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Revisiting Effects of Hyperonization and Core-crust Transition on
Tidal Deformability of Neutron Stars
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Abstract: Neutron star tidal deformability extracted from gravitational wave data provides a novel probe to the
neutron star structures that encode the information of the nuclear equation of state (EOS). In this contribution to
QCS2023 special issue, attention is paid to the role of the hyperon compositions and core-crust transition in the tidal
deformability in a relativistic mean-field approach with the density-dependent parametrizations. Since both the core-
crust transition density and the hyperon compositions involve large uncertainties in neutron stars, it is demonstrated
that various core-crust transition density and hyperon compositions allowed by the parametrization can both have
significant effects on the tidal deformability of neutron stars. These results are instructive for further experimental

and theoretical works.

Key words: core-crust transition; hyperons; neutron star tidal deformability; relativistic mean-field models

CLC number: 0572.21 Document code: A
DOI: 10.11804/NuclPhysRev.41.QCS2023.16

0 Introduction

Explorations on neutron star interior and the associ-
ated nuclear equation of state (EOS) are important issues
related to the phase structures and transitions of strongly in-
teracting matter. With the establishment of new observator-
ies such as Ligo/Virgo[]fz], NICERB], and eXTP[4], the
quantitative investigations of these issues are on the new
track to fuel new impetus. For instance, the extraction from
the gravitational wave data of the binary merger gives the
tidal deformability of A, =190%35) for the canonical neut-
ron star®], which is very informative to the neutron star
structures. Together with the terrestrial experiments, the
multi-messengers will shed new lights on the texture of
dense matter and structures inweaved with the fundamental
interactions in the medium that belong essentially to the
many-body problems.

The tidal deformability is just moderately affected by
the stiffness of the symmetry energy around saturation
density, as there is a counteraction between the Love num-
ber and the neutron star radius[®]. The sensitivity to the tid-
al deformability arises more from phase transitions in the
interior of neutron stars’ ®), when new degrees of freedom
come forth to change the energetics of the system. As hyp-
erons can be important constituents in the neutron star in-

Received date: 01 Jul. 2024;  Revised date: 15 Aug. 2024

CSTR: 32260.14.NuclPhysRev.41.QCS2023.16

terior 2141

, we here report the influence of the hyperon
emergence on the tidal deformability. With the inclusion of
hyperons, our density-dependent relativistic mean-field
(RMF) parametrizations with chiral limits can meet the 2M,
constraint without the upset of the hyperon puzzle[lo’ 15],

In addition to the probe of the tidal deformability to
the core region of neutron stars, it is significant to check
whether the exterior core-crust transition can have imprints
on the tidal deformability, since the neutron star surface
and core-crust interface are associated with direct observa-
tions and have been attached arresting attention[®>~* 167201,
Similar to the uncertainty of the interior neutron stars, the
various treatments of the transition from the homogeneous
core to the inhomogeneous crust can produce rather large
uncertainty for the transition density[21726]. Even, the core-
crust transition can be affected significantly by the fluctu-
ation in the Dirac seal?’ 28], In practice, large flexibility ex-
ists in choosing the core-crust transition density[zg].

In this report, we revisit the effect of the hyperons and
core-crust transition on the tidal deformability of neutron
stars. The remainder of the paper is organized as follows. In
Sec. I, we present some main formulas for asymmetric nuc-
lear matter and the methods to determine the core-crust
transition density. Some numerical results and discussions

are given in Sec. II. A brief summary is given in Sec.III.
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1 Methodology

We adopt the density-dependent RMF models that fea-
ture the chiral limits based on the Brown-Rho scaling[30'31]
and herein invoke directly the energy density and pressure
from the previous RMF models SLC and SLCdL!'%:

1 1 1
E= —m*zw(z) + 2111;‘,2172 + —miqﬁo + 2m"za'2+
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where i runs over the species of baryons and leptons con-
sidered in neutron star matter, E; = \/k?>+m!* with m} be-
ing the Fermion effective mass of species i, and Xf is the
rearrangement term, originating from the density-depend-
ent parametersm]. In Egs. (1)~(2), there are also contribu-
tions from the strange mesons ¢ (1 020 MeV) and o* (i.e.
fo, 975 MeV), in addition to the normal mesons. The
meson coupling constants and masses with asterisks denote
the density dependence, given by the Brown-Rho (BR)
scaling Refs. [10, 30—31]. For the nucleonic sector, we take
the scaling functions for the coupling constants of scalar
and vector mesons as @,y(0) =(1—y,0/p0)/(1+x0/00)
with coefficients x; and y; given in Refs. [30—31]. For
hadron masses, the scaling function is given as
®(p) =1-yp/py. The parameters for strange mesons o*
and ¢ are assumed to be density independent. We study
stars with compositions including baryons
(N,A,E) and leptons (e,u). T baryons are not taken into
account for its repulsive potential which is energetically un-
stable.

The parametrization for hyperons follows Ref. [15] to
include the density dependence of the hyperon-meson
coupling constants:

neutron

Bor(p) = (——a) wN<po)+(§+a)<DwN<p),

1
D,z(0) = (— - CY) D,n(p0) + (5 + 0’) D,yv(p),
D,y (p) = (1 = for)Don(p0) + for Pon(p), 3)

where p, is saturation density, and o and f,, are ad-
justable constants. The parameter o is invoked to tune the
density dependence in Eq. (3), considering the in-medium
effect is also existent in the hyperon sector. The scaling
function @,z for the p meson are taken the same as that of
the @ meson. Note that ®,y(0o) and ®,y(0,) are just con-

stants. In Eq. (3), the parameters a and f,y do not change
the hyperon potentials at saturation density that are set at
empirical values!*]

U =-30MeV, U = -18 MeV. “)

The resulting ratio parameters X,y, X,y, and X,y
(Xiy = giv/giv ) are now density dependent. For the strange
mesons, we adopt the density-independent coupling con-
stants for simplicity, just the same as what was done in
Ref. [10].

In the low density region, there are no hyperons and
even no muons. The EOS of this density region comprises
two pieces: the inner and outer crustal ones. In the inner
crust, we adopt a phenomenological EOS p(r) =a+
bE(r)* 1261 with constants a and b being determined by the
continuous condition at the core-crust transition density p;
and the density p, =2.57x 10~* fm™ with the energy dens-
ity £€=0.24 MeV+fm™® and p=487x10"* MeV+fm™
which connects to the outer crust/2® 331, However, if the
thermodynamic consistency is admitted in the inner crust,
we may encounter a discontinuity in the energy density at
p.. The following formulas hold for the thermodynamic
consistency:

p=pup—E&, p=0p/ou, (5)

with u being the chemical potential. The number density
can be further written as

& d&E
p(E) =p; exp(j& an) 6)

Usually, there is the inequality p, # p(&,), which gives
rise to a density jump ( Ap ) at the core-crust transition. The
energy density jump A& can be obtained from Ap accord-
ing to the density profile of the energy density. This interfa-
cial discontinuity can be imprinted in the spacetime per-
turbation or the tidal deformability through the following
relation

AE

t oy - 7
Y )+ 30m @
where y=H'/H with H being the spacetime
perturbation[ls], and py, is the average density in the

sphere with a radius r,:
formability is given by

Pu: = M(,)/V(r,). The tidal de-

5

Ac=2h(1) ®)
with k,, R and M being the Love number[ls], neutron star
radius and mass, respectively. In fact, the apparent depend-
ence of A, on R’ can be cancelled largely by the Love
number.

The core-crust transition density p, is the lowest dens-
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ity of uniform phase. We use the thermodynamic method
and relativistic random phase approximation (RRPA)[26'27]
to determine p, . In the thermodynamic method, the stabil-
ity of matter requires the convex energy against the
volumel3433], In RRPA, the transition density is the largest
density determined by the relation of the dielectric function

e = det[1 - Dy(g),(q)] <0, 9)

=0

for any ¢ in the static field with ¢, = 0126271 Here, D,
and II, are the longitudinal meson propagator and polariz-
ation matrices(*’], respectively.

2 Results and discussions

With the inclusion of hyperons, our parametrizations
SLC and SLCd models can give rise to the maximum mass
of neutron stars in accord with the 2M, constraint!!% 131,
Here, we highlight that the hyperon onset density can be
modulated sensitively by parameters o and f,y in Eq. (3),
which adjust the vector and scalar hyperon potentials, re-
spectively. Table 1 gives the hyperon onset densities for
various parameters a and f,y . Apart from the hyperon on-
set density around 2p, in usual mean-field models, our

models shift the onset density above 2.5p; .

Table 1  Onset densities of the A hyperon with various para-
meters o and f,o in SLC and SLCd. The density is in
unit of py (=0.16 fm™3).

Model Jon a=0 a=-0.05 a=0.05
SLC 0.8 2.63 2.70 2.57
0.9 2.78 2.88 2.69
SLCd 0.8 2.85 2.97 2.77
0.9 3.06 3.24 2.93

The core-crust transition densities with thermodynam-
ic method and RRPA are presented in Table 2. It is seen
that p, is quite different for two approaches. This differ-
ence stems from the different underlying physics in two ap-
proaches. In the thermodynamic method, p, is determined
by the variation of the mean field, while the RRPA in-
volves the correlation effect which usually shows both the
momentum and density dependence. In the practical calcu-
lation, obtaining the large RRPA p, is relevant to the rather
large momentum ¢ at which the inequality (9) breaks down.
In deed, arbitrariness to choose the core-crust transition
density was considered in the literature[®”), and our results
seem to justify such choices.

Table 2  Core-crust transition density with two approaches
in the parametrizations of SLC and SLCd. The density
is in units of fm . The value in the bracket is for Ap .

Model RRPA Thermodynamic
SLC 0.143 2 (0.006 7) 0.090 4 (0.001 4)
SLCd 0.144 3 (0.004) 0.091 5 (0.000 65)

Now, we present in Table 3 the tidal deformability of
the canonical neutron star for various cases. It can be ob-
served that various values of «, associated with different
hyperon inclusions, give rise to the appreciable variation in
the tidal deformability. The difference in a can account for
the departures in hyperon onset densities, see Table 1, and
hyperon fraction in neutron starst'>]. Here, all the predicted
tidal deformability fall nicely in the experimentally con-
strained region 19073 1. A larger hyperon fraction (cor-
respondingly, the larger o) supports a smaller tidal deform-
ability, which is more close to the central experimental
value.

Table 3
tion and density jump at the core-crust interface for

Tidal deformability with the continuous connec-

various parametrizations. The result is for the canonic-
al neutron star with M = 1.4M; . Here, f,5 =0.8.

Model RRPA (DJ/CC) Therm. (DJ/CC)
SLCd, a=0.5 165.77/168.54 161.15/163.52
a=0.0 197.04 /200.47 191.02/193.91
a=-05 218.54/222.45 211.62/214.97
SLC, =05 226.01/229.28 217.03 /220.30
a=0.0 285.81/290.16 251.24/255.19
a=-0.5 401.17/407.68 345.65/351.52

Varying the transition density p, significantly may
have prominent or moderate effects on the tidal deformabil-
ity, depending on the models whether they predict a larger
or smaller neutron star radius. The big difference of the
transition density can affect A, appreciably in the model
that predicts a large radius of neutron stars, especially when
the hyperon fraction is smaller. This is the case of @ =0
and —0.5 with the SLC, as seen in Table 3. In this case, the
radius of neutron stars with the RRPA is much larger than
that with the thermodynamic method. For instance, the ra-
dius of the canonical star is 15.07 (12.99) km with p, ob-
tained with the RRPA (thermodynamic method). Though
the Love number and star radius have a counteracting role
in the tidal deformability, sufficiently large radii can win
out to cause a significant increase in the tidal deformability.
In contrast, whether it is a continuous connection (CC) or
the inclusion of a density jump (DJ) at the core-crust inter-
face just causes a small difference in the tidal deformabil-
ity, which is overall at the level within 2%.

The radii of the canonical neutron star are presented in
Table 4. Here, the cases of CC and DJ are not distin-
guished, because the radii are almost the same for them.
For @ =0.0 and —0.5, the large p, obtained with the RRPA
in SLC results in a unfavorably large radius. This is not the
problem in obtaining p, with the RRPA, but the dis-
favored stiff symmetry energy in the SLC, since the unique
difference between the SLC and SLCd is the stiffness of the
symmetry energy[30_3l]. The large neutron star radius asso-
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ciated with the stiff symmetry energy is not supported by
the large p, obtained with the RRPA.

Table 4 Canonical neutron star (M = 1.4My) radii with p,
of the RRPA and thermodynamic method. Here, the ra-
dius is in units of km, and f,5 =0.8.

Model RRPA Therm.
SLCd, a=0.5 12.11 11.28
a=0.0 12.40 11.52
a=-05 12.57 11.66
SLC, a=0.5 13.79 12.14
a=0.0 14.34 12.46
a=-05 15.07 12.99

3 Summary

In this contribution to QCS2023 special issue, we in-
vestigated the effects of the hyperon and core-crust trans-
ition on the tidal deformability of neutron stars with density-
dependent RMF models. The models can accommodate
hyperons without breaking the 2M, constraint, while the
hyperon fraction can be adjusted by invoking free paramet-
ers without changing the hyperon potentials at saturation
density. The modulation of the hyperon fraction in a mod-
erate range can effectively affect the tidal deformability of
neutron stars. This provides another example, instead of the
first-order hadron-quark transition, that the tidal deformab-
ility can signal the interior structure (composition) of neut-
ron stars, albeit with some degeneracy in quark or hyperon
appearances. On the other hand, we checked the effect of
the core-crust interface on the tidal deformability. The sig-
nificant difference in the core-crust transition densities has
generally moderate effects on the tidal deformability, while
the effects can be amplified significantly in the models that
have the stiff symmetry energy and large neutron star radi-
us. In contrast, the strategy whether a continuous connec-
tion or a density jump is adopted at the core-crust interface
does not affect the tidal deformability significantly.
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