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We explore the presence of self-interacting bosonic dark matter (DM) within neutron stars (NSs) in light
of the latest multimessenger observations of the Neutron Star Interior Composition Explorer (NICER) and
LIGO/Virgo detectors. The bosonic DM is distributed as a core inside the NS or as a halo around it leading
to formation of a DM admixed NS. We focus on the variation of the visible and dark radius of the mixed
object due to DM model parameters and fractions. It is shown that DM core formation reduces the visible
radius and the total mass pushing them below observational limits while halo formation is in favor of the
latest mass-radius observations. Moreover, we scan over the parameter space of the bosonic DM model
considering two nuclear matter equation of states by applying the radius, maximum mass and tidal
deformability constraints. Our investigation allows for the exclusion of a range of DM fractions, self-
coupling constant and sub-GeV boson masses, which limits the amount of accumulated DM to relatively
low values to be consistent with astrophysical bounds. In this paper, we introduce main features of the pulse
profile corresponding to the DM admixed NS as a novel observable quantity. We find that the depth of
minimum fluxes in the pulse profiles crucially depends on the amount of DM around NS and its
compactness. The current/future astrophysics missions may test for the possibility of the existence of DM
within NSs and break the degeneracies between different scenarios via multiple observations.
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I. INTRODUCTION

The advent of multimessenger observations of compact
astrophysical objects has provided a unique opportunity
to explore the dense matter equation of state (EOS) and
to answer the question, whether neutron stars (NSs) are
composed of normal nuclear matter, or if they contain a
more exotic type of matter. In this regard, precise mea-
surements of mass, radius and tidal deformability of NSs by
electromagnetic (EM) and gravitational waves (GWs), have
led to remarkable improvements in our understanding of
their interior structures [1–4]. Among different possibil-
ities, dark matter (DM), either as a bosonic or fermionic
particle, could be mixed with ordinary matter leading
to a new type of compact object so-called DM admixed
NS [5–10]. Depending on the DM model parameters, i.e.,
mass, self-coupling constant and its fraction within the
mixed star, DM could reside as a dense core inside NS or
form an extended halo around it. The distribution of DM in
the DM admixed NS causes some noticeable impacts on the
mass-radius profile and the deformation of this configura-
tion in a binary system, which encodes in the tidal
deformability parameter [10–27].

Among different DM candidates the scalar or pseudo-
scalar bosons such as axions are of great interest from
various aspects in astrophysics and cosmology [28–32]. In
this regard, self-gravitating objects made of bosonic DM
could be formed whether as nonself-interacting scalar fields
or with repulsive/attractive self-interactions [33–39]. In the
absence of interaction between bosons, the Heisenberg
uncertainty principle provides the required quantum pres-
sure to avoid from a gravitational collapse. The stable
self-gravitating configurations of complex scalar fields
called boson stars (BSs) were first introduced by Kaup
and Ruffini-Bonazzola in the 1960s [40,41]. Afterwards,
Colpi et al. considered a repulsive self-interaction among
bosons which alters the mass and radius of BSs drastically
and become comparable to the ones of NSs [42]. Following
these efforts, the attention has been directed to the
possible role of BSs in astrophysics whether as a DM
candidate [43–47] or as black hole mimickers [48–52].
Asymmetric dark matter (ADM) which usually do not

annihilate to standard model (SM) particles can be sub-
stantially accumulated in NSs through different processes
[7,8,53–67]. Accretion of bosonic ADM by stars has been
discussed by nonlinear numerical relativity methods, where
it was showed that bosonic cores may develop inside the
star and these configurations are stable throughout most
of the parameter space [68,69]. We may also have
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gravitationally stable configurations composed entirely of
fermionic or bosonic ADM named “dark stars” [34,70–76].
ADM stars could also serve as DM cores and accretion
centers for baryonic matter (BM) which may lead to the
formation of a DM admixed NS with high fractions of
DM [6,77–79]. Furthermore, a large amount of DMmay be
provided in a binary system of a dark compact object and a
NS, by capturing of DM particles or the coalescence of
these objects [80–84].
On the other hand, the existence of self-annihilating DM

in NS lead to some evidences such as the variation of
luminosity, effective temperature and cooling of the mixed
object [85–93]. These observable effects could potentially
be detected by James Webb Space Telescope (JWST) and
other infrared/optical/UV telescopes specially for old NSs
which are located in solar neighborhood [94–99].
Astrophysical objects which are a mixture of fermions and

bosons, interacting only gravitationally, have been discussed
based on two different methods: (i) fermion-boson star
[100–108] and (ii) DM admixed NS [6,7,10,14,16]. In both
above cases, the energy momentum tensor of the Einstein
equation takes separate contributions of fermionic and
bosonic components. For the former, fermionic component
is described by a perfect-fluid while the scalar bosonic field
is governed by Klein-Gordon equation. In order to compute
equilibrium configurations of fermion-boson stars, one needs
to solve the coupled Einstein–Klein-Gordon equations [46].
In the DM admixed NSs, fermions and bosons are
considered as perfect fluids where the two-fluid formalism
of Tolman-Oppenheimer-Volkof (TOV) equations are uti-
lized to describe the mixed compact star. Recently, the
equilibrium configurations of DM admixed NSs have been
extensively considered in [10,11], where the DM compo-
nent was modeled by self-repulsive bosons. In a related
study for the fermion-boson stars [109], which was done
following a similar scheme in [10] but with a vanishing
bosonic self-interaction, the dependence of DM core/halo
formation on the particle mass is in agreement with the
results presented in [10].
During the last decade the measurement techniques

of the mass and radius of NSs have been much improved.
The Shapiro delay method or orbital period measurements
of binary systems determine the gravitational mass,
such as the measured mass of the heaviest NSs, PSR
J0348þ 0432 (2.01� 0.04M⊙) [110] and PSR J0740þ
6620 (2.14þ0.10−0.09M⊙) [111]. In this direction, the Keck-
telescope optical spectrophotometry and imaging of the
companions of PSR J1810þ 1744 [112] and PSR J0952-
0607 [113] provide novel mass results 2.13� 0.04M⊙ and
2.35� 0.17M⊙, respectively. Furthermore, the GW data of
LIGO-Virgo Collaboration leads to the determination of
tidal deformability of 1.4M⊙ NS (Λ1.4) to be less than 580
for the GW170817 event [114,115]. This measurement
enables us to constrain the corresponding radius, hereafter
called R1.4 [1–3,116–124]. Afterwards, the Neutron Star

Interior Composition Explorer (NICER) announced the
joint precise measurements of mass and radius for PSR
J0030þ 0451 and PSR J0740þ 6620 [125–128], which
opens a new window towards better understanding of NSs
structure. Ever since, many attempts have been made to
impose limits on dense matter EoSs and NS properties
specially R1.4 via combined analyses of GW, x-ray obser-
vations and nuclear theory or experiments [129–136].
Considering the aforementioned results from multimessen-
ger observation of NSs, gives the value of R1.4 to be
11.75þ0.86

−0.81 km at 90% confidence level at 1σ uncertainty
[133] or more recent work indicating that R1.4 ¼
12.01þ0.78

−0.77 km at 95% confidence level [137]. Moreover,
there is an estimation for the radius of a typical 1.4M⊙ NS
to be 11.94þ0.76

−0.87 at 90% confidence [135] and in [122], an
average over all current estimations has been done, giving
R1.4 ¼ 12.0þ1.2

−1.2 within the 90% credible region.
In this paper, we mainly focus on the precise radius

measurements in addition to the maximum mass and tidal
deformability parameters to probe DM admixed NSs. We
take the maximum mass constraint Mmax ≳ 2M⊙, R1.4 ≳
11 km and Λ1.4 ≲ 580 as reliable limits for NSs composed
of a fraction of bosonic self-interacting DM (SIDM). In the
following, we investigate the effect of DM core/halo
formation on the visible and dark radius of the mixed
object in the light of the latest multimessenger constraints.
We examine different DM model parameters such as the
particle mass, self-coupling constant and also the amount of
DM within the mixed NS in order to check their consis-
tency with the allowed parameter space given by NICER
and GW detectors. We show that the existence of bosonic
DM as a core of a compact object leads to a reduction in
the radius and mass of the mixed star which is disfavored
by recent measurements. However, the DM halo formation
increases the tidal deformability significantly, which is not
consistent with the latest constraint. Considering the
aforementioned triple bounds, the allowed DM model
parameter space will be obtained through precise scans
over coupling constant, DM fraction and boson mass. This
also imposes upper limits on DM fraction in NSs for sub-
GeV bosonic SIDM applying two different stiff and soft
BM EoSs.
In fact, the precise mass-radius measurements by x-ray

telescopes (e.g., NICER/XMM-Newton) rely on the surface
emission of the star. Depending on the compactness of a
NS, the path of the photons is distorted by the gravitational
warping of spacetime in the vicinity of the object, leading
to some modifications in the visibility of hot spots and the
corresponding pulse profiles [138–141]. As a new observ-
able, we extensively consider the variation of the EM pulse
profile in a NS with a DM halo around it for different
DM model parameters. We present a detailed analysis of
pulse profile modeling (PPM) taking into account different
amount of DM, boson masses and coupling constants.
Moreover, the compactness of DM admixed NSs, which is
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a crucial parameter for PPM, has been investigated for a
wide range of boson masses considering various DM
fractions and self-coupling constants. Our results demon-
strate the necessity of inclusion of the DM admixed NS
among other possibilities in order to obtain posterior
distributions of samples during the analysis of NICER/
XMM-Newton.
This paper is organized as follows. In Sec. II we present a

framework to model the DM admixed NS based on two-
fluid TOV formalism which includes two EoSs describing
bosonic DM and BM components. The equilibrium con-
figurations of the mixed compact object through the mass-
radius profiles are compared with the latest measurements
of NICER (Sec. III). We consider the variation of the visible
and dark radius of DM admixed NSs under the influence of
the boson mass and self-interaction strength as a function
of DM fractions in Sec. IV. The pulse profile as a new
observable will be introduced in Sec. V where the effect of
DM halo will be taken into account in light bending in order
to track the surface emission of a star with a baryonic core
surrounded by a DM halo. In Sec. VI a scan over bosonic
DM mass, DM fraction and coupling constant is presented
regarding three key observable features Mmax ≳ 2M⊙,
R1.4 ≳ 11 km and Λ1.4 ≲ 580. Finally, in the last section,
we summarize our results. In this paper we use units in
which ℏ ¼ c ¼ G ¼ 1.

II. MODELING OF THE DM ADMIXED NS

In this work to model DM, we use bosonic SIDM which
is described through the following Lagrangian

L ¼ 1

2
∂μϕ

�
∂
μϕ −

m2
χ

2
ϕ�ϕ −

λ

4
ðϕ�ϕÞ2; ð1Þ

we assume mean-field approximation and expand the
interaction term λðϕ�ϕÞ2=4 in terms of ϕ�ϕ − hϕ�ϕi which
leads to a linearized mean-field Lagrangian as

LMF ¼ 1

2
∂μϕ

�
∂
μϕ −

m�2
χ

2
ϕ�ϕþ λ

4
hϕ�ϕi2: ð2Þ

As a result the effective mass m�
χ depends on the expect-

ation value of ϕ�ϕ as m�2
χ ¼ m2

χ þ λhϕ�ϕi.
The pressure arising from the DM perfect fluid described

by this Lagrangian is

P ¼ ζ2ðμ2χ −m�2
χ Þ þ λ

4
hϕ�ϕi2; ð3Þ

where ζ represents the amplitude of the zero mode and μχ is
bosonic chemical potential. After some straightforward
computations presented previously in the Appendix
of [10], it turns out that the total pressure of SIDM particles
is given by

P ¼ m4
χ

9λ

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3λ

m4
χ
ρ

s
− 1

!
2

: ð4Þ

This EoS has been originally obtained in [42] for BSs in an
alternative way by solving Einstein-Klein-Gordon equa-
tions for a spherically symmetric configuration of the scalar
fields. In the strong-coupling limit λ ≫ 4πðmχ=MPlÞ2
applied in [42], the spatial derivatives of the scalar fields
have been neglected leading to a local solution of field
equations. In this regime, the system can be approximated
as a perfect fluid and the anisotropy of pressure is ignored.
The maximum mass of a BS with the quartic self-
interaction was found to be

MBS
max ≈ 10M⊙λ

1=2

�
100 MeV

mχ

�
2

; ð5Þ

it was shown [11,45,142,143] that the maximum compact-
ness Cmax ¼ ðM=RÞmax grows with the coupling constant λ
and reaches to a saturated value 0.16 at strong coupling
limit. Working in this regime, we can find the minimum
radius Rmin corresponding to Mmax as

RBS
min ≈ 92.3 kmλ1=2

�
100 MeV

mχ

�
2

: ð6Þ

To model the BM component, we utilize two reliable
hadronic EoSs. One of them includes induced surface
tension known as ISTwhere both the short-range repulsion
and long-range attraction interactions between baryons
have been considered [144,145]. This EoS is in agreement
with the latest NS observations providing Mmax ¼ 2.08M⊙
and the radius 11.37 km, and tidal deformability 285 for a
1.4M⊙ NS [146]. The corresponding crust part of this EoS
is described via the polytropic EoS with adiabatic index
γ ¼ 4=3 [8]. Moreover, we use another nuclear EoS
obtain from the relativistic mean-field model with
density-dependent couplings called DD2 [147,148]. The
density dependence of the couplings captures the essential
properties of atomic nuclei and nuclear matter around
saturation density [149]. The interactions are described
as baryon-meson couplings taking into account σ, ω, and ρ
mesons as degrees of freedom. In order to model the outer
crust BPS EoS [150] is applied, and the inner crust is
gained by Thomas-Fermi approach [151,152]. A NS with
Mmax ¼ 2.4M⊙, R1.4 ¼ 13.15 km and Λ1.4 ¼ 681 is repro-
duced by this stiff EoS which fulfill the lower bounds for
the maximum mass and radius of NSs even when hyperons
are included [31,32]. Regarding the uncertainties governing
nuclear EoSs, we select soft IST and stiff DD2 EoSs which
represent different boundary values of maximum mass,
radius, and tidal deformability.
In order to model DM admixed NSs, we assume an

energy-momentum tensor composed of BM and DM fluids
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Tμν ¼ Tμν
DM þ Tμν

BM with only gravitational interaction
between them, then the Einstein equation turns out to be

Gμν ¼ Rμν −
1

2
Rgμν ¼ 8πðTμν

DM þ Tμν
BMÞ: ð7Þ

Each energy-momentum tensor is conserved separately
giving rise to a set of equations of motion called two-fluid
formalism of TOV [80,81,153,154].

dpB

dr
¼ −ðpB þ ϵBÞ

M þ 4πr3ðpBðrÞ þ pDðrÞÞ
rðr − 2MÞ ; ð8Þ

dpD

dr
¼ −ðpD þ ϵDÞ

M þ 4πr3ðpBðrÞ þ pDðrÞÞ
rðr − 2MÞ ; ð9Þ

dM
dr

¼ 4πr2ðϵB þ ϵDÞ; ð10Þ

where M ¼ MDðrÞ þMBðrÞ and B and D indices stand
for BM and DM components. The solution of the above
equations describe the hydrostatic equilibrium configura-
tion of DMadmixedNSswhich express the DMdistribution
within NSs leading to three possibilities: (i) DM resides as a
core inside NS; (ii) DM forms a halo around NS; (iii) DM
dispersed through the whole NS. The gravitational radius of
the DM admixed NS is defined by the radius of BM fluid
(RB) for the DM core formation, and is determined based on
the DM halo radius (RD) for the DM halo formation, while
for the third caseRB ≈ RD. The total mass of the object in all
the cases is defined by

MT ¼ MBðRBÞ þMDðRDÞ; ð11Þ

whereMBðRBÞ andMDðRDÞ are the enclosedmasses of BM
and DM, respectively. The fraction of DM inside the mixed

object is defined asFχ ¼ MDðRDÞ
MT

which is realized as amodel
parameter in our computation. In principle, there are various
accumulation scenarios for DM inNSs introducing different
values of Fχ (see Sec. VII of [10]). Furthermore, in order
to obtain the tidal deformability of DM admixed NSs,
Λ ¼ 2

3
k2ðRMÞ5, M, and R are considered as the total mass

and outermost radius of the object, respectively. Moreover,
k2 is the tidal Lovenumberwhich should be calculated based
on the two-fluid TOV equations and influenced by both of
the applied DM and BM EoSs [10].
It is noteworthy that since the radius of BM component

RB is detectable through surface EM radiations, in this work
the total mass of the DM admixed NS is shown as a function
of the visible radius RB. This approach has been utilized
extensively in previous studies [5,6,8,9,109,155,156].
However, in a recent study presented in [10], the mass-
radius (M-R) relation were plotted in terms of the outermost
radius of DM admixed NSs instead of visible radius RB.

Knowing that the outermost radius can be whether RB or RD
along with stable M-R sequence depending on DM model
parameters and the amount of DM in the star. Both the above
mentioned approaches are identical in the case of DM core
formation where both the outermost radius of the object and
the radius of BM component are the same.

III. THE MASS-RADIUS PROFILE OF THE DM
ADMIXED NS AND NICER CONSTRAINTS

In this section, we consider the bosonic DM model
parameters, i.e., mass of bosons (mχ), self-coupling con-
stant (λ) and the DM fraction (Fχ) via the M-R profile of
DM admixed NSs taking into account two BM EoSs, IST
and DD2. In the following, we compare our results with the
latest mass-radius measurements of NICER [125–128]. In
Figs. 1–3, M-R credible regions [dark: 68% (1σ), light:
95% (2σ)] for PSR J0030þ 0451 and PSR J0740þ 6620
measured by NICER team are colored in blue and red,
respectively. As it is shown, according to the NICER results
larger radii (i.e., R≳ 11 km) are more favorable. The gray
dashed lines illustrate the maximum mass limit for NSs,
M ¼ 2M⊙ and the black solid (dashed) lines show the M-R
relation for pure NS described by IST (DD2) BM EoS.
In Fig. 1, the coupling constant and DM fraction are

fixed at λ ¼ π and Fχ ¼ 20%, respectively, for a range of
boson masses 100–500 MeV. It is seen that by increasing
mχ which corresponds to DM core formation, the DM
admixed NS with IST EoS disfavors NICER results, more
specifically, for mχ ¼ 400 MeV, 500 MeV, the M-R
profiles are completely outside the red and blue regions.
Note that in this case light bosons, for which a DM halo
is formed, e.g., mχ ¼ 100 MeV, are in agreement with
NICER data and even cause the M-R stable sequence to be
more compatible with the red part in comparison with IST.
Notice that for DM halo formation specially for large RD,
gravitational effects such as the tidal deformability should
be taken into account which will be discussed in Sec. VI.

FIG. 1. M-R profile of DM admixed NSs for various boson
masses at λ ¼ π and Fχ ¼ 20%, by considering IST (solid lines)
and DD2 (dashed lines) EoSs as the BM fluid. Red and blue
regions correspond to the latest NICER results and the gray
dashed line shows the maximum mass limit for NSs.
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In the case of DD2 BM EoS, we see that those M-R profiles
withmχ ≥ 300 MeV are not compatible with the red region
defined by PSR J0740þ 6620, while mixed compact
objects composed by light bosons are consistent with
NICER results.
In Fig. 2, we examine the impact of various self-coupling

constants from 0.001π to π for fixed mχ ¼ 100 MeV and
Fχ ¼ 20% in DM admixed NSs. It can be seen that by
decreasing the coupling constant, in all cases M-R curves
move towards left and gradually go out of the NICER
permitted parameter spaces. In fact for low self-coupling
constant, even light bosons such as mχ ¼ 100 MeV would
reside as a DM core inside NSs which decreases the mass
and radius of the object in comparison with pure BM NS.
The influence of DM fraction onM-R sequence of mixed

objects with DM core/halo configurations for λ ¼ π is
shown in Fig. 3. The boson mass mχ ¼ 100 MeV corre-
sponds to DM halo andmχ ¼ 400 MeV relates to DM core
as labeled by different colors for both IST and DD2.
Here different types of lines stand for various fractions
i.e., Fχ ¼ 5% solid lines, Fχ ¼ 10% dashed lines,
Fχ ¼ 15% dotted lines and Fχ ¼ 20% dashed-dotted lines.
We can see that by increasing Fχ from 5% to 20% for
mχ ¼ 400 MeV, the mass and radius of the mixed object
are decreased (due to the DM core formation) and con-
sequently M-R curves are shifted away from the allowed
parameter spaces. It is found that for mχ ¼ 100 MeV
and higher Fχ, maximum masses of M-R diagrams are
increased while RB remains approximately unchanged.
In summary, we show that sub-GeV DM bosons with

smaller masses and higher self-coupling constants cause the
DM admixed NS to be more compatible with the latest
NICER mass-radius data. In addition, if a DM core is
formed inside NS, low DM fractions are in more agreement
with the PSRJ0030þ 0451 and PSR J0740þ 662 regions,
while for DM halo configuration those regions are
respected in the whole considered range of fractions.
Thus, regarding the above-mentioned conditions, the NS

could contain bosonic DM as a core or halo and be
consistent with NICER results. Furthermore, we see that
DM admixed NSs comprised of self-interacting bosonic
DM and IST or DD2 as BM EoS could potentially interpret
exotic compact objects such as the most massive one with
2.6M⊙ in GW190814 event [157] and the lightest NS with
mass around 0.77M⊙ known as HESS J1731-347 [158].
It is instructive to compare our results with those

obtained in a recent study [14] where the authors explored
a different DM model with vector bosons as mediators
between DM particles [7,33] to describe the DM admixed
NS. The role of DM particles only as a core component was
considered in [14] while in our study we investigate both
halo and core distributions of bosonic SIDM. They showed
that lighter bosons with high self-interaction strength and
low fractions are favored by the latest NICER mass-radius
measurements which is compatible with our results.

IV. DARK AND VISIBLE RADIUS
OF DM ADMIXED NS

Concerning the distribution of DM in NSs as a core or
halo, in this section we extensively examine the behavior of
RB and RD for various DM model parameters (i.e., mχ

and λ) along with a range of DM fraction. Note that the
visible radius of the mixed compact object is RB, and the
corresponding radius of a DM admixed NS with MT ¼
1.4M⊙ is compared with the lower observational limit of
radius ≃11 km [122,133,135,137]. The analyses presented
in this section will be used in Sec. VI in order to produce a
scan plot over DM parameter space for the radius con-
straint R1.4 ≳ 11.
In Figs. 4 and 5, we show the variation of the outermost

radius of DM admixed NSs with MT ¼ 1.4M⊙ as a
function of Fχ for different boson masses and self-coupling
constants applying IST and DD2 BM EoSs. It is seen that
by increasing the DM fraction, the outermost radius

FIG. 2. M-R profile of DM admixed NSs for mχ ¼ 100 MeV
and Fχ ¼ 20% considering various coupling constants as labeled
for IST (solid lines) and DD2 (dashed lines) BM EoSs.

FIG. 3. M-R profile of DM admixed NSs for various DM
fractions Fχ ¼ 5% (solid lines), Fχ ¼ 10% (dashed lines),
Fχ ¼ 15% (dotted lines) and Fχ ¼ 20% (dashed-dotted lines).
Here mχ ¼ 100 MeV and mχ ¼ 400 MeV are considered as DM
halo and DM core configurations, respectively, at λ ¼ π for IST
and DD2 EoSs.
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decreases up to a turning point and then it goes sharply
upwards. In these plots, the radius of the mixed object will
change from the visible radius RB (solid lines) to the dark
radius RD (dashed lines) where a DM core to DM halo
transition occurs. In fact, we see that depending on mχ and
λ, a DM core will be formed generally in low Fχ while by
increasing the amount of DM, RD will grow and a DM halo
is formed around NS. The transition takes place at the
turning point of the diagrams where RB ≈ RD that is
equivalent to the formation of a DM admixed NS in which
DM is dispersed throughout the whole object. In the upper
panels of Figs. 4 and 5, mχ is varied from 100 MeV to
300MeV for fixed λ ¼ π, we see that for lighter bosons, the
DM halo is forming in very low fractions, however, one can
show that for the massive bosons, the DM halo will not
form even up to relatively high fractions. In the lower
panels, the impact of the coupling constant on the outer-
most radius is considered where for higher λ the transition
point and the DM halo is appeared at smaller values of Fχ .
In the following Figs. 6 and 7, the variation of RB and RD

for the DM admixed NS with total gravitational mass
1.4M⊙ are shown separately as a function of Fχ for both
the DM core (solid lines) and DM halo (dashed lines)
formations. In these plots, black dashed horizontal line

indicates R1.4 ¼ 11 km as a lower bound for the visible
radius of the mixed object.
In Figs. 6 and 7, the impact of different boson masses

mχ ∈ ½100; 300� MeV are examined at a fixed coupling
constant λ ¼ π for a given range of DM fractions. In the
upper panels, we see that for both DM core and DM halo
formations, RB is a decreasing function of Fχ where for
higher mχ the more reduction rate is observed. The
variation rate for light bosons becomes slow down reaching
a constant value for larger Fχ. It is shown that while for
massive bosons one can define an upper limit for the DM
fraction to satisfy a given radial limit (e.g., 11 km), for light
enough bosons RB lies above the radius limit for the whole
considered range of DM fractions. It turns out that by
increasing Fχ for massive bosons, RB becomes less than
11 km which is not in favor of the lower observational limit
of R1.4. As is depicted, the DM core inside NSs (solid line)
is formed up to relatively high fractions for heavy bosons
while at low fractions we may have core formations even
for the light bosons mχ ≲ 150 MeV. By doing precise
calculations, we findmχ ≃ 153.5 MeV and mχ ≃ 230 MeV
as the heaviest bosons for ISTand DD2, respectively, which
RB ≳ 11 km condition is met for the whole considered
range of DM fraction. From the lower panels of Figs. 6
and 7, we see that RD is an increasing function of Fχ for all
the considered boson mass range, meanwhile, the DM
radius of lighter particles increases with steeper slopes in
low fractions compare to more massive ones. Regarding the

FIG. 4. Variation of the outermost radius of DM admixed NSs
with total mass 1.4M⊙ as a function of DM fractions for IST EoS.
Solid curves show the variation of RB (visible radius) for DM
core formation. Dashed lines indicate the change of RD where a
DM halo is formed. Different boson masses are considered as
labeled for λ ¼ π in the upper panel while the lower panel is
related to mχ ¼ 200 MeV and various coupling constants.

FIG. 5. Similar to Fig. 4, but for DD2 EoS and in the lower
panel for mχ ¼ 250 MeV.
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mass range mχ ∈ ½100; 300� MeV for DM fractions Fχ ≲
5% (IST) and Fχ ≲ 28% (DD2), visible radii of the mixed
objects are higher than 11 km.
We also investigate the effect of self-coupling constant

on the visible and dark radius of DM admixed NSs with
different amount of DM (Figs. 8 and 9) in which the
mass of DM particles is fixed at mχ ¼ 200 MeV (IST) and
mχ ¼ 250 MeV (DD2) while λ is changed between 0.5π
and 4π. It is seen that for both DM core/halo formations, RB
decreases more towards lower λ going faster below 11 km
limit which is disfavored by the latest observations. In
Figs. 8 and 9 (upper panels) one can denote an upper bound
for Fχ, where below this value the radius constraint is
satisfied; note that for some coupling constants (e.g.,
λ ¼ 4π) the curve is always above 11 km. The lowest
values of self-coupling constants for which the condition
RB ≳ 11 km is fulfilled for the given range of DM fractions
are λ ≃ 2.9π (IST) and λ ≃ 1.4π (DD2). As it is illustrated in
the lower panels, the DM radius increases with Fχ which
for higher values of λ a sharper rise can be seen. From both
upper and lower panels, it turns out that higher coupling
constants lead to the DM halo formation at lower Fχ,
however, for smaller λ, DM resides as a core for a wider
range of DM fractions.

FIG. 6. Variation of RB (upper) and RD (lower) for IST EoS are
indicated separately with respect to Fχ for MT ¼ 1.4M⊙. Differ-
ent boson masses are considered as labeled for λ ¼ π. The solid
and dashed curves depict the DM core and DM halo formations,
respectively. The black dashed line in the upper panel shows the
lower observational constraint for R1.4.

FIG. 7. Similar to Fig. 6, but for DD2 EoS.

FIG. 8. Variation of RB (upper) and RD (lower) for IST EoS are
indicated separately with respect to Fχ forMT ¼ 1.4M⊙. Different
coupling constants are considered as labeled for mχ ¼ 200 MeV.
The solid and dashed curves depict the DM core and DM halo
formations, respectively. The black dashed line in the upper panel
shows the lower observational constraint for R1.4.
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To clarify further, the DM model parameters for which a
DM core and a DM halo could be formed are illustrated in
Fig. 10. In the upper panels λ −mχ parameter space for
Fχ ¼ 5% and in the lower panels Fχ −mχ parameter space
for λ ¼ π are explored in order to determine DM core/halo
region for a 1.4M⊙ DM admixed NS. Two different EoSs
IST (left) and DD2 (right) are utilized for modeling BM
component of the mixed object. The density label repre-
sents a fraction of visible to dark radius RB=RD and the red
lines mark the border of the core-halo regions where
RB ¼ RD. As expected, heavy bosons tend to form a DM
core at a fixed fraction or coupling constant. However,
relatively light bosons, by increasing self-coupling constant
and DM fraction, tend to form a DM halo. Remarkably,
the core-halo formation is independent of BM EoSs, while
it crucially depends on the DM model parameters and its
fraction. In the Appendix, regarding some simplified
assumptions, we obtain an analytic formula [see Eq. (A6)]
representing the boundary lines of the DM core-halo
transition to demonstrate that these lines are independent
of the details of BM EoSs.
In this section, we show that the outermost radius of the

mixed object changes from visible radius (RB) to dark radius
(RD) by increasing Fχ for which the corresponding fraction
point, where RB ≈ RD, will be increased for heavier bosons
and/or lower coupling constants. Generally, it is seen that for
both DM core and DM halo formations, the RB of the DM
admixed NS will be decreased by increasing Fχ while RD is
a rising function. Therefore, the lower limit of R1.4 (11 km),

which is inferred from various observational measurements
[122,133,135,137], is disfavored for heavier bosons and/or
smaller coupling constants. In fact, we conclude that smaller
mχ and larger λ are in favor of radius constraints for NSs
with M ¼ 1.4M⊙. It is worth saying that the reduction of the
visible radius for DM particles with mχ ¼ 300 MeV which
constitute 20% of a DM admixed NS is about 14.4% (IST)
and 12% (DD2) of the corresponding radius of a pure NS.
The drop of RB for a mixed compact object composed
of 20% DM component with mχ ¼ 200 MeV and λ ¼ 0.5π
is 11.18% (IST) and 10.11% (DD2) of the radius of a
normal NS.
Note that the current NICER uncertainty in determina-

tion of the radius of a NS is ∼10% [14]. The next
generation of x-ray telescopes such as STROBE-X are
capable to reach 5% uncertainty level (and even incredible
2% uncertainty for longer observations) in measurements
of mass and radius of the compact objects [159] and hence
they will be served as unique opportunities to probe the
presence of DM within the NSs.

V. PULSE PROFILE AND LIGHT BENDING
DUE TO THE DM HALO

The x-ray telescopes measure the radius of a NS by
tracking the x-ray emission from hot spots on the surface
as the star rotates. The trajectory of photons is affected by
the gravitational field of compact objects leading to the
gravitational light bending which is taken into account in
the analysis of NICER via PPM [138–140,160,161]. In this
section, we consider the effect of bosonic DM halo on the
self-light bending from DM admixed NSs. The thermal
surface photons usually originate from the baryonic radius
at RB, while it is possible to have some nonthermal
emissions produced at higher latitude r > RB [162]. Due
to the lack of interaction between DM particles and
photons, the DM halo up to radius RD remains invisible
in the light of EM interactions but it affects the light
propagation through the gravitational interaction. We
assume a spherically symmetric nonrotating space-time
(Schwarzschild metric) outside RB as

ds2 ¼ −gðrÞdt2 þ fðrÞdr2 þ r2dθ2 þ r2 sin2 θdϕ2; ð12Þ

where gðrÞ ¼ fðrÞ−1 ¼ 1–2MðrÞ=r, the total mass MðrÞ
similar to Eq. (11) has two contributions coming from both
BM and DM fluids at r ≥ RB. In a NS without DM halo
Mðr ≥ RBÞ is a constant value, the similar situation
happens for a DM admixed NS with DM core formation.
However, the formation of the DM halo around NS can
potentially change the geometry outside the surface of NS
and also the light-propagation characteristics in this region.
In this section in all considered cases we fix the total mass
of DM admixed NSs at MTðRDÞ ¼ 1.4M⊙ and we focus

FIG. 9. Similar to Fig. 8, but for DD2 EoS andmχ ¼ 250 MeV.
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only on those regions of DM model parameter space in
which we have the DM halo formation.
As it was discussed in the preceding sections, the

bosonic DM is confined inside a BM shell generally for
heavy DM particles while the light DM particles usually
form halo and distributed up to large radius out of the NS.
The presence of DM inside or around the NS would change
the compactness and the gravitational potential of the
object, consequently, it contributes to the deflection of
the light originating from the visible surface of the star. The
compactness of DM admixed NSs is displayed in Fig. 11
for IST EoS as a function of boson masses, self-coupling
constants and for different DM fractions as labeled. Here
we consider the total compactness of the mixed star up to
the visible and dark radius as CðRBÞ ¼ MTðRBÞ=RB and
CðRDÞ ¼ MTðRDÞ=RD, respectively. We see in Fig. 11 that
the total compactness at RD and RB increases with the
boson masses, while the increasing rate of the BM core
compactness is larger for higher DM fractions towards

more massive bosons. Along with each curves for a
constant Fχ towards massive bosons, the radius of DM
halo and BM core decrease and MTðRBÞ increases which
lead to forming a more compact object. We also examine
the impact of different values of self-coupling constants
(i.e., λ ¼ 0.5π, π, and 2π) on the compactness of the DM
admixed NS in Fig. 11. Assuming a constant DM fraction
for a given boson mass, it is seen that for larger values of λ
the total compactness decreases; this effect is more evident
for larger mχ. Note that the maximum compactness for
various self-coupling constants is equal for each fraction
which happens in RB ≈ RD at the end point of each curves
where CðRBÞ ≈ CðRDÞ. In both upper and lower panels of
Fig. 11 for light bosons mχ ≲ 200 MeV, increasing the
DM fraction for a fixed self-coupling constant lead to a
decrease in the compactness. Note that DM admixed NS
with DD2 EoS will follow similar behaviors in Fig. 11 for
CðRBÞ and CðRDÞ.

FIG. 10. DM parameter space specifying different regions for which a DM core or a DM halo is formed for a DM admixed NS with
MT ¼ 1.4M⊙. Upper panels display contour plots in terms of λ −mχ parameter space at Fχ ¼ 5% for IST (left) and DD2 (right) EoSs
describing the BM fluids. Each curves indicate the value of RB=RD where the red line shows the special case RB ¼ RD defining the
boundary of DM core-halo transition. Lower panels are scans over Fχ −mχ parameter space at fixed self-coupling constant λ ¼ π and
different BM fluids IST and DD2 as labeled.
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In order to compute the pulse profile of a DM admixed
NS, we need to determine the metric function gðrÞ outside
the surface of NS taking into account the DM halo
contribution which is shown in Fig. 12. The variation of
gðrÞ in terms of different DM fractions, boson masses and
self-coupling constants are illustrated as a function of radial
distance starting from the corresponding RB for each EoSs.
All curves originated from distinct points as a result of
different values of MTðRBÞ=RB, and towards larger radius
all the way to RD, the lines merge to the pure BM case
with M ¼ 1.4M⊙. Moreover, we see that the value of gðrÞ
corresponding to IST EoS (solid lines) is started from lower
values compared to DD2 EoS (dashed lines) which is due to
the higher compactness of the former BM fluid. Note that
for an observer outside the DM halo radius, the mixed
object is similar to a star with total mass 1.4M⊙.
We consider the trajectory of photons emitting from a

small spot (dS0) on the star surface (BM core) where the
emission angle α is evaluated with respect to the normal
vector of the emission surface. The star is spinning and the
visible spot changes its position periodically and light rays

would be bent by gravity and reach an observer at a far
distance D appearing as observed pulse profiles.
The bolometric observed flux of a visible spot is given

by [138,160]

F ¼ gðRBÞδ5I0ðα0Þ cos α
d cos α
d cosΨ

dS0

D2
; ð13Þ

here δ is the Doppler factor and appears due to the rotation
of the star, in the case of a slowly rotating star δ ¼ 1.

FIG. 11. Compactness up to the visible radius CðRBÞ ¼
MTðRBÞ=RB (top), and till the dark radius CðRDÞ ¼
MTðRDÞ=RD (down), as a function of boson masses for various
DM fractions and self-coupling constants. In all of the cases the
total mass of the objects areMTðRDÞ ¼ 1.4M⊙ while Fχ is varied
from 10% to 30% as labeled and coupling constants λ ¼ 0.5π, π,
and 2π are shown by solid, dashed and dotted lines, respectively.
All of the diagrams are plotted for IST EoS and in the presence of
DM halo until the mχ for which RD ≈ RB indicating a marginal
radius to form DM core.

FIG. 12. Variation of the metric function gðrÞ ¼ 1–2MðrÞ=r
with respect to radial distance; for various DM fractions, mχ ¼
100 MeV and λ ¼ π (upper); for different boson masses, Fχ ¼
30% and λ ¼ π (middle); and for mχ ¼ 200 MeV and Fχ ¼ 30%

by considering various coupling constants (lower). For all the
considered DM admixed NSs the variation of gðrÞ is plotted from
RB till RD where the halo is ended and MTðRDÞ ¼ 1.4M⊙. The
curves related to IST and DD2 BM EoSs are indicated by solid
and dashed lines, respectively. The dashed black curves represent
the pure NSs where IST starts at 11.37 km and DD2 starts at
13.15 km (marked by black dots) and continues up to the largest
DM halo radius in each plots.
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The local intensity of radiation I0ðα0Þ depends on the
applied emission model, in the following without loss
of generality, we normalize the pulse profile to value
F 0 ¼ I0ðα0ÞdS0=D2. The bending angle Ψ which is defined
as an angle between the line of sight (LOS) and the local
radial direction of a visible spot on RB is as follows:

cosΨ ¼ cos i cos θ þ sin i sin θ cosϕ; ð14Þ

where i measures the angle between the rotational axis of
the star and LOS, θ is the colatitude of the visible spot and
ϕ is the rotational phase of the pulsar. The bending angle
can also be extracted through general relativity computa-
tions using the null geodesic equation taking into account
modified metric function gðrÞ in the presence of DM halo
outside RB as [163]

Ψ ¼
Z

∞

RB

dr
r2

�
1

b2
−
gðrÞ
r2

�
−1=2

; ð15Þ

where b is the impact parameter which is known as the
distance between the LOS and the point that the photon hits
the observer sky at infinity and is connected to α as

b ¼ RB sin α=
ffiffiffiffiffiffiffiffiffiffiffiffi
gðRBÞ

p
; ð16Þ

The maximum value of Ψ is obtained at α ¼ π=2 and
the visibility condition of a spot is defined by
Ψ < Ψmaxðα ¼ π=2Þ. In order to compute the normalized
pulse profile F=F 0, one needs to determine Ψ and α and
the relation between them through Eqs. (15) and (16) for a
given RB. Note that in Eq. (16) the metric function is
evaluated at the baryonic surface where the radiation
originated while in Eq. (15) we use gðrÞ in which the
contribution of DM halo is taken into account (see Fig. 12).
In order to express the pulse profile in terms of the pulsar
phase ϕ, we have to construct a correspondence between
the pulsar phase ϕ and the bending angle Ψ via Eq. (14) on
one hand and a combination of Eqs. (15) and (16) on the
other hand, following the approach presented in [160].
The pulse profile of DM admixed NSs for different DM

fractions, boson masses and coupling constants are dis-
played in Figs. 13–15 in which upper and lower panels
related to IST and DD2 EoSs, respectively. In these figures
the total mass of the mixed object at RD is assumed to be
1.4M⊙, the angular position of the visible spot is defined
by i ¼ θ ¼ π=4 and the rotation frequency of the star is
400 Hz. The fall and growth of the flux (even in pure BM
shown by dashed line) as a function of the rotational phase
is due to changing the position of the spot compared to a
distant observer, the minimum flux corresponds to the far-
side position. The depth of the minimum crucially depends
on the compactness of the object which affects the
gravitational light bending and alters the invisible surface
of the star, the less compact object gives more deeper

minimum. In Fig. 13, we consider bosonic SIDMwith mass
mχ ¼ 100 MeV and self-coupling constant λ ¼ π which
distributes as a halo around the star, by increasing the
amount of DM the minimum fluxes of the profiles are
decreased. As it was mentioned earlier, the compactness of
the object encodes in the minimum depth, it is seen that the
higher DM fraction leads to formation of less compact
objects (see Fig. 11). The deviation of the minimum
amplitudes of the highest considered fraction Fχ ¼ 30%

from pure NS [i.e., ΔF=FBM
min ¼ ðFBM

min − F 30%
min Þ=FBM

min] for
IST (DD2) EoS is about 27% (25.3%) which is a notable
effect of the presence of DM halo around NS. It is worth
mentioning that the difference between the total compact-
ness at RB for DM admixed NS and pure NS ðΔCðRBÞÞ
over CðRBM

B Þ following approximately similar ratio which
is about ΔCðRBÞ=CðRBM

B Þ ≈ 28.7% (27.3%) for DM frac-
tion 30% (see Tables I and II). These values for IST (DD2)
EoS, mχ ¼ 100 MeV and Fχ ¼ 20%, 10%, and 5%
are ΔF=FBM

min;ΔCðRBÞ=CðRBM
B Þ ≈ 15.3%; 18.2%, ð15.8%;

17.2%Þ, 7.6%; 7.7%, ð7.4%; 7.6%Þ and 3%; 2.8%, ð2.8%;
2.5%Þ, respectively. It is remarkable to see that there is an

FIG. 13. The bolometric pulse profile of a visible spot on the
BM surface of a DM admixed NS as a function of observed
rotational phase. The gravitational light bending has taken into
account for a rotating DM admixed NS (ν ¼ 400 Hz) with total
mass MTðRDÞ ¼ 1.4M⊙. We assume the inclination angle of the
spin axis with respect to the line of sight i ¼ π=4 and the
colatitude of the visible spot θ ¼ π=4. The DM fraction is
changing from 5% to 30% for mχ ¼ 100 MeV and λ ¼ π. The
BM component is modeled with IST and DD2 EoSs in upper and
lower panels, respectively. The pulse profile of the pure NS is
shown by black dashed lines.
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approximate linear correlation between the deviation in
the minimum fluxes and the compactness at RB for
different Fχ . Such a relation may not be seen for more
massive bosons due to relatively small RB as a result of
experiencing a significant DM core formation along with
higher DM fractions before forming the halo.
The dependency of the pulse profile to boson masses is

examined in Fig. 14 for IST (upper panel) and DD2 (lower
panel) EoSs, where the DM fraction and the self-coupling
constant are fixed at Fχ ¼ 30% and λ ¼ π, respectively. We
expect to have more compact objects at baryonic radius for
larger mχ which makes the spot more visible during star’s
rotation and rises the minimum flux for massive bosons.
Since the compactness CðRBÞ associated with boson masses
mχ ¼ 250 MeV and 290 MeVare higher than the compact-
ness of a pure NS, the minimum luminosities are observed
at upper values compared to pure NS described by IST
(DD2) EoS,ΔF=FBM

min ¼ 2.1% (2.8%) and 19.6% (19.3%),
respectively. On the other hand, the BM core of mixed
objects composed of bosonic SIDM particles with masses
100 MeV, 150MeV, and 200 MeV have lower compactness

and hence lower minimum fluxes of the pulse profiles are
seen. It is worth mentioning that for mχ ¼ 250 MeV with
30% fraction of DM, we have approximately the same
pulse profile compared to pure NS, owing to the fact
that DM is distributed in a radius relatively close to the
normal NS.
Furthermore, for the sake of completeness, the impact of

the coupling constant has been investigated in Fig. 15 for
mχ ¼ 200 MeV and Fχ ¼ 30%. It is seen that for both IST
(upper panel) and DD2 (lower panel) EoSs, higher values
of self-coupling constants lead to less compact DM
admixed NSs which reduce the minimums of the corre-
sponding pulse profiles. We see that for λ ¼ 0.5π the pulse
profiles are similar to the pure NS case because of the close
values of CðRBÞ.
It is worth noting that the general behavior of the pulse

profiles observed in Figs. 13–15 can be interpreted by
different compactness of the BM cores (see Fig. 11,
Tables I and II). It is found that the compactness of IST
EoS is higher than DD2 EoS, thus the minimum values of
the pulse profiles are lower in all the corresponding DM
admixed NSs with DD2 BM component.

TABLE I. Properties of DM admixed NSs withMTðRDÞ ¼ 1.4M⊙ for different boson masses, coupling constants
and DM fractions as listed. Here the BM component is described by IST EoS for which the corresponding radius of a
1.4M⊙ pure NS is 11.37 km and the compactness is C ¼ M=R ¼ 0.181.

mχ (MeV) Fχ λ MTðRBÞðM⊙Þ RB (km) RD (km) CðRBÞ CðRDÞ
100 5% π 1.352 11.308 37.378 0.176 0.055
100 10% π 1.282 11.331 57.201 0.167 0.036
100 20% π 1.139 11.365 87.515 0.148 0.023
100 30% π 0.995 11.363 112.133 0.129 0.018
150 30% π 1.056 11.061 45.121 0.140 0.045
200 30% 0.5π 1.314 9.729 14.239 0.199 0.145
200 30% π 1.19 10.392 22.222 0.169 0.093
200 30% 2π 1.097 10.86 34.31 0.149 0.06
200 30% 4π 1.04 11.137 51.747 0.137 0.039
250 30% π 1.347 9.522 12.582 0.208 0.164
290 30% π 1.399 8.962 9.012 0.23 0.229

TABLE II. Similar to Table. I, but for the DD2 EoS as the BM fluid for which the radius of a pure 1.4M⊙ NS is
13.15 km and the compactness equals to C ¼ M=R ¼ 0.157.

mχ (MeV) Fχ λ MTðRBÞðM⊙Þ RB (km) RD (km) CðRBÞ CðRDÞ
100 5% π 1.353 13.031 38.561 0.153 0.053
100 10% π 1.285 12.997 57.847 0.145 0.035
100 20% π 1.142 12.941 87.621 0.13 0.023
100 30% π 0.998 12.884 112.064 0.114 0.018
150 30% π 1.067 12.541 45.601 0.125 0.045
200 30% 0.5π 1.321 11.38 15.87 0.171 0.13
200 30% π 1.206 11.895 23.315 0.149 0.088
200 30% 2π 1.111 12.332 34.972 0.133 0.059
200 30% 4π 1.049 12.624 52.194 0.122 0.039
250 30% π 1.35 11.237 14.357 0.177 0.143
290 30% π 1.399 10.879 11.069 0.189 0.186
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Emitted photons depending on their initial positions
on NS surface will pass trajectories with different lengths.
One can define the difference of photon arrival times to an
observer sky at infinity with respect to a specific reference
point, which is selected to be aligned with LOS [160]. In
fact, the time delay of photons is scaled with the travel time
of photons emitted from the closest region to the observer
as Δt ¼ tðbÞ − tð0Þ, since the integral of photon geodesic
equation is diverged for vanishing impact parameter. The
scaled time delay is given by

ΔtðbÞ ¼ c−1
Z

∞

RB

dr
gðrÞ

��
1 −

b2gðrÞ
r2

�
−1=2

− 1

�
; ð17Þ

the above time delay should also be taken into account
in the photon arrival phase to the observer ϕobs ¼ ϕþ
2πνΔt½bðϕÞ� [160], note that for a slowly rotating star
ϕobs ≈ ϕ and the phase shift is negligible. The time
delay (17) scaled with RB=c is illustrates in Fig. 16 for
mχ ¼ 100 MeV, λ ¼ π and different Fχ as labeled. Due to
the increasing of the compactness CðRBÞ for lower frac-
tions, the higher-gravitational light bending enhances the
time delay. In fact the baryonic core with larger compact-
ness produces higher values of gravitational potential
around the visible surface and causes more deflection of

FIG. 15. The pulse profiles are depicted similar to Fig. 13,
but for various self-coupling constants as labeled, considering
Fχ ¼ 30% and mχ ¼ 200 MeV.
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FIG. 14. The pulse profiles are depicted similar to Fig. 13, but
for various boson masses as labeled, considering Fχ ¼ 30%
and λ ¼ π.

FIG. 16. Time delay of surface photons as a function of bending
angle for different fractions of DM, considering IST (upper) and
DD2 (lower) EoSs as BM fluids where mχ ¼ 100 MeV and
λ ¼ π. Time delay is scaled by RB=c which is the time needed for
photons to propagate radially from the center of the star to the
baryonic surface. The corresponding time delay for the pure NS is
shown by black dashed lines.
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light and therefore the time dilation will be increased.
Notice that for DM admixed NSs described by IST EoS
(upper panel), the time dilation is larger than the ones with
DD2 EoS (lower panel), due to the fact that IST EoS
provides more compact objects. As it is shown the time
delay in our case has almost negligible effect which is
appeared as a very small phase shift in the corresponding
pulse profile of the DM admixed NS compared to pure NS.
In this section, we showed that the presence of DM halo

will change the geometry around NS and therefore it
modifies the light trajectory and light bending effect in
the vicinity of DM admixed NSs. Our results show that the
mixed objects should be considered as a possibility in the
numerical simulation codes based on ray-tracing methods
in order to interpret observations of x-ray telescopes from
compact objects. Therefore, by taking into account DM
halo around compact objects, the observational constraints
may change and this will also affect the interpretation of
those compact objects and the determination of their mass
and radius. It is seen that the compactness of the mixed
object, which depends on DM model parameters and
fractions, plays an important role to impact the observed
pulse profile and the minimum flux during star rotation.
Recently, the effect of DM halo on the pulse profile of
emitted photons from DM admixed NSs has been inves-
tigated in [141] where the total mass up to the baryonic
radius RB is assumed to be MTðRBÞ ¼ 1.4M⊙ and obvi-
ously the total gravitational mass of the object (i.e., up to
RD) is more than 1.4M⊙. In that study, the halo mass
ðMhaloÞ was defined as the mass which occupies in range
RB ≤ r ≤ RD and deviation of the peak flux compared to
pure NS depends on Mhalo=RD with an approximately
linear relation. In [141] in addition to applying different
BM/DM model, contrary to our study, CðRBÞ is the same
for all considered cases and instead the compactness of DM
halo is changed. In our work we use a different definition
for DM halo mass including all DM content and starting
from r ¼ 0 all the way to RD, besides both CðRBÞ and
CðRDÞ change with mχ , λ, and Fχ while the total gravita-
tional mass of the DM admixed NS [MTðRDÞ] is fixed at
1.4M⊙ for all cases which is more reasonable assumption
for comparison. In fact in order to consider the validity of
our scenario, there could be other observational methods to
measure the total gravitational mass of the object rather
than the surface emission measured by x-ray telescopes.
The effect of DM halo in [141] is more significant at the
peak of the pulse profile, while in our study the modifi-
cation in the observed luminosity is more evident at
minimums (rather than maximums) where the spot is at
the far-side position. Moreover, their modeling of the pulse
profile from a two point-like spot is ambiguous since they
assumed i ¼ θ ¼ π=4 for which according to [138] the
primary spot is visible all the time and the antipodal one is
never seen, therefore one spot and two-spot models should
give the same results for the aforementioned assumption.

VI. JOINT CONSTRAINTS FROM EM
AND GW OBSERVATIONS

In this section, we attempt to investigate the parameter
space of the bosonic DM model i.e., Fχ , mχ , and λ,
regarding three multimessenger observables including the
visible (BM) radius, the total maximum mass of object, and
the tidal deformability. We perform a precise scan over
the model parameters in given ranges mχ ∈ ð0; 1000� MeV,
λ∈ ½0.1; 10� and Fχ ∈ ð0; 10�%, taking into account astro-
physical constraints of NSs, MTmax

≥ 2M⊙, R1.4 ≥ 11 km
and Λ1.4 ≤ 580. Here, we utilize two EoSs i.e., IST and
DD2 to model BM component of DM admixed NS. In fact
the distribution of DM in or around a NS would affect
its astrophysical properties, the DM core formation can
significantly decrease the mass, visible radius and tidal
deformability which has the potential to violate the
obtained constraints for NSs. However, formation of a
DM halo around the NS, slightly decline the visible radius
and will increase the total gravitational mass, tidal deform-
ability, this may disfavor the tidal limit.
In Figs. 17 and 18, considering astrophysical limits of

NSs obtained from NICER and LIGO/Virgo observations, a
scan has been done over Fχ −mχ DM parameter space for
ISTand DD2 EoSs, respectively. The white regions indicate
the allowed areas with respect to the MTmax

≥ 2M⊙, R1.4 ≥
11 km and Λ1.4 ≤ 580 constraints. As it is seen in Fig. 17,
both mass and radius constraints are following the same
trend, while the maximum mass of the DM admixed NS
provides a more stringent constraint compared to the R1.4.
We find that in the low particle-mass limit (mχ ≲ 100),
the tidal deformability excludes the presence of sizable
amount of DMwithin NSs, however, towards more massive
bosons the possible fraction reached to a constant value 4%,

FIG. 17. The exclusion regions of Fχ −mχ parameter space are
shown by different colors for λ ¼ π and IST EoS. The red area
represents the maximum total gravitational mass to be less than
or equal to 2M⊙. The blue part indicates Λ1.4 ≥ 580 for tidal
deformability of DM admixed NSs with MT ¼ 1.4M⊙. The
purple region shows the DM admixed NS with visible radius
R1.4 ≤ 11 km.
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imposed by both MTmax
¼ 2M⊙ and R1.4 ¼ 11 km lines.

Satisfying our triple constraints lead to the highest possible
fraction of DM to be 5% at mχ ≈ 120 MeV. This fact
demonstrates that every observed NS could in principle
include low fractions of DM less than 5%.
From Fig. 18, where we applied DD2 EoS as BM

component, we find that the tidal deformability constraint
excluded the whole sub-GeV bosons for Fχ ≤ 2.5% and the
entire DM fractions for mχ ≲ 170 MeV. This behavior is
due to the fact that the original tidal deformability value of
DD2 EoS (Λ1.4 ≈ 680) is above the maximum observa-
tional limit (Λ1.4 ≈ 580). The DM core formation decreases
tidal deformability in higher boson masses and above a
minimum fraction becomes consistent with Λ1.4 limit,
while for light bosons the halo formation causes the
enhancement in tidal deformability which disfavors by
GW observations. It is notable that R1.4 does not impose
any limitations on the given Fχ −mχ parameter space.
There is a maximum allowed fraction 20% around
mχ ≈ 200 MeV, thus for Fχ ∈ ½2.5; 20�% one can find a
possible range of mχ which is in agreement with afore-
mentioned bounds. As it is seen, the maximum mass limit
excludes the upper-right corner of the parameter space
corresponding to DM core formation.
For the sake of completeness, in Figs. 19 and 20, we

present a scan over self-coupling constant and boson mass
for IST and DD2 EoSs considering different fractions 5%
and 10% in upper and lower panels, respectively. We see
from the upper panel of Fig. 19 that there is a narrow
allowed range of λ −mχ parameter space for IST EoS
thanks to the astrophysical constraints. However, the whole
parameter space is excluded in the lower panel by increas-
ing the DM fraction to 10%. These two figures reconfirm
that the low fractions of DM less than 5% are more

favorable in the light of the latest measurements of NS
properties. As it is evident from Fig. 20, we obtain a less
restricted parameter space taking into account DD2 EoS as
BM component. The tidal deformability constraint avoids
light bosons (mχ ≲ 80 MeV) coexisting with nuclear mat-
ter described by DD2 EoS in the whole considered range of
coupling constant. By increasing DM fraction, the allowed
region is reduced due to both Λ1.4 and MTmax

. Similar to
Fig. 18, R1.4 gives no excluded region in λ −mχ parameter
space. Moreover, a density plot of the figures shown in this
section is presented in Figs. 22 and 23 of the Appendix.
In summary, we conclude that IST as a soft EoS, which

satisfies the observational limits marginally, gives tighter
constraints on bosonic DM parameter space compared to
DD2 as a stiff EoS. The distribution of DM as a core or halo
which influences the observational features is independent
of BM fluids, however, owing to different values of NS
properties arising from various BM EoSs, the obtained
constraints for DM model will be changed. For both EoSs,
we find that light particles are in favor of mass and radius

FIG. 19. The λ −mχ parameter space of bosonic DM model for
Fχ ¼ 5% (upper) and Fχ ¼ 10% (lower) applying IST EoS. The
colored regions illustrate the parameter spaces which do not
respect the Λ1.4, MTmax

, and R1.4 constraints. It is seen that the
allowed region is significantly limited for the upper panel and is
completely excluded in the lower one according to the astro-
physical bounds.

FIG. 18. The Fχ −mχ parameter space of bosonic DM model
for DD2 EoS and λ ¼ π by considering Λ1.4 ≤ 580 and MTmax

≥
2M⊙ astrophysical constraints. The blue and red regions indicate
the excluded parts regarding the observational bounds. Note that
the radius constraint is well-satisfied for the whole parameter
space.
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constraints, however, it can be seen that the tidal deform-
ability significantly restricted available fractions in this
regime. The maximum allowed fraction of DM is limited to
5% for IST, while applying DD2 EoS leads to a range of Fχ

between 2.5% and 20%.

VII. CONCLUSION AND REMARKS

In this article, we have considered bosonic particles with
self-repulsive interaction to model DM admixed NSs with
IST and DD2 EoSs as the BM component. The distribution
of DM as a core or halo in mixed compact objects crucially
depends on DM model parameters such as boson masses,
self-coupling strength and also the amount of DM in NSs.
While our two soft and stiff BM EoSs provide a coverage of
various observable features inferred from nuclear matter, it
is seen that the general behavior of DM core/halo formation
is not sensitive to BM model. The equilibrium configura-
tions of DM admixed NSs are considered to probe DM
model parameter space in the light of the latest NICER
observations, where the total mass of the object is illus-
trated with respect to the visible radius. Owing to the fact
that DM core formation reduces both the total mass and

visible radius, we have shown that lighter bosons, larger
coupling constants and lower DM fractions are in favor
of the NICER measurements for PSR J0030þ 0451 and
PSR J0740þ 662.
Regarding the lower limit of the radius ∼11 km for NSs

with 1.4M⊙ obtained from joint analysis of NICER and
LIGO/Virgo, we focused on the variation of the visible and
dark radius and their dependency upon Fχ , mχ , and λ. It is
turned out that by increasing DM fractions, RB is mainly a
decreasing function for DM core/halo formation; however,
RD always rises. Moreover, a shift from DM core to DM
halo could occur for all DM particles by increasing Fχ

where the outermost radius of the mixed compact object
changes from RB to RD. We found that for bosonic DM
with larger mχ and/or smaller λ, RB is reduced and going
below 11 km which can be used to further constrain the
DM model. It was demonstrated that the variation rate of
the visible radius of a DM admixed NS is within the
sensitivity range of the upcoming x-ray telescopes such as
STROBE-X [159], ATHENA [164], and eXTP [165]
(see Sec. IV).
We introduced the pulse profile as a new observable in

Sec. V, to look for the evidences of the bosonic DM halo
around NSs. The presence of DM around NSs via changing
the geometry of space-time outside the BM radius and also
the compactness of the object will impact the trajectory of
surface photons. The effect of DM model parameters and
fraction on the pulse profile has been investigated com-
prehensively which can be served as an independent probe
for bosonic DM. It was shown that the deviation of the
minimum fluxes for various mχ , λ, and Fχ in DM admixed
NSs compared to pure NSs is a remarkable signature of the
DM halo. Our results could be also included into numerical
methods for PPM and ray tracing from NS surface in x-ray
telescopes giving rise DM admixed NS as a new promising
possibility to interpret observations. Including current
uncertainties in the measured EM pulse profiles and the
variation induced by the presence of DM, one could derive
constraints for the DM model, this will be the subject of a
future paper.
Finally, we perform a precise scan over bosonic mass,

self-coupling constant and DM fraction at given ranges.
In this regard, combined multi-messenger astrophysical
constraints of NSs from GW and EM measurements,
MTmax

≥ 2M⊙, R1.4 ≥ 11 km and Λ1.4 ≤ 580 are taken into
account. It was seen that the maximum mass and radius
limits restrict mainly massive bosons for which MTmax

≥
2M⊙ gives wider exclusions. However, tidal deformability
constrains mostly light bosons due to DM halo formation.
We found that there is a maximum allowed DM faction for
IST (∼5%) and DD2 (∼20%) and each NS could contain a
relatively low amount of DM without violating the astro-
physical limits. Moreover, it was shown that the whole
range of sub-GeV SIDM is excluded for Fχ ≲ 2.5% in DM
admixed NS applying DD2 BM component. A scan over

FIG. 20. The same as Fig. 19, but for DD2 EoS. Obviously, the
λ −mχ parameter space of bosonic DM model is weakly con-
strained by this BM EoS and R1.4 value is well consistent all over
the region.
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coupling constant and boson mass has been done for fixed
Fχ , it is seen that increasing the DM fraction tightens the
allowed region of the parameter space. In the case of IST
EoS, the presence of 5% of DM in NS provide a narrow
allowed region in λ −mx space, which will be entirely
excluded for Fχ ¼ 10%.
It should be mentioned that since IST EoS gives

marginal allowed values for Mmax and R1.4, it is more
sensitive to the effect of DM and consequently leads to
more severe constraints on DM model parameter space.
The effect of DM particles may be viewed as an effective
softening/stiffening of the EoS corresponding to the whole
structure of DM admixed NSs. In fact the presence of the
DM component in the mixed object can relax the con-
straints on BM EoSs for interpreting the latest mass-radius
measurements to be consistent with them. This effect in
principle represents similar behaviors to nuclear matter
EoSs at high density such as those happen in the hybrid,
twin and strange quark stars including a deconfinement
phase transition at the core of compact stars [166–173] or
hyperon puzzle in NSs [31,32,174,175].
The study presented in this article can be extended to

include numerous BM/DM EoSs and in order to find the
best case scenario, Bayesian analysis can also be done
regarding the latest multimessenger data. We tried to
capture the general effects of SIDM on NS properties
assuming a wide range of DM parameter space taking into
account two substantially different BM EoSs. Note that
uncertainties about the BM EoSs in high-density regimes
and the fact that the presence of DM could in principle
mimic the behavior of BM component, prevent us from
obtaining a stringent conclusion in this matter. However,
considering exotic objects and applying several indepen-
dent constraints simultaneously, may break the degeneracy
underlying the internal structure of compact objects.
It is worth noting that DM admixed NSs can provide

alternative explanations for exotic measurements which
have been reported so far such as the secondary component
in the GW190814 event [157] with∼2.6M⊙ [109,156,176].
The NICER Collaboration announced the radius of PSR
J0740þ 6620 with a gravitational mass of 2.08� 0.07M⊙
to be 12.35� 0.75 km [127] which is approximately
similar to the corresponding radius for PSR J0030þ
0451 as 12.45� 65 km [127] while it is around 1.5 times
less massive (M ∼ 1.4M⊙). This observation is debatable in
terms of NSs theoretical approaches and also the corre-
sponding mass-radius profiles [166,177–180] which could
be explained by the existence of DM admixed NS. More
recently, HESS Collaboration observed the lightest
and smallest compact object so far, the supernova remnant
HESS J1731-347 with M ¼ 0.77þ0.20−0.17M⊙ and R ¼
10.4þ0.86

−0.78 km [181], which could be described by inclusion
of DM in NSs [182,183].
The upcoming LIGO/Virgo/KAGRA results [184], as

well as LISA [185], Einstein telescopes [186] and Cosmic

Explorer which provide enormous binary merger detections
[187] will enable us to further investigate DM admixed NSs
[98,188]. Note that the presence of DM core/halo should be
precisely taken into account in numerical-relativity simu-
lations to compute GW spectrum and waveforms during
merger and postmerger phases of a binary system contain-
ing at least a DM admixed NS [79,82,189–192]. In addition
to the pulse profile which is mentioned in this paper, other
observational properties can be applied to explore the
DM features in or around stars. For instance, gravitational
microlensing due to the dark halo surrounding NS could
cause measurable changes in the brightness of the lensed
source which would give hints to discriminate them from
other dense objects, and the presence of large halo may also
affect Shapiro time delay. Our research can potentially have
a significant impact on the discovery of the DM admixed
NSs with self-repulsive bosonic DM component. The
upcoming astrophysical instruments, thanks to precise
measurements of the compact object properties, may shed
light on the nature of DM and the possibility of the
existence of DM within NS.
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APPENDIX A: EXPLORING DM CORE/HALO
FORMATION

1. Supplementary Material

In this supplementary material, we provide further details
about exploring the DM model parameter space in order to
determine regions in which we have the formation of the DM
core/halo. We aim to find an approximately analytic relation
for the core-halo border lines in order to specify the DM
distribution within DM admixed NSs. Since the chemical
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potential in the proper frame is a constant quantity through-
out the equilibrium sequence of the star, one can define the
relativistic enthalpy as

h ¼
Z

dP
Pþ ρ

¼
Z

dμ
μ
; ðA1Þ

in our case, we can define two different enthalpies hD and hB
for DM and BM fluids, respectively. It was shown that for
DM core (halo) formation, the central enthalpy of DM
component hcD is smaller (larger) than the corresponding one
of BM component hcB [141]. Note that the enthalpy is a
decreasing function of radius from the center to the surface
of the star, in fact, the rate of reduction is the same for both of
the fluids in each radius intervals. This is the reason why we
can consider enthalpy to determine the DM core-halo
transition, the boundary line associated with the transition
occurs at the radius R≡ RB ¼ RD where h≡ hcD ¼ hcB.
In order to compute the enthalpy corresponding to self-
interacting bosonic DM, we rewrite the EoS (4) as

P� ¼ 1

9λ

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3λρ�

p
− 1
�
2
; ðA2Þ

where the pressure and the energy density are scaled as P� ¼
P=m4

χ and ρ� ¼ ρ=m4
χ to obtain a dimensionless EoS, and

the energy density takes the following form:

ρ� ¼ 3P� þ 2

ffiffiffiffiffiffi
P�

λ

r
; ðA3Þ

(see the Appendix in Ref. [10] for more details). Substituting
Eqs. (A2) and (A3) into Eq. (A1) enthalpy is obtained as

h ¼
Z

dP�
4P� þ 2

ffiffiffiffi
P�
λ

q ¼ 1

2
ln
�
1þ 2

ffiffiffiffiffiffiffiffi
P�λ

p �
; ðA4Þ

then the energy density in terms of enthalpy is given by

ρ ¼ m4
χ

3λ

�
9

2
ððe2h − 1Þ þ 1Þ2 − 1

�
: ðA5Þ

The enclosed DM mass MD can be approximated as
MD ≈ 4πR3ρ=3; therefore, for given values of h, R, andMT
one can obtain a relation between DM fraction Fχ ¼
MD=MT and λ and mχ to define marginal values of DM
model parameters for core-halo transition. While it is not
straightforward to determine enthalpy precisely for a DM
admixed NS, we know that for a NS with 1.4M⊙, selecting
a value between 0.1–0.4 for the central enthalpy would
be a reasonable assumption [141,193]. Assuming h ¼ 0.2
and an appropriate set of scaled parameters, the marginal
fraction of DM for core-halo transition is given by

Fχ≃1.812×10−9
�
1

λ

��
mχ

300MeV

�
4
�

R
12 km

�
3
�
1.4M⊙

MT

�
:

ðA6Þ

It is instructive to compare the prediction of this formula
with the numerical results presented in Fig. 10; we have
plotted the core-halo boundary line in Fig. 21 for a range
of enthalpies as labeled with different colors. Throughout
the extensive analysis presented in this paper taking into
account DD2 and IST as two BM EoSs, we have seen that
the distribution of DM as a halo or core is crucially
dependent on the DM model parameters and its fraction
and is weakly influenced by BM EoSs. In other words,
while the dark radius RD has a wide-range variation
depending on DM model parameters but RB has limited
variations; this confirms again that the core-halo behavior is
dictated mainly by DM component. Although estimation
leads to Eq. (A6) is based on some simple assumption, it
reveals an important feature in DM admixed NSs.

FIG. 21. Comparison between analytic formula representing halo-core boundary lines and the result obtained from numerical
solutions of two fluid TOV equations. In the left panel, R is selected to be 13.15 km which is the BM radius of DD2 and in the right
panel R is selected to be 11.37 km related to IST, different values of enthalpy is labeled with different colors to define core-halo
boundary lines.
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APPENDIX B: PRECISE SCAN OVER DM
MODEL PARAMETERS TO OBTAIN

OBSERVABLE FEATURES

1. Supplementary Material

Here, we perform a precise scan over bosonic mass mχ ,
self-coupling constant λ and DM fraction Fχ to obtain
multi-messenger observables such as the maximum mass

MTmax
, the tidal deformability Λ1.4 and the visible radius

R1.4 associated with 1.4M⊙ DM admixed NS. It is seen that
for light bosons increasing λ and Fχ lead to an enhancement
of the observable features MTmax

, Λ1.4. However, for
massive bosons, higher fractions cause more reduction
in the properties of DM admixed NSs, while increasing
the coupling constant results in larger values of these
observables.

FIG. 22. The parameter space Fχ −mχ at λ ¼ π is given in the upper row and in the lower row λ −mχ parameter space for Fχ ¼ 5%
are explored for IST BM EoS. The density color represents the total maximum mass (left), visible radius (middle) and the tidal
deformability (right) for a 1.4M⊙ DM admixed NS. Small white regions in lower-right corners of λ −mχ scan plots show those cases for
which there is no 1.4M⊙ mixed object.

FIG. 23. Similar to Fig. 22, but for DD2 EoS.
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