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STRUCTURE FORMATION

NSEQUENCE OF THE
FLUCTU ONS.

p(tr) = 5(8) [L+5(t,1)]

©

primordial density fluctuations

(2

decoupling of the perturbation from the Hubble flow

©

subsequent collapse
@ formation of a virialized halo (cloud in the hydrostatic equilibrium)

Now we need some cooling mechanism
(cooling via Hy and H collisional excitation and subsequent spontaneous
de-excitation)

@ the successive fragmentation, contraction processes and star formation

@ re-ionization of the Universe

ot
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RADIATION AND Hy MOLECULE

IN PRIMORDIAL GAS CLOUDS, H MOLECULES CAN FORM

MAINLY THROUGH THE COUPLED REACTIONS

e"+H — H +7v H*+H — Hf+~4
H +H — Hy+e Hf +H — Hy+HT

X-ray photons — ionization — enhancement of the H, fraction

4

HEATING AND IONIZATION DUE TO THE X-RAYS

He and H ionization — secondary electrons — additional ionization

1/3 of the energy of the absorbed X-ray photon goes into ionization, 1/3
into excitation and 1/3 into gas heating.
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THERE ARE SEVERAL INCONSISTENCIES BETWEEN THE

PREDICTIONS OF LAMBDA CoLD DARK MATTER (CDM)
SIMULATIONS AND THE OBSERVATIONS

@ an order of magnitude over-prediction of the observed small
dwarf galaxies in our Local Group

@ cold dark matter simulations predict that dark matter form
cuspy density distributions, i.e. the density increases sharply to
a high value at a central point, in opposition to the
observation of the core profiles

@ and many more...

Reduction of the initial power spectrum of density fluctuations on
small scales, due to the warm dark matter (WDM), can alleviate all
of these problems.
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WARM DARK MATTER PROBLEM

@ Suppression of small scale fluctuations in most of the WDM
models leads to the unacceptable delay in structure formation,
which in turn, leads to inconsistency with the re-ionization
redshift obtained by the three years measurements of the
WMAP.

@ One needs some mechanism which will be able to speed up the
structure formation.
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KEV STERILE NEUTRINO AS A WDM CANDIDATE

Sterile neutrinos with the mass of several keV and small mixing angle
with the ordinary neutrinos can radiatively decay, and since it is a
two-body reaction, the photon energy is half the mass of the sterile
neutrino, thus, it is in X-ray range. These photons can enhance H,
production and speed up star formation. It makes keV sterile neutrinos
very attractive candidate for the warm dark matter.

Vs — Va + 7
The inverse width of radiative sterile neutrino decay

5 -9
r=r;t =13 x10%s (7 kev) (0'8 x 10 )

Vs—Va? mSC2 5in2 0

Sterile neutrino hypothesis can be confirmed by detection of the X-ray
line from their decays in the nearby galaxies.
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TOP-HAT MODEL - EVOLUTION OF THE OVERDENSITY
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AFTER VIRIALIZATION =

Pvir = 187"-2,0090 (1 + zvir)3 )
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EVOLUTION OF THE GAS TEMPERATURE

TEMPERATURE OF PRIMORDIAL CLOUD IS EVALUATED

ACCORDING TO THE FOLLOWING EQUATION

F=0-1

Tdnp+ Tdu T dy (y=1)A
np d pdz T (=1 dz T o (1rz) Qo (112)°

SOON BEFORE VIRIALIZATION WE ASSUME SHOCKS AND
INCREASE THE GAS TEMPERATURE TO ITS VIRIAL VALUE

] 2/3 173
Tyir = 9.09 x 10° K ((lf.gé) (109hI—V,1M@) (Affgfrg’)) (L + 2vir)

AFTER VIRIALIZATION WE SWITCH TO THE FIRST EQUATION

CRITERION FOR SUCCESSFUL COLLAPSE

T (0.752,ir) < 0.75T (zyir)
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THE COOLING /HEATING FUNCTION

HEATING

@ Photo-dissociation of Hy by the cosmic microwave background
(CMB)

@ Photo-ionization of H by the CMB radiation

@ heating due to the sterile neutrino decays
>

collisional excitation of H and H»
collisional ionization of H and collisional dissociation of Hy
H~ and H; formation

Bremsstrahlung

Compton cooling

(]
(]
(]
@ recombination
(]
[~
[~

H and He ionization due to the sterile neutrino decays
~
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SIMULATION - MODELS

Q@ CDM

© WDM1, ms = 25 keV and
mixing angle
sinf =3 x 10712

© WDM2, mg = 15 keV and
sin20 =3 x 10712
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EVOLUTION OF THE GAS TEMPER
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EVOLUTION OF THE IONIZATION FRACTION
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EVOLUTION OF THE H,
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MINIMAL MASS ABLE TO COLLAPSE
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CONCLUSIONS

@ We have performed a detailed analysis of the cooling and
collapse of primordial gas clouds in the model with warm dark
matter, taking into account both the increase in the fraction of
H2 and the heating due to the sterile neutrino decays.

@ Our work shows importance of the radiation field in the
collapse of primordial clouds and in the process of star
formation.

@ One can use the same technique to investigate the influence of
another hypothetical particle decays.

'
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CONCLUSIONS

@ As expected, the effect of the sterile neutrino decays on the
largest gas clouds is negligible, but the smaller clouds are, in
fact, affected. For the largest clouds, the additional Hy makes
no difference and cooling via H is sufficient.

@ The overall effect of sterile neutrino decays is to reduce the
minimal mass able to collapse at all considered redshifts and to
speed up structure formation.

@ The sterile neutrino decays provide mechanism which could, in
principle, move the re-ionization redshift in WDM model to the
value consistent with the WMAP measurements (z =~ 11).

@ The right handed (sterile) neutrino is an interesting
hypothesis. Because of its properties, we may have to call
them Weakly Interacting Neutrinos or just WINs.

-
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