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Until today, the nature of dark matter (DM) remains elusive despite all our efforts. This missing matter of
the Universe has not been observed by the already operating DM direct-detection experiments, but we can
infer its gravitational effects. Galaxies and clusters of galaxies are most likely to contain DM trapped to
their gravitational field. This leads us to the natural assumption that compact objects might contain DM too.
Among the compact objects exist in galaxies, neutron stars are considered as natural laboratories, where
theories can be tested, and observational data can be received. Thus, many models of DM have proposed its
presence in those stars. In particular, in the present study we focus on two types of dark matter particles,
namely, fermions and bosons with a mass range of [0.01-1.5] GeV and self-interaction strength in the range
[10-4-10~'] MeV~!. By employing the two-fluid model, we discovered a stable area in the mass-radius
diagram of a celestial formation consisting of neutron star matter and DM that is substantial in size. This
formation spans hundreds of kilometers in diameter and possesses a mass equivalent to 100 or more times
the solar mass. To elucidate, this entity resembles an enormous celestial body of DM, with a neutron star at
its core. This implies that a supramassive stellar compact entity can exist without encountering any issues of
stability and without undergoing a collapse into a black hole. In any case, the present theoretical prediction
can, if combined with corresponding observations, shed light on the existence of DM and even more on its

basic properties.
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I. INTRODUCTION

The mystery concerning the nature of dark matter (DM)
is still today one of the most challenging subjects in
astrophysics and cosmology in general. Two scenarios
exist today, either DM is self-annihilating and through this
procedure the temperature gradient could be produced, or it
is not self-annihilating and then the DM could cluster in
blobs. But what is the possibility of having non-self-
annihilating DM captured and existing inside astrophysical
compact objects?

We know that, among the compact objects existing in
galaxies, neutron stars are considered as natural laborato-
ries, where theories can be tested and observational data can
be received [1-3]. If it is possible that DM could clump in a
sufficient amount with nuclear matter in neutron stars, this
mixing could influence the neutron stars’ measurable
properties (for a recent review, see Ref. [4] and references
therein). Thus, many models of DM have proposed its
presence in those stars either by studying how they
accumulate in stars, how they affect their structure and
basic properties, or in more recent studies, how DM can be
detected by measurements of tidal polarization in a binary
system during the merger process [5-50]. This suggests the
exciting possibility that neutron stars could act as labo-
ratories for indirectly measuring DM properties. However,
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in the above works the study is limited to the case of the
accretion of a small percentage of the DM so that its mass is
also a small percentage of the total mass of the star. Another
important question is how DM could become mixed with
ordinary matter in a neutron star. One well studied pos-
sibility is through capture as described in Refs. [5-13], as
well as many other possibilities of how celestial bodies like
neutron stars can accumulate DM and interact with neutron
matter—nucleons investigated in previous studies [51-54].
Relevant discussions about the nature, the self-interaction
of DM, and dark objects are presented in Refs. [55-68].
Itis very useful to treat the mixing between nuclear matter
and DM as a two-fluid system, in which the first fluid
describes the nuclear matter through an equation of state
(EOS) for a neutron star without DM and the second fluid
describes the DM. The properties such as the mass and radius
of the neutron star can be determined by solving the multifluid
Tolman-Oppenheimer-Volkov (TOV) equations [69-71].
Until today, no results were found from DM direct-
detection experiments [72—74] and thus have placed strict
constraints on the DM to the nucleons’ coupling strength.
From the perspective of the TOV equations, this is generally
taken to mean that the coupling strength its negligibly
small and that DM admixed neutron stars are two-fluid
systems in which the only interfluid interactions are
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gravitational [27,50]. Applying the two-fluid model in our

study, we came to a surprising possibility of a stable area in
the mass-radius (M-R) diagram of a celestial formation
consisting of neutron matter and DM that is substantial in
size and vast in dimensions. This formation spans hundreds
of kilometers in diameter and possesses a mass equivalent
to 100 or more times the solar mass. To elucidate, this entity
resembles an enormous celestial body of DM, with a
neutron star at its core.

This possibility implies that a supramassive stellar com-
pact entity can exist without encountering any issues of
stability and without undergoing a collapse into a black hole.
It seems that the existence of such objects may demand
mass of the DM particle m, < 1 GeV or very strong self-
interaction strength. The lower is m,, or/and stronger is the
interaction, the higher is the M, and R,..,. However,
before we claim something like this in our study, several
crucial questions that require convinced answers arise:

(a) How stable are these objects [75]? (b) What is their
compactness? (c) Is there a consistency with the values of
central pressure of the neutron star that do not exceed the
accepted limits of the nuclear EOS? (d) Is the crucial
assumption valid for our investigation, that the fermions are
stable on the timescale comparable with the lifetime of the
Universe (7 > Hy' ~ 14 Gyr, where H,, is the value of the
Hubble constant), or in other words, holds the assumption
that the fermions constituting the new compact object are
conserved [65]? (¢) When and how could the possible
supramassive compact objects, made of exotic fermions, be
formed? One could speculate that this happened after the
inflation era. Large objects could serve as primary seeds
clumping nuclear matter after the radiation decoupling era.
Perhaps could be possible the formation of some hybrid
objects where the exotic fermionic stars might be sur-
rounded by the halo of ordinary matter.

Answering most of the aforementioned questions forms
a large part of our research on the subject, especially the
stability issue. Also, in addition, the motivation behind our
present work is to extend the recent study concerning the
trapped DM in the interior of neutron stars and far beyond
it. It can be considered that the present study is a first effort
toward the extension and generalization of the study done
in the papers [65,66], but the main goal is to find stable
compact configurations of supramassive objects. In the
aforementioned paper, the study focused on compact stars
consisting of one kind of fermion (or boson) with arbitrary
masses and interaction strengths. The present study
includes a similar study by considering a two-fluid model:
the one consisting of neutron star matter and the other a DM
fluid consisting of fermions or bosons. In general, the
calculation of the DM-EOS is a very difficult task due to the
great uncertainty that exists in the knowledge about it and
mainly concerns the mass and the interaction but also its
concentration in the Universe. Thus, only with some
assumptions can one proceed with some predictions.

In the present study, we focus on the case of repulsive
self-interaction between DM particles (whether fermions or
bosons) based on known existing interactions. The repul-
sive interaction is fundamental to the stability of these
objects, especially in the case of bosonic DM. The stronger
the repulsive interaction, the greater the proportion of DM
that can accumulate in these hybrid objects. It is funda-
mental for the stability of supramassive objects which is the
object of study of this work. There are some justifications
for strong repulsive interaction, such as some discrepancies
at scales smaller than galaxy clusters could be addressed
by a more complicated DM sector including large self-
interactions (see Ref. [64] and references therein). More-
over, some recent work suggests that a strong velocity
dependence in the interaction, such as would be the case if
DM exchanges a light boson, provides the best fit to a range
of galactic structures (for a relevant discussion see Ref. [64]
and references therein).

We investigate the possibility to gain useful information
and constraints of some possible DM candidates as well.
Using a two-fluid model for a neutron star admixture with
DM particles, we focus both on fermionic and bosonic DM,
where their mass and the self-interaction are treated as free
parameters. Using this approach, we predict the properties
of this new compact object including mass and radius. All
of our findings are rigorously guided from the stability
conditions of which these new objects must obey.

The paper is organized as follows: In Sec. II, we briefly
describe the two-fluid model used, accompanied with sub-
sections dedicated to self-interacting DM equations of state,
for fermionic and bosonic DM particles. In Sec. III, we
discuss the important topic of stability and, in Sec. IV, we
display and discuss the results of the present study. In Sec. V,
we finalize our investigation with the concluding remarks.

II. TWO-FLUID MODEL

In the present work, we study compacts objects made
by (a) non-self-annihilating DM particles admixed with
(b) neutron star matter (including mainly neutrons and
a small fraction of protons and electrons). We consider
also that the total matter, described by these two fluids,
interacts with each other only gravitationally. In order to
predict the bulk properties of the objects consisting of the
aforementioned two fluids, one has to solve the coupled
Tolman-Oppenheimer-Volkov equations (two for each
fluid) simultaneously. These four equations are defined
below [69,70]:
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where also M (r) =Mys(r) +Mpy(r) and P(r)=Pys(r) +
Ppym(r) (the subscripts NS and DM stand for the neutron star
and dark matter, respectively).

III. NEUTRON STAR MATTER AND DARK
MATTER EQUATIONS OF STATE

In the present work, in order to describe the neutron star
matter, we use the equation of state derived by Akmal et al.
[76], in particular, the model A18 4 UIX. This is an EOS
with microscopic origin and its predictions are in very good
agreement with both the measured maximum masses (see
PSR J1614 — 2230 [77], PSR J0348 + 0432 [78], PSR
JO740 + 6620 [79], and PSR J0952 — 0607 [80] pulsar
observations for the possible maximum mass) and some
astrophysical constraints for radii (see the GW170817
event [81]). It is worth to notice here that the present study
mainly focuses on the EOS of DM and its properties.
Nevertheless, the use of a realistic EOS for neutron stars
provides a guarantee for the reliability of our results.

Now, concerning the DM particles, we consider that they
are relativistic fermions, which interact with each other
through a repulsive force. In particular, we consider
Yukawa-type interaction on the form [64]

IS

where g, is the coupling constant and m,, is the mediator
mass. It is worth to mention that, in the majority of the
similar studies, the DM is considered as a noninteracting
gas of fermions. However, as we will see in the present
study, the role of interaction is decisive for the creation and
stability of supramassive objects. The contribution on the
energy density of the self-interaction is given by

Esi(ny) =L (he)*n2, (6)

where y = g,/mc? (in units MeV~"). In this case, the total
energy density of the DM particles is given by [65]
(myc

- W {x\/ 1+ x2(1 +2x%)

—1n(x+ 1+x2)] —i—y;(hc)%f. (7)
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The corresponding pressure is calculated straightforwardly
by using the definition

n)=n S gy @)

Ppm(

and is given by

m

(h

—Hn( V112 )} Y (he)*n2, (9)

Ppm(n,) = [ 1+ x*(2x*/3-1)

where m, is the particle mass and

(hc)(3ﬂ2nl)l/3 '

2
m,c

X =

The total energy density and pressure of the two-fluid
mixing, considering that the contribution of neutron star
matter is defined as Exg(n,) and Pys(n;,), where both are
functions of the baryon density n; (for more details see
Ref. [76]), are given simply by the following sums:

S(nb’ n)() = SNS(nb) + gDM(”)()v (10)

P(ny.n,) = Pxs(ny) + Ppu(ny). (11)

With the aim of enriching the possible DM candidates,
we will also consider the case where it consists of bosonic
particles. We use in this case the EOS provided in Ref. [66]

and used recently in Ref. [38], where the energy density
and pressure are given, respectively, by

u?

Epm(n,) = mlc n, +— > (hc)’n ;2(,

Pou(n,) = 5 ()2, (12)

where the quantity u = g, /m,c* (in units MeV~") defines
the strength of the interaction in analogy with the case of
fermions. It is worth emphasizing here that, as it was found
first in Ref. [82], the structure of the boson stars (mass and
radius), even for low values of the self-interaction, can
differ radically compared to the case of noninteracting
matter. Then, by suitable choice of the interaction, the
masses of the corresponding boson stars could be compa-
rable to the Chandrasekhar mass of fermion stars. These
boson stars could arise during the gravitational condensa-
tion of bosonic DM in the early Universe [82].

123006-3



M. VIKIARIS et al.

PHYS. REV. D 109, 123006 (2024)

IV. STABILITY

The most usual method to study the stability is to
consider small radial perturbations of the equilibrium
configuration by solving the Sturm-Liouville eigenvalue
equation, which yields eigenfrequencies w, [1]. The
eigenfrequencies of the different modes form a discrete
hierarchy w3 < @2,, n=0,1,2..., with »} being real
numbers [83]. A negative value of w2 leads to an expo-
nential growth of the radial perturbation and collapse of the
star. Only when all eigenfrequencies are positive will the
star be stable [84] (see also the relevant discussion in
Ref. [83]). A relevant study of pulsation equations for
compact stars made up of an arbitrary number of perfect
fluids has been developed recently in Ref. [85].

In the present work, we employ the method developed
by Henriques et al., which was used for the study of
boson-fermion stars [86—88]. This method has been elab-
orated and extended through the years for similar studies
[75,89-91]. According to this method, the stability analysis
is carried out by examining the behavior of baryons and
DM particles, yet fixing the total mass M values. In
particular, the stability curve is formed with the pair of
central values of pressures { PNS, PPM1 exactly at the point
where the number of particles reached the minimum and
maximum values. These critical curves identify the tran-
sition from linear stable and unstable with respect to
perturbations that conserve the mass and the particle
number, hence fulfill the following conditions [89]:

( oN,, > - ( oN, ) _0
op IC\IS M=const op IC\IS M=const '

ON, ON
c M=const c M=const

where N, and N, are the numbers of baryons and DM
particles, respectively. These numbers are given by the
expression [27]

r2dr

R,
Ni :4HA ni(r) va! —2GM(r)/rc2,

i=b,y, (14)

where R; is the radius of the corresponding fluid. Now, the
stability analysis can be summarized as follows [89]:
Sequences of stable equilibrium configurations that start
from a purely DM star have the feature that the number of
DM particles N, first decreases (as a function of the central
pressures PPM or PNS) down to the critical point and the
number of baryons N, increases. In general, equilibrium
sequences can consist of continuous regions of stability and
instability. In this case, therefore, we can have more than
one branch of stability.

V. RESULTS AND DISCUSSION

What should be emphasized first is the basic difference
between finding the stability of the two-fluid model and
that of the one-fluid model. Thus, while in the one-fluid
model, the finding of stability is limited to a curve on an
M-R diagram, in the two-fluid model the curve has
essentially been replaced by a surface on a corresponding
diagram. This is due to the use of three independent
parameters, that is, the DM mass m,,, the strength of the
self-interaction, and the fraction f = Pf,/Pys of the
central densities. Basically, all of them are unconstrained.
In the present study, we focus on a few stable configura-
tions that prove and confirm our hypothesis for the
existence of supramassive dark objects in the Universe,
with neutron star origin.

It is proper to clarify here that, by supramassive compact
objects, we mean those whose compactness C = GM /Rc?
is comparable to those of neutron stars, i.e., C € [0.05-0.30].
In any case, the effects of the general relativity are important
and moreover the curvature of spacetime in the neighbor-
hood of these objects is noticeable. This has the consequence
that they can be perceived in this way.

It is worthwhile to notice that the majority of the relevant
studies dedicated to the specific cases, where the hybrid
objects consist mainly of hadronic matter and a small
fraction of DM, lead to configurations with mass similar to
neutron stars, but with the DM halo extended even to a few
tens of kilometers.

To be more specific, in the present study, we investigated
the possibility of very massive hybrid objects with masses
ranging from tens to even hundreds of solar masses and
radii also for tens to even thousands of kilometers. In
principle, there is no ad hoc limitation to these configu-
rations except for the stability condition. Some additional
constraints can be introduced by the absorption rate of DM
(in particular of the DM particle-neutron scattering cross
section), in a neutron star and the associated timescales, or
by the density distribution of DM in the Universe.
Additionally, compact DM objects with large masses and
corresponding radii have already been studied (for a
systematic review, see Refs. [65,66]). The motivation of
the present work is to study the corresponding supra-
massive compact objects, where a neutron star sits at their
center triggering the accretion of DM in and around it.

In general, as already pointed out, calculating the
stability of these objects is a computationally difficult
and time-consuming problem. Since we are initially inter-
ested in proving the stability of these objects, we will
choose some special cases whose stability we will confirm.
A more systematic and extensive study may determine the
stable range (concerning the mass and radius) of such
objects as a function of the mass, interaction, and DM
contribution to the central pressure.

Now, since the DM contributes a larger fraction on the
total mass, some useful approximation, concerning the total
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number of fermions in the case of the maximum mass
configurations, can be inferred by applying the analytical
solution of the TOV equations, that is, the Tolman VII
solution [92]. According to this solution, the energy
density varies in the interior of the star according to the
rule £(r) ~ (1 = (r/R)?). In this case the binding energy
BE/c* = N,m, — M is given by [93]

BE 11 7187
— = f(C), O=—C+—0C>+---, 15
Mc? f( ) f( ) 21 18018 ( )
(2) Py
2001 --- Dark Star /’/ \‘\
—— Compact Object //
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2.2501 /J AN 10.25
+0.00
1077 1074 107! 102
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FIG. 1. (a) The M-R dependence for the case of pure fermionic

DM (dashed line) and compact object (solid line) of DM fermion
with mass m, = 100 MeV [the rest properties, that is, the
interaction strength y (in MeV ™), the fraction £, and the compact-
ness C also displayed in the figure). The arrow indicates the
specific case of a compact object with M = 188.94M and
R =1962.18 km (corresponding to a neutron star with mass
M = 1.32M, and radius R = 11.98 km in the center). (b) The
dependence of the number of DM particles Npy; and baryons Nyg
on the pressure Py for equilibrium configurations of equal mass
M = 188.94M . The solid lines indicate the stable branches,
while the dashed lines are the unstable ones. The arrow corre-
sponds to the specific stable configuration, which is indicated also
by an arrow in (a).
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FIG.2. (a)The same as in Fig. 1(a) for a DM fermion with mass

m,, = 1500 MeV. We indicate the specific case M = 29.905M
and R = 606.56 km, which include a neutron star in the center
with mass M = 1.41M and R = 11.99 km. (b) The same as in
Fig. 1(b).
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FIG. 3. The density of DM and neutron star matter as a function

of the distance r for the specific configuration denoted in
Fig. 1(a).
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where f(C) is a function of the compactness of the star
C = GM/Rc?. After some algebra, we get the following
approximation for the critical number of fermions that
corresponds to the stability limit,

N = 1.144 x 10°1(0.627 4 0.275) (1 + f(Cq))
(100 GeV> 3
X - ’
My
where C., = GM,,,/ Rinc’ (for a relevant discussion, see

also Ref. [62]). The values M, and R, are taken from
Ref. [65], where

(16)

GeV
Mo = (0.384 + 0.1655) x <e
my

2
> x 1.632My,  (17)

GeV')2
Rmin:(3.367—|—0.79751)x( © > x2.410 (km),  (18)

my,
a R
00| @
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80 Compact Object % X
70 i I,I \\‘
) ." ) \}
< 601 \\\\
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501w =63.42M, WY
R =873.23km \, 1Y
m,|= 10 MeV 4\
4010005 ‘\ 3
f=2.3%107  Rgar = 12km | %
304 C=0.107 Mgtar = 1.41M, |\
/ \
200 400 600 800 1000
R(km)
7.500 t2.0
(b) N\
7.4751
: 5ark Mat;er 15
6\ 7.450 eutron Matter r:\
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2 o
J —
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= PSy =0.16457, Pfs = 70 9
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= 7.400 M =63.42M, 4
r0.5
7.3751
7.350-
r0.0
107 10% 10™* 1072 10° 102
PS<(MeV/fm?3)
FIG. 4.

(a) The M-R dependence for the case of pure bosonic
DM (dashed line) and compact object (solid line) of a DM boson
with mass m, = 10 MeV. The arrow indicates the specific case
where M = 63.42M, and R = 873.23 km (corresponding to a
neutron star with mass M = 1.41M and radius R = 12 km).
(b) The same as in Fig. 1(b).

where ¥ is a dimensionless quantity, related to the inter-
action that runs in the range 1072 — 103 [65] and related to
the parameter y according to j = (m,c?/ V2)y.

The expression (16) is similar to that found in Ref. [25]
(using a Newtonian approach), where

100 GeV'\ 3
N 1.8 x 105! <7e) . (19)

ny,

When the number of DM particles, concentrated in a
neutron star, exceeds the Chandrasekhar limit, the compact
object collapses into a black hole [25]. It is concluded then
that the observations of old neutron stars can be used as a
laboratory to constrain the DM-neutron scattering cross
section [25].

InFig. 1(a), we display the M-R dependence for the case of
a pure fermionic DM object and DM-neutron star mixture
object (indicated as compact object) for m, = 100 MeV,

y=0.1 (in MeV™"), and fraction f =6.9x 107,
180 | @)
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160 Compact Object
1401
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s 1207 M=1l624M;
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2 1004 u=0.5
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= 3.900 1 M=162.4M,
r0.5
3.8951 /_—/""\
r0.0
108 10°® 107% 1072 10° 107
Pgs(MeV/fm3)
FIG. 5. (a) The same as in Fig. 4(a) for a DM boson with mass

m, = 500 MeV. We indicate the specific case where M =
162.4M and R = 1610.81 km (corresponding to a neutron star

with mass M = 1.42M and radius R = 12.01 km). (b) The
same as in Fig. 1(b).
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Obviously there is an infinite number of possible configu-
rations, but we focus on the indicated case M = 188.94M 4
and R = 1962.18 km with a neutron star M = 1.32M and
R = 11.98 km in the center. This object, with compactness
C = 0.141, is indicated with an arrow. In Fig. 1(b), we
confirm the stability of this object, with the help of the
P{s — Npmns diagram. The object, which is indicated also
with the arrow, belongs to the second stable branch of the
P{s — Npmns diagram.

In Fig. 2(a), we investigate the case of a heavier DM
particle with mass m, = 1500 MeV. We select the indi-
cated case M =29.905M, and R = 606.56 km with a
neutron star M = 1.41Mgy and R =11.99 km in the
center. Again, in Fig. 2(b), we confirm the stability of this
object.

Moreover, in Fig. 3 we display the dependence of the
pressure (which corresponds to neutron star matter and
DM) on the radius 7 for the specific configuration denoted
in Fig. 2(a).

In Fig. 4(a), we consider the case of a bosonic DM
particle with mass m, = 10 MeV. We select the specific
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FIG. 6. (a) The same as in Fig. 1 (for a DM fermion with mass

m,, = 100 MeV). We indicate the specific case M = 3.81M, and
R = 1910.32 km, which includes a neutron star in the center with
mass M = 1.41M 4 and R = 12 km. (b) The same as in Fig. 1(b).

configuration that corresponds to total mass M =63.42M
R=873.23 km (with a neutron star with mass M =1.41M
and radius R = 12 km). This compact object is stable, as
one can see in Fig. 4(b).

In Fig. 5(a) we select the case of a DM boson with
mass m, = 500 MeV. We select the configuration where
M =1624M,, R = 160.81 km (with a neutron star with
mass M = 1.42M and radius R = 12.01 km). This object
is stable as confirmed in Fig. 5(b).

In the previous cases we focused on the case of supra-
massive objects. However, the case of a compact object in the
region of the mass gap between neutron stars and black holes
is also of great interest in astrophysics (for a recent
discussion, see Ref. [94]). According to the findings of
the present paper, there may be a stable configuration of
objects with mixing of DM with neutron stars in this region.
To be more specific, we display in Fig. 6(a) the M-R
dependence for the case of a pure fermionic DM object
and DM-neutron star mixture object (indicated as compact
object) for m, =100 MeV, y =0.0001, and fraction
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FIG.7. (a)The same as in Fig. 1(a) for a DM fermion with mass

m, = 500 MeV. We indicate the specific case M = 3.199M
and R = 55.58 km, which includes a neutron star in the center
with mass M = 1.39M and R = 11.08 km. (b) The same as in
Fig. 1(b).
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f=16x10"3. We focus on the indicated case M =
3.81Mg and R = 1910.32 km with a neutron star M =
1.41M g and R = 12 km in the center. This is an object with
compactness C = 0.003. In Fig. 6(b), we confirm the
stability of this object, with the help of the P{q — Npyns
diagram.

Finally, in Fig. 7(a), we investigate the case of a heavier
DM particle with mass m, = 500 MeV. We select the
indicated case M = 3.199M and R = 55.58 km with a
neutron star M = 1.39M and R = 11.08 km in the center.
Again, in Fig. 7(b), we confirm the stability of this object.

From the above study, it is clear that the existence of
objects in the mass-gap region can be justified if one takes
into account a suitable combination of DM parameters.
These objects may resemble neutron stars but have a
different structure and composition.

VI. CONCLUDING REMARKS

We investigated possible supramassive dark objects,
stable configurations with neutron star origin. We used
the EOS of self-interacting fermions and bosons and one of
the most reliable EOS for the neutron star matter. Unlike
other similar studies, we did not focus on the cases of
neutron stars surrounded by a DM halo of a few kilometers
and of low relative mass contribution of the DM. We found
that the number of these configurations is unlimited (we
just select few of them to present), which are also stable
against perturbations. This means that they may exist in the
Universe. An extension of this study is to include inter-
actions between DM particles and baryons. This is an
interesting perspective to be studied in future work.

In the present work, we do not intend to answer the
question of how these objects are created. There are few
speculations related to this question. A relevant discussion is
provided in Ref. [83], for example, the accretion mechanism
of DM into neutron stars as by the primordial formation of
DM clumps surrounded by ordinary matter. Another pos-
sibility is having a dark compact object originating from DM
perturbations growing from primordial overdensities.
Finally, another possibility is copious production and capture
of DM in the core-collapse supernova of a neutron star
progenitor [27]. In any case, there is not any strong
theoretical prediction that argues strongly against the crea-
tion of these supramassive DM objects. Some other works
[52] also suggest that it could be possible, without assuming
any priors on DM parameters, to have gravitational wave
detection of nonannihilating heavy DM. This detection will
cover the entire parameter space that explains the missing
pulsars and go well below the neutrino floor.

The last proposition brings us to the most critical
question: how we could locate them (as far as the objects
are concerned). The most powerful tool in this case is the
gravitational lensing that is based on space-time distortion
which is caused by these objects. Another possibility is to
detect a possible merger event, by the well-known detectors
(LIGO-Virgo-KAGRA Collaboration), which includes two
cases: (a) merger between two dark compact objects or
(b) merger between one of them and another compact
object including a pure neutron star or black hole. The
signal of the corresponding gravitational waves will trans-
fer useful information for the structure of these objects [95].
Another possible scenario to detect these objects, which
was proposed in Ref. [89], could be that of a dark star in the
second branch that accreted a low amount of neutron star
matter and that lost part of the bosonic matter due to
accretion onto a second more compact object, which led the
star to the first unstable branch and triggered the dispersion
mechanism [89].

In Ref. [68] the authors present in a systematic way the
creation of giant dark stars in a baryonic mass environment.
In particular, they claim that, since the dark stars reside in a
large reservoir of baryons, the baryons can start to accrete
onto the dark stars. The evolution of dark stars starts from
their inception at 1M, and, as they accumulated mass from
environment, grow to become supermassive stars, possibly
as large as 10’ M, [68]. Finally, as pointed out in Ref. [4]
(for more details see also references therein), exotic
compact objects with near-Schwarzschild compactness
may exist and constitute DM, e.g., some classes of boson
stars, Q-balls, nontopological solitons, and ultracompact
minihalos.

Moreover, in the present work we explored the interest-
ing possibility that some of recent measurements of very
massive neutron stars [96-98] and stars in the region of
black hole—neutron stars mass gap can be attributed to the
capture of DM by neutron stars. In any case, further
theoretical studies and precise astrophysical observations
will help to shed light on this open issue.

The presented study was the first attempt of investigating
supramassive compacts objects with neutron star origin,
guided by the stability criterion. We intend to extend our
investigation focusing on the mass-gap region and to
perform a categorization of our studies.

ACKNOWLEDGMENTS

This work is supported by the Czech Science Foundation
(GACR Contract No. 21-242815).

123006-8



SUPRAMASSIVE DARK OBJECTS WITH NEUTRON STAR ...

PHYS. REV. D 109, 123006 (2024)

[1] T. Shapiro, Black Holes, White Dwarfs, and Neutron Stars:
The Physics of Compact Objects (Wiley-VCH, New York,
1983).

[2] P. Haensel, A.Y. Potekhin, and D. G. Yakovlev, Neutron
Stars 1: Equation of State and Structure (Springer-Verlag,
New York, 2007).

[3] N.K. Glendenning, Compact Stars: Nuclear Physics,
Particle Physics, and General Relativity (Springer, Berlin,
2000).

[4] J. Bramante and N. Raj, Dark matter in compact stars, Phys.
Rep. 1052, 1 (2024).

[5] I. Goldman and S. Nussinov, Weakly interacting massive
particles and neutron stars, Phys. Rev. D 40, 3221 (1989).

[6] C. Kouvaris, WIMP annihilation and cooling of neutron
stars, Phys. Rev. D 77, 023006 (2008).

[7]1 G. Bertone and M. Fairbairn, Compact stars as dark matter
probes, Phys. Rev. D 77, 043515 (2008).

[8] A. de Lavallaz and M. Fairbairn, Neutron stars as dark
matter probes, Phys. Rev. D 81, 123521 (2010).

[9] C. Kouvaris and P. Tinyakov, Can neutron stars constrain
dark matter?, Phys. Rev. D 82, 063531 (2010).

[10] R. Brito, V. Cardoso, and H. Okawa, Accretion of dark
matter by stars, Phys. Rev. Lett. 115, 111301 (2015).

[11] M. Cermefio, M. A. Pérez-Garcia, and J. Silk, Fermionic
light dark matter particles and the new physics of neutron
stars, Pub. Astron. Soc. Aust. 34, e043 (2017).

[12] J. Bramante, K. Fukushima, and J. Kumar, Constraints on
bosonic dark matter from observation of old neutron stars,
Phys. Rev. D 87, 055012 (2013).

[13] N.F. Bell, A. Melatos, and K. Petraki, Realistic neutron
star constraints on bosonic asymmetric dark matter, Phys.
Rev. D 87, 123507 (2013).

[14] S.C. Leung, M.C. Chu, and L.M. Lin, Dark-matter
admixed neutron stars, Phys. Rev. D 84, 107301 (2011).

[15] S.C. Leung, M.C. Chu, and L.M. Lin, Equilibrium
structure and radial oscillations of dark matter admixed
neutron stars, Phys. Rev. D 85, 103528 (2012).

[16] C. Kouvaris, Limits on self-interacting dark matter from
neutron stars, Phys. Rev. Lett. 108, 191301 (2012).

[17] B. Bertoni, A.E. Nelson, and S. Reddy, Dark matter
thermalization in neutron stars, Phys. Rev. D 88, 123505
(2013).

[18] R. Ciancarella, F. Pannarale, A. Addazi, and A. Marciano,
Constraining mirror dark matter inside neutron stars, Phys.
Dark Universe 32, 100796 (2021).

[19] S.S. Kumar, A. Kentah, and C. Sivaram, Effects of dark
matter on the upper bound mass of neutron stars, Phys. Dark
Universe 28, 100507 (2020).

[20] B. Dasgupta, R. Laha, and A. Ray, Low mass black holes
from dark core collapse, Phys. Rev. Lett. 136, 141105
(2021).

[21] C. Kouvaris and P. Tinyakov, Constraining asymmetric dark
matter through observations of compact stars, Phys. Rev. D
83, 083512 (2011).

[22] H.M. Liu, J.B. Wei, Z.H. Li, G.F. Burgio, and H.-J.
Shulze, Dark matter effects on the properties of neutron
stars: Optical radii, Phys. Dark Universe 42, 101338 (2023).

[23] G. Panotopoulos and I. Lopes, Dark matter effect on realistic
equation of state in neutron stars, Phys. Rev. D 96, 083004
(2017).

[24] H.C. Das, A. Kumar, B. Kumar, S.K. Biswal, T.
Nakatsukasa, A. Li, and S. K. Patra, Effects of dark matter
on the nuclear and neutron star matter, Mon. Not. R. Astron.
Soc. 495, 4893 (2020).

[25] S. M. McDermott, H. B. Yu, and K. Zurek, Constraints on
scalar asymmetric dark matter from black hole formation in
neutron stars, Phys. Rev. D 85, 023519 (2012).

[26] Mauro Mariani, C. Albertus, M.d. Alessandroni, M. G.
Orsaria, M. A. P. Garcia, and L. F. R. Sandoval, Constraining
self-interacting fermionic dark matter in admixed neutron
stars using multimessenger astronomy, Mon. Not. R. Astron.
Soc. 527, 6795 (2024).

[27] M. 1. Gresham and K. M. Zurek, Asymmetric dark stars and
neutron star stability, Phys. Rev. D 99, 083008 (2019).

[28] G. Panotopoulos and I. Lopes, Radial oscillations of strange
quark stars admixed with condensed dark matter, Phys. Rev.
D 96, 083013 (2017).

[29] P. Routaray, H. D. Das, S. Sen, B. Kumarr, G. Panotopoulos,
and T. Zhao, Radial oscillations of dark matter admixed
neutron stars, Phys. Rev. D 107, 103039 (2023).

[30] M. Hippert, E. Dillingham, H. Tan, D. Curtin, J. N. Hostler,
and N. Yunes, Dark matter or regular matter in neutron
stars? How to tell the difference from the coalescence of
compact objects, Phys. Rev. D 107, 115028 (2023).

[31] I. Goldman, R. N. Mohapatra, S. Nussinov, D. Rosenbaum,
and V. Teplitz, Possible implications of asymmetric fer-
mionic dark matter for neutron stars, Phys. Lett. B 725, 200
(2013).

[32] C. Dietl, L. Labun, and J. Rafelski, Properties of gravita-
tionally bound dark compact ultra dense objects, Phys. Lett.
B 709, 123 (2012).

[33] X. Li, F. Wang, and K.S. Cheng, Gravitational effects
of condensate dark matter on compact stellar objects,
J. Cosmol. Astropart. Phys. 10 (2012) 031.

[34] Q.F. Xiang, W.Z. Jiang, D.R. Zhang, and R.Y. Yang,
Effects of fermionic dark matter on properties of neutron
stars, Phys. Rev. C 89, 025803 (2014).

[35] T. Guver, A.E. Erkoca, M. H. Reno, and I. Sarcevic, On
the capture of dark matter by neutron stars, J. Cosmol.
Astropart. Phys. 05 (2014) 013.

[36] P. Routaray, S.R. Mohantly, H.C. Das, S. Ghosh, P.J.
Kalita, V. Parmar, and B. Kumar, Investigating dark matter-
admixed neutron stars with NITR equation of state in light
of PSR J0952-0607, J. Cosmol. Astropart. Phys. 10 (2023)
073.

[37] A. Li, F. Huang, and R. X. Xu, Too massive neutron stars:
The role of dark matter?, Astropart. Phys. 37, 70 (2012).

[38] N. Rutherford, G. Raaijmakers, C.P. Weinstein, and A.
Watts, Constraining bosonic asymmetric dark matter with
neutron star mass-radius measurements, Phys. Rev. D 107,
103051 (2023).

[39] N. Raj, P. Tanedo, and H. B. Yu, Neutron stars at the dark
matter direct detection frontier, Phys. Rev. D 97, 043006
(2018).

[40] O. Ivanytskyi, V. Sagun, and I. Lopes, Neutron stars: New
constraints on asymmetric dark matter, Phys. Rev. D 102,
063028 (2020).

[41] L.L. Lopes and H. C. Das, Strange stars within bosonic and
fermionic admixed dark matter, J. Cosmol. Astropart. Phys.
05 (2023) 034.

123006-9


https://doi.org/10.1016/j.physrep.2023.12.001
https://doi.org/10.1016/j.physrep.2023.12.001
https://doi.org/10.1103/PhysRevD.40.3221
https://doi.org/10.1103/PhysRevD.77.023006
https://doi.org/10.1103/PhysRevD.77.043515
https://doi.org/10.1103/PhysRevD.81.123521
https://doi.org/10.1103/PhysRevD.82.063531
https://doi.org/10.1103/PhysRevLett.115.111301
https://doi.org/10.1017/pasa.2017.38
https://doi.org/10.1103/PhysRevD.87.055012
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.87.123507
https://doi.org/10.1103/PhysRevD.84.107301
https://doi.org/10.1103/PhysRevD.85.103528
https://doi.org/10.1103/PhysRevLett.108.191301
https://doi.org/10.1103/PhysRevD.88.123505
https://doi.org/10.1103/PhysRevD.88.123505
https://doi.org/10.1016/j.dark.2021.100796
https://doi.org/10.1016/j.dark.2021.100796
https://doi.org/10.1016/j.dark.2020.100507
https://doi.org/10.1016/j.dark.2020.100507
https://doi.org/10.1103/PhysRevLett.126.141105
https://doi.org/10.1103/PhysRevLett.126.141105
https://doi.org/10.1103/PhysRevD.83.083512
https://doi.org/10.1103/PhysRevD.83.083512
https://doi.org/10.1016/j.dark.2023.101338
https://doi.org/10.1103/PhysRevD.96.083004
https://doi.org/10.1103/PhysRevD.96.083004
https://doi.org/10.1093/mnras/staa1435
https://doi.org/10.1093/mnras/staa1435
https://doi.org/10.1103/PhysRevD.85.023519
https://doi.org/10.1093/mnras/stad3658 
https://doi.org/10.1093/mnras/stad3658 
https://doi.org/10.1103/PhysRevD.99.083008
https://doi.org/10.1103/PhysRevD.96.083013
https://doi.org/10.1103/PhysRevD.96.083013
https://doi.org/10.1103/PhysRevD.107.103039
https://doi.org/10.1103/PhysRevD.107.115028
https://doi.org/10.1016/j.physletb.2013.07.017
https://doi.org/10.1016/j.physletb.2013.07.017
https://doi.org/10.1016/j.physletb.2012.02.015
https://doi.org/10.1016/j.physletb.2012.02.015
https://doi.org/10.1088/1475-7516/2012/10/031
https://doi.org/10.1103/PhysRevC.89.025803
https://doi.org/10.1088/1475-7516/2014/05/013
https://doi.org/10.1088/1475-7516/2014/05/013
https://doi.org/10.1088/1475-7516/2023/10/073
https://doi.org/10.1088/1475-7516/2023/10/073
https://doi.org/10.1016/j.astropartphys.2012.07.006
https://doi.org/10.1103/PhysRevD.107.103051
https://doi.org/10.1103/PhysRevD.107.103051
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.97.043006
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.1103/PhysRevD.102.063028
https://doi.org/10.1088/1475-7516/2023/05/034
https://doi.org/10.1088/1475-7516/2023/05/034

M. VIKIARIS et al.

PHYS. REV. D 109, 123006 (2024)

[42] D.R. Karkevandi, S. Shakeri, V. Sagun, and O. Ivanytskyi,
Bosonic dark matter in neutron stars and its effect on
gravitational wave signal, Phys. Rev. D 105, 023001 (2022).

[43] Z. Rezaei, Study of dark matter admixed neutron stars using
the equation of state from rotational curves of galaxies,
Astrophys. J. 835, 33 (2017).

[44] N. Sarkar, S. Sarkar, K.N. Singh, and F. Rahaman,
Relativistic compact stars with dark matter density profile,
Eur. Phys. J. C 80, 255 (2020).

[45] H.C. Das, A. Kumar, and S. K. Patra, Dark matter admixed
neutron star as a possible compact component in the
GW190814 merger event, Phys. Rev. D 104, 063028 (2021).

[46] A. Das, T. Malik, and A. C. Nayak, Dark matter admixed
neutron star properties in light of gravitational wave
observations: A two fluid approach, Phys. Rev. D 105,
123034 (2022).

[47] N.F. Bell, G. Busoni, S. Robles, and M. Virgato, Improved
treatment of dark matter capture in neutron stars, J. Cosmol.
Astropart. Phys. 09 (2020) 028.

[48] Pau Amaro-Seoane, Juan Barranco, Argelia Bernal, and
Luciano Rezzolla, Constraining scalar fields with stellar
kinematics and collisional dark matter, J. Cosmol. Astropart.
Phys. 11 (2010) 002.

[49] S. Shakeri and D. R. Karkevandi, Bosonic dark matter in
light of the NICER precise mass-radius measurements,
Phys. Rev. D 109, 043029 (2024).

[50] J. Ellis, G. Hiitsi, K. Kannike, L. Marzola, M. Raidal, and V.
Vaskonen, Dark matter effects on neutron star properties,
Phys. Rev. D 97, 123007 (2018).

[51] Thong T. Q. Nguyen and Tim M. P. Tait, Bounds on long-
lived dark matter mediators from neutron stars, Phys. Rev. D
107, 115016 (2023).

[52] Sulagna Bhattacharya, Basudeb Dasgupta, Ranjan Laha,
and Anupam Ray, Can LIGO detect nonannihilating dark
matter?, Phys. Rev. Lett. 131, 091401 (2023).

[53] Vakhid A. Gani, Maxim Yu. Khlopov, and Dmitry N.
Voskresensky, Double charged heavy constituents of dark
atoms and superheavy nuclear objects, Phys. Rev. D 99,
015024 (2019).

[54] Maxim Yu. Khlopov, Fundamental particle structure in the
cosmological dark matter, Int. J. Mod. Phys. A 28, 1330042
(2013).

[55] D.E. Kaplan, M. A. Luty, and K. M. Zurek, Asymmetric
dark matter, Phys. Rev. D 79, 115016 (2009).

[56] S.M. Boucenna and S. Morisi, Theories relating baryon
asymmetry and dark matter, Front. Phys. 1, 33 (2014).

[57] K. M. Zurek, Asymmetric Dark Matter: Theories, signa-
tures, and constraints, Phys. Rep. 537, 91 (2014).

[58] C. Kouvaris and N. G. Nielsen, Asymmetric dark matter
stars, Phys. Rev. D 92, 063526 (2015).

[59] N. Arkani-Hamed, D.P. Finkbeiner, T. R. Slatyer, and N.
Weiner, A theory of dark matter, Phys. Rev. D 79, 015014
(2009).

[60] J. F. Navarro, The structure of cold dark matter halos, in
Symposium-international Astronomical Union (Cambridge
University Press, Cambridge, England, 1996), Vol. 171,
pp- 255-258.

[61] A. Ray, Celestial objects as strongly-interacting nonanni-
hilating dark matter detectors, Phys. Rev. D 107, 083012
(2023).

[62] A. Maselli, P. Pnigouras, N. G. Nielsen, C. Kouvaris, and
K. D. Kokkotas, Dark stars: Gravitational and electromag-
netic observables, Phys. Rev. D 96, 023005 (2017).

[63] M. Deliyergiyev, A. Del Popolo, L. Tolos, M. Le Delliou, X.
Lee, and F. Burgio, Dark compact objects: An extensive
overview, Phys. Rev. D 99, 063015 (2019).

[64] A. Nelson, S. Reddy, and D. Zhou, Dark halos around
neutron stars, and gravitational waves, J. Cosmol. Astropart.
Phys. 07 (2019) 012.

[65] G. Narain, Jurgen Schaffner-Bielich, and Igor N. Mishustin,
Compact stars made of fermionic dark matter, Phys. Rev. D
74, 063003 (2006).

[66] P. Agnihotri, Jurgen Schaffner-Bielich, and Igor N.
Mishustin, Boson stars with repulsive self-interactions,
Phys. Rev. D 79, 084033 (2009).

[67] K. Zhang, L. W. Luo, J. S. Tsao, C.S. Chen, and F. L. Lin,
Dark stars and gravitational waves: Topical review, Results
Phys. 53, 106967 (2023).

[68] K. Freese, T.R. Daller, D. Spolyar, and M. Valluri, Dark
stars: A review, Rep. Prog. Phys. 79, 066902 (2016).

[69] E. Sandin and P. Ciarcelluti, Effects of mirror dark matter on
neutron stars, Astropart. Phys. 32, 278 (2009).

[70] T. Kodama and M. Yamada, Theory of superdense stars,
Prog. Theor. Phys. 47, 444 (1972).

[71] A.B. Henriques, A.R. Liddle, and R.G. Moorhouse,
Combined boson-fermion stars, Phys. Lett. B 233, 99
(1989).

[72] E. Aprile et al. (XENON Collaboration), Dark matter search
results from a one ton-year exposure of XENONIT, Phys.
Rev. Lett. 121, 111302 (2018).

[73] D. Akerib et al. (LUX Collaboration), Limits on spin-
dependent WIMP-nucleon cross section obtained from the
complete LUX exposure, Phys. Rev. Lett. 118, 251302
(2017).

[74] X. Cui et al. (PandaX-II Collaboration), Dark matter results
from 54-ton-day exposure of PandaX-II experiment, Phys.
Rev. Lett. 119, 181302 (2017).

[75] B. Kain, Dark matter admixed neutron stars, Phys. Rev. D
103, 043009 (2021).

[76] A. Akmal, V.R. Pandharipande, and D.G. Ravenhall,
Equation of state of nucleon matter and neutron star
structure, Phys. Rev. C 58, 1804 (1998).

[77] Z. Arzoumanian, A. Brazier, S. Burke-Spolaor et al., The
NANOGrav 11-year data set: High-precision timing of 45
millisecond pulsars, Astrophys. J. Suppl. Ser. 235, 37
(2018).

[78] J. Antoniadis, P. Freire, N. Wex et al., A massive pulsar in a
compact relativistic binary, Science 340, 448 (2013).

[79] H. Cromartie, E. Fonseca, S. Ransom et al., Relativistic
Shapiro delay measurements of an extremely massive
millisecond pulsar, Nat. Astron. 4, 72 (2020).

[80] R.G. Romani, D. Kandel, A.V. Filippenko, T.G. Brink,
and W. Zheng, PSR J0952-0607: The fastest and heaviest
known galactic neutron star, Astrophys. J. Lett. 934, L.17
(2022).

[81] B.P. Abbott et al., Properties of the binary neutron star
merger GW170817, Phys. Rev. X 9, 011001 (2019).

[82] M. Colpi, S.L. Shapiro, and I. Wasserman, Boson stars:
Gravitational equilibria of self-interacting scalar fields,
Phys. Rev. Lett. 57, 2485 (1986).

123006-10


https://doi.org/10.1103/PhysRevD.105.023001
https://doi.org/10.1088/1361-6528/aa5273
https://doi.org/10.1140/epjc/s10052-020-7803-3
https://doi.org/10.1103/PhysRevD.104.063028
https://doi.org/10.1103/PhysRevD.105.123034
https://doi.org/10.1103/PhysRevD.105.123034
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2020/09/028
https://doi.org/10.1088/1475-7516/2010/11/002
https://doi.org/10.1088/1475-7516/2010/11/002
https://doi.org/10.1103/PhysRevD.109.043029
https://doi.org/10.1103/PhysRevD.97.123007
https://doi.org/10.1103/PhysRevD.107.115016
https://doi.org/10.1103/PhysRevD.107.115016
https://doi.org/10.1103/PhysRevLett.131.091401
https://doi.org/10.1103/PhysRevD.99.015024
https://doi.org/10.1103/PhysRevD.99.015024
https://doi.org/10.1142/S0217751X13300421
https://doi.org/10.1142/S0217751X13300421
https://doi.org/10.1103/PhysRevD.79.115016
https://doi.org/10.3389/fphy.2013.00033
https://doi.org/10.1016/j.physrep.2013.12.001
https://doi.org/10.1103/PhysRevD.92.063526
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.107.083012
https://doi.org/10.1103/PhysRevD.107.083012
https://doi.org/10.1103/PhysRevD.96.023005
https://doi.org/10.1103/PhysRevD.99.063015
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1088/1475-7516/2019/07/012
https://doi.org/10.1103/PhysRevD.74.063003
https://doi.org/10.1103/PhysRevD.74.063003
https://doi.org/10.1103/PhysRevD.79.084033
https://doi.org/10.1016/j.rinp.2023.106967
https://doi.org/10.1016/j.rinp.2023.106967
https://doi.org/10.1088/0034-4885/79/6/066902
https://doi.org/10.1016/j.astropartphys.2009.09.005
https://doi.org/10.1143/PTP.47.444
https://doi.org/10.1016/0370-2693(89)90623-0
https://doi.org/10.1016/0370-2693(89)90623-0
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1103/PhysRevLett.118.251302
https://doi.org/10.1103/PhysRevLett.118.251302
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevLett.119.181302
https://doi.org/10.1103/PhysRevD.103.043009
https://doi.org/10.1103/PhysRevD.103.043009
https://doi.org/10.1103/PhysRevC.58.1804
https://doi.org/10.3847/1538-4365/aab5b0
https://doi.org/10.3847/1538-4365/aab5b0
https://doi.org/10.1126/science.1233232
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevLett.57.2485

SUPRAMASSIVE DARK OBJECTS WITH NEUTRON STAR ...

PHYS. REV. D 109, 123006 (2024)

[83] Y. Dengler, J. S. Bielich, and L. Tolos, Second Love number
of dark compact planets and neutron stars with dark matter,
Phys. Rev. D 105, 043013 (2022).

[84] J. M. Bardeen, K.S. Thorne, and D. W. Meltzer, A cata-
logue of methods for studying the normal modes of radial
pulsation of general-relativistic stellar models, Astrophys. J.
145, 505 (1966).

[85] B. Kain, Radial oscillations and stability of multiple-fluid
compact stars, Phys. Rev. D 102, 023001 (2020).

[86] A. Henriques, A.R. Liddle, and R. Moorhouse, Combined
boson-fermion stars, Phys. Lett. B 233, 99 (1989).

[87] A. Henriques, A.R. Liddle, and R. Moorhouse, Stability of
boson-fermion stars, Phys. Lett. B 251, 511 (1990).

[88] A. Henriques, A.R. Liddle, and R. Moorhouse, Combined
boson-fermion stars: Configurations and stability, Nucl.
Phys. B337, 737 (1990).

[89] E. D. Giovanni, D. Guerra, S. Albanesi, M. M. Tenes, and D.
Tseneklidou, Fermion-axion stars: Static solutions and
dynamical stability, Phys. Rev. D 106, 084013 (2022).

[90] S. V. Alvarado, C. Palenzuela, D. Alic, and L. A. U. Lopez,
Dynamical evolution of fermion-boson stars, Phys. Rev. D
87, 084040 (2013).

[91] S. V. Alvarado, R. Becerril, and L. A. U. Lopez, Fermion-
boson stars with a quartic self-interaction in the boson
sector, Phys. Rev. D 102, 064038 (2020).

[92] R. C. Tolman, Static solutions of Einstein’s field equations
for spheres of fluid, Phys. Rev. 55, 364 (1939).

[93] J. M. Lattimer, Neutron stars, Lectures delivered at the 33rd
Summer Institute on Particle Physics, SSI 2005 (unpublished).

[94] M. Fishbach, Mystery in the “mass gap,” Science 383, 259
(2024).

[95] A. Bauswein, G. Guo, J. H. Lien, Y. H. Lin, and M. R. Wu,
Compact dark objects in neutron star mergers, Phys. Rev. D
107, 083002 (2023).

[96] R. Abbott, GW190814: Gravitational waves from the
coalescence of a 23 solar mass black hole with a 2.6 solar
mass compact object, Astrophys. J. Lett. 896, L44 (2020).

[97] LIGO Scientific, Virgo, and KAGRA Collaborations,
Observation of gravitational waves from the coalescence
of a 2.5 —4.5M compact object and a neutron star, arXiv:
2404.04248.

[98] Ewan D. Barr et al., A pulsar in a binary with a compact
object in the mass gap between neutron stars and black
holes, Science 383, 275 (2024).

123006-11


https://doi.org/10.1103/PhysRevD.105.043013
https://doi.org/10.1086/148791
https://doi.org/10.1086/148791
https://doi.org/10.1103/PhysRevD.102.023001
https://doi.org/10.1016/0370-2693(89)90623-0
https://doi.org/10.1016/0370-2693(90)90789-9
https://doi.org/10.1016/0550-3213(90)90514-E
https://doi.org/10.1016/0550-3213(90)90514-E
https://doi.org/10.1103/PhysRevD.106.084013
https://doi.org/10.1103/PhysRevD.87.084040
https://doi.org/10.1103/PhysRevD.87.084040
https://doi.org/10.1103/PhysRevD.102.064038
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1126/science.adn1869
https://doi.org/10.1126/science.adn1869
https://doi.org/10.1103/PhysRevD.107.083002
https://doi.org/10.1103/PhysRevD.107.083002
https://doi.org/10.3847/2041-8213/ab960f
https://arXiv.org/abs/2404.04248
https://arXiv.org/abs/2404.04248
https://doi.org/10.1126/science.adg3005

