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Superdense dark matter clumps
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We describe the cosmological scenario for the formatiorupesdense dark matter clumps. As
an interesting particular example the case of superheauyaimo as DM particles is considered.
The small-scale superdense clumps form from a non-starsgékyg spectrum of perturbations
during the radiation dominated era. These clumps are ntrtoyes! by tidal interactions and can
be extremely dense. Superdense clumps can be observeddsgntinea-radiation from dark mat-
ter annihilations and by the gravitational wave detectatsle the overproduction of primordial
black holes constrains this scenario.
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Figure 1: The mean densitg (in g cn3) of DM clumps as function of the perturbatidp in the radiation
density on the horizon scale; solid lines from top to bottemfar for clump masses! = 1010, 1075, ...,
10°® g. The dashed line is the bound on the clump density from pdimbblack holes overproduction with
thresholdd. = 0.7. The time of two-body gravitational relaxation inside tihemp cores is less then the age
of the Universe for clumps above the dotted lines for DM jgéeti massesy, = 101 GeV. The star marks
favourable parameters for annihilations, and the cros&sraatypical example considered for comparison.

Superheavy particles can be produced at the end of inflatidrtreey can play the role of DM
particles [1, 2]. Gravitational production in the nonsiaary gravitational field provides the natural
mechanism for the origin of superheavy dark matter [3]. Walslse as candidate for superheavy
DM particles the neutralino with masses'i@GeV in the model of superheavy supersymmetry, as
suggested in [4].

The possibility of indirect detection of stable superheaayk matter particles depends on
their annihilation rate, that scales roughlyNag, m;(“. Since backgrounds like cosmic rays from
astrophysical sources or the diffuse photon flux decrealyeasrl/E® with o < 3, indirect detec-
tion of DM seems to become more and more difficult for incnegddM masses. The possibility
which overcomes this difficulty is the annihilation in thepsudense central region of DM clumps
[5], but one needs the realistic scenario for the very higisiig of DM. The 2nd possibility is the
formation of superdense clumps [6], [7] with very high meansity.

The mass spectrum of DM clumps has a low-mass cigff, due to the leakage of particles
from a clump. This mass is strongly model dependent. The s@esstrum of DM clumps formed
by standard- 100 GeV neutralinos has a cutoff near the Earth mass. Th# catobe diminished
significantly in the case of superheavy particles. Ford GBeV bino, this mass is only 34 times
greater than the particle mass. In the case of bino the frearsing mass defines the 2nd cutoff.
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In the case of a higgsino, the free-streaming mass is nbiyligmall, and free-streaming plays no
role for the evolutions of perturbations.

The clumps can be produced effectively at RD stage only fromstandard spectra containing
spikes. A sharp peak emerges in the fluctuation spectrumiffetionary potentiaV (@) has a flat
segment. A peak emerges in the perturbation spectrum orothesponding scale. The spectrum
outside the peak can have an ordinary shape. In partictilagni be approximately Harrison—
Zel'dovich spectrum, and can give rise to galaxies, clgsterd superclusters according to the
standard scenario. Dark matter clumps are formed in a widgeraf masses, if the spectrum of
primordial density perturbations has a power-law form.riftbe contrary the spectrum has a peak
on some scale, then clumps are formed mostly in a narrow reingasses, near the peak.

The formation of clumps from entropy perturbations was wered in [6]. We deneralize
that method for the evolution of adiabatic perturbationsrduthe radiation dominated epoch. For
adiabatic perturbations the initial velocity of DM shellrisn-zero and is defined by the known
analytic solution for linear stage. Within this formalisme found the density of the clump =
p(M,dy) as function of its masM and the radiation perturbation value on the horizon ségle
see Fig. 1. The details of the calculations can be found in [8]

Restriction on the spectrum of the adiabatic perturbatmmses from limits on primordial
black holes, which can form from the same spectrum of peatigh. In the case of entropy pertur-
bations PBHs do not form. The corresponding restrictiorsshown in Fig. 1 by the dashed curve.
The local minimum on the curve corresponds to the Hawkingesation of PBHs. The allowed
region of parameters is under the dashed curve. PBHs witkeaasl(° g are not constrained by
Big Bang Nucleosynthesis effects, because they are evagovary early. In the allowed region
the PBHSs are constrained only by the entropy production [9].

The first stage of clumps evolution is the ordinary grawtadl contraction. Other processes
can become important at the second stage: (i) two-body tgtemnal scattering and (ii) some
limiting effect like Fermi degeneracy or the intensive dmlation of particles. How can it be that
the gravitational two-body scattering becomes the dontipaocess for elementary particles? It
occurs for the superheavy particles because the gravigtizattering is proportional t?, while
EW scattering of these particles is inversely proportidnai?.

In the central parts (cores) of superdense clumps the twlig-bravitational scattering of su-
perheavy DM particles may be the dominant process. Thistsdauhe “gravithermal catastrophe”
— awell known effect in the dynamical evolution of denselatedystems. This process takes place
if the gravitational relaxation time is shorter than the\dmse age. In this regime the evaporation of
particles from the core becomes the dominant process,msipe for the evolution of the clumps.
For clumps above the dotted lines in the Figure 1, relaxagsnlts in the “gravithermal catastro-
phe” producing an isothermal profilé r 2 with a tiny new core. This effect is important for the
annihilation of superheavy particles, because the amiitil signals are too weak for observations
without taking into account the “gravithermal catastrdphe

Do any physical processes exist that prevent the extreragjg densities in the clump center?
The first candidate for such process is given by the Elect&vedastic scattering of particles or
self-interaction. Another effect is the particle annitida. This effect was studied in [10], [11].
If superheavy DM particles are fermions like in the case aftradinos, there is quite different
effect which stops the core contraction at much larger gsadithis effect is the pressure of Fermi
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degenerated gas.

Superdense clumps cannot be composed of standard 100 Ga¥lineg, since their annihi-
lations would overproduce the diffuse gamma radiation.usatonsider the superheavy neutralino.
We calculate the annihilation rate in a single clump and #wilting flux for different types of
particles and compare the result with the observationatdinin particular, the ultra-high-energy
and atmospheric (secondary) neutrino observation datasa® The atmospheric neutrinos are
generated in the upper atmosphere due to interactions ofmgaphmotons, nucleons and leptons
with atoms. We include all possible channels into calcateti In the case of a higgsino, the anni-
hilation signal is additionally enhanced by the Sommerédtdct. For the optimistic parameters of
clumps and for a superheavy bino as DM patrticle, the flux igisd\orders higher in comparison
with the experimental upper limits. For the pessimisticiceaf parameters the flux is several
orders lower. Therefore the annihilation rate of stablessligavy neutralinos may be large enough
to be detectable, if primordial density perturbations gi&ys

It has been already suggested that interferometric detefiogravitational waves like LISA
have the capability to detect the tiny variation of the giational field, when a compact object
passes near the detector. Superdense clumps may be inahtmélais list. The observable signal
is caused by the gravitational tidal force which changesrtezferometer arm length and produces
correspondingly a phase shift.
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