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Abstract – The last few years have seen tremendous progress in the observation of the global
properties of neutron stars (NSs), e.g., masses, radii and tidal deformabilities. Such properties
provide information about possible phase transitions in the inner cores of NSs, provided the
connection between observed masses and radii and the equation of state (EoS) is well understood.
We focus the present study on first-order phase transition, which often softens the EoS and
consequently reduces the maximum mass as well as the radii of NSs. Here, we challenge this
conventional expectation by constructing explicit examples of EoSs undergoing a first-order phase
transition, but which are much stiffer that their purely hadronic counterparts. We also provide
comparisons with the recently proposed quarkyonic EoS which suggests a strong repulsion in the
core of NSs, and we show that their stiffness can be realistically masqueraded by stiff first-order
phase transitions to exotic matter.

editor’s  choice Copyright c© 2022 EPLA

Introduction. – Neutron stars (NSs) are one of the
most fascinating objects in the universe, providing us with
a wealth of nuclear and astrophysical data [1]. Recent ra-
dio, x-ray and gravitational wave observations [2–5] have
provided valuable new insights into the Equation of State
(EoS) of dense matter. See refs. [6–8] for a recent review.
Additionally, there has been a renewed and significant
effort to address the question of the composition of the
inner core of NSs, with the plausible existence of decon-
fined quark matter (QM). The latest result of the NICER
observation concerning the radius estimation of the most
massive NS presently known [9,10] lays down the question
of the squeezability of very dense matter in the core of
NSs: it suggests that the exotic phase in very dense mat-
ter is repulsive enough to equilibrate against the strong
gravitational fields and maintain a relatively large radius
in massive NSs. The question of the interpretation of the
massive star’s radius measurement in terms of the nature
of the possible phase transition in dense matter is thus
very timely, and the answer is maybe not straightforward.
The purpose of the present work is to address this ques-
tion and explore the consequences of the onset of a first-
order phase transition to an exotic state of matter. We
also confront it to the predictions of the recent quarky-
onic model [11–16].

(a)E-mail: r.somasundaram@ipnl.in2p3.fr (corresponding
author)

The existence of QM in the cores of NSs has a long
history starting from the early works by Seidov [17], Bod-
mer [18] and Witten [19]. In particular, ref. [19] explored
the strange quark matter hypothesis stating that the ab-
solute ground state of matter may be composed of u, d, s
quarks instead of the observed u, d matter that builds nu-
cleons. Since then, typical questions such as the nature of
the transition, its location in the space of thermodynamic
variables and implications for the resulting EoS have at-
tracted a lot of attention [20–27]. Theoretical modeling
of QM has been investigated from the simple MIT bag
model to more advanced field-theory–based NJL models,
see ref. [28] for a review of the latter. Besides these “micro-
scopic approaches”, it was originally proposed by Zdunik
et al. [22] (see also ref. [29]) to investigate a more agnos-
tic type of modeling where the first-order phase transition
(FOPT) is described in terms of physical quantities, in-
stead of coupling constants. In this framework, the EoS
is

p(n) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

pHad(n), if n < nFO,

pFO, if nFO < n < nFO

+δnFO,

pFO + c2FO
(
ρ(n)− ρFO

)
, if n > nFO + δnFO,

(1)
where p(n) is the pressure as a function of the baryon num-
ber density, with pHad(n) denoting the purely hadronic
case that is valid below the transition density nFO (the
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subscript refers to First Order). Also, pFO is the constant
pressure in the mixed phase which exists in the density
interval δnFO, with pFO = pHad(nFO). The variable ρ(n)
is the energy density and ρFO is the energy density at
n = nFO + δnFO. Finally, cFO is the sound speed in
the exotic matter (EM) phase, which is assumed to be a
constant, at least for the explored densities just after the
FOPT. Note that in this approach there is no assump-
tion about the nature of the EM, which is not necessarily
deconfined QM, and thus this approach is quite agnostic
regarding the composition of the exotic phase.
In eq. (1) the pressure remains constant as a function of

n, during the gap δnFO. This leads to the so-called soft-
ening of the EoS. Although one might think that such soft
EoSs may not support NSs with M ≥ 2M� (a condition
which is required by radio observations of heavy pulsars,
see refs. [5,30–32] for the most recent of them), studies
have shown that FOPTs can lead to maximum masses
MTOV ∼ 2.5M� [29]. Additionally, large radii (∼ 14 km)
for massive NSs have been constructed in previous works,
see for instance refs. [23,33]. In particular, the authors
of ref. [33] have constrained the properties of FOPTs by
imposing upper and lower bounds on MTOV along with
bounds on the radii of massive NSs. In ref. [23], the au-
thors obtain radii as large as 15.8 km for maximally mas-
sive stars. However this value decreases significantly if the
condition of thermodynamic stability is imposed, i.e., the
condition that the exotic phase should have a lower free
energy per baryon than the nucleonic phase. This sta-
bility suggests that the nucleonic free energy represents a
viable solution for the ground state of matter at all densi-
ties, even for the largest ones found after the phase transi-
tion. Such a condition might be over constraining since it
may reject solutions which can be physical after the phase
transition. Since the break-down density of the nucleonic
solution is not well known, we fix it to be located just after
the phase transition, for n > nFO + δnFO.

The softening of the EoS associated to a FOPT con-
trasts with predictions of other approaches, e.g., the
quarkyonic model (QycM) that has been recently applied
to compact stars [11–16]. By suggesting a crossover be-
tween the nucleonic and the quark phases, the QycM im-
plies a rapid increase in pressure as a function of n upon
the onset of quarks. This induces an hardening of the EoS
in a density interval associated to the cross-over transition
between hadronic and quark matter. At higher density,
the sound speed decreases again, producing the expected
softening of the EoS, but at densities that may not be ex-
plored in nature. The qualitative features of QycM thus
seem to be opposite to the ones of the dense matter FOPT.
Note that, in addition to the QycM, other models exhibit-
ing crossover transitions have been explored in the liter-
ature [34,35]. In this work however, we will restrict our
attention to QycM since it qualitatively captures the stiff-
ness of the EoS generic to crossover transitions.

Model for the nucleonic phase. – The purpose of
this letter is to challenge this a priori difference between

FOPT and QycM by testing to which extent FOPTs can
also predict hard dense matter EoSs. Our construction of
the first-order phase transition is done using eq. (1). Such
a construction, below the transition point requires a model
for the hadronic EoS. The hadronic EoS can, in principle,
include more than just nucleons, e.g., nucleon resonances,
hyperons, meson condensates. For simplicity, we consider
in the following only nucleonic EoS below the phase tran-
sition. For this purely nucleonic EoS the energy density
ρNuc(p) is calculated based on the meta-model (MM) in-
troduced in refs. [36,37] (see also refs. [38,39]). This is
a density functional approach, similar to the Skyrme ap-
proach [40], that allows one to incorporate nuclear physics
knowledge directly encoded in terms of the Nuclear Em-
pirical Parameters (NEPs). These parameters are defined
via a Taylor expansion of the energy per particle in sym-
metric matter, esat, and the symmetry energy, esym, about
saturation density, nsat,

esat(n) = Esat +
1

2
Ksatx

2 +
1

3!
Qsatx

3

+
1

4!
Zsatx

4 + . . . , (2)

esym(n) = Esym + Lsymx+
1

2
Ksymx

2 +
1

3!
Qsymx

3

+
1

4!
Zsymx

4 + . . . , (3)

where x ≡ (n− nsat)/(3nsat) is the expansion parameter.
By varying the empirical parameters within their uncer-
tainties, the MM is able to reproduce the EoSs predicted
by a large number of existing nucleonic models [36,37],
such as the Skyrme SLy4 interaction [40] that is shown in
fig. 2 for instance. Note however that it is not the purpose
of the present study to explore nuclear physics uncertain-
ties from the MM. As we detail hereafter, the nucleonic
EoS will be fixed such that we will focus on the effects of
different approaches to describe the transition to EM.

The quarkyonic model. – After the conjecture of the
QycM by McLerran and Pisarski [41], a model for Qyc
matter has been developed to produce an EoS relevant to
NSs [11]. By considering the case of pure neutron mat-
ter (PNM) rather than beta-equilibrated matter, McLer-
ran and Reddy have shown that the resulting EoS is stiff
by nature and thereby attractive to NS phenomenology.
Following their study, extensions have been proposed to
incorporate beta-equilibrium by refs. [15,16], and here we
follow the proposal of ref. [16].
As in ref. [11], the thickness of the shell inside which the

nucleons reside is given by ΔQyc, which is defined as

ΔQyc =
Λ3
Qyc

k2FN

+ κQyc
ΛQyc

N2
c

, (4)

where kFN
is the nucleon Fermi momentum. There are

two parameters: the Qyc scale ΛQyc ≈ 250–300MeV,
which is similar to the QCD scale, and the coefficient
κQyc ≈ 0.3.
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Fig. 1: The mass-radius curves for various soft FOPT EOSs,
shown in black with the different line styles referring to differ-
ent values of the parameters governing the FOPT. The dashed
red line displays the purely nucleonic SLy4 EoS and the solid
one is a more repulsive nucleonic EoS which matches with the
NICER’s constraints (see text). The blue lines depict area
explored by the Quarkyonic EoSs. We also show constraints
from GW170817 (yellow contour), NICER’s PSR J0030+0451
observation (green contour) and NICER’s PSR J0740+6620
measurement (magenta contour). The latter NICER constraint
is obtained as an average over the analyses of refs. [9] and [10].

The energy density contributions from the nucleons and
the quarks are given by

ρN = 2
∑
i=n,p

∫ kFi

kmin
Fi

d3k

(2π)3

√
k2 +M2

N + VN (kFn
, kFp

),

ρQ = 2
∑
q=u,d

Nc

∫ kFq

0

d3k

(2π)3

√
k2 +M2

Q, (5)

Fig. 2: Same as fig. 1 for stiff FOPT EoSs.

where kmin
Fi

≡ NckFQ
(1±δN )1/3, where δN is the nucleonic

asymmetry and the isoscalar quark Fermi momentum kFQ

is defined as

kFQ
=

kFN
−ΔQyc

Nc
Θ(kFN

−ΔQyc). (6)

The nucleonic residual interaction VN is taken from the
MM approach discussed earlier. Note that, under the
assumption that chiral symmetry remains broken, we
take MQ = MN/Nc even in the quarkyonic matter.
Having thus established the EoS of quarkyonic matter
for arbitrary isospin asymmetries, the condition of beta-
equilibrium can now be trivially imposed [16].

Results for NS masses and radii. – In fig. 1 we
show various examples of EoSs with a FOPT as described
by eq. (1). These are shown as the black lines with dif-
ferent line styles. We consider the purely nucleonic SLy4
EoS [40] shown as the red dashed line. Interestingly, the
SLy4 EoS is quite soft and it lies at the lower bound-
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Table 1: The NEPs used to construct the Nucleonic EoS shown as the solid red line in figs. 1 and 2. All values are quoted in
MeV except for nsat which is in fm−3.

Esat nsat Ksat Qsat Zsat Esym Lsym Ksym Qsym Zsym

−15.97 0.1595 230 −225.01 −443.11 32.01 46.0 125.0 350.68 −690.35

ary of the recent NICER radius estimate [9,10] of PSR
J0740+6620 shown in magenta (68% CL). While a large
number of Skyrme interactions are available in the liter-
ature, the SLy4 model is well known in the (nuclear) as-
trophysics community. It has been fitted to reproduce ab
initio calculations by refs. [42,43] and the Ligo-Virgo Col-
laboration has demonstrated that SLy4 is in good agree-
ment with the GW170817 data [7]. Given such prevalence
of the SLy4 interaction in the literature, the incompati-
bility of this model with NICER’s J0740 measurement is
noteworthy. In order to increase the repulsion and create
a stiffer nucleonic EoS, the value of Ksym (see eq. (3)) was
increased from −120MeV to 125MeV and the result is
shown as the solid red line which is consistent with the
NICER result. The fact that Ksym = 125MeV is compat-
ible with all astrophysical data is interesting given that
previous studies [44,45] have found much lower values for
this parameter (Ksym ≈ −100MeV). Note however that
the value of Ksym chosen here is consistent with the anal-
ysis of ref. [39]. In the following this EoS is used as a
reference one, so for simplicity it is labelled “Nucleonic”.
The full list of NEPs used to construct the Nucleonic EoS
is given in table 1. Additionally, we show two extreme in-
stances of quarkyonic EoSs as solid and dashed blue lines
(with ΛQyc = 250 and 332MeV) and fill up the region
described by intermediate values for ΛQyc. The value of
ΛQyc = 332MeV implies that the onset of quarks occurs
at a density of 0.33 fm−3, whereas for ΛQyc = 250MeV,
the quarks appear at 0.14 fm−3. Thus, while the former
corresponds to what one may consider as a typical value
of the quarkyonic transition density, the latter serves only
as an example of an extreme case where the quarks start
appearing around the saturation density. We also show
existing astrophysical data on NS masses and radii. The
yellow contour depicts constraints from the GW170817
event obtained from ref. [7], and the green one is obtained
from the NICER observation reported in ref. [3]. The ma-
genta contour corresponds to NICER’s observation of PSR
J0740+6620 and is obtained as an average over the anal-
yses of refs. [9] and [10]. All measurements are reported
at the 68% CL. In this paper some astrophysical data are
shown only for illustrative purposes and we leave for a
later study the complete Bayesian analysis, exploring the
nucleonic uncertainties in addition to the ones from EM.

In fig. 1, various values of the FOPT parameters are con-
sidered. Recall that nFO is the baryon number density at
the transition point, δnFO is the transition gap and c2FO is
the square of the sound speed in the exotic matter present
in NSs after the phase transition. Here, we consider values

for these parameters in the ranges: nFO = (1.5–2.5)nsat,
δnFO = (0.5–1.5)nsat, and c2FO = 1/3–1. Note that some
of these EoSs can support more massive NSs than the
most massive one that can be supported by the purely
nucleonic EoS. It was indeed already noticed in ref. [16]
that the Qyc model can change a nucleonic EoS failing
to get the observed 2M� into an EoS passing over this
limit. However, the generic feature of all these first-order
EoSs is that they predict smaller radii compared to the
nucleonic and quarkyonic EoSs. Thus the FOPT consid-
ered here clearly illustrate the prevalent picture mentioned
earlier, i.e., FOPT soften the EoS and lead to smaller
radii [22,23,29]. Also note that the NICER measurement
of PSR J0740+6620 rejects scenarios for phase transitions
leading to a large softening of the EoS, as demonstrated
in fig. 1 for most of the soft FOPT curves.

In fig. 1, the parameters controlling the transition point
where chosen to coincide with typical values expected for
a transition to QM, i.e., the transition does not occur at
very low densities (nFO � 2.0nsat) and the sound speed is
close to the expected conformal limit in QM, c2CL = 1/3.
This is what leads to the consensus that FOPTs lead to
soft EoSs. However, we argue that another set of values,
with nFO � 2.0nsat, c

2
FO � 0.6 and δnFO ≈ 0.3nsat, can-

not be ignored just because they result in the appearance
of quarks (or any other exotic matter) at relatively low
densities. The first reasoning is that these sets of param-
eter values result in EoSs that could not be excluded by
experimental or observational constraints. Further, a re-
cent study [46] estimating the posterior distribution over
these parameters via a Bayesian analysis of astrophysi-
cal data has shown that the most probable values are
nFO ≈ 1.6nsat and c2FO ≈ 0.95. This shows that parame-
ters resulting in an early phase transition to EM with large
sound speeds should not be overlooked and, additionally,
they may even be favoured by astrophysical observations.
See also ref. [47] which came to a similar conclusion in the
context of the analysis of locations for the special point of
hybrid stars in the mass-radius diagram.

With such a motivation, in fig. 2 we construct ex-
amples of EoSs with a FOPT that are relatively stiff.
We have considered low values for the transition point
nFO ≤ 1.8nsat, small density gaps δnFO = 0.2−0.4nsat and
again, a large prior for the EM sound speed c2FO = 1/3,
2/3, 1. As before, we contrast these EoSs against the nu-
cleonic EoS (in solid red) and two Qyc EoSs (in blue)
with ΛQyc = 250 and 332MeV. Several of the EoSs
with FOPTs lie inside the blue band encapsulating various
possible quarkyonic EoSs. For instance, in the middle
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panel (c2FO = 2/3 and nFO = 1.5nsat), the first-order EoSs
with δnFO = 0.2nsat and δnFO = 0.3nsat give radii that
are comfortably larger than those corresponding to the
quarkyonic EoS (with ΛQyc = 332MeV) and the nucleonic
EoS for M � 1.5M�. The EoS with δnFO = 0.4nsat pre-
dicts larger radii only in the range M � 1.75M�. Similar
comments can be made for the EoSs with a FOPT shown
in the other panels with the lone exception being the EoS
with c2FO = 1/3 (bottom panel) that predicts lower radii
for all NSs. This demonstrates that EoSs with FOPTs can
give radii comparable to and larger than those resulting
from quarkyonic and nucleonic EoSs at the condition that
the sound speed in the EM exceeds the conformal limit
in EM. We also observe that all EoSs with a stiff FOPT
(except the one with c2FO = 1/3) are compatible with the
considered astrophysical observations, most notably the
NICER radius observation of the most massive NS known
(magenta contour).

Let us also note that all the first-order EoSs shown
in fig. 2 do lead to smaller radii at very low NS masses
(≈ 1M�). This is below the observed mass lower limit,
1.17M� [48], which is shown in the figure as the upper
limit of the grey area. A way to differentiate between the
FOPT (for the parameters explored in fig. 2) and Qyc mat-
ter would be to observe, if they exist, very low mass NSs
(≈ 1M�). Indeed, the importance of such low mass NSs
has been pointed out in ref. [49] in the context of chiral
effective field theory. Another quantitative difference be-
tween FOPT and Qyc matter is observed for the predicted
radii associated to a canonical mass NS. At around 1.5M�,
no FOPT could predict radii as large as the ones allowed
by the Qyc model with typical ΛQyc ≈ 250MeV. The
main takeaway message illustrated by this figure is that
EoSs with a FOPT can predict radii that are comparable
to or larger than those corresponding to the nucleonic EoS
as well as almost all the possible quarkyonic EoSs, in the
range of observed NS masses.

In addition to the radii, figs. 1 and 2 can be analyzed in
terms of the maximum masses MTOV explored by FOPTs
and Qyc models. It is known that FOPT can lead to large
maximum masses, e.g., MTOV ≈ 2.5M� with c2FO = 1 [29].
We show that under special choice of parameters, FOPT
can even reach MTOV ≈ 3M�, see the bottom panel of
fig. 2. The detection of GWs from binary NS mergers
have been used to infer new constraints on MTOV. In-
deed an analysis of the GW170817 event by ref. [50] found
MTOV � 2.16+0.17

−0.15M�, and ref. [51] found that MTOV �
2.3M�. Using these values, several Qyc and FOPT models
shown in figs. 1 and 2 could be ruled out. However, more
refined GW observations and numerical simulations may
be required before FOPT and Qyc models could be defini-
tively selected according to their prediction for MTOV.

Results for the sound speed. – Since FOPT and
QycM can predict very similar mass-radius relations, one
could ask if the sound speed predicted by these two dif-
ferent models share similar features as well. In fig. 3, the

Fig. 3: The sound-speed density profile for the various EoSs
shown in the middle panels of figs. 1 and 2. The blue lines
depict Quarkyonic EoSs. The black and green lines correspond
to FOPTs for different values of nFO, δnFO and c2FO. The
squares indicate the central density associated to a 2.1M� NS
for each EoS.

speed of sound is shown for the various EoSs considered
in the middle panel of figs. 1 and 2. The blue curves cor-
respond to the Qyc EoSs for the two extreme cases where
ΛQyc = 250 and 332 MeV, whereas the black and green
ones depict the EoSs with FOPTs. The squares indicate
the central density of the 2.1M� NS (the squares for the
green EoSs are not shown). We see the familiar bumps
in the sound speed profiles shown in blue, that character-
ize the quarkyonic EoS. The sound speed density profiles
associated to the FOPT models are qualitatively differ-
ent from the QycM . Their density dependence is simpler
since they first drop to zero for densities inside the tran-
sition domain, and after the phase transition they get to
a constant value. However, the mass-radius curves gener-
ated by the FOPTs in black and the QycM in blue are
quite similar, while the FOPTs in green predict different
mass-radius curves (with a reduction of the radius after
the phase transition). In conclusion, fig. 2 illustrates that
the bump in the Qyc EoS can be replaced with a simple,
trivial structure such as a horizontal line corresponding
to sound speeds around c2FO ≈ 2/3, as shown here for
the FOPT in black, albeit it implies a fine tuning of the
parameters. If the value of δnFO is not too large, such a
replacement does not affect the mass-radius curve in a sig-
nificant manner, leading to the possibility that first-order
EoSs can mimic quarkyonic ones with a good accuracy.
This remark moderates the findings of ref. [52], where the
authors argued that massive NSs and stiff EoSs are likely
the result of non-trivial sound speed structures.

Statistical analysis of the stiffness of FOPT
models. – Until now, we have show examples of EoSs
with typical values for the FOPT parameters. In order
to understand the role played by the three parameters
(nFO, δnFO, c

2
FO) in the global properties of NS such as

the radius of a 1.6M� NS, we now perform a more exten-
sive analysis based on a set of 5000 EoS, where the FOPT
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Fig. 4: Plots depicting the correlation of R1.6 − Rnuc
1.6 vs. the

three transition parameters: c2FO, δnFO, nFO. R1.6 refers to
the radius at 1.6M� resulting from a FOPT. Rnuc

1.6 is the same
quantity but for the purely nucleonic case. The contour colors
correspond to different selection rules, as indicated in the figure
legend. The different vertical lines correspond to extremum
values of the FOPT parameters such that the condition R1.6 >
Rnuc

1.6 is satisfied. See text for more details.

parameters are varied in a systematical way. We consider
a sampling of uniformly distributed parameters in the fol-
lowing ranges, c2FO = [0.15, 1.00], δnFO = [0.05, 1.50]nsat,
nFO = [1.5, 2.5]nsat, and we reject all samples for which
MTOV < 1.6M�. For all the remaining first-order EoS
samples, the quantity R1.6 − Rnuc

1.6 is plotted as a func-
tion of the three transition parameters in fig. 4. Here R1.6

refers to the radius of a 1.6M� NS resulting from a FOPT
whereas Rnuc

1.6 is the same quantity but for the purely nucle-
onic case. Note that there is no observation that imposes
the sign of the quantity R1.6 −Rnuc

1.6 , which is chosen here
to simply inform us about the stiffness of the FOPT at
high density. The results are show as contours for TOV
masses given in the legend. Notice that, by analyzing the
difference R1.6 −Rnuc

1.6 , we reduce the influence of the con-
sidered nucleonic EoS on which the FOPT is built. There

is however a remaining effect of the nucleonic EoS which
slightly impact the numbers given below.

In the top panel of fig. 4, we plot R1.6 − Rnuc
1.6 against

c2FO. The vertical lines correspond to the minimum val-
ues of c2FO such that the condition R1.6 > Rnuc

1.6 is satisfied,
for different constraints on MTOV (differently colored con-
tours). For instance, if MTOV > 2.1M� as it is likely, then
R1.6 > Rnuc

1.6 is satisfied only if c2FO � 0.37. Therefore we
can now confirm our earlier observation that c2FO > c2CL

allows FOPT EoS to predict larger radii than the one
based on nucleonic EoS. We also observe that the quantity
R1.6 − Rnuc

1.6 increases with the increase in c2FO. It shows
that larger sound speeds support larger TOV masses. For
instance, if MTOV > 2.3M�, then R1.6 > Rnuc

1.6 is satisfied
only if c2FO � 0.45.

In the middle panel of fig. 4, we plot R1.6−Rnuc
1.6 against

δnFO. The vertical lines correspond to the maximum val-
ues of δnFO allowed to satisfy R1.6 > Rnuc

1.6 . Note for
instance that R1.6 > Rnuc

1.6 (stiffer first-order EoS) is pos-
sible only if δnFO � 0.23nsat if 2.1M� < MTOV < 2.3M�.
Unlike the top panel, EoS samples with MTOV > 2.3M�
can be obtained at all values of δnFO. Restricting MTOV

to be inside small intervals but > 1.9M� induces a tight
correlation between R1.6 − Rnuc

1.6 and δnFO. The correla-
tion is even tighter for δnFO > nsat if MTOV > 2.3M�,
and for δnFO < 0.6nsat if 1.9M� < MTOV < 2.3M�.

Finally, in the bottom panel of fig. 4, we see that
R1.6 > Rnuc

1.6 is possible at the condition that nFO � 2.3nsat

if 2.1M� < MTOV < 2.3M�, and at nFO � 2.4nsat if
MTOV > 2.3M�. Note that these values for nFO are above
2nsat (not so low). Larger values for R1.6, i.e., increasingly
repulsive EoS, are obtained for the lower values for nFO,
predicting as well larger TOV masses.

Conclusions. – The purpose of this letter is to chal-
lenge the a priori difference between FOPT and QycM ,
and to show that stiff FOPT solutions could realistically
masquerade QycM and predict hard dense matter EoSs.
We construct explicit examples of EoSs undergoing a
FOPT that are significantly stiffer than their purely
hadronic counterparts, where by stiff we typically refer
to the radii of NSs. Stiffer EoSs also predict larger TOV
mass. Additionally, we show that the stiffness of such
EoSs can be such that their mass-radius relations can
realistically mimic the ones corresponding to the QycM .
This can be seen as an extension of the results of ref. [53]
where it was shown that the mass-radius relations of
first-order EoSs are quite similar to those predicted for
NSs made of purely nucleonic matter. We have also
confirmed that large TOV masses are possible with such
FOPT EoSs. These EoSs arise from a certain set of
values for the FOPT parameters, and we have performed
a detailed analysis of the correlation between the stiffness
of the EoS and the FOPT parameters. We have argued
that such stiff FOPT parameter sets are not ruled out by
present astrophysical data and may even be favoured by
them, as shown in refs. [46,47]. These results have clear

14002-p6



Impact of massive NS radii on the nature of phase transitions in dense matter

and important implications for phenomenology-based
studies of the hadron-quark phase transitions in NSs and
for the confrontation of EoS to the latest results from the
NICER observation [9,10]. An interesting extension of
this work would be to confront systematically the various
EoSs presented in this letter to the wealth of available
astrophysical data (radio, x-rays, and GW). Work along
these lines is presently in progress.
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