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In this work, we consider the consequences of phase transition in dense QCD on the properties of
compact stars and implications for the observational program in gravitational wave and x-ray astrophysics.
The key underlying assumption of our modeling is a strong first-order phase transition past the point where
the hadronic branch of compact stars reaches the two-solar mass limit. Our analysis predicts ultracompact
stars with very small radii—in the range of 6-9 km—Iiving on compact star sequences that are entirely
consistent with the current multimessenger data. We show that sequences featuring two-solar mass
hadronic stars consistent with radio-pulsar observations are also consistent with the inferences of large radii
for massive neutron stars by NICER x-ray observations of neutron stars and the small radii predicted by
gravitational waves analysis of the binary neutron star inspiral event GW170817 for our models that feature

a strong first-order QCD phase transition.
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I. INTRODUCTION

There has been significant progress in the search for the
ultimate state of extremely dense (by an order of magnitude
larger than in the ordinary nuclei) matter over the past decade
due to new astrophysical observations of compact stars (CS).
These include the GW170817 event involving a merger of
two compact stars which heralded the beginning of the
multimessenger era of exploration of compact stars [1-3],
the x-ray observation of nearby neutron stars by the NICER
instrument [4—7], and measurement of massive radiopulsars
in binaries with white dwarfs [8].

The description of ultradense matter should ultimately
be based on first-principles QCD which is currently out of
reach in the density-temperature range relevant for compact
stars. Thus, a combination of phenomenological models
with the available experimental/astrophysical data is the
best option to model the properties of dense, strongly
interacting states of matter; for reviews, see Refs. [9,10]. A
likely outcome of the compression of the nucleonic matter
is a phase transition to the liberated quark phase, as
envisioned already several decades ago [11-13] and exten-
sively studied over the past decades. It has been realized
that a first-order phase transition between the hadronic and
quark phase may lead to a new branch of stable hybrid stars
—stars featuring a dense quark core enveloped by nucle-
onic matter. One interesting feature of hybrid CS is the
existence of rwin configurations: two stars with different
radii but the same masses, the larger one being purely
nucleonic and the more compact one being a hybrid star.
These hybrid stars comprise the third family of compact
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stars after white dwarfs and neutron stars [14-26]. Below
we will use the specific constant speed of sound para-
metrization of the quark phase [27,28], but qualitatively
similar results are expected for alternative models, for
example, multpolytropic equation of state (EOS) [21].
Indeed, modeling based on the constant sound speed
(CSS) and multipolytropic EOS leads to qualitatively
similar results; see Ref. [29].

Here we address the structure of hybrid stars which are
consistent with current astrophysical observations and
show that a strong first-order phase transition may lead
to the emergence of hybrid stars with extremely small radii
and a very narrow range of masses for any given parameter
set. However, the masses of these objects can be varied
broadly by changing the parameters of the equation of state
(EOS) while keeping the resultant stellar sequences con-
sistent with current multimessenger astrophysical data.
This sheds new light on the ways the current astrophysical
constraints can be interpreted. For example, our analysis
below confirms that, as previously noted [24,26], the
masses and radii inferred from NICER observations can
be interpreted as originating from the nucleonic branch of
mass twins, while the hybrid branch contains stars whose
tidal deformabilities (hereafter TD) are consistent with the
GW170817 observation. Another implication of our study
is a shift in the paradigm stating that small R ~ 6-9 km
radius objects, if discovered, would be strange stars (for a
review see Ref. [30]). As we show below, ultracompact
objects arising from a strong first-order phase transition can
have radii covering the range where so far only strange stars

© 2023 American Physical Society
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(objects arising within the Witten-Bodmer conjecture about
the ground state of absolute stable state of matter [31,32])
were predicted. Previously, Drago et al. [33] addressed the
compatibility of large masses and small radii, in terms of
two separate families of compact stars. Their scenario
invokes very compact hadronic stars, whose EOS is soft,
and strange stars whose EOS is stiff. The strange star
hypothesis by itself is compatible with the NICER data [34]
and deformabilities inferred from GW170817 [35], but has
been the only one that accounted for very small radii in the
range of 6-9 km. As we show below, large masses and
small radii are possible to accommodate within a single-
family scenario, which needs to be incorporated in the
analysis of the current astrophysics data.

II. CONSTRUCTING THE EQUATION OF STATE

To model the EOS of low-density hadronic matter we use
the covariant density functional (CDF) approach based on
the Lagrangian of stellar matter with baryonic degrees of
freedom L =L, + L, + L, + Ly, where the baryon
Lagrangian is given by

Ly, = leb [}’”(iaﬂ ~ Gwb Dy —gpr'Py) = (my — gaba)]l//b’
b

(1)

with the b sum running over the J” = 1* baryon octet in
general, but we restrict the discussion to nucleons only;
are the nucleonic Dirac fields with masses m;,, and o, »,,, and
p, are the mesonic fields which mediate the interaction
among baryon fields. The remaining pieces of the
Lagrangian correspond to the mesonic, leptonic, and electro-
magnetic contributions, respectively. These are standard and
are given, e.g., in Ref. [36]. The density-dependent nucleon-
meson couplings g,,, are fixed at saturation density at the
values prescribed by the DDME2 parametrization [37]. Their
density dependence differs from that parametrization
and is varied to match the resulting EOS with the phenom-
enological expansion of the energy density of nuclear
matter [38-40],

1 1
E(X’ 5) = Esat +5Ksat)(2 +stat)ﬁ

+ Eqym® + Loy + O(*. *6%).,  (2)

where y = (p — psat)/3Psat» Psat 18 the saturation density, and
8 = (pn — pp)/p is the isospin asymmetry with p,,) being
the neutron(proton) number densities. The coefficients in this
double expansion are referred to commonly as the incom-
pressibility K, skewness Q,, symmetry energy Ey,, and
its slope Lgy,,. The mapping between the CDF and the
phenomenological expansion (2) allows us to express the
gross properties of compact stars in terms of physically
transparent quantities.

In this work, we study a family of representative nucleonic
EOSs obtained by varying L, and Qg at fixed values
of Egym(p.) =27.09 MeV (p, =0.11 fm™) and K, =
251.15 MeV [39]. The parameter Qg, controls the high-
density behavior of the EOS, and thus, the maximum mass of
a static nucleonic CS, whereas Ly, controls the intermedi-
ate-density EOS and is strongly correlated with the radius of
the nucleonic stars. We consider values of the slope param-
eter in the range 45 < L, < 105 MeV. The upper limit of
Ly, is the central value of the PREX-II measurement
interpretation by Refs. [41,42]; the lower bound corresponds
to the one derived from the analysis of the same experimental
datain Ref. [43]. The values for skewness are less constrained
and we use values O, = 300 and 900 MeV which predict
maximal masses of nucleonic sequences within the mass
range 2.30 < M .. /M < 2.55. This mass range allows for
the nucleonic CS branch to account for the measured lower
bound on the maximum mass M /My = 2.08 £ 0.07 [44].
The pairs of Qg and Ly, values bracket the range of
accepted values of these parameters. Our analysis shows that
qualitatively similar results are obtained when using other
pairs of these parameters that are drawn from the bracketed
range. The parameters for four nucleonic EOS models are
listed in Table L.

The EOS of the quark phase is modeled by a CSS
parametrization [27,28] which offers a synthetic model
motivated by microscopic computations [20], i.e.,

Eran < € < Eran + Ae,

ptran’
e ={
Diran T S[&' - (Etran + AE)]’ Etran T Ae <,

(3)

TABLE I. The meson masses and the meson-nucleon coupling
constants at the nuclear saturation density (column I), the constants
determining the density dependence of the meson-nucleon cou-
plings for O, = 300 (column II) and 900 MeV (column III). The
last two rows of columns II and III list the couplings that produce
Ly = 45 (left entry) and 105 MeV (right entry).

Ot 300 900
I i il
m,  550.1238  a, 1.3690 1.4730
m,  783.0000 b, 0.8555 1.9201
m,  763.0000 ¢, 1.3353 3.0965
9 10.5396  d, 0.4996 0.3281
g, 130189 4, 1.3752 1.4571
b, 0.7205 1.6107
Cu 1.1493 2.5947
d, 0.5385 0.3584

g, 3.3379/42193  3.3253/4.2111

a,  0.6442/0.0506  0.6552/0.0569
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where py.,, and &.,, are the pressure and energy density at
which the transition from hadronic (hereafter H) to high-
density quark phase (hereafter Q) takes place; s is the
squared speed of sound (in natural units) in the quark
matter phase and Ae is the discontinuity in energy density;
note that there is no state with energy between &.,, and
&wan + Ae. This parametrization agrees with the predictions
of computations based on the Nambu—Jona-Lasinio model
supplemented by vector repulsion [45—48]. In constructing
our models we will use the Maxwell construction to match
our nucleonic EOS to the quark one (3).

III. THE MASS-RADIUS DIAGRAM
AND TIDAL DEFORMABILITIES

The three quark matter parameters (pya,, A€, s) fully
determine the mass-radius (hereafter M — R) curves for
hybrid stars for any given nucleonic EOS. It is convenient
for further discussion to denote maximum/minimum

masses for the branches by MIL | M%ax, and M%in. See
Fig. 1 for an illustration of these parameters and the features
of the M — R diagram, in particular the maxima and

minima that may arise. Note that the branch extending

up to M2 corresponds to the third family.

Figure 1 shows the scenario under consideration in
which the phase transition occurs at a high enough density,
Prean/Psat = 3.0, so that the heaviest star on the hadronic
branch has a mass of 2M . In this case, the hybrid branches
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FIG. 1. M — R relation for hybrid EOS models with a phase

transition at high density for stiff-stiff nucleonic EOSs with
Lyym = 105, Qg = 900 MeV, and soft-soft one with Ly, = 45,
Q. = 300 MeV. The sequences of stars are constructed from a
nucleonic model by fixing ML, /My = 2.0 on the nucleonic
branch, while varying the M3, /M o in the range 1.0-2.0 and the
speed of sound squared s. For comparison, we also show the
sequences in the case of low-maximum hadronic mass
M /Mg = 1.3, studied previously in Refs. [21,24], for the
same speeds of sound. Note that GW170817 ellipses assume a
hadronic EOS and constrain only the hadronic branches of the
stellar sequences.

lie at lower masses and are nearly flat. In the same figure,
we contrast this scenario with the one studied in the light of
multimessenger data in Refs. [21,24], in which the phase
transition occurs at a lower density, Py /pPsa < 2.0, causing
the hadronic branch to end at a lower mass, ML = 1.3M,
and the hybrid branch extends up to MI%&X > 2M . Our
sequences can be confronted with current astrophysical
observational constraints shown also in Fig. 1 which
include: (a) the ellipses indicating the regions of M — R
diagram compatible with the analysis of NICER observa-
tions of PSR J0030 + 0451 and JO740 + 6620 [4-71;
(b) the regions of M — R diagram that are compatible with
the parameters of the two compact stars that merged in the
gravitational wave event GW170817 [2]. For both obser-
vations, the ellipses show the 90% credible intervals (CIs).
Note that ellipses referring to GW170817 have been
obtained under the assumption of a hadronic star, therefore
they are relevant, strictly speaking, only for constraining the
hadronic branches on the M — R diagram. Figure 1 shows, in
addition, the sensitivity of results to varying the quark matter
speed of sound squared s. We see that choosing the maximum
value s = 1.0 yields the widest range of masses on the hybrid
branch and hence for twin stars.

In Fig. 2 we fix the maximum mass of the nucleonic
branch ML, = 2.0M, and squared sound of speed s = 1.0

and then vary Mgax /Mg from 1.0 to 2.0 to show the range
covered in the M — R diagram by these types of sequences.

To assess the range of variations in the sequences arising
from the uncertainties in the nucleonic sector we consider
nucleonic EOSs with Ly, taking values 45,105 MeV and
Oy, taking values 300,900 MeV. The value of L, controls
the intermediate density and Q, the high-density behavior
on the nucleonic branch; see Figs. 1 and 2. So in Fig. 2 we
have (Lgyy. Qsy) = (105,300) MeV corresponding to a

T T T T T T T T T T T T T T T T T T
22 B

n PSR J0740+6620 |
s =1.00

6 7 8 9 10 11 12 13 14 15
R [km]

FIG. 2. M — R relation for hybrid EOS models featuring high
density phase transition with two examples of nucleonic EOSs,
specifically the soft-stiff one with Ly, =45, Qg = 900 MeV
and stiff-soft one Ly, = 105, Qg = 300 MeV. The value of
sound speed squared is fixed at s = 1.0.
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FIG. 3. Radial profiles of energy density and pressure (on a

logarithmic scale) for twin stars with masses M = MrQnax =
1.40M . The results for purely nucleonic stars are shown by
dotted, and those for hybrid stars are shown by solid lines. Two
nucleonic EOSs have been used: a soft-stiff one with L, = 45,
O =900 MeV  and a stiff-soft one with L, = 105,
Q. = 300 MeV. The quark core and crust regions are shaded
for clarity.

“stiff-soft” (intermediate-density stiff and high-density
soft) hadronic EOS and (Lym, Q) = (45,900) MeV
for the inverse ‘“soft-stiff” EOS.

Figure 3 shows the internal structure of twin stars with
masses M = 1.40M, by plotting the energy density and
pressure as a function of distance from the center for purely
nucleonic (dotted lines) and hybrid (solid lines) stars. The
highly compact hybrid configurations have an appearance
that is similar to frequently studied less compact hybrid
stars. As seen in Fig. 3 there is a moderate-size quark core
of about 5 km, a nucleonic layer of neutron-proton-electron
fluid of about 2 km, and a thin crust of several 100 m.
Clearly, these objects do not resemble a strange star that is
largely composed of quark matter core with a thin crust
floating on top of it, due to support provided by Coulomb
forces [30].

As seen from Figs. 1 and 2, all nucleonic branches are
fully compatible with the masses and radii inferred by the
NICER instrument for both parameter sets corresponding
to stiff-soft(stiff) and soft-stiff(soft) nucleonic EOSs.

There is no tension between the NICER inferences and
the soft EOS needed to account for GW170817 analysis, as
implied by statistical models [49-52], including those which
allow for first-order phase transitions [53-55]. There is also
no evidence for the need for strong first-order phase
transition in the analysis of statistical models, while some
of them disfavor such transition [55]. The large value of
Ly suggested by an analysis [42] of the PREX-II experi-
ment (but see also Ref. [43]) requires a hard nucleonic EOS
which becomes consistent with the GW 170817 event in the
case of the H-Q phase transition [24,26]. For an alternative

TABLE II. Parameters of the used EOS with a fixed maximum
mass of the hadronic branch M, = 2.0M, and speed of sound
squared s = 1.0 in quark matter. The maximum masses of
ultracompact hybrid stars are shown in the range M /Mg =
1.00-1.60 with a step of 0.20. The remaining columns specify the
corresponding values of Qg, Lgym, and &y, and Ae/gy,,. The
last column shows the range of masses within which twin
ultracompact stars exist.

Qsat Lsym Etran M%ax Aé‘/‘E'lran AMtwin
300 45 487.132 1.00 5.0604 0.0133
1.20 3.3866 0.0077
1.40 2.3407 0.0065
1.60 1.6325 0.0109
300 105 463.315 1.00 5.2178 0.0283
1.20 3.4885 0.0232
1.40 2.4100 0.0223
1.60 1.6856 0.0288
900 45 433.640 1.00 5.5915 0.0411
1.20 3.7446 0.0350
1.40 2.6015 0.0341
1.60 1.8358 0.0412
900 105 414.476 1.00 5.7823 0.0595
1.20 3.8663 0.0547
1.40 2.6857 0.0551
1.60 1.8988 0.0635

which used nonparametric EOSs and constrains the sym-
metry energy and its slope directly from observations with
minimal modeling assumptions, see Ref. [56].

The range of masses of such stars can be remarkably
broad when varying the EOS (not the central pressure) and
covering the interval 1.0 < M /My < 2.0. Thus, a conse-
quence of high-density QCD phase transition is the
existence of ultracompact stars—a prediction that is con-
sistent with the astrophysical constraints obtained to date.
The parameters fully characterizing the hybrid EOS models
which produce ultracompact stars are given in Table II. We
note that the only other models that predict such small radii
that may be consistent with the current observational data
are those based on the idea of strange stars [30].

As demonstrated by multiple analyses of the GW 170817
event, the TDs provide excellent diagnostics of the gross
properties of neutron stars. Note that TDs provide infor-
mation on the cold EOSs of dense matter, as they are probes
originating from the premerger phase of binary inspiral.
Figure 4 compares our theoretical TDs for hybrid stars with
the observational constraints for this quantity obtained from
the analysis of the GW170817 event [2]. Our comparison
adopts the chirp mass as M = 1.186M, and utilizes only
the analysis which assumes the (more plausible) low-spin
case [2]. The masses of the members of the binary in the
GW170817 are found to be in the range 1.16 — 1.60M, at
90% CI. To obtain the TDs we (a) fix the values of Ly,
and Qg which selects the nuclear EOS; (b) choose
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FIG. 4. Dimensionless TD of compact objects for a fixed value
of binary chirp mass M/Mg = 1.186. The shaded regions
correspond to the 50% and 90% CIs taken from the analysis
of the GW170817 event. The EOS models with strong first-order
phase transition are fixed by the values ML, /My =2.0 and
M%ax/ Mg = 1.2 (red curves), 1.4 (blue curves), 1.6 (dark blue
curves), and s = 1.0. The type of binary components (Q/H) with
mass M| — M, are indicated in the plot. Panel (a): soft-soft and
stiff-soft hadronic EOS results are shown by solid and dashed
lines; panel (b): soft-stiff and stiff-stiff hadronic EOSs are shown
by solid and dashed lines. The upper left inset shows a schematic
M — R diagram for the cases Mgax/Mo = 1.4, 1.6, where the
binary is of the Q-H type and the hybrid branch lies above the
average value M /My = 1.362. The right inset shows the same
for M3aux /Mg = 1.2, in which case the binary is of the H-Q type
with the hybrid branch lying below the average value
M /Mg = 1.362. These two cases are marked in the plots and
insets by Latin numerals I and II, respectively.

MY /My =20, M3y/Mo =12, 1.4, 1.6 and s = 1.0
which fixes three hybrid EOSs each corresponding to a value
of MR /M.

Figure 4 shows the mutual dependence of TDs A; — A,
of members of a binary for three choices of M %ax /M. The
shaded areas correspond to the 50% and 90% ClIs as
indicated in the plot (we adopt the results obtained from the
PhenomPNRT waveform model [3]). Note that the diagonal
on this plot corresponds to the case of an equal-mass binary
with M , = 1.362M,. As seen, the case of the H-H binary
generates A; — A, values at the boundary or outside of the
90% Cl region for any choice of the stiffness of the EOS. In
the case of Mgm/MO = 1.4 and 1.6 the mass range of the
hybrid branch is above the average value M /Mg = 1.362
(as indicated in the left inset showing M — R diagram). In
the case Man /Mg = 1.2 the opposite is the case, i.e., the
hybrid branch is below this value, see the right inset. As a
consequence, the A; — A, tracks in the first case are in the
upper half of the plot (Q-H binaries). In the second case,
they are in the lower half of the plot (H-Q binaries). These
models are compatible with the range determined for

s
M,
1.362 f -\ e -
S M,
X R
10% g E B
3 (@)E (b)
100 \ : — \ .
E QH H-H d
<10k 3
s S \
1L L
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FIG. 5. Dimensionless TD for the case of EOSs with the hybrid

branch covering a range of masses around the average value
M /M = 1.362asillustrated in the upper inset showing the M — R
relation. The remaining parameters are chosen as in Fig. 4. There
are four types of binaries composed of hadronic (H) and/or hybrid
(Q) stars. Panel (a): soft-soft and stiff-soft hadronic EOS results are
shown with solid and dashed lines; (b): soft-stiff and stiff-stiff
hadronic EOSs are shown by solid and dashed lines.

GW170817 for soft-soft, stiff-soft (panel a) and soft-stiff,
stiff-stiff (panel b) EOSs. An exception is the case

MS,M/MO = 1.6 when the intermediate-density EOS is
chosen to be stiff. From the analysis above, one may
conclude that the observations can be explained by appro-
priate choices of nuclear and quark EOSs.

Figure 5 shows the same as in Fig. 4, but in this case,
where the quark matter EOS is chosen so that the hybrid
branch covers a range of masses whose average value is
1.362M s, see the inset. Each member of the binary can be
chosen from either of H or Q branches, so four combi-
nations of stars are possible. It is seen that all the pairs lie
within the allowed range except the H-H pair which is at
the boundary or outside of 90% CI. Interestingly, the
nucleonic EOSs of hybrid stars need not be soft. Even
with an EOS that is stiff at intermediate densities (stiff-
stiff or stiff-soft EOS), a Q-Q binary, consisting of two
ultracompact hybrid stars with very small radii can have a
combined TD as low as A, ;¢ ~ 10. This suggests that the
multimessenger data can be accounted for if PSR J0740 +
6620 and JO030 4 0451 are purely nucleonic stars,
whereas the two components of the GW170817 binary
are ultracompact hybrid stars.

IV. CONCLUSIONS

To summarize, we have uncovered several implications
of the strongly first-order phase transitions at high density
in the QCD phase diagram that are of fundamental
importance for the analysis of the data from current and
future gravitational-wave observatories, X-ray missions and
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terrestrial experiments aimed at the determination of the
skin of nuclei. First, we have confirmed that the nuclear
EOS does not need to be soft to account for the GW170817
event, as the phase transitions allow for the emergence of
hybrid stars with properties consistent with the GW170817
analysis [24,26]. The NICER inferences are accounted for
by invoking pure nucleonic stars that live on the hadronic
(second family) branch of compact stars and consistency
with an analysis of the PREX-II is achieved (which was
precluded in models without phase transition). Second, we
determine the range of the masses for which twin configu-
rations, i.e., identical-mass stars with different radii, arise.
This analysis shows that the priors in the statistical analysis
of the data should be constructed consistent with the
possibility of a first-order phase transition with star masses
in a wide range 1.0 < M /My < 2.5 and radii covering also
the range of small radii 6-9 km which was thought to be
only achievable for strange stars, and is currently excluded
by the NICER analysis at 90% CI.

In our proposal, both branches of stars consist of stars
with thick nucleonic crusts, consistent with observations of

surface phenomena such as seismic vibrations after giant
flares in magnetars [57-59], the thermal response of the
crust to accretion [60,61], the contribution of the crust to
the moment of inertia and glitches [62,63], etc. This
provides an alternative to scenarios such as that proposed
in Ref. [33] where one of the branches consists of strange/
quark stars with a very thin nucleonic crust.
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