.
This is achieved through the mirror assignment of chirality
within the parity doublet model.

Two-flavor parity doubling models have found extensive
applications, ranging from investigations of vacuum phe-
nomenology [10-12] to in-medium studies of hot and
dense baryonic matter [13-23], with particular relevance
to neutron stars physics. Despite the depth of exploration in
the context of two flavors, investigations of three-flavor
scenarios remains relatively scarce.
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Here, we address the effects of hyperonization and parity
doubling within neutron star composition. Our approach is
built upon a prior model [24], where higher orders of the
scalar potential proved to be necessary for a good description
of nuclear physics and also to avoid the Lee-Wick instability
[25] without a dynamically generated vector meson mass
[26]. Our goal is to incorporate a chirally invariant mass
enabled by the inclusion of a negative parity baryon octet.
This understanding is pivotal for comprehending the proper-
ties of compact stars that may potentially contain chirally
restored matter. To study dense nuclear matter and investigate
the chiral phase transition characterized by parity doubling,
we have developed a phenomenological model that incor-
porates baryonic degrees of freedom and effective inter-
actions, with constraints derived from SU(3) relations. By
constraining the model with astrophysical data and properties
of nuclear matter, we find that a first-order phase transition
for reasonable values of the slope parameter L. can occur in
the core of neutron stars.

The incorporation of parity doubling in our model allows
for stable static configurations of stars with a metastable
matter core, enabling stars with masses higher than the
expected minimum mass of a neutron star formed via core-
collapse supernova [27] and around the value of the less
massive observed neutron star [28] which makes metasta-
bility related phenomena particularly relevant. A key advan-
tage of using a unified model that describes both the neutron
matter phase with fully broken chiral symmetry and the
approximately chirally restored phase is the ability to
calculate the surface tension and to determine, without
external input, the location of the phase transition and also
assess the possibility of mixed phases. This information is
essential for determining the timescales of phase conversion
via nucleation and understanding the potential signals
emitted by compact objects that can, potentially, undergo
such a phase transition.

This work is organized as follows: in Sec. II, we outline the
formalism. In particular, we briefly review the SU(2) parity
doublet model in Sec. II A, which serves as a warm up for
the SU(3) model discussed in Sec. IIB. The complete
Lagrangian is discussed in Sec. II C, stationary equations
in Sec. II D, and a discussion on how to fix the parameters is
left to Sec. IT E. We present our results in Sec. III. The final
section, Sec. IV, summarizes our findings and points to
possible future investigations and improvements within this
approach.

II. THE MODEL
A. Parity doublets in SU(2)

Our approach is based on the “mirror fermion” field
formalism [10,29], in which negative and positive parity
fermion chiral transformation properties are reversed. As an
example, take the nucleon fields under SU(2), x SU(2)g

v =V =Ly, wir— Y r=Ryp (1)

Then, we assume

W=y =Ry, wyrpoy =Ly (2)
For these fields, one can construct the following chirally
invariant mass terms

Linv = —imgPpays¥ — g, (o + iz - Tpsys)¥
— ¥ (ps0 + int - 7ys) ¥, 3)

where W is a doublet in parity space over which the Pauli
matrices p; act upon. Here, we also have the sigma field
and pions. The term proportional to m, mixes parity fields,
giving rise to a nonzero nucleon mass even when chiral
symmetry is restored.

At mean field level and defining o = (o), the part
of the Lagrangian corresponding to the mass of the fields
reads

_ [a1—9)e

: _ moys
EQXSS = (l//+v W— )
—myYs

@1+gﬁ0}'<zf>'

(4)

It is convenient to rewrite the Lagrangian in terms of mass
and parity eigenstates. This can be accomplished by the
transformation that diagonalizes the fields in parity space
defined by:

W 1 ( 65/2 6—6/27/5 )\P
V2 cosh 5 \ ey 92 '

o ( " _e_m“) (5)
V2 cosh 6 \ —e=%/2y4 e )

with & implicitly defined by sinh§ = g;6/m. In terms of
the new defined fields, we have

_ m 0
Emass =¥. |: y :| . lIJ/’ (6)
0 m_
where
my = +g06+/(g910)* + mj. (7)

B. Parity doublets in SU(3)

The inclusion of baryon parity doublets can be done, as
in Ref. [17], by considering the doubling of each baryon
field in Eq. (A3) of Appendix A, such that the mass term in
a mean-field approximation reads
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Livy = —imy Tr(Wysp,'¥) + Dgl)Tr(‘P{Z,‘P})

+ FITH(P[E, ¥]) + S\ Tr(2)Tr(PW)

+ DUTr(¥pa {2, ¥}) + F7Te(¥ps [, ¥)

+ SEZ)Tr(Z)Tr(‘i’p3‘I’). (8)
The mass matrix for each ¥;; has nondiagonal terms that

couple opposite parity states. These matrices are diagon-
alized by rotations such that

S B a2 Y
Y \/m e_(sij/z}/s e%ii/2 ij
N A LA
Y Y \/m —e_’sij/zys £%ii/2 ’

and each §;; is determined during the diagonalization
procedure analogously to what was done for the SU(2)
case (see Appendix A for details).

The masses mi“; are given as functions of the nonstrange
scalar condensate ¢ and the strange scalar condensate
¢ =(¢) field as

(2

my', = \/ (ghao + 9N + md £ ghso £+ g iC. (10a)
myY, = \/(9&26+9§f§€)2 +m}+ gulo+gu¢,  (10b)
mi, = \/(9§1{36+9(212C)2 +md £ glo+g¢,  (100)
m, = \/(9§36+9(51£C)2+M%ig(§30ig§>6- (10d)

The 16 coupling constants thus introduced, {gl(\l,)]gg]>
gg\i;, (Elj)} (i=1,2; j=o, ), are given as linear combi-

nations the 6 independent parameters DFYI), F §”, SEI), DE?),

F §2), S§2> present in Eq. (8). If one wants to respect the
structure imposed by chiral symmetry, one can choose 6 of
them freely. Choosing, as free parameters, g](\',zy gg (), gXZ the
remaining coupling constants are given by

(11a)

n 1 i i i
o9 =5 (-2 30+ 42,

i \/z i i i
B =2 (e 30240 ).

4
i \/E i i

=g <—39(Al + 29%3,), (11c)
i 3 2 i

9(22 = Tgﬁxiv (11d)

i \/z i i
géé =7 (49&2 ~ 34, > (11e)

C. Mean-field Lagrangian density

In terms of mass and parity eingenstates, the full
baryonic Lagrangian assumes the form

Lp= Z ip(irdy —mip + 7 )wip.  (12)
i,p=%

where the index i = N, A, Z, B, runs through the baryon
octet and the index p sums over parity eigenstates. The
baryon masses are denoted by m; , and read

my .+ = m}\r}.vf (13a)
mp e =mpy + (my +2my)/3, (13b)
my . = m, +my, (13c)
mz . = m& +my +m,, (13d)

where we also include explicit symmetry breaking terms in
the hypercharge direction as in [30] to improve on the
vacuum value of baryon masses and hyperon potential
depths:

Lap =—-mTr(P'V —P'W'S) — m,Tr(P'SY), (14)

where S = diag(0,0, 1).

The effective chemical potentials are affected by the
vector meson condensates. Assuming only the condensa-
tion of the fields (p}) = p, (wy) = @ and (¢y) = ¢, they
read

Koy = Hujp = INe® = Gng® T anpps (152)
Hyo = H30 = Jzo® — JspP. (15b)
Hys = Myt = Jso® = Gsp £ gs,pps (15¢)
HA = HA = 9ro®@ = Irp®P: (15d)

o)z = M=z~ Yzo® — 9zp £ ggop- (15€)

where only three of these couplings are free parameters
while the rest are given by symmetry relations (see
Appendix A). The mesonic part of the Lagrangian reads

1 1 1 1
‘CM = 50”66”6+§aﬂ§0”§—1wwa)’” —Z¢”V¢ﬂy
1

b = U0, = V(0. 0), 19
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In our approach, higher than the usual fourth-order linear
sigma potential contributions are necessary to describe the
vacuum and nuclear matter properties (see Sec. Il E), and to
assure stability. Different relativistic mean field approaches
[31,32] also find that higher-order contributions are neces-
sary to describe nuclear matter properties correctly. We
make the assumption that { = o, which is reasonable if we
take into account that via PCAC we can relate the values of
the scalar condensates to the decay constants of the pion
and the kaon via:

Ovac = [ > Cvac = \}5(sz _fzz)' (17)

This can fulfill the condition { = ¢ when considering f
around 112 MeV for pion decay constant of f, = 93 MeV,
which aligns well with the experimental value of the kaon
decay constant fx ~ 110 MeV [33]. There are two prac-
tical reasons for using this approximation: first, for all the
tested generalized potentials only an abnormal solution
with 6 ~0 and { > {y gy was found as the global minima
solution for all densities; second, for performing most of
the calculations we are concerned about, having only one
order parameter is considerably simpler. With this assump-
tion the chirally invariant piece of the vacuum potential,
Uy(0,{ = 0) = Uy(®), must be given as a function of the
invariant scalar ® = 16%. We take the Taylor expansion
around the vacuum value @, which is done by a simple
constant shift in the potential

a

Up(@) = 32 (@2 - @}, (18)
n=1 """

Taking o,,. = f, leads to

4 a. (62 — f2\n
0o =Y TG s =10 019
n—
where the parameter a; = m2 guarantees the correct pion
vacuum mass, m, = 139 MeV, and an explicit symmetry
breaking term was added to ensure that U(s) has a mini-
mum at o = f,, with the pion decay constant set to
fr =193 MeV. In this approach, the mass of the chiral
condensate is given by m2 = m2 + f2a, which for the
range of values that the parameter a, assumes in our
results yields m, ~ (500 — 700) MeV. The vacuum poten-
tial in (19) is the same adopted previously for two-flavors
[34-37] and also in Ref. [24], where hyperonization was
considered.
The vector meson potential in (16) reads

mZ m2 m2
V(va’ ¢) = 7(00)2 + 7/7'02 + 7¢¢2 + unartic(a)’p’ ¢)v

(20)

where for the vector meson masses we take m, =
782 MeV, m, =775 MeV and my = 1020 MeV. The last
term is the self interaction that introduces quartic contri-
butions, ~@*, to the vector interactions which are respon-
sible for the high density behavior of ¢? = 1/3, as was
explicitly demonstrated for isospin symmetric matter [24].
Moreover, the coupling ~w?p? yields a better agreement
with the experimental data on the value of the slope
parameter L (for a recent overview of the various estimates
for L, see Ref. [38]). The usual parametrization of the
matrix containing the vector meson fields is

0
fenoawow

1 0
V,=— - _ Pu Dy 0 | . 21
V2| Pe vt K @)
K, K;O qb,,

There are two SU(3) symmetric structures for the vector
self-interactions at fourth order in the vector fields:

unartic(wv P, ¢) = dl (TI‘[Vﬂ Vﬂ})z + d2 Tr[(vﬂvﬂ)z]

d

d
+5 (@ +p* + 607p?), (22)

where in the last line we kept only the fields assumed
to condense. In the following we set d; = 0 and denote
d = d, in line of the discussion above.

Finally, noninteracting electrons and muons are added to
the system via

'C'leptons = Zl/_/i(iyﬂay —m; + }’Oﬂi)ll/j, (23)
i=e.u

where lepton masses are taken to be m, = 0.5 MeV and
m, =106 MeV. In this work we assume that neutrinos
have mean free paths larger than the size of the system,
which in our case is the typical size of a cold neutron star
(~10 km). For this reason, they will be omitted throughout

the rest of the text.

D. Free energy and stationary equations

In the no-sea approximation (fermionic vacuum contri-
butions ignored), the standard field theory computation of
the zero-temperature free energy density leads to

Q= ~(Va? (V) = (V) + (Vo + O 1 Qo
24

with Q. defined as
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Qo = V(@.p.4) + Ulo) = Y plui.m;,)
i,p==%
_p(/’tevme)_p(:uwmu)’ (25)

which depends only on the condensates themselves, not
their derivatives, being the part of the potential that
determines the homogeneous solution. The electric charge
is denoted e and, in Heaviside-Lorentz units, has a value of
e ~0.3. In Eq. (25) the partial pressures have the form

O(u,m) [ (2 kp+p
=g {<§k%—m2kp>,u+m4ln<7 .

(26)
with the Fermi momentum ky = /u?> — m>.
The chemical potentials for each baryon are not inde-

pendent, but in three-color QCD they are fundamentally
related to the three chemical potentials of u, d and s quarks.
The condition of electroweak equilibrium makes it possible
to narrow this freedom down to two chemical potentials:
Ug, related to the baryon number density, and p, (4, = p,,
in beta equilibrium), related to the lepton number density
that will affect only the charged baryons, such that:

ppu,m)

Hn = Hso = Hp = Hzo = U, (27a)
Hp = Hz+ = Hp = He, (27b)
Ps- = pz- = Hp + He- (27¢)

independent of the parity of the baryonic state. From the
free energy density of Eq. (24), we derive the following
Euler-Lagrange equations

0Q  oU
2
Vo= "o " i;igiansi.p, (28a)
0Q oV
Vo= T M- 28b
Y= w ow l_pzziglwnl.p (28b)
0Q aV
2
-V =~ ot Z GigMi.p» (28c¢)
Q. av
Vs ng np (284
p i,p=
where
ni, = n(u;,m;,), nyip = n(uimi,),  (29)
with

op m [k Kdk
”s(ﬂ,m):—a—m:(a(ﬂ—m)p . Vet
_ _ m ) kF +,Ll
=0O(u m)zﬂ_2 (kF,u m*In - ), (30a)
) =22 = (u—m) 22 (300)
bl - = m P
# ou # 3n?

We can also derive a Euler-Lagrange equation for g,

Vu, oQ
2 op Thp, T Mp. T Mz = N o My Ny
+ ng- +nz- +n, +ny, (31)

such that local electric charge neutrality corresponds
to V2u, = 0.

E. Parameter fixing

In this section we explain how the free parameters of
the model are fixed to reproduce properties of the vacuum

and of isospin symmetric nuclear matter at saturation (see

Appendix B for more details). The parameters g,(\%;, gg and

95\26) are fixed by the vacuum mass splitting between parity

partners for N, A and X baryons [Egs. (10a)-(10c), for
{ =0 =f,]. The mass of the negative parity partners
are usually assumed to be mVN*fC_ = 1535 MeV, my'¢ =
1750 MeV and m}\fc_ = 1670 MeV. Other assignments are
also possible since the experimental data shows multiple
resonances that could potentially be identified to the chiral
partners of the baryon in the baryon octet [33,39].

One still has to fix the values of 12 other parameters:

1 1 1 .
Clz, a3’ a49 d9 gNan ng’ quﬁ’ 95\12, g;a)y gi\o)., ml, m2. ThlS set

of parameters will be fixed with the help of 9 properties of
isospin-symmetric nuclear matter at saturation and the 3
vacuum masses my', = 939 MeV, my*] = 1190 MeV and
my, = 1116 MeV. The nuclear matter properties to be
considered are: the binding energy Ez = 16 MeV, saturation
density ny=0.15fm™3, symmetry energy S=230MeV,
slope of the symmetry energy L ~ (40-70) MeV, effective
nucleon mass at saturation M =~ (0.55 — 0.75)my, , incom-
pressibility at saturation K = 260 MeV, and the hyperon
potential depth U, = —30 MeV. We also fix Uy = 20 MeV
and Uz = —20 MeV. We checked that mild modifications
are found if we instead consider other values for hyperon
potentials within Uy € [0,30] MeV and Uz € [-30, 0] MeV.
These values have been selected by considering experimental
evidence that makes reasonable placing the U, value near
—28 MeV and the Uz values near —20 MeV (albeit with less
certainty). Although the Uy values remain uncertain, it is
noteworthy that £ baryons are absent in hypernuclei bound
states. This observation provides support to the notion of
a repulsive, positively valued optical potential. For recent
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TABLE L.

Values of couplings, critical potential of the phase transition s, strangeness onset potential g and masses mz ., , mg _, my,

m, for four different choices of Dirac mass at saturation M, and the invariant mass m,. In all cases, the slope parameter L = 70 MeV,
while K = 260 MeV and S = 30 MeV are fixed. The hyperon potential depths are fixed to Uy = 20 MeV and Uz = —20 MeV.

Sets  My/My my [MeV] gy, 5o 9re 9INe Ing Inp He [MeV] pg [MeV] mz . [MeV] mg_ [MeV] m; [MeV] m, [MeV]

Green 0.59 410 125 94 119 133 59 45 1050.6 1402.3 1330.2 1845.2 506.7 62.7
Blue 0.62 410 125 92 119 125 53 44 10474 1421.2 1330.3 1845.3 521.2 62.5
Red 0.62 460 123 94 11.8 11.5 58 3.6 1097.1 1402.9 1330.4 1845.4 496.4 68.9
Black  0.65 460 123 9.0 11.6 11.8 48 4.4 1093.5 1419.5 1330.5 1845.5 512.6 67.0

research and comprehensive discussions regarding hyper-
nuclei physics and its relevance to neutron star physics, see
Refs. [40-47]. The rest of the couplings are all determined by
the SU(3) relations (11a) and (AS8). In our approach the
masses of the cascade baryon m%*{ and its parity counterpart
mz' are both determined after the parameter fixing. For the
parameters adopted here, mg*, ~ 1330 MeV (see Table I)
which is in good agreement with usually adopted mean
masses of 1318 MeV. The value of mg* in our approach
is mg'® ~ 1845 MeV.

At high densities, the low-energy properties of matter
provide limited information, and it is unreasonable to expect
that the relevant degrees of freedom are the same as those in
confined matter. At some point, partonic degrees of freedom,
as predicted by perturbative QCD, become relevant. To
overcome the lack of experimental microphysics input at
high densities, we incorporate constraints from astronomical
observations, which significantly restrict the high-energy
portion of the equation of state derived from our model (more
on this matter in the next section). Furthermore, we enforce
the condition that, at asymptotically high densities, the speed
of sound approaches the conformal limit of ¢2 — 1/3.
Within our model, this is achieved through the quartic
self-coupling of the vector meson.

III. RESULTS

A. Parameter space

We narrow down our parameter space by selecting values
that allow for the existence of stable star configurations with
masses of at least 2.0 solar masses. We solve the Tolman-
Oppenheimer- Volkoff equations using as input the equation
of state (EoS) obtained via the usual thermodynamic relation
€ = —P + ugnp for densities higher than 1.1 n,. For lower
densities, we adopt the EoS proposed by Hebeler et al. [48].
Although the use of this low-density chiral effective theory
EoS has anegligible impact on the maximum mass of neutron
stars, it provides significant corrections to the radii, particu-
larly for the less massive stars [49-52]. Therefore, it is
reasonable to impose additional constraints on the parameter
space by considering recent constraints on the radii of
neutron stars. We specifically select parameters that lead
to neutron star families falling within the one-sigma error
bars of the measured radii of 1.4M, and 2.0M stars
consistent with the analyses conducted in Refs. [53-56]

using data from NICER on the pulsars PSR J0030 + 0451
and PSR J0740 + 6620. This approach allows us to identify
the different qualitative characteristics that emerge from the
possible parameter choices within reasonable experimental
and observational constraints. In our analysis, we primarily
focus on varying key properties, namely the effective mass at
saturation M, the invariant mass m and the slope parameter
L. These parameters have a significant impact on our results
and are responsible for the most pronounced changes. For
simplicity, we only vary these parameters as minor mod-
ifications within their experimental uncertainty range. The
remaining nuclear properties yield negligible changes in our
final conclusions.

For a given baryon chemical potential, we solve the
stationary equations [ignoring the Laplacian contribution in
Eq. (28)] for homogeneous meson condensates, incorpo-
rating the equation of local charge neutrality and enforcing
beta equilibrium. Figure 1 displays the M x m, parameter
space for three values of L = 65, 70 and 80 MeV, respec-
tively. The parameter space is limited from above by the
condition that the potential U(c) remains bounded, which
translates to the requirement that parameter a4 in Eq. (19) is
greater than zero. The excluded region are shaded in gray.
The blue region corresponds to parameters that lead to star
masses and radii within the astrophysical constraints. The
red region represents parameter values for which the chiral
restoration occurs via a Crossover.

A crossover can be attained for the highest values of
effective mass M, and invariant mass parameter m,, being
restricted to the upper right part of the parameter space in
all cases. Its intersection with the astrophysical region
becomes smaller for lower values of the slope parameter L.
For L <70 MeV, and therefore toward more realistic
values of the slope parameter, the astrophysical constraints
become incompatible with a crossover. We also observe
that lower values of L tend to drag the blue region toward
lower values of M, and higher values of m for each
given M,,.

To exemplify the different ways that chiral restoration
can take place in the model, we take four points in the
allowed parameter space, corresponding to the asterisks in
the middle panel of Fig. 1, with L =70 MeV, and with
values of M and m, in Table I. We also show the critical
chemical potentials for the first-order phase transitions
and the potential for the onset of strangeness, p,. and ug,
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FIG. 1.

350

0.65 0.70 0.75 0.55 0.60 0.65 0.70 0.75
Mo/My

Mo/My

From left to right the parameter space for L = 65, 70 and 80 MeV. In all panels the blue region corresponds to parameters that

satisfy the astrophysical constraints, the red region corresponds to parameters that lead to crossovers. The gray region leads to a unstable
vacuum potential with a4 < 0. The asterisks mark the sample sets of parameters of Table I.

respectively. In all cases, the negative parity baryons just
onset at the (approximate) chiral restored phase being
present already just after the transition, which implies that
the density of negative parity partners serves as a order
parameter for the transition, being zero at the chirally
broken phase and nonzero at the chirally restored phase. We
also provide the corresponding m and m, parameter values
related to explicit symmetry breaking in the hypercharge
direction introduced in Eq. (14). The significant m, values
indicate a considerable strange quark bare mass. As our
focus is on understanding the broad phenomenological
effects of the interplay between parity doubling and
hyperonization, we anticipate our outcome to be only
qualitatively similar to a more realistic model with a
realistic strange quark mass (m; = 95 MeV). In this con-
text, we prioritize the accurate representation of nuclear
properties, such as baryon masses and hyperon potential
depths, rather than emphasizing the reproduction of bare
quark masses, which are not even treated as degrees of
freedom in our approach.

Figure 2 illustrates the behavior of the scalar condensate
as a function of the chemical potential for iz > 980 MeV,
which corresponds to a baryonic density of 1.1 ny in all
cases. The figure includes stable (solid lines) and spinodal

50
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FIG. 2. Scalar condensate as a function of baryon chemical
potential for the four parameter choices of Table I. Solid (Dashed)
lines correspond to stable (metastable) solutions in each case.

curves (dashed lines). The turning points where the first-
order transition occurs are marked with dots. In all cases
the high density phase is just approximately chirally
symmetric, approaching ¢ = 0 only for very high chemical
potentials, which is expected since there are explicit chiral
symmetry breaking terms in the Lagrangian.

A remarkable aspect of the model presented in Ref. [24],
which did not consider parity doublets, is its implication for
the formation of massive stars. In that context, stars with
2.0 solar masses can only be formed when a robust and
early first-order phase transition takes place, resulting in
stars predominantly composed of chirally restored matter.
However, with the inclusion of negative parity baryons, the
chiral phase transition, while remaining first-order, gains
the flexibility to manifest in different regions of the phase
diagram. When examining curves that share the same
invariant mass and yet exhibit different effective nucleon
masses, it becomes evident that the main parameter
influencing the critical potential for the phase transition
is the magnitude of the chiral invariant mass m, assuming
larger values for larger values of m. Furthermore, varia-
tions in the nucleon effective Dirac mass M, appear to
directly impact the jump in the order parameter Ao during
the phase transition, with Ao consistently increasing as M,
increases. This observation suggests that adjusting the
values of the invariant mass within the blue region of
Fig. 1 allows for precise tuning of both the position and
the magnitude of the phase transition. This “tuning” feature
can be used to explore different phase transition scenarios
within the same model, all consistent with the same
experimental constraints.

The invariant mass, represented by m, plays a pivotal
role in quantifying the contribution of chiral symmetry
breaking to the generation of baryon mass. A higher
invariant mass signifies that the chirally restored phase
primarily consists of massive baryons. On the other hand,
as my — 0, the chirally restored phase becomes dominated
by lighter, almost massless baryons. In a broader perspec-
tive, m may arise through the condensation of scalar fields,
such as the glueball condensate [11,57]. If the theory
exhibits dilatation invariance, we would anticipate m to
vary with density, decreasing as density increases. In our
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present context, our approach can be viewed as a “frozen
glueball” description, where we neglect any density depen-
dence of the glueball condensate. The running of m and its
connection to the trace anomaly of QCD and deconfine-
ment will be postponed to a later work. With this in mind,
our focus in the subsequent section of this study will solely
be on the value of M,/My = 0.65, corresponding to the
black set of parameters.

B. Surface tension

1. Domain wall

The surface tension is determined by the classical
configuration that connects different homogeneous phases
[24,34,35,58-65], as specified by Eq. (28). In the specific
case of domain walls, the surface tension is well-defined
as the energy difference per unit area between the con-
figuration of the domain wall and the homogeneous
configuration of each phase. Essentially, the surface tension
represents the energy cost associated with transitioning
from the first minimum to the second minimum by
following a path in configuration space that satisfies the
equations of motion. The domain wall solution can be seen
as the critical bubble solution when its radius approaches
infinity, particularly applicable in the immediate vicinity of
the phase transition.

In the domain wall geometry, the Euler Lagrange equa-
tions become one-dimensional. Thus, one can make the
simplification V> — d?/dx? in Eq. (28). To solve the system
of differential equations at the phase transition, we employ
the numerical method of over-relaxation with boundary
conditions b + (x = +o0), where b = (0, w, p, ¢, pe). At
first glance, one might consider using the degenerate
solutions at the phase transition as boundary values.
However, a subtle issue arises due to the disparity in lepton
chemical potential between the phases connected via a
Maxwell construction, despite having identical pressure.
Interpolating between these lepton chemical potential values
would imply the presence of a nonhomogeneous lepton
background across the interface region, which contradicts
expectations during nucleation timescales that should be
much smaller than the typical timescales associated with
electromagnetic forces. To address this problem, we set 4, to
its value in the chiral broken phase y, ,groken- This decision is
based on our primary focus being the nucleation process of
the chirally restored phase within the predominantly chirally
broken phase. Subsequently, we search for the chirally
restored solution that possesses the same lepton chemical
potential. Although this adjustment slightly modifies the
critical value of the baryon chemical potential for the phase
transition, it ensures that, when calculating the surface
tension, we interpolate between condensate solutions
embedded in a homogeneous lepton background.

Once the numerical solution is obtained, the surface
tension is computed as
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FIG. 3. The surface tension as a function of m, in the domain

wall setup for both lepton chemical potentials at the phase
transition. The region shaded in yellow corresponds to the values
of the invariant mass that satisfy astrophysical constraints. On the
other hand, the region shaded in blue indicates values of m for
which nuclear matter exists solely as a metastable solution and
the chirally broken phase used in the surface tension calculation is
the vacuum phase.
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+Q(x) — Q(:I:oo)} : (32)

To evaluate the error in the choice of lepton chemical
potentials, we also conduct the same calculation using
the lepton chemical potential of the chirally restored phase
He yRestored- Figure 3 exhibits the surface tension as a func-
tion of the invariant mass for both charge chemical
potentials. The yellow-shaded region represents the invari-
ant mass values that meet astrophysical constraints, while
the blue-shaded region corresponds to values of m, that
lead to nuclear matter existing solely as a metastable
solution. For the case of metastable nuclear matter, the
surface tension is computed by connecting the vacuum
phase, where all baryons have their vacuum masses, directly
to the chirally restored phase. Both calculated surface
tensions exhibit similar values when m, assumes essentially
the same magnitude for my > 400 MeV, with the chirally
broken chemical potential yielding slightly higher values
for Z. In the region of 225MeV <my<400MeV, the
He yRestored TESUILs in a higher surface tension value relative
to the values associated with y, ,groken- In the bluish region,
the behavior is reversed, with the chirally broken chemical
potential leading to larger values of X after a jump occurring
at the point where nuclear matter ceases to be stable. This
jump is associated with a corresponding leap in the values of
the lepton chemical potential, shifting from a finite value
for my > 225 MeV to exactly p, = 0, which represents the
vacuum value. Interestingly, achieving physical masses and
radii for neutron stars requires very low values of surface
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tension. These values are approximately an order of magni-
tude smaller than those previously calculated in works such
as [34,35,66-69], where no parity doubling was considered.
The reduced surface tension values directly stem from the
fact that the energy density discontinuity connecting the
phases is much less pronounced when the baryonic species
remain massive in the chirally restored phase, which explains
the monotonic decreasing behavior of its value with respect
to the invariant mass.

2. Bubbles

To estimate the behavior of the surface tension in the
spinodal regions, where the nucleating critical bubble
assumes a finite size, we assume spherical symmetry
[58—65]. The critical bubble profile is obtained by solving
Eq. (28) with V2 — d?/dr* +2d/dr for the specific
boundary conditions: b(+00) = (64, @eos Poos Poo)» alONg
with the condition 4 |,_ = 0. Here, b(+c0) represents the
solution of the homogeneous equations corresponding to
the metastable phase, which have a higher free energy. The
values of the condensates at the center of the bubble are
dynamically determined via a shooting method algorithm.

To calculate the bubble profile for a single field, the
standard semiclassical approach [61] is mathematically
equivalent to the problem of a point particle moving along
a potential valley under the influence of a time-dependent
viscous force." To leverage this approach, we utilize the
“one-condensate approximation” described in Ref. [34].
This approximation involves neglecting spatial derivatives in
Egs. (28b)—(28d), allowing us to solve these three equations
for (w(0), p(0), ¢(0)) for a given o value. Consequently, the
Euler-Lagrange equation for the ¢ condensate simplifies to a
straightforward second-order differential equation:

do 200 30 )
r rdr Jdo
where Q = Q(o, w(0), p(0). ¢(0), i, ) represents a function
that depends solely on the ¢ condensate. We fix the lepton
chemical potential at its values within the chirally broken,
metastable phase in the same fashion performed previously,
in the case of the domain wall.

In the one-condensate approximation, we define the
bubble surface tension as

e [ o)) )]
(34)

Figure 4 illustrates the behavior of the surface tension
in the spinodal region, which has been normalized by the

'Notice that one is lead to the euclidean space and the
“Newtonian dynamics” happens in the inverted potential [61].
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FIG. 4. Surface tension of bubbles in the spinodal region for
mg = 250, 350, 450 MeV. Red squares mark the corresponding
domain wall solution at the phase transition.

corresponding critical chemical potential p. in each case.
Since the critical bubble size diverges at the phase
transition, the bubble computation is initiated at p. +
2 MeV toward the end of the spinodal region, where
2 = 0. The solutions obtained within the domain wall
approach, with u, = U, groken, are denoted by the red
squares, serving as a consistency check between the
numerical methods employed. One can see a clear agree-
ment between the results obtained from both approaches,
validating their reliability. Higher values of m correspond
to narrower spinodal regions and smaller magnitudes of X.

3. Mixed phases

So far, we have described a first-order phase transition
using the Maxwell construction. However, due to the
relatively low values of surface tension observed in the
previous section, there is a possibility that mixed phases,
rather than homogeneous matter, could emerge. For
my = 460 MeV, the value of surface tension is X =
0.32 MeV/fm? as seen in Fig. 3. To explore this possibility,
we adopt the Gibbs construction, relaxing the local charge
neutrality condition to global conditions.

In the Gibbs construction, we disregard the Coulomb and
surface energies of the crystal structures and focus on
calculating the energy for solutions with a nonspecified
structure but with a chirally restored volume fraction y,
with y € [0, 1]. The free energy density of the homogeneous
solution (red curve) relative to the Gibbs constructed
heterogeneous phases (black line) is illustrated in Fig. 5.
The dotted line marks the critical baryon chemical poten-
tial. We observe that the Gibbs constructed phase is only
slightly favored when compared to Maxwell constructed
solutions.

Including the Coulomb and surface corrections to the
Gibbs solutions and searching for specific structures of
various sizes—such as cylinders, rods, and bubbles—that
minimize the free energy density per unit volume, we find
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FIG. 5. Free energy densities of mixed phases (purple curve)

and homogeneous phases (red curve) relative to the Gibbs con-
structed solutions (black horizontal line) for ¥ = 0.32 MeV /fm>.
The dotted line marks the critical baryon chemical potential.

the mixed phase solution represented by the purple curve
in Fig. 3. Nevertheless, it becomes evident that despite
the low values of surface tension, homogeneous phases are
still energetically favored over mixed phases in this model.
This outcome is attributed to the minimal energy gain in
constructing heterogeneous phases, as demonstrated by the
marginal difference in energy density between the Gibbs
and Maxwell constructed phase transitions.

This finding should be compared to the previously
encountered mixed phases found to be favored in neutron
matter near the chiral phase transition [35]. The introduction
of hyperons is expected to hinder the occurrence of mixed
phases, as the additional baryonic hyperon degrees of free-
dom alleviate the energy cost of isospin asymmetry in
charge-neutral homogeneous phases, lowering their energy
cost in relation to the Gibbs solutions. The same effect
occurs, for example, in hadron-quark mixed phases [70]. In
this study, we observe a different scenario, where the mixed
phases consist of a chirally broken nucleonic phase and
chirally restored parity-doubled neutrons (see the left panel
of Fig. 6). Hyperons only appear at significantly higher

0.500

£0.100}
F 0.050 F

0.010 }-
0.005

densities, so they cannot explain the disappearance of mixed
phases. Apart from these differences, parity doubling and the
presence of an invariant mass my also act to prevent the
formation of mixed phases.

C. Neutron stars

1. Hyperonization and parity partners

In this section, we present our results regarding the
impact of parity doubling on the composition of neutron
stars and the stiffness of the equation of state. Figure 6
compares the resulting particle fraction with and without
parity doubling for zero-temperature, beta-equilibrated
matter using the same parameters of My/M, = 0.65 and
mg = 460 MeV. On the left panel, we prevent the appear-
ance of negative parity partners by decoupling the negative
baryon states by assigning an extremely high mass to these
states. As a result, their onset are artificially pushed to very
high chemical potentials. On the right panel, we allow the
onset of all parity partners by keeping their vacuum masses
as described in Sec. IIE. We observe that the inclusion
of negative parity states induces a first-order phase tran-
sition (marked by the blue band), with the N(1535) partner
of the neutron emerging as the second most abundant
baryonic state immediately after the phase transition.
Additionally, the onset of strangeness, indicated by the
presence of X baryons, is shifted to significantly higher
densities, transitioning from approximately ng/ny = 3.02
to ng/ng = 4.68. Moreover, the particle fraction of strange-
ness is reduced in relation to the amount of its value in
when parity doubling is excluded, going from around 10%
to around 7% at the maximum density achieved by the most
massive stable stars built using the corresponding equations
of state, which corresponds to the red vertical red line in the
figure. We also observe that this line is pushed to higher
densities when parity doubling is considered, which makes
the cores of those stars more densely packed with baryons.

To distinguish between the impact of parity doubling and
hyperonization on the equation of state (EoS), we compare

0.500

E”‘ 0.100

= 0.050

0.010}"
0.005

ng/ng

FIG. 6. Particle fractions for My/My = 0.65 and my = 460 MeV. On the left panel, parity partners are decoupled and matter consists
solely of the baryon octet and leptons. On the right panel all parity partners are included. The blue band represents the discontinuity
associated with the phase transition, while the red vertical lines indicate the maximum density reached within the interiors of the most

massive stable stars built using the respective equations of state.
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FIG. 7. Comparing parity doubling and hyperonization effects on the EoS. Left panel: EoS for nucleons and N(1535) states, revealing
pressure reduction with parity doubling onset due to increased degrees of freedom post-transition. Parity doubling maintains consistent
EoS slope through identical vector meson coupling. Right panel: Hyperonization-induced softening, stronger with rising strange baryon

presence. Both positive and negative parity baryons were included.

Weak hyperon-vector coupling eases repulsion, lowering pressure

and speed of sound. All EoS were computed for the same parameters and couplings.

these two scenarios in Fig. 7. On the left panel, we present
the EoS considering only nucleons and allow for the
appearance of N(1535) states but no hyperons. Just after
the phase transition, when the N(1535) states onsets, the
parity doubled EoS has less pressure for the same energy
density of the case without parity doublets, which is related
to the fact that after the transition the system has more
degrees of freedom to fill up as the chemical potential rises.

A significant aspect of parity doubling within this model
is the preservation of a relatively consistent slope in the
EoS, similar to the scenario involving only nucleons. This
uniformity arises due to the identical coupling with the
vector meson sector for both parity-based baryonic states.
Consequently, the contribution of N(1535) to the repulsive
component of the nuclear force becomes comparable to
that of the nucleon. Correspondingly, when considering
a specific energy density, the speed of sound squared,
denoted as ¢? = %€, remains indistinguishable between the

=2
two setups. On the right panel, we observe softening caused

by the onset of hyperons with the inclusion of both positive
and negative parity baryons. In this case the onset of
strangeness is continuous and the softening becomes more
pronounced as the fractional amount of strange baryons in
the system increases for higher energy densities. This
progressive softening stems from the fact that hyperons
tend to couple weakly to the vector sector alleviating the
repulsion and, consequently, the pressure. This results in a
decrease in the value of ¢2 as pressure increases, in contrast
to the scenario where strangeness is absent. It is important
to note that all equations of state were computed using the
same parameters, which leads to the same couplings. Also
notice that the softening resulting from hyperonization
occurs relatively late. This delay is due to the fact that parity
doubling, as explained previously, tends to push hypero-
nization to higher densities.

The stellar configurations corresponding to the equations
of state (EoS) shown in Fig. 7 are depicted in Fig. 8. The
gray ellipses represent the results of combined one-sigma
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FIG. 8. Mass-radius diagrams from EoS in Fig. 7. Gray ellipses: one-sigma confidence NICER radii measurements. Black bars: radii
at 1.4 and 2.0 solar masses. Left: softening due to parity doubling, affecting larger stars; minimal impact on 1.4 solar mass stars. All
curves stay NICER data compatible. Right: hyperonization across baryon octet, both parities. Hyperons at high densities impact > 2.0

solar mass stars, suggesting small hyperonization core region.
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confidence analyses extracted from the studies [53-56].
The black bars indicate the radius values of 1.4 and 2.0
solar masses.

On the left panel, the EoS exhibits a noticeable softening
effect due to parity doubling, particularly in the context of
nucleons. This softening effect has a more pronounced
impact on the more massive stars, whereas it has a minimal
effect on the 1.4 solar mass star, which has a relatively
small chirally restored core. Despite this overall reduction
in radii, none of the curves deviate to an extent that would
render them incompatible with NICER data. In our analy-
ses, this compatibility is represented by a mass-radius
configuration that remains within the elliptical regions.

In contrast, the right panel illustrates the inclusion of
hyperonization across the entire baryon octet, incorporating
both parities. The inclusion of hyperons does not lead to a
significant alteration in the maximum mass when parity
doubling is present. Hyperons emerge only at high den-
sities, thereby impacting solely the most massive stars with
masses exceeding 2.0 solar masses. Consequently, in this
scenario it is anticipated that only the most massive stars
will have a small core region where hyperonization
can occur.

In Fig. 9, we compare the increased repulsion within the
system for a given density. As in this work we assume that
negative parity partners couple in the same way with the
vector meson sector, these curves are identical for corre-
sponding parity partners. The vertical red line indicates
the maximum density achieved in the most massive stable
star. Additionally, the vertical dotted line represents the
onset of the X~ baryon, the only hyperon that onsets in our
model. For a single condensate, e.g. @ condensate, a simple
comparison between g;, suffices. However, given the
presence of p and ¢ condensates, the plotted quantity
serves to quantify the increased repulsion within the system
as the number of the ith species is increased. This analysis
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FIG. 9. Y-axis: g ,@ + i pp + Gip + Hicharee» With i = n, p, 2.
A vertical red line indicates the maximum density achieved in the
most massive stable star. Additionally, a vertical dotted line
represents the onset of the X~ baryon, the sole strange baryon
onset in our model. The plotted quantity serves to quantify the
increased repulsion within the system as the number of the ith
species is elevated for a given density.

provides insight into the dynamic interplay of the repulsive
forces introduced by each species in the system. The figure
makes it clear that the addition of X~ baryons contributes
significantly less to the overall repulsion of the system
than the addition of nucleons (and their parity partners).
Supporting the main conclusion, while both hyperonization
and parity doubling soften the equation of state due to the
extra Fermi levels available, hyperonization softens rela-
tively more when it comes to repulsive interactions alone.
As parity doubling tends to push hyperonization to occur at
higher densities, its net effect is to stiffen the EoS when
compared to what is expected from hyperonization alone,
without parity doubling.

2. Metastable cores

The advantage of having a single description for both the
chirally restored and chirally broken phase is that phenom-
ena associated with metastability and their timescales can
be investigated in a unified framework. We see from Figs. 2
and 4 that, in the cases where the chiral restoration occurs
via a first-order phase transition, the spinodal region can
extend through a considerable range of baryon chemical
potential. In Fig. 10 we show the resulting family of
stars obtained by solving the TOV equations for the EoS
corresponding to the black parameter set of Table 1. If we
follow the thermodynamically stable branches through the
phase transition, we branch off of the neutron star curve by
following the chirally restored branch. We obtain hybrid
stars, shown by the orange curves in Fig. 10, i.e., stars with
a chirally broken mantle and a chirally restored core. If
instead we follow the thermodynamically metastable sol-
ution after the phase transition we obtain the purple curve,
where all the star is formed by matter in its chirally broken
phase, but in the core matter is in a metastable phase (see
Fig. 10). The orange band highlights the mass range at
which both solutions are possible and we can encounter this
mass degenerate star configurations. These bands begin
when the critical central pressure for phase transition is
reached at the center of the star and end where the
metastable branch reaches the spinodal point and no
metastable solution exists for greater central pressure.

The gravitational and baryonic masses are defined, as
usual, by [71]

M(r) = 4n / "e(r)rar, (35)
0
so that the gravitational mass is defined as M; = M(R) and

My= > Ap,ms, (36)
i,p=%

with the baryonic number for each species A; , given by

R 2M(r)\~1/?
A, 547171 <1 - r(r)) rp; ,(r)dr. (37)
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FIG. 10. Left panel: mass-radius relations for the stable and metastable branches, distinguished by the orange and blue curves,
respectively. The shaded orange band represents the mass range within which both configurations coexist. The gray ellipses correspond
to constraints from NICER with black bars marking radii of 1.4 and 2.0 solar mass stars. Right panel: baryon density vs. star radius for
stars with an identical baryonic mass of 1.3 solar masses. These stars are built using solutions from both branches of the equation of

state, resulting in distinct density-radius profiles at the core.

Since no known physical process violates baryon num-
ber conservation in compact stars, M, should be conserved
in isolated stars. Thus, the difference between baryonic
mass and gravitational mass can be used as a measurement
of the binding energy of the star B = M, — M. We have
checked that for the same baryonic mass the change in
gravitational mass associated with the core phase conver-
sion is $0.02% as shown on the left panel of Fig. 11 for
the metastable stars and for the completely stable stars
corresponding to the orange band of Fig. 10. This energy
difference, associated with the change in binding energy,
could in principle drive a late heating and late emissions
from the star, depending on the timescales for the phase
transition. On the right panel of Fig. 11, the difference in
radii between metastable and stable stars as a function of
baryonic mass is shown. We see that metastable stars are
only slightly larger than the correspondingly (same gravi-
tational mass) stable stars, and the order of magnitude of
the radius difference is AR <20 m.
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FIG. 11.

Given the relatively small values of surface tension, as
seen in Sec. III B, it is not unreasonable to anticipate that
these metastable stars would have a limited lifespan.
Nevertheless, the metastable phases can be relevant in
the early development of protoneutron stars. Additionally,
the relatively short timescales involved indicate that, in
scenarios characterized by dynamical processes, where
localized areas can undergo destabilization due to fluctua-
tions in pressure or lepton number, the transition from a
state of chirally restored matter to a state of chirally broken
matter (or vice-versa) would be constrained primarily by
the timescales of weak decay that drives beta equilibration.

To illustrate this point, consider the case of a neutron
star undergoing vibrations. These oscillations lead to varia-
tions in pressure, with the response differing according to
the timescales of phase conversion. Another instance in
which such dynamical configurations can manifest is in
the aftermath of compact star mergers and in core-collapse
supernovae. In these scenarios, regions of lepton-rich matter

— Metastable Branch
13.35}f b
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13.34 | B
E
= 13.33¢ b
13.32f b
13.31F E
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Gravitation mass (left panel) and radius (right panel) for star configurations with the same baryonic mass. Both branches

correspond to the metastable and stable EoS obtained for parameters My/My = 0.65 and m, = 460 MeV.
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can stabilize areas of chirally broken symmetry. As the
system cools and progresses toward lower leptonic densities
and temperatures, these regions can destabilize, and tran-
sition to the chirally restored phase in a timeframe deter-
mined by weak interactions.

IV. SUMMARY AND OUTLOOK

We have investigated the impact of chiral symmetry res-
toration through parity doubling in beta-equilibrated cold
matter. To achieve this, we built a chiral Lagrangian that
incorporates the baryon octet and their corresponding
negative parity partners. A crucial aspect of this approach
is the enabling of a chiral-invariant mass m,, which is
possible because of the specific way the opposite parity
baryon fields transform. Consequently, the chirally sym-
metric phase is not solely composed of massless baryons.
Our model was calibrated to reproduce nuclear matter
properties at saturation density. By exploring the parameter
space, we identified certain parameter sets that satisfy the
mass and radius constraints imposed by recent astronomi-
cal observations without the need to include a quark
matter phase.

The early onset of the N(1535) resonance, which occurs
immediately after the phase transition, inhibits strangeness
formation and leads to hyperonization at higher densities
compared to standard chiral restoration schemes for bar-
yonic matter, which constitutes another solution to the
“hyperon puzzle” problem.

We found a relatively subtle first-order transition into the
chirally restored phase, with position of the critical density
and energy density discontinuity mainly dictated by the
chiral-invariant mass m,. The corresponding surface ten-
sion is one order of magnitude smaller than prior results
using similar baryon-meson approaches. It exhibits a strong
dependence on the value of m,, given its direct correlation
to the alteration in effective baryonic mass across the phase
transition. We employed the Maxwell construction, which
remains applicable even for low surface tension values. Its
validity stems from the energy associated with forming
mixed phases, predominantly governed by the Coulomb
contribution arising from the global charge neutrality
condition. This condition favors the existence of a sharp
interface between phases at the critical chemical baryon
potential.

Investigating the impacts of parity doubling and hypero-
nization on the EoS led us to conclude that parity doubling
significantly influences stellar radii of the most massive
stars, generally causing their reduction. However, this effect
is not big enough to be resolved by NICER measurements
since the change in radii is smaller then the one-sigma
ellipses.

By utilizing both the metastable and stable branches of
the equation of state, we compared stars containing a
metastable core to those composed exclusively of the most
stable homogeneous solutions. Despite the apparently short

lifespans for these metastable cores at finite temperatures
due to their low surface tension values, the phase con-
version and subsequent contraction of stars could poten-
tially influence dynamical phenomena in neutron stars with
masses around 1.3 solar masses or greater. In dynamical
scenarios, where local regions could destabilize due to
pressure or lepton fluctuations, the transition between
chirally restored and chirally broken matter depends on
weak decay timescales. For example, neutron star vibra-
tions induce pressure changes with responses based on
phase conversion timescales. Similarly, after compact star
mergers and in core-collapse supernovae, lepton-rich zones
stabilize chirally broken symmetry areas. As systems cool
and densities drop, these stable regions may destabilize and
shift to the restored phase in a time frame controlled by
weak interactions. A detailed calculation of these time-
scales will be left for a future investigation.

One generalization of this model concerns the physical
interpretation of the chiral-invariant mass m,. Possible
dynamical ways of generating this term come from inter-
actions with tetraquark condensates and the gluon con-
densate [11,57]. Additionally, the inclusion of the ¢
condensate as an independent parameter, or the consid-
eration of different monotonic functions (o) = f(o)
instead of simple identification, is desirable.

Another relevant issue involves the inclusion of the
vacuum contribution, commonly referred to as the “Dirac
sea.” This contribution is usually disregarded within relativ-
istic mean field models applied to neutron stars and nucler
physics, since vacuum effects were shown to have minimal
impact on the equation of state [72]. However, in a variety of
models involving chiral symmetry restoration, it is known
that a first-order chiral transition can be smoothed to a
crossover when vacuum terms are included, bringing quali-
tative modifications [73-76], for a recent work on chiral
density waves where the nucleonic vacuum contributions are
included in a similar model see [77].

Our parity doubling framework can be extended to
nonzero temperatures and scenarios beyond beta equilib-
rium. A crucial aspect in this context is the examination of
the direct URCA process, which involves rapid neutrino
emission in neutron stars. Neutrons transform into protons,
releasing an electron and an electron antineutrino, while
protons capture electrons, becoming neutrons and emitting
electron neutrinos. This cooling mechanism carries away
thermal energy via diffusion and radiation of neutrinos and
antineutrinos. Its occurrence depends on specific condi-
tions, with a critical proton fraction denoted as Y}U.
Notably, parity doubling modifies this critical value leading
to an overall reduction of this critical proton threshold, as
suggested in Ref. [78].

Expanding this model to finite temperatures also offers
opportunities to explore the chiral phase transition in core-
collapse supernovae, the evolution of protoneutron stars
and neutron star mergers. In core-collapse supernovae,
gravitational pressure cause the collapse of massive stars.
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The interplay between chiral symmetry restoration and
exotic hadronic state formation significantly influences the
explosion mechanism and subsequent nucleosynthesis.
Neutron star mergers involve extreme conditions like high
temperatures and rapid density changes. Understanding the
state of nuclear matter formed in such processes, its phase
transitions and their impact on gravitational wave emission
and heavy element production through r-process nucleo-
synthesis is pivotal. This is especially timely given the
ongoing operations of LIGO/Virgo/Kagra in the current O4
run [79], promising increased statistics and precision for
gravitational wave signals from neutron star mergers.
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APPENDIX A

In this appendix, we first explicitly present the principal
aspects of the diagonalization of the SU(3) model calculation,
which leads to the masses as given in Egs. (10a)—(10d). This
diagonalization occurs in the Scalar meson-baryon sector.
Finally, we shift our focus to the Vector meson-baryon sector
and establish the constraints between vector couplings
imposed by SU(3) symmetry.

S
+

Sk
_|_

Sk

2=T,0,= % ay
=

B
n=7T,x, = % T

K-

1. Scalar mesons—baryon sector
In the nonlinear realization of SU(3) chiral symmetry, the
various interaction terms of baryons with mesons have the

same structure, except for the difference in Lorentz space
[30,80]. For a general meson field W they read

Lpw = —V2g¥ (aw[POY]; + (1 — ay)[POYW] )
- gv(iTr(lifOlP)Tr W,

7 (A1)

where [POY|; := Tr(POWY — POPW) and [BOY|,, =
Tr(YOWY + PO¥YW) —2TrW. By a redefinition the
parameters gy , g and ay Eq. (Al) is rewritten as

Lpw = Dy Tr(PO{W,¥}) + Fy Tr(PO[W, ¥))
+ Sy Tr(POP)TrW. (A2)

For the interaction between baryons and scalar (and
pseudoscalar) mesons, one takes W = X and O = 1. The
baryon degrees of freedom are parametrized as usual

- 0 A
o =0 —\/2A

The scalar and pseudoscalar meson nonets are encoded
inthe field X =X+ [l = T,(o, + ix,), where T, = 1,/2
for a =0, ..., 8, with the Gell-Mann matrices 1, for a =
1,...,8and 4y = /2/31. This is usually reparametrized as

In the scalar sector, one can trade o, and og for nonstrange and strange scalar fields by the transformation

(2) -5

ag K"
al O o
— At E+E K0 , (Ada)
I_CO —\/%O'g +:;—%
s Kt
7’ . bt 0
HHh+E K (Adh)
[_(0 _\/%77:8 +%
1 O'())
. A5
—\/i) <0'8 ( )

At mean field level ({(z,) = 0, (6y) = 0y and (6g) = 03), the Lagrangian of Eq. (8) in terms of the transformed fields of
Eq. (9) leads to the masses of Egs. (10a)—(10d) for o;; defined implicitly as
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sinh(8,,) = sinh(8,,) = sinh(8,;) = sinh(,,) = nio [(DE” + 56 + \f (Sﬁ”)g] : (A6a)
sinh(8)3) = sinh(6y;) = mio KM + SE”) o+ g (D" - F{V + SE”)C] : (A6b)
sinh(83,) = sinh(d3,) = nio KD(U;F(I) + S§”> o+ \f (M + FY 4+ Sﬁ”)g] , (A6c)
$inh(653) = mio [(Sﬁ”) o+ g 2" + Sgl))é} . (A6d)

2. Vector mesons—baryon sector

We assume that vector meson couple similarly to both baryon parity state. The interaction term has the same structure of
Eq. (A2), but with W =V, and O = y¥, with

Ly = DB (Vo W}) + F,Tr(Br0 Vo, W]) + S, Tr(Vo) Tr(B00). (A7)

Similarly to the baryon-scalar sector, the 11 couplings with the vector condensates {gy,, grs» Isv» 9=} (V = @, p, ¢) are
linear combinations of the 3 independent coefficients D, F,, S,. Choosing three couplings, say the 3 nucleonic couplings
INw> INg» 9Np» ONE can express the remaining 8 hyperonic couplings as

_ 9no + \/§9N¢ + 9np

_ S9Ne + \/Zqub = 39n, _ no + \/§9N¢ = 9np

[)P) 2 Irw 6 Ew 2
_ 9Nw — \/§9N¢ + 9wy B _ 9Nw — \/§9N¢ = 9np
gZp - s gAp - Ov ng - ’
2 2
g o INw — gN/) g o \/ZgNw + 4gN(/) + 3\/§gN/) g . INw + gN/) (A8)
sp = T Ap = 6 , =p = T
[
APPENDIX B For isospin-symmetric matter, we have n; = 0 and thus

also p = 0. In this case, we write the solutions for w and ¢ as
In this appendix, we provide an explanation of the

parameter-fixing procedure used in this model. Most of W — N0 (xo) (B2)
the calculations are derived from Appendix A of Ref. [35]. 0 2 0/
However, it is still valuable to demonstrate how those ideas

are applied to the current model. Aside from the similar- ~ with
ities, certain differences also become apparent.

At saturation density (where there are no hyperons), we fx) = il - (V1I+x*—x)*? Xo = 3v3dgy.,no

have ng = n, +n,, n; = n, — n,, and we shall need yp = 2 (Vit2=x)13 7 2ml
(U + 1p)/2, g = (un — p1,)/2 (Which is true in general).

(0]

B3
The stationarity equation (28) are (B3)
U and
0 ==+ gno(nsn + 15p). (Bla)
0 o\"tsn sp INaNo
¢ ¢O = N(/)z . (B4)
My

0 = o[m, + d(@® +3p%)] = gnong.  (BID)

With lim,_f(x) = 1 we recover the case without quartic

— 2
0= ¢my = gnyns. (BI¢)  vector meson interactions, d = 0. The pressure of isospin-
5 5 5 symmetric nuclear matter at saturation equals the vacuum
0 = p[m, + d(p> + 3w*)] = gn,ny. (B1d) pressure P,,. = 0 and can be written as
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mﬁ, 2 d 4 mé 2 1 2 3 2 * 4
OZPsat:_wo+—wo+—¢0_U(")"’W 3 ki = Mgkp | up + Mg In

kp + g
2 4 2 3 ’

0

(B5)

where ujy = uj, = u, = \/k3 + M}, and the Fermi momentum is given in terms of the saturation density via ng = 2k;./(37%),
while the stationarity equation (B1) at saturation for symmetric nuclear matter is

kp + pp
M, '

oU  gnoMy
0=—
do + 7

(wz - M3 (B6)

The relation up = py — gne®o — gngdo together with Eq. (B2) can be used to write gy, in terms of saturation properties and
the coupling constant d,

o w1 (A A =) (Rt = i)
Ne 2mg 2 0B o, m$ '
where uy = 922.7 MeV is the value of up at saturation.
The incompressibility is defined as
Oup
K =9n3—, B8
ng ong (B8)
where we assume isospin symmetry, n; = 0. We compute the derivative from
P + 1
UB = INo®@ + IngP + s (B9)

2

For the first term, we insert Eq. (B2) and take the derivative with respect to npg, while for the second term we can simply
follow Appendix A of Ref. [35]. This yields

6k <92 9% 3k%2  9ngM oM
K= —L(Ne f(x +Xf/ x)| + 4’) + F
2\ [f (x) (x)] w2 ) Yt Ty ang
6k ((gx , R\ 3kE 6K (M\2/PU 2 [k K\~
— 2% (INe ING ey el Y (T (/S0 I B10
2 (mg) [f(x)+xf (x)] + m; + HE 2 ﬂ% 6M2+71'2/0 62 ( )

|
For the derivative of the second term in Eq. (B12) we can
again simply follow Appendix A of Ref. [35]. Consequently,

Again, we can check that we recover the d = 0 result with
f'(x) & x for small x.
The symmetry energy is defined as
ko K
3% my + 3dw®  Oup’

g (B14)

S__ )
207’11

(B11)
With Eq. (B2) we can use this result to write gy, as

32m? k2 3dw?
2 = Lls——L£)(1 9). (BI15
o= (55 (+52) @19

where the derivative is taken at fixed ny and evaluated at
n; = 0. This derivative is computed from

Hn = Hp
= gn,p + . B12 .
K1 = 9NpP 2 (B12) The slope parameter of the symmetry energy is defined as
We find from Eq. (B1d) L—3n, % (B16)
B anB ’
6_p - Inp (B13) where the derivative is taken at fixed n; = 0, i.e., we can

on|,_4—o N m3 + 3dw*

simply take the derivative of Eq. (B14) with respect to np.
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We compute

s 1 gk,

3nggy,do  ow n?

ong - Em,% +3de? (m3 + 3dw?)? ong + 6kpuy B 12u3 B 6uy ong’

We now use

ow
anB

p=0

- m2, + 3dw?’

mky  kAM oM

(B17)

INw (B13)

which follows from Eq. (B1b), and we express (‘;n—MB in terms of K with the help of the first line of Eq. (B10). This yields at

saturation
B 3912\1,0”0 6dnggn.®o kf
- Z(m,z, + 3dw}) (m% + 3dwd) (m2 + 3dw?) 3uy

('~
Oup

l’lok%; 912\/(1) / glz\](/;
o (L @) x5 ) (BL9)
Hp o m¢

The values of the hyperon potential depths which are given, explicitly

U; =mj_(69) —m; . (fz) + Giw®o + gigtho,

(i=A%E). (B20)

We can now solve the coupled system of equations that contains: Eqgs. (B5)—(B7), (B10), (B15), and (B19), the three

Eg. (B20) and the mass constraints of 3 vacuum masses my',
(1)

=939 MeV, m3’{ = 1190 MeV and m)*, = 1116 MeV, in

(- (1)

terms of the parameters: a,, as, ds, d, Gne> GNps INg> INe> Iso> Grg> M1s Mo
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