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2 / 16Struture formationThe first objets are a diret onsequene of thegrowth of primordial density flutuations.
ρ (t, r) = ρ̄ (t) [1 + δ (t, r)]primordial density �utuationsdeoupling of the perturbation from the Hubble �owsubsequent ollapseformation of a virialized halo (loud in the hydrostati equilibrium)Now we need some ooling mehanism(ooling via H2 and H ollisional exitation and subsequent spontaneousde-exitation)the suessive fragmentation, ontration proesses and star formationre-ionization of the UniverseJarosªaw Stasielak Sterile neutrinos and struture formation



3 / 16Radiation and H2 moleuleIn primordial gas louds, H2 moleules an formmainly through the oupled reationse− + H → H− + γH− + H → H2 + e− H+ + H → H+2 + γH+2 + H → H2 + H+X-ray photons → ionization → enhanement of the H2 frationheating and ionization due to the X-raysHe and H ionization → seondary eletrons → additional ionization1/3 of the energy of the absorbed X-ray photon goes into ionization, 1/3into exitation and 1/3 into gas heating.Jarosªaw Stasielak Sterile neutrinos and struture formation



4 / 16There are several inonsistenies between thepreditions of Lambda Cold Dark Matter (CDM)simulations and the observationsan order of magnitude over-predition of the observed smalldwarf galaxies in our Loal Groupold dark matter simulations predit that dark matter formuspy density distributions, i.e. the density inreases sharply toa high value at a entral point, in opposition to theobservation of the ore pro�lesand many more...Redution of the initial power spetrum of density �utuations onsmall sales, due to the warm dark matter (WDM), an alleviate allof these problems. Jarosªaw Stasielak Sterile neutrinos and struture formation



5 / 16Warm dark matter problem
Suppression of small sale �utuations in most of the WDMmodels leads to the unaeptable delay in struture formation,whih in turn, leads to inonsisteny with the re-ionizationredshift obtained by the three years measurements of theWMAP.One needs some mehanism whih will be able to speed up thestruture formation.
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6 / 16KeV sterile neutrino as a WDM andidateSterile neutrinos with the mass of several keV and small mixing anglewith the ordinary neutrinos an radiatively deay, and sine it is atwo-body reation, the photon energy is half the mass of the sterileneutrino, thus, it is in X-ray range. These photons an enhane H2prodution and speed up star formation. It makes keV sterile neutrinosvery attrative andidate for the warm dark matter.
νs → νa + γThe inverse width of radiative sterile neutrino deay

τ ≡ Γ−1
νs→νaγ

= 1.3× 1026s(7 keVms2 )5 (0.8× 10−9sin2 θ

)Sterile neutrino hypothesis an be on�rmed by detetion of the X-rayline from their deays in the nearby galaxies.Jarosªaw Stasielak Sterile neutrinos and struture formation



7 / 16Top-hat model - evolution of the overdensity
δ (z , r) =

{

δ (z) r < R0 r > R
δ (z) =

92 (α − sinα)2
(1− osα)3 − 11 + zvir1 + z =

(

α − sinα2π )2/3After virialization
ρvir ≃ 18π2ρ0Ω0 (1 + zvir )3 10-2
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8 / 16Evolution of the gas temperatureTemperature of primordial loud is evaluatedaording to the following equationdTdz = (γ − 1) Tnp dnpdz + γ T
µ
dµdz + T

(γ−1) dγdz + (γ−1)ΛnpkH0(1+z)√ΩΛ+Ω0(1+z)3 .Soon before virialization we assume shoks andinrease the gas temperature to its virial valueTvir = 9.09× 103 K ( µvir0.59) ( M109h−1M⊙

)2/3 (

∆(zvir )18π2 )1/3
(1 + zvir )After virialization we swith to the first equationCriterion for suessful ollapseT (0.75zvir ) < 0.75T (zvir )Jarosªaw Stasielak Sterile neutrinos and struture formation



9 / 16The ooling/heating funtionHeatingPhoto-dissoiation of H2 by the osmi mirowave bakground(CMB)Photo-ionization of H by the CMB radiationheating due to the sterile neutrino deaysCoolingollisional exitation of H and H2ollisional ionization of H and ollisional dissoiation of H2H− and H+2 formationreombinationBremsstrahlungCompton oolingH and He ionization due to the sterile neutrino deaysJarosªaw Stasielak Sterile neutrinos and struture formation



10/ 16Simulation - models
1 CDM2 WDM1, ms = 25 keV andmixing anglesin2 θ = 3× 10−123 WDM2, ms = 15 keV andsin2 θ = 3× 10−124 WDM3, ms = 3.3 keV andsin2 θ = 3× 10−9
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11/ 16Evolution of the gas temperature
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12/ 16Evolution of the ionization fration
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13/ 16Evolution of the H2 fration
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14/ 16Minimal mass able to ollapse
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15/ 16ConlusionsWe have performed a detailed analysis of the ooling andollapse of primordial gas louds in the model with warm darkmatter, taking into aount both the inrease in the fration ofH2 and the heating due to the sterile neutrino deays.Our work shows importane of the radiation �eld in theollapse of primordial louds and in the proess of starformation.One an use the same tehnique to investigate the in�uene ofanother hypothetial partile deays.Jarosªaw Stasielak Sterile neutrinos and struture formation



16/ 16ConlusionsAs expeted, the e�et of the sterile neutrino deays on thelargest gas louds is negligible, but the smaller louds are, infat, a�eted. For the largest louds, the additional H2 makesno di�erene and ooling via H is su�ient.The overall e�et of sterile neutrino deays is to redue theminimal mass able to ollapse at all onsidered redshifts and tospeed up struture formation.The sterile neutrino deays provide mehanism whih ould, inpriniple, move the re-ionization redshift in WDM model to thevalue onsistent with the WMAP measurements (z ≈ 11).The right handed (sterile) neutrino is an interestinghypothesis. Beause of its properties, we may have to allthem Weakly Interating Neutrinos or just WINs.Jarosªaw Stasielak Sterile neutrinos and struture formation


