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Effects of dark matter on f-mode oscillations of neutron stars
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The effect of dark matter (DM) on f-mode oscillations in DM admixed neutron stars (NSs) is
investigated in a comprehensive analysis with particular attention to the role of the nuclear equation of state.
Hadronic matter is modeled by the relativistic mean-field model and the DM model is based on the neutron
decay anomaly. The nonradial f-mode oscillations for such DM admixed NSs are studied in a full general
relativistic framework. We investigate the impact of DM, DM self-interaction, and DM fraction on the
f-mode characteristics. We derive relations encoding the effect of DM on f-mode parameters. We then
perform a systematic study by varying all the model parameters within their known uncertainty range and
obtain a universal relation for the DM fraction based on the total mass of the star and DM self-interaction
strength. We also perform a correlation study among model parameters, NS observables, and in particular,
f-mode parameters. Finally, we check the f-mode universal relations for the case of DM admixed NSs and
demonstrate the existence of a degeneracy between purely hadronic NSs and DM admixed NSs.
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I. INTRODUCTION

Neutron stars (NSs) are remnants of massive stars that
undergo supernova explosions observable throughout the
electromagnetic spectrum [1,2]. These compact objects are
one the densest forms of matter known and observed in the
Universe. The density inside NSs can reach 2—-10 times
the nuclear saturation density (ng). They sustain the most
extreme physical conditions irreproducible in terrestrial
experiments. This, combined with the lack of first
principle calculations from the theory of strong inter-
actions, quantum chromodynamics (QCD), makes the
interior composition of NSs unknown. NS matter is
dense, cold, and highly isospin asymmetric. It is con-
jectured that high densities in the core of NSs can lead to
the appearance of new degrees of freedom like hyperons
or even result in a phase transition from hadrons to
deconfined quarks [3,4].

In recent years, compact objects have been established as
laboratories for studying dark matter (DM) (see Refs. [5,6]
for reviews). DM makes up ~25% of our Universe and is 5
times more abundant than ordinary visible matter. DM
virializes on Galactic scales and interacts with ordinary
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matter (OM) predominantly via gravity. On smaller scales,
DM is known to gravitationally accumulate within con-
densed bodies like stars and planets [7-10], although the
amount of DM accumulated is only a fraction of the total
mass of these objects. A NS, being the most compact object
after black holes (BHs) and hence generating one of the
strongest gravitational fields known, is thus expected to be
the best candidate for such admixture of DM having larger
fractions of DM by mass. A popular mechanism leading to
this is the accretion of DM undergoing inelastic collisions
with OM within NSs, leading to the formation of a DM
core/halo [6]. The effects of a DM core/halo on NS
observables have been studied in great detail in the past
few years for both bosonic and fermionic DM models
[11-43]. Recently, simulations have been conducted to
explore the effect of such DM admixture on the evolution
of NSs in binary systems [44-46]. However, such a
mechanism cannot lead to substantial DM fractions [14].
This is because if DM interacts with other standard model
particles, it interacts very feebly and has not been detected
so far. The results from the DAMA/LIBRA experiment [47]
are the only hint toward a positive detection, but it is still a
matter of debate. Recently, another possibility of neutrons
decaying to DM has caught attention [48-51] as it could
lead to a large DM fraction [51,52] in NSs and as well
resolve a long-standing discrepancy in particle physics
relating to the neutron lifetime [53] called the neutron
decay anomaly, which is explained below.

© 2024 American Physical Society
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The decay time of neutrons via the f-decay channel
(n - p+ e +7,) has a discrepancy when measured via
two different methods: (1) bottle experiments where the
number of undecayed neutrons is measured and (2) beam
experiments where the number of protons produced is
measured. The difference in the lifetimes measured in these
two methods implies that the number of decayed neutrons
is more than the number of produced protons. This problem
can be resolved by allowing the decay of neutrons to the
dark sector [53]. This model points to new physics beyond
the standard model and can be linked to the explanations of
the dark and baryonic matter asymmetry in the Universe
[52]. Applying this idea to NS matter can result in a
substantial admixture of DM inside NSs. This makes the
neutron decay anomaly model very interesting for NS
physics and can have a significant effect on NS observables
[52,54]. For this reason, we employ the neutron decay
anomaly model for DM in the following work. For the
hadronic component of NSs, we use the well-studied
phenomenological relativistic mean-field (RMF) model.
The microscopic details of these models are described in
detail in the next section.

NSs are accessible via electromagnetic observations
across the spectrum, right from radio waves to x rays and y
rays. Electromagnetic radiation, originating primarily
from the exterior of NSs, provides indirect ways to probe
the NS interior. The combination of ground- and space-
based detectors has made numerous measurements
[55,56] of NS properties like mass, radius, cooling curves,
spin frequency, its derivative, and observed phenomena
such as pulsar glitches and mergers, which add several
constraints to theoretical models. The observed maximum
mass of NSs imposes stringent constraints on the stiffness
of the microscopic equation of state (EOS) that describes
NS matter. Radius measurements from x-ray observations
suffer from model uncertainties and are not precise. The
recent NICER mission provides radius estimates to a
precision of 5%—10% using the pulse profile modeling of
x-ray pulses [57-60]. Precise simultaneous measurement
of mass and radius will highly constrain NS EOS to a
high extent.

Detection of gravitational waves (GWs) from the merger
of binary neutron stars (BNSs), GW170817 [61] and
GW190425 [62], and of neutron star—black hole binaries,
GW200105 and GW200115 [63], have opened up a new
multimessenger window to study NSs. GW170817 is the
first confirmed GW event of a BNS merger that was
observed across the electromagnetic spectrum [61,64,65].
The ability to deduce properties of NSs from GWs has
renewed interest across a diverse community in astrophys-
ics, as they can also be used to constrain the equation of
state and the microscopic properties of NS matter. Precise
measurements of NS properties are crucial to determine the
interior composition of NSs and the microscopic properties
of strongly interacting matter.

On the other extreme, GWs generated due to the time-
varying mass quadrupole moment of the entire NS are a
direct probe of the NS interior. Analysis of GW170817
added a limit on the tidal deformability (A) of NSs [66]
from the absence of an imprint of the deformation of NSs
on the GW signal during the late inspiral phase of the
merger, when the tidal field is strong, leading to further
constraints on EOS of dense matter [67]. Future observa-
tions of NSs from the next-generation GW detector net-
work are expected to improve the constraints significantly.

In the context of GWs, apart from binary systems, the
quasinormal modes (QNMs) of NSs are particularly inter-
esting since they carry information about the interior
composition and viscous forces that damp these modes.
QNMs in neutron stars are categorized by the restoring
force that brings the perturbed star back to equilibrium
[68-70]. Examples include the fundamental f mode, p
modes, and g modes (driven by pressure and buoyancy,
respectively), as well as r modes (Coriolis force) and pure
space-time w modes. The DM admixed NS model that we
consider here has been recently studied extensively
[48-51]. None of these studies incorporate effects on the
QNMs. The effect of admixture of DM on NSs on r-mode
oscillations was recently studied by some authors in this
paper (S.S.,D.C., L. S., and J. S. B) for the first time [51].
It was found that the r-mode instability window can be
significantly modified if the rate of dark decay is fast
enough in dense matter. Several of these modes are
expected to be excited during supernova explosions, in
isolated perturbed NSs, NS glitches, and during the
postmerger phase of a binary NS, with the f mode being
the primary target of interest [71-79]. Among the QNMs of
NS, the nonradial f mode strongly couples with the
GW emission, and the mode frequency also falls under
the detectable frequency range of the current and next-
generation GW detectors and holds great importance in NS
seismology [80-82]. Additionally, there have also been
recent works on f-mode GW searches from the LIGO-
Virgo-KAGRA collaboration [83-85]. Furthermore, differ-
ent works have shown that the g modes are less significant
than f modes for GW emission [86—88], leading us to focus
on the f-mode asteroseismology.

Recently, some authors of this paper (B. K. P. and D. C.)
studied the effect of nuclear parameters and the hyperonic
degrees of freedom on the f-mode oscillation of NSs in
Cowling approximation [89], where the perturbations in the
background space-time metric are neglected. These results
were then improved to include the full general relativistic
(GR) effects [90]. In this work, we extend these studies to
f-mode oscillations of DM admixed NSs. A recent work
[91] carried out a similar study using a Higgs-interaction
model of DM for four select EOS within the Cowling
approximation. They also highlight the requirement of a
full-GR treatment for more accurate results, as it was also
found in [90] that the Cowling approximation can
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overestimate the f-mode frequencies by up to 30%. This
was also confirmed by another work [92] that appeared
recently. They calculate f-mode characteristics in a full-GR
setup. However, they consider the Higgs-interaction model
and only one fixed nuclear EOS. In this study, we use the
DM model based on neutron decay and vary all the model
parameters to systematically investigate the effect of DM
and its parameters on the f-mode oscillations using full-GR
framework. Gleason et al. [93] dynamically evolved DM
admixed NSs to study the radial [ = 0 oscillation. However,
radial oscillations are known not to emit any GWs and
cannot be used to study NS matter. In this work, we carry
out a systematic study of nonradial f-mode oscillations of
DM admixed NSs in a full-GR framework.

This paper is structured as follows: After having outlined
the motivation and context of this work in Sec. I, we
describe the microscopic models for OM and DM along
with the formalism to calculate NS observables and f-mode
characteristics in Sec. II. We present the results of our study
in Sec. III and, finally, summarize our findings in Sec. I'V.

II. FORMALISM

We describe the microscopic models used for DM
admixed NS matter in Sec. I A and then outline the
calculation of their macroscopic properties Sec. 11 B.

A. Microscopic models

Here, we describe the particular models we use to
describe the hadronic matter (Sec. I A 1) and dark matter
(Sec. II A 2) for the study of f modes. We then discuss the
choice of model parameters (Sec. II A 3) we make for the
systematic study.

1. Model for hadronic matter

The ordinary hadronic matter is described using the
phenomenological RMF model where the strong interac-
tion between the nucleons (N), i.e., neutrons (n) and
protons (p), is mediated via exchange of scalar (o), vector
(w), and isovector (p) mesons. The corresponding
Lagrangian is [94]

_ g
Lin =) Wy [9,;6 — gur' o, — 5 1T -p,,] Wy
N
1 L1 \
=5 bm(g,0)’ =7 ¢(9,0)

A PG m,) + 5 (Goro, ) (1)
where yy is the Dirac spinor for the nucleons, m is the
vacuum nucleon mass, {y’} are the y matrices, z are Pauli
matrices, and ¢,, g,, g, are meson-nucleon coupling
constants. b, ¢, and ¢ are the scalar and vector self-
interactions couplings, respectively, and A, is the vector-
isovector interaction. { is set to zero as it is known to soften

the EOS [95-97]. The energy density for this RMF model
is given by [94]

on =3 a4y =i ()
N

1 1 1 1
+§m§52 +§m;§,a)2 +§m§/‘)2 +§bm(g(,6)3

[a—

1ol N (G0p O 4 ) (2)

where kp, is the Fermi momentum, Ep, = 4/ k%N +m?is

the Fermi energy, and m* = m — g,0 is the effective mass.
Within the mean-field approximation, all the mediator
mesonic fields are replaced by the mean values. The
pressure (P) is given by the Gibbs-Duhem relation

P = ZﬂN”N - € (3)
N

N

where uy = Ep, + g,® + %73,\,[). We further have free
fermionic contributions from the leptons (J), i.e., electrons
(e) and muons (u). This matter is in weak £ equilibrium and
charge neutral, resulting in the following conditions:

Hn = Hp + He, Hy = Hes n, :n€+nﬂ' (4)
For the crust, we use the EOS from Hempel and
Schaffner-Bielich (2010) [98] and connect it to the core

EOS ensuring causality and thermodynamic consistency.

2. Model for dark matter

For dark matter, we use a model motivated by the
neutron decay anomaly. Fornal and Grinstein (2018) [53]
suggested that the anomaly could be explained if about 1%
of the neutrons decayed to dark matter. Multiple decay
channels were proposed. Some of these are n — y + ¢,
n—y+y+y n—y+y [53,99]. We consider one of
them here, where the neutron decays into a dark fermion
with baryon number one and a light dark boson, for which r
modes have already been studied [51],

n—y+¢. (5)

We consider the above decay channel in this work, as it is
already well studied and robust constraints on the self-
interaction strength G for this model have been derived in
our previous work [48-51,100]. The decay channel n —
x + v is known to be ruled out [101]. For the channel
n — y + y + y, it has been shown that there is no require-
ment of self-interaction among y particles [99,102]. The
light dark particle ¢ with its mass m,, set to zero escapes the
NS, and chemical equilibrium is established via uy = u,.
Various stability conditions require the mass of the dark
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TABLE 1. Range of the variation of the nuclear and DM parameters used in this work.

Model ny (fm=3) Ey (MeV) Ko (MeV) J (MeV) L (MeV) m*/m G (fm?)
Hadronic 0.15 —-16.0 31 50 0.68 e
Ghosh2022 [105] [0.14, 0.17] [-16.2,—15.8] [200, 300] [28, 34] [40, 70] [0.55, 0.75] [0, 300]

matter particle (m,) to be in a narrow range of 937.993 <
m, < 938.783 [51]. We set m,, = 938.0 MeV. We further
add self-interactions between DM particles mediated
via vector gauge field V,. The energy density of DM is
given by

eDM:_/F’ 1/1<2+mde+ Gn2,  (6)

where

3
av )2 k3.
G=|—]|, =—=Z. 7
<mv> " 32 )
Here, gy is the coupling strength, and my, is the mass of the

vector boson. From this, we obtain u, = /k7 + m}+
X

Gn,. We add this contribution (epy) to the energy density
of hadronic matter (¢,,,) to get the total energy density
(e = €oym + epm) and calculate the pressure using Eq. (3).
We vary the baryon density (n, =n,+n,+n,) and
compute the EOS using the conditions in Egs. (4)
and py = p,.

In our work, we consider neutron dark decay only in the
core. The outer crust is mostly composed of nuclei. For the
assumed range of the DM particle mass, the decay of
neutrons within nuclei is forbidden [103]. Hence, we do not
consider any neutron dark decay in the crust. In the inner
crust, a fraction of neutrons drip out of nuclei; however, the
abundance of free neutrons is much less than that in the
core. Therefore, in this work, we neglect the neutron decay
in the crust.

We discuss various relevant timescales involving
dark decay, chemical equilibrium, and f-mode oscillations.
The resolution of the neutron decay anomaly model
mandates the neutron decay timescale to be 100 times
the f-decay timescale (~15 min), which amounts to a few
hours (see [104] for a detailed discussion). This is much
smaller compared to the typical age of old
NSs = 10°~10% yr. Thus, chemical equilibrium is estab-
lished in NSs. The typical f-mode oscillation frequency for
NSs is in kilohertz, i.e., timescale is in milliseconds. Thus,
DM would fall out of chemical equilibrium while under-
going oscillations. For the DM to also undergo oscillations
we need to check the timescale of kinetic equilibration
between the DM and the ordinary matter via transfer of
energy and momentum. Since these fluids interact via
gravity, this happens over gravitational timescale which for

a typical NS of M=14My; and R=12km is
~1//Gpys = O(1073) s which is less than the oscillation
timescale. Thus, the system remains in kinetic equilibrium
during the oscillations.

Husain et al. (2022) [50] showed that the decay process
could result in a system having temperature of O(1) MeV
which is much smaller compared to the Fermi momenta of
either components. Hence, we use 7= 0 EOS for both
nuclear matter and DM. During the NS evolution, nuclear
matter would cool down to form a degenerate Fermi sea.
Since the DM is coupled with neutrons and establishes
chemical equilibrium with it, the DM too eventually forms
a degenerate Fermi sea within hours, thus establishing
thermal equilibrium well within the NS timescale.

3. Choice of parameters

We have a total of eight coupling parameters in this
model, six from the hadronic model (g,, 9y g,» b> ¢, Ay)
and two (gy, my) from the DM model. We set the hadronic
couplings using experimental and observational data, as
explained below.

The hadronic model couplings are fixed by fitting
nuclear empirical data at saturation density. Of these, the
isoscalar couplings (g,, g,, b, ¢) are set by the nuclear
saturation parameters 7, FEop K and m*/m. The
isovector couplings (g, and A,) are fixed using the
symmetry energy parameters J and L. Thus, we fix the
nuclear empirical parameters within known uncertainties to
generate a particular hadronic EOS. We jointly call the set
of nuclear empirical parameters “{nuc}.” For the case
where we fix the nucleonic EOS and study the variation of
J modes with G, we fix the nuclear parameters to fixed
values as mentioned in Table I. We call this case “hadronic”
in this work. The choice of nuclear parameters is made so
that the corresponding purely hadronic EOS falls in the
chiral effective field theory (yEFT) band for pure neutron
matter, as in [94], and forms NSs consistent with recent
constraints from observational data of maximum NS mass
and tidal deformability. This is one set of parameters
satisfying these constraints and there is nothing special
about it. We choose this as a representative case as the focus
is on the effect of DM parameters. These constraints are
described at the end of this section.

Next, to study the correlations and universal relations,
we first vary the parameters within the range of uncertain-
ties allowed by nuclear experimental data [1,105,106] as
given in Table I. We call this range of variation
“Ghosh2022” in this work. The PREX II experiment
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FIG. 1. The equations of state for DM admixed hadronic matter

with variation of G parameter. Hadronic parametrization (see
Table I) is used for the hadronic matter. The black curve denotes
the purely hadronic case.

suggests higher values of L [107]. However, we find that
such values are inconsistent with the yEFT predictions. The
same applies to values of m*/m lower than the given range.

Since the two DM parameters appear as gy/my in the
EOS, we explicitly vary only the parameter G = (g, /my)>.
In our previous work [51], we imposed an updated lower
limit on this parameter G, demanding consistency with the
observation of NSs with a mass larger than 2M . This
resulted in a value of G > 6 fm?. This parameter can also
be related to the DM self-interaction cross section (o), for
which we have constraints from astrophysical observations
as 0.1 < ¢/m < 10 [cm?/g] [108-110]. This translates to
limits on G given by 30 < G <300 fm?. In the first case,
we keep G > 11 fm? to keep NS mass larger than 2M .
For large values of G, the DM fraction is observed to be
very low, and we do not get any effect of DM. The EOS is
asymptotically that of purely hadronic EOS. Thus, in the
other case (Ghosh2022), where we vary all parameters, we
fix the upper limit of the range to 300 fm?. This is also
consistent with ¢/m < 10 cm?/g.

To begin, we make some preliminary plots for the
model considered. In Fig. 1, we plot the equations of
state for fixed nuclear parameters and different values of
G. We use hadronic parametrization (see Table I) for the
hadronic matter. The EOS for purely hadronic matter is
shown in black. We then add the DM contribution.
The EOS is soft when G is low. As we increase the value
of G, the EOS asymptotically reaches the pure hadronic
EOS. This is because the DM fraction decreases with
increasing G. We show the equations of state with G = 11,
15, 30, 100, and 300 fm?2. Self-interaction increases the
energy density and makes it energetically more expensive

to create DM particles. This is also consistent with the
previous study [51].

We only consider those equations of state consistent
with yEFT at low density (n,/ny~ 0.4-1.2). For any
given nuclear parametrization, we generate pure neutron
matter EOS and check if the binding energy per nucleon
falls in the band predicted by yEFT. If it does, we proceed
to generate EOS for the matter with admixed DM. For
every generated EOS, we consider two astrophysical
constraints in this work: the corresponding star after
solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions should have a maximum mass greater than 2M
[111] and the tidal deformability (defined in Sec. I[I B 1) of
the 1.4M, star should be compatible with the estimate
from the GW170817 event [61], i.e., less than 800 [66,67]
(Aram, < 800). We call these constraints “Astro” from
hereon.

B. Macroscopic properties

In this section, we provide the details of the formalism
used to calculate macroscopic NS properties includ-
ing observables like mass, radius, tidal deformability,
DM fraction (Sec. IIB 1), and f-mode characteristics
(Sec. IIB 2).

1. Calculation of NS observables

After varying the parameters and generating EOS, we
use this EOS to compute for macroscopic properties of NS
like mass (M), radius (R), and tidal deformability (A). We
consider a spherically symmetric nonrotating NS for which
the line element is given by

ds? = —e 2242 + e dr? + 2dQ2.

The macroscopic properties are obtained by solving the
TOV equations

d

d_r;z = 4zxrle(r),

dp dd
ar —(p(r) +€(r))ﬁ»

along with the metric functions [112,113]. In this model,
since DM particles are in chemical equilibrium with
neutrons, the DM density profiles follow that of hadronic
matter, and we get a single fluidlike system. For this reason,
we use the single fluid TOV formalism.

The TOV equations can be solved when supplemented
with the EOS p = p(¢). The boundary conditions used
while solving TOV equations are m(r=0)=0, P(r=R) =0,
and ®(r = R) = jlog(1 — 244). The metric function v(r) is

givenby e2(") = TSm0y Thus, by varying the central baryon
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FIG. 2. The M-R curves corresponding to equations of state in
Fig. 1. Hadronic parametrization (see Table I) is used for the
hadronic matter. The black curves denote the purely hadronic
case. The 1o joint M—R contour for the two components (“M1”
and “M2”) of the GW 170817 binary are shown by the gray patch
[67]. “Miller+” and “Riley+" are 1o contours derived from the
NICER data of pulsar PSR J0030 + 0451 by two independent
analyses [57,58], respectively. The green and yellow bands
correspond to mass measurements of the heaviest pulsars known,
M =2.0720587 of PSR J0740 + 6620 [111] and M = 2.01700}
of PSR J0348 + 0432 [118], respectively.

density, we get different solutions/configurations. R then
defines the radius of the stars and m(r = R) = M is the total
mass of the star. We do not need to mention a separate central
density or DM fraction for DM, as the chemical equilibrium
with the dark sector fixes the DM density. We calculate the

dimensionless tidal deformability A = %% by solving for
the tidal Love number k, simultaneously with TOV equa-
tions as done in [114-117]. Here, C is the dimensionless
compactness C = M/R.

The DM fraction is defined as the ratio of the mass of
DM in the star to the total mass of the star fpy = M, /M.
This quantity is fixed for a given configuration and can be

computed as

o f§ €DMdV

fDM_ f(fedV

©)

For the equations of state shown in Fig. 1, the corre-
sponding mass-radius curves is plotted in Fig. 2 after
solving the TOV equations (8). The black curve denotes the
purely hadronic NS and has a maximum mass of 2.41M
and Ry 4y, = 12.92 km. It can be seen that lower values of
G lead to configurations with low masses and radii, and the
curve approaches the pure hadronic one upon increasing G.
We show curves for G > 11 fm? as they are consistent
with the 2-solar-mass constraint. These also agree with the

mass-radius constraint from the GW170817 event [67]
(gray patch) as well as NICER measurements [57,58]
(green ellipses). We show the bands for the heaviest known
pulsars [111,118] in the figure for reference. These results
are also consistent with our previous study [51].

2. Calculation of f modes

As indicated by Thorne and Campolattaro [70], among
the various quasinormal modes of NSs, the nonradial
fundamental mode (f modes) serves as a primary
source of GW emission. Extensive efforts have been
dedicated to developing methodologies for determining
mode characteristics, including the resonance matching
method [119], direct integration method [120,121],
method of continued fraction [122,123], and the
Wentzel-Kramers-Brillouin approximation [124]. While
the relativistic Cowling approximation has been widely
used in some studies to find mode frequency by neglecting
metric perturbation, several important works [90,125,126]
underscore the importance of incorporating a linearized
general relativistic treatment. These studies conclude that
the Cowling approximation overestimates the f-mode
frequency by approximately 30% compared to the fre-
quency obtained within the framework of a general
relativistic treatment.

In this study, we determine the mode parameters by
solving perturbations within the framework of linearized
general relativistic treatment. We work in the single fluid
formalism and employ the direct integration method, as
outlined in previous works [90,121,123], to solve the f-
mode frequency of NSs. Essentially, the coupled perturba-
tion equations for perturbed metric and fluid variables are
integrated throughout the NS interior, adhering to appro-
priate boundary conditions [123]. Subsequently, outside the
star, the fluid variables are set to zero, and Zerilli’s wave
equation [127] is integrated to far away from the star. A
search is then conducted for the complex f-mode frequency
(v =2xf + f) corresponding to the outgoing wave solu-
tion of Zerilli’s equation at infinity. The real part of w
signifies the f-mode angular frequency, while the imagi-
nary part denotes the damping time. Numerical methods
developed in our previous work [90] are employed for
extracting the mode characteristics. We refer to
Appendix A for more details of the calculation.

III. RESULTS

First, we check the effect of the inclusion of DM on f
modes. We then study the effect of DM self-interaction on
the f-mode frequencies and damping timescales, keeping
the nuclear parameters fixed. We then vary all the param-
eters ({nuc} + G) and check the validity of f-mode
universal relations for DM admixed NSs. Finally, we
perform a correlation study to look for any physical
correlations.
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FIG. 3. The f-mode frequency (f) as a function of (a) NS mass (M), (b) compactness (C), and (c) tidal deformability (A) for the

equations of state from Fig. 1 compatible with astrophysical constraints as described in Sec. II A 3. Hadronic parametrization (see
Table 1) is used for the hadronic matter. The black curves denote the purely hadronic case. The green and yellow bands correspond to
mass measurements of the heaviest pulsars known, M = 2.0727%7 of PSR J0740 + 6620 [111] and M = 2.011J0; of PSR J0348 +

0432 [118], respectively.

A. Effect of dark matter I: Variation of
DM self-interaction

This section focuses solely on the DM self-interaction
parameter G. To study the impact of the admixture of DM
on the f modes, we plot the f-mode (I = 2) frequencies as
a function of mass (M), compactness (C), and dimensional
tidal deformability (A) of DM admixed NSs in Fig. 3. We
use the same equations of state shown in Fig. 1. The bands
for the heaviest known pulsars [111,118] have been shown
in the figure for reference. The black curves represent the
purely hadronic case. The maximum f-mode frequency
corresponding to the maximum mass configuration for the
hadronic case is 2.18 kHz and that for a canonical
configuration of 1.4M is 1.66 kHz. The frequencies
increase with mass. We show the f-mode frequency
profiles for DM admixed NS for selected values of G
(G = 11, 15, 30, 100, and 300 fm?). The inclusion of DM
increases the f-mode oscillation frequency for a fixed mass
configuration. This was also observed in Ref. [91].
The oscillation frequency is higher for denser objects as
it scales linearly with the square root of average density (see
Sec. III D). For configurations of fixed total mass, we see
that the DM admixed NS has a lower radius and, hence,
higher average density, leading to higher f-mode fre-
quency. We see that, as we increase G, the frequency
reduces. We also observe that the increase in frequency is
higher for higher mass configurations.

We see a similar trend when we plot the frequencies
against compactness. The frequencies increase with C.
Compactness is more easily measurable, as the gravita-
tional redshift that the observed thermal x-ray spectrum
undergoes depends on the compactness [128]. For fixed C,
we observe that NSs with DM have higher f-mode
frequencies, which become smaller as we increase G.
Furthermore, we plot the f modes as a function of A.
The frequencies decrease with an increase in A. For a fixed

A, the frequency with DM is higher, which decreases with
an increase in G. Since it is known that the DM fraction
(fpm) reduces with an increase in G, we can conclude that
f-mode frequency increases with an increase in fpy;. We
will explore this in more detail later in this section.

Parallelly, we also calculate the damping times of these
[ =2 fundamental QNMs for each case. We plot the
damping time 7 against M, C, and A in Fig. 4. The black
curves denote the purely hadronic case. The z correspond-
ing to the maximum mass and canonical 1.4M configu-
rations are 0.15 and 0.26 s, respectively. We see an opposite
trend as compared to the frequency. This is expected as 7 is
the inverse of the imaginary part of the complex eigenfre-
quency. The damping time 7 decreases with increasing M,
C and increases with increasing A. The damping time 7 for
a DM admixed NS is lower than that of a purely hadronic
NS. For a configuration of fixed M, C, and A, the damping
time increases with an increase in G. We can conclude that
the f-mode damping time reduces with an increase in fpy.
f-mode frequencies are expected to be detected with good
accuracy with the improved sensitivity of GW detectors.
However, this is not the case with damping time [71]. We
explore f-mode universal relations in Sec. III D, which can
help measure damping time as well.

We now investigate the effect of DM self-interaction (G)
in more detail. We keep the nuclear parameters fixed to
hadronic (see Table I) and now vary G continuously. To
check the effect of G on f-mode characteristics, we plot the
f-mode frequencies fiau,, f1am,> f1emes f1sm,, and
faom, for the 1.2Mg (blue), 1.4My (orange), 1.6Mq
(green), 1.8M (red), and 2.0M (violet) configurations
of DM admixed NSs as well as their corresponding
damping times T1oMy» TlaMys T16Mos T18Mg» ADA Toopr,
as a function of G in Fig. 5. The dotted lines indicate the
value for the corresponding purely hadronic case for each
mass configuration. The vertical dash-dotted line represents
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FIG. 4. The f-mode damping time (z) as a function of (a) NS mass (M), (b) compactness (C), and (c) tidal deformability (A) for the
equations of state from Fig. 1 compatible with astrophysical constraints as described in Sec. II A 3. Hadronic parametrization (see
Table I) is used for the hadronic matter. The black curves denote the purely hadronic case. The green and yellow bands correspond to
mass measurements of the heaviest pulsars known, M = 2.0727J%7 of PSR J0740 + 6620 [111] and M = 2.011J0; of PSR J0348 +

0432 [118], respectively.

the value G = 11 fm?. Only for G greater than this value do
we get configurations that satisfy the 2-solar-mass con-
straint. The vertical dashed line represents G = 29.8 fm?
which corresponds to the lower bound on the DM self-
interaction cross section ¢/m > 0.1 cm?> coming from
astrophysical observations [51]. We observe that we get
high (low) frequencies (damping times) for small values
of G. The strongest influence of G is in the region
G <10 fm?>. The frequency (damping time) falls
(rises) up to about G ~ 50 fm? and saturates beyond it.
These numbers are not unique, as it depends on the
hadronic EOS being used. The values here correspond to
the hadronic model and are linked to the interaction
strength between nucleons via mesons (nucleon-meson

— M=12M, |

§ —— M =14M,

§ —— M =1.6M, |

| —— M =18M,

—— M =20M, |
0o 100 200 300

G (fm?)

FIG. 5.

coupling). The reason for the sharp (decrease) of f-mode
frequency (damping time) for G < 10 fm? is because of
the sharp increase in the DM particle fraction in this
region. This can be seen from Fig. 7 of [51]. The DM
fraction saturates to zero beyond G = 50 fm? which also
explains why the f-mode parameters saturate beyond
this point.

To see the effect of G on both f and z simultaneously for
different mass configurations, we make a scatter plot (see
Fig. 6) in the f—7 plane. We show the result for 1.2M,
14Mq, 1.6M,, 1.8My, and 2M configurations. The
colors indicate log;, (G/fm?) as the variation is resolved
better on a log scale. The points for each configuration lie
on a curve marked by solid red lines. This is also seen in the

0.35 ;
|
0.30t
0.25 /
|
= 0.201
&
0.15»/ /
; — M=12M, —— M=18M,
0.10F 0+ —— M=14My, — M=20M, ]
| —— M =16M,
0.054 100 200 300
G (fm?)

(a) f-mode frequency (f) and (b) damping time (z) of 1.2M, 1.4My, 1.6M, 1.8M, and 2.0M ; DM admixed NS as a

function of the self-interaction strength (G). The nuclear EOS parameters are as given by the hadronic set in Table I. The horizontal
dotted lines for each configuration represent the values of the purely hadronic NS. The 2M, maximum mass condition for NSs is
satisfied by values of G to the right of the vertical dash-dotted line. The vertical dashed line represents the lower limit of G coming from

the astrophysical constraint ¢/m > 0.1 cm?/g [51].
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FIG. 6. f-mode frequency-damping time scatter plot for
1.2Mg, 1.4M, 1.6My, 1.8M, and 2.0M configurations of
DM admixed NS. The color indicates the self-interaction strength
(G) on a log scale. The EOS parameters are as given by the
hadronic set in Table I. The red curves are obtained from the
universal relation between f and 7 [see Eq. (10)]. The black curve
represents the f—z curve for purely hadronic EOS (no DM). The
black stars on it mark the points corresponding to the mass
configurations considered in this plot.

case of purely hadronic NSs when the underlying hadronic
EOS is varied.

In our earlier work [90], a fitting function was obtained
for the mass-scaled f-mode frequency and 7, given as

Moy =S (M), (10

where @, = 2z f is the real part of the eigenfrequency and
w; = 1/7 is the imaginary part. Universal relations will be
explored in more detail in Sec. III D. The red curves are
plotted using this relation with the fitting coefficients (y;)
from [90], where they were fit for nucleonic and hyperonic
matter. We see that the (f, 7) relations obtained when G is
varied lie perfectly on the universal relations introducing a
degeneracy with nuclear parameters. Thus, simultaneous
observation of f and 7 can constrain G only if the
underlying nuclear saturation parameters are known to a
good precision.

In Fig. 7, we plot f and 7 as a function of DM fraction
(fpm)- The configurations shown in this figure correspond
to the same curves as in Fig. 5. The stars shown indicate the
purely hadronic case (corresponds to fpy = 0) for each
mass configuration. The vertical dashed line corresponds to
fom = 13.7%. This is an upper limit of the DM fraction as
obtained in our previous work [51] considering astrophysi-
cal constraint ¢/m > 0.1 cm?/g for DM self-interactions.
f(r) is seen to increase (decrease) with fpy. This is
expected as fpy is known to decrease with increasing

2.25/
N :
= 2.00f |
“— i

1.75»:%5— 1.2M,,

n ; ; 27 14M®

| —— 1.6M,

0.3' E_ 18M@

w \ —— 2.0M

s P

0 5 10 15 20
fD]W(%>

FIG. 7. f-mode frequency (f) and the corresponding damping
time () as a function of DM fraction for 1.2M g, 1.4M ¢, 1.6M,
1.8M, and 2.0M ¢, configurations of DM admixed NS. The EOS
parameters are as given by the hadronic set in Table I. The stars
represent the value for the purely hadronic case (fpy = 0). The
vertical dashed line represents upper limit on DM fraction
(fom < 13.7%) obtained from ¢/m > 0.1 cm?/g [51].

G. However, in contrast to G, we see a linear variation of
the f-mode parameters with fpy-

The lines appear parallel except for a slight deviation for
the 2M 4, case for large fpy. This can be explained as large
Jfpm corresponds to low value of G and soft equations of
state. Since we add a filter of 2M o, these equations of state
have maximum mass near 2M 5. From Fig. 3, it is clear that
the variation of f-mode characteristics differ near the
maximal mass configuration, as mass becomes constant,
while f increases. Thus, we expect deviation in trend near
2M. The shifts in the lines can be attributed to the
difference in f-mode frequencies (and damping time) for
different mass configurations of the purely hadronic NS.
Thus, we define a quantity Af as the difference between the
frequency f of a DM admixed NS and that of the purely
hadronic NS with the same nuclear parameters given as

Af(M’fDM):f(M’fDM)_f(M’O)’ (11)

Az(M, fom) = ©(M, fpm) —7(M,0). (12)

The dependence of f and 7 on the underlying microscopic
parameters ({nuc}) and G is implicit in these equations.
The dependence on G is only through fpy. fpm also
depends on M. We will explore these relations in detail
later. Also, at this stage, we cannot say whether A f and Az
depend on the nuclear saturation parameters.
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FIG. 8. Top: Af(M;)/\/M; as a function of fp obtained by

varying G and fixing the nuclear parameters to Hadronic (refer
Table I). The gray and blue lines are linear and quadratic fits given
by Egs. (13) and (14). The fit coefficients are reported in Table II.
Bottom: percent error for the two fits.

When we plot Af and Az as a function of fpy (not
shown here), we obtained straight lines with different
slopes for different mass configurations. Analyzing the
effect of mass, we find that the slope is proportional to /M
for Af and M2 for Az. Thus, we expect Af//M and
M?Arz to fall on a straight line. To test this, we take about 50
equations of state corresponding to different values of G
uniformly spaced between 11 and 300 fm?. All these EOS
are consistent with the constraints considered in this work.
As we discussed, there is a deviation of trend near 2M g, so
we restrict to the mass range of [1,1.9] M while studying
these relations. We take 500 mass values (M;) within this
range and compute Af(M;)//M; and M?At(M;) as a
function of fpy(G). We plot these in Figs. 8 and 9,
respectively.

Figure 8 shows that we get a tight relation between
Af/v/M and fpy. We perform linear and quadratic fits to
it, given by

Af(M. fom) = VM(Cyy fom[%])]. (13)

Af(M, fom) = VM(Cpafoml%)] + Cp3(foml%])?).  (14)

Cy; are the fitting parameters. M is in units of My, and
fpwm|%] is the percentage of DM fraction. We impose the
condition that for Af(M, fpy = 0) =0, i.e., fpm should
correspond to purely hadronic NS. This fixes the zeroth
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= —0.10}
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<b]
IS
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FIG. 9. Top: M?>Az(M) as a function of fpy obtained by
varying G and fixing the nuclear parameters to hadronic (refer
Table I). The blue line is a linear fit given by Eq. (15). The fit
coefficients are reported in Table II. Bottom: the percent error for
the linear fit.

order term, independent of fpy, to zero, which then has not
been considered in the fit. The fit coefficients are reported
in Table II along with the coefficient of determination (R?).
The bottom panel shows the absolute percent error (defined
as 100 x |Ag/q| for any quantity ¢). We see the linear
curve fits to an accuracy of 15%. This relation can be used
to estimate the increase in f-mode frequency of a DM
admixed NS for any given mass configuration and DM
fraction. Using the fitting coefficient, we can approximate
Af(M, fom) = 1.3vV/Mfpy. We improve the fit by con-
sidering a quadratic function and get a tighter relation with
an accuracy within 5% and an improved RZ.

Figure 9 shows that we also get a tight relation between
and M?Az(M;) and fpy. T for DM admixed NS is less than
that in the hadronic case. Hence, Az is negative and
decreases further with more DM fraction. We observe it
is roughly a linear fit and fit the following function:

At(M, fom) = M72(Cofpu[%)). (15)

TABLEIL  Fitting coefficients for Egs. (13)—(15). Cy; have the
unit kHz//M. C, has the units of M% s. R? is the coefficient of
determination, measuring the goodness of each fit.

Model Cfl (10_2) sz (10_2) Cf3 (10_4) Cr (10_3)

Hadronic 1.26 £0.05 1.10+£0.14 1.78 £1.42 -7.88 £0.49
R? 0.9942 0.9994 0.9991

063025-10



EFFECTS OF DARK MATTER ON f-MODE OSCILLATIONS ...

PHYS. REV. D 110, 063025 (2024)

1.0 15 2.0 25
Mass (M)

FIG. 10. Posteriors of f-mode frequency (f) and damping time
(7) as a function of NS mass after passing through the yEFT and
Astro constraints as outlined in Sec. I A3. The curves are
generated by varying all the microscopic parameters as per the
range Ghosh2022 from Table 1. Note that all the curves are
plotted with the same steel blue color. The opaqueness varies with
the number of overlapping curves.

C, is the fitting coefficient. M is in units of M. Again, we
impose (A7(M, fpy = 0) = 0) and drop the leading zeroth
order term. The fitting coefficient is reported in Table II.
We can approximate the relation as Az(M,fpy) =
—0.8M72fpm. The bottom panel shows that the errors
are within 5% for fpy 2 0.01 and go beyond 20% for
lower DM fractions. Any dependence of the relations
(13)=(15) on {nuc}, if any, is via the fitting parameters.
We explore this dependence in Appendix B, where we
conclude that Egs. (13)—(15) hold for any hadronic EOS,
but the fitting coefficients depend on {nuc}.

B. Effect of dark matter II: Variation of all parameters

So far, we kept the nuclear parameters fixed and varied
only G. We now vary all the parameters ({nuc} + G)
simultaneously and uniformly within their uncertainty
ranges. These ranges are given by Ghosh2022 of Table I.
We solve for the complex eigenfrequencies for ~6500
equations of state satisfying yEFT and Astro constraints.

We plot the f-mode frequency and the damping times for
this posterior ensemble as a function of mass in Fig. 10. We
get aband in the f—M and 7—M planes. We checked that this
overlaps with the band obtained by varying the nuclear
parameters without the inclusion of DM. This demonstrates
that a degeneracy exists between nuclear parameters and
DM. The reason for this is that the effect of DM is to soften
the EOS, and we impose a 2M , cutoff which filters out these

0.3r linear fit
cubic fit
0.2+
=
2
0.1¢
0.0 ;
S 20}
B}
&O -
0 o . Mo N E
0.0 0.1 0.2 0.3
M/G (Mo /fm?)
FIG. 11. Top: the DM fraction (fpy) as a function of M/G

obtained by varying all the parameters in the range Ghosh2022
(refer Table I). The gray and blue lines are linear and cubic fits
given by Egs. (16) and (17), respectively. The fit coefficients are
reported in Table III. Bottom: the percent error for the two fits.

soft equations of state. The second reason is that, in this
model, we establish a chemical equilibrium between the
neutron and DM particle. Thus, the overall effect is just that
of adding an extra degree of freedom throughout the NS. So
the band overlaps with one with zero DM. This degeneracy
must be considered while constraining the microphysics
from future detections of f modes from compact objects and
implies that the presence of DM in NSs cannot be ruled out.

For this posterior set, we find that f lies within the range
[1.55, 2.0] and [1.67, 2.55] kHz for the 1.4M, and 2M
configurations, respectively. The corresponding ranges for
rare [0.18,0.30] and [0.13, 0.20] s, respectively. We expect
similar ranges for purely hadronic NSs given the degen-
eracy mentioned above. For completeness, we consider
~3000 nuclear equations of state with zero DM and vary all
the nuclear parameters to check the ranges without DM.
For this case, f lies within the range [1.56, 2.0] and
[1.68, 2.56] kHz for the 1.4M and 2M, configurations,
respectively. The corresponding ranges for z are [0.18,
0.29] and [0.13, 0.19] s, respectively. The ranges are similar
to those with DM as expected.

In the previous section, we noticed the dependence of A f
and Az on fpy. The DM fraction depends on G as well as
on the mass of the star. We consider the same posterior
sample as generated above. We take 500 mass values in the
range [1,2] M and calculate fp), for each mass configu-
ration M; for all the equations of state. We find a linear
dependence of fpy on 1/G for each mass value M;, with
larger slopes for larger M. Analyzing the data, we find that
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TABLE III.  Values of fitting coefficients for Egs. (16) and (17).
R? is the coefficient of determination, measuring the goodness of
each fit.

Model O o Gl
Ghosh22 [105] 1.03 1.20 -3 6

+0.02 £0.05 +1 +4
R? 0.9876 0.9972

the slope increases roughly linearly with mass. Hence, we
make a plot of fpy as a function of M/G (see Fig. 11) and
get a fairly good relation.

We perform linear and cubic fits of the form

fom = C, (%) (16)

fom =G, (%) + C; (%)2 +C4 (%)3 (17)

C; are the fitting coefficients. M and G are in units of M
and fm?, respectively. Note that we have varied all the
microscopic parameters here, making the relation obtained
for fpm(M,G) universal. Given a DM self-interaction
strength value, the DM fraction in a DM admixed NS of
a given mass configuration is independent of the hadronic
EOS. We recover purely hadronic NS as asymptotically
large values of G, i.e., limg_ fpm = 0. This fixes the
leading zeroth order term to be zero.

The fit coefficients are reported in Table III. The linear
relation fits to an accuracy of 30%. For M/G =
0.04M%/fm? the fit is within 20%. The cubic relation
stays within an error of 20%. Since we vary all the
parameters, we encounter higher DM fractions (up to
30%). This is in line with the upper limit on fy of 37.9%
found in our previous study [51]. These are the EOS with
stiff hadronic EOS with low G, i.e., with a high amount of
DM. The cases with larger fpy are filtered out as they lead
to very soft EOS violating the 2M , pulsar mass constraint.
This filter results in fewer points on the right side of this
plot. The coefficient of the linear fit is close to 1. Adopting
the linear relation, we get an approximate relation as

()

which can used as a quick estimator of the dark matter
fraction. We can also use this in Eqgs. (13)—(15) to
determine the change in f-mode frequency and damping
time in terms of mass configuration and self-interaction
strength.

C. Correlation studies

Having studied the effect of DM, we now perform a
correlation study to check the effect of microscopic

parameters on NS observables, particularly the f-mode
parameters. We consider the nuclear parameters {nuc} and
DM interaction strength G for the microscopic parameters.
For NS observables, we consider the maximum mass
(M hax), the radius, and the tidal deformability of a
14Mg star (Ryap,s Aiam,) and 2Mq star (Ryy s
Aoy,). Also, for the f-mode observables, we consider
the frequency and damping time of a 1.4Mg star (f .43
Ty4m,) and 2M g star (foy 5 7o, ). We also consider the
corresponding DM fractions  (fpm,1.4m,5 fpmon,)- The
correlation between any two parameters (x, y) is calculated
using Pearson’s coefficient for linear correlation (r(x,y))
given by

o y) — cov(x,y) 19
() \/cov(x,x)cov(y,yf (19)

N
where cov(x,y) = %Z(xi -X)(-y). (20)
i—1

We study the correlations by varying all the nuclear
parameters in the range Ghosh2022. We also check
how correlations change if the effective mass m*/m is
precisely known, as it is the most dominant parameter.
For each case, we apply all the yEFT, 2M, pulsar
mass, and the tidal deformability constraint from
GW170817.

1. Variation of all parameters

The variation range of the nuclear and DM parameters
are given in Table I labeled by Ghosh2022. The correlation
matrix among the {nuc}, G, and NS properties resulting
after consideration of yEFT, 2M, pulsar mass, and
GW170817 constraints is displayed in Fig. 12. We make
the following observations:

(i) We find a strong correlation between J and L (0.69).
This is expected due to yEFT constraints and is
consistent with previous studies.

(ii) The effective mass m*/m shows a strong correlation
with the NS properties and f-mode characteristics
for both 1.4M and 2M stars. The correlation of
m*/m with the NS properties is consistent with
previous studies [4,105,106]. F-mode characteristics
in turn depend on these macroscopic properties (see
Sec. [II D), which explains the strong correlation of
m*/m with f-mode parameters. The saturation
density n, shows a moderate correlation with
1.4M , properties.

(iii) All NS observables are strongly correlated with each
other as well as with f-mode observables.

(iv) The DM fraction for both 1.4My and 2M, stars
strongly correlates with the DM self-interaction
parameter G (0.71 and 0.69, respectively). This is
consistent with our previous finding of Eq. (18) that
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FIG. 12. Correlation matrix showing the correlations among the nuclear parameters, DM interaction parameter, NS observables and
the f-mode characteristics. Correlations are obtained after applying the yEFT, GW170817, and 2M, pulsar mass constraints. The

parameter range is given in Table I.

Sfom ~ 1/G. Further, fpmiam, and fpmou, are
perfectly correlated, which also follows from
Eq. (18) (fpomaom, = 2fpm.14m,/14) since G is
fixed for a given EOS.

(v) G, fom.1.4m,5 SDM2M, dO nOt show correlations with

any other parameters.

The posterior distribution of the dominant parameters is
discussed in Appendix C. We find that 90% quantiles for
Som1.am, and fpmo, are 3.97% and 5.79%, respectively.
Thus, the model prefers only low DM fractions. In
Appendix C, we also discuss how the posteriors are
affected when a filter of higher pulsar mass of M =
2.3M, is used. This is motivated by the recent observation
of a heavy black widow pulsar PSR J0952-0607 [129]. We
find that the existence of a NS with mass as high as 2.3M
restricts the DM fraction to even lower values. The 90%
quantiles for fpy; 14m, and fpmou, reduce to 3.03% and
4.29%, respectively. Thus, heavy NSs disfavor the presence
of DM in NSs. This is because the presence of DM softens
the EOS, and the higher masses filter out soft equations
of state.

We also check the effect of fixing E,, and J to —16 and
31 MeV, respectively (not shown). This is checked as these
parameters are well constrained from experiments. This
leads to a moderate correlation of L with NS observables
and m* /m. The effective mass m*/m remains the dominant
parameter dictating the NS macroscopic properties. We
infer from this study that the NS and f-mode observables
are affected mainly by the nuclear parameter m*/m. Given
the uncertainty of the nuclear parameters, we do not find
strong correlations of any observables with the DM
interaction strength G.

2. Fixing m*/m

It is observed that m*/m has the strongest correlations
with the NS observables. We check the effect on correlation
in case future experiments measure the nuclear equation of
state at high densities, i.e., the effective mass parameter in
our approach, precisely. This could help constrain the DM
self-interaction parameter G better. We consider three
different values for the effective mass: 0.6, 0.65, and
0.7, capturing the stiff, intermediate, and soft cases of
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FIG. 13. The average correlation of G with NS observables is

plotted when the effective mass (m*/m) is fixed to different
values. We consider the values 0.60, 0.65, and 0.70 for the
effective mass, corresponding to a stiff, intermediate, and soft
EOS, respectively.

EOS, respectively. Here, we focus on how the overall
correlation of G is affected when m*/m is fixed to different
values. For this, we take the average of the correlation of G
with all the observables mentioned above. The detailed
correlations for these cases are displayed in Appendix D.
We define “average correlation” as the arithmetic mean of
correlation of G with all the observables namely, R, A, f, 7
of 1.4M and 2M , configurations and M ... We plot this
average correlation as a function of m*/m in Fig. 13. Note,
these numbers are only to see the dominance of G in
dictating the NS observables when m*/m is fixed.

We find that, when m*/m is fixed to 0.60, the average
correlation of G is 0.58. The correlation reduces to 0.42 and
0.37 as m*/m is increased to 0.65 and 0.70, respectively.
Thus, the correlation decreases with an increased fixed
value of m*/m. Lower m*/m corresponds to stiffer EOS.
This leads to a hadronic EOS with a large maximum mass.
This makes it possible for DM to soften the EOS, making it
an important parameter to dictate the maximum mass and
other observables. So we get more distinguishing power for
stiffer equations of state compared to the softer ones.
However, when m*/m is high, the hadronic NS has a
lower maximum mass to begin with. As DM is known to
reduce the maximum mass, we can have only a restricted
amount of allowed DM (corresponding to a restricted range
of G), keeping the total mass above 2M . It is because of
this restriction in range imposed by the maximum mass
condition that the relative importance of the G reduces with
increasing m*/m. The detailed comparison of each corre-
lation of G and the other nuclear parameters when m*/m is
fixed can be found in Appendix D.

. —— Fit

Pradhan+ 2022
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FIG. 14. f-mode frequency as a function of average density.

0.03

D. Universal relations

We check some universal relations involving f-mode
frequency and damping time. It was shown by Andersson
and Kokkotas [130,131] that the f-mode frequency is a
function of the average density. The relation between the f-
mode frequency and density is of the form

f(kHz) = a + b\/g, (21)

where M is the total mass of the star, and R is its radius. The
parameters a and b give the best-fit coefficients. Such fits
were obtained by [90,132] for f modes calculated in full-
GR setup. We plot f as a function of the square root of the
average density in Fig. 14. We get a linear relation as
expected. We plot the previously obtained best-fit line [90]
with a = 0.535 kHz and b = 36.20 kHz-km. This relation
between f and M/R? is rather model dependent, and we do
not get a tight relation. We perform our own fit as our model
includes DM. The fitting coefficients obtained are a =
0.630 kHz and b = 333.544 kHz-km. These coefficients
are tabulated in Table I'V. We also include results from other
previous work in the table that derived the fitting coef-
ficients for f modes calculated in full-GR setup. The fit in
this work corresponds to the case of DM admixed NS f

TABLE IV. Values of fitting coefficients for Eq. (21) from
different works.

Work a (kHz) b (kHz km)
Andersson and Kokkotas [131] 0.22 4751
Benhar et al. [133] 0.79 33
Pradhan et al. 2022 [90] 0.535 36.2
This work 0.630 33.54
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FIG. 15. Mass-scaled complex f-mode frequency as a function

of compactness. The upper panel shows the real part (Mw,)
representing the mass-scaled frequency and the lower panel
shows the imaginary part (Mw;) denoting the damping time
Mw; = M/7).

modes in a full-GR setup. A previous work [91] also
performed this kind of fit for DM admixed NS but for a
different DM model within the Cowling approximation.
There are other relations that are model independent
that we call universal relations. It was shown in Ref. [131]
that both components of the complex eigenfrequency
(w = w, + iw;) when scaled with mass (M) show a tight
correlation with compactness. Here, w, = 2z f is the f-
mode angular frequency, and w; = 1/7 is the inverse of
damping time. These universal relations are of the form

Mw, = ay + a,C + a,C?,

Ma),- = b0C4 + b1C5 + szG. (22)
Here C = M/R is the dimensionless compactness. The
parameters a; and b; are obtained by performing a best-fit
analysis. Reference [90] obtained such a fit using a large set
of nuclear EOS and hyperonic EOS. We plot Mw, and Mw;
as a function of compactness in Fig. 15. We also plot the
best-fit relation as obtained in [90] and find the DM
admixed NSs agree with the universal relation.

Another universal relation exists between the mass-
scaled complex f-mode frequency and the dimensionless
tidal deformability [134-136]. This is given by

Mo = ai(lnA)'. (23)

We plot Mw, and M, as a function of In A in Fig. 16. The
DM admixed NSs considered here are found to follow these
relations. The fitting coefficients obtained in [90] are only
for In A < 8. Here, we plot it for higher values, where the fit

5.0 75
In (A)

25

FIG. 16. Mass-scaled complex f-mode frequency as a function
of tidal deformability. The upper panel shows the real part (Mw,)
representing the mass-scaled frequency and the lower panel
shows the imaginary part (Mw;) denoting the mass-scaled
damping time (Mw; = M /7).

appears to diverge from the universal relation. We note that
this relation is the most tight universal relation among all
cases studied.

There also exists a universal relation between the mass-
scaled frequency and mass-scaled damping time [Eq. (10)]
which was already explored in Sec. III A. The red curves in
Fig. 6 are obtained using this relation for 1.2M, 1.4M,
1.6My, 1.8M, and 2.0M configurations where the fit
coefficients used are provided in Table VI of [90]. From
this, we infer that the NS admixed DM f-mode character-
istics also obey this universal relation.

We conclude that, for the DM model considered here,
DM admixed NSs follow the existing universal relations of
Jf modes. It is, therefore, evident that, in f-mode detections,
DM admixed NSs can masquerade as purely hadronic
neutron stars, and one needs to look beyond GR effects to
lift the degeneracy.

IV. DISCUSSIONS

In this work, we perform a systematic investigation of
the nonradial quadrupolar fundamental modes of oscilla-
tions of DM admixed NSs within the full general relativistic
framework. For the hadronic matter EOS, we use the
phenomenological relativistic mean-field model with
nucleons strongly interacting via the exchange of mesons.
We consider the model based on neutron decay anomaly for
DM, which allows for a large DM fraction within NSs.
Assuming a chemical equilibrium between the neutron and
the DM particle, we solve for the structure equations,
f-mode oscillation frequency, and damping time for DM
admixed NSs in a single fluid formalism. We only consider
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those hadronic microscopic parameters that are consistent
with the chiral effective field theory calculations at low
densities and follow the astrophysical constraints from the
present electromagnetic and gravitational wave data.

We first studied the effect of the inclusion of DM on
f-mode oscillation of NSs. We fixed the hadronic EOS and
found that the f-mode frequency for a given mass con-
figuration increases when we include DM within the NS.
The effect is similar when we consider configurations of
fixed compactness and tidal deformability. The change in
the f-mode characteristic is higher for high mass, high
compactness, and low tidal deformability configurations.
The effect is similar to that of a softer EOS since we know
that the inclusion of DM softens the EOS. The opposite
effect is seen for the damping time (z), where 7 reduces
upon the inclusion of DM. Similar to frequency, the change
in damping time is higher for high mass, compactness, and
low tidal deformability configurations.

We then checked the effect of DM self-interaction
strength (G) and DM fraction (fpy) on f-mode character-
istics. As G is varied, we found that f(r) decreases
(increases) with an increase in G. The opposite effect is
seen when considering fpy. This is expected, as we know
Jfpwum to be less for larger G, which results in a stiffer EOS.
Larger G increases the energy cost to create DM particles,
resulting in less DM fraction and stiffer EOS, which is
closer to the purely hadronic case. When G is varied and the
resulting characteristics are plotted on the f—z plane, it is
seen to follow the universal mass-scaled f—r relation. We
found that, in contrast to G, f and 7 vary linearly with fpy.

We explore this dependence in detail. We defined a
quantity Af and Az where we subtract out the effect from
the purely hadronic part (fpy = 0). Analyzing these
quantities, we derived a relation for them in terms of the
DM fraction fpy and the mass configuration. We found
that Af ~/M(afpy +bfhy), and At ~—fpy/M>.
These are new relations and directly tell the effect on
the change in the f-mode frequency and damping time for
any mass configuration and DM fraction. These relations
hold for any hadronic EOS; only the coefficients change.

We then systematically varied all the nuclear and DM
parameters simultaneously. Correspondingly, we got
a band in the f—M and 7—M plane. This band is the same
as that we get just from the variation of nuclear parameters
without DM, demonstrating the degeneracy between NS
and DM admixed NS, which needs to be considered while
constraining models from f-mode observations. The range
of fiam, and foy  is [1.55,2.0] and [1.67,2.55] kHz,
respectively, and that for 7, 4 and 7,y is [0.18, 0.30] and
[0.13, 0.20] s respectively. We further found a relation
between the DM fraction (fpy), the star’s gravitational
mass (M), and the self-interaction parameter (G) as
fom = 1.03(M/My) (fm?/G). This relation is universal
and predicts the DM fraction of a DM admixed NS of mass
M with DM self-interacting with strength G.

For this set of equations of state, we also checked for
physical correlations. Keeping only those equations of state
consistent with the yEFT calculations at low densities and
also satisfying the astrophysical constraints of 2M and the
tidal deformability from GW170817, we looked for any
physical correlations between microscopic nuclear and DM
parameters and NS macroscopic observables. Among the
DM parameters, we found a strong correlation only
between fpy and G. This is consistent with our previous
analysis, where we obtained fpy ~ 1/G. From the pos-
terior distribution, we obtain the 90% quantiles for
JSom.1.am, and fpmo, are 3.97% and 5.79%, respectively.
Thus, only low DM fractions are favored. Our analysis
shows that observations of heavy NSs disfavor the presence
of DM for the considered DM model and may rule out the
presence of DM. The effective mass is the most dominant
parameter to dictate the macroscopic properties. For this
reason, we checked the correlations in case m*/m, i.e., the
nuclear equation of state, is precisely measured in future
experiments. Upon fixing m*/m to 0.6, we found an
emergence of a strong correlation for n; and G. As we
increase the value of m*/m to 0.65 and 0.7 (stiff to soft
EOS), the correlation of G weakens and that of n, and other
nuclear parameters, K, and L strengthens. In such a case, G
becomes the next dominant parameter to dictate the
maximum mass.

Finally, we used this set of EOS to check the universal
relations of f modes. We fitted a linear relation between f
and the square root of average density (M /R?) and reported
the fitting coefficients for the DM admixed NSs. We then
checked the universal relations of the f-mode character-
istics with compactness and tidal deformability. These are
found to follow the previously known relations for neutron
stars without DM and reiterate the degeneracy between NS
models and DM admixed NS models.

This work explores the f-mode characteristics of DM
admixed NSs in a full-GR setup for the DM model
considered. A parallel study [92] calculating f modes
for DM admixed NSs appeared recently. They adopt a
different model where the DM interactions are mediated
via the Higgs boson. The effect of DM on f-mode
frequency and damping time is consistent with what
we observe, i.e., f(r) increases (decreases) with an
increase in the amount of DM. One previous work [91]
that studied these f modes adopted the Cowling approxi-
mation and used select equations of state. They also
employ a different DM model. Another work [93] that
studied oscillations of DM admixed NS in full relativistic
setup simulates the evolution dynamically and focuses
only on the radial pulsations. In summary, the results
presented in our investigation are important in light of
future BNS merger events expected from upcoming GW
observations, which will enable tighter constraints on f-
mode frequencies and their role in delineating the con-
straints on DM models.
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APPENDIX A: DIFFERENTIAL EQUATIONS FOR
SOLVING THE NONRADIAL QUASINORMAL
MODES OF COMPACT STARS

Here, we present the basic equations that need to be
solved for finding the complex QNM frequencies.

1. Perturbations inside the star
The perturbed metric (dsf,) can be written as [70]

dsy, = ds* + hy,dx"dx”. (A1)

Following the arguments given in Thorne and
Campolattaro [70], we focus on the even-parity (polar)
perturbations for which the GW and matter perturbations
are coupled. Then £, can be expressed as [70,123]

r'He*®  ior'™'H, 0 0
ior't"H, r'He* 0 0 .
h y — Y l(l)t
g 0 0 K 0
0 0 0 r*Ksin’6

(A2)

where Y/, are spherical harmonics. H, H,, K are perturbed
metric functions and vary with r [ie, H = H(r),
H, = H,(r), K = K(r)]. The Lagrangian displacement
vector § = (£, ¢%,¢?) associated with the polar perturba-
tions of the fluid can be characterized as

!
(= r—e_ﬁW(r)Y,lne"“”,
,

- oY/

0 _ V m zwt’
¢ r? ()5 20 ¢
—r! oY!
b= V() S it A3
r2sin% @ Sl ve o ’ (A3)

where W, V are amplitudes of the radial and transverse fluid
perturbations. The equations governing these perturbation
functions and the metric perturbations inside the star are
given by [123]

dH 1 2m
d—l I+1+— 62/1+477:I’2 2’%p—e)]H,
,
1
+—e¥[H + K + 16x(p +¢€)V], (A4)
.
dK_1(1+1) 1 I+1 do
H, +-H- K
dr - 2r l—‘_r < r dr>
8
+ 7” (p+e)e'w, (A5)
d 1 (141 1 [+ 1
—W:re’1 —e X — ( —Z )V——H—K il W,
dr Yp r 2 r
(A6)

I(1+1) | 3do
20 - -
re T, )H1+<2r 2dr>K

1 et d (e dd
—;[a) 2¢+4ﬂ(p+€)e —r2—<—2—>}W

I(1+ 1) d
-~ vy, A7
r> dr ] (A7)
{1 —3—m—m—4ﬂr2p]H—87zr2e_q’X
r 2
(I+1 do
{l—ﬁ—a)z 2e72® UG —2|— )—(r—3m—47rr3p)g]l(
B _ [(I+1)dD
+r2e {a)ze 2 (2r )dr]Hl 0, (A8)
etd (p+e)
—0x p p H| —
[ +E er—i— > (p+e)V=0
(A9)
where X is introduced as [120,123]
We®dp 1
2 —oy _ ap _ 2 @
X=w(p+ee®V — 2(p—|—€)e H,
(A10)

m = m(r) is the enclosed mass of the star, and y is the
adiabatic index defined as

While solving the differential equations (A4)—(A7) along
with the algebraic equations (A8) and (A9), we have to
impose proper boundary conditions, i.e., the perturbation
functions are finite throughout the interior of the star

(A11)
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(particularly at the center, i.e., at r = 0) and the perturbed
pressure (Ap) vanishes at the surface. Function values at
the center of the star can be found using the Taylor series
expansion method described in Appendix B of [120] (see
also Appendix A of [123]). The vanishing perturbed
pressure at the stellar surface is equivalent to the condition
X(R) =0 (as Ap = —rle=®X). We followed the procedure
described in [120] to find the unique solution for a given
value of [ and w satisfying all the boundary conditions
inside the star.

2. Perturbations outside the star and complex
eigenfrequencies

The perturbations outside the star are described by the
Zerilli equation [127],

d*z

Fro w*Z=V,Z,

(A12)

where r, = r +2mlog(s- —1) is the tortoise coordinate
and V, is defined as [127]

2(r —2m)
V., = 2 1 3
27 Pnr+3m)? [*(n+Dr

+3n°mr? 4+ 9nm?r + 9m3], (A13)

where n =1 (I +2)(I - 1). Asymptotically the wave sol-
ution to (A12) can be expressed as (Al4),

Z= A(w)zin + B(a))zout’

Jj=00 Jj=00
Zow=e"r Z ajrt, Zy=e“" Y airi. (Al4)
Jj=0 j=0
Keeping terms up to j = 2, one finds
a = —L(n + 1)ay, (A15)

»
-1 ) 2
? =5 nn+1) — 13Mw<1 —l—;)}ao. (A16)

For initial boundary values of Zerilli functions, we
use the method described in [121,123,137]. Setting
m = M and perturbed fluid variables to 0 (i.e., W =V =
0) outside the star, connection between the metric
functions (A2) with Zerilli function [Z in Eq. (A12)] can

be written as
r'K VA
<r1+1H]> —Q<gi>, (A17)

n(n+1)r*+3nMr+6M> 1

0= r*(nr+3M)
nr2=3nMr-3M> r?
(r=2M)(nr+3M) r—2M

The initial boundary values of Zerilli functions are
fixed using (A17). Then, the Zerilli equation (Al2) is
integrated numerically to infinity, and the complex coef-
ficients A(w), B(w) are obtained matching the analytic
expressions for Z and (‘j—i with the numerically obtained

value of Z and j—rZ. The natural frequencies of an oscillating

neutron star, which are not driven by incoming gravita-
tional radiation, represent the quasinormal mode frequen-
cies. Mathematically, we have to find the complex roots of
A(w) =0, representing the complex eigenfrequencies
of QNMs.

APPENDIX B: RELATIONS FOR Af AND At

In Sec. IIT A, we found fit relations for Af and Az as a
function of mass of NS admixed DM and percentage of
DM [see Egs. (14) and (15)]. We found that Af « v/M and
At o« M=% with a quadratic and linear dependence on
fpm|%)], respectively. We reported the fit coefficients in
Table II. However, here the hadronic EOS was fixed.
We need to verify (i) whether the relations [see Eqgs. (14)
and (15)] hold when the hadronic EOS is changed and,
if it does, (ii) whether the fitting coefficients (Cy; and C;)
change.

We had used the hadronic parametrization before (see
Table I) with m*/m = 0.68. To change the hadronic EOS,
we choose two additional values of m*/m (0.63 and 0.65)
and check the relations, since m*/m is known to control the
stiffness of the EOS and is the most dominant nuclear
empirical parameter. This is the only reason why we
consider different values of m*/m and there is nothing
special about the chosen values. We only consider the
quadratic fit for Af as it was seen to be a better fit, having
an accuracy under 5%.

We plot Af/M and M?Az as a function of fpy[%] in
Figs. 17 and 18, respectively. Blue color represents
m*/m = 0.62, green color represents m*/m = 0.65, and
orange color represents m*/m = 0.68, which is the same
case as discussed in Sec. IIT A. Lower m*/m values lead to
stiffer EOS, allowing for larger DM fractions, as can be
seen in the figure. We find that the relations (14) and (15)
hold for these as well. All these fits agree within ~5%
accuracy. The fit coefficients, however, change and are
tabulated in Table V. For the case Af, the slope is higher for
softer EOS, i.e., the change in f-mode frequency f for a
fixed value fpy is higher in the case of softer EOS. The
opposite effect is seen in case of damping time 7. The
decrease in f-mode damping time is less in the case of soft
EOS for a given fraction of DM in NS.

063025-18



EFFECTS OF DARK MATTER ON f-MODE OSCILLATIONS ...

PHYS. REV. D 110, 063025 (2024)

0.3F

0.2¢

0.1r

Af/VI (kHz//T)

<
o o

% error

0 o “10 20
fou (%)

FIG. 17. Top: Af(M)/v/M as a function of fpy obtained by
varying G. Three scatter plots correspond to three values of
m*/m. The other nuclear parameters are fixed to hadronic (refer
Table I). Curves of the same color are the best-fit curves to the
corresponding scatter plot given by Eq. (14). The fit coefficients
are reported in Table V. Bottom: percent error for the fits.
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FIG. 18. Top: M*>At(M) as a function of fpy obtained by

varying G. Three scatter plots correspond to three values of
m*/m. The other nuclear parameters are fixed to hadronic (refer
Table I). Curves of the same color are the best-fit curves to the
corresponding scatter plot given by Eq. (15). The fit coefficients
are reported in Table V. Bottom: percent error for the fits.

TABLE V. Fitting coefficients for Egs. (14) and (15). Cy; are
given in units of kHz/\/Mg, C, in units of M2 s. m*/m is varied
and the rest of the nuclear parameters used are from the hadronic
setup (see Table I).

m*/m Cf2 (XIO_Z) C/3 (X10_4) C‘r (X10_3)

0.62 1.01 £0.11 1.22 +0.87 —-8.80 £ 0.39
0.65 1.05 £0.12 1.44 £1.03 —-8.33 £0.42
0.68 1.10 £ 0.14 1.78 £ 1.42 —7.88 £0.49

We conclude that the relation of Egs. (14) and (15) holds
for different hadronic equations of state. We also conclude
that (i) Af grows as /M and quadratically with fpy; as
(afpm + bfy), and (i) Az is proportional to M~ and
decreases linearly with fpy;. The fitting coefficients depend
on the hadronic EOS; hence, the fit is not a universal
relation.

APPENDIX C: POSTERIOR DISTRIBUTIONS

In order to understand the correlations better, we plot the
posterior distribution of the effective mass (m*/m) DM
self-interaction parameter (G), NS observables (R 4y,
Aramys Roomy> Naomy), DM fraction  (fpm.iam,.
Sfpmam,), and f-mode characteristics (fiam,, Tram,-
Jam,s Tam,) obtained after applying all the filters (yEFT,
2M 5, and GW170817) in Fig. 19. The vertical lines in the
1D distribution denote the middle 68% range. We make the
following observations:

(i) m*/m shows correlation with all the parameters
shown except with DM parameters: G and DM
fractions (fpm.1.4m, and fpmom,)-

(i) G is not seen to be constrained after applying all the
filters and remains uncorrelated except in the case
with DM fraction. We observe an inverse relation of
fom with G, which is explored in more detail in
Sec. I B.

Giii) R, A, f, and 7 exhibit tight relations among
themselves. A is known to depend on R though

the equation A = %% We showed that the mass-
scaled f-mode characteristics follow a tight relation
with A as given by Eq. (23). Combining these
relations, we expect the f-mode characteristics to
be related to the radius.

(iv) The DM fraction of both 1.4M and 2M;, DM
admixed NSs are restricted to lower values resulting
in positively skewed distribution peaking at
Som = 0. The 90% quantile for fpyj4p, and
Somam, 18 3.97% and 5.79%, respectively. This
suggests that the current constraints favor a lower
DM fraction. A tight relation is seen between
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FIG. 19. Corner plot showing posterior of select parameters, namely: effective mass (m*/m), DM self-interaction (G), NS observables
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are obtained after applying the yEFT, GW 170817, and 2M, constraints. The vertical lines and values denote the median and the middle
68% range of the distribution. The parameter range is given in Table L

Som1.4m, and fpmon, - This is in accordance with
the relation (16) explored in detail earlier in
this work.

We also check the effect of imposing a larger maximum
mass constraint. A recent analysis of the black widow
pulsar, PSR J0952-0607 [129], resulted in a high pulsar
mass of M = 2.35 £ 0.17M . However, this system is very

rapidly rotating with a period of P = 1.41 ms, which
means that the lower limit imposed by this on the maximum
mass of nonrotating stars would be lower than 2.35M
[138]. To check the effect of a higher M,,, constraint, we
checked the effect on posteriors if the maximum mass limit
of NSs was 2.3M . The plot is not shown here. We see the
following differences:
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(1) The posteriors show the same qualitative features,
only the ranges change.

(ii) Higher values of m*/m and lower values of G are

unfavored. This is expected as these result in soft-

ening of EOS and a higher mass limit filters
these out.

G remains unconstrained.

Low values of R, A, 7 and high values of f get

filtered out as expected.

(v) The DM fraction remains positively skewed with
peak at 0%. The 90% quantile for fpyj4p, and
JSpmam, reduces to 3.03% and 4.29%, respectively.
This is because, now that a higher maximum mass is
required, higher DM fractions are unfavored as they
soften the EOS. So observation of heavier NSs is a
way to rule out the presence of DM.

(iii)
(iv)

APPENDIX D: FIXED m*/m

We check the correlations here, keeping the effective
mass fixed to three values: 0.6, 0.65, and 0.7. We plot the
correlations for these cases in Figs. 20-22 respectively. We
draw the following conclusions from these plots:

(i) We find an emergence of correlations of NS ob-
servables with n, and G. These are the next
dominant parameters after the effective mass. The
correlation of G with M, is higher than the other
observables.

(ii) For m*/m = 0.6, G is moderately correlated with all
the NS observables and strongest with M, (0.84).
The maximum mass is dictated by G alone. The

XEFT + Astro(2Mg, + GW170817), m* = 0.6my
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FIG. 20. Correlation matrix showing the correlations among the
nuclear parameters, DM interaction parameter, NS observables and
the f-mode characteristics. Correlations are obtained after applying
the yEFT, GW170817 and 2M, constraints. m*/m is fixed to
0.6. The range of the rest of the parameters is given in Table I.
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FIG. 21. Correlation matrix showing the correlations among the

nuclear parameters, DM interaction parameter, NS observables and
the f-mode characteristics. Correlations are obtained after applying
the yEFT, GW170817, and 2M, constraints. m*/m is fixed to
0.65. The range of the rest of the parameters is given in Table I.

correlation with 2M ; properties is larger than that of
1.4M . This shows that G has a greater effect at
high densities. All other nuclear parameters are
uncorrelated.

(iii) Correlation of G reduces with increasing m*/m and
that of n increases. This is because lower effective

1.0
0.8

Mo -06

Riam,
Avang,
fram,
T1.4M,

-0.4

R, 0.2
Aong,
fom,,

T2M¢,
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FIG.22. Correlation matrix showing the correlations among the
nuclear parameters, DM interaction parameter, NS observables
and the f-mode characteristics. Correlations are obtained after
applying the yEFT, GW170817, and 2M constraints. m*/m is
fixed to 0.7. The range of the rest of the parameters is given in
Table I.
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mass leads to stiffer EOS, and G is known to soften
it. Since we add a cut of 2M ,, the already soft EOS
(higher m*/m) gets filtered out upon adding DM.
Hence, we get a higher correlation for lower effec-
tive mass.

(iv) Nuclear parameters show moderate correlation with
NS observables as we increase m*/m. Eg, stays
completely uncorrelated (x0) in all the cases.

(v) All NS observables remain strongly correlated with

each other.

The effect of G is only to soften the EOS. Hence,
for larger values of effective mass, when the maximum
mass of the purely hadronic NS is already low, G cannot
have much impact since we add a 2M cutoff. This
explains the reduction in correlations of G as m*/m is
increased.

[1] M. Oertel, M. Hempel, T. Kldhn, and S. Typel, Equations
of state for supernovae and compact stars, Rev. Mod. Phys.
89, 015007 (2017).

[2] J. Lattimer, Neutron stars and the nuclear matter equation
of state, Annu. Rev. Nucl. Part. Sci. 71, 433 (2021).

[3] G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song, and
T. Takatsuka, From hadrons to quarks in neutron stars: A
review, Rep. Prog. Phys. 81, 056902 (2018).

[4] S. Shirke, S. Ghosh, and D. Chatterjee, Constraining the
equation of state of hybrid stars using recent information
from multidisciplinary physics, Astrophys. J. 944, 7
(2023).

[5] M. Baryakhtar et al., Dark matter in extreme astrophysical
environments, arXiv:2203.07984.

[6] J. Bramante and N. Raj, Dark matter in compact stars,
Phys. Rep. 1052, 1 (2024).

[71 W.H. Press and D.N. Spergel, Capture by the sun of a
galactic population of weakly interacting, massive par-
ticles, Astrophys. J. 296, 679 (1985).

[8] L. M. Krauss, M. Srednicki, and F. Wilczek, Solar system
constraints and signatures for dark-matter candidates,
Phys. Rev. D 33, 2079 (1986).

[9] A. Gould, Resonant enhancements in weakly interacting
massive particle capture by the Earth, Astrophys. J. 321,
571 (1987).

[10] A. Gould, Direct and indirect capture of weakly interacting
massive particles by the Earth, Astrophys. J. 328, 919
(1988).

[11] L. Tolos and J. Schaffner-Bielich, Dark compact planets,
Phys. Rev. D 92, 123002 (2015).

[12] Z. Rezaei, Study of dark-matter admixed neutron stars
using the equation of state from the rotational curves of
galaxies, Astrophys. J. 835, 33 (2017).

[13] M. Deliyergiyev, A. Del Popolo, L. Tolos, M. Le Delliou,
X. Lee, and F. Burgio, Dark compact objects: An extensive
overview, Phys. Rev. D 99, 063015 (2019).

[14] J. Ellis, G. Hiitsi, K. Kannike, L. Marzola, M. Raidal, and
V. Vaskonen, Dark matter effects on neutron star proper-
ties, Phys. Rev. D 97, 123007 (2018).

[15] A.E. Nelson, S. Reddy, and D. Zhou, Dark halos around
neutron stars and gravitational waves, J. Cosmol. Astro-
part. Phys. 07 (2019) 012.

[16] S. A. Bhat and A. Paul, Cooling of dark-matter admixed
neutron stars with density-dependent equation of state, Eur.
Phys. J. C 80, 544 (2020).

[17] H.C. Das, A. Kumar, B. Kumar, S.K. Biswal, T.
Nakatsukasa, A. Li, and S. K. Patra, Effects of dark matter
on the nuclear and neutron star matter, Mon. Not. R.
Astron. Soc. 495, 4893 (2020).

[18] O. Ivanytskyi, V. Sagun, and I. Lopes, Neutron stars: New
constraints on asymmetric dark matter, Phys. Rev. D 102,
063028 (2020).

[19] F. Di Giovanni, S. Fakhry, N. Sanchis-Gual, J.C.
Degollado, and J. A. Font, Dynamical formation and
stability of fermion-boson stars, Phys. Rev. D 102,
084063 (2020).

[20] B. Kain, Dark matter admixed neutron stars, Phys. Rev. D
103, 043009 (2021).

[21] D. Sen and A. Guha, Implications of feebly interacting
dark sector on neutron star properties and constraints
from GW170817, Mon. Not. R. Astron. Soc. 504, 3354
(2021).

[22] H.C. Das, A. Kumar, and S. K. Patra, Effects of dark
matter on the in-spiral properties of the binary neutron
stars, Mon. Not. R. Astron. Soc. 507, 4053 (2021).

[23] D. Rafiei Karkevandi, S. Shakeri, V. Sagun, and O.
Ivanytskyi, Bosonic dark matter in neutron stars and its
effect on gravitational wave signal, Phys. Rev. D 105,
023001 (2022).

[24] H.C. Das, A. Kumar, B. Kumar, and S. K. Patra, Dark
matter effects on the compact star properties, Galaxies 10,
14 (2022).

[25] A. Das, T. Malik, and A. C. Nayak, Dark matter admixed
neutron star properties in light of gravitational wave
observations: A two fluid approach, Phys. Rev. D 105,
123034 (2022).

[26] Y. Dengler, J. Schaffner-Bielich, and L. Tolos, Second
Love number of dark compact planets and neutron stars
with dark matter, Phys. Rev. D 105, 043013 (2022).

[27] K.-L. Leung, M.-c. Chu, and L.-M. Lin, Tidal deform-
ability of dark matter admixed neutron stars, Phys. Rev. D
105, 123010 (2022).

[28] O. Lourengo, C.H. Lenzi, T. Frederico, and M. Dutra,
Dark matter effects on tidal deformabilities and moment of
inertia in a hadronic model with short-range correlations,
Phys. Rev. D 106, 043010 (2022).

[29] Z. Miao, Y. Zhu, A. Li, and F. Huang, Dark matter
admixed neutron star properties in the light of x-ray
pulse profile observations, Astrophys. J. 936, 69
(2022).

063025-22


https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1146/annurev-nucl-102419-124827
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.3847/1538-4357/acac31
https://doi.org/10.3847/1538-4357/acac31
https://arXiv.org/abs/2203.07984
https://doi.org/10.1016/j.physrep.2023.12.001
https://doi.org/10.1086/163485
https://doi.org/10.1103/PhysRevD.33.2079
https://doi.org/10.1086/165653
https://doi.org/10.1086/165653
https://doi.org/10.1086/166347
https://doi.org/10.1086/166347
https://doi.org/10.1103/PhysRevD.92.123002
https://doi.org/10.1088/1361-6528/aa5273
https://doi.org/10.1103/PhysRevD.99.063015
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1140/epjc/s10052-020-8072-x
https://doi.org/10.1140/epjc/s10052-020-8072-x
https://doi.org/10.1093/mnras/staa1435
https://doi.org/10.1093/mnras/staa1435
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.1103/PhysRevD.102.084063
https://doi.org/10.1103/PhysRevD.102.084063
https://doi.org/10.1103/PhysRevD.103.043009
https://doi.org/10.1103/PhysRevD.103.043009
https://doi.org/10.1093/mnras/stab1056
https://doi.org/10.1093/mnras/stab1056
https://doi.org/10.1093/mnras/stab2387
https://doi.org/10.1103/PhysRevD.105.023001
https://doi.org/10.1103/PhysRevD.105.023001
https://doi.org/10.3390/galaxies10010014
https://doi.org/10.3390/galaxies10010014
https://doi.org/10.1103/PhysRevD.105.123034
https://doi.org/10.1103/PhysRevD.105.123034
https://doi.org/10.1103/PhysRevD.105.043013
https://doi.org/10.1103/PhysRevD.105.123010
https://doi.org/10.1103/PhysRevD.105.123010
https://doi.org/10.1103/PhysRevD.106.043010
https://doi.org/10.3847/1538-4357/ac8544
https://doi.org/10.3847/1538-4357/ac8544

EFFECTS OF DARK MATTER ON f-MODE OSCILLATIONS ...

PHYS. REV. D 110, 063025 (2024)

[30] M. Collier, D. Croon, and R.K. Leane, Tidal Love
numbers of novel and admixed celestial objects, Phys.
Rev. D 106, 123027 (2022).

[31] M. Dutra, C.H. Lenzi, and O. Lourenco, Dark particle
mass effects on neutron star properties from a short-range
correlated hadronic model, Mon. Not. R. Astron. Soc. 517,
4265 (2022).

[32] N. Rutherford, G. Raaijmakers, C. Prescod-Weinstein, and
A. Watts, Constraining bosonic asymmetric dark matter
with neutron star mass-radius measurements, Phys. Rev. D
107, 103051 (2023).

[33] M. Hippert, E. Dillingham, H. Tan, D. Curtin, J. Noronha-
Hostler, and N. Yunes, Dark matter or regular matter in
neutron stars? How to tell the difference from the coa-
lescence of compact objects, Phys. Rev. D 107, 115028
(2023).

[34] E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia,
and T. Dietrich, The effects of self-interacting bosonic dark
matter on neutron star properties, Astrophys. J. 953, 115
(2023).

[35] R.F. Diedrichs, N. Becker, C. Jockel, J.-E. Christian, L.
Sagunski, and J. Schaffner-Bielich, Tidal deformability of
fermion-boson stars: Neutron stars admixed with ultralight
dark matter, Phys. Rev. D 108, 064009 (2023).

[36] P. Routaray, A. Quddus, K. Chakravarti, and B. Kumar,
Probing the impact of WIMP dark matter on universal
relations, GW170817 posterior, and radial oscillations,
Mon. Not. R. Astron. Soc. 525, 5492 (2023).

[37] C. Jockel and L. Sagunski, Fermion Proca stars: Vector-
dark-matter-admixed neutron stars, Particles 7, 52 (2024).

[38] M. Mariani, C. Albertus, M. d.R. Alessandroni, M. G.
Orsaria, M. A. Pérez-Garcia, and 1. F. Ranea-Sandoval,
Constraining self-interacting fermionic dark matter in
admixed neutron stars using multimessenger astronomy,
Mon. Not. R. Astron. Soc. 527, 6795 (2024).

[39] E. Giangrandi, A. Avila, V. Sagun, O. Ivanytskyi, and C.
Providéncia, The impact of asymmetric dark matter on the
thermal evolution of nucleonic and hyperonic compact
stars, Particles 7, 179 (2024).

[40] P. Thakur, T. Malik, A. Das, T. K. Jha, and C. Providéncia,
Exploring robust correlations between fermionic dark
matter model parameters and neutron star properties: A
two-fluid perspective, Phys. Rev. D 109, 043030 (2024).

[41] S. Shakeri and D. R. Karkevandi, Bosonic dark matter in
light of the NICER precise mass-radius measurements,
Phys. Rev. D 109, 043029 (2024).

[42] D. Rafiei Karkevandi, M. Shahrbaf, S. Shakeri, and S.
Typel, Exploring the distribution and impact of bosonic
dark matter in neutron stars, Particles 7, 201 (2024).

[43] H.-M. Liu, J.-B. Wei, Z.-H. Li, G. F. Burgio, H. C. Das,
and H. J. Schulze, Dark matter effects on the properties of
neutron stars: Compactness and tidal deformability, Phys.
Rev. D 110, 023024 (2024).

[44] M. Emma, F. Schianchi, F. Pannarale, V. Sagun, and T.
Dietrich, Numerical simulations of dark matter admixed
neutron star binaries, Particles 5, 273 (2022).

[45] A. Bauswein, G. Guo, J. Lien-Hua, Y.-H. Lin, and M.-R.
Wu, Compact dark objects in neutron star mergers, Phys.
Rev. D 107, 083002 (2023).

[46] H.R. Riiter, V. Sagun, W. Tichy, and T. Dietrich, Quasie-
quilibrium configurations of binary systems of dark
matter admixed neutron stars, Phys. Rev. D 108,
124080 (2023).

[47] R. Bernabei, P. Belli, F. Cappella, R. Cerulli, C. Dai, A.
d’Angelo, H. He, A. Incicchitti, H. Kuang, J. Ma et al.,
First results from DAMA/LIBRA and the combined results
with DAMA/Nal, Eur. Phys. J. C 56, 333 (2008).

[48] T. Motta, P. Guichon, and A. Thomas, Neutron to dark
matter decay in neutron stars, Int. J. Mod. Phys. A 33,
1844020 (2018).

[49] T. Motta, P. Guichon, and A. Thomas, Implications of
neutron star properties for the existence of light dark
matter, J. Phys. G 45, 05SLTO1 (2018).

[50] W. Husain, T. F. Motta, and A. W. Thomas, Consequences
of neutron decay inside neutron stars, J. Cosmol. Astropart.
Phys. 10 (2022) 028.

[51] S. Shirke, S. Ghosh, D. Chatterjee, L. Sagunski, and J.
Schaffner-Bielich, R-modes as a new probe of dark matter
in neutron stars, J. Cosmol. Astropart. Phys. 12 (2023)
008.

[52] S. Gardner and M. Zakeri, Probing dark sectors with
neutron stars, Universe 10, 67 (2024).

[53] B. Fornal and B. Grinstein, Dark matter interpretation of
the neutron decay anomaly, Phys. Rev. Lett. 120, 191801
(2018).

[54] J. M. Berryman, S. Gardner, and M. Zakeri, Neutron stars
with baryon number violation, probing dark sectors,
Symmetry 14, 518 (2022).

[55] A. Lyne and F. Graham-Smith, Pulsar Astronomy (Cam-
bridge University Press, Cambridge, England, 2012),
10.1017/CB09780511844584.

[56] S. Ascenzi, V. Graber, and N. Rea, Neutron-star measure-
ments in the multi-messenger era, Astropart. Phys. 158,
102935 (2024).

[57] T.E. Riley, A.L. Watts, S. Bogdanov, P.S. Ray, R. M.
Ludlam, S. Guillot, Z. Arzoumanian, C.L. Baker, A. V.
Bilous, D. Chakrabarty, K. C. Gendreau, A. K. Harding,
W.C.G. Ho, J.M. Lattimer, S. M. Morsink, and T.E.
Strohmayer, A NICER view of PSR JO030 + 0451: Milli-
second pulsar parameter estimation, Astrophys. J. Lett.
887, L21 (2019).

[58] M. C. Miller et al., PSR JO030 + 0451 mass and radius
from NICER data and implications for the properties of
neutron star matter, Astrophys. J. Lett. 887, L.24 (2019).

[59] T.E. Riley et al., A NICER view of the massive pulsar
PSR J0740 + 6620 informed by radio timing and XMM-
Newton spectroscopy, Astrophys. J. Lett. 918, L27
(2021).

[60] M. C. Miller et al., The radius of PSR J0740 + 6620 from
NICER and XMM-Newton data, Astrophys. J. Lett. 918,
L28 (2021).

[61] B.P. Abbott er al. (LIGO Scientific Collaboration and
Virgo Collaboration), GW170817: Observation of gravi-
tational waves from a binary neutron star inspiral, Phys.
Rev. Lett. 119, 161101 (2017).

[62] B.P. Abbott et al., GW190425: Observation of a compact
binary coalescence with total mass ~3.4M, Astrophys. J.
Lett. 892, L3 (2020).

063025-23


https://doi.org/10.1103/PhysRevD.106.123027
https://doi.org/10.1103/PhysRevD.106.123027
https://doi.org/10.1093/mnras/stac2986
https://doi.org/10.1093/mnras/stac2986
https://doi.org/10.1103/PhysRevD.107.103051
https://doi.org/10.1103/PhysRevD.107.103051
https://doi.org/10.1103/PhysRevD.107.115028
https://doi.org/10.1103/PhysRevD.107.115028
https://doi.org/10.3847/1538-4357/ace104
https://doi.org/10.3847/1538-4357/ace104
https://doi.org/10.1103/PhysRevD.108.064009
https://doi.org/10.1093/mnras/stad2628
https://doi.org/10.3390/particles7010004
https://doi.org/10.1093/mnras/stad3658
https://doi.org/10.3390/particles7010010
https://doi.org/10.1103/PhysRevD.109.043030
https://doi.org/10.1103/PhysRevD.109.043029
https://doi.org/10.3390/particles7010011
https://doi.org/10.1103/PhysRevD.110.023024
https://doi.org/10.1103/PhysRevD.110.023024
https://doi.org/10.3390/particles5030024
https://doi.org/10.1103/PhysRevD.107.083002
https://doi.org/10.1103/PhysRevD.107.083002
https://doi.org/10.1103/PhysRevD.108.124080
https://doi.org/10.1103/PhysRevD.108.124080
https://doi.org/10.1140/epjc/s10052-008-0662-y
https://doi.org/10.1142/S0217751X18440207
https://doi.org/10.1142/S0217751X18440207
https://doi.org/10.1088/1361-6471/aab689
https://doi.org/10.1088/1475-7516/2022/10/028
https://doi.org/10.1088/1475-7516/2022/10/028
https://doi.org/10.1088/1475-7516/2023/12/008
https://doi.org/10.1088/1475-7516/2023/12/008
https://doi.org/10.3390/universe10020067
https://doi.org/10.1103/PhysRevLett.120.191801
https://doi.org/10.1103/PhysRevLett.120.191801
https://doi.org/10.3390/sym14030518
https://doi.org/10.1017/CBO9780511844584
https://doi.org/10.1016/j.astropartphys.2024.102935
https://doi.org/10.1016/j.astropartphys.2024.102935
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.3847/2041-8213/ab75f5

SWARNIM SHIRKE et al.

PHYS. REV. D 110, 063025 (2024)

[63] R. Abbott et al., Observation of gravitational waves from
two neutron star-black hole coalescences, Astrophys. J.
Lett. 915, L5 (2021).

[64] B.P. Abbott et al., Gravitational waves and gamma-rays
from a binary neutron star merger: GW170817 and GRB
170817A, Astrophys. J. Lett. 848, L13 (2017).

[65] B.P. Abbott et al., Multi-messenger observations of a
binary neutron star merger, Astrophys. J. 848, L12
(2017).

[66] B.P. Abbott er al., Properties of the binary neutron star
merger GW170817, Phys. Rev. X 9, 011001 (2019).

[67] B.P. Abbott et al., GW170817: Measurements of neutron
star radii and equation of state, Phys. Rev. Lett. 121,
161101 (2018).

[68] T. G. Cowling, The non-radial oscillations of polytropic
stars, Mon. Not. R. Astron. Soc. 101, 367 (1941).

[69] K. D. Kokkotas and B. G. Schmidt, Quasinormal modes
of stars and black holes, Living Rev. Relativity 2, 2
(1999).

[70] K. S. Thorne and A. Campolattaro, Non-radial pulsation of
general-relativistic stellar models. I. Analytic analysis for
L >= 2, Astrophys. J. 149, 591 (1967).

[71] K. D. Kokkotas, T. A. Apostolatos, and N. Andersson, The
inverse problem for pulsating neutron stars: A ‘fingerprint
analysis’ for the supranuclear equation of state, Mon. Not.
R. Astron. Soc. 320, 307 (2001).

[72] N. Stergioulas, A. Bauswein, K. Zagkouris, and H.-T.
Janka, Gravitational waves and non-axisymmetric oscil-
lation modes in mergers of compact object binaries, Mon.
Not. R. Astron. Soc. 418, 427 (2011).

[73] B. Keshari Pradhan, T. Ghosh, D. Pathak, and D.
Chatterjee, Cost of inferred nuclear parameters towards
the f-mode dynamical tide in binary neutron stars, As-
trophys. J. 966, 79 (2024).

[74] B. Keshari Pradhan, S. Shirke, and D. Chatterjee, Pros-
pects of identifying the presence of strange stars using
gravitational waves from binary systems, arXiv:2311.
15745.

[75] G. Pratten, P. Schmidt, and N. Williams, Impact of
dynamical tides on the reconstruction of the neutron star
equation of state, Phys. Rev. Lett. 129, 081102 (2022).

[76] N. Williams, G. Pratten, and P. Schmidt, Prospects for
distinguishing dynamical tides in inspiralling binary neu-
tron stars with third generation gravitational-wave detec-
tors, Phys. Rev. D 105, 123032 (2022).

[77] R. Gamba and S. Bernuzzi, Resonant tides in binary
neutron star mergers: Analytical-numerical relativity study,
Phys. Rev. D 107, 044014 (2023).

[78] S. Vretinaris, N. Stergioulas, and A. Bauswein, Empirical
relations for gravitational-wave asteroseismology of
binary neutron star mergers, Phys. Rev. D 101, 084039
(2020).

[79] S. Ghosh, B. Keshari Pradhan, and D. Chatterjee, Tidal
heating as a direct probe of strangeness inside neutron
stars, Phys. Rev. D 109, 103036 (2024).

[80] W.C.G. Ho, D.I. Jones, N. Andersson, and C.M.
Espinoza, Gravitational waves from transient neutron star
f-mode oscillations, Phys. Rev. D 101, 103009 (2020).

[81] B. K. Pradhan, D. Pathak, and D. Chatterjee, Constraining
nuclear parameters using gravitational waves from f-mode
oscillations in neutron stars, Astrophys. J. 956, 38
(2023).

[82] B. Keshari Pradhan, D. Chatterjee, and D.E. Alvarez-
Castillo, Probing hadron-quark phase transition in twin
stars using f-modes, Mon. Not. R. Astron. Soc. 531, 4640
(2024).

[83] R. Abbott et al. (LIGO Scientific Collaboration, Virgo
Collaboration, and KAGRA Collaboration), Search for
gravitational-wave transients associated with magnetar
bursts in Advanced LIGO and Advanced Virgo data from
the third observing run, Astrophys. J. 966, 137 (2024).

[84] B. P. Abbott et al., Search for transient gravitational-wave
signals associated with magnetar bursts during Advanced
LIGO’s second observing run, Astrophys. J. 874, 163
(2019).

[85] R. Abbott er al. (Ligo Scientific Collaboration, VIRGO
Collaboration, and Kagra Collaboration), All-sky search
for short gravitational-wave bursts in the third Advanced
LIGO and Advanced Virgo run, Phys. Rev. D 104, 122004
(2021).

[86] V. Ferrari, G. Miniutti, and J. A. Pons, Gravitational waves
from newly born, hot neutron stars, Mon. Not. R. Astron.
Soc. 342, 629 (2003).

[87] D. Lai, Secular instability of g-modes in rotating neutron
stars, Mon. Not. R. Astron. Soc. 307, 1001 (1999).

[88] C.J. Kriiger, W. C. G. Ho, and N. Andersson, Seismology
of adolescent neutron stars: Accounting for thermal effects
and crust elasticity, Phys. Rev. D 92, 063009 (2015).

[89] B. K. Pradhan and D. Chatterjee, Effect of hyperons on f-
mode oscillations in neutron stars, Phys. Rev. C 103,
035810 (2021).

[90] B. K. Pradhan, D. Chatterjee, M. Lanoye, and P. Jaikumar,
General relativistic treatment of f-mode oscillations of
hyperonic stars, Phys. Rev. C 106, 015805 (2022).

[91] H.C. Das, A. Kumar, S.K. Biswal, and S.K. Patra,
Impacts of dark matter on the f-mode oscillation of
hyperon star, Phys. Rev. D 104, 123006 (2021).

[92] C. V. Flores, C.H. Lenzi, M. Dutra, O. Lourenco, and
J.D. V. Arbaiil, Gravitational wave asteroseismology of
dark matter hadronic stars, Phys. Rev. D 109, 083021
(2024).

[93] T. Gleason, B. Brown, and B. Kain, Dynamical evolution
of dark matter admixed neutron stars, Phys. Rev. D 105,
023010 (2022).

[94] N. Hornick, L. Tolos, A. Zacchi, J.-E. Christian, and J.
Schaffner-Bielich, Relativistic parameterizations of neu-
tron matter and implications for neutron stars, Phys. Rev. C
98, 065804 (2018).

[95] H. Miiller and B. D. Serot, Relativistic mean-field theory
and the high-density nuclear equation of state, Nucl. Phys.
A606, 508 (1996).

[96] L. Tolos, M. Centelles, and A. Ramos, Equation of state for
nucleonic and hyperonic neutron stars with mass and
radius constraints, Astrophys. J. 834, 3 (2017).

[97] B.K. Pradhan, D. Chatterjee, R. Gandhi, and J.
Schaffner-Bielich, Role of vector self-interaction in

063025-24


https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.3847/2041-8213/ac082e
https://doi.org/10.3847/2041-8213/aa920c
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1093/mnras/101.8.367
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.1086/149288
https://doi.org/10.1046/j.1365-8711.2001.03945.x
https://doi.org/10.1046/j.1365-8711.2001.03945.x
https://doi.org/10.1111/j.1365-2966.2011.19493.x
https://doi.org/10.1111/j.1365-2966.2011.19493.x
https://doi.org/10.3847/1538-4357/ad31a8
https://doi.org/10.3847/1538-4357/ad31a8
https://arXiv.org/abs/2311.15745
https://arXiv.org/abs/2311.15745
https://doi.org/10.1103/PhysRevLett.129.081102
https://doi.org/10.1103/PhysRevD.105.123032
https://doi.org/10.1103/PhysRevD.107.044014
https://doi.org/10.1103/PhysRevD.101.084039
https://doi.org/10.1103/PhysRevD.101.084039
https://doi.org/10.1103/PhysRevD.109.103036
https://doi.org/10.1103/PhysRevD.101.103009
https://doi.org/10.3847/1538-4357/acef1f
https://doi.org/10.3847/1538-4357/acef1f
https://doi.org/10.1093/mnras/stae1425
https://doi.org/10.1093/mnras/stae1425
https://doi.org/10.3847/1538-4357/ad27d3
https://doi.org/10.3847/1538-4357/ab0e15
https://doi.org/10.3847/1538-4357/ab0e15
https://doi.org/10.1103/PhysRevD.104.122004
https://doi.org/10.1103/PhysRevD.104.122004
https://doi.org/10.1046/j.1365-8711.2003.06580.x
https://doi.org/10.1046/j.1365-8711.2003.06580.x
https://doi.org/10.1046/j.1365-8711.1999.02723.x
https://doi.org/10.1103/PhysRevD.92.063009
https://doi.org/10.1103/PhysRevC.103.035810
https://doi.org/10.1103/PhysRevC.103.035810
https://doi.org/10.1103/PhysRevC.106.015805
https://doi.org/10.1103/PhysRevD.104.123006
https://doi.org/10.1103/PhysRevD.109.083021
https://doi.org/10.1103/PhysRevD.109.083021
https://doi.org/10.1103/PhysRevD.105.023010
https://doi.org/10.1103/PhysRevD.105.023010
https://doi.org/10.1103/PhysRevC.98.065804
https://doi.org/10.1103/PhysRevC.98.065804
https://doi.org/10.1016/0375-9474(96)00187-X
https://doi.org/10.1016/0375-9474(96)00187-X
https://doi.org/10.3847/1538-4357/834/1/3

EFFECTS OF DARK MATTER ON f-MODE OSCILLATIONS ...

PHYS. REV. D 110, 063025 (2024)

neutron star properties, Nucl. Phys. A1030, 122578
(2023).

[98] M. Hempel and J. Schaffner-Bielich, A statistical model
for a complete supernova equation of state, Nucl. Phys.
A837, 210 (2010).

[99] A. Strumia, Dark matter interpretation of the neutron decay
anomaly, J. High Energy Phys. 02 (2022) 067.

[100] W. Husain, D. Sengupta, and A. W. Thomas, Constraining
dark boson decay using neutron stars, Universe 9, 307
(2023).

[101] Z. Tang et al., Search for the neutron decay n — x + 7,
where x is a dark matter particle, Phys. Rev. Lett. 121,
022505 (2018).

[102] W. Husain and A. W. Thomas, Novel neutron decay mode
inside neutron stars, J. Phys. G 50, 015202 (2023).

[103] B. Fornal and B. Grinstein, Neutron’s dark secret, Mod.
Phys. Lett. A 35, 2030019-165 (2020).

[104] D. McKeen, A. E. Nelson, S. Reddy, and D. Zhou, Neutron
stars exclude light dark baryons, Phys. Rev. Lett. 121,
061802 (2018).

[105] S. Ghosh, D. Chatterjee, and J. Schaftner-Bielich, Imposing
multi-physics constraints at different densities on the neu-
tron star equation of state, Eur. Phys. J. A 58, 37 (2022).

[106] S. Ghosh, B. K. Pradhan, D. Chatterjee, and J. Schaffner-
Bielich, Multi-physics constraints at different densities to
probe nuclear symmetry energy in hyperonic neutron stars,
Front. Astron. Space Sci. 9, 864294 (2022).

[107] B.T. Reed, F.J. Fattoyev, C.J. Horowitz, and J.
Piekarewicz, Implications of PREX-2 on the equation of
state of neutron-rich matter, Phys. Rev. Lett. 126, 172503
(2021).

[108] M. Kaplinghat, S. Tulin, and H.-B. Yu, Dark matter halos
as particle colliders: Unified solution to small-scale struc-
ture puzzles from dwarfs to clusters, Phys. Rev. Lett. 116,
041302 (2016).

[109] S. Tulin and H.-B. Yu, Dark matter self-interactions and
small scale structure, Phys. Rep. 730, 1 (2018).

[110] L. Sagunski, S. Gad-Nasr, B. Colquhoun, A. Robertson,
and S. Tulin, Velocity-dependent self-interacting dark
matter from groups and clusters of galaxies, J. Cosmol.
Astropart. Phys. 01 (2021) 024.

[111] T.E. Riley et al., A NICER view of the massive pulsar
PSR J0740 4 6620 informed by radio timing and XMM-
Newton spectroscopy, Astrophys. J. Lett. 918, L.27 (2021).

[112] R. C. Tolman, Static solutions of Einstein’s field equations
for spheres of fluid, Phys. Rev. 55, 364 (1939).

[113] J.R. Oppenheimer and G. M. Volkoff, On massive neutron
cores, Phys. Rev. 55, 374 (1939).

[114] E. E. Flanagan and T. Hinderer, Constraining neutron-star
tidal Love numbers with gravitational-wave detectors,
Phys. Rev. D 77, 021502 (2008).

[115] T. Hinderer, Tidal Love numbers of neutron stars, As-
trophys. J. 677, 1216 (2008).

[116] T. Damour and A. Nagar, Relativistic tidal properties of
neutron stars, Phys. Rev. D 80, 084035 (2009).

[117] K. Yagi and N. Yunes, I-Love-Q relations in neutron
stars and their applications to astrophysics, gravitational

waves, and fundamental physics, Phys. Rev. D 88, 023009
(2013).

[118] J. Antoniadis et al., A massive pulsar in a compact
relativistic binary, Science 340, 448 (2013).

[119] S. Chandrasekhar and V. Ferrari, On the non-radial
oscillations of a star, Proc. R. Soc. A 432, 247 (1991).

[120] L. Lindblom and S.L. Detweiler, The quadrupole
oscillations of neutron stars, Astrophys. J. 53, 73
(1983).

[121] S. Detweiler and L. Lindblom, On the nonradial pulsations
of general relativistic stellar models, Astrophys. J. 292, 12
(1985).

[122] M. Leins, H.P. Nollert, and M. H. Soffel, Nonradial
oscillations of neutron stars: A new branch of
strongly damped normal modes, Phys. Rev. D 48, 3467
(1993).

[123] H. Sotani, K. Tominaga, and K.-i. Maeda, Density dis-
continuity of a neutron star and gravitational waves, Phys.
Rev. D 65, 024010 (2001).

[124] N. Andersson and K.D. Kokkotas, Gravitational
waves and pulsating stars: What can we learn from
future observations?, Phys. Rev. Lett. 77, 4134
(1996).

[125] S. Yoshida and Y. Kojima, Accuracy of the relativistic
Cowling approximation in slowly rotating stars, Mon. Not.
R. Astron. Soc. 289, 117 (1997).

[126] C. Chirenti, G. H. de Souza, and W. Kastaun, Fundamental
oscillation modes of neutron stars: Validity of universal
relations, Phys. Rev. D 91, 044034 (2015).

[127] E.J. Zerilli, Effective potential for even-parity Regge-
Wheeler gravitational perturbation equations, Phys. Rev.
Lett. 24, 737 (1970).

[128] N. K. Glendenning, Compact Stars: Nuclear Physics,
Particle Physics and General Relativity, Astronomy and
Astrophysics Library (Springer, New York, 1997),
10.1007/978-1-4684-0491-3.

[129] R. W. Romani, D. Kandel, A. V. Filippenko, T. G. Brink,
and W. Zheng, PSR J0952-0607: The fastest and heaviest
known galactic neutron star, Astrophys. J. Lett. 934, L.17
(2022).

[130] N. Andersson and K.D. Kokkotas, Gravitational waves
and pulsating stars: What can we learn from future
observations?, Phys. Rev. Lett. 77, 4134 (1996).

[131] N. Andersson and K. D. Kokkotas, Towards gravitational
wave asteroseismology, Mon. Not. R. Astron. Soc. 299,
1059 (1998).

[132] D.D. Doneva, E. Gaertig, K. D. Kokkotas, and C. Kriiger,
Gravitational wave asteroseismology of fast rotating neu-
tron stars with realistic equations of state, Phys. Rev. D 88,
044052 (2013).

[133] O. Benhar, V. Ferrari, and L. Gualtieri, Gravitational wave
asteroseismology reexamined, Phys. Rev. D 70, 124015
(2004).

[134] T.K. Chan, Y.H. Sham, P.T. Leung, and L.M. Lin,
Multipolar universal relations between f-mode frequency
and tidal deformability of compact stars, Phys. Rev. D 90,
124023 (2014).

063025-25


https://doi.org/10.1016/j.nuclphysa.2022.122578
https://doi.org/10.1016/j.nuclphysa.2022.122578
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1016/j.nuclphysa.2010.02.010
https://doi.org/10.1007/JHEP02(2022)067
https://doi.org/10.3390/universe9070307
https://doi.org/10.3390/universe9070307
https://doi.org/10.1103/PhysRevLett.121.022505
https://doi.org/10.1103/PhysRevLett.121.022505
https://doi.org/10.1088/1361-6471/aca1d5
https://doi.org/10.1142/S0217732320300190
https://doi.org/10.1142/S0217732320300190
https://doi.org/10.1103/PhysRevLett.121.061802
https://doi.org/10.1103/PhysRevLett.121.061802
https://doi.org/10.1140/epja/s10050-022-00679-w
https://doi.org/10.3389/fspas.2022.864294
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1103/PhysRevLett.116.041302
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.1088/1475-7516/2021/01/024
https://doi.org/10.1088/1475-7516/2021/01/024
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1103/PhysRevD.77.021502
https://doi.org/10.1086/533487
https://doi.org/10.1086/533487
https://doi.org/10.1103/PhysRevD.80.084035
https://doi.org/10.1103/PhysRevD.88.023009
https://doi.org/10.1103/PhysRevD.88.023009
https://doi.org/10.1126/science.1233232
https://doi.org/10.1098/rspa.1991.0016
https://doi.org/10.1086/190884
https://doi.org/10.1086/190884
https://doi.org/10.1086/163127
https://doi.org/10.1086/163127
https://doi.org/10.1103/PhysRevD.48.3467
https://doi.org/10.1103/PhysRevD.48.3467
https://doi.org/10.1103/PhysRevD.65.024010
https://doi.org/10.1103/PhysRevD.65.024010
https://doi.org/10.1103/PhysRevLett.77.4134
https://doi.org/10.1103/PhysRevLett.77.4134
https://doi.org/10.1093/mnras/289.1.117
https://doi.org/10.1093/mnras/289.1.117
https://doi.org/10.1103/PhysRevD.91.044034
https://doi.org/10.1103/PhysRevLett.24.737
https://doi.org/10.1103/PhysRevLett.24.737
https://doi.org/10.1007/978-1-4684-0491-3
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.1103/PhysRevLett.77.4134
https://doi.org/10.1046/j.1365-8711.1998.01840.x
https://doi.org/10.1046/j.1365-8711.1998.01840.x
https://doi.org/10.1103/PhysRevD.88.044052
https://doi.org/10.1103/PhysRevD.88.044052
https://doi.org/10.1103/PhysRevD.70.124015
https://doi.org/10.1103/PhysRevD.70.124015
https://doi.org/10.1103/PhysRevD.90.124023
https://doi.org/10.1103/PhysRevD.90.124023

SWARNIM SHIRKE et al.

PHYS. REV. D 110, 063025 (2024)

[135] H. Sotani and B. Kumar, Universal relations between the
quasinormal modes of neutron star and tidal deformability,
Phys. Rev. D 104, 123002 (2021).

[136] B. K. Pradhan, A. Vijaykumar, and D. Chatterjee, Impact
of updated multipole Love numbers and f-Love universal
relations in the context of binary neutron stars, Phys. Rev.
D 107, 023010 (2023).

[137] E.D. Fackerell, Solutions of Zerilli’s equation for even-
parity gravitational perturbations, Astrophys. J. 166, 197
1971).

[138] C. Breu and L. Rezzolla, Maximum mass, moment of
inertia and compactness of relativistic stars, Mon. Not. R.
Astron. Soc. 459, 646 (2016).

063025-26


https://doi.org/10.1103/PhysRevD.104.123002
https://doi.org/10.1103/PhysRevD.107.023010
https://doi.org/10.1103/PhysRevD.107.023010
https://doi.org/10.1086/150949
https://doi.org/10.1086/150949
https://doi.org/10.1093/mnras/stw575
https://doi.org/10.1093/mnras/stw575

