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We study an impact of asymmetric dark matter on properties of the neutron stars and their ability to reach
the two solar masses limit, which allows us to present a new range of masses of dark matter particles and
their fractions inside the star. Our analysis is based on the observational fact of the existence of two pulsars
reaching this limit and on the theoretically predicted reduction of the neutron star maximal mass caused by
the accumulation of dark matter in its interior. We also demonstrate that light dark matter particles with
masses below 0.2 GeV can create an extended halo around the neutron star leading not to decrease, but to
increase of its visible gravitational mass. By using recent results on the spatial distribution of dark matter in
the Milky Way, we present an estimate of its fraction inside the neutron stars located in the Galaxy center.
We show how the detection of a 2 M, neutron star in the most central region of the Galaxy will impose an
upper constraint on the mass of dark matter particles of ~60 GeV. Future high precision measurements of
the neutron stars maximal mass near the Galactic center, will put a more stringent constraint on the mass
of the dark matter particle. This last result is particularly important to prepare ongoing, and future radio and

X-ray surveys.
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I. INTRODUCTION

Despite strong observational evidences of dark matter
(DM) existence [1], at present, its fundamental nature
remains a mystery, which is the reason why there exist so
many DM candidates. Among the most promising ones are
WIMPs, axions [2] and sterile neutrinos [3]. Unfortunately,
until now, terrestrial experiments on nuclear recoil of DM
[4], and direct searches of the DM annihilation [5] have not
yet found a suitable candidate.

Because of it, the astrophysical probes of the DM
properties are of highest interest. Compact astrophysical
objects, such as neutron stars (NSs) are especially attractive
in this context, since they can accumulate a sizable amount
of DM in the stellar interior [6-9]. At the same time,
depending on its nature, DM can affect the properties of
NSs in quite different ways. For instance, an accretion of
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self-annihilating DM to a NS will increase its luminosity
and effective temperature [10]. In addition, as was shown
in the recent studies [11,12] presence of the DM inside the
NSs during their merger might produce a distinguishable
signature in the GW signal, especially during the post-
merger stage.

A challenging new way to study DM is to consider that the
DM patrticles are similar to those of baryon matter (BM).
Likewise, this new particle caries a conserved charge, and, as
a consequence, causes an absence of symmetry between
such particles and antiparticles [13,14]. Hence, due to the
absence of antiparticles, no self-annihilation can occur, and
as such, this process produces no heat. Such type of DM is
usually called asymmetric dark matter (ADM). There is a
large number of articles that have explored ADM in different
astrophysical contexts. Examples are the studies of ADM in
the Sun [15-18] and other stars [19,20]. This DM type is the
subject of our study in this manuscript.

Several robust observational results strongly support the
existence of DM [21]. For instance, in Ref. [22] is reported
that in the Galaxy, about 70% of its total mass is DM.

© 2020 American Physical Society
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Therefore, if ADM exists, in principle, its fraction inside
the NSs can be significant. In the absence of repulsive self-
interactions, the gravitational collapse of ADM can lead to
the formation of a mini black hole inside the NS; this
imposes a powerful constraint on the properties of DM
[23]. If, however, ADM is constituted by fermions or
bosons with self-repulsion, then it can resist gravitational
collapse and form stable configurations inside the NSs [24].

The main consequence resulting from the presence of
DM inside the NSs is the reduction of the stellar mass (see
[25,26] and references therein). This measurable effect
provides an opportunity to infer the DM properties from
the mass-radius relation for NSs. [27] has shown that
the mass of pulsars admixed with DM depends on its
distance from the Galaxy center. Presently, however, this
approach is limited, since it requires reliable observational
data on many compact objects. At the same time, a
significant reduction of the NS mass caused by the presence
of DM, can make the two solar mass limit unattainable and
shift the maximal apparent mass to lower values. Thus,
observational fact of the existence of two NSs that have
the largest known masses (i.e., PSR J0348 4 0432, PSR
JO740 + 6620) [28,29], enables us to formulate a strict
constraint on the maximum mass of an ADM patrticle,
which is the primary goal of this study.

In Sec. II we present the equations of state (EoS) of
DM and BM. This section is also devoted to the system of
TOV-like equations for baryon and dark components,
which derivation is given in the Appendix. In Sec. III an
effect of DM on the NS properties for different masses of
DM particles and fractions inside the NSs is discussed.
In Sec. IV we estimate the amount of DM in the
neighborhood of the two heaviest pulsars. Sections V
and VI are devoted to accretion of DM onto NS at the
different stages of its evolution and to the observational
signatures of the DM admixed NSs, respectively. Our
conclusions follow in Sec. VII.

II. DARK MATTER ADMIXED NEUTRON STARS

The current experimental bounds for the DM direct
detection imposes the DM-BM interaction cross-section
op ~ 107 c¢m? [30] to be many orders of magnitude lower
than a typical nuclear one oy ~ 1072* cm?. Conveniently,
following the common logic [9,31,32] we neglect the
interaction between baryons and DM particles in the rest
of the article. Accordingly, we assume that the BM and
DM are coupled only through gravity, and their energy-
momentum tensors are conserved separately. Hence, the
system of equations

@ _ (e + pj)(M—|—47rr3p)
dr (1 —-2M/r)

(1)

describes the relativistic hydrostatic equilibrium of a
NS with DM. Hereafter subscript index j=B and j = D

stands for BM and DM, respectively; p; and ¢; correspond
to the pressure and energy density of the j component, r is
the distance from the center of the star, and p(r) = pg(r)+
pp(r). The gravitational mass M is the sum of masses of
both components, i.e., M(r) = Mg(r) + Mp(r), where

M;(r) = 4ﬂAr€j(r’)r’2dr’. (2)

The system of Egs. (1) along with a definition of M is a
generalization of the Tolman-Oppenheimer-Volkov equa-
tion (TOV) [33,34], recovered in the absence of the DM,
when pp = 0 and e = 0. This system directly comes from
the Einstein’s field equations and allows beyond the per-
turbative description of the relativistic hydrostatic problem
with an arbitrary number of components, which interact only
through gravity [31,32]. For the readers convenience we
present the corresponding derivation in Appendix.

We compute the radial density profiles of the BM and
DM from Egs. (1) and (2), by imposing two conditions at
the centre of the star and two boundary conditions. The first
set corresponds to the central densities of BM and DM. The
second one corresponds to requiring the hydrostatic equi-
librium of each of the matter components on their boun-
daries being spheres of radii Rz and R, which contain all
the BM and DM, respectively. Note, that Rz # Rp in the
general case. Such a hydrostatic equilibrium is provided
independently for BM and DM by two conditions

p;i(R;) =0. (3)

The DM component is not accessible by direct obser-
vations. Hence, it is natural to identify the NS radius R with
Rp, i.e. R = Rp. The total gravitational mass, and the
fraction of DM inside the NS are defined as

My = Mg(Rg) + Mp(Rp), (4)
f;{ _M?V(II:D)’ (5)

respectively. It is clear that variation of central densities of
BM and DM allows us to obtain different values of M, and
R at given f,.

A. BM equation of state

The reliable modeling of the DM distribution inside NSs
requires all the effects of BM to be taken under control. For
this purpose we use the recently developed realistic EoS
with induced surface tension (IST EoS hereafter) [35,36],
which accounts for the short-range repulsion between
baryons, and their long-range attraction of the mean field
type. This EoS is consistent with nuclear and hadron matter
experimental data, i.e., the nuclear matter ground state
properties [35], the proton flow data [37], constraints on the
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hadron hard-core radii obtained in the heavy-ion collisions
[38,39]. Furthermore, recently, the IST EoS was success-
fully applied to modeling of purely baryon-lepton NSs [36].
In this work, we stay with a parametrization of the present
EoS found in Ref. [40].

Partial derivatives of pp with respect to chemical
potentials of neutrons u,, protons u, and electrons u,
give the number densities of corresponding particles,
ie., n,, n, and n,. Note that the baryonic charge density
is ng = n, + n,. Conditions of electric neutrality n, = n,
and equilibrium concerning f-decay u, = ), + p, exclude
#p, and p, from the list of independent variables. Thus, py is
a function of y, only, which coincides with the chemical
potential associated with the baryonic charge up, i.e.,
1, = pp. The energy density of BM is defined through
the well-known thermodynamic identity as

€p = Z Hini — Pp = HpNlip — Pp- (6)

i=n,p.e

B. DM equation of state

Here we consider the DM component as a relativistic
Fermi gas of noninteracting particles with the spin one-half.
The corresponding EoS has been exhaustively described in
the literature, for instance in Ref. [41]. The energy density
of DM is obtained from the thermodynamic identity

€p = HpNlp — Pp> (7)

where up and np = Opp/Oup are chemical potential and
particle number density of DM. Typically, its repulsive self-
interaction is accounted for by the term n2,/m? in pressure,
where m; is an interaction scale. We neglect this term,
since, for example, at m; = m, it does not exceed 15% of
pp even in the NS centre, where np reaches the high-
est value.

C. Relation between chemical potentials

An important feature of the solution of system of Egs. (1)
can be drawn without its numerical analysis. It corresponds
to the relation between chemical potentials of BM and DM.
In order to derive such relation it is convenient to use the

9p; du;
ouj? J dr*

This relation along with Egs. (6)—(7) allows us to rewrite
the system of Egs. (1) in the form

thermodynamic identity n; = which yields % =n

M + 4ﬂr3p

_r2(1—2M/r)' (8)

dlnﬂB_dlnﬂD_
dr  dr

From this result, we immediately conclude that chemical
potentials pp and pp are proportional to each other. Their
values in the centre of a NS define the proportionality
coefficient, i.e.,

H
Hp = Up =2 )
HB r=0

This conclusion is in line with the fact that in the
equilibrium case chemical potential defined in local
Lorentz frame scales as u;/gs4 = const (see e.g., [41]),
which leads to ’;—Z’ = const.

III. GRAVITATIONAL INFLUENCE OF DM
CONDENSATE

Once we solved a two-component system of Egs. (1)
with the appropriate boundary conditions, we can analyse
the influence of the DM on the total gravitational mass of a
NS and its visible radius. Figure 1 shows the mass-radius
relation of the DM admixed NS for two values of m, and
different fractions f,,. We found that light DM particles can
not sizably reduce the maximal mass of NS M.
Moreover, we note that m, = 0.1 GeV yields M, >
2 Mg, for any f,. However, for heavy DM particles the
situation changes completely. As it is seen from the lower
panel of Fig. I, DM with m, = 1 GeV strongly influences
the mass-radius relation of NSs. For example, for f, =
3.3% (red dotted curve) M, equals to 2 M, while further
increase of the DM fraction leads to decrease of M,
below 2 M, (green dashed curve). For larger values of m,
the reduction of M, is even more dramatic. Such a
sensitivity of the NSs mass to the presence of DM is related
to its distribution in the stellar interior.

Figure 2 shows the radial profiles of the energy density
of BM and DM inside a NS. In the case of light DM
particles (with m, = 0.1 GeV) these profiles are rather
gradual at all fractions f,. Besides that, the typical values of
€p are significantly smaller than e¢p, while R, is large. In
particular, R, = 9.4 km for f, = 0.3%, R, = 21.2 km for
fy = 1.0%, and Rp = 135.2 km for f, = 3.0%. Note, that
these large values of R, relate to the existence of dilute and
extended halos of DM around a baryon core of NS. As a
consequence, at small m, DM does not form a compact
structure inside the NS able to significantly reduce its total
mass. This explains qualitatively why the presence of light
DM particles inside a NS is consistent with My > 2 M.
The situation is completely different in the case of heavy
DM particles. The lower panel of Fig. 2 demonstrates that
the energy density profile of DM with m, = 10 GeV is
very steep. Indeed, €, drops from its maximal value, being
four orders of magnitude above eg, to almost zero within
only about Rp = 0.1 km. Such a high value of ¢p in
combination with small R, leads to a very compact core of
DM. The corresponding compactness 2M ,(Rp)/Rp can
reach values up to 0.4, while total compactness is even
slightly larger. It follows from Eq. (1) that in this case the
derivatives dpy/dr and dpp/dr become large by an
absolute value. Hence, eg and ep rapidly decrease at
r ~ Rp, which is seen on the lower panel of Fig. 2.
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FIG. 1. Total gravitational mass My of the DM admixed NS vs

its visible radius R calculated for m, = 0.1 GeV (upper panel)
and 1 GeV (lower panel) for the different fractions of DM f,. The
straight dashed line corresponds to M =2 M.

At r > Rp the impact of the DM core weakens and
profile of the BM energy density becomes gradual again. At
the same time, the values of €p in the regions of the star
with r ~0.1-9 km are considerably smaller than without
DM. This leads to a significant reduction of the total mass
of NS. Thus, we conclude that heavy DM particles tend to
create very compact core, which even despite small fraction
f» reduces the total mass of NS, and does not allow it to
reach the two solar masses limit. As is seen from the lower
panel of Fig. 3, such cores are characterized by very high
energy densities, which is caused by rather weak ability
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FIG. 2. Energy density profiles of BM (blue curves) and DM
(black curves) inside NS of the maximal mass My = M .., that
can be reached at a given value of f,. Calculations are performed
for m, = 0.1 GeV (upper panel) and m, = 10 GeV (lower
panel). To facilitate the reading ep is scaled by factors of 50
(upper panel) and 10~* (lower panel).

of heavy DM to resist the gravitational compression.
Such a resistivity can be quantified by the ratio ’g’—g At
m, = 0.1 GeV this ratio is close to 0.25 already at
ep = 1072 GeV fm™?, while for m, = 10 GeV it is below
0.01 even at €;, = 10° GeV fm™3. This means that contra-
wise the light DM, heavy DM is not able to resist the
gravitational compression until its energy density reaches
even higher densities corresponding to compact cores. It is
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FIG. 3. Maximal mass of NS M., as a function of the DM

fraction f, at m, = 0.1 GeV (red solid curve), m, = 0.174 GeV
(blue dashed curve), and m, = 1 GeV (green dotted curve).

also worth noting that for large m,, the energy density
profiles inside NS are very sensitive to the fraction of DM.
For example, at m,, = 10 GeV a relative increase of f, by
7.6% (from 0.299% to 0.322%) leads to about 40%
reduction of ep and, consequently, to a drastic decrease
of the NS maximal mass from 2.07 M to 1.88 M.

Thus, we conclude that light DM particles do not modify
the mass-radius relation significantly, while heavier DM
particles lead to a substantial reduction of the NS maxi-
mal mass.

Figure 3 shows M, as a function of f, for several values
of m,. As shown, for m, = 0.1 GeV (solid red curve), the
most significant reduction of the NS maximal mass is
achieved at f, ~1.3% with M,,, = 2.07 M,.We notice
that the existence of an extended DM halo increases the NS
maximal mass at larger fractions f,. At the same time, for
m, = 1.0 GeV (green dotted curve) M,,, monotonously
decreases with the grows of f,, and gets smaller than 2 M,
already at f, = 0.312%. For m, = 0.174 GeV the lowest
value of M, is 2 M . Therefore, within the present model,
DM particles with m,, < 0.174 GeV are consistent with the
2 M, constraint for any f,, while for heavier DM particles
the NS mass canreach2 M, only if f, is limited from above.

IV. CONSTRAINING MASS OF THE DARK
MATTER PARTICLES

Below for each value of m, we find a critical fraction of

DM f7, which yields to M, =2 M. Figure 4 shows
how this quantity (black curve) varies with m,. Any point
above this curve corresponds to the unphysical region with

10F T )
PSR J0348+0432
PSR J0740+6620 N\
l - -
not
allowed
S allowed region
o f region
001 accretion in the GC
10—3 | |
0.1 1 10 100

m, [GeV]

FIG. 4. The critical fraction of DM f7 vs its particle mass n1,.
The red and blue lines correspond to the DM fraction f7 in the
surrounding medium around the heaviest known pulsars (see the
text for details). The pink area above the black curve represents
unphysical region with M., <2 Mg, while in the cyan region
M .« > 2 M. Rough estimation for the fraction of accreted DM
into the NSs in the most central region of the Galaxy is depicted
as the dashed dark red line.

M .« < 2 Mg, and, consequently, is inconsistent with the
two solar mass observational limit [28,29]. All the points
below this curve agree with the observational condition
M, > 2 Mg. Note, that for 5 GeV < m, <1 TeV, the
critical fraction of DM is well fitted by the power law:
15 ~m; "2 Hence, knowing f¢ as a function of m, we can
set a constraint on the DM particle mass.

First, we estimate the DM fraction in the stellar surround-
ing, which depends on the distance from the Galaxy centre
(GC) d. We denote this quantity f7, and compute it by using
two DM density profiles, i.e., the Navarro-Frenk-White
(NFW) [42] and the Einasto [43] spatial mass distributions
of DM in the Milky Way. Recent work [44] has shown a
better agreement of N-body simulations with the Einasto
profile. In particular, we are interested in the local fraction of
DM f7 in regions near the heaviest known pulsars, specifi-
cally, PSR J0348 + 0432 with M =2.01 £0.04 M, [28]
and PSR J0740 + 6620 with M = 214105 M, [29]. Their
distances to the GC are 9.9 kpc and 8.6 kpc, respectively.

The shape of the NFW profile

pld) =pe % (149) (10)

is controlled by the characteristic density p.=5.224+
0.46107 M ykpc 2 and characteristic length d,=8.1+0.7kpc
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determined in Ref. [45] directly from the observational
data analysis.
The Einasto profile is defined as

_2[(d ya_
pold) = ppe 7N (11)

with p_, being the DM density at the distance r_,, where
dlnp __

the logarithmic gradient ;-2 = —2. The curvature of this
profile is defined by the parameter a that ranges between
0.15 and 0.19 for the Milky Way type galaxies [46].
Following Ref. [47] we allow small corrections for the
effects of baryonic contraction and adopt the values r_, =
16 kpc and a = 0.19. The value of p_, is found with
the help of Eq. (11) using the fact that the local DM density
in the Sun’s surrounding is estimated to be p,(dg) =~
0.42070919 GeV/cm® [48] (dg, is a distance to the Sun
from the GC).

Two heaviest known pulsars are located far enough
from the Galaxy bulge (with a size dj, ~ 1.9 kpc) [49].
Therefore, with high accuracy, we can consider only the
contribution of the stellar disc to the BM density profile
near these pulsars:

d

pp(d) = pyce . (12)

Here py. = 15.0 Mgpc™ and dy. = 3.0 kpc [49].

We estimate the local fraction of DM in the Milky Way
as the ratio of DM mass density to the total mass density of
DM and BM. Thus, using Eq. (10) for the NFW distribution
and Eq. (12), we find f = 1.6 & 0.4% near PSR J0348 +
0432 and f; = 1.354+0.35% near PSR J0740 + 6620.
On Fig. 4 these values are depicted as red, green and blue
lines, respectively. For the Einasto profile given by Eq. (11)
the estimated fractions f7 equal to 1.35 +0.05%, 1.12 +
0.049% near PSR J0348 + 0432 and PSR J0740 + 6620,
correspondingly. We want to emphasize that such a
straightforward analysis gives us the upper estimate of
the fraction of DM inside the NSs. In the next section we
discuss the relevance of this estimate in comparison to the
accretion and thermalization rates of DM particles inside
the NSs.

V. DARK MATTER ACCUMULATION REGIMES

The amount of DM in NS is expected to vary depending
on the evolution history and position of the star. Thus, the
environment from which it originates and its distance
from the GC define properties of the progenitor and
DM accretion rate during the whole lifetime of the star,
including (i) progenitor, (ii) main sequence (MS) star,
(iii) supernova explosion with formation of a proto-NS and
(iv) equilibrated NS phases. Below we consider accumu-
lation of DM at each of these stages.

(i) DM causes a gravitational effect in the form of tidal

energy that promotes a star formation, especially in

the innermost region of the Galaxy. During the star
formation stage the initial mixture of DM and BM
contracting to form the progenitor star. Trapped DM
undergoes scattering processes with baryons leading
to its thermalization, and energy loss. This process
becomes more significant in the later stages of
evolution when the star starts to produce heavier
elements.

(ii)) An accretion of DM into the MS stars has been
extensively studied in the literature, e.g., in
Refs. [50,51]. From this stage, the DM accretion
rate increases due to the fact that the star creates a
stronger gravitational potential. Depending on the
distance from the GC the accreted mass by the star
can range from ~10™> M to 10~ M, at the central
region of the Galaxy.

(iii) Gravitational collapse with a following supernova
explosion marks the end of a massive star that has
exhausted all its fuel. The proto-NS formed during a
supernova is characterized by the dynamical insta-
bilities, inhomogeneities of matter in its interior and
high fraction of heavy elements that increase the
interaction rate with the DM particles.

The newly-born NS will be surrounded by the
dense cloud of DM particles with the temperature and
radius that corresponds to the last stage of MS star
evolution, i.e., a star with a silicone core. Therefore
the accretion onto the proto-NS and DM density in
surrounding media might be affected by the previous
stage [6].

In addition, a significant amount of DM can be
produced during the supernova explosion and mostly
remain trapped inside the star [41].

(iv) As it was shown in Refs. [6,52], due to the spheri-
cally symmetric accretion during the phase of
equilibrated NS an amount of accreted DM mass
can be found as

P o, t
M e ~ 10714 —£ = — | Mo,
(0.35’% 10 em? ) \Gyr) "~ °

(13)

where ¢, p, are the accretion time and the local DM
density, correspondingly. Thus, considering a typical
value for the elastic cross section o, between DM
and nucleons of the order of 10~* cm?2, the mean
free path of DM particle inside the NS is a couple of
km. Obviously, for the larger value of cross section,
the fraction of the captured DM particles saturates
even faster to 1.

For obtained DM densities around the two heaviest
pulsars calculated using the NFW [see Eq. (11)] and the
Einasto [see Eq. (11)] profiles the amount of accreted matter
is ~10713 — 10~'* M. As the NFW profile has a divergent

063028-6



NEUTRON STARS: NEW CONSTRAINTS ON ASYMMETRIC DARK ...

PHYS. REV. D 102, 063028 (2020)

inner density profile of p,(d) xd™' [see Eq. (11)],
for description of the central parts of the Galaxy we use
only the Einasto profile. An accreted mass in the most central
Galaxy region can range between 107> My — 1078 M
depending on the value of a parameter [27].

Furthermore, in the most central parts of the Galaxy
clumps of DM that can reach masses ranging from 107¢ M,
to 102 M o [53] could be accreted on NSs. Such a mecha-
nism may substantially increase the DM fraction inside the
compact stars.

As was outlined in this section, an accretion of DM onto
the MS star and NS are the most studied ones and give a
comparable efficiency. A former stage (ii) characterizes with
a larger mass and radius, and, therefore, bigger capturing
surface. However, higher density of NSs favors DM captur-
ing after a single crossing [6]. Considering only these two
stages the estimated fraction of DM in the GC can reach up to
10~* M. Note, that this value does not include possible
presence of DM in the proto-star cloud, production of DM
particles during the supernova explosion and accretion of
DM clumps.

On the Fig. 4 the above estimation is shown as the
dashed dark red line. Its intersection with the black curve
makes us to conclude that measurements of a 2 Mg NS in
the GC will impose an upper constraint on the mass of DM
particles of ~60 GeV. More precise modeling of DM
accumulation inside the NSs will put more tight constraints
on the mass of DM particles.

VI. SEARCHES FOR THE DARK MATTER
ADMIXED NEUTRON STARS

As it was discussed in Sec. III and in Ref. [41], DM can
either create an extended halo around the NS or condensate
in the core of a star. In both these scenarios accumulated
DM can affect the thermodynamic properties of matter, its
tidal polarizability and the GW signal during the merger
[11,12]. In case of dark halos that may extend for more than
100 km we can expect changes in the dynamics of the
merger. Thus, coalescence of the DM halos would start
much earlier before the merger of the baryonic components
of the NSs creating a viscous envelope around them. To
understand dynamics and gravitational radiation emitted
during the coalescence of such a system full 3D numerical
simulations are required. For the ongoing and future
generations of GW detectors such prominent effect on
the merger dynamic opens a new possibility of detection
DM admixed compact stars.

On the other hand, study of the thermal evolution of NSs
is an another viable indirect method to test the presence of
DM in star’s interior. Thus, in Ref. [54] it is shown how the
emission of DM particles by weakly magnetized NSs
during their early and intermediate evolution stages alters
observable surface temperatures, while another study
reveals a late-stage heating caused by DM particle anni-
hilation inside the NS core [55].

The upcoming radio and x-ray surveys are expected to
significantly enrich the number of detected NSs and to
provide a more accurate information about the mass of NSs,
especially in the central region of Milky Way, where the
fraction of DM is higher. The number of pulsars and
magnetars in the most central part of the Galaxy within
70pc from its center is likely to be high [56]. So far, only
six pulsars in the central region, including a transient
magnetar J1745-2900 [57] are known. These searches
are hampered by an extreme scattering of pulsar radio
emission as a result of large electron density along the line
of sight.

In this context, the following astronomical projects
are very promising: radio telescopes—the Karoo
Array Telescope (MeerKAT) [58], the Square Kilometer
Array (SKA) [59], and the Next Generation Very Large
Array (ngVLA) [60]; space telescopes—the Neutron Star
Interior Composition Explorer Mission (NICER) [61],
the Advanced Telescope for High Energy Astrophysics
(ATHENA) [62], the enhanced X-ray Timing and
Polarimetry mission (eXTP) [63], and the Spectroscopic
Time-Resolving Observatory for Broadband Energy X-rays
(STROBE-X) [61]. They are expected to provide simulta-
neous measurements of mass and radius of the NSs, their
moment of inertia and advance for 10% the time precision
for double pulsars. An improvement in mass determination
will answer to the question whether or not we see a mass
reduction of the NSs in the close proximity to the GC.

VII. SUMMARY AND CONCLUSIONS

Using the observational fact of the existence of the two
heaviest known NSs (i.e., PSR J0348 + 0432, PSR
J0740 4 6620) with the masses exceeding the two solar
ones, we present a new allowable range of masses of DM
particles and their fractions inside the star. Our analysis is
based on the ability of NSs to accumulate a sizeable amount
of ADM, which can significantly reduce the mass of the
host NS. We also demonstrate that DM lighter than
0.2 GeV can create an extended halo around the NS
leading not to decrease but to increase of the NS total
(gravitational) mass. By using recent results on the dis-
tribution of DM and BM in the Milky Way we calculated
the DM fraction in the surrounding medium around the
heaviest known pulsars.

Furthermore, we discussed the main stages of star
evolution from the progenitor to the NS and their influence
on the capturing rate of DM. Keeping in mind our limited
understanding of the amount of DM in the proto-star cloud,
impact of a supernova explosion and the proto-NS stages,
NS in the most central parts of the Galaxy can maintain
about 0.01% of DM from the total mass of the star. Based
on this estimation we argue that measurements of a 2 M
NS in the center of the Milky Way will constrain the upper
mass of the particles of ADM below 60 GeV.
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These results are of big interest for the forthcoming
and ongoing projects, which are planned to increase the
total number of observed compact objects by a factor ~10
and to provide a better determination of their masses and
radii [58-63].
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APPENDIX

Here we derive the system of relativistic hydrostatic
equations Egs. (1) in a manner closely resembling the one
of Ref. [34]. We start from the Finstein’s filed equations in
the absence of the cosmological constant

1

—8nTH = R* — ERg’“’. (A1)
Due to the negligibly weak nongravitational interaction
between BM and DM the only nonvanishing components
of the stress-energy tensor in the perfect fluid approxima-
tion can be written as

T =T2=T"=pg+pp, T"=egtep (A2)
In the spherically symmetric case metrics attains the well-
known form

ds® = —e*dr* — r*d6? — r? sin® d¢? + evdr>.  (A3)

Further, Egs. (A1) reduce to three independent equations
for metric functions 1 and v together with profile of the total
energy density e€p + €p, connected to the total pressure
pp + pp through EoSs of BM and DM. Introducing a new
variable

M %(1 _ e (A4)

these three equations turn to
CZ—A;I = 4xr’(eg + €p), (A5)
Ve

=Bp 4"

j=B.D
To proceed further we utilize the thermodynamic identities

_Op; _ ; dp; _  dy,
n; —Wjandej = pu;n; — p;, which lead to > = n; ' and

pj+€j = nju;, respectively. Thus, Eq. (A7) becomes

dinpu;, 1dv
an/’lj|: drj+55} =0.

J=B.D

(A8)

In the equilibrium case chemical potential in the local
Lorentz frame scales as uj,/gs4 = const leading to
dl;% = dl;%. Therefore, square bracket in the previous
relation is the same for j = B and j = D and, thus, can be
taken out of the sum. Since ngup and npup are positively

defined, then Eq. (A8) simplifies to

dr 2dr

0, (A9)

which is valid for both BM and DM. This result yields

dpj _ sy mpidv - pjtejdv
T o A P R P S

(A10)

Combining this relation with Eq. (A6) we end up
with Eq. (1).
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