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Abstract: We investigate the effects of dark matter (DM) on neutron star (NS) properties
using the neutron decay anomaly model within the relativistic mean-field (RMF) framework.
Three nucleonic models (HCD0-HCD2) are developed, satisfying astrophysical constraints
such as the maximum NS mass (>2M), the NICER mass-radius limits, and the tidal
deformability constraint from the GW170817 event. The equation of states of the NS
admixed with DM (DMANS) is calculated by incorporating the self-interactions between
them. The macroscopic properties, such as mass, radius, and tidal deformability of the NSs,
are obtained for HCD models along with five others by varying self-interaction strength. By
combining NS observations with scattering cross-section constraints from galaxy clusters,
we explore model-dependent trends in the DM self-interaction parameter space. While the
quantitative bounds may vary with hadronic model choice, our analysis offers insights into
the interplay between DM interactions and NS observables within the RMF framework.

Keywords: neutron star; dark matter; equation of state

1. Introduction

A free neutron breaks into a proton, an electron, and an antineutrino via f—decay out-
side the nucleus. However, a still challenging and longstanding issue is the precise measure-
ment of the neutron lifetime. Two well-known experiments, performed by the bottle method
and the beam experiment, measured the lifetime of neutrons as 7, = 878.4 £ 0.5s [1]
and 1, = 888.0 £ 2.0 s [2] respectively. This discrepancy in measuring the lifetime with
two experiments raises the question of “whether the measurement methods suffer from a
systematic error or the theoretical description of the neutron decay is incomplete”. There-
fore, Fornal and Grinstein [3] focused on resolving this discrepancy by assuming that this
anomaly might be due to an incomplete theoretical description of neutron decay, which is
referred to as the “neutron decay anomaly” (NDA).

According to their proposed hypothesis, this discrepancy could be resolved if 1%
neutrons decay into dark matter (DM). Based on this, the available decay channels are
n—x+vn—x+¢andn — x+e +et [3-5]. However, the first and last decay
channels are ruled out by Tang et al. [6], Sun et al. [7] from their experimental outcomes
based on the ultracold neutron asymmetry experiment at Los Alamos National Laboratory.
Therefore, in this study, we use the n — x + ¢ channel, where the neutron decays to
a spin-half DM with a unit baryon number x and a light-dark boson ¢. Recently, this
channel received considerable attention in the study of neutron stars (NSs), as discussed in
Refs. [8-13]. However, the primary objective of this study is to place joint constraints on
the free parameters of the DM using observational data from NSs, including mass, radius,
and tidal deformability, alongside scattering cross-section constraints from different galaxy
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clusters. Unlike previous studies, the main motivation of our work is to provide a bound
for the self-interaction strength parameter by incorporating scattering cross-section data
from multiple galaxies.

The application of this model to an NS provides us with a unique scenario because of
its huge neutron-rich environment. The in situ formation of DM inside the NS might affect
its micro- and macroscopic properties, which directly affect the equation of state (EOS). This
is because decays of neutrons to DM significantly affect the chemical and f—equilibrium,
which governs the stability of the NS. The signature of the creation of the DM inside the NS
could be an indirect detection probe for DM by observing different NS properties derived
from pulsar timing measurements, X-ray observations, and gravitational wave detections,
which will provide robust constraints on the properties of DM.

Several mechanisms also contribute to the presence of DM, including the accretion
of DM into NSs [14] and its inheritance during supernova explosions [15]. Moreover,
the possible existence of DM-admixed NS can also be described either by (i) a single-fluid
model (an interaction between DM and hadronic matter by boson exchange) [16-27] or
(ii) a two-fluid model (where interaction is mainly due to gravitation) [23,28-32]. Each
model has its own significance, depending on the approach used to study the properties
of NSs.

Therefore, prior studies are necessary to further investigate the interaction be-
tween DM and nucleons inside NSs, particularly when considering a single-fluid system.
Hence, in this study, we use this NDA model to explore several macroscopic proper-
ties such as mass, radius, and tidal deformability. Although several studies have used
this approach [4,5,8-10,12,13,33], in this paper we will discuss the crucial effects of DM
interaction, mainly its self-interacting strength, on the macroscopic properties of the NS
and try to put constraints on unknown parameters of DM with the help of NS observational
and galaxy cluster data. The detailed discussions are given in the following sections.

2. Methodology
2.1. RMF Model Lagrangian

In the RMF model, the nuclear interactions are carried out by the exchange of different
mesons such as ¢, w, and p, including the self and cross-couplings between them. In this
case, we take up to 4th-order and more significant terms crucial for nuclear matter and NSs.
The Lagrangian density is given as [34]
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where go (1), 8w (Mw), and g, (m,) are the coupling constants (masses) for the o, w, and p
mesons, respectively. my is the nucleon mass taken as 939 MeV; and 3, x4, and (y are
the self-interacting coupling constants of the ¢ and w mesons, respectively; and A, is
the cross-coupling between w — p meson. wh’ (= Iw" — d"wt) and pM (= I"p? — o'pH)
are the field strength tensors for the w and p mesons, respectively. Ty is the Pauli matrix
having value +1, and —1 for the proton and neutron, respectively. The masses of ¢, w,
and p mesons are considered to be 500, 783, and 763 MeV, respectively.
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The field equations for all mesons can be derived within the mean-field approximation
from the above Lagrangian. The energy density can be derived from the energy-momentum
tensor as follows [34,35]:

k 2,2
eNn= ) 7;/Nlcz k2+m*2dk+m302<1+'<3w+7<4gﬂ>
0
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1 1 1
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where ky and m™* are Fermi momentum and effective mass (1 — g,0) of nucleons, respectively.

In addition to nucleons, NSs also contain a small amount of leptons, which are needed
for charge-neutral stars. Therefore, the lepton Lagrangian density is given as [19]

Lr=Y ¢i(iv"au—m)yi, ©)

I=e,u

where m; is the mass of lepton (m, = 0.511 MeV, and m;, = 105.66 MeV). The energy
density of the leptons is given as

1 ki
e,:;nz/o dkc \/K2 4+ m2. 4)

2.2. Neutron Decay DM Model

Among three decay channels, the channel n — x 4 ¢ (where x and ¢ are dark fermions
and light-dark bosons) is the most important one due to 2 solar mass constraints given
by different NS observations. Like neutrinos, the light-dark boson will escape the NSs,
and that sets the condition for chemical equilibrium (y, = u,) between neutron and
DM. In this study, we chose the mass of the DM (m,) equal to 938 MeV by following the
Refs. [10,33].

The produced DM is treated as a degenerate Fermi gas with the self-interaction carried
out by the exchange of vector bosons (V) having mass (111,), and its coupling strength (gv)
as [12]:

['DM = X(i’)/yay — My — gvvyV”)x — EVVVVPW + %m%V,,VV . (5)

The energy density for the DM is given by

1 [ke 1/g0\?
=7 kz,/k2+m§(dk+2(mz;> n, (6)

where kp, and 7y are the DM Fermi momentum and number density, respectively.
The chemical potential of the DM is given by

e = B T+ Gur, ®

k3
where G, is defined as (g, / mv)2 and 1, = 3% Here, we neglect the DM-baryon interac-

tions that could also stabilize NSs by making it energetically costly to produce DM particles
in a pure baryonic medium, suppressing DM accumulation, and maintaining nearly pure
NSs [9]. Therefore, we plan to include this model in our future work.

The total energy density of the system is obtained by adding the contributions of
nucleons, leptons, and DM, and it is given by € = ey + €] + €). The pressure can be calcu-
lated using the thermodynamical relation p = }_; y;n; — €, where y; and n; are the chemical
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potential and number density for nucleons, leptons, and DM, respectively, and their values
are obtained by solving the following equations [10,12,13,33]:

Hn = Mp + He,
Hu = He,
Hx = Hn,

np =ne+ny,
nb:nn+np+nx- (8)

2.3. Macroscopic Properties of NS

The macroscopic properties, such as the mass and radius (M — R) of the NS, can be
calculated by solving the Tolman-Oppenheimer—Volkoff equations [36,37] for a given EOS.
For the crust part, we adopt the Negele—Vautherin [38] EOS for the inner crust within
the density range (0.001 fm3<p< pt), and the Baym-Pethick-Sutherland [39] EOS for
the outer crust (o < 0.001 fm~3). By ensuring a smooth transition in pressure and energy
density between the crustal and core EOS branches, a transition density of approximately
pr =~ 0.08 fm~3 is obtained. It is worth noting that the choice of crustal EOS does not
affect the maximum mass of the NS, though it can have a slight impact on the radius and
tidal deformability of NSs. The derived EOSs and their corresponding M — R relations
are shown in Figure 1, and this will be discussed in Section 3.2. Once we have M — R
profiles, the other macroscopic properties, such as tidal deformability, moment of inertia,
and oscillation properties, can be calculated by solving their corresponding equations as
given in Refs. [40-42].

700 T T T T T T T T 25 T T T T T
—— HCDO -
wf =t /]
800 [ E
20f
500 -
m;: ol ]
£ o} ~ 15k 600
e
= = <
= 300F 4 =
< 1ok d 400 f <
ISH
200 f -
0.5 PSR J0740+6620) E 200 f -
100 = -1 [ NICER J0740+662(
L NICER J0030+0451
NICER J0437-4715
0 1 1 1 1 1 1 1 0.0 1 1 1 1 1 1 1 0
250 500 750 1000 1250 B 10 12 14 16 1.2 1.6 20 24
e (MeV/fm?) R (km) M (M)

Figure 1. EOSs (left), M — R relations (middle), and tidal deformability (right) are shown for
HCDO0-2 models. The marker @ represents the value corresponding to the maximum mass cases.
The contours of 68 and 95 % are from three separate NICER observations for different pulsars [43—45].
The horizontal fill band represents the maximum mass constraints from Fonseca et al. [46] for PSR
J0740+6620.

3. Result and Discussion
3.1. Coupling Constants in RMF Models

In this sub-section, we discuss the methodology used to generate the new models,
which are discussed in detail in Refs. [47,48]. For a fixed RMF model, the unknown
parameters in Equations (1) and (2) are go, gw, p, ¥3, k4, Go, and A,,. These parameters
can be obtained by fitting the nuclear matter (NM) properties, such as binding energy
(€sat), incompressibility (ksat), symmetry energy (jsat), slope parameter (Isat), and nucleon
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effective mass (m1s,t) at saturation density (1sat). We calculate the values of all coupling
constants by following the approach developed by Chen and Piekarewicz [47] at saturation
density, except (o because it has a significant impact on very high-density nuclear matter
systems like NS. The value of {y can be tuned to predict the soft/stiff behavior of the EOSs,
which directly impacts the NS maximum mass. Therefore, in this study, we developed
three models named “HCDO0, HCD1, and HCD2” for different values of {y, which satisfy
the constraint of the NS maximum mass > 2M. The numerical values of coupling
constants are provided in Table 1, and they are fitted on the following chosen values of
the NM saturation point, i.e., the saturation density ngat = 0.15 fm—3, the binding energy
esat = —16.0 MeV, the nuclear compressibility ks, = 250 MeV, the symmetry energy
jsat = 33 MeV and its first derivative Is;y = 66 MeV, and the nucleon effective mass
Mgat = 0.65.

Table 1. RMF coupling constants, NS maximum mass (Mmax), canonical radius (Rq.4p1, ), and tidal
deformability (A1 4) are given.

Mmax Rl.4M@

Model g, 8w £ X3 Kq lo Ay (M) (km) A14g Astro xEFT Type
HCDO 94544 11.7732 10.0442 1.8514 —6.4302 0.0000 0.0225 2.52 13.42 74893 vV v stiff
HCD1 9.5045 119267 10.1018 1.6127 —-3.7633 1.4225 0.0230 2.19 13.21 647.04 VvV v inter.
HCD2 9.5562 12.0865 10.1604 1.3716 —1.0533 29216 0.0235 2.02 13.02 57741 v v soft

In Table 1, we also provide other crucial information on the three models developed
here. The models are divided into three types: stiff, intermediate, and soft, according
to the NS maximum mass by tuning the value of {y. All three models satisfy both the
chiral effective field theory (XEFT) limit at the lower density (0.5 < ny,/ns < 1.5) of pure
neutron matter (PNM) [49] and astrophysics (Astro) constraints, including NSs maximum
mass (>2My) from different pulsars; NICER measurements for mass and radius, i.e.,
M = 1347018 M, R = 12.711]12 km for PSR J0030+0451 [43] and M = 2.072705%7 M),
R = 12.39fé:3g km for PSR J0740+6620 [44]; and the loosely bound tidal deformability limit
from GW170817 event (A14 < 800) [50]. The detailed discussions are explained in the

following sub-sections.

3.2. EOSs, M — R Relations, and Tidal Deformability

The EOS of the NS is calculated by solving Equations (1)—(4) imposing B-equilibrium
and charge neutrality condition given in Equation (8), without DM. The calculated EOSs,
M — R relations, and tidal deformability are shown in the left, middle, and right panels
of Figure 1 for newly developed models. From HCDO-2, the nature of the EOS is stiff to
soft due to the absence/presence of the self-interaction of the w-coupling term. In the
M — R plot, maximum masses and their corresponding radii are shown with a circle marker.
HCDO0, HCD1, and HCD2 predict the maximum masses 2.52,2.19, and 2.02 M, which
perfectly pass in the observational bands given by Fonseca et al. [46] (M = 2.08 & 0.07My),
respectively. The simultaneous mass-radius constraints provided by NICER are consistent
for the three models, as shown in the figure. In the case of tidal deformability, the val-
ues are 748.93, 647.04, and 577.41 for HCDO0-HCD2 for canonical stars, which satisfy the
GW170817 limit.

3.3. Effects of NDA on Properties of NSs

For these newly developed models, we want to calculate the effects of NDA on the
EOSs and various properties of the DMANS. Therefore, we choose G, as a free parameter
in this model, and we fix the DM mass to be equal to 938 MeV.

First, we want to calculate the particle fraction (PF) of the different species to showcase
the amount of DM formation inside the NSs due to neutron decay with different self-
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interaction strengths. For a fixed value of G,, we solve Equation (8) for total baryon density
up to 2 fm~3. The obtained PFs for the different species are shown in Figure 2 for the
HCDO0 model with the values of G, from 0-300 fm? to observe the effects of DM inside the
star. It is observed that DM content is maximal inside the star if there is no self-interaction
(Gy = 0) between them, and it decreases to almost zero with an increasing value of G.
Other PFs are following the opposite trend compared to DM. Similar predictions have also
been discussed in other studies [10,12,13,33].

1.0

0.8

0.6
S
0.4
0.2
0.0
00 02 04 06 08 L0 L2 14 16 18 20
np (fm=3)

Figure 2. Particle fractions for all species, including DM, are shown as a function of baryon density
for the HCDO model. The shaded areas are calculated for different G, values in the range 0-300 fm?2.
The dashed colored lines represent the composition inside the NSs without DM. The vertical arrow
represents the trend of the neutron population with increasing G, values.

In Figure 3, we show the EOSs, M — R profiles, and tidal deformability in the three
panels for three models HCD0-HCD2 with a similar range of G, values. Due to the
production of DM inside the star, the EOS of the DMANS becomes softer, which directly
affects the magnitude of the macroscopic properties. Without self-interactions (G, = 0),
the DM content is too high, which provides the softest EOS and produces a maximum mass
around ~0.7M as mentioned in Refs. [4,5,10]. Configurations characterized by low values
of Gy are not shown in Figure 3, and they are actually neglected due to the 2M constraint
imposed by several pulsar maximum masses. A detailed discussion of the range of G, is
carried out in the following subsections based on other observational aspects.

The magnitude of mass and radius decreases with decreasing G, due to softened EOSs.
For example, the maximum mass and its corresponding radius with G, = 300 fm? for the
HCDO model are 2.50M and 12.1 km, and their values reduce to 2.05M with a radius of
10.82 km for G, = 10 fm?2. The softness is also strong in other models, such as HCD1 and
HCD2. Therefore, to constrain the model dependency for different values of G,, we put
observational data such as NICER and different pulsars on top of the M — R relations plot.
If we stick to the maximum mass limit by different pulsars, only HCDO and HCD1 models
up to some values G, will satisfy the 2M, limit. However, the NICER constraints are well
reproduced by all three models with all values of G,.

The tidal deformability (A) is another crucial quantity used to constrain the unknown
parameters of this model because its value has already been measured for the binary NS
merger in the GW170817 event [50] (A4 < 800). Also, in this case, A follows the same
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trend compared to M — R relations. For example, in the HCDO model, the values of Aj 4
decrease from 748.93 (without DM) to 435.81 (with DM and G, = 10 fm?). It is observed
that with the production of a finite amount of DM inside the NS due to neutron decay,
the value of A 4 is consistent with the GW170817 limit. Therefore, tidal deformability can
be taken as an additional tool to constrain the DM fraction (DMF) inside the NSs.

700

800

= 400 J 600 8
= =
= 300
& 400 -
Q.
200
PSR JO740+66: - 200 .
100 NICER J0740+66
NICER J0030+0451
NICER J0437-4715
0 1 1 1 1 L 0.0 1 1 1 1 1 1 1 0 1
250 500 750 1000 1250 8 10 12 14 16 1.2 1.6 2.0 2.4
€ (MeV/fm?) R (km) M(My)

Figure 3. EOSs (left), M — R relations (central), and tidal deformability (right) panels are shown for
three models HCDO-2 by varying G, values, ranging from 10 to 300 fm?. The horizontal filled band
represents the maximum mass constraints from Fonseca et al. [46] for PSR J0740+6620. The contours
of 68 and 95 % are from three separate NICER observations for different pulsars, as mentioned in the
legend [43—45].

The exact content of DM can be calculated as [12,51]

fo= My SR ey dBr ©)
M fOR eddr’
where M, (ey) and M (€) are the mass (energy density) of the DM component and the total
one, respectively. For HCDO0-2 models, we find )r(“ax = 0.24,0.20, and 0.18, respectively, for
maximum mass configuration with G, = 10 fm?. For higher values of G, the DM fraction
decreases due to the increase in the self-interaction between DM, as discussed above.
Therefore, we can constrain the DM fraction as well as the self-interaction strength with the
help of several observational data, such as the maximum mass limit from several pulsars,
the simultaneous M — R data from NICER, and the tidal deformability limit from GW
observation. Another way to constrain the parameter G, and DM fraction is by utilizing

NS cooling observational data, which will be discussed in a future study.

3.4. Constraints on G, from NS Observations
In this study, the unknown parameter of the DM is G,, which directly affects the DM

fraction inside the star. The G, value can be constrained with the help of NS observables

recently measured by different observations, i.e.,

1.  Maximum mass limit imposed by the PSR J0740+6620 having mass M = 2.08 &
0.07M [46].

2. Radius constraints by NICER for PSR J0030+0451 [52], J0437-4715 [45], and J0740+6620 [53]
are Ry gy, = 11.717088 km, Ry 1m, = 11.3670%3 km, and Rp g7, = 12497028 km,
respectively.

3. Tidal deformability constraints by GW170817 event [50], Aq4pm., = 1901?38 .

In Figure 4, we show the maximum mass Mmax (upper panel), the radius correspond-
ing to the maximum and canonical mass configurations (middle panel), and the tidal
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deformability for canonical stars (lower panel) with G, values in the range 10~* — 10* fm?.
The above-mentioned observational constraints are overlaid to check the model consistency
by varying Gy. The lower bounds of G, are also shown with different markers. In the
case of Mpmax ~ Gy, HCDO (HCD1) have lower bounds around 8.95 (23.30) fm? for PSR
J0740+6620. In the case of HCD2, its maximum mass is around 2.02, which just touches the
lower value of PSR ]J0740+6620, meaning that soft EOSs are not useful in this scenario.

T T T T T T T T T T T T ERRRH T T T T T T T
__25F P
© F —— HCDO P
520_' — HCD1
E - PSR J0740+6620
1.0F
F
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& NICER J00437-4715
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Ll Ll Ll !
=TT TTTTTT =TT TTTT1T T T T T
i GW170817
800
< 600
= a00f
200
[ L] Ll L] L] Ll L] L] L
10~ 1079 1072 107! 10° 10 10? 10 10

G, (fm?)

Figure 4. Maximum mass (Mmax), radius corresponds to My, /1.4, and canonical tidal deformability
is shown as a function of G,. Solid and dashed lines are for different observations. Similarly,
the markers @, M, and % represent the lower bound of G, obeying different observational data.

In the case of Rypax 1.4 ~ Gy, all three models (HCDO-2) provide the lower values of
G, and are 3.0, 3.96, and 4.75 fm?, respectively, for NICER(J0030+0451), and these values
are almost similar in the case of NICER(J0437-4715). However, for NICER(J0740+6620),
only HCDO and HCD1 provide the lower cut-off of 33.68 and 100 fm?, respectively. If we
stick to the tidal deformability constraints, again, all three models provide similar lower
limits (2-5 fm?), as shown in the figure. Hence, we observe that different observational
results provide different lower values for the self-interacting strengths. Therefore, we also
need galaxy cluster data to put joint constraints on G,. To check the consistency of our
findings, we have also included several established RMF EoSs in our analysis, such as
BigApple [54,55], HTZCS [56], NITR1 [57], IOPB-I [58,59], and FSUGarnet [60]. The results
obtained using these models exhibit similar trends to those seen with our HCD models.
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3.5. Constraints on G, and DM Fraction with Galaxy Cluster Data

In addition to NS observables, the scattering cross-section limits from different galaxy
clusters can impose constraints on the self-interacting strength. The scattering cross-section
within the Born approximation at a small velocity limit is given as [61]:

2 2 2.,..2
drsmy _ Gymy,
2md 8t
ay )2( My )2 10MeV \  (0.01)2(10 GeV)?
0.01/ \10GeV g (10MeV)* ’
2% 10 4><102(3ev2( )2( My )2 10MeV \*
104 MeV* 0.01/ \10GeV ’
271 % 10~ 6GeV2(zxX )2< My )2 10MeV \*
MeV* 0.01/ \10GeV ’
2

0
= o~25%x1072 (001) (10GeV) (10n1\1/f)eV)4cm2,

- o ~25x%x10"2 (0"‘6‘1) (10 GeV) (m:iev):m% (10)

where we use 1GeV = 5.06 x 102 cm~!, 1MeV = 5.06 x 10! cm~!. This expression is
two orders of magnitude larger than the expression given in Refs. [62,63]'. The ay is

(]

éUNZH(

my

=0

My

the fine structure constant, having a value of g2 /47, which can be expressed in terms of
Go(= g2/m32) as ay = Gym?2 /4. Now, we want to express Equation (10) in terms of G, as
follows: [12]

2 2
o o Gyu My \ cm
7 %059 x 10 o 1
My % <]_fm2) (1GeV) g ( )
_ v g 2 _
Gy = 13.44 (mx) <cﬁ) fm?, for m, = 938 MeV. (12)

e From galaxy clusters [65-67], ﬁ =0.1 %, Gy = 4.25 fm?,
*  For Bullet cluster [68], ;% < 1 %2 Gy < 13.44 fm?,

*  For dwarf galaxy [69], ;7 l =1 %, Gy = 13.44 fm?,

e  From core-cusp problem [66,67], -~ < 100 sz , Gy <134.4 fm?.

In Figure 5, we show the DMF as a funct1on of Gy for the three models. The lower
bound of G, is 4.25 fm? as mentioned above, which provides f)( < 38.9,34.8, and 32.3% for
HCDO0-2 models. If we stick only to the 2M, constraint, the lower bounds of G, (DMF)
are 8.74 (26.5%), 21.88 (12.2%), and 250.90 (1.3%) fm? for HCDO0-2 models, respectively,
as reported also in the upper panel of Figure 4 for maximum mass scenario. The higher
limit of G, is ~ 134.4 fm?, which reduces the DMF.

Hence, the minimum value of G, from galaxy observational data allows the highest
DMF ~ 39%, and NS observation allows ~ 27% for the HCDO type model. Other EOSs
are also predicted to have the highest DMF between 32 and 39% for the lower bound of
Gy. The softest EOS, like HCD2, is completely out of the boundary region provided by
Galaxy clusters. Therefore, to constrain the unknown nature of G, and DMF, we need a
good statistical analysis tool, such as Bayesian inference or machine learning, to exactly
estimate the lower bounds of G,, which we will explore in the future.
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Figure 5. DM fractions with different values of G, using Equation (10). Markers @ and % represent
the lower bound of G, satisfying the 2M, constraint and Galaxy cluster limit, respectively. The fill
areas (red, blue, and rust) represent the values of G, for which different models achieve 2M, limit,
and the magenta-fill area represents the bounds provided by the galaxy cluster. The vertical magenta,
green, and black lines are for G, values corresponding to different ¢/ m, values.

From the above discussion, we observe that the lower bound of G, = 4.25 fm? provides
information on the minimum strength of self-interaction between DM based on the galaxy

2 . .. . . .
cluster data (L =0.1 %) . However, this value is inconsistent with NS mass observation,

m
which requires the maxirgnum mass to be > 2M,), yielding different values of G, depending
on the model used. For example, G, = 4.25 fm? corresponds to a DMF ~ 39% inside the
NS, which does not align with the 2M limit. Nevertheless, when comparing the G, values
associated with either the Bullet Cluster or dwarf galaxy data (mix <1 % to the stiffest
EOSs like HCDO, BigApple, and HTZCS, their G, values are almost similar and only a little
different in DME, thus predicting DMF results compatible with the 2M¢ limit. A similar
trend is also followed by moderately stiff EOSs such as HCD1 and IOPB-I. The upper
bound G, = 134.4 fm? is also important, as it helps to rule out the softest EOS-like HCD2
model considered in this study. However, other EOSs predict similar values of G;, and it
depends on the stiffness nature of the EOS. Therefore, the scattering cross-section data play

a crucial role in constraining the strength of self-interaction between DM particles.

4. Conclusions

In this study, we investigate the effects of DM on various macroscopic properties of
NSs based on the neutron decay anomaly model. For the nucleonic case, we construct
three new models, HCDO-HCD2, within the RMF framework, with NM saturation val-
ues consistent with experimental and empirical constraints established in our previous
study [70]. The coupling constants for the three models are determined by fitting the NM
properties at saturation density. EOS for PNM also conforms to the yEFT band in the lower
density regime. For NSs, the EOSs are derived under the conditions of B-equilibrium and
charge neutrality. The macroscopic properties predicted by these three models satisfy key
observational constraints. Specifically, the maximum NS mass exceeds the 2M limit, while
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the radius predictions align with NICER’s M-R constraints. Additionally, the calculated
tidal deformability values are consistent with the constraints from the GW170817 event.

The DM EOS is calculated using the NDA model, where neutrons decay to a few DM.
The self-interaction between DM is also considered in this case by the exchange of the
vector bosons. The DM PF increases with the decreasing strength of the self-interaction
parameter. The EOSs for DMANS grow softer with a lower value of G, compared to a
higher one. This signifies that the lower the value of self-interaction strength, the more
DM content is inside the star, which softens the EOS and decreases the magnitude of mass,
radius, and tidal deformability magnitude. With the help of NS observational data, we can
impose constraints on the DM unknown parameters.

We calculate the mass, radius, and tidal deformability for the three models using
different G, values, combining observational data to determine the range of G, that satisfies
these constraints. Our analysis shows that only the HCD0 model meets both the maximum
mass limit and NICER data, while the other two models align with NICER but do not fully
comply with the maximum mass constraints for all values of G, considered in this study.
Additionally, we compute Mmax, Rmax/1.4, and A 4 for the HCDO0-2 models by varying G,
from 10~% to 10* fm2. The results indicate that G, must exceed a certain lower bound to
satisfy constraints imposed by pulsar mass measurements, NICER, and GW observations.
Notably, except for HCD2, the other two models exhibit a lower bound on G, for the
maximum mass requirement. Regarding the radius for canonical neutron stars, all three
models satisfy NICER constraints for J0030+0451, while only HCDO and HCD1 meet the
limits for J0740+6620. In the case of A1 4, all models predict lower cutoff values consistent
with GW data.

Finally, we impose qualitative constraints on G, and the DM fraction using data from
different galaxy clusters. Our analysis reveals that the minimum value of G, is 4.25 fm?,
based on the scattering cross-section over the DM mass limit imposed by galaxy clusters.
The corresponding DM fraction is found to be ~39% for the stiffest EOSs such as HCDO,
BigApple, and HTZCS considered in this study. However, if we consider only the constraint
that the maximum mass must exceed 2M,, the lower bounds on Gys are relaxed to 8.74,
8.64, and 7.82 fm?, corresponding to higher DM fractions of 26.5, 28.7, and 26.6% for HCDO,
BigApple, and HTZCS models, respectively. Therefore, in order to find the lower and
upper bounds for the self-interacting strength, the Galaxy cluster data are crucial. However,
for the precise determination of the values of G, and f,, a robust statistical approach
such as Bayesian inference or machine learning is required. This would help to constrain
their parameter space using a combination of NS observational data and galaxy cluster
cross-section measurements. We hope that future studies will explore this direction to
obtain a more precise estimation of these parameters.
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Note

1

The typo in equation-1 of that Phys. Rev. Lett. paper is confirmed by Tulin et al. [62], and the correct version is given in
Equation (3) of this paper [64].
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