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ABSTRACT

We investigate the properties of hadronic and quark matter that would allow for a first-order phase transition within neutron stars. To
this end, we use a parameterizable relativistic mean-field description for the hadronic phase and a renormalization group-consistent
Nambu-Jona-Lasino model for the quark phase. This also enables us to consider sequential phase transitions involving a two-flavor
color-superconducting and a color-flavor-locked phase. We find large ranges for all parameters that permit a phase transition, even
when constrained by current astrophysical data. We further attempt to filter out parameter sets with a high chance of detectability
by mass-radius measurement, i.e., stars with an identical mass but different radii, so-called twin stars. However, we find that such
configurations lie outside the constrained parameter spaces. Instead, most of the mass-radius relations that feature a phase transition
appear to be indistinguishable from a purely hadronic description.
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1. Introduction

Neutron stars are among the densest objects in the Universe.
As such, they can provide unique insights into the behavior
and composition of bulk matter under extreme conditions.
The equation of state (EoS), which describes such mat-
ter by connecting energy density and pressure, is strongly
linked to the mass, radius, and tidal deformability of neu-
tron stars and can therefore be probed by measuring those
quantities. As such, astrophysical observations play a sig-
nificant role in constraining the EoS of neutron star matter
(Annala et al. (2018, 2022), Landry et al. (2020), Dietrich et al.
(2020), Chatziioannou (2020)). The first observation that ruled
out a significant number of possible EoSs was the detec-
tion of several neutron stars with masses of around 2 M
(Demorest et al. (2010), Antoniadis et al. (2013), Fonseca et al.
(2016), Cromartie et al. (2019), Romani et al. (2022)). This high
mass necessitates that the pressure rises steeply as a function of
energy density. In other words, the EoS is required to be stiff.
While neutron star masses can be accurately measured, deter-
mining their radii remains more challenging. However, recent
observations from the NICER -collaboration have provided
valuable constraints on neutron star radii (Miller et al. (2019,
2021), Riley et al. (2019, 2021), Raaijmakers et al. (2019, 2021),
Salmi et al. (2024), Dittmann et al. (2024), Choudhury et al.
(2024)), and can be used to further constrain the EoS. How-
ever, the most influential data point comes from the detec-
tion of GW170817, the first gravitational wave signal from a
binary neutron star merger with an electromagnetic counterpart
(Abbott et al. 2017, 2018, 2019, 2020). This event puts stringent
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limits on the tidal deformability of a 1.4 M, neutron star, thereby
constraining the EoS. Notably, the tidal deformability points to
a softer EoS, in contrast to the 2 M, constraint.

While a significant number of EoSs in the literature con-
tain only hadronic matter, it has been shown that a phase
transition to quark matter can help ease this apparent tension
between the maximum mass and tidal deformability constraint
(Paschalidis et al. (2018), Christian et al. (2019), Montana et al.
(2019), Sieniawska et al. (2019), Christian & Schaffner-Bielich
(2020)). Such an EoS could lead to a neutron star with
a quark matter core and a hadronic envelope, a so-called
hybrid star (Ivanenko & Kurdgelaidze (1965), Itoh (1970),
Alford et al. (2005), Coelho et al. (2010), Chenetal. (2011),
Masuda et al. (2013), Yasutake etal. (2014), Zacchietal.
(2016), Xie & Li (2021)). Hybrid stars cannot inherently be
distinguished from purely hadronic neutron stars Alford et al.
(2005); however, if the phase transition is suitably strong,
certain indicators would be detectable in mass, radius, and tidal
deformability. One of the more extreme versions of such an
indicator would be a so-called twin star configuration (Kdmpfer
(1981), Glendenning & Kettner (2000), Schertler et al. (2000),
Schaffner-Bielich et al.  (2002), Zdunik & Haensel (2013),
Blaschke & Alvarez-Castillo (2016), Zacchietal. (2017),
Blaschke et al. (2020), Tan et al. (2020)). Twin stars are defined
as two stars with the same mass but different radii. They
require the existence of two stable branches in the mass-radius
diagram, separated by an unstable region. This configuration
cannot be achieved without a phase transition. Apart from the
strength of the phase transition, the choice of quark matter
model plays a significant role in the construction of hybrid
and twin stars. Specifically, a stiff quark matter model is more
likely to exhibit a disconnected second branch than a soft one
(Alford et al. 2013). Therefore, modeling the quark phase with
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a constant speed of sound (CSS) approach with high values
for the sound speed is a popular method (Alford et al. (2013,
2015), Alford & Sedrakian (2017), Christian et al. (2018, 2024),
Christian & Schaffner-Bielich (2020), Li et al. (2024)). Here we
use a quark matter model with a stronger basis in microphysics.

We employ a relativistic mean-field (RMF) EoS (Johnson &
Teller (1955), Duerr (1956), Walecka (1974), Boguta & Bodmer
(1977), Serot & Walecka (1986), Mueller & Serot (1996),
Typel et al. (2010), Todd-Rutel & Piekarewicz (2005), Chen
& Piekarewicz (2014), Fattoyev et al. (2018), Hornick et al.
(2018)) to describe hadronic matter. This is motivated by its
high degree of parameterizability combined with its microphys-
ically well-motivated approach. We combine it with a color-
superconducting (CSC) quark matter description. This type of
quark matter is characterized by Cooper pairing between the
quarks, leading to a nonzero energy gap in the quasiparti-
cle excitation spectrum (Barrois (1977), Bailin & Love (1979,
1984), Alfordetal. (1998, 1999a), Rappetal. (1998), Son
(1999), Schifer & Wilczek (1999)). In the two-flavor color-
superconducting (2SC) phase, up-and-down quark flavors of two
colors (e.g., red and green) participate in the pairing, while
one color (blue) and the strange quarks (if abundant) remain
unpaired (Alford et al. 1999b). In the color-flavor locked (CFL)
phase, quarks of all colors and flavors participate in the pairing
(Alford et al. (1999a), Schifer (2000), Shovkovy et al. (2005)).
The Nambu-Jona-Lasinio (NJL) model is a microscopic model
for quark matter that allows for a self-consistent calculation of
chiral symmetry breaking and sequential CSC phases, includ-
ing the 2SC and CFL phases. It has been widely used and
extended to describe quark matter in compact star physics
(e.g., Baldo et al. 2003; Buballa et al. 2004; Klihn et al. 2007;
Pagliara & Schaffner-Bielich 2008; Bonanno & Sedrakian 2012;
Kldhn etal. 2013; Baymetal. 2018; Ranea-Sandoval et al.
2017; Alaverdyan 2021, 2022; Gaoetal. 2024; Yuan et al.
2025). For the present work, it is important that quark matter
at the core densities of the most massive star configurations (ng
up to ~10 times nuclear saturation density) can be reliably cal-
culated. To ensure this, we use the three-flavor renormalization
group-consistent NJL (RG-NJL) model (Gholami et al. 2025a,b)
to ensure that our calculations at high densities are not spoiled by
cutoff artifacts. We assume the transition between hadronic and
quark matter to be of the first order and model it with a Maxwell
construction.

The role of CSC in hybrid stars has become an active field
of research in recent years, with various quark matter descrip-
tions applied, such as nonlocal NJL models (Shahrbaf et al.
(2023), Blaschke et al. (2023), Ivanytskyi (2025)), confining rel-
ativistic density functional approaches (Ivanytskyi & Blaschke
(2022a,b), Girtlein et al. (2023, 2025)), and parameterized mod-
els incorporating strong perturbative quantum chromodynamic
corrections (Zhang & Mann 2021).

This work aims to provide a comprehensive analysis of
the possible parameter space for vector and diquark couplings
within an RG-consistent framework. We constrain the parameter
space of the RMF-NJL hybrid model with measurements from
NICER, the tidal deformability measurement of GW170817,
and by requiring that the EoS allows for neutron stars with a
maximum mass of at least 2 M. We find that a phase transi-
tion to quark matter prefers a stiff hadronic EoS. This means
that the tidal deformability constraint imposes significant limita-
tions on possible parameter variations for both phases. Neverthe-
less, a large number of hybrid EoSs are within the astrophysical
constraints. We also consider possible twin star configurations,
showing that the 2 M, constraint in combination with the tidal
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deformability constraint from GW 170817 reduces the parameter
space for twin stars to such an extent that they can effectively be
ruled out, within our approach.

Our work is organized as follows. In Section 2 we provide a
detailed description of the EoS for the hadron and quark phase,
as well as the hadron-quark transition. In Section 3 we present
the results from an extensive analysis of ~700000 parame-
ter combinations, incorporating the mass constraint, as well as
NICER and GW170817 observations. Finally, in Section 4 we
discuss our findings.

2. Equation of state
2.1. Hadronic phase

For the crust EoS, we employed the well-known Baym-Pethick-
Sutherland EoS (Baymetal. (1971), Negele & Vautherin
(1973)). The hadronic part of the core is described using a
RMF parametrization (Johnson & Teller (1955), Duerr (1956),
Walecka (1974), Boguta & Bodmer (1977), Serot & Walecka
(1986), Mueller & Serot (1996), Typel et al. (2010), Todd-Rutel
& Piekarewicz (2005), Chen & Piekarewicz (2014)) within the
limits explored in Hornick et al. (2018). We refer to this as the
Frankfurt-Barcelona (FB) EoS. In this setup, the symmetry
energy, J, the slope parameter, L, and the effective mass, m*/m,
were fixed at saturation density ng in a way that is compatible
with chiral effective field theory calculations. Furthermore, we
varied these parameters within the ranges allowed by exper-
iments (Lattimer 2023), allowing us to provide a full picture
of the possible parameter space for phase transitions to our
quark model. Small effective masses correspond to stiff EoSs
(Boguta & Stocker 1983), where stiff refers to the pressure as
a function of energy density rising quickly when compared
with a soft EoS. Stiff EoSs exhibit higher masses, radii, and
tidal deformabilities than soft EoSs. As a result, our hadronic
model requires a value of m*/m > 0.65 to be consistent with
the tidal deformability of GW170817 (Abbottetal. 2019). A
value of m*/m = 0.65 is only within the limits if the other
parameters, fixed at saturation density, are adjusted such that
they contribute to a soft EoS (Hornick et al. (2018), Ghosh et al.
(2022)). However, following the detection of GW 170817, it has
been shown that its constraining power on the hadronic EoS can
be mitigated with a suitable phase transition to quark matter
(Paschalidis et al. (2018), Christian et al. (2019), Montana et al.
(2019), Sieniawska et al. (2019), Christian & Schaffner-Bielich
(2020)). This is the case because hybrid stars are more com-
pact than purely hadronic neutron stars, allowing previously
ruled-out hadronic phases to regain compatibility. With this
in mind, we varied the effective mass within the entire range,
m*/m = 0.55-075, laid out by Hornick et al. (2018) instead
of limiting ourselves to the range constrained by GW170817.
The slope parameter was varied between L = 40—-60 MeV, the
symmetry energy between J = 30—32 MeV, and finally we varied
the value of the nuclear saturation density, ny = 0.15-0.16 fm=3.
The incompressibility coefficient at saturation density was set to
K(ng) = 240 MeV, in accordance with Hornick et al. (2018). The
influence of J, L, and ny on mass, radius, and tidal deformability
is minimal but not negligible. In Section 3, we show that the
ability to combine a given quark EoS with the hadronic envelope
is affected by these parameters as well.

It could be argued that the parameter range of L =
40-60MeV is too small, given that there is some tension
between different measurements (Zhao et al. 2024). Generally,
the slope parameter is expected to be between L = 50 = 10 MeV
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(Adhikari et al. (2022), Zhang & Chen (2023), Lattimer (2023))
and L = 121 + 47MeV (Adhikari et al. (2021), Zhang & Chen
(2023), Lattimer (2023)). Our main analysis only considers the
former, since this value is in better agreement with chiral effec-
tive field theory (Essick et al. (2021), Lim & Schwenk (2024)).
However, in order to solidify our findings, we compared our
results to parameter sets up to L = 160 MeV, which did not
change our conclusions, the reasons for which are outlined in
Section 3.

2.2. Quark phase

For the quark phase, we employed the three-flavor RG-NJL
model with a diquark interaction, allowing for the formation
of homogeneous CSC condensates. The NJL model is non-
renormalizable, implying that the model’s regularization depen-
dence cannot be absorbed into renormalized quantities. In the
literature, the NJL model is typically regularized with a sharp
three-momentum cutoft, A’, which is fit to vacuum properties.
The RG-consistent description of the NJL model (Gholami et al.
2025b) removes artifacts of the conventional regularization and
allows for a consistent investigation of the phase structure at high
chemical potentials (Braun et al. 2019).

As is discussed in Gholami et al. (2025b), using a conven-
tional cutoff regularization can introduce unphysical artifacts.
Even evaluating the model at chemical potentials as small as
50% of the cutoff, A’, can lead to this effect. To prevent this
issue, a renormalization-group consistent regularization scheme
was proposed in Braun et al. (2019) and adapted for a neu-
tral three-flavor NJL model with color superconductivity in
Gholami et al. (2025b). The concept of RG consistency can be
straightforwardly formulated in the context of the functional
renormalization group, in which the full quantum effective action
is calculated by solving a flow equation for a scale-dependent
average effective action, which is initialized at some initial ultra-
violet scale, A (Wetterich 1993). RG consistency then requires
the initial scale, A, for the flow equation to be set sufficiently
high for the full quantum effective action to become independent
of A in the infrared limit (Braun et al. 2019). In the context of the
mean-field approximation, this large initial scale effectively acts
as a high-momentum cutoff. For further details on the impor-
tance of RG consistency in mean-field models, see Braun et al.
(2019) and Gholami et al. (2025b). In short, the RG-consistent
regularization employs a large cutoff scale, A, while the diver-
gent vacuum contributions are regularized with the traditional
cutoff, A’. RG consistency is obtained for A > A’. Additionally,
when diquark condensates are present, new medium-dependent
divergences emerge, which must be subtracted by appropriate
counterterms to ensure that the physical results remain inde-
pendent of the large cutoff scale. These counterterms can be
motivated by different renormalization schemes. In this work,
we employ the so-called massless scheme, which was also used
for calculating a phase diagram and the EoS in Gholami et al.
(2025a,b).

The different contributions to the Lagrangian density along
with the effective potential in the RG-consistent regularization
for the model are outlined in detail in Gholami et al. (2025a).
The grand potential per volume, Q(ug, T), is a function of the
baryon chemical potential, ug, and temperature, 7. The pressure,
D, is obtained as

p=-(Q-Q)-B, ey

with Qy = Q(up = 0,T = 0). The parameter B acts as an
additional bag constant, which fixes the pressure in vacuum to

p(ug = 0,T = 0) = —B. For thermodynamic consistency, the
energy density, €, is increased for nonzero B as € — € + B.

Overall, the quark matter model includes three free parame-
ters, which were varied to determine the EoS. We then assessed
its compatibility with the astrophysical data, ultimately con-
straining them. These are the diquark coupling, np, the vector
coupling, 1y, and the additional bag constant, B. The stiffness
and the composition of the quark phase at a fixed density can
be varied by adjusting the couplings, np and ny. In an ear-
lier study, we investigated the stability of hybrid stars with a
2SC-CFL phase transition (Gholami et al. 2025a). In this study,
we employed parameter ranges of ny = 0.00-1.50 and np =
0.90-1.80. Nearly all of the maximum-mass configurations of
the parameter sets surpassing 2 My contained a CFL quark phase
at their center. Note, however, that these calculations were done
exclusively with a vanishing bag constant, B = 0.

The NJL model lacks confinement and is only used for the
high-density quark matter description of our hybrid model. Con-
sequently, the vacuum pressure calculated within the NJL model
does not necessarily have to match the vacuum pressure derived
from the RMF model. In this work, we use the freedom to
choose a nonzero B to effectively change the density of the
hadron-quark phase transition. This is a standard procedure in
the literature (Rather et al. (2021, 2020), Burgio et al. (2002),
Steiner et al. (2000)). Increasing B lowers the pressure of quark
matter at every point and moves the hadron-quark phase transi-
tion to higher densities.

Apart from 5y, np, and B, the remaining coupling constants
of the model and the bare quark masses are fit to the pseu-
doscalar meson octet in vacuum (Rehberg et al. 1996). They
take the same values as in our previous work (Gholami et al.
2025b). Since the present model is RG-consistent, it can be
evaluated at arbitrary high scales with the condition that the
large cutoff scale, A, is chosen sufficiently large. For this work,
A = 10A’ = 6023 MeV is found to be sufficiently high to study
the densities reached in neutron stars.

2.3. Phase transition

The hadron-quark phase transition in this work was modeled
using a Maxwell construction. In this setup, the baryon chemical
potential and pressure are kept constant at the point of transition,
Puans, but the (energy) density is expected to jump. A prereq-
uisite for this construction is a “strong” phase transition, which
is more likely to lead to noticeable changes in the mass-radius
relation than the more involved Gibbs construction, where the
charge chemical potential is conserved across the mixed phase as
well (Hempel et al. 2009). As the Maxwell construction requires
a point where ug(p)um = pp(p)om, a match between a given
hadronic EoS and a quark EoS is not always possible. Addition-
ally, we imposed that a phase transition can only occur at densi-
ties larger than ny and smaller than 10 ry. The upper-density limit
is not physically motivated but was chosen to keep our phase
transitions close to neutron star densities. For our description of
hadronic and quark matter, the parameter choices affect a pos-
sible match to different degrees. The nuclear parameters, m*/m
and L, have the largest impact on the allowed values of 7y and
np. We discuss this in detail in Section 3.

The presence of a phase transition can lead to a significant
impact on the mass-radius relation and therefore on astrophys-
ical observables. This usually takes the form of a kink in the
mass-radius relation or even a scenario in which the sequence
becomes unstable when peenral = Prrans and regains stabil-
ity at higher central pressures, forming a stable second branch
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containing hybrid stars. If such a second branch forms, two
neutron stars with the same mass but different radii and tidal
deformability can occur, i.e., twin stars. The significance of
these twin stars lies solely in them being indicators of a phase
transition that can be checked with mass and radius (and tidal
deformability, A) measurements. In the following, we explore
what conditions allow for a phase transition and which of these
phase transitions lead to twin star configurations.

3. Results
3.1. Matching hadronic and quark phase

In this work, we investigated over 700 000 parameter combina-
tions, of which about 125 000 feature a possible transition point
and 22000 comply with astrophysical constraints. The ranges
and steps in which our parameters were varied are listed in
Table 1. We found that the last stable star for every parameter set
either has quark matter in the CFL phase at its center or a purely
hadronic core; there are no cases in which the densest star fea-
tures a 2SC center. However, for some EoSs there are less dense
stars that can feature a pure 2SC quark core.

The effects of the nuclear parameters ng, J, L, and m*/m
on the ny — np parameter space are shown in Figs. 1 and 4.
In each of these figures, we denote areas in which a particular
nuclear parameter is kept constant with a designated color. For
each point in such an area, at least one matching parameter set
exists for fixed 7y and np as well as the fixed nuclear parameter.
For example, at least one hadronic parameter set with an effec-
tive mass of m*/m = 0.65 can be combined with a quark phase
that is characterized by vy = 0.80 and np = 1.30. However, we
cannot assume that all hadronic sets with m*/m = 0.65 can be
combined with such a quark phase.

Before we begin with the parameter variations in Fig. 1,
we note that we found the choice of symmetry energy, J, to
be inconsequential for the possibility of matching a hadronic
EoS with a quark matter parameter set. The value of satura-
tion density, ng, is only slightly more relevant. By increasing
no = 0.15fm? to ny = 0.16fm>, we noticed a decrease in the
allowed ny range of 0.1 at most, while the range of 7p is unaf-
fected.

The parameters m* /m and L have a much larger impact on the
possibility of matching hadronic and quark matter than ng and J.
This becomes clear in Fig. 1, in which we show the nyv —np space
that has at least one parameter set with a given effective mass,
m*/m (left), or a given slope parameter, L (right), available to
them. In addition, Fig. 1 has three rows, where B is increased in
each row by 100 MeV, starting at B = OMeV in the first row.
This allows us to visualize not only the effect of m*/m and L, but
B as well.

We find that the effective mass and slope parameters affect
the v —np space in opposite ways. An increase in m*/m reduces
the parameter space, while an increase in L enlarges it. What
is common to these variations is a stiffening of the hadronic
EoS. This is also the case for decreasing ny. It is therefore clear
that stiff EoSs are more easily combined with a quark phase
than soft ones, as one would expect. We further note that the
ny range is strongly affected by softening the hadronic EoS,
whereby much smaller values are required to make a match pos-
sible. The hadronic EoS influence on the allowed range for np is
minimal. Instead, np seems to be limited by the bag constant, B,
which in turn does not influence the allowed range for ny. This
is because increasing B increases the transition density from the
hadronic to the quark phase, which introduces parameter sets

Al145, page 4 of 11

Table 1. Parameter ranges and step sizes.

Parameter Lower bound Upper bound  Step size
m*/m 0.55 0.75 0.05

L [MeV] 40 60 5

J [MeV] 30 32 1

no [fm=3] 0.15 0.16 0.01
v 0.0 1.5 Var
D 0.9 2.0 Var

B [MeV/fm?] 0 200 10-50

Notes. The effective mass, m*/m, vector coupling, ny, and diquark cou-
pling, np, are dimensionless. The symmetry energy, J, and slope param-
eter, L, are in mega-electronvolts. The saturation density, ny, and bag
constant, B, are in units of particle per cubic femtometer and mega-
electronvolts per cubic femtometer, respectively. Step sizes for ny and
np vary for efficiency. B uses steps of 10 MeV/fm® up to 50 MeV/fm?,
then steps of 50 MeV/fm?>.

with the density at the transition, 7fy,y,s, previously outside the
investigated range.

In Fig. 2 we show the mass-radius, and the dimension-
less tidal deformability—mass relations for a small number
of representative EoSs. Since it is not possible to perfectly
represent the entire parameter space we investigate, we chose
to include examples to highlight the different possible types
of phase transition, as well as EoSs that feature potentially
detectable peculiarities, such as twin stars. This also includes
parameter sets (PSs) that are not compatible with astrophysical
observations, such as PS2 and PS3. The hadronic and quark
phase parameters used to generate these mass-radius relations
are listed in Table 2. The solid lines in Fig. 2 represent the purely
hadronic stars. Stars on the dashed line feature a 2SC core and
stars on the dash-dotted line have quark matter in the CFL phase
at their center. The transition point from the hadronic phase
to the quark phase is marked by a solid dot. A square symbol
marks the transition from the 2SC phase to the CFL one. The
cross symbol denotes a direct transition from hadronic matter
to the CFL phase and the star symbol indicates the last stable
star of the mass-radius relation. It is followed by the dotted line,
which represents the unstable region. On the left side of the
figure, the mass-radius relation is shown in conjunction with the
NICER constraints for PSR J0030+0451 (Miller et al. (2019),
Riley et al. (2019), Raaijmakers et al. (2019)), PSR J0740+6620
(Miller et al. (2021), Rileyetal. (2021), Raaijmakers et al.
(2021)), and PSRJ0437-4715 (Choudhury etal. (2024),
Salmi et al. (2024), Dittmann et al. (2024)) as well as the
HESS J1731-347 data point (Doroshenko et al. 2022). PS1 has
a very soft hadronic phase and an early onset of the quark phase
at about 1.3 ng. It is therefore a very extreme example. In addi-
tion, the mass-radius relation does not exhibit any clear signs
of a phase transition taking place; it would be indistinguishable
from a purely hadronic EoS. The only hint of its more exotic
makeup is its placement at lower radii. Conversely, PS2 and PS3
lead to twin stars. In the case of PS2, the transition from the
hadronic phase to the CFL phase is accompanied by a sizable
jump in energy density (latent heat) of Ae = 370 MeV/fm?>. This
leads to the location of the hybrid star branch being moved to
smaller masses and radii compared to PS3, which has a much
smaller latent heat. The smaller latent heat of PS3 places its
second branch at nearly the same mass as the hadronic maxi-
mum. Nevertheless, twin stars are present, which means that an
observer unfamiliar with the EoS could infer the presence of a
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Fig. 1. Quark matter parameter sets that allow matches with the hadronic phase under different conditions. On the left, the effective mass, m*/m,
is kept constant, and ny, J, and L are not fixed. The shaded areas represent the region where a hadronic EoS with the given m*/m can be matched
with the corresponding quark matter parameters, ny and 77p. On the right, the slope parameter, L, of the hadronic phase is kept constant, and n,
J, and m*/m are not fixed. The results of the first row are for a bag constant, B = 0MeV/fm?, which is increased in each descending row by

100 MeV/fm?.

phase transition from the mass-radius relation. The PS4 case
also includes a kink in the mass-radius relation, but it is much
less pronounced and is not resolvable with current observations.
Like PS2, it features a phase transition from the hadronic to the

2SC phase, as well as a transition from the 2SC phase to the CFL
phase. Finally, the mass-radius relation of PS5 is completely
indistinguishable from a purely hadronic EoS, even though its
early phase transition would result in exclusively hybrid stars
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Fig. 2. Left: Mass-radius relation for hybrid stars with different hadronic and quark phase parameters as is displayed in Table 2. Points on solid
lines are stars with hadronic matter in the core, while points on the dashed and dash-dotted lines contain 2SC and CFL quark matter in the center,
respectively. The star symbol indicates the densest stable star. The solid circle and square symbols mark the onset of the 2SC and CFL phases in the
core. The cross symbol corresponds to a direct phase transition from hadronic matter to the CFL phase. The dotted line corresponds to the unstable
region. The various shaded areas are 10~ and 20 credibility regions for mass and radius inferred from the analysis of the pulsar stated in the label.
Right: Corresponding dimensionless tidal deformability (A)-mass relation. The solid magenta line represents the 90% credibility constraint on
the dimensionless tidal deformability at 1.4 M, from the GW170817 measurement (Abbott et al. 2018). The high-mass region is shown in more

detail.

Table 2. Parameter sets used for Fig. 2.

Parameter PS1 PS2 PS3 PS4 PS5
m*/m 075 055 060 0.65 0.65
L [MeV] 60 60 45 60 60
J [MeV] 31 32 30 31 32
np [fm™3] 0.15 0.16 0.16 0.16 0.16
v 090 0.70 1.00 1.00 1.20
D 1.80 1.80 190 1.80 2.00
B [MeV/fm?] 50 100 50 50 100
Aerans [10] 1.3 2.2 27 175 29
GW Yes No No Yes Yes
Twins No Yes Yes No No
HM-QM transition 2SC CFL CFL 2SC CFL

Notes. The effective mass, m*/m, vector coupling, v, and diquark cou-
pling, np, are dimensionless. The symmetry energy, J, and slope param-
eter, L, are in mega-electronvolts. The saturation density, ny, and bag
constant, B, are in units of particle per cubic femtometer and mega-
electronvolts per cubic femtometer, respectively. The transition density
in the hadronic phase, nyays, 1S given in terms of ny. The compatibility
with GW170817 is marked with “yes/no”, as is the presence of twin
stars. The last row indicates the quark phase at the hadron-quark transi-
tion.

being realized in nature. The right side of Fig. 2 shows the tidal
deformability as a function of mass for PS1-PS5. The solid
magenta line represents the 90% credibility constraint from the
GW170817 measurement as Aj4y, = 1907350 (Abbott et al.
2018). Only PS1, PS4, and PS5 are within the constraint, which
means that the two cases including twin stars are not consistent

with GW170817.

3.2. Applying astrophysical constraints

In the following, we apply constraints from astrophys-
ical data to all the available matches; specifically, the
masses and radii of PSRJ0030+0451 (Milleretal. (2019),
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Riley et al. (2019), Raaijmakers et al. (2019)), PSR J0740+6620
(Miller et al. (2021), Rileyetal. (2021), Raaijmakers et al.
(2021), Salmietal. (2024), Dittmannetal. (2024)), and
PSR J0437-4715 (Choudhury et al. (2024)) as well as the
90% credibility constraint on the tidal deformability from
GW170817 (Abbott et al. (2017, 2019)). We also require the
maximum mass configuration of the EoS to support at least 2 M,
(Demorest et al. (2010), Antoniadis et al. (2013), Fonseca et al.
(2016), Cromartie et al. (2019), Romani et al. (2022)). In
general, stiff EoSs feature high maximum masses and large
radii, compared to soft EoSs at lower masses and smaller radii.
Therefore, stiff EoSs are not strongly constrained by the 2.0 M
mass constraint or the radius estimate, Ry, > 11km, of a
2 My star by NICER (Miller et al. (2021), Riley et al. (2021),
Raaijmakers et al. (2021)). However, the tidal deformability
constraint obtained from GW170817 Abbottetal. (2019)
requires compact solutions, i.e., a high value of compactness,
C = M/R. Soft EoSs tend to contain more compact neutron
stars, as the mass decrease is smaller compared to the radius
decrease when going from a stiff EoS to a soft one, which rules
out particularly stiff EoSs. In our setup, the purely hadronic
EoSs with m*/m < 0.65 are ruled out completely, while only
some parameter sets with m*/m = 0.65 are consistent with the
tidal deformability constraint.

The way the observations outlined above constrain a given
set of parameters is shown for the example of m*/m = 0.65 and
B = 100MeV/fm?® in Fig. 3. The shaded areas correspond to
specific constraints. Similarly to Fig. 1, not every parameter set
containing the fixed parameters is guaranteed to be compatible
with the constraint, but there is at least one parameter set for
each point in the shaded area that is compatible. A significant
amount of purely hadronic EoSs with m*/m = 0.65 is compati-
ble with GW 170817, even without a phase transition. Therefore,
the GW170817 constraint (red) does not severely restrict the
parameter space. The mass-radius estimate for PSR J0437-4715
(orange) has only slightly more constraining power than tidal
deformability. The 2 My mass constraint (cyan) is the most
restrictive constraint and decreases the allowed range of np
for a given ny substantially. This can be further refined by
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Fig. 3. Values of the diquark coupling (17p) and vector coupling (77v)
allowed by specific constraints for a hadronic EoS with m*/m = 0.65
and B = 100 MeV/fm® that feature hybrid stars. The band where param-
eter sets exist that fulfill all constraints is cross-hatched. The specific
regions to which ny and np are constrained are indicated with colors that
correspond to their respective observables. Red represents GW170817.
Green, blue, and orange represent the NICER measurements. Finally,
cyan represents the mass constraint. Note that all areas except for
GW170817 share a border on the right side, beyond which no stable
hybrid stars can be realized.

including the radius measurement of the 2 M PSR J0740+6620
(dark blue). Only the radius estimate for PSR J0030+0451 (green)
limits the parameter space less than GW170817. All NICER con-
straints share a border on the right side of the plot. This is not a
limitation caused by astrophysical observations; instead, none of
the parameter sets to the right of this border lead to stable hybrid
stars, and therefore none of them are of relevance to this work.
Note that a plot similar to Fig. 3 can be made for a variety of
parameter sets, but this one is well suited to outline the general
trend: GW 170817 requires softer hadronic EoSs, which are more
difficult to combine with a quark phase. When already consider-
ing a soft hadronic EoS, the mass constraint becomes significantly
more impactful than the tidal deformability constraint.

Fig. 2 and Table 2 suggest an incongruity between the tidal
deformability constraint from GW170817 and twin stars. In
Fig. 4, we investigate this thoroughly. The figure is structured
identically to Fig. 1. The left side shows the ny — np parame-
ter space in which constraints set above are met for at least one
parameter set containing the effective mass corresponding to the
color of the space. For the right side of the plot, L is kept fixed.
Only parameter sets that lead to stable hybrid stars are consid-
ered. The most noticeable influence on the allowed parameter
range comes from the tidal deformability constraint, which rules
out nearly all EoSs with m*/m < 0.65. For this reason, we only
include EoSs with m*/m > 0.65 in Fig. 4. However, stiffer EoSs
are not completely ruled out. A phase transition to quark mat-
ter can, under certain circumstances, increase the compactness
of the hybrid stars to such an extent that a previously ruled out
hadronic EoS can regain compatibility with the tidal deformabil-
ity constraint. In our framework, this effect is so small that we
only found one combination of iy and 7p that supports this phe-
nomenon for a given bag constant. This might be caused by a
large step size for the coupling strength. Applying a smaller step
size should allow us to find a small area rather than the single

parameter combination currently identified. In our present study,
the combination for B = 0 MeV/fm? is nv = 0.80 and np = 1.50.
For these values, some parameter sets with m*/m = 0.55 and
m*/m = 0.60 can fulfill all astrophysical constraints. How-
ever, stiff EoSs require a low transition density to be compat-
ible with GW170817, in this case only slightly larger than n.
Increasing the bag constant, B, increases the transition density,
necessitating corresponding adjustments to iy and n7p. At about
B =~ 100 MeV/fm?, the values for 7y = 1.00 and p = 2.00 are
reached, after which no transition at densities higher than 1 ng is
possible for m*/m < 0.60 EoSs. Since small transition densities
are required, all these parameter sets feature a 2SC phase. Con-
versely, this can be interpreted as a 2SC phase being required to
ensure compatibility of an otherwise too stiff hadronic EoS with
GW170817, at least in the setup presented here.

Furthermore, we find that by applying astrophysical con-
straints, the choice of slope parameter, L, loses significance. This
is because the mass, radius, and tidal deformability are less sen-
sitive to L than to the effective mass, which gets restricted to
such a large extent that all remaining parameter combinations
are likely to be matchable no matter the choice of L. However,
for very large B, this rule gets softened. We speculate that this is
caused by the transition being moved to such large densities that
even a slight stiffening in the hadronic EoS can shift the phase
transition past the maximum mass configuration of the EoS. In
this context, it also becomes clear why higher values of L do not
meaningfully change our results. When we increased the slope
parameter to values slightly above L = 60MeV, the ny — np
parameter space remained nearly unaffected. However, if we
change L to significantly larger values the EoS becomes too stiff
for the tidal deformability constraint, unless the phase transition
takes place at small densities. In this case, however, observables
such as mass, radius, and tidal deformability would become in
large parts independent of the hadronic EoS and mainly depend
on the quark matter EoS.

Fig. 4 also includes an area marked blue with parameter sets
that lead to twin star solutions. The topic of twin stars only gains
relevance in terms of their detectability. For this reason, we stip-
ulate that observable twin star pairs need to have a mass differ-
ence of AM < 1% M, and a radius difference of AR > 1km,
where M,win 18 the mass of the more massive twin. With this def-
inition of twin stars, we are able to include mass-radius relations
with a kink in addition to those with a separate second branch in
our analysis. To avoid visual confusion, the blue-shaded areas of
Fig. 4 are not further separated into different hadronic parameter
sets. Since we already established that only one 7y — np com-
bination is possible for stiff EoSs, we only consider softer ones.
In practical terms, this means that every point within the blue-
shaded area has at least one parameter set with m*/m > 0.65
that leads to twin stars. This also means that points outside of
this area cannot lead to twin stars as we defined them. Apart
from that, no astrophysical constraints are applied to the twin
star area. We find that under these conditions there is no overlap
between the twin star area and the area constrained by astrophys-
ical results. If we relaxed our definition of an observable twin
star, for example by decreasing the required radius difference,
this could be mitigated. However, twin stars are only relevant
because they clearly point toward a phase transition. By reduc-
ing the required radius difference, one would also reduce their
distinguishability from a purely hadronic EoS. One might also
consider relaxing the constraint on the tidal deformability. For
example, by using the original GW170817 tidal deformability
and chirp mass values from Abbott et al. (2017) some parameter
sets featuring twin stars, such as PS3 in Fig. 2, would be within
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Fig. 4. Constrained areas for given parameter combinations. On the left, the effective mass, m*/m, is kept constant, and ny, J, and L are not fixed.
The shaded areas correspond to the parameter sets that generate stars compatible with astrophysical constraints. Additionally, the blue-shaded
area shows all parameter sets within the ranges of the used nuclear parameters that lead to twin stars. On the right, the slope parameter, L, of the
hadronic phase is kept constant, and ny, J, and m*/m are not fixed. The results of the first row are for a bag constant B = 0MeV/fm?, which is

increased in each descending row by 100 MeV/fm?.

the required bounds. However, when applying the updated 90%
credibility range from Abbott et al. (2019), this is not the case.
In other words, the existence of twin stars in EoSs that reach two
solar masses and more is strongly disfavored by GW 170817, but

not conclusively excluded.
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The parameter sets PS1-5 in Table 2 might suggest that a
large number of EoSs contain 2SC quark matter, and for the
unconstrained EoSs, this is true. However, most EoSs contain-
ing a 2SC phase are not compatible with astrophysical con-
straints. Instead, the majority of the constrained EoSs have a
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Fig. 5. Constrained parameter space for varied effective masses with the quark phase at the point of the hadron-quark phase transition indicated.
The shaded area represents where a transition to the CFL phase is possible for a parameter set containing the effective mass corresponding to the
color of the region. The green square marker indicates where at least one hadronic parameter set with m*/m = 0.65 exhibits a phase transition to
the 2SC phase. Likewise, the purple diamond marker represents a 2SC transition for m*/m = 0.70 and the teal circle for m*/m = 0.75. The small
circles represent the investigated iy — njp combinations within the constraint. The left side of the figure is for B = 0 MeV/fm?, the right side for

B = 100 MeV/fm>.

phase transition from the hadronic phase directly to the CFL
phase. Only a small set of 77y and 7p combinations in the upper
left edge of the allowed parameter space lead to both a 2SC and
a CFL phase being realized within neutron stars. We show this
in Fig. 5, where nv — np combinations that lead to a CFL phase
are represented as small circles. The area in which they can be
found is shaded, corresponding to the effective mass they need
to be combined with, to be within the constrained area. The few
points leading to a 2SC phase are indicated with large mark-
ers. The absolute values of ry and 7p and the number of possi-
ble combinations can change depending on the specific hadronic
parameters, but their location in the allowed space remains the
same. We find that the occurrence of a 2SC phase is highly
dependent on the stiffness of the hadronic EoS, where stiffer
hadronic EoSs exhibit a transition to a 2SC phase more often
than softer ones. In contrast, by softening the hadronic EoS,
the number of available combinations leading to a 2SC phase
shrinks. For the largest effective mass, m*/m = 0.75, no stable
2SC phase is possible if the bag constant is B = 0 MeV/fm>. This
changes slightly by increasing B. If one disregards stiffness, the
trend of increasing the bag constant is a reduction in available
2SC transitions. However, for a fixed stiffness of the hadronic
EoS, increasing B also moves the transition density to larger
values. This means that some particularly soft EoSs can match
the quark phase just above saturation density if B is increased.
Such is the case for m*/m = 0.75, which can have a 2SC transi-
tion when B = 100 MeV/fm? but not for B = 0 MeV/fm?>. This
dependence on stiffness is the reason why including astrophys-
ical constraints such as GW170817 excludes most EoSs with
a 2SC phase. Should future evidence point toward even softer
EoSs, a neutron star with a 2SC phase would become even more
difficult to construct in our setup.

4. Discussion and outlook

We have performed a comprehensive parameter study for hybrid
star EoSs composed of the FB RMF model combined with the

renormalization group-consistent NJL (RG-NJL) model, includ-
ing color superconductivity for the quark phase, making full use
of their respective flexible frameworks. For the FB EoSs, the
investigated parameters are the symmetry energy, J, the slope
parameter, L, and the effective mass, m*/m, all of which are fixed
at saturation density, np, and varied in ranges compatible with
terrestrial experiments, as well as chiral effective field theory cal-
culations. For the RG-NJL model, we varied the vector coupling
strength, n7y, diquark coupling strength, 7p, and the bag constant,
B, within a large range. In this model, homogeneous phases with
color superconductivity of three-flavor quark matter are calcu-
lated self-consistently. At high densities, matter is in the CFL
phase, while at lower densities, two-flavor color superconduc-
tivity (2SC phase) is favored. The hadron-quark phase transition
is modeled using a Maxwell transition and the 2SC-CFL transi-
tion is calculated self-consistently in the NJL model (neglecting
2SC-CFL mixed phases).

Depending on the parameter set used, we find hybrid stars
with either a pure 2SC, a pure CFL, or both phases present in the
quark matter core. However, all parameter sets have in common
that the most compact (densest) stable star is composed of CFL
matter in its center, even if a less dense star of the same parame-
ter set might have a pure 2SC quark core. By applying astrophys-
ical constraints in the form of mass, radius, and tidal deforma-
bility, the parameter ranges for possible matches are significantly
reduced. For these constrained parameter sets, we found that the
EoSs containing only a CFL phase are significantly more abun-
dant than EoSs, which can lead to 2SC quark matter. This is
because a phase transition to a 2SC phase in the EoS requires
a stiff hadronic EoS; however, stiff EoSs are disfavored by the
tidal deformability constraint.

A major component of our analysis was the prospect of
detecting the presence of quark matter in neutron stars. For this
consideration, we focused on mass and radius as potential indi-
cators. A nearly unambiguous indicator for the presence of quark
matter would be a so-called twin star, whereby two stars have the
same mass but different radii. A popular approach to investigate
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the possibility of quark matter in compact stars is the CSS
approach (Alford et al. 2013). It is significantly less microphys-
ically motivated than the framework we employ here, but it can
be very useful for generalized investigations, especially when
looking for twin stars. Using this approach, Lietal. (2024)
find hybrid stars with maximum masses of more than 2 Mg
and within NICER, as well as tidal deformability limits. This
requires a high speed of sound, ¢ > 2/3, and often features a
phase transition at small densities. These small transition densi-
ties may limit twin stars to a mass range below the lowest known
pulsar mass of about ~1.17 M, (Martinez et al. (2015) (see also
Tauris & Janka 2019)), which makes them unlikely to appear in
nature. Christian et al. (2024) found that even under idealized
circumstances (c2 = 1) only a small set of phase transitions can
lead to detectable twin stars. Those transitions usually require
a hadronic EoS of moderate stiffness and need to take place
at high densities (see also Christian & Schaffner-Bielich 2022).
The CSS quark model can also be used for sequential phase
transitions, which should more closely resemble the framework
employed here. For example, by setting the speed of sound to
¢? = 0.7 and ¢? = 1 for the 2SC and CFL phase, respectively,
Li et al. (2023) finds configurations in which the 2SC-CFL tran-
sition induces another unstable region, resulting in three stars
with the same mass but different radii, so-called triplets. How-
ever, as was shown in Gholami et al. (2025b), the speed of sound
in the RG-consistent NJL. model is not a constant quantity but
can be non-monotonic at the 2SC-CFL transition. Furthermore,
it only reaches values of ¢2 ~ 0.5-0.6 at densities in the cores of
neutron stars. This reduced speed of sound compared to the CSS
approach hinders the construction of twin or triplet stars. As a
result, it is not possible to construct twin or triplet stars within
the parameter ranges allowed by astrophysical constraints. While
twin stars can be constructed outside these constraints by using a
combination of smaller values for the vector coupling and larger
values of the diquark coupling, triplet stars cannot be constructed
at all, despite the 2SC-CFL transition being present in multiple
parameter sets.

In summary, we find large parameter ranges for both
hadronic and quark parameters that are compatible with all astro-
physical constraints. This includes parameter sets with various
transition densities, as well as parameter sets featuring both
2SC and CFL quark matter. Despite this, we do not find any
clear mass-radius indicators that could help differentiate between
hybrid and purely hadronic stars (Alford et al. 2005). Further-
more, we find that the occurrence of a 2SC phase correlates
strongly with a stiff hadronic EoS. Consequently, any future
observational evidence indicating a softer EoS would signifi-
cantly restrict the possibility of sequential phase transitions.

Our work can be extended in various ways. For exam-
ple, there are additional degrees of freedom that could be
included in our setup, such as hyperons (Bonanno & Sedrakian
(2012), Ranea-Sandoval et al. (2017)), which might become rel-
evant at densities comparable to the ones of the hadron-quark
phase transition. However, we note that their inclusion tends
to soften the EoS, which would make the combination of
hyperons and quark matter in the same EoS even more dif-
ficult to realize than the setup presented here. In the present
study, we concern ourselves with the allowed parameter ranges
for a potential phase transition. However, we do not consider
whether or not a phase transition is likely. For this reason, a
full Bayesian analysis might elevate our work and provide a
likelihood function for the presence of quark matter in neu-
tron stars (Pfaff et al. (2022), Annala et al. (2023), Albino et al.
(2024), Kurkela et al. (2024)). Furthermore, we suggest looking
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more strongly at alternative ways of detecting the presence of
a phase transition such as cooling behavior (de Carvalho et al.
(2015), Lyra et al. (2023), Mendes et al. (2022, 2025)), oscilla-
tion modes (Ranea-Sandoval et al. (2018), Pradhan et al. (2024),
Rather et al. (2025)), or thermal twins (Hempel et al. (2016),
Carlomagno et al. (2024)).
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