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Effect of the symmetry energy on the secondary component of GW190814 as a neutron star
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The secondary component of GW190814 with a mass of 2.50-2.67 M may be the lightest black hole or
the heaviest neutron star ever observed in a binary compact object system. To explore the possible equation of
state (EOS), which can support such a massive neutron star, we apply the relativistic mean-field model with a
density-dependent isovector coupling constant to describe the neutron-star matter. The acceptable EOS should
satisfy some constraints: the EOS model can provide a satisfactory description of the nuclei; the maximum
mass Moy is above 2.6 My; the tidal deformability of a canonical 1.4 My neutron star A4 should lie in
the constrained range from GW170817. In this paper, we find that nuclear symmetry energy and its density
dependence play a crucial role in determining the EOS of neutron-star matter. The constraints from the mass of
2.6 M, and the tidal deformability A, 4 = 6161’%;; (based on the assumption that GW190814 is a NS-BH binary)
can be satisfied for the slope of symmetry energy L < 50 MeV. Even including the constraint A4 = 190f?38
from GW 170817 which suppresses the EOS stiffness at low density, the possibility that the secondary component

of GW190814 is a massive neutron star cannot be excluded in this study.
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I. INTRODUCTION

The first direct detection of gravitational waves from
GW150914 [1], the merger of a pair of black holes, launched
a new era of gravitational-wave astronomy. Two years later,
the binary neutron star merger event GW 170817 [2], which
was observed by the LIGO and Virgo detectors, produced
a detectable electromagnetic signal and marked a signifi-
cant breakthrough for multimessenger astronomy. After that,
another binary neutron star merger event GW 190425 was de-
tected in April of 2019 [3]. Several months after GW 190425,
in the third observing run of Advanced LIGO and Advanced
Virgo [4], a gravitational wave signal GW 190814 was discov-
ered from a compact binary coalescence involving a 22.2-24.3
Mg black hole and a compact object of 2.50-2.67 Mg.
Since no measurable tidal signature was detected from the
gravitational waveform and no electromagnetic counterpart
of GW190814 was confirmed, the secondary component of
GW190814 could be either the heaviest neutron star or the
lightest black hole ever discovered [4]. Although the highest
measured mass of radio pulsars is around 2.14 M [5], the
equation of state (EOS) should be very stiff at high density
if the maximum neutron-star mass is assumed to be Mtoy >
2.3 Mg [6].

“x.h.wu@pku.edu.cn
Tbao_shishao@163.com
fshennankai @ gmail.com
Sr.x.xu@pku.edu.cn

2469-9985/2021/104(1)/015802(9)

015802-1

It seems difficult to determine the nature of GW190814
by further analyzing the data, that many theoretical stud-
ies have been devoted to exploring various possibilities of
the secondary component of GW190814. It has been re-
ported in Ref. [4] that GW190814 has a highly unequal

mass ratio of 0.1121“8:883 and unusual secondary mass of

2.59700% My, which lies in the mass gap between neutron
stars and black holes. These two features make GW 190814
rare to explore supernova explosion mechanism, canonical
isolated binary evolution, and massive star evolution, which
have been discussed in Refs. [7,8]. Bayesian analysis [9—11]
gives distinguishing results that depend on the choice of
EOS parametrization and the maximum mass threshold. For
example, if the maximum mass limit of Moy < 2.3 Mg
suggested by Shibata et al. [12] is enforced, the probabil-
ity of GW190814 to be a neutron star-black hole (NS-BH)
merger will significantly reduced [9]. Similar results were also
shown within a nuclear-physics-multimessenger astrophysics
framework [13]. In Ref. [14] Nathanail et al. used a genetic
algorithm to sample the multidimensional space of parameters
from GW170817 gravitational-wave and astronomical obser-
vations, and they concluded that the secondary in GW 190814
was most likely a black hole at merger. On the other hand,
if the low-mass object of GW190814 is a neutron star, it
would provide strong constraints on EOS, in tension with
those inferred from the GW 170817 event. However, it is also
possible that the secondary in GW 190814 is a rapidly rotating
neutron star [10,15-21]. With the inclusion of rotation effects,
the maximum mass could be about 20% larger than Mtoy
of a nonrotating neutron star [22,23], and as a result, the
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upper limit Mtoy < 2.3 M inferred from the multimessenger
observations of GW 170817 [12] could be compatible with the
secondary in GW 190814 being a rapidly rotating neutron star
[17,20]. Generally, the frequency required to support a 2.5
Mg neutron star is very high, which is even higher than the
maximum rotation frequency of 716 Hz observed from the
fastest known pulsar, PSR J1748-2446ad [24], associated with
a dimensionless spin of 0.25 < x < 0.65 [25]. Therefore,
the possibility of the secondary in GW190814 as a rapidly
rotating neutron star cannot be ruled out. Another possibility
to achieve high neutron-star masses has been discussed in
modified gravity theories [26-28].

Even without the effects of modified gravity or fast rota-
tion, the constraints from GW170817 [2,29] still allow the
existence of stiff enough EOS to support 2.5 My slowly ro-
tating (or nonrotating) neutron stars [30—34]. For example, a
Markov chain Monte Carlo approach was raised by Godzieba
et al. [32] to generate phenomenological EOSs that could sat-
isfy the astronomical constraints and support the GW190814
is a NS-BH system. Fattoyev et al. [33] proposed the Bi-
gApple parameter set in covariant energy density functional
theory, which predicts the maximum neutron-star mass of 2.6
Mg and can reproduce the observables of finite nuclei and
NICER. The appearance of deconfined QCD matter in neutron
stars may support massive neutron stars with Moy > 2.5 M,
[34]. This view is also indirectly supported by the quarkyonic
matter influence on the EOS [35]. Moreover, the possibility
of GW190814 being a quark star—black hole system was dis-
cussed in Refs. [36-38].

To assess the nature of the secondary component of
GW190814, the EOS at high density plays an essential role.
It is well known that the EOS is crucial in determining the
mass-radius relation of neutron stars. However, there are large
uncertainties in the strong interaction at high density, and
calculations of neutron-star matter are generally performed
with effective interactions [39]. Especially, phenomenological
mean-field models have been widely used for describing the
EOS of neutron stars.

In this work, we use the relativistic mean-field (RMF)
model to describe the neutron-star matter, in which nucleons
interact via the exchange of various mesons. The RMF model
parameters are typically determined by fitting some experi-
mental data of finite nuclei or empirical saturation properties
at the nuclear saturation density ny, i.e., the binding energy per
nucleon (E /A), the nuclear incompressibility (K), the symme-
try energy (S), and the effective mass (m*/m). The symmetry
energy slope (L), which has an apparent effect on the neutron-
star radius and the neutron-skin thickness of neutron-rich
nuclei [40-42], is another important parameter that has been
extensively studied in recent years [39,43—45]. However, its
value is still very uncertain and cannot be well constrained
from current observations. In order to explore the influence of
symmetry energy slope, one may introduce density-dependent
isovector couplings or add w-p coupling term [46]. The two
approaches are basically equivalent [47]. In this paper, we
will use the RMF model with a density-dependent isovector
coupling (referred to as the RMFL model following Ref. [48]).
Through this way, the symmetry energy slope L can be tai-
lored by adjusting an additional coefficient without affecting

the other saturation properties, and remaining all parameters
unchanged. In general, the low-density EOSs have similar
energy-pressure curves, since they can be well constrained by
experimental data of finite nuclei or saturation properties of
nuclear matter. However, the high-density component of the
EOS remains largely uncertain, which has to be constrained
by neutron star observations.

Over the past decade, several massive neutron stars have
been discovered, PSR J1614-2230 [49-51], PSR J10348+0432
[52], PSR J0740+6620 [5], and PSR J2215+5135 [53], which
imposed a lower bound to the maximum mass of neutron stars
(Mtoy > 2 Mg). Moreover, the binary neutron star merger
event GW170817 provides new constraints on the tidal de-
formability of a canonical 1.4 My neutron star, Aj4 < 800
reported in the discovery paper [2] and the updated value
of Ajq4= 190" in Ref. [54]. The radius of a 1.4 Mg
neutron star R; 4 could be constrained to be R4 < 13.6 km
within different models [29,55]. Besides, based on NASA’s
Neutron Star Interior Composition Explorer (NICER) data
set, an estimation for the mass-radius relation becomes pos-
sible by using x-ray pulse-profile modeling [56]. Through this
way, the mass and radius of PSR J0030+0451 were reported
as (144700 Mg, 13.02F]5¢ km) [57] or (1.34%01° Mo,
12.717113 km) [58] by different groups. Among these obser-
vational properties, neutron-star mass and tidal deformability
are dynamical and model-independent measurements that pro-
vide strong constraints, while the radius may have different
results from various models. It is believed that the binary
neutron star merger event GW 170817 may eventually become
a black hole. Based on this assumption, upper bounds on
Moy supported by the EOS are placed to be Moy ~ 2.3 Mg
[12,59-62]. But without this assumption on the remnant,
larger Mtov could be achieved [62]. Besides, Mtoy > 2.3 Mg
cannot be ruled out from the views of astrophysics and micro-
physics.

Besides the constraints from astrophysical observations,
nuclear matter calculations with realistic nucleon-nucleon in-
teraction in chiral effective field theory [63-67], which links
baryonic few-body forces to QCD, could provide valuable
constraints with uncertainty estimates on the EOS, symmetry
energy, and its slope. For example, the calculation of Holt and
Kaiser with a specific chiral interaction gives 20 < L < 65
MeV [66], which is consistent with the constraint 40 < L <
60 MeV inferred from the experimental data [45]. Oertel
et al. [39] summarized a sufficient number of constraints from
various studies and they found the most probable value for the
symmetry energy slope is L = 58.7 &£ 28.1 MeV. In addition,
the newly announced PREX-II measurement reported a value
of 0.283 £0.071 fm [68] for the neutron-skin thickness of
208pp, implying a slope parameter L = 106 4= 37 MeV [69],
which is larger than most values extracted from various ex-
perimental and theoretical analyses [39]. It is worth noting
that the large slope parameter L from PREX-II does not di-
rectly imply a large radius for a neutron star in the canonical
mass range. By combining astrophysical data with PREX-II
and chiral effective field theory constraints, a nonparametric
analysis leads to L = 58 & 19 MeV [70].

In this paper, we aim to use the RMFL model with the
NL3 parametrization to generate a series of density-dependent
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isovector coupling parameter sets (referred to as NL3L)
with different symmetry energy slope L. The original NL3
parametrization [71] was proposed by fitting experimental
data of ten selected nuclei, including the binding energies,
charge radii, and neutron radii, while some nuclear matter
properties were also considered in the fitting procedure. As a
result, the NL3 model could provide a satisfactory description
for both spherical and deformed nuclei throughout the nuclear
chart, and its predicted saturation properties are consistent
with empirical values. Furthermore, the NL3 model has been
widely used in astrophysical studies, such as neutron star
and supernova EOS [39]. In the present work, we extend the
NL3 model by using a density-dependent isovector coupling,
so that the symmetry energy slope L can be adjusted in the
range considered. The generated NL3L models have the same
saturation properties as the original NL3 except with different
values of L. Since the ground-state properties of finite nuclei
are insensitive to the slope parameter L, the NL3L models
are expected to provide similar results of finite nuclei as
the original NL3. However, different L values in NL3L may
have a significant influence on neutron-star properties. Using
the NL3L parameter sets, we examine the role of symmetry
energy slope L in neutron-star matter EOS and properties of
neutron stars. It is believed that a smaller L corresponds to a
softer EOS in the density range from ng to ~0.3 fm—>, which
mainly affects the radius and tidal deformability of neutron
star with M < 1.5 M. It is noteworthy that the coupling
constants in the RMF approach are not observables, which
are usually determined by fitting experimental results of fi-
nite nuclei as in the case of the NL3 parametrization. With
the coupling constants constrained around saturation density,
the extrapolation to high-density region would yield model-
dependent predictions for neutron stars.

It is crucial to discuss the theoretical uncertainty in order
to assess the reliability of extrapolations [72]. In recent years,
theoretical uncertainty estimates have been developed in vari-
ous frameworks [73—80]. The chiral effective field theory can
provide uncertainty estimates by performing order-by-order
calculations in the chiral expansion [66], but the reliability
of such estimates is still a subject of ongoing research. Un-
fortunately, most of the successful RMF parametrizations,
such as NL3, have not considered any uncertainty when
they were calibrated from selected experimental data of fi-
nite nuclei. A newly proposed parametrization FSUGold2
[74] provided quantified statistical uncertainties for various
physical observables by using a Gaussian approximation to
the likelihood function. The uncertainty estimates obtained
from the FSUGold2 parametrization may be considered as
typical values, which can help to understand theoretical un-
certainties in the RMF models. In the calibration procedure
of FSUGold2 [74], a maximum neutron-star mass Mtoy =
2.1 M was incorporated into the fitting scheme in addition
to experimental data of finite nuclei. After the optimization,

the FSUGold2 parametrization yielded the predictions with
uncertainty estimates for neutron stars as Mpoy = 2.07 +
0.02 My and R;4 = 14.42 £ 0.26 km. However, when the
maximum neutron-star mass was removed from the calibra-
tion, the uncertainties of Mtoy and R4 increased to about
0.15 Mg and 0.78 km, respectively. It is reasonable to con-
sider that uncertainty estimates using the NL3 parametrization
should have the same order of magnitude, since similar
observables of finite nuclei were adopted in the fitting pro-
cedures of NL3 and FSUGold2 [74]. In this type of model,
the isoscalar saturation properties can be well determined with
small theoretical errors, but the isovector part, especially the
symmetry energy slope L, remains large uncertainties due to
the lack of well-measured isovector observables in the fit. In
the present work, we investigate the influence of uncertain
slope parameter L on the EOS and properties of neutron stars
by using the generated NL3L models covering an acceptable
range of L. Qualitatively, the theoretical errors in NL3L would
be of the same order as the original NL3 model due to their
similarities discussed above. Furthermore, except the statisti-
cal errors analyzed in Ref. [74], there are various systematic
errors in the RMF models, which are very difficult to estimate
quantitatively [75]. One may assess systematic uncertainties
of the RMF models by making comparisons among differ-
ent parametrizations [79]. The present calculations using the
NL3L parameter sets would be helpful to understand the un-
certainty caused by the slope parameter L.

In general, the presence of exotic degrees of freedom, like
hyperons and quarks, tends to soften the EOS at high densi-
ties and reduce the maximum mass of neutron stars [81-83].
However, this effect can be suppressed by considering the
additional repulsion for hyperons (or quarks). Furthermore,
the crossover hadron-quark phase transition may provide a
stiffer quarkyonic core in neutron stars. The possibility of the
secondary in GW 190814 as a massive neutron star with exotic
degrees of freedom has been discussed in Refs. [15,19,21,31].
For simplicity, we do not include non-nucleonic degrees of
freedom in the present work. We aim to investigate the sym-
metry energy effect on the properties of massive neutron stars
and explore the possibility of the secondary component of
GW190814 as a neutron star.

This article is organized as follows. In Sec. II, we briefly
introduce the RMFL model for neutron-star matter. In Sec. I1I,
we show the numerical results of neutron-star properties and
compare with constraints from astronomical observations.
Section IV is devoted to a summary.

II. RMF WITH A DENSITY-DEPENDENT ISOVECTOR
COUPLING CONSTANT

We adopt the RMFL model to describe the neutron-star
matter, in which the isovector coupling constant is taken
to be density dependent as in the density-dependent RMF

TABLE 1. Parameters in the NL3 model. The masses are given in MeV.

Model M My m, m,

8o 8w gp(no) g (fm™) g3

NL3 939.000 508.194 782.501 763.000

10.217 12.868 8.948 —10.431 —28.885
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TABLE II. Nuclear matter saturation properties obtained in the
NL3 model. All quantities are given in MeV, except the dimension-
less effective mass m*/m, and the saturation density ng, given in
fm=.

Model no E/A K S L m*/m
NL3 0.148 —16.24 2723 374 118.5 0.594
(DDRMF) approach. We use the Lagrangian given as
LrMFL = Z Ept{il/uaﬂ — (M + g,0)
i=p,n
_ w 80 an .
Vu|8o®" + 77::1,0 Vi
+-9,00"0c — —m’o? — lg2(73 — lg3cr4
2" 27 3 4
1 7Y 1 2 n
—ZWWW + 3 M@
1 1
KR S
+ Y Yliyud* —m)y, ¢))

I=e b

which contains the contributions of baryons (n and p) and
leptons (e and ). WH#Y and R**¥ are the antisymmetric field
tensors for w* and p**, respectively. The parameters in the
Lagrangian are usually determined by fitting nuclear matter
saturation properties and/or ground-state properties of finite
nuclei.

To study the effect of symmetry energy slope L, we gen-
erate a series of parameter sets with a density-dependent
isovector coupling based on the NL3 parametrization (referred
to as NL3L). The parameters and saturation properties of the
original NL3 model are listed in Tables I and II, respectively.
In NL3L, the symmetry energy slope parameter is tuned to
be L =30-110 MeV at the saturation density, as listed in
Table III. The uncertainty of L does not affect the saturation
properties of nuclear matter, that the NL3L parameter sets
have the same saturation properties as the original NL3 except
with different values of L. The isovector coupling g, in NL3L
is taken to be density-dependent as in the DDRMF approach,

gom) = gty exp [ ~a, (L —1)]. @)

where ng is the saturation density. Through this way, the
symmetry energy slope L can be tailored conveniently by
adjusting a, without affecting other saturation properties and
leaving other parameters the same as the original ones. The

density dependence of g, contributes a rearrangement item
for nucleons,

1 8gp(”b)
Er = — _— ip =
P D il

i=p,n

np — Ny

3

1
_Eapgp(nh)

In a homogeneous matter, the meson field equations have
the following form:

myo + 80”4 g30° = =g, (n), +n}), (4)
myw = go(n, + ny), )

(ny)
mp =2y —n), (6

where n{ and n; represent the scalar and vector densities of the
ith baryon (i = n, p), respectively. The equations of motion
for nucleons give the standard relations between the densities
and chemical potentials,

goN

Hp V (‘Cfp)z M*? 8o + X, p(2 b)P, @)
gon

Mn = \/ (k;l:)z +1M*2 + go® —+ E, - p(2 b)p, (8)

where M* = M + g, 0 is the effective nucleon mass, and k.
is the Fermi momentum of species i, which is related to the
vector density by n; = (k%)?/372. For neutron-star matter in
B equilibrium, the chemical potentials satisfy the relations
Mp = tn — Me and p, = u., where the chemical potentials
of leptons are given by yt; = v/ (kL)* +m7.

In neutron-star matter, the total energy density and pressure
are given by

K.
= L7 Ve T mrdx
7T2 0

i=p,n
1 1 1 1
+ Emf,az + §g203 + Zg3o4 + Emia)z
1
+5mp” e, ©)
P=Y" ! /k; L jar
i=p,n 372 Jo VK2 + M*?
1
— Emﬁaz - §g203 - Zg304 + Emiwz
12,
+5mpp” t e+ B, (10)

where ¢; and P; (I = e, u) are the energy density and the pres-
sure from leptons, respectively. With given baryon number
density n;, the EOS can be derived by solving the meson field

TABLE III. Parameter a, generated from the NL3 model for different slope L at saturation density n, without changing other saturation

properties. The original NL3 model has L = 118.5 MeV.

L (MeV) 30.0 40.0 50.0 60.0

70.0 80.0 90.0

100.0 110.0 118.5

a, 0.7537 0.6686 0.5835 0.4983

0.4132

0.3280 0.2429 0.1578 0.0726 0
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FIG. 1. Isovector coupling g,(n;) as a function of the baryon
number density n, for different NL3L parameter sets. The horizontal
line indicates the density-independent isovector coupling g,(n9) in
the original NL3 model.

equations under the conditions of B equilibrium and charge
neutrality.

III. THE RESULTS AND DISCUSSION

In this section, we investigate the symmetry energy effect
on the EOS and properties of neutron stars. It is well known
that the symmetry energy slope L can significantly affect the
neutron-star radius and tidal deformability. However, its value
is still very uncertain and cannot be well constrained from cur-
rent observations [39]. We apply the RMFL model to generate
NL3L parameter sets with different values of L. In Fig. 1, we
plot the density-dependent behavior of the isovector coupling
gp(np) as a function of the baryon number density n,. The
original NL3 parameter set has fixed g,(n,) = g,(np). In the
following discussions, we investigate the symmetry energy ef-
fect by comparing the results of L = 30, 50, 80 MeV (named

T : I |
120F  nialao
-~~~ NL3L-50
[ S NL3L-80 ]
NG
80}
I S
= 60 o
(D -
40 |
20F
0 . | | |
0.0 0.1 0.2 0.3 0.4 05

as NL3L-30, NL3L-50, and NL3L-80), and the original NL3
parametrization with L = 118.5 MeV. It can be found that
8p(np) decreases as the density ny, increases, and a smaller g,
results in smaller symmetry energy. At subnuclear densities
(np < nyp), the coupling constant g, (n;,) is bigger than g, (n),
while it becomes smaller at high densities. This trend can
be easily understood from Eq. (2). Furthermore, a smaller L
corresponds to a more rapid decrease of g,,.

We plot the symmetry energy S and the energy per nucleon
E /A as a function of the baryon number density n,, in the left
and right panels of Fig. 2. The results of NL3L-30, NL3L-50,
NL3L-80, and the original NL3 parameter sets are shown. It
is seen that the symmetry energy with a smaller L is lower
(higher) than that with a larger L at n, > ng (n, < ng), similar
behavior is observed in Ref. [46]. The differences among
NL3L-30, NL3L-50, and NL3L-80 are smaller than those
with the original NL3. Especially, the symmetry energies
of NL3L-30, NL3L-50, and NL3L-80 show a much slower
increase than that of the original NL3 beyond two times
saturation density. Different NL3L parametrizations have the
same energy (E /A) for symmetry nuclear matter (SNM), since
the isovector interaction vanishes in SNM [see Eq. (6)]. In
contrast, £ /A in pure neutron matter (PNM) shows a signifi-
cant dependence on L. The L dependence of E /A in PNM is
very similar to that of S, which can be understood from the
relation E/A(PNM) ~ E /A(SNM) + S. Comparing with the
constraints from isobaric analog states [84], relatively large
symmetry energy at subnuclear density is obtained with a
small L like NL3L-30. However, the results of S and E/A
in PNM at 1-2n are consistent with those obtained from
Skyrme interactions [85], chiral effective field theory [86],
and some stiff DDRMF models [41].

In Fig. 3, we show the EOSs with different L as a func-
tion of the baryon mass density p; (left panel) and number
density n;, (right panel), respectively. The green shaded area
indicates the constraint by assuming the secondary compo-
nent of GW190814 is a neutron star [4]. It is seen that the
results of NL3L-30 and NL3L-50 are more consistent with
the constraint than the original NL3 parametrization. Besides,
these NL3L parametrizations could be better matched to the

200 T T T T
—— NL3L-30,PNM
- ---NL3L-50,PNM

150 F - = - NL3L-80,PNM 4
——NL3,PNM

100 4 e

E/A (MeV)

(b)]
0.5

FIG. 2. Symmetry energy S (a) and energy per nucleon E /A in pure neutron matter (PNM) and symmetry nuclear matter (SNM) (b) as a
function of the baryon number density n, for different parameter sets. There is no difference in E /A of SNM for all parametrizations, whereas
the results of § and E /A of PNM show different density dependence with the same value at saturation density n.
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s ¥4
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FIG. 3. Pressures as a function of the baryon mass density p, (a) and number density 7, (b) obtained using different parameter sets. The
green shaded area represents the joint constraints from GW170817 and GW190814 (assumed to be a NS-BH merger) [4].

green shaded area at high densities compared with the EOSs
in Refs. [30,34]. From the right panel, we see that there are
visible differences among different L lines at low densities
(np < 0.3 fm™?), while all NL3L parameter sets result in very
similar EOSs at high densities. This behavior is related to
the density dependence of g, shown in Fig. 1. At low den-
sities, the differences in g, correspond to different isovector
contributions, which yield different EOSs. However, g, of
all NL3L parametrizations decrease with increasing density
and approach zero at high densities, so the differences caused
by p meson tend to disappear. Considering the constraints
shown in the left panel, it is clear that a stiff enough EOS
like NL3L is helpful to support massive neutron star and a
proper small L is favored at low density. To better understand
the high-density EOS behavior, we show the proton fraction
Y, under B equilibrium as a function of the baryon number
density ny in Fig. 4. One can see that Y, obtained in NL3L
parametrizations with various L are different from each other
at low densities, but they become very close at high densities.
However, Y), in the original NL3 model is obviously different

—
[ ——NL3L-30
03l ----NL3L-50

I NL3L-80
——NL3

. 02

0.1

1.2

FIG. 4. Proton fraction Y, in neutron-star matter as a function of
the baryon number density n, for different parameter sets.

from those of NL3L, since g, has different behavior as shown
in Fig. 1. The pressure is mainly contributed by nuclear Fermi
energy and interaction. On one hand, at high densities, the
contribution of isovector interaction to pressure decreases. On
the other hand, the Y, obtained by different L tends to be the
same, which leads to close proton and neutron Fermi energies.
Hence the pressures from NL3L are indistinguishable at high
densities. The original NL3 model has different trends of ¥,
and g, from NL3L, which leads to a visible difference of
pressure (see the insert of Fig. 3(b)).

To examine the effect of symmetry energy slope L
on the properties of neutron stars, we solve the Toman-
Oppenheimer-Volkoff (TOV) equations by using the NL3L
parametrizations and the original NL3 model. The observed
PSR J1614-2230, PSR J0348+0432, and PSR J0704+6620
suggest the neutron-star maximum mass Moy should be
at least larger than 2 M. Using the EOS of neutron-star
matter, the original NL3 parameter set predicts a maximum
mass of 2.77 Mg. In Fig. 5, the mass-radius relation with
different L is presented in panel (a), and the neutron-star
mass as a function of the neutron-star central density n, is
shown in panel (b). Within the NL3 and NL3L models, the
neutron-star maximum mass could be larger than 2.6 M,
though with L = 30, 50, 80 MeV, there exists a tiny decrease
of Mtoy (Table IV). The NL3L-30 and NL3L-50 parameter
sets could satisfy the constraints from NICER [57,58] and
the estimation of Ry 4 < 13.6 km from GW 170817 [29]. It is
shown that a smaller L corresponds to a smaller radius, but
this L dependence becomes much weaker for massive neutron
stars. Besides, the L effect on the relation of the neutron-star
central density n, and mass is also small except at lower
central densities. This is because L affects the EOSs at the

TABLE IV. Neutron star properties predicted by the NL3 and
NL3L models.

Model NL3L-30  NL3L-50  NL3L-80 NL3
Mroy (My) 2.75 2.74 2.73 2.77
R4 (km) 13.04 13.31 13.80 14.55
Ara 608.8 815.9 975.2 1242.4
n. (fm™3) 0.689 0.690 0.693 0.680

015802-6



EFFECT OF THE SYMMETRY ENERGY ON THE ...

PHYSICAL REVIEW C 104, 015802 (2021)

(a) GW190814
25} ]
SR J0704+6620
20k SR J0348+0432]
SR J1614-2230
©
S 150 R, ,>13.6 km]
=
10f
— NL3L-30
- -~ NL3L-50
05F _ _ _ NL3L-80
—NL3 el e ]
0.0 . ' ' '
8 10 12 14 16 18
R (km)

(b) GW190814
25
PSR J0704+6620
20F PSR J0348+0432-
PSR J1614-2230
©
S 15[ ]
=
10L ]
— NL3L-30
— NL3L-50
05} — NL3L-80 ]
—NL3
00 1 1 1 1 1
00 02 04 06 08 10 12
n, (fm)

FIG. 5. Neutron-star masses as a function of the radius R (a) and the central density 7. (b) for different parameter sets. The colored bands
indicate the mass measurements of PSR J1614-2230 [49-51], PSR J0348+0432 [52], and PSR J0740+6620 [5], while the mass constraint
from GW190814 [4] is shown in yellow color. The grey shaded area represents the constraints from NICER [57,58]. The excluded region of

R4 > 13.6 km inferred from GW170817 [29] is also indicated.

low-density region 1, < 0.3 fm~> while EOSs keep almost
the same at high density (see Fig. 3(b)). The maximum mass
neutron star has a central density of n. &~ 0.7 fm 3. The tidal
deformability as a function of the neutron-star mass is plotted
in Fig. 6, and the details of massive neutron stars are shown
in logarithmic coordinates in the upper right corner. The or-
ange colored constraint 458 << A4 < 889 [4] in the figure
comes from a presupposition that the secondary component
of GW190814 is a neutron star. It is shown that the results
of NL3L-30 and NL3L-50 are consistent with this constraint.
The results of L > 50 MeV are beyond the upper limit of
A4 < 800 deduced from GW170817 [2]. However, even
with the smallest L (NL3L-30), the resulting A 4 lies outside

1600 |- 1
1200 | 1
< ol }
.0 2.5 3.0
800 | )
[ 458 <A,, <889
70 <A, <580
i —— NL3L-30
400 | -~ --NL3L-50 T
[ - -~ NL3L-80
I ——NL3
1 1 1 ——
1.0 15 2.0 25 3.0
M/M,,

FIG. 6. Tidal deformability as a function of the neutron-star mass
for different parameter sets. The constraint 70 < A4 < 580 is in-
ferred from the analysis of GW170817 [54], while 458 < A4 <
889 is achieved based on the assumption that GW190814 is a NS-
BH binary [4]. The horizontal line represents the upper limit of
A4 < 800 deduced from GW170817 [2].

the constraint 70 < A4 < 580 (green colored in Fig. 6) from
the subsequent analysis of GW 170817 [54].

IV. SUMMARY

In summary, motivated by the observation of the 2.6 M,
object of GW190814, we have explored if such a massive
object could be a neutron star. Since the lack of an electro-
magnetic counterpart to GW190814 and no tidal distortions
observed from gravitational waveform, the secondary com-
ponent of GW190814 may be a black hole or the heaviest
neutron star ever observed. We applied the RMFL model with
the NL3L parametrizations to describe the neutron-star matter.
To study the effect of symmetry energy and its slope, we
have employed a density-dependent coupling g,(n;) as in the
DDRMF approach.

Using a group of NL3L parameter sets, we have investi-
gated the symmetry energy effect on the EOS and properties
of neutron stars. It was found that a smaller L corresponds
to smaller symmetry energy at n, > ng, which leads to lower
pressure in neutron-star matter. However, at sufficiently high
density the L dependence of EOSs tends to disappear due
to rather small values of g,. We found that these NL3L
parametrizations provide EOSs that are stiff enough to sup-
port Moy > 2.6 M. The resulting EOSs of NL3L-30 and
NL3L-50 lie roughly in the area constrained by assum-
ing the secondary component of GW190814 is a neutron
star. The neutron-star radii using NL3L-30, NL3L-50, and
NL3L-80 are consistent with NICER constraints, while the
results of NL3L-30 and NL3L-50 satisfy the constraints of
A1a=616"77 and R4 = 12.970% km [4] that correspond
to GW190814 being a NS-BH binary. However, even with
the smallest L (NL3L-30), we obtained A;4 = 608.8 that
is slightly larger than the constraint 70 < A4 < 580 from
GW170817. Since the maximum mass Myoy is mainly de-
termined by the high-density EOS, all of the NL3L parameter
sets can support 2.6 M neutron stars. Furthermore, a smaller
L leads to smaller radii and tidal deformability of neutron
stars, which can be compatible with current observations.
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Although there are considerable uncertainties and model de-
pendence in the present calculations, the possibility that the
secondary component of GW190814 is a massive neutron
star cannot be excluded. More precise measurement of tidal
deformability for neutron stars by the gravitational wave de-
tectors may help to constrain the EOS of neutron-star matter
in the future.
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