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Limits on dark matter existence in neutron stars from recent astrophysical
observations and mass correlation analysis
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Dark matter admixed neutron stars (DANSs) serve as a specific astrophysical laboratory for probing the
features of dark matter (DM) and have emerged as a promising candidate for interpreting recent
astrophysical observations (e.g., by NICER and LIGO/Virgo). Accurately constraining the internal DM
content of DANSs is therefore of critical importance. In this work, we construct the equations of state
(EOS) for DANS matter by employing twelve nuclear matter (NM) models within the covariant density
functional (CDF) theory and a self-interacting fermionic model for DM. Using these EOSs as input, we
solve the two-fluid Tolman-Oppenheimer-Volkoff (TOV) equations to systematically investigate the
influence of DM on the global properties of neutron stars (NSs). By incorporating recent observational
constraints on NS properties, the maximum DM mass fraction f7®* in DANSs is determined for each NM
EOS model. Our analysis reveals a strong linear correlation between f7'** and the maximum mass of a pure
NS, MJ&*. Leveraging this correlation and the observed NS maximum mass distribution, P(MP&*|EM), we
derive the probability distribution function (PDF) for the maximum DM mass, P(M}*|EM), in DANSs.
We find that at the 68% confidence level, M;** = O.leg:g; M, which is confirmed to hold for a wide
selection of dark matter EOS models. This quantitative constraint on the DM mass provides a critical prior
for interpreting potential observational signatures of DANSs, such as anomalous tidal deformabilities and

distinctive gravitational-wave signals.
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I. INTRODUCTION

Cosmological observations have revealed that the
Universe is composed of approximately 4.9% ordinary
matter, 26.8% dark matter (DM), and 68.3% dark energy
[1]. As one of the dominant nonbaryonic components in the
Universe, the existence of DM has been firmly established
through various astrophysical observations, including
galactic rotation curves, galaxy clusters, large-scale cos-
mological structures, and gravitational lensing [2-5].
Nevertheless, the microscopic nature of DM remains
elusive, its particle mass, interaction mechanisms, and
coupling with ordinary matter remain among the central
unsolved problems in modern cosmology and particle
physics. To explain the evidence for DM provided by
multiscale astrophysical observations, various candidates
have been proposed, such as weakly interacting massive
particles (WIMPs) [6-8], axions [9], and sterile neutrinos
[10]. Among these, the WIMP scenario is considered a
possible candidate, as it naturally yields a relic abundance
consistent with current cosmological observations and
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offers the possibility of detection in terrestrial experiments
through weak interactions. Beyond theoretical predictions,
a wide range of ground-based experiments is actively
searching for DM signatures through different strategies
[8,11-18]. These include direct detection, aimed at observ-
ing recoil signals resulting from collisions between DM
particles and target nuclei or electrons, and indirect
detection, which seeks secondary products of DM annihi-
lation or decay.

Neutron stars, owing to their extremely high densities
and intense gravitational fields, are regarded as ideal
laboratories for exploring the properties of DM [19-21].
NSs can capture DM through gravitational accretion,
giving rise to systems in which NM and DM coexist,
commonly referred to as DANSs [22-29]. It is worth
noting, however, that the standard gravitational accretion
mechanism alone makes it hard for NSs to accumulate a
large amount of DM (such as WIMPs, for which the total
accumulated mass is <1071°M ) over their typical lifetime
of 10 Gyr [30,31]. In addition to the standard gravitational
accretion, several scenarios have been proposed that could
lead to a substantial DM content in NSs. These include
environments with enhanced DM density, such as dark
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matter spikes around supermassive black holes or dense
subhalos [32,33], which significantly increase the DM
capture rate. Other mechanisms also offer potential path-
ways for forming DANSs with a considerable DM com-
ponent, including neutron dark decay that produce scalar
DM particles [30,34], the Mott transition of dark atoms
[35], bremsstrahlung production in neutron-neutron scat-
tering [36], and the merger of a pure DM star with an NS
[37,38]. These scenarios motivate the theoretical explora-
tion of DANSs with larger DM masses than those achiev-
able via gravitational accretion in a dilute DM background.

Studies indicate that the presence of DM can remarkably
alter the global structure and bulk properties of NSs, such as
their mass-radius relations [30,39-41], moments of inertia
[42], and tidal deformabilities [42,43], thereby providing an
additional avenue for probing DM. If DM interacts with
baryonic matter solely through gravity, its distribution within
a DANS may take two characteristic forms depending on the
particle mass, self-interaction strength, and relative abun-
dance of the DM [44,45]. Light or strongly self-interacting
DM tends to form an extended dark halo, while heavier DM
1s more likely to concentrate into a compact dark core. Both
of these configurations significantly affect the tidal deform-
ability of DANSs [45-48]. These distribution characteristics
not only reflect the intrinsic nature of DM particles but are
also closely linked to the EOS of NS matter. Consequently,
studying DANSs offers profound insights into both the
behavior of dense matter and the fundamental physics
of DM.

Recent advances in multimessenger astrophysical obser-
vations and analytical techniques have delivered increas-
ingly precise NSs data, such as mass-radius measurements
from NICER [49-53] and tidal deformability constraints
from LIGO/Virgo [54,55]. DANSs have been invoked to
account for these observational results [56—58]. Through
comparisons between theoretical predictions and observa-
tional results (e.g., mass-radius relations, moments of
inertia, tidal deformability and thermal evolution profiles),
they have placed constraints on the properties of DM
particles and their interaction strengths [41,47,59-63].
These analyses provide valuable references for direct
DM detection experiments. Concurrently, distinct obser-
vational signatures of DANSs have been investigated, such
as an anomalous tidal deformability-radius relationship
[48,64], gravitational waves with increased frequency
and duration [58,65], and dark matter halo effects on pulse
profiles [66]. Such distinct signatures offer concrete means
to identify DANSs in observations. However, it is worth
noting that in current research, the results are influenced by
the choice of NM EOS models and DM models [57,64].
This occurs when using observational results to constrain
DM properties and predict the observational signatures of
DANSSs. Moreover, even with fixed NM and DM models,
the specific properties of DM particles and their abundance
in DANSs are key parameters affecting the results.

Given the influence of the NM EOS models and the DM
models on research outcomes, a less model-dependent
approach is desirable. A possible way to implement this
method lies in recognizing that the DM content is a key
parameter for analyzing the global properties of DANSSs,
while astrophysical observations [49—54,67] can constrain
these global properties. It would therefore be motivated to
determine whether a correlation exists between the DM
content and these observational constraints, this could
reduce uncertainties stemming from the choice of NM
EOS models and DM models, thereby providing a method
for constraining the DM content in DANSs via observa-
tions. Motivated by this prospect, this work aims to explore
correlations between the DM content in DANSs and the
global properties (e.g., maximum mass) of NSs. To reduce
model-dependent effects, different NM EOS models are
adopted to compute the global properties of NSs, and the
results are compared with recent observations. To this end,
we employ twelve NM EOS models within the covariant
density functional (CDF) theory, which is widely used in
NSs studies because it provides an accurate description of
finite nuclei and can be extended to construct EOS for
dense matter [68-73]. The dark matter EOS is con-
structed using a model of nonannihilating, self-interacting
fermions [74]. By numerically solving the two-fluid
Tolman-Oppenheimer-Volkoff (TOV) equations [75-80],
the global properties of pure NSs and DANSs are first
analyzed and then compared with observational results.
Following this, a possible correlation between the DM
content in DANSs and the global properties of pure NSs
and DANS:s is investigated. The proposed approach is also
intended to allow for the subsequent inclusion of other DM
models in future studies.

The paper is organized as follows. In Sec. II details the
theoretical framework for NM and DM, including numeri-
cal implementation of two-fluid TOV equations. In Sec. 111
analyze the effects of f, on the global properties of NSs and
discuss the upper limit on the DM content imposed by
observations. Finally, the summary and conclusions are
given in Sec. IV. We use units in which A=c =G = 1.

II. THEORETICAL FRAMEWORK

A. Equation of state for nuclear matter

Research on DM is fundamentally dependent on a
reasonable description of NM properties. To establish this
foundation, we begin with a concise introduction to the
theoretical framework of pure NM EOS models before
proceeding to a discussion of DM. The CDF theory has
been extensively applied in nuclear structure and astro-
physics studies, owing to its remarkable success in describ-
ing both single-particle and collective properties of finite
nuclei [68—73]. In this work, based on the meson-exchange
diagram of the nuclear force, we conduct a theoretical
investigation using three representative CDF models.
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Specifically, we employ the nonlinear relativistic mean
field (NLRMF) [81,82], density-dependent relativistic
mean field (DDRMF) [83], and density-dependent relativ-
istic Hartree-Fock (DDRHF) [84,85] approaches, all
derived from the following Lagrangian density:

£:£3+£m+£int+‘CNL’ (1)

the terms Lp and L£,, represent the free Lagrangians of
baryons and mesons, respectively, while £;, describes the
interactions among baryon fields mediated by meson
exchange [86]. In nonlinear RMF models, an additional
term, Ly, is introduced to incorporate meson self-inter-
actions as well as nonlinear mixing effects [81]. Starting
from the Lagrangian density £ given in Eq. (1), the
corresponding effective Hamiltonian operator A is derived
through a generalized Legendre transformation. The system
energy functional is subsequently obtained by evaluating
the expectation value of the Hamiltonian operator with
respect to the ground state |®@,), following the standard
procedure [81,86].

In f-stable NSs matter consisting of nucleons (7, p),
electrons ¢ and muons u, the condition of chemical
equilibrium dictates that

Hp = Hn — Hes Huy = Hes (2)
the chemical potentials of neutrons, protons, muons and
electrons, u,, p,, u,, and pu, are determined from the
relativistic energy-momentum relation evaluated at the
Fermi momentum kr [87]. In addition, the system is
constrained by baryon density conservation and the con-
dition of charge neutrality, namely,

Pb = Pn +ppv Pp = Pu + Pe- (3)
Based on the above constraints the energy density of NSs
matter can be further determined,

ENs = Z €ri t Z (ef +ef), (4)

i=n,p.e.pu ¢p=0,w.p.7

in the energy functional, &, denotes the kinetic energy
density, while &} and ¢} represent the direct (Hartree) and
exchange (Fock) contributions to the potential energy
density, respectively. Specifically, the nucleonic component
of the kinetic energy density and the potential energy
density can be written in the following form,

1 kri ~ N
EkN = E ) p*dp(pP + MM), (5)
s
i=n,p 0
1 g 12 1g
D _ o o D_ 19 » p_*9% »
= ol Tyl @ =gt (6

1
e Zﬁnf / pp'dpdp'[Ay(p. p)

A

M(p)M(p")By(p.p') + P(p)P(p')Cy(p. p').
(7)

N[ =

E _
€y =

_l_

here, P, and M denote the hatted quantities, p is momen-
tum, while p,, p,, and p,; represent the scalar density,
the baryon density, and its third component, respectively.
The term 6, stands for the isospin-related factor, and A,
B,, and C, are angular integral coefficients. The explicit
expressions for these quantities can be found in Ref. [87]. It
is worth noting that, in the NLRMF model, the additional
contribution &y originating from meson nonlinear self-
couplings is absorbed into the Hartree term ei of the

potential energy,

1 1 1 1
ENL = 59263 + 19304 - 1030)4 - EAvgg,g%a)zpz. (8)

Furthermore, in this work, leptons are treated as a free
Fermi gas, under the assumption that they do not interact
with nucleons or mesons. Thus, the kinetic energy of the
leptons can be written as

1 [kea
€y = 3 Pzdp\/ pr+m3. )
7= Jo

The pressure of the NSs system can be obtained from the
thermodynamic relation,

d (e
Pns(pp) :p%d_/)b<ls> = Z piti — exs.  (10)

Pb i=n.p.eu

The crust structure in the low-density region
(pp < 0.08 fm™3) is described using the Baym-Pethick-
Sutherland (BPS) EOS [88] for the outer crust and the
Baym-Bethe-Pethick (BBP) EOS [89] for the inner crust.

B. Equation of state for dark matter

In this work, the DM candidate is a weakly interacting
massive particle (WIMP), modeled as a nonannihilating,
self-interacting fermion. WIMPs are selected primarily
because their thermal freeze-out mechanism accounts for
the observed DM relic abundance [8,90,91]. Their weak-
scale interactions enable detection in direct and indirect
experiments [11,12], while also allowing them to be
captured and accumulated in dense astrophysical environ-
ments like NSs [24]. We assume DM particle mass to be
between MeV and GeV the specific formulation is taken
from Ref. [74]. Here, we present its equation of state, i.e.,
energy density and pressure,
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e —i/kazdp\/p2+m2+p—§ (11)
X 71.2 0 X m%’
1 k 4 2
Plzz/deijpé,
37 Jo /pz—i—mf{ mj

where m, is the mass of DM particles, and the Fermi
momentum kp is related to the number density p, by
kr = (37%p,)'/3, my is the interaction mass scale. By
denoting x = kp/m, and y = m,/m, the energy density
and pressure are determined as

e = 8m_7i [(2x3 +x0)V1+ 22— sinh"(x)} + ng;;
(13)
p o= [(2x3 —3x)V/1 + x> + 3sinh”! (x)} Ly
£ 24n? (37%)?
(14)

For both weak interaction DM (with a typical scale of
my ~ 300 GeV, comparable to the W or Z boson masses)
and strongly interacting DM (where m; ~ 100 MeV is
assumed based on chiral perturbation theory), the inter-
action mass scales are adopted from Ref. [74]. In this
work, we consider DM particle masses in the range of
m,, = 7001300 MeV and dimensionless self-interaction
strengths in the range of y = 0.1-0.5. These values lie
within the mass and weak-interaction scale of
WIMPs [23,74].

C. Two-fluid TOV equations

The two-fluid TOV equations are employed to determine
the structural configuration of a DANS [75-80], in which
NM and DM interact exclusively via gravity, while each
component independently conserves its own energy
momentum. The total energy density &(r) and pressure
P(r) are given by the linear superposition of contributions
from both components, with the subscript indices N and y
standing for the NM and DM components, respectively,

P(r) = Px(r) + Py(r), (15)

e(r) = en(r) +¢&,(r). (16)

The coupled TOV equations governing the system are
formulated as follows:

dPy 4rr’(Py + P,) + M(r)
dr ~(Pnten) r(r—2M(r)) - (17
ar, 4rr3(Py + P,)+M(r)
@ = ~Pte) r(f—ZM(r)) - (19

aM

drN = dgenr?, (19)
aM
d—r)( = 477,'8)(}"2. (20)

The total gravitational mass is defined as the sum of the two
components evaluated at their respective radial boundaries,

My :MN<RN)+M)((R)()' (21)

The EOS for nuclear matter and dark matter are used as
input parameters, where Py . and P, . represent the central
pressures of the NM and DM components, respectively, as
initial conditions. Numerically solve the two-fluid TOV
equations until the pressure on the surface of each matter is
zero, i.e., Py(r) = 0 and P, (r) = 0. This gives the radii of
the nuclear matter component Ry and the DM component
R,. The gravitational masses of the two components are
then My(Ry) and M, (R,), respectively. Due to the non-
luminous nature of DM, the observable star radius Ry is
identified with the NM radius Ry. The DM mass fraction is
defined as

o (22)

For pure NSs, the gravitational mass and its corresponding
radius are denoted as Myg and Ryg, respectively.

III. RESULTS AND DISCUSSION

A. Effects of dark matter on neutron star properties

In this work, the global properties of DANSs are
investigated using the two-fluid TOV equation, with NM
EOS models constructed from twelve CDF effective
Lagrangians. These include the DDRHF models PKA1
[85], PKOI1 [84], PKO2, and PKO3 [92], the DDRMF
models PKDD [93], DD-ME2 [94], DD-MEX [95], and
DD-LZ1 [96], as well as the NLRMF models NL3wp [97],
NL3 [82], GM1 [98], and TM1e [99]. In our previous work,
these models have been applied in related studies to
investigate NS properties and NM behavior [100-107].
The EOSs for f-equilibrated NM based on these CDF
effective Lagrangians are presented in Fig. 1, where the
blue, olive green, and red curves correspond to the DDRHF,
DDRMF, and NLRMF models, respectively. At high
densities, the stiffness of the EOS varies across the models,
a variation associated with NS properties such as incom-
pressibility and symmetry energy. Among the set consid-
ered, the stiffest EOS is provided by the NL3 model. Also
included in Fig. 1 is the EOS for a self-interacting fermionic
DM model, with a particle mass of m, = 1000 MeV and a
dimensionless self-interaction strength of y = 0.1. The DM
EOS is substantially softer than all the NM EOSs, implying
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FIG. 1. The pressure as a function of the energy density for both

p-equilibrated nuclear matter (Py vs €y) and the fermionic dark
matter (P, vs ¢,). The CDF models are selected from DDRHF
models (blue), DDRMF models (olive green), and NLRMF
models (red). The dark matter model (labeled as DM) takes
the value of m, = 1000 MeV, and the dimensionless self-
interaction strength y = 0.1.

that an admixture of such DM could alter the global
properties of NSs.

To investigate the influence of DM on NSs, the mass-
radius relations of pure NSs are calculated using the twelve
NM EOS models presented in Fig. 1. These relations,
together with recent observational constraints on NSs mass
and radius, are presented in Fig. 2. Analysis of Figs. 1 and 2
reveals a consistent trend across the considered models that
stiffer NM EOS models generally predicts a larger maxi-
mum mass for NSs, M{3*. For example, the highest value
of MY = 2.775M, is yielded by the NL3 model, as
marked by a solid dot in Fig. 2, while the maximum masses
predicted by the other models are listed in Table 1. The
green shaded region in Fig. 2 represents the probability
distribution function (PDF) P(MP&*|EM) [108] for the
mass of supermassive pulsars (e.g., PSR J0740 + 6620 [49]
and PSR J0952-0607 [67]) derived from electromagnetic
(EM) observations, and in our investigation we refer to this
as the “MaxM” constraints. In this work, it is required that
the maximum mass predicted by each employed NM EOS
model satisfies this MaxM constraints. Simultaneously, the
mass-radius constraints provided by PSR J0030 + 0451
[52], the GW 170817 binary neutron star merger event [54],
and PSR J0437-4715 [53] are also presented in Fig. 2,
which we collectively refer to as the “TpcM” constraints in
this investigation. Some NM EOS models predictions fail
to meet the observational radius constraints provided by
GW170817 and PSR J0437-4715. Given that the DM EOS
shown in Fig. 1 is softer than those of the NM EOS models,
we further consider the admixture of DM into these models.
This enables the analysis of DM influence on NS global
properties, and compare the resulting outcomes with TpcM
and MaxM constraints.

3.0_ —7r . r 1 r r r 1t Tt 1 T T
. — PKAI

b > --- PKOl1 ]
2.5¢ N PKO2
—- PKO3

[ ———
2.0FMassive pulsars

5 e\

= | PSR J0437:4715. L [\l 1

\_v/) '5-— A— 3 W

Z, [

= 1.ORGWI70817 /
0.5f A
00— =12 17 16 18

RNS (km)

FIG. 2. Mass-radius relations of pure neutron stars obtained by
the selected CDF equations of state. The shaded regions indicate
several astrophysical observational constraints, including the
distribution of the pulsar mass limit (green) from electromagnetic
observations [108], the mass-radius measurements from the
NICER mission for PSR J0030 + 0451 (yellow) [52] and the
brightest known millisecond pulsar PSR J0437-4715 (blue) [53],
the gravitational wave event GW170817 (red) [54].

An analysis of the mass-radius relations for DANSs is
conducted through calculations with varying DM mass
fractions, f,. A fermionic DM model is adopted, with a
DM particle mass m, = 1000 MeV and a dimensionless
self-interaction strength y = 0.1. Figure 3 shows that the
predicted maximum mass and corresponding radii of
DANSs are lower than those of pure NSs and decrease
as f, increases, this result on the impact of such DM on the
global properties of NSs are consistent with the conclusions
reported in Refs. [47,48]. For illustration, the mass-radius
relations for the PKO3 model are presented in Fig. 3. When
MaxM constraints are imposed, we find that there exists an
upper limit on the DM mass fraction f, in the DANSs, and
for the PKO3 model, this limit is f7** = 0.117. If the DM
mass fraction exceeds this limit, the resulting mass-radius
relation can no longer satisfy MaxM constraints. The values
of f7* and the corresponding maximum total mass Mp™
of the DANS for each model, obtained under this MaxM
constraints, are compiled in Table I. The results show that
the upper limit on the DM mass fraction f3'** constrained
by MaxM, depends on the specific NM EOS models
employed.

The upper limits on the DM content within DANSs, as
established by MaxM constraints, are presented in Fig. 3
and Table I. We now present an investigation of the upper
limit on the internal DM content under the 7pcM con-
straints for a DANS with a typical NS mass of 1.4M . To
this end, we investigate the evolution of the mass-radius
relation of the DM component by fixing the total mass of
the DANS, M7, at the typical NS mass of 1.4M, and
progressively increasing f,, thereby tracing the correlated
evolution of M, and R,, as shown in Fig. 4. The TpcM
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TABLE 1.

The maximum mass MY§* (M) and the corresponding radius R{§* (km) for a pure neutron stars calculated by different

CDF models. To their right, the maximum value of the dark matter fraction f3'** is given for dark matter admixed neutron stars, which is
constrained by astrophysical observations [52-54,108]. Correspondingly, the predict results of the total mass M7, the observable
radius RT™, the DM mass M;**, and DM radius R;** are obtained for the DANSs case of maximum mass limit. For the case of 1.4M ¢,
DANS:s, the predicted maximum DM masses M )1('4 under MaxM constraints are then compared with those permissible from TpcM
constraint M;l"‘, see Fig. 4 for details. All results are derived for a dark matter model with a particle mass m, = 1000 MeV and a

dimensionless self-interaction strength y = 0.1.

NS DANS
EOS M&lgx Rglgx f}r{nax Mr;}ax Rl;‘lax M?lax R}I{nax M}(A M;; 1.4
PKA1 2421 12.340 0.099 2.090 11.610 0.207 4.460 0.138 0.370
PKO1 2.449 12.400 0.105 2.090 11.630 0.220 4.410 0.147 0.374
PKO2 2.456 12.280 0.108 2.090 11.480 0.226 4.360 0.151 0.374
PKO3 2.498 12.460 0.117 2.090 11.610 0.245 4.320 0.164 0.380
PKDD 2.327 11.780 0.076 2.090 11.240 0.159 4.370 0.106 0.356
DD-LZ1 2.558 12.280 0.130 2.090 11.350 0.272 4.120 0.182 0.384
DD-ME2 2.484 12.060 0.116 2.090 11.230 0.242 4.210 0.163 0.376
DD-MEX 2.552 12.300 0.129 2.090 11.390 0.270 4.120 0.181 0.384
NL3 2.775 12.470 0.161 2.090 12.470 0.336 4.310 0.224 0.409
GM1 2.386 12.100 0.092 2.090 11.430 0.192 4.390 0.128 0.365
TMle 2.125 11.790 0.011 2.090 11.690 0.023 4.240 0.015 0.309
NL3wp 2.754 13.000 0.158 2.090 12.050 0.330 4.250 0.222 0.405

constraints upper limits M)’;M are indicated by hollow dots,
while solid dots denote the DM masses M} derived under
MaxM constraints. The predicted values of M;'4 and M,*
for different NM EOS models are compiled in Table I. In
Fig. 3, the DM masses under MaxM and TpcM constraints
correspond to the intersections of the mass-radius curves
for f7* =0.117 and f™ = 0.271 with the 1.4M, con-
tour, respectively. The results show that the TpcM con-
straints upper limit of the DM mass is dependent on the
choice of the NM EOS models. Given that the determined

3.0_ —tr rr - - r - 1T 1T r T ]

; m, =1000 MeV, y=0.1 1
2.5F ]
20
ST

< 1.5k

My (M

1.0

0.5F

0.0k

FIG. 3. Mass-radius relations (the total mass My vs the
observable radius R) of dark matter admixed neutron stars with
different dark matter fraction f, (dashed lines with graduated
colors), using the CDF model PKO3. For comparison, the case of
pure neutron stars is given by the solid line. The dash-dotted line
marks the fixed mass of My = 1.4M,.

upper limits for the DM content under both the MaxM and
the TpcM constraints are influenced by the choice of NM
EOS models, it is necessary to search for possible corre-
lations to reduce this model dependence.

In this work, when the DM particle mass is set to m, =
1000 MeV and the self-interaction strength to y = 0.1, the
DM exists in the form of a dark core within the DANSs.
This is demonstrated by the data in Table I, which show that
across all models, the DM radius Ry is substantially less

o4r 1.4 M]
0.3F ]
=

< 0.2t AR AL
EX [ — PKAI - - W\ o8\ b |
[ -~ PKOl -— DD-LZI ARt RRY

0.1F = PKO2 — NL3owp g

L —— PKO3 ---- NL3

L — PKDD GMI ’
0.0f ~ DD-ME2-- TMle i
3 4 5 6 71 8

Ry (km)

FIG. 4. ForaDANSs with fixed total mass of M = 1.4M, the
mass of the dark matter component M, as a function of DM
radius R,,, which is evolved with increasing DM mass fraction f,,
the results are given by different CDF models and a DM model
with m, = 1000 MeV, y =0.1. The maximum DM masses
which are permissible from TpcM constraints M )’;“4 (open circles)
and constrained by the MaxM M* (solid circles) are marked.
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than the total radius R7**. For example, in the PKO3 model,
the DM core radius is only Ry = 4.320 km compared to
the total RT* = 11.610 km.

B. Limit on the dark matter component in DANSs

The derived upper limits on the DM content, as shown in
Fig. 4 and Table I, exhibit a dependence on the chosen NM
EOS models. This model dependence motivates an inves-
tigation into possible correlations between the maximum
DM mass fraction in DANSs, 7, and global NS proper-
ties, with the aim of mitigating model uncertainties in the
results. The search for such a correlation is focused on
DANSs with a typical NS mass of 1.4M. Based on the
TpcM constraints of the DM content, a significant linear
correlation is found between the maximum DM mass
fraction in DANSs, /7™, and the maximum mass of pure
NSs, MJE*, with a Pearson correlation coefficient of
ri =0.97. The correlation between f;™* and MY§" is

given by

S = 0.1MR§* + 0.02, (23)
from Egs. (22) and (23), an equivalent relation between
M;'* and MBE* can be derived as

M4 = 0,141 M2 + 0,025, (24)

Applying the same correlation analysis to the DM content
subject to the MaxM constraints reveals a similarly evident,
and even stronger, linear correlation, with a coefficient of
r, = 0.98. The corresponding relation between f** and
ME is

f7¥ = 0.22My%§* - 0.44, (25)
which, via Eq. (22), can be recast into the equivalent form,
M}('“ = 0.309My§* — 0.616. (26)

The linear correlations from Eq. (23) and Eq. (25), together
with their confidence bands, are presented in the main panel
of Fig. 5. The confidence bands are constructed using a ¢
distribution with n — 2 degrees of freedom [109], which is
standard for small samples as it accounts for the uncertainty
in estimating the residual variance. For a linear fit
¥y = ax + b, the required variance of y(x) is given by
the well-known A method [110] and takes the form,

nx? =2xy x; + > x7
nyxi—(Cx)?

where 7 is the sample size, and a, b are the fitted model
parameters.

Var(ax + b) =

(27)

i 1--71=097 Mr=14M ]

0320 rlle=098 Y o

[ T V_E,m&}"“ ]

0.24[ | T .

D % ]

5 0.16f L v PrAI QD PKO2 e
& i I O PKO1{> PKO3 » 1
0.08f it v 1

[ ¥ PKDD VY NL3wp |

L O DD-ME2 O NL3 -

0.00F T . [J DD-MEX[] GMI ]

I < DD-LZI  T™™Ie ]
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MR$* (M)
FIG. 5. Linear correlation between the maximum dark matter

mass fraction (derived from 1.4My DANSs) and the maximum
mass of a pure neutron star, the results are given by different CDF
models and a DM model with m, = 1000 MeV, y = 0.1. The
dashed line represents the TpcM constraints limit /7™, with a
Pearson correlation coefficient of r; = 0.97. The blue shaded
area denotes the confidence interval. The dotted line represents
the MaxM constraints limit f7'**, with a Pearson correlation
coefficient of r, =0.98. The red shaded area denotes the
confidence interval. Bottom panel: The probability distribution
function of maximum mass limit P(M&*|EM) for a pure neutron
star constrained by MaxM [108]. Left panel: The posterior
probability distribution function P(f}**[EM) of the DM mass
fraction limit is derived via the linear correlation between [
and MJ&* in combination with P(MRE[EM). All results are
derived for a dark matter model with a particle mass m, =
1000 MeV and a dimensionless self-interaction strength y = 0.1.

Given MaxM constraints on the maximum mass of pure
NSs, MYE (see Fig. 2), the identified linear correlation
permits a further constraint on the possible range of the
maximum DM mass fraction f** within DANSs, thereby
offering a model-independent method. Such a method is
based on a reasonable ansatz that, while the MaxM con-
straints are provided by the supermassive pulsars, the precise
internal composition of these supermassive pulsars remains
undetermined, the maximum masses predicted for both pure
NSs and DANSs should fall within the probability distribu-
tion function (PDF) P(MJ&|EM) [108] provided by this
MaxM constraints. Using this method, by employing the
distribution of the maximum mass of pure NSs from the
MaxM constraints as the prior PDF, P(My&*|EM), and
the identified linear correlation as the conditional PDF
P(fy*|MRE), the posterior PDF P(f**|EM) for the DM
mass fraction f7™ in DANSs is derived through the
integration of the conditional and prior probability densities,

PUP™IEM) = [ dME P MIE) - POMIEIEM).

(28)
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The detailed approach is as follows, the correlation between
the datasets (x;,y;) is modeled via the function § = f(x)
derived from the least-squares fitting. For a given x, the
corresponding y values are described by the conditional PDF
P(y|x), which is formulated using a 7 distribution with n — 2
degrees of freedom.

res)
(n—2)al(%2) (1

2

_oe
* (n —())2)0)2)) Var)’ (29)

where I'(x) is the Gamma function, 62 is the population error
variance [typically unknown and unbiasedly estimated by the

Z (vi=9i

2
mean squared error S* = ,1_2” ], and Var is the variance
of the fitted model as given by Eq. (27).

The posterior PDF P(f}**|EM) is subsequently obtained
by the substitution of P(MY§*|[EM) and P(f;**|M¥§*) into
Egs. (27)—-(29). This yields the PDF for the DM mass
fraction in a 1.4M o DANS, with the result presented in the
left panel of Fig. 5. The blue shaded region corresponds to
the PDF under the TpcM constraints, indicating a value of
fimax = 0.2501001° (68% confidence interval for f;m,
with lower bound 0.239 and upper bound 0.266). In
contrast, the PDF under the MaxM constraints, depicted
by the red shaded region, is constrained to fy** =
0.07250 53 (68% confidence interval for f7%, with lower
bound 0.047 and upper bound 0.105). A comparison shows
that the TpcM constraints produce a posterior distribution
with a higher median value and a narrower confidence
interval than those derived from the MaxM constraints.
These results quantify the permissible DM mass fraction in
1.4M, DANSs, establishing a prior constraint for inves-
tigating their potential observational signatures.

The distribution of the DM mass fraction within a 1.4M
DANS is analyzed in Fig. 5. Furthermore, this work aims to
determine the PDF for the DM mass within a DANS at its
maximum mass, M7*, based on the ansatz that this mass
fall within the range provided by the MaxM constraints.
The mass-radius relation corresponding to the DM mass
fraction derived from the TpcM constraints (e.g., f7™ =
0.271 in Fig. 3) fails to satisfy the MaxM constraints.
Consequently, the value of f7** derived under the MaxM
constraints is adopted for the subsequent analysis.
Subsequently, the maximum DM mass My™* under
MaxM constraints is extracted, as shown by the solid circle
on the curve for f7* =0.117 in Fig. 3. The resulting
values for different NM EOS models are listed in the M7
column of Table I. Through correlation analysis, a signifi-
cant linear correlation between the maximum DM mass
within DANSs, M7, and the maximum mass of a pure
NS, MY{§*, is also found, with a Pearson coefficient of
r = 0.98. This correlation between the maximum DM mass
within DANSs, M**, and the maximum mass of pure NSs,
MY, which can be expressed as follows:

P(ylx) =

= r=098

LV PKAI

@ PKOI
B PKO2 Y ]
[ ¢ PKO3 ]
i » ]

¥ v PKDD Vv NL3wp ]

@ DD-ME2 @ NL3

T E DD-MEX H GMI

. ’ ¢ DD-LZI ¢ TMle
n n 1 n n L n n I 1

20 22 24 26 28 30
MR§* (M)

FIG. 6. Linear correlation between the maximum dark matter
mass M;™ (derived from the f7'™* constrained by MaxM) and
the maximum mass MJ$* of a pure neutron star, the results
are given by different CDF models and a DM model with
m, = 1000 MeV, y = 0.1. The dotted line represents the MaxM
constraints limit M)‘(m", with a Pearson correlation coefficient of
r = 0.98. The red shaded area denotes the confidence interval.
Bottom panel: The probability distribution function of maximum
mass limit P(MY&*|EM) for a pure neutron star constrained by
observations [108]. Left panel: The posterior probability distri-
bution function P(M}*|EM) of the maximum DM mass is
derived via the linear correlation between My™ and M{E* in
combination with P(M3|EM).

My* = 0.46M{S* — 0.92, (30)

and the confidence band corresponding to this correlation is
presented in Fig. 6.

Based on the identified linear correlation, we proceed to
analyze the probability distribution of the DM content in
DANSs. The posterior PDF for the maximum DM mass
within DANSs, P(MJ*|EM), is then constructed by
incorporating the linear correlation between M and
MR§, represented by P(My™|Myg*), with the PDF of
the MaxM constraints P(Mya*|EM) [108],

P(M7™[EM) o P(MYS'[EM) - P(My™|Myg*),  (31)

the explicit form of the posterior PDF P(M}*|EM) is
obtained by substituting P(My§*|[EM) and P(My**|My§)
into the framework defined by Eqs. (27)—(29). The result-
ing PDF yields a constraint on the maximum DM mass of
M = 0.15079070M ¢, (68% confidence interval for M7,
with lower bound 0.099M ; and upper bound 0.220M ), as
displayed in the left panel of Fig. 6. The significance of this
result can be understood as follows. Although supermas-
sive pulsars provide the MaxM constraints, their internal
composition remains undetermined. We therefore adopt the
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TABLE II.
coefficients r for the linear fits of f7™* (My™*) versus MY§".

Similar to Table I, the values of [ and M (M) for different DM parameter sets are presented. The Pearson

m, =700 MeV, y = 0.1

m, = 1300 MeV, y = 0.1

m, = 1000 MeV, y =0.5

r=10.92 r=0.99 r=0.98
EOS f)l;'lax M}r{nax f)r(nax M?ax f?lax M?ax
PKA1 0.107 0.224 0.094 0.197 0.100 0.209
PKO1 0.114 0.239 0.100 0.209 0.106 0.222
PKO2 0.117 0.245 0.101 0.212 0.109 0.227
PKO3 0.125 0.263 0.107 0.225 0.118 0.246
PKDD 0.081 0.169 0.073 0.153 0.077 0.161
DD-LZ1 0.143 0.299 0.115 0.241 0.131 0.274
DD-ME2 0.126 0.263 0.107 0.224 0.117 0.246
DD-MEX 0.143 0.299 0.113 0.238 0.130 0.272
NL3 0.190 0.397 0.128 0.268 0.161 0.338
GMl1 0.098 0.205 0.088 0.184 0.093 0.194
TMle 0.011 0.023 0.010 0.021 0.012 0.025
NL3wp 0.186 0.389 0.127 0.266 0.160 0.335

ansatz that the predicted maximum masses of both pure
NSs and DANSs are consistent with these constraints. By
combining this ansatz with the identified linear correlation
between M} and MY§*, we derive the PDF P(M}**|EM)
for the DM mass within DANSs, thereby yielding a result
independent of the specific NM EOS models employed.
This PDF P(M}*|EM) for the maximum DM mass
provides a prior constraint for investigations into distinctive
observational signatures of DANSs, such as anomalies in
tidal deformability or distinctive gravitational-wave
signals.

Therefore, based on the aforementioned research find-
ings, under the TpcM constraints, the PDF P(f7**|EM) for
the maximum DM mass fraction f'** in a typical 1.4M
DANS is derived, and under the MaxM constraints, a PDF
P(M}**|EM) for the DM component maximum mass M}
within DANSSs is constructed. These derived distributions
provide priors for the internal DM content in future studies
investigating the unique observational signatures of
DANSSs, such as investigations into anomalies in the radius
and tidal deformability of DANSSs as reported in Ref. [64],
and studies on the distinctive frequency and duration of
gravitational wave signals from DANSs as documented
in Ref. [58].

To test the dependence of the maximum DM mass M**
on the selection of DM parameters, we vary the DM particle
mass in the range of m, =700-1300 MeV and the
dimensionless self-interaction strength in the range of
y = 0.1-0.5. These choices remain within the typical range
of weakly interacting massive particle models [6—8]. From
the analysis with varying DM parameters, we find that the
significant linear correlation between Myg* and M still
holds. Table II presents samples of varying DM parameters
along with the corresponding Pearson coefficients. Taking
the case of fixing y = 0.1 while varying m, as an example,

Fig. 7 shows the corresponding results. Although the slope
of the fitted linear relation decreases as m,, increases over
the considered range, the posterior PDF of M derived
via Eq. (31) remains relatively robust. By averaging over all
results obtained within the selected DM parameter space,
we find My™ = 0.151“84'857 Mg (68% confidence interval,
with lower bound 0.10M and upper bound 0.22M ). It
should be emphasized that this value of M;** exceeds what
NSs can accumulate through gravitational accretion in a
diluted DM background of the Universe. As discussed in
the Introduction, various scenarios, such as enhanced DM
density environments or additional DM formation mech-
anisms, suggest that the existence of NSs containing
a larger amount of DM is worth exploring theoretically.

1300

., = 700-1300 MeV
1y=0.1

1200

1100

1000

my (MeV)

900

800

700

20 22 24 26 28 30
MR§® (M)

FIG. 7. Same as Fig. 6, but for DM particle masses spanning
700-1300 MeV. Dashed lines with a blue-to-red color gradient
show results for varying m,, with the gradient-shaded area
denoting the corresponding confidence interval. Left panel: Same
as Fig. 6, but showing the results averaged over all calculations
across the mass range of 700-1300 MeV of DM particle.
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With these possibilities in mind, such a mass value could
provide a critical prior for interpreting potential observa-
tional signatures of DANSs in the future, such as anoma-
lous tidal deformabilities, characteristic gravitational wave
signals.

IV. SUMMARY AND CONCLUSIONS

This work investigates the influence of DM on the global
properties of NSs, with a focus on determining the upper
limit of the DM content in DANSs based on recent
astrophysical observation constraints. We compute the
NM EOS using twelve CDF models, and described DM
with a fermionic model, characterized by a particle mass
range of m, = 700-1300 MeV and dimensionless self-
interaction strengths of y = 0.1-0.5. By varying the DM
mass fraction f,, we analyzed its impact, finding that the
predicted maximum mass M7* of a DANS decreases as
DM mass fraction f,. Our analysis incorporates multi-
messenger astrophysical observations, which provide two
distinct classes of constraints. The MaxM constraints come
from the supermassive pulsars mass distribution limit (with
its corresponding limit from Ref. [108]). The TpcM
constraints are provided by the NICER mass-radius mea-
surements for PSR JO030 4 0451 and PSR J0437-4715,
combined with data from the binary neutron star merger
event GW170817. Under the MaxM constraints, an upper
limit on the DM content in DANSs was obtained, with the
derived limit for DM mass fraction f7'™* shown to vary
across the employed NM EOS models. For example, for the
DM model with m, = 1000 MeV and y = 0.1, a value of
[y =11"7% is permitted by the PKO3 model, while
fy* =17.6% is allowed by the PKDD model. Similarly,
under the TpcM constraints, the theoretically attainable
maximum DM content in a 1.4M 5 DANS is determined
and also exhibits a dependence on the NM EOS model
choice. The discrepancy in the f7'** obtained from different
models motivated a further investigation into possible
correlations between the maximum DM mass fraction,
7™, and the properties of NS.

To examine the impact of model choice on the results, we
extracted the maximum DM mass fractions derived from
both TpcM and MaxM constraints for the twelve CDF
models. By investigating possible correlations between the
maximum DM mass fraction within DANSSs, f};’a", and NS
properties, a significant linear correlation was identified
between this fraction, f7**, and the maximum mass of a
pure NS, M{§*. Strong correlations were found for both the
TpcM and MaxM constrained cases. Using this linear
relation in conjunction with the prior PDF from the
MaxM constraints, we derived the posterior PDF for the
DM mass fraction within a 1.4M g5 DANS. Furthermore,
this work aims to determined the PDF for the DM mass

M*™ within a DANS at its maximum mass, M1, based on
the ansatz that this mass My®* fall within the range
provided by the MaxM constraints, we therefore exclu-
sively base our investigation of the DM mass M;** in
maximum mass DANSs, M1, on the MaxM constrained
results. By using the values of M7™ from Table I to
examine their correlation with NS properties, we again
found a significant linear correlation between My™* and
MR%*. Combining this correlation with the PDF from the
MaxM constraints yields the PDF for the maximum DM
mass, P(M;*™|EM), which is nearly independent of the
choice of DM particle mass and self-interaction strength.
This correlation analysis leads to a constraint on the DM
mass of My = 0-151L8.'857 M at the 68% confidence level,
which provides prior upper limits on the DM content in
DANSs that are derived from astrophysical observations
and are independent of the choice of NM EOS models and
DM parameters.

The findings of this study provide insights and a meth-
odological framework for future investigations. Although the
present analysis is based on a specific fermionic DM model,
the methodological framework developed here is readily
extensible to broader parameter spaces and can be adopted
for other DM candidate types. A probability distribution
function for the DM mass P (M} |EM) has been constructed
based on observational constraints. Notably, our result
significantly exceeds the maximum DM mass obtainable
via gravitational accretion in a dilute DM background. Such
an extreme DM content requires further exploration in both
observation and theory to search for environments and
mechanisms that could yield higher DM densities.
Accordingly, this result provides constraints that can be used
as prior constraints for future studies that examine distinctive
observational signatures, such as anomalous tidal deform-
abilities and distinctive gravitational wave signals, and the
global properties of DANSs.
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