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Abstract: Neutron stars change their structure with accumulation of dark matter. We study how
their mass is influenced from the environment. Close to the sun, the dark matter accretion from the
neutron star does not have any effect on it. Moving towards the galactic center, the density increase
in dark matter results in increased accretion. At distances of some fraction of a parsec, the neutron
star acquire enough dark matter to have its structure changed. We show that the neutron star mass
decreases going towards the galactic centre, and that dark matter accumulation beyond a critical
value collapses the neutron star into a black hole. Calculations cover cases varying the dark matter
particle mass, self-interaction strength, and ratio between the pressure of dark matter and ordinary
matter. This allow us to constrain the interaction cross section, σdm, between nucleons and dark
matter particles, as well as the dark matter self-interaction cross section.

Keywords: neutron stars; dark matter; dark matter interaction strength; dark matter profile;
dark matter halos; dark matter accumulation

1. Introduction

Explaining structure formation without the need to modify gravity in current cosmological
models entails the introduction of dark matter (DM). Such an introduction induces well documented
gravitational effects on structures [1,2], however this dominant part of matter continues to elude
detection of its constituting particles, whether by direct detection, through accelerators or nuclear recoil
experiments [3–13], or by indirect searches, through scrutinizing WIMP annihilation detection [14],
effects on DM stars [15,16] or through other indirect effects such as proposed in [17–24].

This evasion welcomes proposals for alternate testing strategies of DM effects. Neutron stars
(NSs) offer laboratories that can accrete DM in extreme densities environments. The presence of
DM thus strains the NSs saturated neutron Fermi gas. The Tolman–Oppenheimer–Volkoff (TOV)
equation [25,26] governs the amount of DM that can be acquired by a NS, as in e.g., [27].

In particular, the heat produced by the annihilation of WIMPs in the DM core should modify the
temperature and luminosity of ancient stars [28–31]. Stars older than 10 million years should have
a temperature of '104 K [28], while the coldest observed NS have larger temperatures, 105–106 K,
and WIMPs annihilation has fundamentally no practical importance [28]. The closer NSs are to
the galactic center (GC), the larger their temperature, and they can reach temperature of 106 K,
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and luminosities of 10−2 L� [31]. Observation of such large values are difficult [32] since the typical
temperatures produced by the influence of annihilation effects on the NS cooling will give rise to
temperatures in the range 3000–10,000 K (depending on DM density). The black body emission at
these temperatures peak in the UV and obscurations due to dust at the galactic centre [31] makes
it very difficult to have precise measurements of the NS surface temperature. At the same time,
even the detection of a NS with higher temperature than average is not a conclusive proof for WIMPs
existence since NS could have a larger temperature in its young phase and cools via the Urca process
through neutrino emission, or because of mass accretion from a binary companion. One alternate DM
model from the framework of WIMPs can be proposed, under the name of asymmetric dark matter
(ADM) model. That model’s present DM abundance proceeds from a similar origin to that of visible
matter [33]1. As ADM particles do not annihilate, they can thermalize and concentrate in a small
radius, allowing for the formation of extremely compact objects, and modifying the M− R relation.
The properties of DM and of the equation of state (EoS) of the NS can be constrained by comparing the
M− R relation of usual NSs with NSs containing DM [34]. Moreover, for a larger accumulated DM
amount than a critical value [35], the resulting NS could collapse into a mini black-hole. This allows us
to constrain further the cross section and mass of the DM particles [29].

Accretion of non-annihilating DM on NSs adds to other known properties, connected to
non-annihilation [27,32,36–39], with the counter-intuitive effect that the more DM the NSs accrete,
the smaller the resulting NSs become, also reducing the maximum mass for a stable NS given an
amount of DM [27,32].

Whereas a typical NS has a mass of'1.4 M�, ref. [31] in recent years, some pulsars were measured
at 2 M� (like PSR J1614-2230 with 1.97± 0.04 M�, [40]).

Changing the EoS of the NS or adding DM to it can accommodate such large masses. For a stiff
EoS, observations vs. theory comparison can constrain the EoS and possibly rule) out NS’s exotic
matter states (e.g., quarks, mesons, hyperons, [41]), although some groups report that quark matter
does not necessarily lead to a softening (e.g., [42]).

Concerning the second possibility, in recent years several authors realized that effects similar to
those of exotic states in NS could be obtained in minimally coupled NS matter, admixing DM [32].
As seen in Ref. [34]’s Figure 1 for the MRadiusvsMDM, where the DM ratio can reach up to 70%,
while Ref. [39] only requires 50% of DM to reach the 2M� mark. More refinedly, the resulting NS mass
is also conditioned by the particle mass of DM [36,43], so the total NS mass derives from the interplay
between DM particle mass and relative DM mass acquired in the accretion process [37].

In previous studies of mirror matter admixed NSs [32], degenerate DM [37], or ADM [36],
authors all found smaller radii and maximum total masses NSs for increased DM to normal matter
ratios. For example, the DM admixed quark matter model of Ref. [43] obtained a star mass of 1.95 M�,
while [36,44] obtained NSs with masses '2 M� for DM particles mass of '0.1 GeV, in the case of
weakly interacting DM, and for mdm ' 1 GeV, in the case of strongly interacting DM. In [27], NSs,
and White Dwarfs (WDs) objects, admixed with 100 GeV ADM, were studied, resulting in the formation
of planets-like objects. The Compact Objects (COs) study of [27] was continued in [45] to include,
for NSs, DM particle masses spanning 1–500 GeV. They found, for instance, that decreasing DM particle
mass leads to COs increasing mass, as well as an increase in captured DM by the COs.

In this paper, the NSs mass dependence on the environment is examined. Since, the larger the
mass acquired by the NS, the smaller its maximal total mass, it is expected that going towards the
GC, or if we are in the center of dark matter clumps, the NSs mass must be smaller than that in an
environment without DM. This property is used to put constraints on the interaction cross-sections
for nucleon-dark matter and DM–DM self interaction. At the same time, the decrease of NSs mass
towards the GC can be itself used to obtain information on DM’s nature. Contrary to the practically

1 Mirror matter, with this definition, falls into a peculiar case of thus defined ADM.
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untestable proposal of Ref. [31], pointing at NS temperature time evolution correlated with DM
accretion, our proposal of mass evolution with DM content is easier to test. The interest for using
probes such as NSs stems from (a) the more probable DM–baryon interaction following DM capture
because of their very large baryon densities; (b) because of the strong gravitational force, after a DM
particle interacts and looses energy it is very improbable it can escape.

The paper presents the following organisation. In Section 2, we discuss DM accumulation in
NS. In Section 3, we discuss what kind of density profiles must be used to describe the density in
our galaxy, taking into account baryon physics and the presence of a black hole (hereafter BH) in the
GC. In Section 4, we show that the accumulation of DM reduces the NS maximal total mass, and this
depends from the environment. In Section 5, we discuss how the DM accumulation can have the NS
collapse to a BH, and how this could constrain the nucleon–dark matter cross section. We also find
some limitations on the self-interaction of dark matter. Section 6, is devoted to conclusions.

2. Accumulation of DM in NSs

An NS containing a non-self interacting (ADM) structure is obtained, as shown in several papers
(e.g., [27,45]), by solving the Tolman–Oppenheimer–Volkoff (TOV) equations for an admixture of
ordinary matter (OM) with ADM, only coupled by gravity. We refer the readers to [45] for a description
of the equations, and the way they were solved.

In the case of Ref. [27], the TOV equations involved ADM admixed with NS and WD
material, fixing the DM particle mass equal to 100 GeV, and for two cases of OM–DM interaction:
weak interaction, y = 0.1, and strong interaction y = 1000, where y is defined in [27] as the interaction
parameter. The results of their study showed that the TOV’s solutions, in the case of DM that is
weakly self-interacting and non-annihilating, can produce Earth-like masses of Compact Objects (COs)
with radii of a few km to a few hundred km, while they obtained, in the case of DM with strong
self-interactions, a few hundreds km radii, Jupiter-like, COs. They also analyzed the maximum amount
DM sustainable by NSs with 2 M� and WDs with nominal mass of 1 M�.

In [45], we extended the previous work by considering mass particles equal to
1, 5, 10, 50, 100, 200, 500 GeV, and ratio between the ordinary matter (OM) and DM, pDM/pOM in
the range 10−5–105 with step of 10. The total COs mass was found to increase with decreasing mass of
the DM particle, hence particle masses of strongly self-interacting DM within the range 1–10 GeV were
excluded from observed COs. Since we found that more DM is captured in the COs if the DM particle
mass is smaller, we constrained from 2 M� observations the amount of DM capture. This is shown in
Figure 1 left panel, which plots the total NS mass versus that of DM. Each curve, from right to left,
corresponds to a particle mass of 1, 5, 10, 50, 100, 200, 500 GeV, respectively. The right panel of Figure 1
shows the change of NS maximal total mass as a function of DM particle mass, y, and pressure ratio
between DM and ordinary matter.

Figure 1 allows us to deduce the precise amount of DM that a formed NS should accrete from
their environment to have a decrease in mass, as we discuss in the following.

For a Jupiter-like object with mass '10−3 M�, the DM content lies in the range 10−1–10−5 M�.
Those values are predictions of the TOVs equation solution. Given these results, the natural question
is whether natural processes can allow such an amount of DM accreted by a CO. To answer it,
the amount of DM accreted during the different phases of the CO formation need to be considered.
For the formation of COs of Earth-like, or Jupiter-like, masses, two phases of DM accretion should
be recognized: (a) the CO collapse phase; (b) capture by interaction with the CO’s nuclei after its
collapse phase. In the case of NSs or WDs, one must distinguish three DM accretion phases: (a) the
star life-time, before it explodes; (b) the star to CO collapse phase, (c) the CO’s capture phase.
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Figure 1. Left panel: The maximum mass of a stable neutron star (NS) as a function of its dark
matter (DM) mass content in the case of y = 10−1, weakly interacting DM. Each curve corresponds
to a given DM particle mass and is built from the last stable point of fixed pDM/pOM curves.
They mark how, at fixed particle mass, the largest possible NS mass evolves for an increasing DM mass
content. The colour codes the DM particle mass value. From left to right: 500, 200, 100, 50, 10, 5, 1 GeV.
Right panel: the maximum mass of a stable NS as a function of the particle mass for DM, with various
curves for different self interaction cross sections, coded by colour, and for the DM to ordinary matter
ratio, coded by line type.

The only simulation, as far as we know, that models NS accretion of DM from surrounding
environment is found in Ref. [46]. Simplifications such as neglecting the pre-NS phase DM
capture [28,35], or assuming comparable DM capture between progenitor phase and NS phase [30],
allowed some analytical studies to provide NSs accreted DM estimates. Several authors [28,30,31,46–49]
have further decomposed the NS phase in three modes of DM capture: DM-nucleon scattering;
DM-neutron scattering DM orbit decrease; DM–DM interaction inside the NS.

The accumulation of DM has been studied by several authors [28,30,31,46–49], and happens
in several phases [48]. In the first one, the ambient DM is captured by the NS, when DM scatters
with nucleons. In the second phase, scattering of DM with neutrons produce a decrease in the DM
particle radius. In the third phase, DM interacts with the already captured DM. DM thermalization
with neutrons gives rise to the possibility to form a Bose–Einstein condensate, and DM becoming
self-gravitating collapsing and forming a BH [35,48]. The evolution of the DM number, Ndm,
is given by [48],

dNdm
dt

= Cc + CsNdm (1)

where Cc is the capture rate due DM-nucleon interaction, and Cs is the capture rate due to DM
self-interactions,given in [48], Equation (3.8). Following [30,31,47,49] we will neglect the the accretion
due to self-interaction.

To calculate Cc [28] assumed a Maxwellian DM distribution. Then the DM orbits intersecting the
NS were calculated, and then the subsample of these loosing enough energy to be captured. In the
case of COs the time-like geodesic equation describing the particle motion in a Schwarzschild metric
was used. The accretion rate can be written as [28,47,48],

Cc =
8π2

3
ρdm
m

(
3

2πv2

)3/2
GMRv2

(
1− e−3E0/v2

)
f

= 1.1× 1027s−1
(

ρdm
0.3GeV/cm3

)(
220km/s

v

)(
TeV
m

)
(

M
M�

)(
R

R�

)(
1− e−3E0/v2

)
f (2)

where ρdm is the local DM density, v is the average DM velocity, M, and R the mass and radius of the
star, E0 is the DM maximum energy per DM mass which can give rise to a capture, and E0 � 1/3v2,
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implying e−3E0/v2 ' 0. f is the fraction of particles undergoing scatterings in the star, and f = 1 for
σdm > 10−45 cm2, or f = 0.45σdm/σcrit, and σcrit ' 6× 10−46 cm2.

For a typical NS with 1.4 M� and a 10 km radius the total mass accreted is given by

Macc = 1.3× 1043
(

ρdm

0.3GeV/cm3

)(
t

Gyr

)
f GeV (3)

The previous equation is an underestimate of the accreted mass, since it is not taking into account
the accretion by the NS progenitor, which is expected to follow the same order of magnitude compared
with that acquired in the NS phase [30], the accretion due to DM self-interaction [48], and the fact we
use a 2 M� NS.

There is no typical NS age t. Observation encounters very young pulsars (e.g., the Crab
pulsar), very old ones, e.g., >1010 years (PSR J1518 + 4904, PSR J1829 + 2456), or ' 2 Gyr
(PSR J1811-1736), as well as pulsars of intermediate age, of some 108 yrs (PSR B1534 + 12, PSR
J0737-3039, PSR J1756-2251, etc.). For our calculation, we decided to set t = 10 Gyr.

DM accretion ' 10−11 M� was obtained in [45] for a typical solar neighborhood NS, in agreement
with the results from [47] and capture rates from Refs. [35,48–50], but below the TOV maximum
accumulated DM estimates. The TOV computed maximum accumulated DM mass can better be
reached from accreted DM mass onto NSs wrapped in superdense DM clumps, found in Ultra Compact
mini-haloes, close to the GC [51].

However, such high density DM environments are more likely than thought before,
since, as pointed out in many studies [51–56], the halo DM distribution is not homogeneous.
Substructures, such as superdense DM clumps (SDMCs), which are radiation dominated era virialized
bound DM objects, or ultra compact mini-haloes (UCMHs), which formed from SDCMs secondary
accretion [51], populate the halo. Simulations such as [53], or analytical models [51,56] have been
studying SDMC and UCMH characteristics.

The spherical, and ellipsoidal collapse model have been used by [51] to determine the
characteristics of the SDMC, and obtained the mass-density relation of SDCMs, and the overdensity of
the perturbation at the horizon crossing time δH (see their Figure 2 and Table 1).

The annihilation criterion can provide estimates of the clumps center maximum density, and gives

ρ(rmin) '
mdm

〈σv〉(t0 − t f )
, (4)

where t0 is the actual time (13.7 Gyr), t f the formation time (59 Myr (0.49 Gyr) Myr for non-contracted
(contracted) UCMHs [54]), 〈σv〉 ' 3× 10−26 cm3/s the thermal cross section, mdm the DM particle
mass. For a 100 GeV particle, Equation (4) gives ρ(rmin) = 7.7× 109 GeV/cm3, which corresponds to a
density ' 2.6× 1010 times larger than the local DM density, and suggests a DM mass acquired by that
NS equal to ' 7.5× 10−4 M�.

3. Estimating the Quantity of DM in the MW

That DM density increases toward the galaxy center is known, although its exact density
profile is not, and in particular whether the profile is cored, as seen in many dwarf spiral galaxies,
or cuspy. Probing and determining the MW structure with current data has not yet allowed to
disentangle between such profiles [57,58]. Several spherical averaged profiles have been proposed.
N-body simulations predict cuspy profiles for all galaxies (e.g., [59]). The Navarro–Frenk–White
profile [59] has an inner logarithmic slope β = −1, while more recent simulations [60,61] shows a
flattening going towards the galactic center, to a minimum logarithmic slope of β = −0.8 at radius of
120 pc [60], resembling to the so-called Einasto profile, given by

ρ = ρ−2e
−2 1

α

[(
r

r−2

)α
−1
]
, (5)
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where α controls the density profile’s degree of curvature, such that smaller α values correspond to
cuspier profiles, r−2 sets the radius for which d ln ρ

d ln r = −2, and where ρ−2 is the corresponding density.
The Einasto profile has three free parameters. To obtain a realistic halo density profile in the MW,
we must fix the quoted parameters. This can be done in different ways as it was discussed in [62].

However, the previous discussed profiles, including the Einasto profile, are not taking into
account baryon physics. The last has two effects on the density profile: (a) steepens it in the so called
adiabatic contraction [63–66]; (b) may flatten the profile due to supernovae feedback or similar feedback
effects [67–70]. Semi-analytic models [67,69], and hydrodynamic simulations [68] show a dependence
of the inner slope from mass, with flatter profiles in dwarf galaxies and cuspy ones, β ' −1 for galaxies
with mass similar to that of the Milky Way. The flattening of the density profile in dwarf galaxies is due
to the efficient outflows of gas due to supernovae feedback, or interaction of dark matter with baryons
through dynamical friction [69,71] while in more massive galaxies the deepening of the potential
due to the presence of more stars, make the outflow mechanism inefficient with the result of having
cuspier profiles. Then for galaxies as massive as our MW adiabatic contraction has a predominant
effect. Ref. [72] made the correction to a density profile due to adiabatic contraction (see their Figure 1),
showing that in the inner 3 kpc, where baryons are dominating, it is not sensible to use the DM-only
profiles given by simulation. This is confirmed by the smoothed particle hydrodynamics (SPHs)
simulations, and the so called DC14 profile [68]. In the case of an halo as massive as our MW,
the density profile’s inner logarithmic slope, β ' −1.2 is even steeper than that of the NFW model.
A similar result was obtained by [65], who obtained β ' −1 for DM-only simulations and −1.25 in
presence of baryons. In Figure 1 of [62], we plotted some Einasto profiles, and that of [68], and used
it to calculate the DM acquired by NSs. That calculation is however limited, as previously reported,
because Einasto’s profile are DM-only profiles. We need to take account of the role of the baryons,
and also the fact that close to the BH the profiles are expected to be very cuspy.

Since the profile of [68] (hereafter DC14) shows very good agreement with, and describes very
well that of observed galaxies, it can be considered to provide a good description of the real profile
close to the galactic centre. This profile yields a density of ' 1011 GeV/cm3 at 10−5 pc. Indeed,
many authors agree that the density close to the galactic centre is of the order of, or even much larger
than, the DC14 profile (i.e., [31,73,74]).

Furthermore, in addition to the central cusp, haloes can foster other high density substructures:
DM density spikes are expected by Ref. [75] in the GC, while for Lacroix [76], in cuspy outer
halos, a spike with few tens of parsecs or smaller radius is not excluded. A recent examination
of spikes can be found in Ref. [77], also providing references on the discussion around their existence
(i.e., [78]). Efficiency of accretion is also an important factor. Much larger NS accumulation
of DM than found in our past work (i.e., [45,62]) is predicted from Ref. [74] combined with,
e.g., PSR B1257 + 12 orbital dynamics [79], yielding DM accretion over NS mass ratio up to 10%,
reaching environments effects in agreement with DC14 [68]. The picture of DM accretion is further
complicated by astrophysical phenomena, located near the GC on sub-parsec scales, including star
gravitational scattering, supermassive BH capture and supermassive BH formation’s enhanced central
density [73,74]. Taking those into account leads to improved density profiles [31,74].

For these reasons, in this paper we use more physical profiles than [62], like the [74] profiles.
In Figure 2, left panel, we plotted some of the density profiles. Figure 2’s right panel displays the
accreted DM corresponding to each density profile, computed from Equation (3), the [35] formula.
The top line in Figure 1 of [74] (yellow line) is reproduced here as the pink line, while the green and
blue line correspond to the central (green) and bottom (blue) line in [74]. The black, and red line belong
to the same family but are less steep. Note, that in Figure 2, right panel, at 10−5 pc, some of the curves
give a very large accretion, so we consider the validity of the curves in the region > 10−3, for which all
the curves give an accretion smaller than 1%.
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.

Figure 2. Left Panel: [74]’s density profiles. Right panel: accreted mass obtained from the density
profiles in the left panel using Kouvaris formula. Pink line is the reproduction of the top line from
Figure 1 of [74] (yellow line), while the green and blue line correspond to the central (green) and bottom
(blue) lines in [74]. The black, and red lines belong to the same family but correspond to the less steep
density profile.

4. Change of NS Mass Due to DM Accumulation

Now, we can calculate how the accumulation of dark matter influence the NS mass. In order to
do this, we notice that since Macc of Figure 2 is equal to MDM in Figure 1, combining those figures
together, we get the NS total mass vs radius relation, MT − r. In fact Figures 1 and 2 give a relation
MT − (MDM = Macc)− r. This procedure is repeated for the particle masses 500, 200, and 100 GeV,
at y = 0.1, and plotted in Figure 3. The plot shows that the pink, green, and blue line, the steepest
line in Figure 2 (left panel), give similar results concerning the decrease in mass of NSs: these NS
reach maximal masses of the order of 0.2 M� around 0.3 pc, for particle masses of 500 GeV. The black,
and red line which correspond to less steep profiles in Figure 2 (left panel) reach 0.2 M� at smaller radii.
Here, we want to recall that the theoretical smaller mass for a NS is of the order of 1 M�. This means
that with the accretion of mass, the star will not be longer stable. The central and right panel of Figure 3,
gives similar information for the cases the DM particles have a mass of 200, and 100 GeV.

.

. .

Figure 3. The NS mass changes due to DM accumulation in terms of distance from the galactic center,
for cross section 10−45, particle mass mdm = 500 (left panel), 200 (central panel), 100 (right panel),
and for y = 0.1. The colours correspond to those used in Figure 1.

5. Constraints on the Cross Section

As written in the introduction, DM captured by a NS thermalizes and concentrates in a
small central region of radius rth = 220 cm ( GeV

mdm
)1/2( Tc

105 )
1/2, where Tc is the central temperature.

Then DM becomes self-gravitating and forms a Bose–Einstein Condensate (BEC) of radius rBEC '
1.6× 10−4( GeV

mdm
)1/2 cm for a 10 TeV particle. If the DM acquired is larger than

M > 8× 1027GeV
(

GeV
mdm

)3/2
(6)
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a BH with mass of

Mcrit =
2M2

pl

πmdm

√√√√1 +
λM2

pl

32πm2
dm

(7)

is formed [35], where λ is the self-interaction term. The mini BH can consume the star, and destroy it.
Hawking radiation counteracts this effect. The BH evolution is given by

dM
dt

=
4πρcG2M2

c3
s

− f
G2M2 (8)

where cs stands for the sound speed inside the core, while f gives a dimensionless radiation pressure
factor, depending on some effects. Accretion wins Hawking radiation if M > 5.7× 1036 GeV. We will
see this later.

In the absence of self-interactions, the bosonic Chandrasekhar bound scales as NChand ≈
(Mpl/mdm)2. For non-interacting fermions, the Chandrasekhar bound instead scales as NChand ≈
(Mpl/mdm)3 due to the degeneracy pressure. As a result, old NSs could not have accumulated enough
non-interacting fermionic DM to initiate gravitational collapse. If bosonic DM has even a very small
repulsive self-interaction, then the bosonic Chandrasekhar bound could also scale as (Mpl/mdm)3,
leading to elimination of any bound on DM. However, if fermion DM has an attractive self-interaction,
then this force can compensate for the Fermi degeneracy pressure, allowing for DM collapse to BH
Ref. [80,81]. For bosonic DM, a purely attractive interaction may be expected to lead to a vacuum
instability. However, for fermionic DM, a Yukawa interaction could lead to a consistent attractive
self-interaction. It is thus of interest to determine the extent to which fermionic DM with Yukawa
self-interactions can be constrained by observations of old NS, and in particular, if the constraints have
implications for the parameter space relevant for astronomical evidence for self-interacting DM [80].
Projecting recent results on fermionic systems from solid state physics Ref. [82], one may speculate
that attractive DM effects may emerge from a strong repulsion in the fermionic DM systems.

NS constraints have mostly been applied to bosonic DM, which has no Fermi degeneracy pressure
to obstruct gravitational collapse. In this paper we employ the fermionic gas with the repulsive vector
interactions. For small y� 1, the EoS will be similar to an ideal Fermi gas while for large y� 1 the
EoS will be mostly determined by the interaction term, unless z becomes small enough so that the EoS
becomes dominated by the ideal gas term.

However, old NSs have been observed, so they were not consumed by BHs. This can put
constraints on some types of ADM.

Should accretion take over Hawking radiation, the thus created BH would entirely swallow
the NS. This is an interesting possibility for several reasons. The first resides in its providing an
additional solution to the unexplained observed gamma ray bursts, distinct from the proposed NS
coalescence with another CO. Secondly, one can put constraints on some quantities. For a given time
of capture of DM, and a DM particle mass, it is possible to determine the required cross-section that
can lead to the accretion of a mass equivalent to Mcrit, amount that will induce the collapse of the
NS to a BH. In this way, one can pick out on the σ0 −m (σ0 is the nucleon dark matter cross section,
indicated before with σdm) plane where this could occur. For a value of the interaction parameter λ

such that Mcrit ' MChandrasekhar ' M3
Pl/m2, as in [31], we consider three times for accretion 106, 108,

and 1010 years, and the following densities 1011, 108, 105 GeV/cm3. We should recall that there is a
limiting effective cross section related to the cross section of the NS (σmax

0 = 2× 10−45cm2), then we
have a minimum value for the DM particle mass below which the fixed accretion time is too short for
the star to accrete Mcrit. In Figure 4, the red lines correspond to σ0, and m, giving rise to a collapse in
106 years. From bottom (solid red line) to top (short dashed lines), the lines represent densities equal to
1011, 108, 105. The region of interest of the direct detection experiments are obtained only for masses in
the order of 100 GeV, long accretion times (1010 years),and high densities (1011 GeV). For higher dark
matter masses the cross sections become smaller, and this because the mass of the particle is larger,
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and we need a smaller number of particles to reach Mcrit. The green lines case is similar to the previous
one, but now the collapse time is 108 years. The blue lines are the case 1010 years.

dm

Figure 4. Dark matter nucleon cross section obtained from the collapse of NSs to BHs due to
accumulation of DM. The red lines correspond to σ0, and mdm, giving rise to a collapse in 106 years.
The thicker the line the higher the density from bottom (solid lines) to top (short dashed lines)—in
decreasing thickness and therefore density: 1011, 108, 105. The green lines case giving rise to a collapse
in 108 years. The blue lines correspond to case of 1010 years.

The left panel of Figure 5, which only plots the pDM/pOM = 0.1 case, provides another constraint.
The red bins indicate forbidden regions of the parameter space. This become more contrast on the
right panel where we show the maximal total mass of NSs. It follows that for mdm = 1 GeV, NSs with
y > 10 are forbidden, they are too massive. Similarly for mdm = 5 GeV and y > 100. In the case,
mdm ≥ 10 GeV, the mass of NSs fall in the acceptable region.

Before concluding, we want to answer a legitimate question: can observations determine the NSs
mass change, and how many NSs can we see in the GC? This question is all the more pressing that
from the galaxy’s inner 30′, only six NSs have been detected [83–86], including the transient magnetar
J1745-2900 [83–86], located 0.1 pc from the GC, while up to thousands of pulsars are theoretically
expected in the GC [87–89].
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Figure 5. Self-interaction dark matter cross section, in the case pDM/pOM = 0.1. The red bins indicate
forbidden regions of the parameter space, where the accumulated DM mass is much greater then
ordinary mass of the NS. Therefore, the maximal total mass of NS goes over the conventional mass limit
of 2 solar masses. The slopes indicating the different DM interaction parameter, y = 1000, 100, 10, 1, 0.1
from top to bottom.
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Pulsar emission suppression mechanisms, more complex scattering models, stellar population
synthesis arguments [90], or even hyper-strong interstellar scattering [91], have been proposed to
understand this “missing pulsars” problem.

Increased observation power can also hope to bridge the gap between expected and accounted
for Pulsars. The projected capacities of Square Kilometer Array (SKA) allow us to project that the
instrument should detect, for instance, a 5-ms Millisecond Pulsar (MSP) with luminosity L1000 '
0.7 mJy kpc2, spectral index α = −1 and signal/noise ratio of S/N = 10, at the GC [92]. Some authors
estimate that only a few pulsar–BH binaries should be detected in the inner parsec near the GC [92],
others assess their conservative upper limit at '200 [89], while up to 52 canonical pulsars [93], and up
to 10,000 MSPs are predicted for detection by the next generation Very Large Array (ngVLA) and SKA
surveys [94,95]. The projected improvement of sensitivity at high frequencies by a factor of 10 of the
ngVLA [94] is expected to not only dramatically improve GC neighbourhoor pulsar detection, but is
also expected to offer an unparalleled probe of BH physics and General Relativity, in the line with the
first image of the M87 BH by the Event Horizon Telescope (EHT) [96].

Pulsar detection is not the final word to settle the mass change question: their mass also need
to be measured. Several techniques of mass measurements are already known [97,98], which can
be completed with a recently proposed one, constraining nuclear and superfluid EoS models from
pulsar glitch data [99]. Masses and radii precise measurements, needed to pin down NS composition,
are expected from the future instruments Athena [100,101], eXTP [102], SKA [103] and NICER [104]
and should help settle the mass change question.

6. Conclusions

In this paper, we used the [74] profiles, and the results of [45] extended to a larger set of
self-interaction cross section, y, to determine the mass accreted by NS at different distance from
GC. While in the Sun neighborhood the quantity of DM acquired is small, going towards the GC it
becomes large, and can bring to change of the structure of the NS. One of the many consequences
of DM accumulation, already described in [45], is a decrease in mass of the NS when acquiring dark
matter. This was already implicit in [45], but we showed how the mass decreases going towards
the GC. This effect by itself can be used as a probe on DM. If DM is of the ADM type, one should
observe the quoted decrease of NS mass going towards the GC. Moreover, the acquisition of DM,
when it reaches values close to the Chandrasekhar mass, renders unstable the NS and collapses it into
a BH. Such an event can provide, from one side, an additional solution to the universe’s unexplained
observed gamma ray bursts distinct from the proposed NS coalescence with another CO. It can
moreover constrain the cross section, as shown.
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