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Recent multimessenger constraints and the anisotropic neutron star
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The impact of anisotropic pressure models in neutron stars (NSs) is increasing their compactness. Therefore,
for the relatively soft NS equation of state (EOS), we can still obtain a relatively large maximum mass of NSs
and a relatively short canonical NS radius. We systematically study the anisotropic NS properties using a refined
EOS. We compare the results with the recent NS multimessenger constraints. We use a relativistic mean-field
(RMF) model with the G3 parameter set to calculate the NS core EOSs. The standard SU(3) prescription and
hyperon potential depths determine the hyperon coupling constants. We use the inner and outer crusts EOSs
from Miyatsu et al. [Astrophys. J. 777, 4 (2013)]. We consider two kinds of EOSs at high densities: one with the
maximum speed of sound in NS matter obeying the conformal bound, i.e., vmax

s = 1√
3

(WHSS) and one without
considering this bound (WH). We have found for the WH EOS with � = −1.8 that NS properties predicted for
an anisotropic NS based on the Horvat et al. model [Classical Quantum Gravity 28, 025009 (2011)] are entirely
compatible with recent NS multimessenger constraints. Whether a 2.6M� massive compact object observed in
the GW190814 event is an anisotropic NS or not, we found that the compact object is not likely an anisotropic
NS.

DOI: 10.1103/PhysRevC.104.065805

I. INTRODUCTION

The LIGO and Virgo Collaborations reported two years
ago that they detected a gravitational wave signal from a
compact binary coalescence. A gravitational wave signal from
this event gives the information that the primary component
has a mass M = 23M� and the secondary component (object)
has a mass M = 2.6M�, where M� is the solar mass. The
primary component is a black hole (BH). However, the nature
of the secondary object is still unclear because of the lack of
measured tidal deformations and the absence of electromag-
netic counterpart observations consistent with either a neutron
star (NS) or a BH. This secondary component object can
be the lightest BH, the heaviest NS, or even a new exotic
compact object [1]. Many works have reported the possible
explanation about the nature of this massive secondary ob-
ject. Please see the corresponding discussions for examples in
Refs. [2–20]. The possibility that the secondary object of the
GW190814 event as a massive static or a slowly rotating NS
can trigger a lot of discussions about an appropriate kind of
EOS of the massive NS that satisfies observational constraints
[5,15,16,21–23]. Furthermore, we note that there was a study
that discusses the anisotropic pressure an NS could have with
such a large mass [14].

Here, we briefly highlight several recent observational
constraints on NS properties. For single NSs, massive pul-
sars such as PSR J0348+0432, PSR J0740+6620, and PSR
J1614–2230 measurements[24–28] provided maximum mass
constraints of an NS around 2.0M�. The x-ray measurements
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of hot spot emissions on the NS surface with the Neutron
Star Interior Composition Explorer (NICER) [29] can simul-
taneously provide information about the mass and radius of
selected pulsars. NICER reported two measurements of pul-
sars’ mass and radius. Those are PSR J0030+0451 in 2019
[30–32], and PSR J0740+6620 in 2021 [33,34]. From ob-
servation of a binary NS merger through gravitational waves
(GWs), GW170817 [35–37] and GW190425 [1], as well as
the corresponding electromagnetic (EM) counterparts associ-
ated with GW results, namely AT2017gfo and GRB170817A,
one can measure the tidal deformability of NSs and extract an
NS mass and the corresponding central density information.
(Please see the discussions in, for example, Refs. [38–40].)
These multimessenger observations data triggered many stud-
ies using Bayesian analysis to put consistent constraints on
NS properties. (Please see the discussions in, for example,
Refs. [41–50].)

It is worth noting that Landry et al. [43] used nonparamet-
ric analysis of the heavy pulsar combination, the GW170817
and GW190425 combination, and the NICER observation
data. The 1.4M� NS radius range predicted by Landry et al.
[43] is 12.32+1.09

−1.47 km. This radius range is compatible with
the recent report of 1.4M� NS radius range from the NICER
Collaboration [33,34]. Breschi et al. [42] used Bayesian anal-
ysis from AT2017fgo and GW170817 observation data. Note
that the 1.4M� NS radius range obtained by Breschi et al.
[42] is 12.2 ± 0.5 km. This result is also in agreement with
the corresponding range reported in Ref. [48]. Furthermore, it
can be seen that the radius range obtained by Landry et al.
[43] and the one obtained by Breschi et al. [42] are quite
compatible with each other. However, the one of Breschi et al.
[42] has a narrower range than that of Landry et al. [43]. Reed
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et al. [41] reported recent analysis on the implication of the
208Pb skin thickness measurement of the PREX-II experiment
on the 1.4M� NS radius. They obtained the 1.4M� radius
range extracted from these data as about 13.79 ± 0.49 km.
This radius range is large relatively compared to the ones
of Refs. [42,43]. However, it is also reported in Ref. [46]
that the predicted 208Pb skin thickness extracted from astro-
physical constraints such as from heavy pulsar masses, GW
results from LIGO/Virgo, and NICER favors a smaller value
208Pb skin thickness than that of PREX-II. We also need
to note that the most recent NS maximum mass constraint
based on genetic algorithm analysis using GW170817 and
GW190814 events data [49] within a 2σ confidence level is
MTOV = 2.21+0.116

−0.123 M� when all of the physical quantities in
the corresponding analysis are in agreement with the observa-
tions. They have also concluded that the secondary object in
GW190814 was a BH at merger, although it may well have
been a rotating NS at some stage during the binary system
evolution. A recent study [50] of Annala et al. also reported
the upper limit for the dimensionless spin of a rigidly rotating
NS as MTOV < 2.53M� (or MTOV < 2.19M�, if we assume
that a massive NS is created).

The assumption that matter is a fluid with local isotropic
pressure is common in NS property studies. However, NSs
as compact objects with a wide range density—from dilute
nonhomogeneous matter of the crust to the homogeneous core
with densities larger than twice nuclear saturation density and
composed of many kinds of interacting particles—have quite
complex structures. Therefore, for a more realistic description
of an NS, the simple local isotropic matter description is not
too natural. However, the most general spherically symmetric
solution to Einstein equations allows for the anisotropy of
the principal pressures: the radial pressure can differ from
the transverse pressure [51]. It has also been known for a
long time that astrophysical objects need not be isotropic.
The Einstein cluster geometries are only sustained purely
by tangential stresses. This case is a famous example of the
crucial role of anisotropic pressure. (Please see Ref. [52] and
the corresponding references therein.) Many studies of the
crucial impacts of anisotropy in stellar objects were recently
reported. The impact anisotropic pressure in brown dwarfs is
discussed in Refs. [52,53]. Modeling of anisotropic magnetic
white dwarfs with the γ metric is reported in Ref. [54]. Simul-
taneously, the important role of anisotropic pressure in quark
stars is discussed in Ref. [55]. Moreover, we need to note
that the scalar field minimally coupled to gravity also yields
anisotropic pressure in boson stars [56]. One also can find
that anisotropic pressure cannot be avoided in the exotic solu-
tions of Einstein equations such as wormholes and gravastars.
(Please see the discussions in Ref. [51] and the corresponding
references therein.) Furthermore, some studies have shown
that anisotropic stars can be considered as candidates of ul-
tracompact objects within general relativity (GR) [57,58]. For
a NS itself, in principle, the realistic EOS should be obtained
from matter models that are compatible with all experimental
data of the finite nuclei, hypernuclei, and nuclear matter up
to intermediate densities. The models can be nonrelativistic or
relativistic. Hundreds of EOS models from many approaches
have already been proposed so far. One of the known models is

the relativistic mean-field (RMF) model. Note that the authors
of Ref. [59] analyzed 263 RMF parameter sets with various
variants. They have found only 34 RMF parameter sets that
satisfy nuclear matter constraints. Moreover, only 15 of the 34
parameter sets predict NS maximum mass around 2.0M� in
the case of an isotropic NS without hyperons. Furthermore, if
hyperons and other exotic particles are included, none of them
satisfy the latter constraints (see Ref. [60] and the references
therein for details). This issue is known in the literature as
the “hyperon puzzle.” The recent discussions on the role of
hyperons and other exotics and how to deal with the “hy-
peron puzzle” can be found, e.g., in Refs. [61–72]; see the
references therein for completeness. Note that the appearance
of hyperons and other exotic particles in a NS is due to
the general physical equilibrium requirement for NS matter
known as β stability conditions. Therefore, the consequence
of massive NSs and the “hyperon puzzle” simultaneously is
that we cannot avoid modifying the common assumptions
used to describe NSs. In the first case, one can still apply GR
and assume the matter is still isotropic; however, one cannot
avoid using the rather unphysical assumption that hyperons
and other exotics cannot exist in the NS core. The second case
is by modifying the matter and/or geometry. The minimal
approach for the second situation involves applying GR if
the matter is anisotropic. The issue of hydrostatic equilib-
rium and stability due to radial pulsation and due to cracking
or overturning, gravitational collapse, as well as the energy
conditions as general requirements for physically meaningful
anisotropic fluids spheres, are discussed in Refs. [51,73–81].
Additionally, we need to note that the anisotropic pressure has
impacts on other NS properties such as the moment of inertia,
tidal deformability, and universal I-Love-Q relations [82–85].
The authors of Ref. [85] found that anisotropy weakly af-
fects the universal relations and does not prevent the use of
universal relations in gravitational wave astrophysics or ex-
perimental relativity. Additionally, the increase in variability
on the universal relations due to pressure anisotropy can affect
their use in future x-ray observations of hot spots on rotating
compact stars. Moreover, there are also some analytical mod-
els to study anisotropic NSs [73,86]. It is reported [86] that the
absence of anisotropy in compact object pressure can lead to a
solution that is not physically acceptable as the energy density
and speed of sound cannot be positive at the origin at the same
time. To this end, we quote the statement in Ref. [57], i.e., “in
the real world, anisotropic pressures are the rule rather than
the exception.”

The appearance of anisotropic pressure in astrophysical
objects is due to many related factors merged in complex
ways. However, it can be broadly categorized into two kinds
of sources. The first is due to the novel properties of matter
and the dynamics of the objects, such as the rotations, the
presence of strong magnetic and strong electric fields, various
kinds of phase transition, superfluidity, boson condensations,
two fluids of isotropic matters mathematically equivalent to
a single anisotropic fluid, anisotropic momentum distribution
in the matter, and so on [52,73,75–77,87,88]. The second fac-
tor is based on geometrical reasons. The geometrical source
appears since modified gravity models with standard EOS
can be mapped into GR with a modified EOS. (Please see
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the detailed discussions in Refs. [89–92] and the references
therein.) For example, the apparent EOS is anisotropic in the
Eddington-inspired Born-Infeld (EiBI) gravity model. This
fact is demonstrated explicitly in Ref. [89]. The authors of
Ref. [90] have also shown that the field equations of the large
class of extended theories of any alternative to GR (ETG)
can be recast explicitly into Einstein’s field equations with an
effective momentum energy tensor. This effective momentum
energy tensor can be separated into a standard matter momen-
tum energy tensor and an additional geometrical correction
term in the form of symmetric tensor W μν . The explicit form
of W μν depends on the specific ETG under consideration,
and it can provide an anisotropic EOS-like contribution (see
Eq. (21) in Ref. [90]). Furthermore, it is interesting to note that
decoupling gravitational sources in GR to generate anisotropic
solutions for self-gravitating systems from a perfect fluid was
recently discussed in the context of the braneworld scenario.
(Please see Ref. [91] and the references therein.) Another
mapping example exists in the nonlocal gravity model with
a nonlocal elliptic operator with a well-defined inverse, where
the nonlocal version of the Einstein equations with standard
matter can be mapped onto standard Einstein equations with
the modified nonlocal momentum-energy tensor of the mat-
ter and the modified EOS can be anisotropic. (Please see
the discussions in Refs. [93,94].) Therefore, the combina-
tion of RMF EOS with an anisotropic pressure model is
sometimes consistent because the anisotropic pressure that
appears in an NS can be caused by effective mapping of
the geometrical effect in the matter sector in Einstein field
equations.

In the previous work, we have systematically investigated
the NS properties predicted by three models of anisotropic
pressure of a NS with hyperons [82]. The EOS of the core
of a NS is calculated using the RMF model with the BSP
parameter set where the standard SU(6) prescription and hy-
peron potential depths are used to determine the hyperon
coupling constants. For the crusts, we used the EOS obtained
from Miyatsu et al. [95]. The results were compared to other
calculations, and experimental and observation data such as
2.0M� and recent 1.4M� NS radius constraints. The results
obtained using the DY model with � ≈ −1.15 were found
to be compatible with all constraints used in that work. In
this work, we will discuss the NS properties predicted using
a refined NS EOS. We calculate the NS EOS using the G3
parameter set where the hyperon contribution with the SU(3)
prescription is considered.

The actual value of the upper bound of NS speed of sound
vs is crucial to understanding the NS EOS properties such as
the stiffness and the compressibility. However, the speed of
sound remains unconstrained because of the NS EOS uncer-
tainty at high densities. Please see Refs. [43,96–99] and the
references therein for detailed discussions related to the status
of the bound speed of the sound constraint for high-density NS
matter. There are two theoretical upper bounds of the speed of
sound proposed and discussed in the literature, i.e., the stabil-
ity and causality bound [100,101] vmax

s = 1 and the conformal
bound [102,103] vmax

s = 1√
3
. The conformal bound has been

demonstrated in several classes of strongly coupled theories

with gravity duals and is saturated only in conformal theory.
There is a simple argument offered to support this bound
[102]. However, the existence of massive NS is in strong ten-
sion with this bound [102]. Furthermore, many works recently
reported that, to reconcile a small NS deformability reported
by GW events and a large NS maximum mass, the speed
of sound in NS should be larger than the conformal bound
value. Tews et al. [104] found that the sound speed value in
NS can reach a value closer to the speed of light at a few
times of the nuclear saturation densities. Based on the flexible
piecewise polytropic EOS model, Alsing et al. [105] estimate
the upper bound of the maximum speed of sound vmax

s >

0.63. Other authors also found that in an NS the speed of
sound can be larger than the conformal bound value. (Please
see Refs. [97,99,104] and the references therein for recent
discussions.) Note that, as shown in Table I of Ref. [99], the
vmax

s bound obtained depends on the EOS and NS composition
used. The average value of the vs results of the corresponding
12 EOSs analysed in Ref. [99] is vs = 0.77 ± 0.14, while the
analysis parametric constraint of Landry et al. [43] provides
vs = 0.85+0.15

−0.29. Note that the authors of Ref. [106] investigated
the possible mechanism to explain the rapid growth of vs

in NSs. However, The authors of Ref. [107] reported that
the upper limit is close to the conformal bound value, i.e.,
vmax

s = 0.5749, by analyzing global properties of NSs using
parametrized and model-independent NS EOSs. Therefore,
we also consider two types of the equations of state (EOSs) in
a high-density region: one with the maximum speed of sound
in NS matter obeying the conformal bound i.e., vmax

s = 1√
3

(WHSS) and one without considering this bound (WH).
We compare the nuclear matter properties predicted by

the G3 [108] parameter set with the ones predicted by BSP
[64,109], TM1e [110], FSUGarnet [111], and FSU2H [69]
parameter sets. We also compare the nuclear matter properties
predicted by the G3 parameter set with other theoretical cal-
culations and experimental constraints. We also compared the
results of the DY anisotropic model [51] with the ones of the
isotropic, BL anisotropic [112], and HB anisotropic models
[113]. Furthermore, we compare the NS property results with
the most recent multimessenger Bayesian analysis constraints
[41–43,49]. Thus, we use a more recent analysis of obser-
vation results to constrain the anisotropic model parameter
compared to our previous work [76,82]. Additionally, in the
present work, we investigate whether the 2.6M� massive ob-
ject observed by the GW190814 event[1] can be an NS, given
an anisotropic model. The investigation is done by study-
ing the possibility of reproducing the canonical NS radius
constraint from GW17087 and NICER simultaneously and
the constraint deduced from the recent PREX-II experiment
[41–43] with the 2.6M� massive compact object observed by
GW190814 [1].

We have organized this paper as follows: In Sec. II, we
discuss the EOS structure and the NS composition. In Sec. III,
we briefly discuss the anisotropic models used in this work
and show the analytic expressions to calculate the mass-
radius relation, moment of inertia, and tidal deformability for
anisotropic an NS. In Sec. IV, we discuss the results. Finally,
the summary of this work is given in Sec. V.
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II. NEUTRON STAR MATTER

This section discusses the model used in this work to
describe the EOS of NS matter. According to the compact-
ness and the composition of the matter, the NS EOS can be
divided into three regions, i.e., inner crust (inCr), outer crust
(outCr), and core. We use the RMF model to calculate the
core EOS. At the region near the center, the speed of sound of
the corresponding NS EOS predicted by the RMF model can
exceed the upper bound of the speed of sound deduced from
special relativity or QCD calculation. Consequently, a prop-
erly treated EOS in this region should be a physical EOS. The
composition of the particles in NS is determined from the po-
tential chemical balance, charge neutrality, and baryon density
conservation conditions (β-stability conditions). Particularly,
the NS EOS can be schematically arranged as follows [96,97]:

P(ε) =

⎧⎪⎪⎨
⎪⎪⎩

PoutCr(ε) for εmin � ε � εoutCr,

PinCr(ε) for εoutCr < ε � εc,

Pcore(ε) for εc < εtr,

v2
s × (ε − εtr ) + Pcore(εtr ) for ε > εtr,

(1)

where P, ε, and εtr denote NS pressure, NS energy density, and
NS core transition energy density, respectively. Values range
from the region with the speed of sound less than the upper
bound of NS speed of sound vs to the region with the speed of
sound larger than vs.

In panel (a) of Fig. 1, we show the speed of sound in
NS predicted by all parameter sets used in this work without
considering hyperons. At high densities, it is evident that they
show similar trends. G3, BSP, and FSU2H predict a similar
value of the maximum speed of sound, and FSU Garnet and
TM1e yield a similar value of the maximum speed of sound.
However, the two parameter set values are less than the three
others. Generally, the vmax

s values are larger than the confor-
mal bound value and are compatible with the ones obtained
by other works [99,105]. Note that vmax

s = 0.72 and it appears
at ρ/ρ0 ≈ 8.5 for G3 case. It is still smaller than the average
value of the constraint from nonparametric analysis [43], i.e.,
0.85. However, the error bar or the contour constraint from
Ref. [43] is still too loose to constrain the maximum sound
speed predicted by G3 and other EOSs, shown in Fig. 1. In
panel (b), we can observe from the red line plot, whose value
of vmax

s is 0.62. It appears at ρ/ρ0 ≈ 5.7 for the case of the
G3 parameter set with hyperons considered. It means that
the hyperons in the NS core decrease the vmax

s value. This
number is only slightly larger than the conformal bound, i.e.,

1√
3
. Furthermore, the value of vmax

s of the G3 with hyperon
EOS is smaller than the minimal bound obtained by Alsing
et al. [105], i.e., vmax

s > 0.63. Based on the above facts, it
is not too clear whether or not the conformal bound of the
speed of sound in NSs should be violated in the case of the
NS with hyperons EOS. Consequently, we consider both cases
in this work. If the conformal bound of the speed of sound is
violated, we use an EOS of G3 with hyperons (WH), and we
denote G3 with hyperons and the treatment of speed of sound
(WHSS) as the representative EOS if the conformal bound is
preserved. The speed of sound of WHSS and WH EOSs is
shown in panel (b) of Fig. 1. At relatively high densities, one
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FIG. 1. (a) We show the speed of sound as a function of the den-
sity to saturation density ratio, resulting from some RMF parameter
sets used in this work if hyperons are excluded. (b) We compare the
speed of sound as a function of density to saturation density ratio,
resulting from the G3 parameter set with and without hyperons. In
(b), WH denote hyperons included, and WHSS denotes the same
case as WS but using the conformal bound vmax

s ≡ 1√
3
. We insert

the constraint from nonparametric analysis [43] denoted as green dot
plus the error bars. The gray-shaded area shows the sound contour
speed of the 90% credible region for the various combinations of
astronomical data. The shaded area is extracted from Ref. [43].

can see the various speed of sound predictions of both EOSs,
i.e., ρ/ρ0 ≈ 5.

We use the Hartree-Fock Thomas-Fermi model proposed
by Miyatsu et al. [95] to describe inhomogeneous matter in
inCr and outCr of an NS. The inCr and outCr EOSs play
a crucial role in the radii and crust thickness of low-mass
NSs. Fortin et al. reported that prediction error due to the
uncertainty of crust EOSs for the NS crust thickness can be as
large as 30%, while for the NS radius the uncertainty is about
4% [114]. Note that the benchmark EOS calculation for the
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outCr is one of the BPS results [115]. In this result, the masses
of finite nuclei are taken from the experimental data atomic
mass table of 2003 [116]. The improved outCr EOSs including
state-of-the-art theoretical mass tables, which entail pairing
effects, effects of deformation, relativistic theoretical nuclear
models, and nonrelativistic theoretical nuclear models, have
been discussed by Hampel et al. [117]. The difference in the
outCr thickness of Ref. [117] compared to BPS is about a few
percent [118]. Other studies on the outCr of cold nonaccret-
ing neutron stars can be consulted in Refs. [119–121]. The
inCr EOSs are obtained using solely theoretical frameworks
since the relevant experimental nuclear masses to deduce the
corresponding EOS are not available [114]. The theoretical
framework commonly used is the compressible liquid-drop
model [122] and the Thomas-Fermi approximation [114]. The
benchmark calculation of the inCr EOS was done by Bethe
[123]. Current developments of inCr EOS have been discussed
in Refs. [114,124–127]. Recently, a unified EOS between
the crust and the core was proposed. This unified EOS can
pin down the uncertainties of NS crust thickness and radius
predictions of low-mass NSs [114]. However, The number of
RMF parameter sets with unified core-crust EOS available
in the literature is only a few. Examples include NL3 [128],
NL3ωρ [129], GM1 [130], TM1 [131], DDME2 [132], DD2
[133], DDHδ [134], BSR2, and BSR6 [135,136] parameter
sets. The ones of the nonrelativistic models can be seen in
Table IV of Ref. [114]. To this end, we must point out that by
comparing the inCr and outCr EOS calculations by Miyatsu
et al. [95] with the one calculated by unified EOS, the error
can be estimated to about 1% for radius and about 10% for
the crust thickness [82].

To describe homogeneous matter in the NS core, we use the
RMF model. The expression of the RMF Lagrangian density
is [64]

L = LBM + LM + LNL
M + LL. (2)

LBM is the Lagrangian density for baryons (B =
N,�,�, and ) where the interactions are among the
same kinds baryons through meson exchanges. LBM can be
expressed as

LBM =
∑

B

�B

[
iγ α∂α − (mB − gσBσ )

−
(

gωBγ αωα + 1

2
gρBγ ατB · ρα + gφY γ αφα

)]
�,

(3)

with mB the baryon mass. The coupling constants of the
nonstrange mesons coupled to all baryons are denoted
by gσB, gωB, and gρB. gφY are the coupling constants of
the hidden-strangeness meson coupled with hyperons (Y =
�,�, and ). LM is the Lagrangian density for free and self-
interaction mesons. LM takes following form:

LM = 1
2

(
∂ασ∂ασ − m2

σ σ 2
) + 1

2

(
∂ασ ∗∂ασ ∗ − m2

σ ∗σ
∗2

)
− 1

4ωαβωαβ + 1
2 m2

ωωαωα − 1
4φαβφαβ + 1

2 m2
φφαφα

− 1
4ραβ · ραβ + 1

2 m2
ρρα · ρα, (4)

where the ωαβ , φαβ , and ραβ are meson tensor fields of
the ω, φ, and ρ mesons, respectively. Their explicit forms
are ωαβ = ∂αωβ − ∂βωα , φαβ = ∂αφβ − ∂βφα , and ραβ =
∂αρβ − ∂βρα , respectively. LNL

M is the Lagrangian density for
describing the nonlinear and cross self-interactions among σ ,
ω, and ρ mesons. LNL

M can be expressed as

LNL
M = −κ3gσN m2

σ

3!mN
σ 3 − κ4g2

σN m2
σ

4!m2
N

σ 4 + ζ0g2
ωN

4!
(ωαωα )2

+η1gσN m2
ω

2!mN
σωαωα + η2g2

σN m2
ω

4m2
N

σ 2ωαωα

+ηρgσN m2
ρ

2!mN
σρα · ρα + η1ρg2

σN m2
ρ

4m2
N

σ 2ρα · ρα

+η2ρg2
ωN m2

ρ

4m2
N

ωαωαρα · ρα. (5)

Note that in the nucleon sector of RMF models, the val-
ues of baryon-meson couplings and other free parameters
are relatively certain because they are obtained by fitting the
model to the observables of finite nuclei and nuclear mat-
ter. The obtained coupling constants and parameter values
depend on the chosen observables and their corresponding
weights. The exact values of the corresponding parameters
of the RMF parameter sets used in this work can be seen in
Refs.[64,69,108,110,111]. Here we will calculate some nu-
clear matter properties predicted by selected RMF parameter
sets, i.e., BSP [64,109], G3 [108], TM1e [110], FSUGarnet
[111], and FSU2H [69]. The results are shown in Table I,
Fig. 2, and Fig. 3 and the results are compared to experi-
mental data and other calculations. In Table I, we show the
energy expansion parameters of nuclear matter predicted by
those parameter sets. There are isoscalar parameters, isovector
parameters, and core-crust transition properties. The isoscalar
parameters at saturation density are K0 and Q0. K0 and Q0

as the second and third derivatives of binding energy E (ρ),
respectively. They are defined as [137]

K0 = 9ρ2
0

d2E (ρ)

dρ2

∣∣∣∣
ρ=ρ0

,

Q0 = 27ρ3
0

d3E (ρ)

dρ3

∣∣∣∣
ρ=ρ0

. (6)

The isovector parameters at saturation density are L and Ksym.
L and Ksym are first and second derivatives of the symmetry
energy Esym, respectively. They are defined as [137]

L = 3ρ0
dEsym

dρ

∣∣∣∣
ρ=ρ0

,

Ksym = 9ρ2
0

d2Esym

dρ2

∣∣∣∣
ρ=ρ0

. (7)

The core-crust transition density and pressure ρt and Pt are
calculated using a relativistic random phase approximation
[138,139]. They play a primary role in determining the NS’s
core-crust properties. The ρt and Pt are sensitive to the slope
of symmetry energy L. ρt and Pt also have a relation with other
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TABLE I. The nuclear matter parameters at the saturation density ρ0 and the core-crust transition properties predicted by BSP [64,109],
G3 [108], TM1e [110], FSUGarnet [111], and FSU2H [69] parameter sets, respectively. All quantities of nuclear matter parameters are given
in MeV units, except the units for ρt and Pt are fm−3 and MeV/fm−3, respectively.

BSP G3 TM1e FSUGarnet FSU2H Constraints Refs.

E/N −16.0 −15.7 −16.23 −16.26 −16.29 −15.9 ± 0.4 [140]
K0 241.61 257 309.89 231.64 248.78 230 ± 40 [141]
Esym 29.3 30.71 32.13 30.94 30.44 31.7 ± 3.2 [142–144]
L 51.5 45.69 42.46 51.05 42.6 58.7 ± 28.1 [142–144]
Q0 −338.62 −494.45 −295.81 15.18 31.18 −800 � Q0 � 400 [145–147]
Ksym 10.67 −95.96 −235.94 −246.648 129.194 −400 � Ksym � 100 [145–147]
Pt 0.29 0.566 0.298 0.244 0.055 0.339 ± 0.115 [148]
ρt 0.087 0.090 0.092 0.083 0.089 0.072 ± 0.011 [148]

nuclear matter parameters. A discussion of the correlation
between ρt and Pt with nuclear matter parameters can be
found in, for example, Ref. [45].

-20

-15

-10

-5

0

E
/N

(M
eV

)

0.0 0.1 0.2 0.3 0.4

(fm
-3

)

Drischler et al. 2016 (a) SNM

0

6

12

18

24

30

E
/A

(M
eV

)

0.0 0.05 0.1 0.15 0.2 0.25

(fm
-3

)

(b) PNM

B S P

G3

TM1e

FSUGarnet

FSU2H

FIG. 2. The binding energy of pure neutron matter (PNM) and
symmetric nuclear matter (SNM) predictions from the used RMF pa-
rameter sets. RMF results are compared to existing experimental data
and the chiral effective field calculation result. The shaded areas are a
result of chiral effective field calculations [149] and fractional order
proportional and integral (FOPI) experimental data [150] shown in
the light green and yellow colors, respectively.

For the SNM case, it is evident that all parameter sets are
compatible with the chiral effective field calculations [149].
For the region near the saturation density, the binding energy
results are shown in panel (a) of Fig. 2 and the EOS is shown
in panel (a) of Fig. 3. It can also be observed that the pressure
profiles of the SNM EOS for all parameter sets are compatible
with the one from FOPI experimental data [150] in the low-
density region and the one from heavy-ion experimental data
[151] in the moderate-density region, as shown in panel (b)
of Fig. 3. The one predicted by the TM1e parameter set at
moderate density is stiffer than those of the other parameter
sets. For the PNM case, only the binding energies and EOSs
predicted by G3 and BSP parameter sets are compatible with
chiral effective field calculations [149] for all regions. For the
region near the saturation density, the binding energy results
are shown in panel (b) of Fig. 2 whereas the EOS is shown
in panel (a) of Fig. 3. The pressure profiles predicted by
all parameter sets are compatible with chiral effective field
calculations [104] as shown in panel (c) of Fig. 3. Moreover,
it can be seen in panel (c) of Fig. 3 that the pressure profiles
predicted by all parameter sets are compatible with the ones
deduced from heavy-ion experimental data [151] at moderate
density. However, the EOS predicted by the G3 parameter set
tends to be softer than those of other parameter sets.

In panel (a) of Fig. 4, we compare the NS EOSs pre-
dicted by those parameter sets without considering hyperons
with several observation constraints. In panel (a) of Fig. 4,
it is shown that the ones of FSU2H and TM1e are relatively
compatible with an upper limit results obtained using the
nonparametric analysis of Landry et al. [43] at P(ρ0) while the
ones of G3 and BSP are compatible with all constraints used at
P(2ρ0). Moreover, at P(6ρ0), the results of all parameter sets
used are compatible with the one of nonparametric analysis
of Landry et al. [43]. At P(ρ > 2ρ0), the EOS predicted by
FSU2H tends to be stiffer than those of other parameter sets.
Also, in panel (a) of Fig. 4 it can be observed that the EOS
results of G3 and BSP parameter sets are relatively stiff while
the ones of TM1e and FSUGarnet parameter sets are soft at
P(ρ > 3ρ0). Generally, The EOSs of all parameter sets used
are quite compatible with data taken from multimessenger
observations analysis [1,36,43,44].

It can be seen in Table I that, compared to that of BSP, the
core-crust transition pressure of G3 is not too compatible with
the one from the recent constraint. The reason is the role of
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FIG. 3. (a) Pressure as a function of the density around the
saturation density for PNM and SNM predicted by the used RMF
parameter sets. (b) for SNM and (c) for PNM. The light green shaded
regions in the top panel result from chiral effective field calculations
in Ref. [149]. The gray-shaded areas in (b) and (c) show the ones
from heavy-ion experimental data [151]. The brown shaded regions
in the bottom panel are the ones from chiral effective field calcula-
tions in Ref. [104].

al.2020

al.2018
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FIG. 4. (a) Pressure as a function of density around the saturation
density for NS without hyperons predicted using the selected RMF
parameter sets used in this work. Panel (b) is similar to (a) but
with hyperons included and only for the G3 parameter set. Here, we
consider two cases, WHSS and WH. The results are compared to the
existing GW observation and Bayesian results. In both panels, we
insert three pressure and various density constraints for comparison.
Those are the ones from GW170817 [1,36], one from nonparametric
analysis using recent observation of a gravitational wave and pulsar
[43], and the one joint analysis of NICER, the nuclear data, and
GW170817 [44].

δ meson in the G3 parameter set, where this meson softens
the symmetry energy at subsaturation densities and stiffens
the EOS at high densities [108,152,153]. Consequently, the
presence of δ mesons can affect the maximum mass of NSs
and other properties of highly asymmetric nuclear systems
[108]. Although G3 does not fulfill the constraint of the tran-
sition pressure, The binding energy and the pressure of the
PNM EOS of G3 are consistent with chiral effective field
calculations [104,149] as shown in panel (b) of Fig. 2 and
in panels (a) and (c) of Fig. 4. Recent discussions of the
progress and state of the art of chiral many-body perturbation
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theory (MBPT) results can be found in Refs. [154,155]. It is
noteworthy that, recently, the PREX-II experiment reported
a new result on the neutron skin thickness of 208Pb, R208

skin =
0.29 ± 0.07 fm, which is relatively larger than other exist-
ing R208

skin experimental results. The Ref. [41] authors deduced
from this result a relatively high L = 110 ± 34 MeV. A recent
study [46] has shown that astrophysical constraints on L and
R208

skin using combined astrophysical data with PREX-II and
chiral effective field theory constraints are L = 58 ± 19 MeV
and R208

skin = 0.19+0.03
−0.04 fm, respectively. The Ref. [46] authors

concluded that extrapolating neutron skin thickness to NS
scale requires a careful treatment of systematic EOS model
uncertainties. In particular, the PREX-II results do not require
large NS radii. However, if the high L value of PREX-II
persists, it can mean a peak in the speed of sound around
saturation density. This R208

skin value issue is important for our
understanding of nuclear matter; however, in this work, we do
not want to discuss this matter deeper. To this end, in general,
we can conclude that the nuclear matter and NS matter results
predicted by the used RMF parameter sets are compatible with
experimental data and other calculations. However, the G3
parameter provides a better result than those of others selected
RMF parameter sets studied in this work.

Hyperons and other exotic particle coupling constants in
the matter are experimentally difficult to constrain. Conse-
quently, the contribution in the EOS from the hyperon sector
is uncertain. The hyperon contribution in the EOS appears
at high densities—when hyperons contribution is considered
in the EOS—and the predicted maximum mass is smaller
than the predicted maximum mass without hyperons. This
is evidence because the hyperons being more massive than
nucleons makes the EOS softer. In the current work, we
only include hyperons but neglect other exotic particles. We
use the recent SU(3) prescription [62,63,69] and an experi-
mental value of potential depths at nuclear matter saturation
density [130] to determine hyperon coupling constants. Note
that the NS EOS based on SU(3) in the hyperon sector is
slightly stiffer than that based on standard SU(6). The hyperon
vector-coupling constants based on SU(3) symmetry can be
expressed as

gωN : gω� : gω� : gω = 3 : 2 : 2 : 1,

gρN : gρ� : gρ� : gρ = 1 : 0 : 1 : 1,

gωN : gφ� : gφ� : gφ = 3 : −
√

2 : −
√

2 : −2
√

2,

gφN = 0. (8)

We obtain the hyperon scalar coupling constants gσY from the
potential depths of hyperons of the symmetric nuclear matter
saturation density ρ0. The potential depths of hyperons Y are

U (N )
Y (ρ0) = gωY ω(ρ0) − gσY σ (ρ0). (9)

In this work, the experimental values of the potential depth of
hyperons at saturation density are given by [156]

U (N )
� = −28 MeV, U (N )

� = +30 MeV,

and U (N )
 = −18 MeV. (10)

In panel (b) of Fig. 4, we show the impact of hyperons on
the NS EOS predicted by the G3 parameter set. Generally,

the role of hyperons softens the EOS at high densities. The
recent EOS constraints are more compatible with the NS
EOS without hyperons than those with hyperons. However,
for the EOS with hyperons included and using the vmax

s = 1√
3

constraint at high densities, the corresponding EOS can be
slightly increased, though the corresponding stiffening impact
is not too significant. This effect is insufficient to push the
EOS at high densities closer to the EOS constraint from the
GW170817 event.

III. ANISOTROPIC NEUTRON STARS PROPERTIES

In this section, we briefly discuss the anisotropic pressure
models and NS properties such as mass-radius relations, tidal
deformability, and the moment of inertia.

The local anisotropic pressure correction emerges in the
Tolman-Oppenheimer-Volkoff (TOV) equation if the radial
pressure is assumed not to be identical with the tangential
pressure. This correction provides an additional force in the
TOV equation through the nonzero value of the difference
between the radial and tangential pressures. The pressure
difference denoted by σ plays two roles. The sign of σ

determines the direction of the force. The direction can be
outward from or inward to the star’s center. The function of
σ determines the strength and distribution of the force [76].
In this work, we use three anisotropic pressure models. The
models are constructed using (i) Bowers and Liang, denoted
by σBL [112], (ii) Horvat et al., denoted by σDY [51], and (iii)
Cosenza et al., denoted by σHB [113]. The explicit forms of the
corresponding anisotropic models [51,112,113,157,158] are

σBL ≡ −η(ε + 3P)(ε + P)r2

3
(
1 − 2M

r

) ,

σDY ≡ 2MP�

r
,

σHB ≡ − r(1 − ζ )

2ζ

dP

dr
, (11)

respectively. η, �, and ζ are free parameters for each model.
The free parameters give the strength for each model. Note
that σ ≡ P − Q. P and Q are the radial and tangential pres-
sure, respectively.

The σBL model is constructed to be gravity-induced
anisotropic pressure. Consequently, the σBL depends nonlin-
early on the radial pressure and energy density [112]. σBL

vanishes at the center to yield regular solutions. The σDY

model is based on a quasilocal ansatz. This model is linear
in P and continuous at the surface of the star [51]. Note
that in the DY model the fluid becomes isotropic at the
center. Therefore, this model is important only for relativis-
tic configurations, which agree that anisotropy can arise at
high densities. Furthermore, it is common to assume that
−2 � � � 2 in many studies. (Please see Refs. [74,85] and
the references therein.) Differing from σBL and σDY models,
the σHB model is constructed using a heuristic procedure.
Like other models, this model also guarantees that anisotropy
must vanish at the center [74]. Detailed discussions of this
model can be found in Ref. [113]. Note that anisotropy affects
the stellar instability and the critical central density where
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dM/dρc = 0 does not always correspond to the onset of in-
stability. For σBL and σHB models, the maximum point of
M(ρc) does not indicate the onset of instability due to radial
pulsation [74]. Another instability that can occur only in an
anisotropic fluid is cracking or overturning. These instabilities
(cracking or overturning) occur because of a tendency of the
self-gravitating body to split or compress after its equilibrium
state is disturbed. Please see examples Refs. [77–80,89] for
details. It is reported in Ref. [77] that if the σDY model has a
negative value of � and the σHB model has ζ value less than 1,
the stars are stable to cracking. Furthermore, it is also shown
[76,77] that the σDY, σHB, and σBL models in the parameter
value range investigated satisfy all energy conditions of a
perfect fluid.

We start the NS properties discussion from the stress-
energy tensor with anisotropic pressure [157,158]:

Tαβ = εuαuβ + Pkαkβ + Q[gαβ + uαuβ − kαkβ], (12)

where gαβ is the space-time metric, uα is the fluid 4-velocity,
and ε is the total energy density. uαkα=0 because kα is the unit
radial vector orthogonal to uα . Note that gαβ + uαuβ − kαkβ

is the projection tensor onto the 2-surface orthogonal to kα

and uα . We use the standard static spherical symmetric line
element to define the space-time metric. The metric can be
written as

ds2
0 = −e2νdt2 + e2λdr2 + r2(dθ2 + sin2 θ dφ2). (13)

We insert Eq. (13) into Einstein field equations,

Gα
β = 8πT α

β ; (14)

then we can obtain the anisotropic TOV equation as follows:

dM

dr
= 4πεr2,

dP

dr
= −(ε + P)

dν

dr
− 2σ

r
,

dν

dr
= M + 4πr3P

r(r − 2M )
. (15)

If we set σ =0, the anisotropic TOV equation reduces to
the isotropic TOV equation. An NS can deform when another
NS approaches it. The approaching NS provides an external
gravitational tidal field (Ei j ) on the corresponding NS, and
the response of the corresponding NS emerges as the NS
quadrupole moment (Qi j ). Therefore, the NS quadrupole mo-
ment has a linear relation with the external tidal field as [159]

Qi j = −λEi j, (16)

where λ is the tidal deformability parameter. λ can be ex-
pressed as

λ = 2
3 k2R5, (17)

where k2 is the electric-tidal Love number. The tidal deforma-
bility parameter can be expressed as a dimensionless quantity.
The dimensionless tidal deformability can be expressed

as [160]

� = 2k2

3C5
, (18)

where C = 2M(R)
R is the compactness of NS, while M(R) and

R are the NS mass and radius, respectively. The dimension-
less tidal deformability is a crucial property in which can be
extracted from GW events.

To calculate tidal deformability, we start from the perturbed
nonrotating line element to calculate k2. The corresponding
line element can be expressed as [161]

ds2 = ds2
0 + ds2

1. (19)

ds2
0 is the same as in Eq. (13). ds2

1 can be expressed as

ds2
1 = −e2νH (r)Y20(θ, φ)dt2 + e2λH (r)Y20(θ, φ)dr2

+ r2K (r)Y20(θ, φ)dθ2 + r2 sin2 θK (r)Y20(θ, φ)dφ2,

(20)

where Y20(θ, φ) is spherical harmonic function with l = 2
and m = 0. We insert Eq. (20) into perturbed Einstein field
equations:

δGα
β = 8πδT α

β (21)

The perturbed stress-energy tensor shown on the right-hand
side of Eq. (21) has the following relations: δT t

t = −δε =
− dε

dP
δP, δT r

r = δP, and δT θ
θ = δT φ

φ = δQ = (1 − dσ
dP )δP.

By following Eq. (21), we obtain the relation between K (r)
and H (r) from δGr

θ = 0 that can be written as

dK

dr
= −dH

dr
− H

dν

dr
, (22)

d2K

dr2
= −d2H

dr2
− dH

dr

dν

dr
− H

d2ν

dr2
. (23)

We insert Eqs. (22) and (23) into δGt
t − δGr

r = 8π (δT t
t −

δT r
r ) and then we obtain a second-order differential equation

that can be written as

d2H

dr2
+ A1

dH

dr
+ A2H = 0, (24)

where

A1 = 2

r
+ e2λ

(
2M

r2
+ 4πr(P − ε)

)
, (25)

A2 = e2λ

(
− 6

r2
+ 4π (P + ε)

(
1 + dε

dP

)
1 − dσ

dP

+ 4π (4ε + 8P)

)

+ 16πσe2λ −
(

dν

dr

)2

. (26)

Our result is the same as presented in Ref. [162] However, our
result slightly differs from Ref. [84]. In Ref. [84], there is no
16πσe2λ term. If we set y ≡ rH ′

H , then Eq. (24) turns into a
first-order differential equation that can be written as

r
dy

dr
+ y2 + A3y + A4r2 = 0, (27)
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where

A3 = r − 4πr3(ε − P)

r − 2M
, (28)

A4 =
4πr

(
4ε + 8P + (ε+P)

(
1+ dε

dP

)
1− dσ

dP

+ 4σ
)

r − 2M

− 4

(
M + 4πr3P

r2
(
1 − 2M

r

)
)2

. (29)

We set y(0) as the initial value of y to numerically solve
Eq. (27) and the TOV equation simultaneously using the
Runge-Kutta method. Next, we can calculate k2 by using the
expression in Eq. (30):

k2 = A5

A6
, (30)

where

A5 = 8
5 (1 − 2C)2C5[2C(Y − 1) − Y + 2], (31)

A6 = 2C[4(Y + 1)C4 + (6Y − 4)C3]

+ 2C[(26 − 22Y )C2 + 3(5Y − 8)C − 3Y + 6]

− 3(1 − 2C)2[2C(Y − 1) − Y + 2] ln

(
1

1 − 2C

)
,

(32)

Note that Y = y(R). After we obtain k2, we can calculate �

that can be compared with data from GW observations.
To calculate NS moment of inertia, we start from the ap-

proximate line element for a slowly rotating star in which can
be written as

ds2 = ds2
0 + ds2

2. (33)

ds2
0 is the same with Eq. (13). However, ds2

2 can be expressed
as [163]

ds2
2 = −2ω(r)r2 sin2 θ dt dφ. (34)

The frame-dragging effect is considered through ω(r). In the
current work, we use a slowly rotating approximation. Herein,
slowly rotating means that the angular velocity of a uniform
rotating NS (�) is much less than the Kepler angular velocity
(�K ). There are two methods to calculate the moment of
inertia of an NS, i.e., the integration method and solving the
second-order differential method. For this work, we choose to
solve the second-order differential equation, where the corre-
sponding differential equation is obtained from Eq. (34) and
the final form can be expressed as [82]

1

r4

d

dr
(r4Jω̄) + 4

r4

dJ

dr

(
1 + σ

ε + P

)
ω̄ = 0, (35)

where the anisotropic correction enters the second term. Here,

J ≡ e−ν

(
1 − 2M

r

)1/2

, (36)

ω̄(r) ≡ � − ω(r). (37)

Equation (35) can be factorized into two first-order differential
equations as

dω̃

dr
= 6

r4
eν

(
1 − 2M

r

)−1/2

κ̃,

d κ̃

dr
= 8π

3

r4e−ν (ε + P)

(1 − 2M
r )

1/2

(
1 + σ

ε + P

)
ω̃. (38)

Equation (38) can be solved using the Rungge-Kutta method
with boundary conditions:

ω̃(R) = 1 − 2I

R3
,

κ̃ (R) = I, (39)

where I in Eq. (39) is the NS moment of inertia.

IV. RESULTS AND DISCUSSIONS

This section discusses the anisotropic NS property predic-
tions. The results are compared with the constraints extracted
from observation data. First, we examine the impact of the
corresponding EOS on the mass and radius of the NS, as
shown in Fig 5. The DY and HB models predicted that the
NS maximum mass increases by decreasing the value of the
free anisotropic parameter. However, the increasing mass is
always followed by significant increase of the corresponding
radius. For isotropic and anisotropic NSs, the impact of the
conformal bound of the speed of sound at high densities
(WHSS) appears in the form of increasing the maximum mass
value. However, for an anisotropic NS, if we adjust the corre-
sponding anisotropic parameter appropriately, the maximum
mass predicted by both EOSs with and without considering
the conformal bound of the speed of sound at high densities
is the same. Moreover, WHSS provides smaller relative radii
predictions than those without this requirement WH.

It is evident that the radius range constraints of a 1.4M�
NS by Refs. [41,43] and the recent range of maximum mass
MTOV from Refs. [49] can be fulfilled simultaneously by all
anisotropic models by adjusting their free anisotropic param-
eters for WHSS and WH EOSs. These results can be seen in
Fig. 5, for cases with η = 2.65, � = −1.8, and ζ = 0.71 for
the WH EOS and for cases with η = 1.85, � = −1.16, and
ζ = 0.79 for the WHSS EOS, respectively. However, only the
DY (WH and WHSS) and BL WHSS anisotropic models show
radii results that also are compatible simultaneously with the
narrow range radius constraint of a 1.4M� NS predicted by the
NICER Collaboration [33,34]. Moreover, if we also include
the radius constraint of a 2.08M� NS predicted by the NICER
Collaboration [33,34], then only DY WH is compatible with
all the above constraints [33,34,41,43,49]. Furthermore, if we
also use a narrower range of the 1.4M� NS radius constraint
than the one of NICER, i.e., the one of Breschi et al. [42],
then we have found that only DY WHSS with � = −1.16 is
fully compatible with this constraint. From another view, this
EOS is already outside the radius constraint range of a 2.08M�
NS predicted by the NICER Collaboration [33,34], whereas
the one of DY WH with � = −1.8, which is compatible with
the 2.08M� NS constraint by NICER, provides a 1.4M� NS
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FIG. 5. Mass-radius relation of an NS with anisotropic pressure
including the hyperon contribution and the speed of sound treatment.
We show the impact of the free anisotropic variation of the σBL model
in panel (a), the one of the σDY model in panel (b), and the one of
the σHB model in panel (c). We include small and large radii con-
straints. Small radii constraints are taken from Refs. [42,43] while the
large one is from Ref. [41]. We also include radius constraints from
NICER 2021 [33,34]. The shaded areas are the range of maximum
mass from Ref. [49] and the range of the secondary object mass of the
GW190814 event [1], shown by yellow and gray colors, respectively.

radius that is slightly larger but close to the upper bound of the
radius constraint from Breschi et al.. We note that compared
to one of our previous reports [82], the obtained parameter
value of the DY WH EOS that is most compatible with all
constraints, including the one from Breschi et al. [42], i.e.,
� = −1.8 is slightly larger. All constraints used to prefer an
EOS within the DY model with the conformal bound at high
densities are violated.

To check whether or not the 2.6M� mass from the sec-
ondary object from the GW190814 event [1] is an anisotropic
NS, we increase the maximum mass constraint to 2.6M�,
as shown in the gray band in Fig. 5. The 1.4M� NS radius
range constraints [33,34,41,43] and the one for a 2.08M� NS

reported by the NICER Collaboration [33,34], and the 2.6M�
mass from the secondary object from the GW190814 event
[1], can only be fulfilled simultaneously by the mass-radius re-
lation predicted by the DY model using the WHSS EOS with
� = −2.7. However, if we consider that the DY parameter
range is −2 � � � 2, as used in the literature [74,85], then
� = −2.7 is less than the lower bound of this range. The DY
model with the WH EOS with � = −3.24 is not compatible
with the radii constraints for 2.08M� and 1.4M� NSs reported
by the NICER Collaboration [33,34]. To this end, we also
should emphasize that none of the corresponding anisotropic
models studied in this work are compatible with the combined
constraints from Breschi et al. [42] and 2.6M�, respectively.
It is interesting to check if we can neglect the small 1.4M�
NS radius constraint from Refs. [33,34,42,43] and the radius
constraint for a 2.08M� NS reported by the NICER Collab-
oration [33,34]. Therefore, we only consider the relatively
larger radius constraint of Reed et al. [41]. We have found
that mass-radius results of the anisotropic models considered
in this work such as the BL model WHSS with η = 2.65, DY
models WH and WHSS with � = −2.7 and � = −3.34, and
the HB model WHSS using ζ = 0.61 are relatively compat-
ible with both constraints from Refs. [1,41], respectively. It
means the role of the small 1.4M� NS radius constraints from
Refs. [33,34,42,43] and the radius constraint for a 2.08M�
NS reported by the NICER Collaboration [33,34] are cru-
cial for determining whether or not the 2.6M� mass from
the secondary object from the GW190814 event [1] is an
anisotropic NS. To this end, it is evident from these results
that the mass-radius result predicted by the DY anisotropic
model, in general, is more compatible with the used NS
maximum mass and radius constraints [33,34,41–43,49] in
this work. The compatibility of the DY model results with
the recent constraints compared to other anisotropic models
is due to the predicted compactness of NSs within the DY
model being sensitive to the variation of the free parameter
of the DY anisotropic model. The impact of the anisotropic
parameter variation � of the DY model on NS compactness
is shown in Fig. 6. Note that increasing the absolute value �

from zero significantly increases the compactness. Even the
corresponding compactness can get through the NS compact-
ness constraint of Refs. [28,164] and the highest compactness
of NSs reported in Ref. [165] for the case of WHSS with
M > 2.6M�. Additionally, note that the conformal bound on
the speed of sound makes NSs more compact. However, recent
constraints used in this work favor the conformal bound being
violated in an anisotropic NS with hyperons. A compact ob-
ject with a mass around 2.6M� and observed as the secondary
object from the GW190814 event is unlikely an anisotropic
NS.

For completeness, we will also study the tidal deforma-
bility and the moment of inertia of NSs predicted by the
DY anisotropic model, as shown in Fig. 7. The results are
also compared to the analysis of the observations data of
Refs. [36,41,43]. In panel (a) in Fig. 7, we can observe that
the impact of anisotropic pressure with � and EOS variations
on k2 starts appearing for NS masses larger than half of the
solar mass, and this effect becomes significant for larger NS
masses. The k2 peak yielded by an anisotropic NS is relatively
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FIG. 6. Impact of the σDY model of anisotropic pressure on the
compactness of an NS with the contribution of hyperons and the
two different treatments of the speed of sound at high densities.
We vary the values of �; those are −1.0, −2.0, −3.0, and −4.0.
WH (� = −3.24) and WHSS (� = −2.7) are the compactness of
2.6M� maximum NS mass. The orange shaded region shows the
range of the maximum compactness of a heavy pulsar, that is, PSR
J0348+0432 [28,164]. The green shaded region shows the highest
maximum compactness of an NS up to now [165]. The highest
maximum compactness of an NS is Cmax � 0.35.

higher depending on the � value than that of an isotropic
NS. For an isotropic NS, the impact of the conformal bound
on the sound speed produces a slightly higher k2 peak than
that without the conformal bound. However, in an anisotropic
NS, the EOS with the conformal bound does not provide a
pronounced impact on the k2 peak. As k2 is sensitive to Y
and the compactness of the NS, it is evident in the panels
(a) and (b) of Fig. 8 that Y and the compactness of the NS
are responsible for the k2 peak. Note that Y is a solution of
Eq. (27) evaluated at r = R. The impact of the strength of
anisotropic pressure through variation of the � value on tidal
deformability � for the same NS mass is made by shifting �

to a more considerable value compared to that of an isotropic
NS, as can be seen in panel (b) of Fig. 7. However, the impact
of the conformal bound on the EOS on the � trend is not
significantly apparent for either an isotropic or an anisotropic
NS with the variation of � value. As � is sensitive to k2 and
the compactness of the NS, it is evident in the bottom panel of
Fig. 8 that the compactness is the reason for the insignificant
difference in tidal deformability for either an isotropic or an
anisotropic NS, and k2 is the reason for a significant shift in the
tidal deformability between the isotropic NS and anisotropic
NSs.

In panel (c) in Fig. 7, we show the NS moment of inertia
predicted by isotropic and anisotropic NSs. After the mass is
larger than one solar mass, the anisotropic pressure impact
on the moment of inertia appears to become significant for
large NS masses. Thus, the impact of the conformal bound
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FIG. 7. Impact of the σDY model of anisotropic pressure on the
tidal deformability of an NS and the moment of inertia of an NS
with the contribution of hyperons and the treatment of the speed of
sound. WH (� = −1.8) and WHSS (� = −1.16) are EOSs that are
compatible with the maximum mass constraint from Ref. [49]. WH
(� = −3.24) and WHSS (� = −2.7) show 2.6M� maximum mass
of NSs. We include constraints in Ref. [43] in panels (b) and (c) and
include the constraint taken from Refs. [36,41] in panel (b).

in the sound speed appears at high densities (large NS mass).
Furthermore, the moment of inertia of the NS is sensitive to
the mass and radius of the NS, due to the I ∼ MR2 relation.
Therefore, the conformal bound impact on the sound speed
requirement in the isotropic NS gives a larger moment of
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FIG. 8. The top panel shows k2 as function of (a) Y and (b) NS compactness. The bottom panel shows the tidal deformability of NS as
a function of (c) k2 and (d) NS compactness. WH (� = −1.8) and WHSS (� = −1.16) are EOSs that compatible with the maximum mass
constraint from Ref. [49]. WH (� = −3.24) and WHSS (� = −2.7) show 2.6M� maximum mass of an NS.

inertia than that without considering this effect due to the mass
of the NS. Its impact is opposite to that of anisotropic NSs.

In panels (b) and (c) of Fig. 7, we can compare the results
with the observation data of the 1.4M� NS tidal deformability
and moment inertia ranges taken from Landry et al. [43], the
ones from a recent analysis of the implication of the 208Pb skin
thickness measurement of PREX-II by Reed et al. [41], and
one from the GW170817 event [36]. It is evident from Fig. 7
that the 1.4M� NS tidal deformation predicted by the DY
model if the mass can reach 2.6M� [WH (� = −3.24) and
WHSS (� = −2.7) EOSs] are closer to the range obtained in
Ref. [41] than that of Refs. [36,43]. For one of the isotropic
and anisotropic DY models with EOS WH (� = −1.8) and
WHSS (� = −1.16), the tidal deformation is compatible to
the one obtained in Refs. [43] and [36]. Moreover, the moment
of inertia of a 1.4M� NS for the isotropic and anisotropic
DY models with EOS WH (� = −1.8) and WHSS (� =
−1.16) is compatible with the constraint obtained in Ref.
[43].

In conclusion, except for the slight deviation from the
restricted range of canonical mass-radius from Breschi et al.
[42] for the case the DY anisotropic model with � =
−1.8, the predicted NS maximum mass, 1.4M�, NS ra-
dius, moment inertia, and tidal deformation are compatible
with the recently deduced observation and experimental data
of Refs. [33,34,41,43,49]. Furthermore, these constraints
[33,34,41,43,49] indicate that the compact object with mass

around 2.6M� observed as the secondary object from the
GW190814 event is unlikely to be an anisotropic NS.

V. SUMMARY

In summary, we systematically investigate the mass-radius
relation, the moment of inertia, and the tidal deformability
of an anisotropic NS with hyperons predicted by the DY
model [51]. We use a refined EOS and compare the results
with recent constraints from multimessenger observation data
analysis. Furthermore, we also study the possibility that the
2.6M� massive object observed by the GW190814 event can
be considered an anisotropic NS. We applied the EOS with
the conformal bound on sound speed at high densities and
implemented the SU(3) prescription in the hyperon sector,
making the anisotropic NS relatively compact. We compared
the nuclear matter properties predicted by the G3 parameter
set with the ones predicted by the BSP, TM1e, FSUGarnet,
and FSU2H parameter sets. We also compared the nuclear
matter predicted by the G3 parameter set with other theo-
retical calculations and experimental constraints. We found
that the G3 parameter set is quite representative to describe
the NS EOS. We also compared the NS property results of
the DY anisotropic model with the isotropic model and other
anisotropic models. We have found results similar to the ones
obtained in Ref. [82]. The predictions of the DY anisotropic
model for WH EOS with � = −1.8 are more compatible
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than other anisotropic models with recent constraints from
multimessenger observations data analysis [33,34,41–43,49].
It means that the constraints prefer an EOS without applying
the conformal bound in the speed of sound. The parameter
value of the DY model should be increased to � = −2.7
for WH and � = −3.24 for WHSS to yield a maximum
mass of around 2.6M�. However, these multimessenger con-
straints [33,34,41,43,49] inform us that the compact object

with a mass around 2.6M�, observed as the secondary object
from the GW190814 event, is not likely an NS within the
anisotropic pressure model.
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