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We study the structure of compact objects that contain non-self annihilating, self-interacting dark matter
admixed with ordinary matter made of neutron star and white dwarf materials. We extend the previous work
[Phys. Rev. D 92, 123002 (2015)] on these dark compact objects by analyzing the effect of weak and
strongly interacting dark matter with particle masses in the range of 1-500 GeV, so as to set some
constraints in the strength of the interaction and the mass of the dark matter particle. We find that the total
mass of the compact objects increases with decreasing dark matter particle mass. In the strong interacting
case and for dark matter particle masses in the range 1-10 GeV, the total mass of the compact objects
largely exceeds the 2 M, constraint for neutron star masses and the nominal 1 M, for white dwarfs, while
for larger dark matter particle masses or in the weakly interacting case the compact objects show masses in
agreement or smaller than these constraints, thus hinting at the exclusion of strongly self-interacting dark
matter of masses 1-10 GeV in the interior of these compact objects. Moreover, we observe that the smaller
the dark matter particle mass, the larger the quantity of dark matter captured is, putting constraints on the
dark matter mass trapped in the compact objects so as to fulfill ~2 M, observations. Finally, the
inhomogeneity of distribution of dark matter in the Galaxy implies a mass dependence of compact objects
from the environment which can be used to put constraints on the characteristics of the Galaxy halo DM
profile and on particle mass. In view of these results, we discuss the formation of the dark compact objects
in an homogeneous and nonhomogeneous dark matter environment.
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I. INTRODUCTION

Astrophysical and cosmological observations strongly
indicate that the mass content of our universe is dominated
by nonbaryonic mass/energy [1,2]. According to [3], the
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Universe is composed of 4.9% of baryonic matter, 26.4% of
invisible form of matter whose existence is inferred from its
gravitational effects, dubbed dark matter (DM). A further
component, dubbed dark energy (DE), which is hypoth-
esized to permeate all space, and whose existence is related
to the accelerated expansion of the Universe [4,5], con-
stitutes 68.7% of the total mass.

In the ACDM model, a parametrization of the big-bang
cosmology with six parameters, the DE is associated
with the cosmological constant A, and the material com-
ponents of the Universe are the ones indicated previously.
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The quoted ACDM paradigm, describes correctly many of
the observations [2,6-9], but has some drawbacks. On large
scale CMB shows some anomalies, such as that the Planck
2015 data are in tension with the CFHTLenS weak lensing
[10], and og [11]. There is also another tension with the
value of the Hubble parameter measured by SNIa.' Another
big issue of the paradigm is the nature of DM. A “z00” of
candidates has been proposed, with masses in the range
of 1073 GeV (Fuzzy DM) to 10" GeV (Wimpzillas). In
that large “zoo”, WIMPs, axions, and sterile neutrinos,
have received a peculiar attention [1,2,21].

Several different attempts to detect DM have been made.
Direct detection attempts to detect DM particles through
their elastic scattering with nuclei (normal matter recoiling
from DM collisions). The recoil is not measured directly but
through crystal or liquid scintillation (DAMA/LIBRA [22],
KIMS [23], CRESST-II [24], ZEPLIN [25]), phonons
generation (CRESST-1 [26]), ionization (CDMS [27],
superCDMS [28], XENON100 [29], XENONIT [30],
LUX [31]), axion cavities (ADMX [32]), and several others.
The indirect searches aim at detecting the products of WIMP
annihilations (e.g., gamma rays, neutrinos, positrons, elec-
trons, and antiprotons). The FERMI-LAT, DAMPE [33],
CALET [34], HAWC [35], HESS [36], VERITAS [37],
MAGIC [38] or the planned CTA [39] are working in the
photons channel, while IceCube [40] in neutrinos and
FERMI-LAT [41] in antimatter. Concerning particle accel-
erators, DM (WIMPs) production together with jets (other
particles) should give rise to a large amount of energy. In
2015, in LHC it was observed a 750 GeV resonance in the
diphoton final state, later disproved [42]. However, all these
experiments based on direct or indirect detection [1,2,43], or
detection in particle accelerators [44] have produced no
evidence of the existence of DM particles, apart some claims
(e.g., DAMA/LIBRA) not confirmed by other experiments.
Recently it was pointed out that DM may have possible
impact on observation of the gravitational wave signal
emitted by a binary neutron star merger [45].

In this context, different avenues for testing the possible
effects of DM are welcome. For this purpose, compact
objects (COs), such as white dwarfs (WDs) and neutron
stars (NSs), present the advantage of extreme densities,
increasing the probability of the interaction of DM with
nucleons and the DM capture [46,47].

The DM (WIMPs) accumulation® in COs modifies their
structure [49,50]. If the accumulated DM is larger than a
critical value [51], DM can become self-gravitating form-
ing a miniblack-hole in the collapse. This could be used
to infer constraints on the mass and cross section of DM
(WIMPs) [52]. If DM is constituted by WIMPs trapped in

'"The ACDM paradigm has some other drawbacks, as the
cosmological constant problem [12,13], the unknown nature of
DE [14-16] and the so called “small scale problems” [17-20].

*The DM content of a CO depends on (a) its formation process
and (b) the accumulation through capture in the CO’s lifetime [48].

the COs, its annihilation produces a heating of the star, and
an increase of the surface temperature and luminosity. In
the limit case of COs located close to the galactic center, the
temperature can reach 10° K, and luminosities 1072L
[53]. The quoted changes are difficult to observe, especially
for objects located close to the galactic center [54].

An appealing alternative to WIMPs is the asymmetric dark
matter (ADM) model, based on the idea that the present DM
abundance has a similar origin of visible matter [55]. A
peculiar case of ADM is mitror matter. WIMPs are super-
symmetric particles, based on the assumption of a symmetry
between bosons and fermions. If one assumes that instead of
the quoted symmetry, one has that nature is parity symmetric,
we have a different form of DM, mirror matter [56-58]. The
main motivation for the existence of mirror matter is that of
restoring parity symmetry in nature laws.> An interesting
feature of this kind of DM is that it is consistent with DAMA
experiment [22,59]. Since ADM is nonannihilating it can
accumulate and thermalize in a small radius, producing
changes in mass and radius of the stars, with the possibility of
forming extraordinary compact NSs. Comparing the mass-
radius (M — R) relation predicted by stars models with
ordinary matter and with ordinary matter admixed with
DM in NSs, it is possible to extract information on DM
and the equation of state (EoS) of the NSs [48]. These extra
compact NSs, having a DM core, could explain the discrep-
ancy between the structure of (e.g.,) 4U 1608 — 52 and the
M — R relationship coming from nuclear matter models [48].

Moreover, the NSs behavior is dictated by their EoS,
constrained at normal nuclear saturation density [60], but
not at densities larger than normal. At those densities the
properties of matter are unknown. This implies that
fundamental quantities like the mass cannot be known
with certainty. In order to explain NSs with high masses,
like the binary millisecond pulsar PSR J1614 — 2230 of
M =197+0.04 My [61] and the PSR J0348 + 0432 of
M =2.01+0.04 My [62], one needs a stiff EoS. Then,
whereas most of the phenomenological models for EoS are
able to reproduce the 2 M observations, these observa-
tions are in tension with microscopical models that imple-
ment some possible exotic components of the EoS (e.g.,
quarks, mesons, hyperons) that soften the EoS.

In recent years, it has been realized that the presence of
ADM in NSs plays a similar role to that of exotic states [54].
In Ref. [54] the authors considered the NSs composed of
“normal” matter admixed with mirror matter coupled only
through gravity, whereas in Ref. [63] a general relativistic
two fluid approach to study admixture of nuclear matter and
degenerate DM was used. In both papers it was found that the
presence of DM gives rise to a different M — R relationship,
characterized by smaller mass and radii when the increasing
ratio of the DM and normal matter increased. In Ref. [64]
quark matter admixed DM was studied with a similar
formalism, finding, among other results, a total mass of

*Weak interaction are not parity symmetric.

063015-2



DARK COMPACT OBJECTS: AN EXTENSIVE OVERVIEW

PHYS. REV. D 99, 063015 (2019)

1.95 M, close to the 2 M observations. Li et al. [65]
showed that a NS with ADM has a M — R relationship
similar to that obtained by [54], and that small values of the
mass of the DM particles produce an increase in the final
stellar mass reaching values even larger than 2 M.

In the previous work of Ref. [66], the Tolman-
Oppenheimer-Volkoff (TOV) equations were solved for
NS and WD material admixed with ADM and particle mass
equal to 100 GeV. It was found that in the case of weak self-
interacting, nonannihilating DM, the TOV’s solutions can
give COs with Earth-like masses and radii a few km to a
few hundreds km, while in the case of strong self-
interactions, Jupiter-like COs with radii of a few hundreds
km were obtained. The maximum DM content that NSs
with 2 M5 and WDs of the nominal mass of 1My can
sustain was also analyzed.
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FIG. 1.

In the present paper we aim to extend this previous work by
considering weak and strongly interacting DM with particle
masses in the range of 1-500 GeV. We find that the total mass
of the COs increases with decreasing DM particle mass, thus
hinting at excluding strongly self-interacting DM of masses
1-10 GeV in the interior of these COs. Moreover, we obtain
that the smaller the mass of the DM particle, the more DM is
captured in the COs, setting constraints on DM capture given
by 2 M observations. This finding has to be tested by
analyzing the quantity of DM captured during the formation
of these COs inside a DM environment, thus again helping to
constrain the DM mass particle and its self-interaction.
The paper is organized as follows. In Sec. Il we describe the
theoretical model, whereas in Sec. III we describe the results.
Section I'V contains the description of the capture mechanism
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Mass and radius of OM content of the astrophysical objects as a function of the central pressure of OM for the DM interaction

strength parameters y = 10~! (left panels) and y = 10° (right panels). The solutions go through both stable and unstable regions. The
separations are delimited by the roughly vertical dashed curves. The colored lines indicate solutions for Mgy and Rgy over OM central
pressures for a set of dimensionless ratio, ppy/ Pom» running from 1073 to 103. Those lines turn grey in the unstable regions. Note that
for the case y = 107!, lines of pppm/pom = 107! to ppm/pom = 107> for the My and Roy distributions lie on top of each other.
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which can accrete the mass predicted by the TOV equations
solution, giving some constraints on the DM captured.
Finally Sec. V is devoted to the discussion and conclusions.

II. THEORETICAL MODEL

In the following we solve the TOV equations for an
admixture of ADM and ordinary matter (OM) coupled only
by gravity. The aim is to understand what kind of COs can
be formed, since the spherical configurations obtained by
solving the TOV equations may yield to certain stable
configurations with unusual masses and radii. Therefore,
we start from the dimensionless TOV equations [67],
following [66] notation,
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FIG. 2. Mass and radius of DM content of the astrophysical objects as a function of the OM central pressure for the DM interaction
strength parameter y = 10~! (left panels), and y = 10? (right panels). The vertical black and red dashed lines delimit the stable regions
for two sets given by different ppy/ pom, denoted by black and red curves. Each curve in each set stands for a DM particle mass going
from 1 GeV to 500 GeV (1, 5, 10, 50, 100, 200, 500) from top to bottom. In this figure black curves correspond to ppy/pom = 1072,

whereas red curves correspond to ppy/pom = 10°.
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the quantity p’ = P/m}, and p' = p/mj, are respectively
the dimensionless pressure and energy density, being
my the fermion mass (i.e., DM particle mass, and neutron
mass). Indicated with M, the Planck mass [67], each one of
the two species can give rise to an astrophysical object with
radius, R = (M, /m3)r and mass M = (M;,/m7)m.

For OM we use the same EoSs as described in [66],
whereas the interacting Fermi gas EoS for DM is taken
from Ref. [67]. The DM particles are non-self annihilating
[68-72], and self-interacting [73]. Differently from [66],
where the only DM mass considered was 100 GeV, in this
paper we take into account DM particle masses equal to 1,
5, 10, 50, 100, 200, 500 GeV. We study the case of weakly
interacting, and strong interacting DM. The interaction
strength is expressed in terms of the ratio of the fermion
mass mg, and scale of interaction m;, y = my/m;. The two
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FIG. 3.

values of y are y = 107! for weakly interacting DM
(m; ~100 MeV), and y = 10° for strongly interacting
DM (m; ~ 300 GeV). The ratio between the DM pressure
and that of the ordinary matter, ppyv/ Poms 1S assumed to be
in the range of 107> to 10%, a range larger than the one
considered in Ref. [66].

For the determination of the COs and their character-
istics, one has to perform a stability analysis to determine
the possible stable configurations. Our results are given in
the next Section, whereas we discuss the stability criteria in
Appendix.

III. RESULTS

The stable configurations for COs are determined by
performing the stability analysis described in Appendix
and shown in Figs. 1-4. Whereas Fig. 1 shows the stability
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FIG. 4. Same as in Fig. 2, for the dimensionless ratios, ppy/pom = 107" (black curves) and 10" (red curves).

analysis for OM for different ratios of the dimensionless
DM pressure (ppy) versus the dimensionless OM pressure
(pom)» 1-€., ppm/Pom» each of the Figs. 2-4 shows the
analysis for DM for different values of the DM particle
mass but for only two ppm/powm ratios in each figure. In
those figures we display the mass (upper panels) and radius
(lower panels) of OM (DM) as a function of the central
pressure of OM, Pqy, for weakly interacting matter
(y = 107") in the left panels, while the strongly interacting
case (y = 10%) is shown in the right panels.

After performing the stability analysis described in
Appendix for OM only, the stable regions in OM are
delimited by vertical lines in both mass and radius plots in
Fig. 1. As indicated previously, we show the solutions of
mass and radius for different ppy/ pom- The nonstraight
feature of the vertical lines in this figure results from
joining the different Py, values, for the various ppym/pPom

ratios, at which a stable solution turns unstable and vice-
versa. We find that the regions in pressure below the first
vertical dashed line and above the second vertical dashed
one give rise to stable mass-radius configurations, for both
weakly and strongly interacting DM cases.

For Pgoy < 10715 MeV fm=3, the mass-radius stable
configurations on Fig. 1, with M < Mg and M « R®,
are of planet-like type [74]. Subsequently, the mass rises
with central pressure while the radius decreases, leading to
WD configurations, one of the two stable M — R branches
in compact objects. In this WD configuration and for the
case y = 107!, the OM central pressure lies below
1073 MeV fm~3, while for the case y = 10? it remains
below 107> MeV fm™3, as clearly displayed in Fig. 1. Next,
the M(Poy) curves present an interval with a series of
extrema, with the radius curves changing their slope and
giving rise to unstable configurations. Following the
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stability criteria, the last sharp downturn results in having
the last unstable mode turning stable, so that the NS
configuration is reached. In this latter region, the OM
central pressure is approximately above 107! MeV fm™3
for y = 107!, and 1072 MeV fm~3 for y = 103. For typical
ordinary matter EoS, further increase in central pressure
induces the M — R curve to spiral counterclockwise, and
more and more modes become unstable. With DM, instead
of spiraling at high central pressure, another stable “twin”
or “third family” branch may arise [75-78]. Note that the
numerical determination of the stable regions is very
delicate, in particular when increasing the ppM/poM
ratio, as the curves bend down for the largest p,M values
and several shallow maxima/minima might appear making
it difficult to determine the stable region. Thus, the

numerical determination of the stable regions for the largest
poM values and for ppM/poM > 10 have to be taken

with caution, a caveat that can be extended to the next figures.
Once we have restricted the values of Pgy for all

different ppy/pom ratios that lead to stable WD and NS
configurations with only OM, we analyze the common
stability regions for both OM and DM. In this manner, we

can apply cuts for the set of the examined DM particle
masses (from 1 to 500 GeV). These results are displayed in

Figs. 2—4. In Fig. 2 we present the results for the mass and
radius as function of Py for ppv/pom = 107> and 103
for weakly (left panel) and strongly (right panel) interacting
DM for DM particle masses ranging from 1 to 500 GeV,
whereas in Fig. 3 we present the cases for ppy/pom = 1073
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FIG. 6. Mass-radius relations of the equilibrium configuration of DM-admixed WD branch for weakly interacting DM, y = 107,
Results are shown for DM particle mass mpy ranging from 1 to 500 GeV (1, 5, 10, 50, 100, 200, 500) from top to bottom. Each color
corresponds to the DM particle mass, indicated in the legend. Each panel corresponds to a different ppy/ pom, indicated in the legend.
Note that for some values of ppy/pom, SOome mass curves are not visible because they overlap with others.

and 10°, and ppy/pom = 107! and ppy/pom = 10! are
displayed in Fig. 4.

Each curve in the panels stands for a DM particle mass
going from 1 GeV to 500 GeV from top to bottom. Black and
red lines correspond to the two sets of ppm/pPom, as
indicated in these panels. Namely, black curves and black
vertical lines correspond to ppy/pom = 1072 (Fig. 2), 1073
(Fig. 3), and 107! (Fig. 4); whereas red curves and red
vertical lines correspond to ppuv/pom = 10° (Fig. 2),

10° (Fig. 3), and 10' (Fig. 4). As mentioned previously,
the vertical lines are determined by imposing having stable
OM and DM simultaneously. The regions below the first
vertical line and above the second one, as indicated by the
arrows, fulfill the stability criteria for both species. By
analyzing the stability region below the lower vertical
line, we observe that from ppy/pom = 107 up to
Pom/Pom = 10", the stable region extends up to
Poy ~ 107 MeV fm~3, showing a slight dependence on
the ratio ppm/pPoms, and on the DM interaction strength y.
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FIG. 7.

By increasing ppm/ Poms the size of the stable region shows
a strong dependence on ppy/pom and y, and starts well
below poy ~ 107* MeV fm~3. A similar behavior is dis-
played also for the stable region which lies above the second
vertical line.

For completeness, so as to show the range of OM central
densities of our astrophysical objects, we display in Fig. 5
the total mass, My, and the visible radius of OM, Ry, of
the compact objects as a function of the OM central density,
pe/po, for y=10"" (left panels) and y = 10° (right
panels). We take mpy = 1 GeV. As in Fig. 1, the coloured
lines indicate solutions for a set of dimensionless ratio,

Same as in Fig. 6 for the NS branch.

Pom/ Pom, running from 107> to 10°. These lines turn grey
in the unstable regions.

Once the stability analysis is performed, the features of
the COs with DM can be studied from the total mass as a
function of the visible radius of OM, that is, M7 vs Ry, for
the NS (high central pressure branch) or WD (low central
pressure branch), in a similar manner as done in Ref. [66].
The M — Rgy relation is presented in Figs. 6-9 for the
range of central pressure ratios (ppy/pPom = 107> — 107),
particle mass (1-500 GeV), and DM interaction strength
y =107", and y = 103. The cases of weakly interacting
DM are shown in Fig. 6 for the WD branch and Fig. 7 for
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the NS one, while strongly interacting DM yields Fig. 8 for
WD and Fig. 9 for NS. In each figure the panels are ordered
left to right and then top to bottom with respect to the
sequence of fixed value of pressure ratios, while each panel
contains the curves for all the selected DM masses, marked
by different colors and symbols.

For ratios of ppy/pom < 107! and weakly interacting
DM, the two resulting stable M — R configurations are
equivalent to the WD and NS branches with only OM (top
panels of Figs. 6 and 7). While WDs exhibit typical masses
of 1My and radii of few thousand km, NSs are

10* 10° 10°

Roy [km]

Same as in Fig. 6 for the strongly interacting DM, y = 10°.

characterized by masses of 1-2 Mg and radius of 10 km.
With increasing DM central pressure, the NS branch
becomes unstable, and the remaining WD branch presents
OM densities below the neutron drip line, and unconven-
tional masses and radii (middle and bottom panels). Indeed,
we confirm the results of Ref. [66] on COs with Earth-like
masses and radii from a few km to a few hundred km in the
case of ppy/pom = 10* (bottom middle panel).

As for the strongly interacting case and ratios of ppy/ Pom
below 107!, we observe that the smaller the DM particle
mass, the larger the total mass of the CO is, as seen in
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FIG. 9. Same as in Fig. 8 for the NS branch.

Ref. [54] for mirror DM. In fact, our results are compatible
with the values obtained from Eq. (47) of Ref. [67] for the
total mass of an object with DM, that strongly depends on the
interaction parameter, and Ref. [79]. We again reproduce
the COs with Jupiter masses with 1072 — 10™ M, masses
and few hundred km radii, as found in Ref. [66].

Finally, we show the maximum total masses of the COs
in the NS and the WD branches as function of the DM mass
content, MP**(Mpy), for weakly interacting DM (Fig. 10)
and strongly interacting DM (Fig. 11). The upper panels in
these figures show the NS branch, whereas the low panels
display the WD one. The different curves in each panel are

given for a fixed value of the DM mass particle. The
maximum mass values of the CO are obtained from the
maximum masses of all possible stable NS and WD
configurations given by a fixed ppy/ pom ratio, but varying
the DM particle masses (1-500 GeV) and for weakly and
strongly-interacting DM matter, as can be extracted from
Figs. 6-9.

As seen in Ref. [66], we observe that, for the weakly
interacting DM case, the reduction of the total mass in the
WD branch from the nominal value of 1 M takes place for
lower DM mass content than for the case of 2 M in NSs.
Therefore, WDs sustain less DM than the most massive

063015-11



MAKSYM DELIYERGIYEV et al.

PHYS. REV. D 99, 063015 (2019)

NEUTRON STAR y=10"

o . e e E
1.8 -
1.6 -
1.4 =

'_'@ r -
= 1.2F ]
= 'F E
0.8 —
0.6F —
0.4F =
0.2 —
E cond vl el vl vl vl b .......A] L .......I[‘]. PRI AR T | ‘. pol 1 ..:
10" 10" 10" 10° 10® 107 10° 10° 10* 10° 102 10" 1
Moy [M]

WHITE-DWARF y=10"

1= . =5 = el O =G SR~ —

0.8 —

— 0.6 —

0]

E - -
- - —m— my,=500GeV 7
= 0.4'_ - 3 - my,=200GeV N
L —— mDM:100 GeV i

- 43F- my,=50 GeV N

0 2__ —&— m,,= 10 GeV N

"L --@-m,=5GeV 4

- —e— m,=1 GeV 1

i ol el vl sl sl .....I.I L ......Il. ponl ......Il. ol il .......I_

10" 10" 10" 10" 10° 10® 107 10° 10° 10* 10° 102 10"

Moy [M,]

FIG. 10. The total maximum mass of the CO as a function of the DM mass for weakly interacting DM, y = 10~". The colored curves,
built from the extrema at fixed ppy/pom curves (see text) at a given DM particle mass, show the evolution of the star mass with
increasing DM mass content. Each color corresponds to one DM particle mass, as indicated in legend. Top panel: The neutron-star

branches. Bottom panel: The white-dwarf branches.

NSs. This is also the case for strongly interacting DM for
DM particles with masses above 50 GeV. On the other
hand, for DM particle masses of 10 GeV and less, we obtain
an increase in the total mass of CO when DM content
exceeds ~107> M, for the NS branch and ~10~! M, for
WDs. This might exclude strongly self-interacting DM of
masses 1-10 GeV in the interior of COs if formation
mechanisms of COs allow for these DM mass contents. The
possible formation of these COs and their DM content is
discussed in the following section.

IV. MATTER IN THE COs: ACCUMULATION
AND ENVIRONMENT

In order COs having terrestrial or Jupiter-like masses,
they should acquire from the environment a precise
quantity of DM. As an example, for an object like
Jupiter having a mass ~1073 My, the content of DM must
be in the range of 107" — 107> M, as found in Ref. [66]
from the solution of the TOV. One question that can
naturally arise is if, in nature, there are processes that
allow the accretion of that quantity of DM by a CO.
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FIG. 11.

Same as Fig. 10 for the strongly interacting DM, y = 10°. Note that lines shift horizontally to the left with increase of DM

particle mass, while exhibiting a growth with increasing DM content for mpy = 1-10 GeV.

To have an idea of the quoted quantity, we have to
consider the DM acquired during the different phases of the
CO formation. In the case of a Earth-like, or Jupiter-like
CO, there are two phases of accretion: (a) accretion during
the collapse phase; (b) accretion of DM after collapse due
to the capture in the CO by interaction with the CO’s nuclei.
In the case of NSs or WDs, one must take account of (a) the
DM acquired during the collapse phase, (b) the change of
DM inside the star during the star evolution till the
supernova explosion phase, (c) the DM acquired by
the NS.

In order to have a good estimate of the DM in NSs and
WDs, one should perform simulations similar to those
of [80], but for the inner part of the NSs and WDs, not only

the distribution of DM external (mini-halo) to the stars.
Simplified calculation consider just the DM capture during
the NS, WD phase [47,51], or estimate the accretion by the
CO progenitor, and the CO phase [81]. One can obtain an
estimate of the DM trapped in the star by using Eq. (4) in [82]
for the capture rate

F=11x 1027 S—l Pdm 220 km/s TeV
0.3 GeV/em’ , .

(i) @) @

where p,, is the local dark matter density, v the average
WIMP velocity, f the probability that in the star one has at

-3Ey

—er )f’
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least one WIMP-proton scattering and E; the maximum
energy of the WIMP per WIMP mass leading to capture
(see [82]). In the case of a typical NS (WD), Eq. (2) gives
~10714(107!") M, for the DM trapped in a NS (WD), and
values even smaller in the case of the planetlike COs. The
capture rate has been estimated by several other authors
[51,83—85] and the results are more or less in agreement with
that of [82]. A comparison of the DM contained in the
planetlike COs, and the DM that can be trapped into them
by accretion shows that this mechanism cannot explain, at
first glance, their existence (see however the following),
in the case DM is uniformly distributed in the halo. The
previous discussion shows a discrepancy between what
the TOV equation allows, and the quantity of DM that the
accretion mechanism can trap in the star.

As many studies [86-91] pointed out, the DM distribu-
tion into an halo is not homogeneous, and super-dense dark
matter clumps (SDMC), i.e., bounded DM objects virial-
ized at the radiation dominated era, and ultracompact
minihaloes (UCMH) formed from secondary accretion
on SDMCs [89], are present in the halo.

According to those studies, a SDMC of ~100 Mg can
have a density ~2 x 10° larger than the local DM density,
and larger for smaller masses. A NS located in such a SDMC
would trap through the accretion process a DM mass of the
orderof 1077 Mg, 10~® M, fora SMDC of 0.1 M, [89,91].

The maximum density in the center of clumps can be
estimated by means of the annihilation criterion [89,91] and
is ~10'° larger that the local DM density, implying that a
NS would acquire a DM mass equal to ~7.5 x 10™* Mg,

In the previous scenario, we considered COs planet-like,
either NSs or WDs, which trapped DM from the environment
by means of the accretion mechanism. However, another
possibility, actually the more natural, is that minihalo forms
and a planetlike CO is born by the following collapse of
baryons on the potential well of the minihalo. The last
correspond to the phase a. (accretion during the collapse
phase) previously mentioned. After formation, the planet
could continue to acquire DM by accretion from the envi-
ronment (phase b). We will study this aspect in a future work.

Finally, even if DM was distributed in a homogeneous
fashion in the Galaxy, its density increases going toward the
center of the Galaxy, similarly to what happens in a
minihalo. The DM density profile of our Galaxy is not
known. In particular it is not known if the profile is cored,
as in several dwarf spiral galaxies, or cuspy. N-body
simulations predict cuspy profiles parameterized by an
Einasto profile:

p=poe =, (3)

where a is related to the curvature degree of the profile, r_, is

the distance at which ;’}Ef = —2,and p_, is the density at r_,.

In the case of the more cuspy profile (see [53]), the DM
density at 107> pc is 4 x 10° GeV/cm?, a factor ~10'°

larger than in the Sun neighborhood. This means that while
a NS located at the Sun neighborhood will accrete
~1071* Mg, at 107>(0.1) pc will accrete 107#(1077) M.
This implies that even in a homogeneous halo, planetlike CO
objects can form at about 0.1 pc to the center of the Galaxy.
The previous discussion has some consequences on the
NSs and WDs structure, and generates a relationship
between the COs masses and the distance from galactic
center, which will be discussed in a forthcoming paper.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, we have studied how DM, non-self-
annihilating, self-interacting dark matter, admixed with
ordinary matter in COs changes their inner structure, and
discussed the formation of planet-like COs. We consider
DM particle masses from 1 to 500 GeV, while taking into
account both weakly and strongly interacting DM.

The total mass of the COs depends on the DM particle
mass as well as the quantity of DM in its interior. In the
strong interacting case, some combinations of DM particle
mass and DM mass content lead to COs much heavier than
the known limits given by NSs and WDs. This puts
constraints in the parameter space y, Mp, ppm/Poms
and Rgy. Also, constraints on the mass trapped in the
pulsar come from the observations of pulsars with masses
~2 M. At the same time, it is possible to explain the
existence of NSs with masses ~2 M, through the increase
of the total COs mass with decrease of particle mass.

Following the discussion in Sec. I'V, on the inhomogeneity
of DM distribution in the halo, and minihaloes of the
Milky Way, in a next paper we will discuss how the
inhomogeneity affects the COs structure. As we indicate
in Sec. IV, we know that DM is not uniformly distributed
inside the galactic haloes for two reasons: (a) the presence of
clumps (minihaloes) randomly located inside the galactic
halo, (b) the increase of DM density going toward the center
of the galactic halo. The difference from outskirts to the halo,
or minihalo, center is usually of 10°, 10'°. This implies the
accumulation mechanism can trap much more mass close to
the halo center, giving rise to different COs structures.

ACKNOWLEDGMENTS

M. D. work was supported by the Chinese Academy of
Sciences Presidents International Fellowship Initiative
Under Grant No. 2016PM043 and by the Polish
National Science Centre (NCN) Grant No. 2016/23/B/
ST2/00692. M. Le. D. acknowledges the financial support
by Lanzhou University starting fund. L. T. acknowledges
support from the FPA2016-81114-P Grant from Ministerio
de Ciencia, Innovacion y Universidades, Heisenberg
Programme of the Deutsche Forschungsgemeinschaft
under the Project No. 383452331 and PHAROS COST
Action CA16214.

063015-14



DARK COMPACT OBJECTS: AN EXTENSIVE OVERVIEW

PHYS. REV. D 99, 063015 (2019)

APPENDIX: STABILITY DETERMINATION

The stability of TOV solutions is commonly determined
using one of two methods. The first is the Bardeen, Thorne,
and Meltzer (BTM) method [92], based on counting the
mass-radius (M — R) relation extrema, which curves are
generated by varying the central pressure P.. Each curve
point is a stationary configuration, but only those with
stable radial modes are stably stationary. The simple rules
proposed by Ref. [92] are at each extremum, with increas-
ing central pressure, one mode changes from (i) stable to
unstable where the M (R) curve rotates counter-clockwise;
(i) unstable to stable where the M(R) curve rotates
clockwise. The other method consists in solving the
relevant Sturm-Liouville equation to explicitly obtain the
radial oscillation eigenmodes, following [93]. This is used
by [66,94] and by us in what follows.

The time-dependent displacement describes the radial
oscillations:

Srp(r 1) = — (A1)
where v(r) comes from the double radial metric definition,
n marks the mode spectrum index, and u,(r) is a solution
with eigenvalue w? to the Sturm-Liouville problem

d 1d 4dp
rP— Lo =2 L E—0. (A2
where I = 412 P/dr o1 eq the adiabatic index governing

dlogp(r)/dr
the pressure-density equilibrium relation. More precisely, it
yields its pressure-weighted average, i.e., the fractional
change in pressure per fractional change in comoving
volume, at constant entropy and composition. The quantity

£ gives the radial component of the perturbations E()'c’ 1), pe
is the central mass density, and P is the electrostatic
pressure.

The boundary conditions for Eq. (A2) are £ = O atr = 0,
and ¢ finite at » = R, where R is the surface of the star.

The eigenvalues of Eq. (A2) are given by

e J{reL [L(r28)* + 4rE* 4B} dr
N S pe&rdr ’

where we have integrated by parts, using the boundary
conditions £ =0 at r =0 and AP =0 at r = R. The
physical interpretation of some terms in Eq. (A3) follows.
Since we always have I > 0, the first term is stabilizing. It
arises from the electric field “compression” or the electro-
static pressure. It can be equivalently interpreted as due to
the acoustic modes. The second term reflects gravity
destabilizing effect.

The Sturm-Liouville eigenvalue problem, Eq. (A2),
produces a discrete set of solutions eigenfunctions u,,(r),
for eigenvalues w? from Eq. (A3), the squared frequencies
of the oscillation modes. Those eigenvalues form a
real lower-bounded infinite sequence wj < w?,,, for
n=0,1,2.... Any mode n is stable and oscillatory if
w? > 0, so the frequency is real. However, for o2 < 0, the
purely imaginary frequency leads to an unstable mode
which exponentially grows or decays.

The overall stability of the star is sufficiently determined
by the fundamental radial mode, a)(z) Indeed, if a)% > 0,
then all 2 > 0 and the star is stable. For 3 < 0, there
is (at least) one unstable mode and the star is unstable.
The sign of a)% thus sufficiently ascertain the overall stability.
It derives from the analysis of the star mass versus mass
density or radius [93]. The typical behavior of the lowest
eigenvalues, @j and w? can be found in Ref. [94].

Sturm-Liouville properties of the perturbation equation
yield general arguments showing that the mode stability
changing extremum occurs for even modes (n = 0,2, ...)
if dR/dp. <0 and for odd modes (n=1,3,...) if
dR/dp. > 0. Using this method and starting from low-
mass densities where all modes are positive, the stability
analysis is obtained for higher-mass densities studying the
change of the sign of the different modes while keeping
their hierarchy.
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