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Implications of supermassive neutron stars for the form of the equation of state of hybrid stars
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The observations of PSR J0952-0607 (M = 2.351)]

M) and the second object in the GW 190814 event (M =

2.59f8:8§ M) indicate the possible existence of supermassive neutron stars. In this work, by using the constant-
sound-speed (CSS) parametrization to describe the equation of state (EOS) of quark matter, the constraints on the
EOS parameters from supermassive hybrid stars are investigated through the Maxwell and Gibbs constructions.
It is shown that to support a supermassive hybrid star (e.g., M = 2.5 M), a lower transition energy density
(&tran)> @ smaller energy density discontinuity (Ae), and a higher sound speed of quark matter (cyq) are favored.
For the constructed hybrid star EOS model, the maximum mass of the corresponding hybrid stars will not meet
the lower mass limit of the second object in the GW 190814 event if A« takes a value higher than 180 MeV fm .
Moreover, it is confirmed that the supermassive neutron star observation can also rule out the existence of twin
stars as a supermassive hybrid star requires a relatively small Ae. Finally, we give a rough estimate of the lower
limit of the dimensionless tidal deformability of neutron stars that ranges from 2 to 3.
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I. INTRODUCTION

A neutron star is one of the objects in the universe that have
the most extreme environment. As the density of the core is
far beyond the reach of terrestrial experiments, neutron stars
provide a unique way to understand superdense matter. From
the surface to the interior, a neutron star is usually divided
into the outer crust, the inner crust, the outer core, and the
inner core [1]. Normally, the equations of state (EOSs) below
nuclear saturation density (psa¢) are understood relatively well
[2-4]. However, for super-dense matter, that is, matter in
the inner core of neutron stars, hyperons [5-7], free quarks
[8-10], and even pion-condensation [11] may appear, which
will soften the high-density EOSs and reduce the maximum
mass and radius of neutron stars [12] (sometimes to a level
that cannot meet the observation limit of 2 M). Overall, the
high-density EOSs are still very uncertain. Therefore, one has
to rely on observations and detailed modeling to learn more
about the EOSs of super-dense matter.

Recent observations of the mass-radius measurements
from the Neutron Star Interior Composition Explorer
(NICER) [13-16] have provided important information for
improving the understanding of neutron stars and the EOSs
of dense nuclear matter [17,18]. Besides, the detection of
the binary neutron star merger, GW170817 [19], has con-
strained the tidal deformability of a 1.4 M neutron star to
Aig = 1901’?38, which in turn has been employed to fur-
ther constrain the pressure at 2pg [19,20]. These neutron
star properties have also been theoretically calculated using
a wide range of EOSs (moment of inertia [21-25], radius
[20,25-27], the parameter of f-mode oscillation [28,29], and
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gravitational binding energy [30,31]). In addition, the discov-
ery of supermassive compact stars is likely to reshape our
understanding of the maximum mass of neutron stars [32,33].
In the GW190814 event a merger of a black hole with an
unknown compact object with a mass of M = 2.59f8:8§ Mg
was observed [32], and the heaviest known galactic neutron
star, PSR J0952-0607, has a mass of M = 2.357017 M, [33].
In light of such discoveries, the study of supermassive com-
pact stars can help us to better understand the possibility of
the phase transition and the appearance of the quark phase in
compact stars [34,35].

It has long been noted that, with the appearance of free
quark matter, a new class of compact stars composed of a
deconfined quark core and a hadronic outer shell may arise
[36-38]. For better distinction, compact stars composed of
pure hadronic matter are usually called normal neutron stars,
and the stars with a deconfined quark core and a hadronic
outer shell are referred to as hybrid stars [36—43]. Many
previous works have explored the possibility of the existence
of supermassive hybrid stars with mass close to the mass of
the second object in the GW190814 event and have investi-
gated the macroscopic and internal microscopic properties of
such supermassive hybrid stars [44-48]. However, because the
GW170817 event favors the soft EOSs, and the existence of
supermassive hybrid stars puts forward a requirement for the
stiff EOSs, it is important to resolve this conflict and use the
GW170817 event to constrain the properties of supermassive
stars [49-54].

In this work, we use the Maxwell [55,56] and Gibbs
constructions [39,57] to connect hadronic matter and quark
matter, and we describe quark matter by the constant-sound-
speed (CSS) parametrization [36]. Other quark models, such
as the Nambu-Jona-Lasinio (NJL) model [58,59] and MIT
bag [60] models, may be more realistic. For example, Benic¢
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et al. investigated the high-mass twin stars by using the NJL
model with higher-order quark interactions [59]. However, the
CSS parametrization can fit these quark models well in some
conditions [61,62], and its parameters are more adjustable.
So this ansatz provides us with the opportunity to change the
parameters and apply the mass ranges of PSR J0952-0607 and
the second object in the GW190814 event through a more
generalized way [45]. Further, we discuss the mass-radius
relations and tidal deformability of hybrid stars [18,63,64] and
then investigate the constraint of the 2.5 M, (which conforms
to the mass range of PSR J0952-0607 and the GW 190814
event) hybrid star properties [34,53,65,66] on the parameters
of EOSs. It is worth pointing out that supermassive neutron
stars may also appear in other forms, such as pure nucleonic
neutron stars [67,68], quark stars [69-71], fast-spinning neu-
tron stars [35,72], and dark-matter admixed neutron stars [73].
This paper is organized as follows. In Sec. II, the ba-
sic formulas for the macroscopic properties of neutron stars
are briefly introduced. The construction of hybrid star EOSs
through the CSS parametrization is presented in Sec. III. In
Sec. IV, the mass-radius relations of hybrid stars are presented
and discussed. The tidal deformability of 2.5 M, hybrid stars
are also investigated. Finally, a summary is given in Sec. V.

II. BASIC FORMULAS FOR THE MACROSCOPIC
PROPERTIES OF NEUTRON STARS

Inputting the EOSs of dense nuclear matter, the mass and
the radius of a neutron star can be calculated through the
Tolman-Oppenheimer-Volkoff (TOV) equation [74,75]:

dp _ Ge(r)M(r) (1 @) (1 4nr3p(r)>
dr — 2 + e(r) M(r)c?
-1
. <1 - mf(’)) , M
c2r

supplemented with the differential equation of mass

dM  4rr?e(r)
= )
r c

where M(r), p(r), and e(r) are the enclosed mass, pressure,
and energy density at the radius r.

We solve an additional equation for the tidal deformability
of neutron stars, defined as

A= 32R%k,. (3)

The second (quadrupole) tidal Love number &, can be solved
by the following equation [76,77]:

ky =2x7(1 = 2x)°[2 — yg + 2x(yr — DI{2x[6 — 3z
+ 3x(5yg — 8)] + 4x°[13 — 11yg + x(3yg — 2)
+ 26 (1 + yr)l + 3(1 — 26)%[2 — yg + 2x(yg — 1)]
x In(1 — 2x)} 71, “)

where x = GM/Rc2 is the compactness of neutron stars,
and yg is determined by solving the following differential

equation:

r—dfl(rr—) () +¥MFO) 4700 =0, (5)

with F(r) and Q(r) being the functions of M(r), p(r), and
e(r) [77]:
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Once y(r) =yr at the radius R of the neutron star is
provided, the dimensionless tidal deformability parameter
A = A(GM/c*)™ can be obtained.

III. EOS OF HYBRID STAR

In this section we introduce how to construct the hybrid
star EOSs, where a phase transition from hadronic matter to
quark matter is considered. For the outer crust and the inner
crust, the Baym-Pethick-Sutherland EOS [78] and the Negele-
Vautherin EOS [79] are adopted, respectively. In the outer core
where the energy density of hadronic matter is lower than
the transition energy density &gu,,, two hadronic EOSs with
different stiffness, the APR3 EOS (soft) [80] and the DDME2
EOS (stiff) [81] are employed in order to explore how the
stiffness of hadronic matter affects the properties of hybrid
stars. In the inner core, after the phase transition (symbolized
by the energy density discontinuity Ag), quark matter with
energy density higher than Ae + &4y, is described by the CSS
parametrization [36]. For the Maxwell construction [82], the
formula form of hybrid star EOSs is given by

en(p),
e(p) = 5
Etran T Ae + qu (p - ptran)v P = DPuan,

P < Puan,
()

where ¢;,(p) represents the hadronic EOSs, ch is the squared
sound speed of quark matter (in the following, cgq is in units of
c?), and €yan (Pran) is the transition energy density (transition
pressure). For the Gibbs construction, the phase transition
is described by a polytrope EOS, p(p) = K,,p" [63,64], to
account for a mixed phase of hadron and quark. The hybrid
star EOSs with the Gibbs construction are given by

en(p), P < Puan,
e(p) = { An(p/K)"""" + p/(T = 1), puan < p < pess,
ecss + ¢ (p — pess), P > pcsss

©)

with I',, = 1.03. This choice allows us to get a strong enough
softening of the EOS, which is significantly different from
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FIG. 1. The schematic form of the hybrid star EOSs with the CSS
parametrization and the Maxwell and Gibbs constructions.

that of the Maxwell construction. The values of K,, and A,,
are obtained by requiring that p and ¢ are continuous at the
transition point. ecss and pcss are, respectively, the energy
density and the pressure at the beginning of the quark phase. It
is noted that the energy density discontinuity Ae is not defined
in Eq. (9). In this case, we assign the increment of ¢(p) during

the mixed phase to its value. The hybrid star EOSs are also
illustrated in Fig. 1.

IV. CONSTRAINT ON EOS THROUGH MACROSCOPIC
PROPERTIES OF SUPERMASSIVE HYBRID STAR

A. Constraint through mass-radius relations of hybrid stars

As we know, based on the TOV equation, each EOS
corresponds to a unique mass-radius (M-R) relation. After
constructing the hybrid star EOSs by using the APR3 and
DDME?2 EOSs to describe hadronic matter, the effects of the
energy density discontinuity A¢ and the sound speed c¢gq on
the M-R relations of hybrid stars at different transition energy
densities &, are investigated, and the results of the Maxwell
construction are shown in Fig. 2, where the squared sound

speed is fixed as c2, = 1 in the upper panels, and the energy

sq

density discontinuity is fixed as Ae = 60 MeV fm~ in the
bottom panels. The effects of Ae on the M-R relations of
hybrid stars are also shown for the Gibbs construction in
Fig. 3. The M-R relations of normal neutron stars (without
the phase transition) are also displayed in Figs. 2 and 3 for
comparison. Here we adopt the APR3 EOS representing the
relatively soft EOS and the DDME2 EOS representing the
relatively stiff EOS to describe the hadronic part in neutron
stars. It is shown that the maximum mass of normal neutron
stars supported by the APR3 EOS and the DDME2 EOS can
be up to near 2.4 M and 2.5 M, respectively.

Maxwell
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FIG. 2. The effect of the energy density discontinuity Ae (upper panels, where Ae = 0, 60, 120, and 180 MeV fm~>) and the squared sound
speed of quark matter ch (lower panels, where ch =1,0.8, 0.6, and 0.5) on the M-R relations for hybrid stars with the Maxwell construction,

2
where ¢,

and Ag¢ are fixed as ch =1 and Ae = 60 MeV fm~> for the upper panels and lower panels, respectively. The transition energy

density &y,, adopts 1.6 &, (left), 2.0 &y, (middle), and 2.5 e, (right). The dashed (dot-dashed) lines are the M-R relations of hybrid stars with
hadronic matter described by the DDME2 (APR3) EOS. The black (red) solid line is the M-R relation of normal neutron stars calculated by
the DDME2 (APR3) EOS. The orange- and purple-shaded areas show the mass range of PSR J0952-0607 [33] and the second object in the
GW190814 event [32], while the magenta-shaded areas are the M-R constraint from the GW170817 event [20].
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FIG. 3. The effect of energy density discontinuity Ae on the M-R relations for hybrid stars with the Gibbs construction. The parameters
are the same as those in the upper panels of Fig. 2. The observational constraints are also plotted.

It can be seen from Figs. 2 and 3 that both of the M-R
relations of normal neutron stars and hybrid stars meet the
constraint of the GW 170817 event. For the upper three panels
of Fig. 2, cgq = 1 means that the stiffest EOS is adopted in
quark matter, and then the corresponding M-R relation gives
the upper limit of the stellar mass under a given set of Ag and
&wan- The upper panels of Fig. 2 show that the increase of Ae
will lead to a reduction of the maximum mass of hybrid stars
with the Maxwell construction. When Ae takes a relatively
high value (e.g., Ae = 180 MeV fm~?), the maximum mass
of the corresponding hybrid stars will not meet the lower
mass limit of the second object in the GW 190814 event. For
the Gibbs construction (see Fig. 3), a higher energy density
discontinuity (Ae > 180 MeV fm~3) will induce a similar
result. This means that, if observations confirm the existence
of supermassive neutron stars, this will place an effective
constraint on the upper limit of Ae for the EOS model with
the quark phase transition. In addition, the increase of Aeg
will also lead to a reduction of the radius, which is consistent
with the results of Refs. [18,83,84]. However, compared to the
Maxwell construction, the Gibbs construction will result in a
smaller reduction of the radius under the same Ae. As for the
influence of transition energy density &y,,, we can see that,
with the increase of &y.,, the maximum mass of hybrid stars
decreases.

As we know, due to the phase transition caused by the
appearance of quark matter in the core of neutron stars, a new
branch with a central density higher than that of the normal
neutron stars may appear. The new branch alone can lead to
the appearance of twin stars with same mass but different radii
due to different internal constitutions [18,39,85]. From Figs. 2
and 3, we can see that the M-R relations do not show the
presence of twin stars. As discussed in Ref. [38], the transi-
tion energy density &y, the sound speed cyq, and the energy
density discontinuity Ae are the key factors to determining the
existence of twin stars. Here, it is the weak Ag that causes the
miss of twin star phenomenon [45]. The small Ae also leads
to the intersection of the M-R curves of normal neutron stars
and hybrid stars, which means that it is difficult to determine
the existence of the phase transition only through the M-R
relations.

From the lower three panels in Fig. 2, we can see that, for
hybrid star EOSs with the energy density discontinuity fixed
as Ae = 60 MeV fm—> and with the transition energy density
&wan higher than 1.6 ey, the corresponding hybrid stars will
not meet the lower mass limit of the second object in the
GW190814 event as ch reduces to 0.6. When considering the
Gibbs construction, it leads to the same result. This means
that, if a supermassive neutron star is confirmed in the future,
it will constrain the lower limit of quark matter’s sound speed.

B. Constraint through tidal deformability of supermassive
hybrid stars (M = 2.5M,)

The influences of the energy density discontinuity Ae (up-
per panels) and the sound speed cyq (lower panels) on the tidal
deformability of hybrid stars with the Maxwell construction
are shown in Fig. 4. As shown in the upper panels, at a rela-
tively low transition energy density (e.g., yan = 1.6 &gy), the
decrease of A¢ will obviously increase the tidal deformability,
and when Ae approaches zero with the squared sound speed
of quark matter fixed at ch = 1, the tidal deformability will
exceed the constraint of the GW170817 event. This result
indicates that the observation of the GW170817 event will
place some constraints on the upper limit of ¢y, and the lower
limits of Ae and &y,,. The tidal deformability of hybrid stars
with the Gibbs construction is slightly greater than that with
the Maxwell construction, which can also be inferred from
their different impacts on the radius. However, due to the small
difference in tidal deformability caused by the two phase
transition structures, the observation of the GW170817 event
will impose similar constraints on the parameters of hybrid
star EOSs with the Gibbs construction.

From the upper panels (ch = 1) of Fig. 4, it is interesting
to note that, even though different M-A curves correspond
to different maximum masses as A¢ changes, the maximum-
mass hybrid stars all correspond to similar values of tidal
deformability. Moreover, the lower panels of Fig. 4 show
that the decrease of ch will increase the tidal deformabil-
ity of the maximum-mass hybrid stars, while &,, does not
have a significant impact on the tidal deformability of the
maximum-mass hybrid stars. In addition, although Fig. 4
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FIG. 4. The mass-tidal deformability (M-A) relations of hybrid stars with the Maxwell construction at different energy density disconti-
nuities Ae (upper panels) and squared sound speeds of quark matter cgq (lower panels), where ch and Ace are fixed as cszq =1and Ae =60
MeV fm~? for the upper panels and lower panels, respectively. &, adopts the same values as in Fig. 2. For simplicity, only the APR3 EOS is
considered here, and the black solid line is the M-A relation of the corresponding normal neutron stars. The constraints from PSR J0952-0607
[33], the second object in the GW 190814 event [32], and the GW170817 event [20] are also plotted.

only shows the results for the APR3 EOS with the Maxwell
construction, the calculations for the APR3 EOS with the
Gibbs construction and the DDME2 EOS give the similar
results. So the results in the upper panels of Fig. 4 provide
a useful clue to the lower limit of the tidal deformabil-
ity for the maximum-mass hybrid stars. A rough estimate
of the lower limit of the dimensionless tidal deformability
for the maximum-mass hybrid stars ranges from 2 to 3. In
fact, this can also be seen as the lower limit for all neutron
stars, because the tidal deformability of the maximum-
mass neutron stars is the smallest in the neutron star
sequences.

In order to illustrate how the tidal deformability of super-
massive hybrid stars is affected by the relative parameters,
the tidal deformability A as a function of the energy density
discontinuity Ae at different &y,, and cf for the DDME2
EOS model (upper panels) and the APR3 EOS model (lower
panels) is presented in Fig. 5, where the stellar mass is fixed
as 2.5Mg. It is easy to see that, for a hybrid star with fixed
mass, its tidal deformability with different phase transition
structures will decrease both with the decrease of the sound
speed cyq and with the increase of the transition energy density
&ran OF the energy density discontinuity Ae, which can be
understood by the M-R relations in Figs. 2 and 3; that is, a
smaller ¢y, a higher &gy, or a larger Ag corresponds to a
smaller stellar radius for supermassive hybrid stars and further
gives a smaller tidal deformability. It is worth noting that, for
the same energy density discontinuity, the tidal deformability
of a 2.5 M, hybrid star with the Gibbs construction is greater
(i.e., the dashed lines are higher than the solid lines in Fig. 5),

which is due to the fact that the hybrid star EOSs with the
Gibbs construction are stiffer than those with the Maxwell
construction under the same parameters.

Comparing the upper and lower panels of Fig. 5, one can
see that, if the observed dimensionless tidal deformability of
a 2.5 Mg neutron star is around A, s ~ 35, which can be de-
tected under the precision (o; < 20) of the Einstein telescope
[86,87], then for both the phase transition structures a smaller
tidal deformability of a 2.5 Mg neutron star (e.g., Ays < 15)
will be excluded in an ideal scenario, and only a smaller
energy density discontinuity (Ae <75 MeV fm™3, which
becomes smaller for a higher &,, and for the Maxwell con-
struction), a lower transition energy density (yan < 2.5 €gat),
and a higher squared sound speed (ch > (.5) are possible in
hybrid stars. Conversely, for a small tidal deformability, such
as A, 5 ~ 10, even the third-generation gravitational detectors
cannot reach the required precision; therefore, it is hard to
make effective constraints on the EOS parameters when the
tidal deformability of supermassive neutron stars is small.

Figure 5 shows the ranges of parameters Ag, ¢y, and &an
that can support a 2.5 M, hybrid star. For example, a higher
transition energy density requires a higher sound speed and a
smaller energy density discontinuity. In addition, a softer EOS
(e.g., APR3) will narrow the ranges of parameters needed to
support a 2.5 M hybrid star.

V. SUMMARY

The observations of PSR J0952-0607 (M = 2.35717 M)
and the second object in the GWI190814 event (M =
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FIG. 5. The tidal deformability as a function of energy density discontinuity Ae¢ at different cgq (ch =1,0.9,0.8,0.7, 0.6, and 0.5), where
the stellar mass is fixed as 2.5 M. The solid and dashed lines represent the results of the Maxwell construction and the Gibbs construction,
respectively. &,,, adopts the same values as in Fig. 2. The DDME2 (APR3) EOS is taken to describe hadronic matter in the upper (bottom)

panels.

2.59709% M) indicate the possible existence of supermassive
neutron stars. The possibility of the existence of supermassive
neutron stars provides an opportunity to understand the high
density matter from a new angle. In this work, the constant-
sound-speed parametrization was adopted to describe the EOS
of quark matter for the hybrid star EOS, and the Maxwell
and Gibbs constructions were used to connect hadronic and
quark phases. By using the constructed EOSs, the constraints
on the EOS parameters through the properties of supermasive
hybrid stars were probed. The main conclusions of this work
are summarized as follows.

(1) It has been shown that to support a supermassive hy-
brid star (e.g., M = 2.5 M), a lower transition energy
density (&yan), a smaller energy density discontinu-
ity (Aeg), and a higher sound speed of quark matter
(csq) are favored. For the constructed hybrid star EOS
models with the Maxwell and Gibbs constructions, the
maximum mass of the corresponding hybrid stars will
not meet the lower mass limit of the second object in
the GW190814 event if Ae takes a value higher than
180 MeV fm~>. If observations confirm the existence
of supermassive neutron stars, this will place an effec-
tive constraint on the upper limit of A¢ for the hybrid
star EOSs.

(2) As a supermassive hybrid star requires a relatively
small Ae, and a small Ae does not support the ex-
istence of twin stars, thus, the supermassive neutron
star observation may also rule out the possibility of the
existence of twin stars, which is consistent with what
has been found in previous work [45].

(3) A rough estimate of the lower limit of the dimension-
less tidal deformability of neutron stars ranges from
2 to 3. It is shoiwn that accurate observations on
supermassive neutron stars with relatively large tidal
deformability can provide effective constraints on the
phase transition that softens the EOS and its param-
eters A€, &qan, and cyq. However, for supermassive
neutron stars with small tidal deformability, even the
third-generation gravitational detectors cannot reach
the required precision.

The phase transition may occur in other forms, such as
hadron-quark crossover [88-91], which can stiffen the EOS in
the phase transition region and bring different effects to hybrid
stars. In future investigation, the macroscopic properties of
supermassive hybrid stars can be further exploited to constrain
the parameters of the crossover phase.

Supermassive neutron stars contain both the extreme prop-
erties of neutron stars and the extreme properties of dense
matter. If observations confirm the existence of supermassive
neutron stars, this will open a new window to enrich the theory
of nuclear physics, gravity theory, and astrophysics.
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