2401.12944v2 [nucl-th] 5 Jun 2024

arxiv

Modern nuclear and astrophysical constraints of dense matter in a redefined chiral
approach

Rajesh Kumar,!'* Yuhan Wang,! Nikolas Cruz Camacho,? Arvind

Kumar,? Jacquelyn Noronha-Hostler,

2 and Veronica Dexheimer!:

! Center for Nuclear Research, Department of Physics, Kent State University, Kent, OH 44243 USA
2llinois Center for Advanced Studies of the Universe, Department of Physics,
University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
3 Department of Physics, Dr. B R Ambedkar National Institute of Technology Jalandhar, Punjab, 144008 INDIA
(Dated: June 6, 2024)

We explore the Quantum Chromodynamics (QCD) phase diagram’s complexities, including quark
deconfinement transitions, liquid-gas phase changes, and critical points by using the chiral mean-
field (CMF) model that is able to capture all these features. We introduce a vector meson field
redefinition within the CMF framework, enabling precise adjustments of meson masses and coupling
strengths related to vector meson interactions. Performing a new fit to the deconfinement potential,
we are able to replicate recent lattice QCD results, low energy nuclear physics properties, neutron
star observational data, and key phase diagram features as per modern constraints. This approach
enhances our understanding of vector mesons’ roles in mediating nuclear interactions and their
impact on the equation of state, contributing to a more comprehensive understanding of the QCD
phase diagram and its implications for nuclear and astrophysical phenomena.

I. INTRODUCTION

Hot and/or dense Quantum Chromodynamics (QCD)
matter is a fascinating area of research and its under-
standing requires knowledge of theoretical and exper-
imental nuclear physics, astrophysics, particle physics,
and gravity [1-3]. It includes the extreme conditions
of temperature that existed shortly after the Big Bang,
during the early moments of the universe’s formation.
These conditions are believed to be reproduced in rel-
ativistic particle collisions, such as those created in
high energy particle accelerators like the Large Hadron
Collider (LHC) and the Relativistic Heavy-Ion Collider
(RHIC) [4, 5]. On the other hand, QCD matter at effec-
tively zero temperature (in the range of MeV) in neutron
stars is another fascinating and complex area of study
within nuclear astrophysics [6, 7]. Neutron stars are
incredibly dense celestial objects formed when massive
stars undergo supernova explosions at the end of their
life cycles. Significant interest is focused on trying to
find exotic degrees of freedom like hyperons or decon-
fined quarks in the core of neutron stars [8-10], since
this would be the only regime in the universe where they
could be stable.

The QCD phase diagram delineates phases of strongly
interacting matter, usually under varying temperature
(T') and baryon chemical potential (up). At low
T and pp, quarks and gluons are confined within
hadrons (hadronic phase) and are expected to tran-
sition to an effective liberated state called deconfined
quark matter at high T and/or pup (see recent re-
views [11, 12] from lattice QCD). In addition to the
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confinement /deconfinement quark hadron phase transi-
tion, there also exists a phase transition from nuclei to
bulk hadronic matter known as liquid-gas phase tran-
sition at T% ~ 15 — 17 MeV (g%, ~ 910 MeV) [13-15].
The QCD phase diagram is believed to encompass two
critical points, the liquid-gas and hadron-quark. In both
cases, the first-order phase transition coexistence lines
are thought to end at the respective critical points and
become indistinct after that, which is referred to as a
crossover regime (see Figure 1). Lattice QCD has proven
to be highly effective for investigating strong interactions
in the vicinity of and beyond the deconfinement phase
transition zone within the QCD phase diagram in the
high T and low pp regime, primarily due to its ability to
handle non-perturbative aspects [12]. Based on the latest
lattice results, no sign of critical behavior has been found
up to up ~ 300 MeV [16, 17], and the critical tempera-
ture is expected to be smaller than THQ = 13212 MeV for
isospin symmetric matter with zero baryon (up), charge
(1g) and strange (ps) chemical potential [18]. Within
lattice QCD results, the crossover or pseudo-critical tem-
perature (at pp=0 axis) has been identified with extreme
accuracy as TP = 158 £ 0.6 MeV [16], in addition to a
first order deconfinement phase transition for pure glue
(without quarks) at a temperature of T = 270 MeV [19].
On the other side of the diagram, in neutron stars, the
critical density n%’c, which marks the initial stage of the
transition from hadronic matter to quark deconfinement
is still not yet well constrained.

A core requirement for dense matter theories is the
accurate reproduction of experimental data for isospin-
symmetric nuclear matter at low temperature and around
nuclear saturation density ng,y. This entails crucial ob-
servables, such as the binding energy per nucleon B/A,
compressibility K, symmetry energy Fgsyrm, and slope pa-
rameter L. Notably, recent progress has been made in
the measurement of the parity-violating asymmetry term
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FIG. 1: A rough sketch of the QCD phase diagram show-
ing different phases, lattice QCD results, and experimen-
tal data. T¢ and TP denote the deconfinement phase
transition and pseudo critical phase transition respec-
tively (both at up = 0) while pp . and TH® represent
the critical baryon chemical potential and critical tem-
perature for hadron quark phase transition, and TCLG the
critical temperature for liquid-gas phase transition.

Apvy through elastic scattering of longitudinally polarized
electrons on 298Pb. With this, the PREX collaboration’s
findings have facilitated the determination of the nuclear
saturation density value ng,y = 0.1480 + 0.0038 fm 3
[20]. The binding energy per nucleon values were deter-
mined to be B/A =-15.677 MeV at a saturation density
of Ngay = 0.16146 fm—3 [21] and B/A =-16.24 MeV at
Neay = 0.16114 fm—3 [22]. These values were obtained by
analyzing experimental data from heavy nuclei masses
and ground state masses of nuclei with neutron (N) and
proton (Z) numbers greater than or equal to 8, respec-
tively. The Isovector Giant Monopole Resonance (IS-
GMR) collective nucleon excitations from nuclei such as
907r and 2°%Pb have suggested a value of K = 240 + 20
MeV for the incompressibility of infinite nuclear mat-
ter [23-26]. But note that, in a comprehensive review
[27], various methodologies and theories used between
1961 and 2016 led to a much larger range of K values,
from 100 MeV to 380 MeV, with relativistic mean-field
models often predicting higher values. Finally, a range
of 250 < K < 315 MeV was obtained without assuming
any specific microscopic model, except for the Coulomb
effect [27].

Going further, the symmetry energy FEgyr, is the en-
ergy (per baryon) difference between nuclear matter
with equal numbers of protons and neutrons (isospin-
symmetric) and pure neutron matter. The slope parame-

ter (L) is a measure of how rapidly Egym (at ngsat) changes
with the baryon density. Both Fgy, and L are important
quantities for understanding various nuclear phenomena,
such as neutron star properties and low-energy heavy-ion
collisions [28]. In Ref. [29], a comprehensive assessment
based on 28 model evaluations utilized terrestrial nuclear
experiments and astrophysical data to determine FEgym
and L at saturation density. Fiducial values emerged
as (31.6 & 2.7) MeV for Egy, and (58.9 &+ 16) MeV for
L. Extracting Fgsyy, from experimental nuclear masses
yielded L = (50.0 £ 15.5) MeV at ng,; = 0.16 fm=2 [30].
Interestingly, addressing 2°®Pb’s neutron skin thickness,
PREX-II constrained the symmetry energy, revealing a
large slope L = (106 + 37) MeV [31], consistently ex-
ceeding current bounds. On the other hand, another
PREX-II study examined the parity-violating asymme-
try Apy for 208Pb, leading to a neutron skin thickness
R%8 = (0.19 £ 0.02) fm and a much smaller value of
slope L = (54 £8) MeV [32], consistent with prior astro-
physical estimates. Furthermore, the hyperon potential
(Ug) describes the interactions between hyperons and
nucleons at ng,; for isospin-symmetric matter. The A-
nucleon potential, obtained from 1980s experiments, is
firmly negative at around Uy ~ —28 MeV [33], with re-
cent estimates clustering between —32 and —30 MeV [34].
The measurements from KEK Japan indicate a repulsive
potential for ¥ (Us = 30 £ 20 MeV) and a joint col-
laboration between KEK and JPARC Japan give an at-
tractive potential for = (Uz = —21.9 + 0.7 MeV) [35].
The ALICE collaboration’s p-= correlation functions re-
port a less attractive potential of Uz = —4 MeV, aligning
with HAL-QCD collaboration’s (241)D lattice QCD cal-
culations, yielding Uz = —4 MeV, Uy = —28 MeV, and
Us = +15 MeV, with a statistical error of approximately
+2 MeV [36-38].

The nuclear matter characteristics exhibit significant
correlations with macroscopic observables of neutron
stars, such as the maximum mass (Mmax), radius Ry,
and tidal deformability (A). The determination of neu-
tron star radii from NICER’s X-ray observations yield
values of 12.397130 km for a 2.072705%% solar mass
(M)[39] and 13.773% km for a 2.081507 Mg [40] neu-
tron star, respectively. Additionally, the gravitational
wave event GW170817, resulting from the merger of bi-
nary neutron stars (BNS), imposes a constraint on the
tidal deformability, indicating A < 800 for neutron stars
with a mass of 1.4 solar masses [41]. A more detailed dis-
cussion about constraints from first principles, low energy
nuclear experiments, heavy-ion experiments, and astro-
physical observations is given in our recent review arti-
cle [42].

Solving QCD analytically is a complex task, despite a
well-defined Lagrangian. Lattice QCD represents space-
time on a lattice where quarks reside at the vertices, con-
nected by gluon lines [43]. It works very well at ug =0
axis but cannot be applied directly to finite pup region
due to the sign problem [44, 45]. However, the Taylor
and alternative expansion schemes at up = 0, enable the



derivation of the lattice QCD Equation of State (EoS)
up to a chemical potential up ~ 3.57T using expansion
coefficients at up = 0 [17, 46]. The Polyakov loop is a
gauge-invariant quantity that can be used to character-
ize the behavior of quarks in the presence of a thermal
bath. At up = 0, the scalar field ® associated with the
Polyakov loop serves as an order parameter for Z(3) sym-
metry in the context of pure gluonic interactions. With
quarks included, the transition from the confined phase
to the deconfined phase becomes a crossover rather than
a sharp phase transition. This means that the behavior
of the Polyakov loop may show gradual changes rather
than a sudden jump, indicating a smoother transition
from confined hadronic matter to the deconfined QGP
phase. Therefore, it acts as an approximate order pa-
rameter when quarks are added [19]. Perturbative QCD
(pQCD) is applicable at large pup and/or T, but breaks
down near the deconfinement phase transition due to
large coupling constants [47—49]. At high temperature
and low upg, resummed pQCD calculations are in agree-
ment with lattice data for T' > 250 MeV [50-54]. Chi-
ral effective theory (YEFT) is suitable at low densities
and temperatures [55]. Despite these methods, the QCD
phase diagram remains largely uncharted (see Figure 1
of Ref. [42]). That is where effective models come in,
to bridge the gap between QCD complexities and first-
principle limitations, providing valuable insights across
a broad spectrum of QCD phenomena and construct-
ing Lagrangians with the appropriate degrees of free-
dom [56-58]. In particular, relativistic chiral mean-field
models can reproduce the restoration of chiral symmetry
and quantify how hadronic masses are influenced by the
medium [56, 59-62].

From the latter class, non-linear chiral models stand
out, based on a non-linear realization of chiral symmetry
[60, 63—66]. The introduction of a Polyakov loop-inspired
potential in a non-linear chiral model as a mechanism
to deconfine quarks gave rise to the chiral mean-field
(CMF) model [67]. Within the mean-field approxima-
tion, the CMF model agrees well with nuclear data [68].
It offers a unified description, allowing one to investigate
the properties of strongly interacting matter in heavy-
ion collisions and compact stars, integrating quark de-
confinement through an order parameter ® with values
dependent upon a Polyakov loop-like potential [19, 69].
The CMF model accommodates various temperatures,
densities, and magnetic fields [70-74], enabling it to be
used to explore various regions of QCD phase diagram
[67, 74-77]. However, these past works did not include
a consistent treatment of mesons. The mesons lacked
in-medium contributions and the vector-mesons masses
were degenerate.

Understanding the importance of vector meson masses
and interactions is a necessary step in the direction of in-
corporating thermal mesons in the formalism. In chiral
models, hadronic masses are generated by interactions
with the medium and can depend on T, up, etc. In
relativistic mean-field models, vector interactions play a

significant role in describing the behavior of hadrons and
their connection within the framework of QCD. For ex-
ample, vector mesons (such as the w meson) couple to
nucleons and interact with other hadrons, which further
play a significant role in determining the stiffness of the
EoS of nuclear matter in heavy-ion collisions and neutron
stars. The role of vector mesons has been extensively
studied in different theoretical approaches to determine
properties of nuclear matter and compact stars [6, 78—
114].

In the hadronic non-linear chiral model [63, 65, 68,
115], vector mesons (w, p and ¢) were also introduced
as mediators of the strong interaction between nucleons
and hyperons. The degenerate masses of different vec-
tor mesons (w, p, and ¢) were broken by introducing a
renormalization of vector mesons through the utilization
of proper invariants [63, 115]. For finite nuclei, the renor-
malization of vector mesons was used to break the mass
degeneracy of w, ¢ and K* mesons [63]. In particular, in
Ref. [115], utilizing a combination of two invariants, vec-
tor meson renormalization was employed to lift the mass
degeneracy among w, ¢, and p mesons. Note that, the
renormalization of vector meson in chiral models involves
adjusting parameters related to the coupling strengths or
masses of the vector mesons to achieve a better match
between the model predictions and experimental data.
This is a complex and iterative process, often requiring
sophisticated computational techniques and comparisons
with experimental observables.

In the present study, the term “renormalization” is re-
placed by “field redefinition” due to its potential confu-
sion with the renormalization method aimed at address-
ing divergences in pQCD calculations. We employ vector
meson field redefinition to break the mass degeneracy be-
tween the vector mesons in the CMF model for the first
time. We refit the vector meson coupling strengths to
nucleons such as gnw, gn, and g4 (the coupling strength
related to the effective self-interactive vector Lagrangian)
to the saturation properties of the nuclear matter. The
addition of a vector meson field redefinition then signifi-
cantly affects other properties within the CMF model,
such that we need to reparametrize other parameters
that we detail here. These changes then require that we
must refit the coupling constants related to the Polyakov
loop-like potential within the CMF model to reproduce
recent lattice data. We also incorporate updated in-
formation about the phase diagram that has changed
since the last time the finite temperature CMF model
parameters were parameterized (in 2008). The changes
include state-of-the-art and updated information about
the deconfinement phase transition, pseudo-critical tem-
perature, liquid-gas critical point, deconfinement critical
point, and observational data for neutron stars. Note
that the field redefined vector mesons significantly affect
the in-medium properties of vector mesons, which will be
studied in a future work.

The outline of this paper is as follows. In Section IT A,
the details of the CMF model are given along with the



Polyakov loop-like potential. In Section IIB, a detailed
derivation of field redefined vector meson is provided and
the same is applied for different self-interactions of vec-
tor mesons. In Section III, the results are presented for
each part of QCD phase diagram. Finally, we present a
summary with discussions in Section IV.

II. FORMALISM
A. Chiral mean-field model

In this work, we build on the CMF model, which incor-
porates fundamental QCD aspects like the trace anomaly,
spontaneous breaking of chiral symmetry and deconfine-
ment [60, 116]. Based on a non-linear realization of chi-
ral symmetry, this framework employs scalar and vector
fields to describe meson-baryon/quark interactions. The
scalar-isoscalar field o corresponds loosely to the light
quark composed meson ¢o(500)(ud). A strange scalar-
isoscalar field ( is linked to the strange quark-containing
meson s3, crucial to describe strange matter [117]. Ad-
ditionally, the scalar-isovector field ¢ addresses isospin
asymmetric matter and introduces mass splitting be-
tween isospin multiplet and being associated with the
meson (@u —dd) [118, 119]. These fields mediate interac-
tions among nucleons, hyperons, and quarks, contribut-
ing to attractive medium-range forces (scalar fields) and
short-range repulsion (vector fields, e.g., vector-isoscalar
w, strange vector-isoscalar ¢, and vector-isovector p) de-
pending on T, up, etc. The scalar dilaton field, x, rep-
resenting the hypothetical glueball field, is introduced to
replicate QCD’s trace anomaly [63]. Nevertheless, due to
the little overall contribution of y field to baryon thermo-
dynamic quantities, we use the so-called frozen glueball
approximation (x = xo), where xq is the vacuum value
of the dilaton field.

The mean field approximation (MFA) involves replac-
ing the meson fields with their respective expectation val-
ues, effectively treating them as classical fields. As a
result, only mesons along the diagonal of the scalar me-
son matrix X (Eq. (A3)) have non-zero values due to the
preservation of parity. Furthermore, all scalar and vector
mesons are simplified into constants that are independent
of both time and space. As a result of this approxima-
tion, the mean-field CMF Lagrangian reads [67]

»CCMF = »Ckin + ﬁint + ﬁscal + ['vec + £esb - U<I> . (]-)

Above, Ly, stands for the kinetic energy of spin-1/2
fermions (octet baryons + quarks), L, represents in-
teractions of spin-1/2 fermions with vector and scalar
mesons, Lg.a stands for the self-interactions of scalar
mesons, while Lye. contributes to vector meson masses
and includes quartic self-interaction terms (see Sec-
tion IIB for details). Leg, denotes an explicit chiral sym-
metry breaking contribution with the second term (Legp
of Eq. (2)) allowing the CMF model to reproduce the ex-
perimental values of hyperon potentials and Us denotes

the deconfinement potential. Explicitly, these terms can
be written as
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where 1 represents the fermionic field, g’s denote the
corresponding coupling constants of fermions with me-
son mean-fields, k’s are the fitting parameters associated
with the scalar mesons, and € is a model parameter re-
lated to the QCD trace anomaly. The variables: mg,
my, fK, and fr are the masses and decay constants of
the kaons and pions, respectively. The parameter mg
is associated with the explicit chiral symmetry breaking
and is fitted to reproduce hyperon potentials. The expan-
sion of the mean field hadronic chiral non-linear model
into quark degrees of freedom (CMF model) shares sim-
ilarities with the Polyakov loop-extended Nambu-Jona-
Lasinio (PNJL) model [120]. The CMF utilizes a scalar
field @, analogous to the PNJL model, to suppress quark
degrees of freedom at low densities and/or temperatures.
In our context, ® is the scalar field associated with
the PNJL-like effective potential that drives the transi-
tion from confined to deconfined phases. This transition
is phenomenologically captured by the order parameter
® € [0,1]. The modification of Polyakov loop poten-
tial (Us) from its original PNJL model form [19, 120]
includes the incorporation of terms dependent on the
baryon chemical potential [67]. In Eq. (3)), the a’s and Tj
are parameters fitted to the known constraints of QCD
phase diagram at higher temperatures and are discussed
in Section IIT B. This adaptation enables the exploration
of low-temperature and high-density scenarios, such as
those encountered in neutron stars.



The presence of the scalar field ® is introduced as
an additional contribution to the effective masses of the
baryons

m; = gioo + gicC + gisd + Am; + gia®?,  (4)
and quarks
m; = giz0 + gicC + gisd + Am; + gia (1 = @) (5)

In the above equations, ® ~ 0 denotes a system domi-
nated by hadrons, ® ~ 1 represents a quark-dominated
state, and intermediate values indicate a coexistence of
hadrons and deconfined quarks (relevant only at high
temperatures). Moreover, in those equations, the ¢'s are
the corresponding coupling constants of fermions with
the scalar fields. Note that the parameter Am; incorpo-
rates effects from additional sources, such as the Higgs
field m{ (pertaining to quarks), bare mass mg (for octet
baryons) and explicit symmetry breaking term ms (rele-
vant to hyperons)

Amy =myg,

Ampy = mg —ms (\/500 + Co) ;
Amy =mgy — ms3 (\@00 + Co) )
Amz = my —ms3 (\[200 + Co) ;

Amy, = Amg=mg, Ams=m]. (6)

The coupling constants g’s between baryons and scalar
mesons are fitted in order to obtain correct masses of
the baryons in vacuum. The other parameters (k’s and
€), related to scalar interactions, are computed in order
to obtain correct vacuum expectation values for the o,
¢, and x field equations and to reproduce o, n, and 7’
vacuum masses [67]. In Table I, a list of CMF parameters
associated with baryons is tabulated, whereas Table II
reflects the CMF parameters related to quark sector (the
only ones we do not modify in this work). The quark
scalar couplings are fixed as approximately one third of
nucleon scalar couplings, whereas vector couplings are set
to zero as suggested by Ref. [121]. In the next section,
we discuss the vector meson interaction Lagrangian Lyec
in detail.

B. Field Redefinition of the Lagrangian
1.  Kinetic and mass terms for vector mesons

We start with the simplest scale invariant mass term of
the field redefined vector interaction Lagrangian denoted
by “tildes”

. 1 -
L =-—mi TrV, Ve, (7)

vec 2

TABLE I: Parameters related to the scalar interaction
for baryons.

oo = —93.3 MeV do =0 Co = —106.56 MeV
gNo = —9.83 gns = —2.34 gne = 1.22
gre = —H.D2 gas =0 gaec = —2.3
gso = —4.01 gss = —6.95 gse = —4.44
g=0 = —1.67 g=s = —4.61 g=¢ = —71.75

ko = 2.37 ki1 =1.40 ko = —5.55
ks = —2.65  xo = 401.93 MeV e=2/33

TABLE II: Parameters related to the scalar and vector
interaction for quarks.

gqw =0 9qp =0 9qp =0
Guo = —3.00 gus =0 Guc =0
Jdo = —3.00 gds = 0 gd¢ = 0
gso =0 gss =0 gs¢ = —3.00

my =5 MeV md =5 MeV m§ = 150 MeV

where Vu is the degenerate field redefined vector meson
matrix given by Eq. (A5). Simplifying,

o @2 72 352 -,
[’vec:m%/<2+2+2+2[(2 ; (8)
dividing the p and K* terms by the degeneracy factor 3
and 4, respectively, we obtain

. 1 _ -
Lig=smi (2 + P+ P2+ K2). (9)

The equation above suggests that the vector meson nonet
is mass degenerate. To correct that and split the masses,
one can add the chiral invariant (CI)! [63]

£9, = e [V 7 ()] (10)
where (X) is the scalar meson matrix in the mean-field
approximation given by Eq. (A3) (for simplicity, we have
taken vacuum values of the scalar meson fields), V,,,, is
the field redefined vector meson tensor matrix given by
Eq. (A6) and p is a fit parameter to the vector mesons
vacuum mass constraints with mass dimension of nega-
tive two [63]. In Ref. [122], an additional invariant term,
(Tr VW)Q, was incorporated into the expression presented
in Eq. (10) to lift the mass degeneracy between the p and

1 In Eq. (10), p represents Lorentz index whereas 1 denotes the fit
parameter.



w mesons; however this provides a small correction and

does not offer an explanation for the vector kaon masses.

Since the process of renormalizing the vector kaons is a

crucial initial step, laying the groundwork for future work

beyond mean-field theory, we focus on Eq. (10).
Expanding it gives

~Cl 1 O'(% 72 0(2) VAV (72 ~2
£ =qu| 2+ 3R (T + (V)23

+ (V)2 (g + 2(3)) : (11)
Dividing the p term by 3 and the K™ term by 4 based on
their respective degeneracies, we obtain,
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under field redefinition becomes
. 1 -
L= =T (VWV‘“’> :
1 (7 1V 2 423 2 Yan% 2 Cr LY 2
= ((v; ) () () () )
(13)
Now, combining the contributions from Eq. (10) with

Eq. (13) and identifying them to the old kinetic energy
term

Ekin _ Ekin + ECI

vec vec vec?

I
|
| =
| — |
—
|
|,
—_
VS
=
N
N———
[\
|
| — |
—_
|
=
w‘oq
_ 1
N
ey
R
N———
[\

) - ()
e ) )

we obtain

I
|
B
N[+
N
t
=
N

VI = ore -0 = 2P0 - 0ve) = 2PV
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and

€=2.", (16)

TABLE III: Vacuum masses of vector mesons before (old)
and after (new) employing the field redefinition .

Meson w p K* 10)
Old Mass (MeV) 687.33 687.33 687.33 687.33
New Mass (MeV) 770.87 770.87 865.89 1007.76

where £ = p,w, K*, ¢. Explicitly, the constants related
to field redefinition are given as

1 1
Zy="Zy= ——acs Zs= g,
o (1 - p%‘%) ¢ (1—nd)
1
Tges = (17)

(7'2 ’
(T @)
The net Lagrangian for the vector meson fields (with
implicit field redefinition) is evaluated by adding Eqs. (9)
and (14) using Eqgs. (15) and (16)

£Vec _ Ekin + [£m

vec vec?
1 v\ 2 w2 v\ 2 v 2
-3 ((v; ) (VR 4+ (v + (V)
1 *
+ 3 (mip2 +m% K+ m2w? + midﬁ) , (18)
where
= Zw/pm%,, m?b = Z¢m%/7
(19)
denote the respective vector meson masses in the vacuum.
The parameters, my = 687.33 MeV and p = 0.41/03
are fitted to obtain the correct w, ¢, p, and K* masses

that are tabulated in Table III, together with the mass
without field redefinition.

2 2 2
Mice = L=y, My,

2. Self-interaction term for vector mesons

We start by adding a self-interactive Lagrangian term
to Eq. (18)

The different possible self-interaction (SI) terms of the
vector mesons that are chiral invariant [103] can be writ-
ten as the following coupling schemes: (shown here in
field redefined version for the first time)

RO1: 51 = 2g, Tr (f/‘*) : (21)
"o 251 =g B (P - (7], e
Reg: /51 =g, [Tr (fﬂﬂ ’ (23)

- Tr(V)]4
Roy 81— g, BV r(f)] , (24)



where superscript “R” denotes the field redefined cou- Now, after substituting the matrix V' (Eq. (A5)) in
pling scheme. The coupling scheme C2, is a linear com- the above equations and simplifying them, we obtain the
bination of C1 and C3 and is constructed in order to following equations

eliminate the wp mixing term.

e R(C1:
L5 = gu (0 + 62%° + 7' +267)
2 2
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which are obtained using the field redefined expressions adjusted to match nuclear saturation properties, as ex-
of the fields in Eq. (16) and defining a coupling constant plained in Section IIT A. Additionally, it is worth noting
ga = Z2qs. that the couplings involving interactions between nucle-

ons and w mesons, as well as nucleons and p mesons,
The vector coupling constants gn., gnp, and g4 are



are influenced by the field redefinitions, leading to cor-
responding field redefined coupling constants: gy, =
398V Zy, and g, = g5 \/Z, [115]. Furthermore, it is im-
portant to highlight that the coupling scheme labeled as
R(C4 has a unique characteristic, involving contributions
that exhibit linearity with respect to the isoscalar vector
field ¢, leading to significant changes in the model’s be-
havior that help to reproduce astrophysical data, such as
2M neutron stars.

III. RESULTS AND DISCUSSIONS

In this section, we present our numerical findings con-
cerning the vector mesons, their masses and the decon-
finement potential in the CMF model. These parameters
have been adjusted to accurately replicate experimental
data in the realms of low-energy nuclear physics, astro-
physics, and first principle theories. In earlier works,
we constrained the CMF model to match low-energy nu-
clear physics and astrophysical observations [68, 123], as
well as lattice QCD results [67] available at that time.
We have also compared our results with perturbative
QCD [76]. However, with the emergence of new the-
oretical methods, techniques, and experiments both on
Earth and in space, there has been significant enhance-
ments in the determination of these constraints. In this
work, we have leveraged the most up-to-date constraint
data extracted from Ref. [42] and upgraded our model to
account for the mass degeneracy of vector mesons. As
a result, we have successfully replicated and improved
various characteristics within our model associated with
different phases or regions of the QCD phase diagram
(presented in Figure 1).

In Table IV, we have compiled the CMF model free pa-
rameters, the Lagrangian term they are associated with,
and the specific constraints to which they have been cal-
ibrated in this work. Note that different parameters af-
fect different constraints (shown in different lines of Ta-
ble IV). Our table structure only reflects the order in
which we chose to fit those parameters. The numerical
values corresponding to these constraints can be found
in their respective sections.

A. Parameter fitting for the self-interacting vector
meson Lagrangian

In Table V, we provide the values of the microscopic
and macroscopic properties reproduced through the field
redefined coupling schemes related to the vector sector
of the CMF model. Also in Table VI, we tabulate the
values of mg parameter, which is fitted to reproduce hy-
peron potential for all couplings. Note that the model’s
scalar sector remains unaltered because it was originally
configured to reproduce vacuum properties. These values
have not been significantly updated over time. In con-
trast, the coupling constants related to the vector sec-

tor are configured to reasonably reproduce constraints
coming from nuclear and astrophysical data. Due to
the larger amount of freedom in this case we call them
“free”. The vector coupling constants gn., and gy, repre-
sent the interactions of nucleons with the w and p mean-
fields, respectively. We set g/ = \/égg/ and ay = 1 in

V2 Vv

ING = \/%9}/ — %%gg (4ay —1), which cancels terms to

ensure that nucleons do not couple to the strange meson
(f), i.e., gNg = 0.

Additionally, the parameter g4 denotes the coupling
constant for the self-interaction component of the vec-
tor field redefined Lagrangian. We adjust the values of
gNw and g4 to reproduce key modern constraints from
low-energy nuclear physics for isospin symmetric matter,
specifically the nuclear saturation density ng.;, binding
energy per nucleon B/A, and compressibility K. These
values fall within the ranges of ng,; = 0.14 to 0.17 fm =3,
B/A =-15.68 to -16.24 MeV, and K = 220 to 315 MeV,
respectively. As mentioned earlier, the ®C4 coupling
scheme for self-interacting vector mesons stands out from
the others due to its linearity with respect to the strange
vector meson ¢. This distinctive feature requires special
treatment compared to other coupling schemes. For ex-
ample, it introduces a bare mass of my = 150 MeV for
nucleons to reproduce a lower compressibility, bringing it
in better alignment with nuclear physics data.

Conversely, the parameter gy, is responsible for the
isospin asymmetry within the medium, and it is there-
fore adjusted to calibrate the model for achieving spe-
cific values of the symmetry energy (Esym) and the slope
parameter (L). These values fall within the ranges of
Egym = 28.9 to 34.3 MeV and L = 42.16 to 143 MeV, re-
spectively. It is worth noting that the parameters related
to compressibility and the slope parameter are not tightly
constrained based on current experimental data [42]. We
anticipate more precise constraints from future experi-
ments. In our current study, we have deliberately chosen
the minimum values for Egyym and L while maximizing
the neutron star mass (Mpax < 2Mg) and minimizing
the radius (Rpz, , ~ 13 Km) for hadronic matter, in ac-
cordance with observational constraints [124, 125].

The parameter mg plays a crucial role in determining
the level of strangeness content in the medium, and its
adjustment is carried out to fit the A hyperon potential
(Up) with value around —28 MeV and reasonable values
for the other parameters [126]. We determine the maxi-
mum masses attained by stars generated by each coupling
scheme by employing the Tolman-Oppenheimer-Volkoff
(TOV) equations [127, 128]. In order to obtain the cor-
rect neutron star radii, it is important to incorporate a
distinct EoS that takes into account the proper micro-
physics for the crust. The crust is necessary below ngay
because at this point the nuclei becomes more stable than
the hadronic degrees of freedom. In this study, we opt
for the widely used Baym-Pethick-Sutherland EoS, which
encompasses an inner crust, an outer crust, and an at-
mosphere [129]. Note that the calculations for neutron



TABLE IV: The free parameters used to fit the constraints in this work.

Parameter Term Used to constrain
91,98, av, g1 LinetLe gy =0, g1 = V63, nsar, B/A, ESL, L, K
my, B Liect+ ‘C\(;elc Mo, Mp, M¢
ms Lesb Ua
ao Tcd
ai ndB,c
a2 TCH Q, MB,c
as Us ®e0,1
To (pureglue) T3, & €0,1
T (crossover) T2, ® €0,1
9q%, 9B T?

stars include a free Fermi gas of electrons and muons
in chemical equilibrium and ensure charge neutrality i.e.
>, niQ; = 0, where n, and @); are the number density
and electric charge of it" particle, respectively.

B. Parameter fitting for the Polyakov loop-inspired
deconfinement potential

The CMF model allows us to investigate strongly inter-
acting systems involving hadrons and/or quarks. With
this approach, we can delve deeply into the processes gov-
erning the restoration of chiral symmetry and the occur-
rence of deconfinement, particularly under conditions of
high temperature or density. This versatility allows our
formalism to comprehensively explore e.g, hybrid stars,
utilizing a single EoS that accommodates various degrees
of freedom. In this section, we provide a detailed explo-
ration of the various parameters associated with the de-
confinement potential (Eq. (3)) within the CMF model.
In Table IV, we listed the free parameters related to Ug
which are meticulously fitted to reproduce the rigorous
theoretical constraints derived from lattice QCD (briefly
discussed in the introduction). The connection between
the Ug parameter(s) and the corresponding constraint
are mentioned in the following sections. Specific values
of these parameters can be found in Table VII. Within
our field redefined approach, we thoroughly examine the
impact of each parameter within their respective follow-
ing sections, discussing the constraints they are linked
to. Our goal is to offer a comprehensive understanding
of how these parameters interact with theory and obser-
vation, shedding light on the intricate dynamics of the
high-energy part of the QCD phase diagram.

1. Deconfinement phase transition

The deconfinement phase transition in QCD is a piv-
otal shift in the state of matter. It represents the transi-
tion from confinement, where quarks and gluons are en-

closed within particles like protons and neutrons, to a de-
confined state where these fundamental constituents can
effectively roam freely. This transition is of paramount
importance for understanding the behavior of matter in
extreme densities and/or temperatures. In lattice QCD
for pure glue at up = 0, the deconfinement phase transi-
tion occurs at T4 ~ 270 MeV [19]. In Figure 2, we present
the CMF pressure for the pure glue case compared to
lattice QCD calculations. Our CMF results encompass
the RC1-RC4 field redefined coupling schemes and one
coupling scheme without field redefinition, as shown in
Table VIII. The coupling scheme C4 (without field redef-
inition) was the only one for which deconfinement was
previously studied and fitted to be qualitatively similar
to the calculations of Refs. [19, 120]. It is evident that all
couplings lead to a steadily increasing pressure at temper-
atures above the first order phase transition temperature
of T ~ 270 MeV, indicating that deconfined gluons (in
our case, exchange mesons and the field ®) have a finite
pressure in the deconfined phase. To reproduce the lat-
tice results [130] for T4, we perform a parameter fitting
for ap and Ty (refer to Table VII for values) associated
with the deconfinement potential, as described in Eq. (3).
All of our parameterizations are within the lattice band
for T' < 280 MeV.

2.  Pseudo critical transition temperature

The chiral phase transition and the deconfinement
phase transitions are distinct yet seem to be intercon-
nected phenomena in QCD (at least at up = 0). The chi-
ral phase transition involves a modification of the QCD
vacuum characterized by condensates, crucial for gener-
ating hadron masses with chiral symmetry restoration
occurring at high temperatures and/or baryonic den-
sities. Conversely, the deconfinement phase transition
marks the transition from hadronic degrees of freedom
to quarks and gluons. These transitions are character-
ized by distinct order parameters (usually o for chiral
phase transition and ® for deconfinement phase transi-
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TABLE V: Best fit of free parameters (mo, gnw, gnp, and gu) for different self-interaction coupling schemes of field
redefined vector mesons including low-energy nuclear saturation properties (nsai, B/A, K, Egym and L) and astro-

physics observables (Mmax, B,
calculating stellar properties at T=0.

and Ryy, ,). The symbol “*” marks the cases that do not include hyperons when

Coupling mo gnw gnp g4 Msar (fm™?) £ (MeV) K (MeV) Egm (MeV) L (MeV) Mmax(Mo) Raty, (km) Ras,, (km)
RC1~ 0 13.54 4.77 60.66 0.151 -15.76 275.70 28.95 66.03 1.90 11.66 13.28
RCox 0 13.54 3.77 60.66 0.151 -15.76 275.70 28.91 89.28 1.98 12.14 13.95
RcC3e 0 13.54 4.13 60.66 0.151 -15.76 275.70 28.92 78.97 1.93 11.86 13.60
RC4* 150 11.80 3.98 43.93 0.151 -15.70 303.43 28.95 86.42 2.20 12.16 14.07
RC4 150 11.80 3.98 43.93 0.151 -15.70 303.43 28.95 86.42 2.16 12.07 13.96

TABLE VI: The fitted value of parameter mg3 for different

self-interaction coupling schemes of field redefined vector 100 .

mesons — C4

RCa
reproducing the A hyperon potential (Ua). 80} —=—- RC3
Coupling m3 Ua(MeV) —— B2
RCL 1.256  -27.96 ’E P for .
R 1956 -27.96 ; Uncertainty Band from Lattice QCD
RC3  1.256 -27.96 e
R = 401
C4 0.8061 -28.09 2,

TABLE VII: Summary of free parameters related to de- 21

confinement for different vector couplings, where ggge =

3gq». The values of g,e and Ty are given in MeV. TR Y T W v %g S0

T [MeV]

Coupling ag a1(1073) a2(1073) a3

94 To(glue ) Tp(crossover)

RC1  -250 -2.05 -0.51 -0.396 500 292 200 FIG. 2: Deconfinement phase transition for the pure glue
RC2  -3.00 -1.95 -11.70 -0.396 490 306 200 case for different vector couplings with lattice QCD error
RC3 275 -2.03  -0.55 -0.396 500 299 200  band taken from Ref. [130].
RCg4 245 -1.81 -88.69 -0.396 470 290 200

tion). According to lattice QCD findings at ug = 0,

the chiral phase transition from the hadronic phase to
the quark phase is not a sharp discontinuity but rather a
crossover [131]. This crossover’s central point is denoted
as the pseudo-critical or crossover transition temperature

TABLE VIII: Pseudo-critical temperature for different
vector couplings.

Coupling TZ?(MeV)

TP, with a known value of 158 + 0.6 MeV as per latest RCl1 162.40
lattice results [16]. RC2 158.90

In Figure 3, we present the change in the order param- R 161.65
eters 0 and ® with temperature at pup = HQ = ps = 0. Ry 162.70
In the CMF model, to reproduce the constraints from the C4 170.82

theory for TP, we perform parameter fitting for 7y and
Jq®, Whose values are provided in Table VII. The figure
illustrates that the chiral condensate (o) is equal to its
vacuum value (0g) in the low-temperature regime. How-
ever, as T increases, o decreases, indicating the transition
from the chirally broken phase into the chirally restored
phase. Additionally, the maximum change in the chiral
condensate (peak of chiral susceptibility) occurs around
TP =161 MeV for all field redefined coupling schemes,
and these values are tabulated in Table VIII. Note that,
in our model the maximum change in the deconfinement

order parameter ® is approximately the same as the max-
imum change in the chiral condensate o. For reference,
we also mention the value of T? for the older C4 cou-
pling, which was initially fixed based on the older con-
straint of the pseudo-critical transition temperature [67],
and therefore presents slightly different results.
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FIG. 3: Chiral symmetry restoration represented by the
condensate o and deconfinement represented by ® for
different couplings at pp = s = pg = 0.

8. Deconfinement critical point

The transition from hadronic to quark phase is char-
acterized by a crossover at low values of baryon chem-
ical potential, but it is believed that eventually a crit-
ical point is reached at pp, beyond which a first-order
phase transition line exists [132]. The existence of a
critical point is supported by symmetry arguments to-
gether with an indication from experiments, where hints
of a critical point have been seen in net-proton fluctu-
ation data from the STAR’s Beam Energy Scan [133].
This phase transition line would intersect the 7' = 0 axis
at a point a few times the nuclear saturation density.
On the theory side, recent lattice QCD results have not
shown signs of critical behavior up to pup ~ 300 MeV,
with a critical temperature estimated to be less than
THR < 13273 MeV [16, 18]. A machine learning ap-
proach in [134] based on the lattice QCD equation of
state coupled to a critical point found on the grounds
of causality and stability found that the critical point is
heavily skewed towards g 2 400 MeV. To accommodate
these constraints, we adjust our model (as provided in
Table VII) to position the critical point at temperatures
lower than 7" < 135 MeV and baryon chemical poten-
tials greater than pup > 300 MeV. Note that in a study
that used the holographic gauge/gravity correspondence
to map out the QCD phase diagram [135], the authors
of [136] were able to constrain the location of the critical
point at T, ~ 105 MeV and pp,. ~ 580 MeV by using a
Bayesian analysis constrained to state-of-the-art lattice
QCD results.

In our model, to locate the critical point in the region
provided by first principles, we make adjustments to the
as parameter, which is associated with the mixed term
p%T? in the deconfinement potential equation (Eq. (3)).
This parameter modification has a direct impact on how
the phase diagram behaves in the region where both up
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TABLE IX: Deconfinement critical point for different
couplings.

Coupling TH?(MeV) up,. (MeV)

RCi 132.0 1028.85
RC2 127.9 1042.38
RC3 132.8 1014.26
RC4 113.8 1076.39
Cc4 167.0 354.00

and temperature 1" are non-zero. Figure 4 illustrates the
first-order deconfinement phase transition lines alongside
the respective critical points for various vector coupling
schemes. We have also included the phase transition line
associated with the older C4 coupling scheme, which was
fitted to older constraint data. Detailed values of the
critical temperature T, and critical baryon chemical po-
tential pup . for different vector couplings are provided in
Table IX. In the cases of *C1-F(C3, it is notable that the
critical point appears naturally at lower values of g and
higher values of T (in comparison with ®C4) no matter
how we fix the parameters.

Note that chiral symmetry restoration in the presence
of only hadrons appears as a smooth crossover in the
CMF model. When quarks are added, a discontinuity in
the order parameter o appears whenever there is a dis-
continuity in the order parameter ®. Nevertheless, we
refer to this as a deconfinement phase transition, as the
discontinuity in its order parameter is much larger and
at low temperature it switches from having just hadrons
to just quarks. The overall change in ¢ and, e.g., baryon
masses (away from the discontinuity) is much more grad-
ual.

4. Liquid-gas critical point

In the context of nuclear physics, the term “liquid-
gas phase transition” is often used to describe a phase
transition akin to what is observed in the behavior of or-
dinary liquids and gases. In this scenario, the transition
occurs within nuclear matter, which transitions from a
phase of nuclei (analogous to a gaseous phase) to bulk
nuclear matter (analogous to a more dense liquid phase).
In our model, we do not have nuclei as explicit degrees
of freedom, making it a vacuum-to-bulk nuclear matter
phase transition. Similar to the hadron-quark crossover
observed at low baryon chemical potentials, the liquid-
gas phase transition also becomes a crossover beyond
a threshold temperature. The point that separates the
crossover regime from the first-order line is then a critical
point TCLG. Beyond this point, it features a distinct dis-
continuous line known as the liquid-gas phase transition.

In this study, we have determined for the first time
the liquid-gas critical points for various coupling schemes,
as documented in Table X. We do not include hyperons
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FIG. 4: Deconfinement phase transition as well as liquid-
gas coexistence lines and respective critical points for
1o = 0 and zero net strangeness. The shaded regions
show the exclusion of quark hadron critical point by Lat-
tice QCD [137], finite-size scaling [138], and transition
line curvature [139]. It also shows a critical point from
holographic QCD [135, 136].

TABLE X: Nuclear liquid-gas critical point for different
couplings for pg = 0.

Coupling T (MeV) up= (MeV)

Rc1 14.91 911.55
RC2 14.91 911.55
Rcs 14.91 911.55
Rc4 16.34 908.94
C4 16.41 908.32

as their influence (if any) would be very small at such
up’s and T's. We have depicted the liquid-gas phase
transition lines for different couplings with critical points
in Figure 4. This determination is based on the behavior
of the chiral condensate o near pup ~ 938 MeV, which
corresponds to the mass of nucleons. 6: The liquid-gas
critical points were found (without any parameter fitting)
to match experimental observations closely, with values
TEC ranging from 15 to 17 MeV [13-15]. The couplings
C1-C3 present slightly different values than C4. This is
due to the unique characteristic of C4 involving a linear
term in ¢ and consequently different parameterizations
including a bare mass term for the baryons.

5. Equation of state at T=0

In this section, we delve into the T" = 0 axis of the
QCD phase diagram, which is approximated by matter
in the interior of fully evolved (beyond the proto-neutron
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star stage) neutron stars. At T = 0, the EoS eluci-
dates the intricate relationship between various thermo-
dynamic properties of matter within a neutron star and
can help to reveal the relevant microscopic degrees of
freedom. Leptons (electrons and muons) are included
through chemical equilibrium, ie., p. = p, = —pQ,
where g is determined by ensuring electric charge neu-
trality. pg is set to zero, since strangeness is allowed to
increase.

In Figure 5, we present pressure versus number density
at T = 0 for four different configurations (one shown also
with hyperons). As previously discussed, our model in-
corporates a deconfinement potential (see Eq. 3) designed
to transition between hadronic and quark contributions.
In the figure, for each coupling scheme, we observe an
increase in Fermi pressure within the hadronic system
as the number density rises, ultimately culminating in a
strong first-order phase transition (where the horizontal
line can be identified with a Maxwell construction, noting
that the two extremes in each curve correspond to the
same pp [75]). This transition results in a substantial
increase in number density as the pressure surges in the
quark regime. Within our newly proposed parametriza-
tion, by adjusting the quark couplings to ® i.e. gq,
we arrive at a smaller (more realistic) number density
jump during the phase transition compared to the old
C4 scheme.

In our quest to gain deeper insights into the threshold
of the hadron-to-quark phase transition, characterized by
the critical baryonic deconfinement density (n% .), we
have adjusted the parameter a; to obtain a lower value of
”%,m typically ranging around 3.4 ng, (compatible with
the approximate range of density at which baryons start
to overlap). For reference, we have compiled the values
of critical densities (n%’c) obtained within our work in
Table XI. Furthermore, the degree of softness or stiffness
in the EoS serves as a key determinant of a neutron star’s
ability to resist gravitational collapse. From the behav-
ior of pressure versus energy density in the quark sector
(not shown here), we observe that all of the new cou-
pling schemes exhibit stiffer EoS compared to the old C4
scheme. We also find that in the ®C4 coupling scheme
the stiffness (pressure in relation to number/energy den-
sity) is almost the same, independently of the presence
of hyperons, as they tend to appear in small numbers.
However, the inclusion of hyperons for (RC1-RC3) cou-
plings would lead to an extremely soft EoS due to larger
number of hyperons. As such scenario is not compatible
with recent observations of neutron stars, we chose not
to show these results.

In Figure 6, we depict the mass-radius curves for vari-
ous field redefined coupling schemes, both with and with-
out hyperons, within a system governed by hadronic de-
grees of freedom. To provide context, we also include the
mass-radius curve from our widely used work (C4 cou-
pling with hyperons) [67, 68, 70-77, 103-105, 123, 140].
When examining hadronic matter without hyperons, we
observe that the field redefined ®C4 coupling scheme
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FIG. 5: Equation of state for neutron-star matter at 7' =
0 for different vector couplings. The symbol “*” marks
the cases that do not include hyperons at T'=0.

TABLE XI: Starting point of deconfinement phase tran-
sition for neutron-star matter at T = 0 using different
vector couplings. The symbol “*” marks cases that do
not that include hyperons at T=0.

Coupling nflg’c (nsat)

RC1* 3.53
RQox 3.44
RC3* 3.46
Ry~ 3.22
R4 3.22

C4 4.00

yields the highest maximum mass (My,ax), which can be
compared to other field redefined coupling schemes and
the old C4 scheme. The inclusion of hyperons results in
a slight reduction in Mpax for ®C4, but it still remains
higher than the other coupling schemes. From the figure,
for ®C4 we can conclude that the incorporation of field
redefined vector mesons leads to a stiffer EoS, resulting
in a higher My,.x. On the other hand, for the other field
redefined coupling schemes (FC1-RFC3), we also achieve
a M4, of approximately 2Mq .

Concerning radius and by extension tidal deformabil-
ity, better agreement with the results from NICER [39,
40], LIGO and VIRGO [41] can be achieved by mod-
ifying the vector-isovector interactions (wp). This has
been explored, e.g., in Refs. [141-151] and in the CMF
model [68, 103, 104, 126]. In the present work, we do not
focus on vector-isovector interactions because they do not
modify the finite temperature part of the QCD phase di-
agram. Also, we did not vary the crust in the present
work but a different crust will influence agreement with
LIGO/NICER constraints.
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FIG. 6: Mass-radius curve for neutron star matter with
different field redefined vector coupling including a BPS
crust [129]. The shaded regions in color green denote the
NICER data for PSR J0030+6620 and J0740+4-0451, em-
ploying the Ilinois-Maryland analysis [39]. Meanwhile,
the violet region illustrates the NICER data for the same
pulsars analyzed through the Amsterdam analysis [40].
The symbol “*” marks the cases that do not include
hyperons at T=0.

While we now have a complete equation of state that
includes the deconfinement phase transition, a thorough
study of its macroscopic properties on neutron stars will
wait for a later work. The primary reason is that includ-
ing the EoS as it is in the TOV equations implies that the
surface tension of quark matter is infinite, which would
generate an impenetrable “wall” between the hadronic
and quark phases. Under the influence of gravity, points
with similar pressure would be side by side and there
would be no region with the baryon densities correspond-
ing to the jump in Figure 5. In this case, the mass-radius
diagram would show a kink. To assess the stability of the
star in the decreasing mass branch, we would have to con-
sider the speed of hadron«+quark conversion [152], which
could in turn make hybrid stars unstable. Second, if the
surface tension of quark matter is below a certain thresh-
old, a mixture of phases appears, which enhances stellar
stability. In this case, another dimension (ug) appears,
which allows the baryon density to increase smoothly
while connecting the hadronic and quark phases [152—
155]. Mixed phases have been extensively studied within
the CMF model [75, 76] and more will be reported soon.

Alternatively, by altering the deconfined potential (for
example, from aju} to aju%) to make it less respon-
sive to the baryon chemical potential, we can achieve
a less pronounced first-order phase transitions, resulting
in smaller changes in baryon density across the decon-
finement phase transition even for infinite surface ten-
sion [156-161]. This facilitates producing stable hybrid
stars without mixed phases [105, 126, 140]. Note that



quark superconductivity can also influence the mass-
radius of neutron stars if the gap size is large enough
[162, 163], with recent constraints setting a gap limit
around a few hundreds of MeV [164].

IV. CONCLUSIONS

In this work we take the CMF model, which can de-
scribe most key features across the QCD phase diagram,
and break degeneracies in the mass of the vector mesons
for the first time. We explore different self-interaction
vector couplings (C1-C4) and for the first time, we study
some of them (C1-C3) including deconfinement to quark
matter and finite temperature effects. These crucial
steps give us a better understanding of the role of vector
mesons play in the equation of state and pave the way
for future studies of in-medium masses of thermal meson
within the CMF model. Because of the complexity of the
CMF model and its inherent interconnectedness across
the entire phase diagram, the changes we make also re-
quired a full revision of the model. Furthermore, over the
past decade significant advances have been made across
the QCD phase diagram. We incorporate these new con-
straints in the latest parameterization of the CMF model
for the first time in this work as well.

As the vector mesons play a crucial role in mediat-
ing the repulsive forces between baryons and quarks,
their field redefinition strongly affects the properties of
hadronic and quark matter. Therefore, the entire model
needs to be reparameterized. By incorporating appro-
priate chiral invariants into the vector interactive La-
grangian, we successfully eliminate the mass degeneracy
among the vector mesons by refitting the parameters re-
lated to the mass term of the vector meson Lagrangian,
aligning them more closely with empirical data. We also
discuss the fitting of parameters for the baryon/quark-
meson interaction and self-interacting vector mesons.
These adjustments aim to match key modern experimen-
tal constraints, such as the saturation density, the bind-
ing energy per nucleon, the compressibility, the symme-
try energy, the slope parameter, and the Lambda hy-
peron potential in addition to constraints for the liquid-
gas critical point and constraints from astrophysics. In
particular, we find that the redefinition of vector fields
plays a significant role in reproducing neutron stars with
higher masses, when compared to the previous C4 cou-
pling scheme.

Furthermore, we explore the parameters associated
with the Polyakov loop-inspired deconfinement poten-
tial. This includes reproducing lattice QCD constraints,
such as the location of the deconfinement phase transi-
tion, the pseudo-critical transition temperature, and con-
straints that exclude the location of the hadron-quark
critical point in certain regions of the phase diagram. The
uniqueness of our new parameter fit is grounded in our
careful selection of distinctive constants by spanning the
search over a whole phase diagram, encompassing novel
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constraints not previously considered in the field. Rig-
orous validation, including extensive consistency checks,
demonstrates the robustness of our results.

Looking forward, this work opens up multiple new av-
enues to explore. For starters, we can study the effect
of the new field redefinition schemes on the in-medium
masses of thermal mesons, which haven’t yet been con-
sidered. At the moment, we can easily add a gas of
free thermal mesons to our calculations, but they would
be present in both hadronic and quark phases. Once
in-medium masses guarantee that the thermal mesons
are suppressed in the quark phase, then, we can use a
wider set of lattice QCD results to fit or test our formal-
ism, such as partial pressures [165]. On the experimen-
tal side, the EoS derived from the CMF model can be
used to connect the physics of neutron stars with that of
heavy-ion collisions when exploring different isospin and
strangeness. The EoS at T" = 0 is valuable for gaining
insights into both the micro- and macroscopic proper-
ties of neutron stars, providing a framework to study,
e.g., different net strangeness and quark content in neu-
tron stars, as well as input for simulations of neutron-star
cooling and, in the case of finite T', input for simulations
of neutron star mergers and supernovae. It would be
interesting to study these new parametrizations of the
CMF EoS in different astrophysical scenarios and also in
simulations of heavy-ion collisions. Finally, the knowl-
edge gained on the effect of the parameters across the
entire CMF model in terms of how they connect to key
features of the QCD phase diagram will play an impor-
tant role in future work (such as a Bayesian analysis) that
uses statistical methods to constrain model parameters.
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Appendix A: Particle Multiplets

e Baryon matrix
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e Vector meson matrix
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