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Abstract Gravitational wave signals emitted during the
binary neutron star inspiral phase offer a promising avenue
for probing stellar internal composition. Isovector—scalar
mesons and kaon condensation are thought to play pivotal
roles in characterizing asymmetric nuclear matter and con-
straining the dense nuclear equation of state. This study
explores whether their potential effects in neutron stars can
be identified from inspiral gravitational wave frequencies,
retarded times and orbital phases. Our analysis reveals the
isovector—scalar meson accelerates the inspiral process, lead-
ing to shorter retarded times and lower maximum gravita-
tional wave frequencies compared to standard binary neu-
tron star systems, while binary systems influenced by kaon
condensation exhibit even shorter inspiral retarded times and
lower gravitational wave frequencies than those influenced
solely by isovector—scalar mesons. Quantitatively, the incor-
poration of kaon condensation leads to a reduction of approx-
imately 200 Hz in the maximum inspiral gravitational wave
frequency, and the variations in retarded times across differ-
ent kaon potentials reach approximately five milliseconds,
whereas the corresponding variations induced by isovector—
scalar mesons are around one millisecond. Combined with
observable mass—radius relationships and tidal deformabili-
ties, our findings strongly suggest that inspiral gravitational
wave signals could serve as a strategic probe for identifying
potential isovector—scalar and kaon mesons.

1 Introduction

Exploring the properties of matter at extreme high densities
has been a long-standing pursuit in the scientific community.
Neutron stars (NSs), the compact remnants of massive stellar
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explosions and predominantly composed of neutrons at ultra
densities, act as natural laboratories for probing the funda-
mental matter behaviors [1-3]. Recent astronomical obser-
vations have significantly advanced our understanding of
NSs. Notable milestones include the first detection of nearly
two times solar mass (Mg) NSs of PSR J1614-2230 [4,5]
and PSR J0348+0432 [6], as well as precise mass—radius
measurement from NICER (Neutron Star Interior Composi-
tion Explorer) for PSR J0030+0451 [7,8], PSR J0740+6620
[9,10], and PSR J0437-4715 [11]. Additionally, the identi-
fication of a massive compact companion with a mass of
2.5~2.67Ms in GW190814 [12], alongside the observations
of the fastest/heaviest black widow pulsar PSR J0952-0607
[13] with a mass of 2.35 + 0.17M, continue to push the
NS mass boundaries. In contrast to massive NS limit, an
extremely low-mass compact object of M = 0.771“8:%(7)M@
in the supernova remnant HESS J1731-347 [14] and a plau-
sible NS companion with M = 1.174 M, in compact binary
system J0453+1559 [15], further reshape our understanding
of NSs. Fortunately, the landmark detection of binary NS
merger GW 170817 by the LIGO/Virgo Collaborations [16],
have opened unprecedented avenues for exploring the inter-
nal composition and equation of state (EoS) of NSs from the
view of gravitational waves. Despite these recent advance-
ments, the detection of gravitational wave events remains
markedly scarce, and seriously, significant uncertainties con-
tinue to surround the microscopic interactions that govern
dense nuclear matter, particularly the role of exotic states
and components in NS interiors still requires continued col-
laborative efforts from the scientific community [2,3].

A central unresolved issue is the precise nature of the
EoS for neutron-rich matter at high densities [17,18], as it
governs the macroscopic properties of NSs, including their
mass—radius relationship and maximum mass limit. Within
nuclear many body field, as a phenomenological method
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to model the EoSs, the relativistic mean-field (RMF) the-
ory [19-21] accounting for neutrons and protons interac-
tion via meson exchanges is commonly employed, since it
demonstrates unique advantages in dealing with high-density
nuclear matter environments, particularly suitable for study-
ing astrophysical objects like NSs [22-28]. Recently, the
inclusion of additional meson degrees of freedom, particu-
larly isovector—scalar § mesons [29,30], have garnered atten-
tion for their potential impact on the properties of nuclear
matter properties. Incorporating these mesons into RMF
models is expected to modify the symmetry energy and its
slope, both of which are key factors for accurately modeling
finite nuclei and infinite nuclear matter properties from avail-
able experimental data [31,32], also essential for determin-
ing the structure and stability of NSs [33-36]. Furthermore,
given that the densities within NSs are several times that
of saturation nuclear matter, the emergence of new degrees
of freedom, such as hyperons [37,38], quarks [39-44], dark
matters [45], and kaon condensation [46,47] become plausi-
ble. Kaon meson (K ™) condensation, as a theoretical hypo-
thetical accumulation of a Bose—FEinstein condensate within
the cores of massive NSs [48-50], is predicted to occur under
extremely dense environments and holds profound implica-
tions for observable phenomena, including the stellar EoSs
[46,47], superfluidity dynamics [49], and thermal evolution
[51,52], highlighting its critical role in shaping NS proper-
ties. Inclusion of aisovector—scalar meson § into the NSs with
kaon meson condensation and a study of their role in binary
NS inspiral gravitational wave signals is still underexplored.
The inspiral phase of binary NS (BNS) mergers offer
an unparalleled window for probing NS internal struc-
ture through gravitational wave characteristic signals [53].
The inspiral phase carry distinctive signatures of the tidal
deformability, which in turn shed light on the intricate struc-
tural properties of the NSs [54-58]. Meanwhile, the grav-
itational wave frequency, retarded time, and gravitational
waveform during the BNS inspiral phase also contain use-
ful information about the NS interior. Recent studies have
underscored the role of inspiral phase gravitational waves in
revealing the structure of NS composition [59-61]. In this
study, we aim to investigate the effects of isovector—scalar
mesons within the RMF framework on the NS properties with
kaon condensation during the BNS inspiral process, and try
to seek the potential signals of isovector—scalar § mesons and
kaon condensation from BNS inspiral gravitational waves.
The structure of this paper is as follows: Sect. 2 will detail
how isovector—scalar mesons are introduced to describe NS
matter within the RMF theory, and how kaon condensation
is treated in the same framework. Section 3 examines the
impact of isovector—scalar mesons on key physical properties
of NSs with kaon condensation, including tidal deformabili-
ties, inspiral gravitational wave frequencies, inspiral retarded
times, and waveform characteristics. We will also explore
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how these properties can be used to potentially identify sig-
nals from isovector—scalar mesons and kaon condensation.
Finally, Sect. 4 provides a brief summary.

2 Microscopic models

2.1 Isovector—scalar mesons in RMF theory for baryon
matter models

Within the framework of RMF theory [19-21], nucleon inter-
actions are mediated by the exchange of different mesons.
The typical representation includes the scalar—isoscalar
meson o, which accounts for the medium-range attractive
nuclear force, the vector—isoscalar meson w, responsible
for short-range repulsion and the vector—isovector meson p,
which captures the effects of nucleon isospin. In this work,
we adopt a streamlined version known as the “owp” meson
exchange model and incorporate the isovector—scalar meson
8 under this framework [29,30,36,62]. This approach effec-
tively highlights the essential aspects of RMF theory and
has been extensively employed to describe isospin asym-
metry matter at high densities, as well as the NS properties
[26,27]. The corresponding nonlinear Lagrangian density in
NS system incorporating of isovector—scalar meson § can be
expressed as follows [29]:

L= Y vn (iﬁm/“ — MmN + 850 — Gowuy" + 858 T
N=n,p

1 1 1 1
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with N and / being nucleons (n, p) and leptons (e, u) in
the NS beta-equilibrium system, and m; (where i = N,
l, 0, w, p, §) being the mass of nucleons, leptons and
mesons. The nucleon Dirac effective mass is denoted by
my = my — g0 — g58 - T and the coupling constants
of g, 8ws &p> 85> 82, 83, Aw, ¢ are typically calibrated to
empirical saturation characteristics like saturation density
ngp, per nucleon binding energy B/A, effective mass m*,
incompressibility coefficient K, symmetry energy Jsym and
its slope L. Renowned parameter sets such as FSUGold
[63], NL3 [64], BigApple [65], IOPB-I [31], FSUGarnet
[66], DOPS series [67] and OMEG series [68] are frequently
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Table 1 The nucleon coupling -

parameters of BigApple [65] Bl%A.p ple RMPTSET

and RMFSET [69] as well as Original 8 (L = 80) 8 (L =90) Original 8 (L =80) 8 (L =90)

their corresponding

isovector—scalar revised version 8o 9.669 8.963 8.603 9.846 8.879 8.328

for using symmetry energy Lo 12.316 9.899 9.704 10.746 10.558 10.377

ISJI"P\‘;S L=80MeVandL =90 . 14.161 15.095 15.926 9.9829 11.084 11.751

¢ 0 11.91 12.75 13.41 20.43 22.73 23.56

23 —31.67 —29.34 —25.54 —43.17 —-37.71 —33.80
¢ 0.0007 0.0007 0.0007 0.0 0.0 0.0
Ay 0.0474 0.0386 0.0292 0.0314 0.0174 0.0085
g5 0.0 5.057 6.163 0.0 5.790 6.961

employed in RMF theory to model NSs. In this study, we
employed two calibrated relativistic parameter sets for com-
parable analysis. One is the BigApple set [65], which is pro-
posed based on the ground state properties of finite nuclei
and observations of massive NSs. Another set, referred to
here as RMFSET [69], follows the methodology outlined in
[69], and this set establishes a clear mathematical relationship
between nucleon couplings and nuclear saturation properties,
with its foundational derivation accessible through [69,70].
Our analysis in RMFSET adopts nuclear saturation values of
ng = 0.15 fm=3 [71], K = 240 MeV [72], E/A = — 16
MeV [69], my /my = 0.70 [69], Joym = 32 MeV [73],
L = 60 MeV [2], and they give corresponding coupling
constants being g, = 9.846, g, = 10.746, g, = 9.9829,
g» =20.43fm™!, g3 = —43.17, A, = 0.0314. To charac-
terize the influence of the isovector—scalar meson § on gravi-
tational wave properties, we parameterize its effects through
the symmetry energy slope L, given that the coupling con-
stant of the § meson to nucleons is directly determined by
this parameter. In this study, we employ representative sym-
metry energy slope values of L = 80 MeV and L = 90
MeV as benchmarks for our analysis. The nucleon coupling
parameters for the BigApple [65] and RMFSET [69] param-
eter sets, along with those for their corresponding isovector—
scalar revised versions, are shown in Table 1.

2.2 Kaon condensation in RMF theory

At baryon densities of several times the nuclear saturation
value, the electron Fermi energy rises sufficiently to ren-
der electron be captured by protons, producing negatively
charged kaons K~ [48,74-76]. Within the RMF framework,
the Lagrangian incorporates the kaon degrees of freedom will
be written as follows [47,49,77,78]:

Lx-=DiK*P'K™ —mig KK, )
where the covariant derivative &, = 0, + ig - wu +
i8,x-T - Pu» and the in-medium kaon mass is m_ = m,_ —
g,x-0 - Guided by SU(3) flavor symmetry, the vector cou-

pling constants are typically set as gox- = % 8ws 8pK- = &p
[49,77,79], while the scalar coupling g, k- is determined
phenomenologically from the kaon optical potential at ng
[47,49,77]:

Uk- (no) = —g,x-00 (no) — g,x-o (no) , 3)
where available theoretical and experimental analyses con-
strain Ug- typically from — 50 MeV to — 200 MeV [80-82].
In this work we adopt the representative range of — 100 MeV
to — 120 MeV [46,77] to probe its potential impact on grav-
itational waves. The onset of kaon condensation represents
a first-order phase transition, handled with the Gibbs con-
struction (GC) [49,77], see also Refs. [49,74,83,84] for com-
prehensive discussions. Within this formalism, pressure and
chemical potentials continuity across the coexistence phase
(CP) are ensured by:

PN (/"an ,U,e):PK, (:u’n’ ME)ZPCP’ (4)
while global charge neutrality imposes
Xdx-+ (1 =)y =0, &)

where y is the volume fraction of the kaon meson phase,
varying continuously from nucleon phase y = 0 to kaon
phase x = 1, and ¢g,, and g, are the net charge densities
within their respective phases. The baryon density and energy
density in the CP are therefore expressed as:

(6)
)

Nep = xng- + (1= 0ny,

Ecp = XEx- + (1 = x)ey.

3 Numerical results and discussions

3.1 Mass—radius relationships and tidal deformability

Evaluating whether the mass—radius relationship satisfies
existing astrophysical constraints serves as a fundamental cri-
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Fig. 1 Upper panel (RMFSET): mass-radius relationship for different
symmetry energy slopes of isovector—scalar meson § and their corre-
sponding kaon condensation NSs with different potential wells, where
solid black line marks a pure NS, the dark-blue solid line (L =80 MeV)
and orange solid line (L = 90 MeV) respectively represent scenarios
considering § mesons, while the dotted-dashed line (Ug- = — 100 MeV)
and dashed line (Ug- = — 120 MeV) represent the scenarios of their cor-
responding NSs with kaon meson condensation. The shaded areas rep-
resent the constraints from the PSR J0740+6620 and PSR J0030+0451.
The enclosed dotted grey contour indicates the observation imposed by
GW170817 event. Lower panel (BigApple): mass-radius relationship
for isovector—scalar meson § under L = 80 MeV (solid purple line)
and L =90 MeV (solid dark-green line), and their corresponding kaon
condensation NSs with kaon meson potential well Ux- = —100 MeV
(dotted-dashed line) and Ug- =—120 MeV (dashed line)

terion for testing any theoretical model or parameter space.
Figure 1 displays the mass—radius relationships for NSs with
kaon condensation under various § meson coupling con-
stants. The light shaded regions indicate the observational
constraints imposed by the NICER for PSR J0740+6620 and
PSR J0030+0451 [7-10], while the enclosed contour dashed
lines indicate the constraints imposed by the GW170817
event [16]. In the upper panel, corresponding to the RMFSET
set, the standard NS models without § interactions are repre-
sented by solid black lines. The inclusion of § meson effects
at symmetry energy slopes L of 80 MeV and 90 MeV is illus-
trated by dark-blue and orange solid lines, this effect results
in increasingly stiffer EoSs, thereby yielding larger NS radii.
Dashed and dotted lines further illustrate NSs with kaon con-
densation at different potential wells. Since kaon condensa-
tion tends to occur at higher densities, it is preferentially real-
ized in more massive NSs, whereas lower-mass stars, particu-
larly around the canonical mass of 1.4 M NSs, are less prone
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Fig. 2 Thetidal Love numbers as a function of the compactness param-
eter for two classes of relativistic parameter sets. The meanings of the
various lines are the same as in Fig. 1

to kaon condensation. Moreover, deeper potential wells cor-
respond to more pronounced softening effects. Therefore,
considering the combined effects of isovector—scalar mesons
and kaon condensation within NSs, we can achieve a config-
uration with smaller mass and larger radius. For instance,
with the RMFSET set, the maximum mass and correspond-
ing radius of a NS can reach 2.31 M and 11.15 km, while
under conditions of L = 80 MeV and Ug- = — 100 MeV,
these values shift to 2.12M, and 12.26 km. The lower panel
illustrates the results using the BigApple set, giving the con-
clusions similar to those within RMFSET. Moreover, both
sets can account for observed 2.0M massive NSs and ade-
quately meet the current observational constraints.

Figures 2 and 3 illustrate from two complementary per-
spectives how the § mesons and K~ meson condensation
influence tidal effects during the BNS inspiral phase. Figure 2
depicts the tidal Love number & as a function of the compact-
ness parameter C = M /R, showing that NSs with smaller C
exhibit stronger tidal responses (larger k7 ), thus making them
more susceptible to distort under their companion star grav-
itational field. The inclusion of K~ mesons (dashed lines)
and § meson effects (solid lines) both significantly reduce
the value of kj, and this suppression becomes more pro-
nounced with deeper potential wells and larger L values. To
facilitate comparison with observational constraints, Fig. 3
presents the observable dimensionless tidal deformability A
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Fig. 3 The dimensionless tidal deformability with NS mass for RMF-
SET and BigApple scenarios. The subfigure displays the tidal deforma-
bility across the entire mass range, with the vertical dashed and solid
lines representing the tidal deformability constraints extracted by the
gravitational wave events GW170817 and GW 190814, respectively
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Fig. 4 Upper panel: inspiral gravitational wave frequency f modeled
using RMFSET as a function of retarded time for 1.35M equal-mass
BNS systems with the inclusion of § meson effects. The different colored
curves indicate different cases: standard BNSs (black line), BNSs with
6 meson at potentials of L = 80 MeV (dark-blue line) and L = 90
MeV (orange line), respectively. Lower panel: the gravitational wave
frequency for the BigApple scenario

versus NS mass. At a fixed mass, § mesons yield larger radii
(see Fig. 1), thereby lowering C, which facilitate NS distor-
tion under gravitational field and consequently increases tidal

deformability A. The inset of Fig. 3 highlights observational
constraints at 1.4 M, where vertical dashed and solid lines
denoting tidal deformability intervals inferred from gravi-
tational wave events GW170817 [16] and GW190814 [12],
respectively.

From above analysis, although both parameter sets ade-
quately align with current observational constraints, a criti-
cal question remains as to whether additional observational
channels exist to further distinguish these signals associated
with § mesons and K~ meson condensation? Moving for-
ward, these exotic degrees of freedom are expected to impact
gravitational wave properties during BNS inspirals, poten-
tially leaving observable imprints in emitted signals.

3.2 Binary neutron star inspiral gravitational waves

In the search for potential signatures of § meson and K~
meson within NSs, gravitational waves emitted from binary
star mergers have become an indispensable observational tool
[85]. Traditional efforts to put constraints on EoSs have relied
mainly on bulk stellar observables, such as mass—radius rela-
tions [86—89], tidal deformabilities [55,90,91], and gravita-
tional redshifts [92,93]. However, recent detections of BNS
and NS-black hole (NSBH) mergers demonstrate that grav-
itational waves, as a new messengers, carries rich, comple-
mentary information capable of markedly tightening con-
straints on the NS internal structures [94,95]. Our forthcom-
ing analysis aims to investigate the roles of § mesons and
K™ mesons in shaping gravitational wave signals during the
inspiral phase, and tries to seek the potential imprints they
may leave.

A BNS coalescence inherently proceeds through three
distinct stages of inspiral, merger and ringdown [85].
Among these, the inspiral phase, characterized by relatively
low velocities and weak gravitational fields, is effectively
described through the Post-Newtonian (PN) approximation
[60,96-98]. As a systematic expansion of general relativ-
ity, the PN approximation method has undergone rigorous
validation and demonstrates exceptional precision in model-
ing inspiral gravitational wave signals [99,100]. A detailed
derivation of the PN approximation method can be found in
Appendix or our previous work [61], for more comprehensive
discussions, readers are referred to Refs. [96,97,101,101—
105].

To investigate the influence of § meson effects on gravita-
tional wave properties during the inspiral phase, Fig. 4 shows
gravitational wave frequency as a function of retarded time
during the inspiral phase for two parameter sets with a typical
equal-mass BNS inspiral system of 1.35M¢. For the RMF-
SET (upper panel), we compare BNS systems of § mesons at
different Ls with standard BNS systems. From the viewpoint
of retarded inspiral time, the impact of § meson accelerates
the inspiral process, resulting in shorter retarded times com-
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Table 2 Gravitational wave
frequencies and retarded times CASE Jmax (H2) fret(8)
%‘ﬁ;ﬁ}?ﬁs g‘g’_lrj‘; P‘;ase " the  RMFSET Standard BNS 2365.32 0.05786
and BigApple sets.
Upper panel presents results for BNS +4(L 80) 2191.80 0.05728
1.35M¢ equal-mass standard BNS + §(L 90) 2041.07 0.05685
ggg systems and COfFeSPondling BigApple Standard BNS 2384.27 0.05714
systems incorporating the
8 meson effects at different BNS +5(L 80) 2167.13 0.05692
symmetry energy slopes. Lower BNS +§(L 90) 1985.11 0.05635
panel shows the BNS systems RMFSET (8) BNS (8) 2169.05 0.10357
under & meson effects for BNS (8) + Uy (—100) 1917.95 0.09503
maximum equal-mass kaon
meson condensation BNSs at BNS (8) + Uyx-(—120) 1889.33 0.08975
different kaon meson potential BigApple (8) BNS (8) 1914.18 0.11905
wells BNS (8) + Uy (—100) 1707.89 0.11373
BNS (8) + U (—120) 1690.42 0.10942
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Fig. 5 Within the RMFSET (upper panel) and BigApple (lower panel)
parameter sets that include § mesons, the gravitational wave amplitude
hy, as a function of retarded time f¢ for 1.35M equal-mass BNS

pared to standard BNS. Specifically, L = 90 MeV yields the
shortest inspiral time of approximately 0.05685s, L = 80
MeV yields 0.05728s, while the standard BNS system has a
relatively longer retarded inspiral time of about 0.05786s.
Furthermore, gravitational wave frequency f increases
continuously during inspiral stage and peaks in the final
stage. The § meson effects reduce the maximum gravita-
tional wave frequencies at the final inspiral stage compared
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systems across various symmetry energy slopes, where the different
colored curves represent the respective scenarios illustrated in Fig. 4

to standard BNS. The maximum frequency is approximately
2041.07Hz for L = 90 MeV (orange solid line), 2191.80
Hz for L = 80 MeV (dark blue solid line), and 2365.32 Hz
for standard BNS (black solid line). These differences can
be inferred from Figs. 1 and 3, as the inspiral dynamics are
highly sensitive to NS tidal effects. Since the presence of §
meson increases the NS radius (see Fig. 1), which facilitates
tidal deformability and thus accelerates the inspiral, conse-
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Fig. 6 Upper panel (RMFSET): inspiral gravitational wave frequency
f as a function of retarded time f#,,; for maximum equal-mass kaon
meson condensation BNS systems incorporating the § mesons under
symmetry energy slope L = 80 MeV. The different colored curves mark
different cases: BNSs (brown solid line), BNSs with kaon condensation
at potentials of Ux- = — 100 MeV (green solid line) and Ug- =
— 120 MeV (orange dash line), respectively. Lower panel (BigApple):
Gravitational wave frequency for the BigApple scenario

quently emitting lower gravitational wave frequency. Simi-
lar conclusions are observed for the BigApple parameter set,
showing that § mesons accelerate inspiral processes, leading
to shorter retarded times and lower gravitational wave fre-
quencies. Detailed numerical results of gravitational wave
properties for both parameter sets are summarized in the
upper panel of Table 2.

Beyond the analyses from frequency and retarded time,
we further examine § meson impacts through gravitational
waveforms. Figure 5 compares the dominant (/ = 2, m = 2)
mode [106—108] gravitational wave strain amplitude between
6 meson BNS system and standard BNS system for both
parameter sets. The inset displays full inspiral waveforms
under PN approximation, showing amplitude growth reach
their maximum values at the final stage. Due to the § meson-
induced shortening of retarded time (see Fig. 4), there is a
notable phase shifts in gravitational waveforms, resulting in
asynchronous waveform pattern compared to standard BNS
system.

To demonstrate the impact of § mesons on BNS systems
with kaon condensation, we fix the symmetry energy slope L
at 80 MeV in subsequent analyses. Given that kaons appear
predominantly in massive NS interiors (see Fig. 1), our study
concentrates on evaluating the maximum equal-mass BNS
inspiral phase under different kaon potential wells with incor-
porating § meson interactions, exploring corresponding grav-
itational wave frequency, retarded time, and waveforms. Fig-
ure 6 illustrates the dependence of gravitational wave fre-
quency on the inspiral retarded time, with the upper panel

showing RMFSET and the lower panel BigApple scenarios.
Both parameter sets reveal that deeper kaon potential wells
correlate with shorter inspiral retarded times and lower grav-
itational wave frequencies compared to BNS system involv-
ing only § mesons. Numerical results are detailed in the
lower panel of Table 2. Notably, with the § meson effects
in BNS systems, the RMFSET predicts a maximum inspi-
ral gravitational wave frequency fmnax of 2169.05 Hz, while
the inclusion of K~ meson condensation further reduces the
frequency fmax to approximately 1900 Hz (1917.95 Hz for
Uk-(—100) and 1889.33 Hz for Uk-(—120)), correspond-
ing to a reduction of Afpax =~ 200 Hz, i.e. a relative change
of about 9-13% at the end of the inspiral. For the BigAp-
ple (§) models, the frequency fmax changes from 1914.18
Hz to 1707.89 Hz for Ug-(—100) MeV and 1690.42 Hz for
Uk-(—120) MeV, again a relative reduction of 11~12%. In
the time domain, these models also show that deeper kaon
potentials shorten the inspiral retarded time by about 5 ms
compared to the case without kaons, whereas varying only
the isovector—scalar meson couplings leads to changes at the
level of 1 ms.

From an observational standpoint, the relevant frequency
shifts occur close to merger, in the kHz band. Their detectabil-
ity therefore depends primarily on the high frequency strain
sensitivity and on the total signal-to-noise ratios. While
current LIGO-Virgo-KAGRA detectors typically accumu-
late only modest signal-to-noise ratio above 1 kHz for
the GW170817-like events, the third-generation instruments
such as the Einstein Telescope (ET) [109—112] and the Cos-
mic Explorer (CE) [112] are expected to provide substan-
tially improved sensitivity in the 1-3 kHz range, together
with much larger network signal-to-noise ratios for BNS
mergers [85,113]. A simple order-of-magnitude estimate can
be obtained by treating the characteristic frequency fiax as
a parameter inferred from the last 20-30 ms. In a Fisher-
matrix approximation [114—117], the corresponding statisti-
cal uncertainty scales as o, , (Testpsnr) ~ ", where Tegy is
the effective duration over which the high-frequency signal
contributes, and pgy 1S the signal-to-noise ratio accumulated
in the kHz band. For Teg ~ 20-30 ms and pgn ~ 10-20, one
expects oy, . of order a few Hz. Consequently, a systematic
shift of Afmax =~ 200 Hz between models with and without
kaon condensation corresponds to isovector—scalar meson
effect once pgpr > 20-30. For second-generation detectors,
such high signal-to-noise ratio in the kHz band will only be
achieved for very nearby and rare events, whereas forthcom-
ing third-generation detectors ET and CE are expected to
reach network signal-to-noise ratio > 100 for typical BNS
mergers, making o, . well below ¢(50Hz) and thus allow-
ing a robust discrimination between models with and without
kaon condensation in favorable cases.

Figure 7 displays the evolution of the dominant mode grav-
itational wave strain /7, during inspiral phase, with insets
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Fig. 7 Within the RMFSET (upper panel) and BigApple (lower panel)
parameter sets that include 6 meson effects, the gravitational wave
amplitude /7 as a function of retarded time #; for BNS systems with

showing entire inspiral waveforms. As inspiral stage pro-
ceeds, phase deviations among various kaon potential wells
become increasingly pronounced, reaching maximum ampli-
tude and phase shift in the final stage, after which PN approxi-
mations break down and numerical relativity simulations take
over [85]. Figure 7 clearly indicates that kaon meson conden-
sation accelerates inspiral phase, yielding shorter duration
and lower frequency (as shown in Fig. 6). This accelera-
tion occurs because kaon meson condensation softens the
EoS, facilitating tidal effects and thus accelerating inspiral
dynamics meanwhile emitting lower frequency gravitational
waves.

Intriguingly, unlike § meson effects that predominantly
influencing 1.4 Mg NSs, kaon effects appear in massive NSs.
Figures 6 and 7 demonstrate that BNS system with kaon con-
densation exhibit significantly shorter retarded times than
those influenced solely by § mesons. Moreover, retarded
time differences among kaon meson potentials are more pro-
nounced. Specifically, for the RMFSET, the retarded time
without kaon effects is 0.10357 s, compared to 0.09503 s at
Ug- = — 100 MeV, and 0.08975 s at Ugx- = — 120 MeV,
corresponding to five milliseconds difference. Comparable
five milliseconds variations are also observed in the BigAp-
ple. In contrast, § meson-induced retarded time variations
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maximum kaon meson condensation across various kaon meson poten-
tial wells, where the different colored curves represent the respective
scenarios illustrated in Fig. 6

characterized by symmetry energy slopes are limited to about
one millisecond (see Figs. 4, 5 and Table 2).

To assess whether the trends reported above persist beyond
a single canonical mass configuration, we extend our post-
Newtonian inspiral calculations to a sequence of equal-mass
BNS systems spanning a range of chirp mass .Z,

(M Mp)3/3

- (M7 + Mp)V/5° ®

c
focusing on the cases that incorporate isoscalar-vector meson
interactions. For consistency with our previous discussion
we extend a component mass 1.6 M equal-mass BNS with
My = 1.392Mg, a 1.8 Mg equal-mass BNS with .#Z, =
1.566 M, and a 2.0Mg equal-mass BNS with .Z, =
1.741 M. The resulting trends are summarized in Table 3
for both the RMFSET and BigApple parameter sets. At fixed
chirp mass, the inclusion of the isoscalar-vector meson sys-
tematically shortens the merger retarded time and lowers the
maximum inspiral frequency with respect to the correspond-
ing standard BNS models. Importantly, the relative reduction
in fiax atorder ~10% level persists across the explored chirp
mass range, and the frequency difference remains approxi-
mately at the &'(200) Hz and the shortening of retarded time
remains at the level of a few milliseconds. Regarding kaon
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Table3 Gravitational wave frequencies and retarded times during BNS
inspiral phase in the RMFSET and BigApple sets. CASE presents
results for equal-mass standard BNS systems and their corresponding
BNS systems incorporating the § meson effects at different symmetry

energy slopes and different chirp masses .#, (a 1.35M¢ equal-mass
standard BNS model with .Z. = 1.175M, a 1.6 M equal-mass BNS
with .Z, = 1.392M, a 1.8 M equal-mass BNS with .Z. = 1.566M,
and a 2.0M¢ equal-mass BNS with .Z. = 1.741M¢)

CASE Mo =1.175M¢ Mo =1392M¢ M =1.566M Mo = 1741 M
Smax (Hz)  tret(s) Jmax (Hz) — frer(s) Smax (Hz) — trer(s) Smax(Hz)  free(s)
RMFSET  Standard BNS 236532 0.05786 245588 0.07021 251042 0.07978 267247  0.08924
BNS + 8(L 80) 2191.80  0.05728 227141 0.06997 233513 0.07956 247493 0.08912
BNS + 8(L 90) 2041.07  0.05685 216333 0.06979 222178 0.07947 2362.99  0.08905
BigApple  Standard BNS 238427  0.05714 248034 0.06964 253485  0.07925 268149 0.08883
BNS + 8(L 80) 2167.13  0.05692 225776 0.06958 2349.68  0.07913 2436.12  0.08873
BNS + 8(L 90) 1985.11  0.05635 210528  0.06898 2185.18  0.07891 228272 0.08854

condensation, we note that it typically appear only in suffi-
ciently massive NS interiors (see Fig. 1). As a consequence,
it is not always straightforward to extend a one-to-one com-
parison of kaon effects across the entire chirp mass sequence
considered here, particularly at the lower mass cases where
the central density may remain below the onset threshold.
Nevertheless, this limitation does not affect our main con-
clusion regarding the role of kaon condensation in modu-
lating the gravitational wave signal that its presence further
reduces the retarded time and shifts the maximum inspiral
frequency to lower values. These .#, dependent results pre-
sented here are intended to demonstrate a physically moti-
vated trend rather than a unique signature from a single event.
A systematic exploitation of tre (#;) and fmax (#.) is most
naturally pursued in hierarchical bayesian analyses combin-
ing multiple BNS events, which lies beyond the scope of the
present work. Our calculations nevertheless provide a useful
baseline for future studies.

Jointly analyzing these signal differences with constraints
from the mass—radius relation and tidal deformability will
better enable the search for potential § mesons and K~ con-
densation signals in NSs, it will also help us gain deeper
insights into NS internal structure. Although these differ-
ences are relatively small, the upcoming improvements in
sensitivity from the upgraded LIGO-Virgo/KAGRA network
[109,118] and A+ upgrades [118], especially from third-
generation gravitational wave detectors [109-112,112], will
enable precise discrimination of potential K ~ meson conden-
sation effects and § meson signals in NSs. These advance-
ments will not only allow for tighter constraints on the EoS
through inspiral phase gravitational wave analysis, but also
significantly broaden the utility of gravitational waves as a
powerful probe of NS structure.

4 Summary

In this study, we conduct a self-consistent exploration of
isovector—scalar mesons and kaon condensation in NS inte-
riors under an extended nonlinear RMF model within two
widely employed parameter sets, RMFSET [69] and BigAp-
ple [65]. Our analysis aims to quantify their influence on the
gravitational wave characteristic signatures during the BNS
inspiral phase, and try to estimate how these distinctive sig-
nals can be leveraged to probe NS internal structure. During
the BNS inspiral phase, we analysis the differences from
viewpoint of inspiral retarded time and gravitational wave
frequency. The impact of § mesons accelerates the inspiral
process, resulting in shorter retarded times and reduce max-
imum inspiral gravitational wave frequencies compared to
standard BNS systems. We have further shown that, for both
parameter sets, the retarded time and maximum inspiral fre-
quency exhibit a coherent dependence on the binary chirp
mass, and for a given ., the presence of § mesons short-
ens the retarded time and shifts the maximum frequency to
lower values. Notably, binary systems with kaon condensa-
tion exhibit even shorter inspiral times and lower frequencies
compared to systems influenced solely by § mesons. Both
parameter sets reveal that retarded time differences among
kaon meson potentials are approximately five milliseconds,
whereas § meson-induced retarded time variations are around
one millisecond. Moreover, the inclusion of kaon meson con-
densation systematically lowers the maximum inspiral grav-
itational wave frequency by around 200 Hz, while also short-
ening the inspiral retarded time by about 5 ms relative to the
case with only isovector—scalar mesons. These differences
occur in the high-frequency (kHz) regime that lies within the
sensitive band of third-generation gravitational wave detec-
tors like ET and CE. As discussed in Sect. 3.2, simple signal-
to-noise ratio estimates indicate that such &' (200Hz) fre-
quency shifts are unlikely to be robustly resolved with cur-
rent LIGO-Virgo-KAGRA detectors for typical BNS events,
but may become measurable for high signal-to-noise ratio
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BNS mergers observed by future facilities. At the same time,
our results for the shifts in retarded times and maximum
inspiral frequencies induced by isoscalar-vector § mesons
and kaon condensation are intended to demonstrate a phys-
ically motivated trend rather than a unique signature from
a single event. A systematic exploitation of fe(.#;) and
Jfmax (-#) within hierarchical bayesian analyses combining
multiple BNS events will be the most promising avenue for
constraining the strength of the isovector—scalar channel and
the kaon optical potential. Combined with observable mass—
radius relationships and tidal deformabilities, our findings
therefore suggest that inspiral gravitational wave signals may
potentially provide an effective tool for identifying possible
imprints of isovector—scalar meson effects and kaon meson
condensation in NS cores, and also could offer precise con-
straints on both § meson coupling strengths and K~ opti-
cal potential depths from gravitational wave inspiral phase.
Future studies will extend RMF framework to numerical rel-
ativity merger simulations and include hyperon and quark
degrees of freedom, thereby paving the way toward a effec-
tive explore of dense matter.
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Appendix: Post-Newtonian approximation in binary star
inspiral phase gravitational waves

In quasicircular binaries emitting gravitational waves, the
radiative energy luminosity .’ balances the change in orbital

@ Springer

energy E according to

o dE__dEjdx o

dt dt/dx
with x being the gauge-invariant PN expansion parameter
defined by x = (Mtotd¢)2/3 (Mtot.Q)2/3, where Mo
denotes the total mass of the system, @ the orbital phase, and
§2 the orbital angular frequency. For a quasicircular binary
with M, = M| + M, and angular velocity 2, the 3.5PN
approximation to the orbital energy reads [96,101,102]:

Mionx 3 n 27  19n
E=-—2omdy (21 "
2 { +’< ;) Ut

”\ o [ 675 (34445 205x°
—— X"+ + —
24 64\ 576 9%
_ 15572 35n Sl (10)
96 5184

with ) = mmy/ M2, the symmetric mass ratio. At the same
PN order, the gravitational wave luminosity .Z can be written
as [97,101,101,119]:
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with yg & 0.5772 the Euler—-Mascheroni constant. The dom-
inant spherical-harmonic mode of the strain, (¢, m) = (2, 2),
constructed from spin-weighted harmonics, is given by [106—

108]:
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where D is the source distance, taken to be 100 Mpc in our
calculations. The orbital phase @ evolves according to

d &

@ , (13)
dt —  dE/dx

do  x3?

== (14)
dt M

and we employ the TaylorT4 scheme to integrate them.
Although formally appearing at SPN order, tidal interactions
significantly affect the inspiral process and must therefore
be incorporated. Including these contributions yields [103—
105]:

de o

T4
<=3 Mmt 10+ Fiia], (15)

where F3 T4 5(x) within the TaylorT4 scheme gives as
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The term FT a1 (X) accounts for tidal-related corrections, and
following Vines [120], the 1PN-accurate expression is

()_32X1A2 121411 41) 0, 4421 12263
Tlddl mt X1)X 28 23 X2
1893
+j;m§ &ﬂﬁ)ﬂﬂ+«192%

where x1 = M /Mo and xo = My /My are the mass frac-
tions, and A1, A> the corresponding tidal deformabilities. For
equal-mass binaries this reduces to [104]:

5203
10
1+ — 1
( + 4368x>’ (17)

52 K
SMw C5

Tldal (x )

with k; the tidal Love number and C the stellar compact-
ness. In this study, we consider a representative equal-mass
binary NS system. The integration begins at f = 371 Hz,
1.e. Miot§20 = 0.0155. The source is observed at the retarded
time tet = ¢ — ry, Where ry is the tortoise coordinate,
expressed by [104]

ra
Iy =74 + 2Miot In < — 1) , (18)

2M, tot

with ro = /A/4mr and A the proper area of a spherical
surface.
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