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The smallest size of the cosmic structures is known to be limited in the standard dark matter
models with weakly interacting massive particles. However this constraint can be relaxed in the
low reheating temperature scenarios. During the transition from the early matter domination to the
radiation domination, the small scale isocurvature perturbation of WIMP is created and become
large. These are not erased during the kinetic decoupling and can form the small size structures
such as ultra compact mini halos. Combining with the WIMP properties, the small objects can

show their existence with visible signatures like gamma ray, cosmic ray or neutrinos.
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1. Introduction

The weakly interacting massive particles (WIMPs) are a natural candidate for dark matter [1].
The nature of the weak interaction and the mass provides the right relic density for dark matter
when they freeze out of the thermal equilibrium [2, 3]. The same properties are used to search for
dark matter at colliders such as Large Hadron Collider at CERN and in the direct detection of dark
matter deep under the ground or in the astrophysical phenomena.

The scatterings of the WIMPs that keep them in the state of the thermal equilibrium in the early
Universe can be divided into two categories: the inelastic scatterings and the elastic scatterings.
Through inelastic scatterings, the WIMPs are changing their numbers as well as exchanging energy
and momentum with the background plasma. Therefore the WIMPs can follow the statistics in
the thermal equilibrium. Eventually due to the expansion of the Universe, the interactions become
insufficient and the WIMPs decouple from the thermal background, at which epoch the relic density
of the WIMP dark matter is fixed. The chemical decoupling is commonly happens at a temperature
below the WIMP mass around 7' ~ m/20 with WIMP mass m.

However even after the chemical freeze-out, the elastic scatterings continue with exchanging
momentum and energy but without changing the number of WIMPs. During this kinetic equilib-
rium, the WIMPs are still tightly coupled to the background plasma and move together so that their
density perturbations evolve in the same way as those of radiation. They oscillate in the subhorizon
scales and cannot grow since they are in kinetic equilibrium with radiation. Only after the kinetic
decoupling, the perturbations of WIMPs can grow logarythmically in the radiation-dominated Uni-
verse. The perturbations in the smaller scales get even damped during the kinetic decoupling, and
thus density perturbation becomes too small to make any visible structures in the present Universe.
Thus the kinetic decoupling scale puts the smallest size of the cosmic structures in the WIMP dark
matter scenarios.

As studied in [4], the kinetic decoupling temperature of the usual neutralinos is between 10
MeV and several GeV for the mass of neutralinos between 10 GeV and several TeV. In other words,
this temperature corresponds to the mass scale from 107! to 10~ solar mass and the earth mass
size is located between them. The structures with smaller size than the this minimum cannot form
in the WIMP dark matter models.

However there is an exceptional case where the smaller size structures can form even during
the kinetic equilibrium in the WIMP dark matter case, that seems to be conflict with the previous
one. The new phenomena was studied recently by Choi, Gong and Shin [5]. In the study, the
large isocurvature perturbations at small scales can arise during the transition from the early matter
domination to the radiation domination and these perturbations are not damped away during the
kinetic decoupling. Therefore the small scale structures made of dominantly WIMPs may exist in
the present Universe and produce new visible signatures.

In this talk, we briefly review the evolution of the WIMP perturbation and the possible genera-
tion of the large isocurvature perturbation of them at small scales in the low reheating temperature
scenario. In the end, we summarise with the implications of this phenomena and prospects in the
future observations.
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2. Adiabatic and Isocurvature Perturbation of WIMP

The isocurvature perturbation between dark matter and radiation is defined as

S=3H (5Pm_6pr> _5, s 2.1

b P 4

On large scales, temperature anisotropy of the cosmic microwave background constrains this mode
to be smaller than the adiabatic mode by a few percent [6].

Since WIMPs are in the thermal equilibrium with background radiation in the early Universe,
their density perturbation follows those of the radiation. Therefore two fluids of dark matter and
radiation have the common density perturbations, that is the nature of adiabaticity. The WIMP dark
matters are thus inherently adiabatic on large scales.

However after decoupling, it is not necessary to have common perturbation. They would have
different evolutions in the subhorizon scales and the isocurvature perturbation can be generated.
That is not problematic since the isocurvature perturbation on small scales is not constrained well
enough.

For WIMPs, the evolutions of the modes are different whether they enter the horizon before or
after the kinetic decoupling. For the small modes that enter the horizon before kinetic decoupling,
they experience damping and the perturbations become quite suppressed. Only after the kinetic
decoupling, they could grow logarythmically during radiation domination from the suppressed am-
plitude. The modes, that enter the horizon after the kinetic decoupling, do not have the suppression
and could grow from the initial amplitude of the perturbation. Those modes finally become the
seeds for the large scale structure formation after the matter-radiation equality.

The non-vanishing isocurvature perturbation between dark matter and radiation is generated
after the kinetic decoupling since the evolutions of dark matter and radiation are now separated.
Though the isocurvature perturbation in the literature usually refer to the mode in the primordial
perturbation on large scales, here also we use it on small scales too on general grounds as a function
of time.

3. Large Isocurvature Perturbation of WIMP with Low Reheating Temperature

The question is whether it is possible to have a large isocurvature perturbation at small scales
even before the kinetic decoupling without being damped. The answer is *Yes’ when the rehearing
temperature is low enough than the freeze-out temperature of WIMP [5]. There are two facts we
have to note in this process: one is the creation of the isocurvature perturbation and the other is
non-damping of them.

The latter part was used in the literature to explain ’the cosmic background temperature
anisotropy in a minimal isocurvature model for galaxy formation’ by PJ.E. Peebles [7]. While
the adiabatic modes are damped during the kinetic decoupling, however the isocurvature mdoes
are not affected. The same is true for dark matter. When there is an isocurvature perturbations in
the dark matter density, those are not damped during the kinetic decoupling and continue to remain.
If initially it was large enough then it could make new contributions to the formation of small scale
objects.
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One example for the creation of large isocurvature perturbation was found in [5]: when the
reheating temperature after inflation is lower than the freeze-out temperature of WIMP. After in-
flation, the inflaton field oscillates around the vacuum and the Unvierse is like matter-dominated.
Due to the continuous decay of the inflaton field, the radiation and WIMPs are created. Here the
maximum temperature can be still high enough so that the WIMPs are in the thermal equilibrium
before freeze-out. Therefor on large scales the WIMP density perturbation is intrinsically adiabatic.
However on small scales it makes difference. After chemical freeze-out during matter-domination,
the WIMPs are not created any more and the comoving number density is preserved. However the
radiation is continuously produced from the decay of inflaton field until they dominated the energy
density of the Universe. Here we assume that the dark matter is not produced directly from the de-
cay of inflaton. During this epoch the isocurvature perturbation between dark matter and radiation
is created due to the different evolution of the number densities of the radiation and dark matter.

The generated isocurvature perturbation is roughly estimated by [5]

2

6m([reh) ~ §CI)() <k> , for k > kreh (31)
4 kten

where 8, (ten) is 6Pm/Pm at the time of reheating and @y is the gravitational potential at initial

time with the corresponding scale k of interest compared to the scale k., at the reheating time. For

the modes which enter the horizon before reheating (k > k), there is enhancement from the initial

density contrast proportional to the squared of the scales. This perturbation becomes isocurvature

and does not have damping afterwards and continues until the matter-radiation equality.

During matter domination, this large perturbations quickly form the compact mini structures
and they may exist afterwards until now to produce visible signals. For example, in the Milky Way
halo there may exist compact minihalos of earth size or even smaller mostly dominated by WIMP
dark matter and they annihilate to produce gamma rays or cosmic rays. Those signatures are well
probed by the Fermi-LAT gamma-ray telescope or AMS-02 cosmic ray telescope.

4. Summary

In the standard WIMP dark matter scenario with high reheating temperature, the kinetic de-
coupling scale puts the lower bound on the smallest size of the structures in the Universe. For very
weakly interacting particles like gravitino or axino [8], there is no lower bound on the smallest
size. However at the same time, due to the very weak interactions, they don’t make any visible
signatures. However WIMP dark matter may annihilate and produce many visible effects if they
can make large number of small scale objects. In the low-reheating temperature scenarios, it is
possible that the WIMP dark matter can obtain large isocurvature perturbation and form the small
scale structures dominated by WIMP. These WIMP-dominated objects can make visible signatures
in the present Universe.
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