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2 / 16Stru
ture formationThe first obje
ts are a dire
t 
onsequen
e of thegrowth of primordial density flu
tuations.
ρ (t, r) = ρ̄ (t) [1 + δ (t, r)]primordial density �u
tuationsde
oupling of the perturbation from the Hubble �owsubsequent 
ollapseformation of a virialized halo (
loud in the hydrostati
 equilibrium)Now we need some 
ooling me
hanism(
ooling via H2 and H 
ollisional ex
itation and subsequent spontaneousde-ex
itation)the su

essive fragmentation, 
ontra
tion pro
esses and star formationre-ionization of the UniverseJarosªaw Stasielak Sterile neutrinos and stru
ture formation



3 / 16Radiation and H2 mole
uleIn primordial gas 
louds, H2 mole
ules 
an formmainly through the 
oupled rea
tionse− + H → H− + γH− + H → H2 + e− H+ + H → H+2 + γH+2 + H → H2 + H+X-ray photons → ionization → enhan
ement of the H2 fra
tionheating and ionization due to the X-raysHe and H ionization → se
ondary ele
trons → additional ionization1/3 of the energy of the absorbed X-ray photon goes into ionization, 1/3into ex
itation and 1/3 into gas heating.Jarosªaw Stasielak Sterile neutrinos and stru
ture formation



4 / 16There are several in
onsisten
ies between thepredi
tions of Lambda Cold Dark Matter (CDM)simulations and the observationsan order of magnitude over-predi
tion of the observed smalldwarf galaxies in our Lo
al Group
old dark matter simulations predi
t that dark matter form
uspy density distributions, i.e. the density in
reases sharply toa high value at a 
entral point, in opposition to theobservation of the 
ore pro�lesand many more...Redu
tion of the initial power spe
trum of density �u
tuations onsmall s
ales, due to the warm dark matter (WDM), 
an alleviate allof these problems. Jarosªaw Stasielak Sterile neutrinos and stru
ture formation



5 / 16Warm dark matter problem
Suppression of small s
ale �u
tuations in most of the WDMmodels leads to the una

eptable delay in stru
ture formation,whi
h in turn, leads to in
onsisten
y with the re-ionizationredshift obtained by the three years measurements of theWMAP.One needs some me
hanism whi
h will be able to speed up thestru
ture 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 de
ay, and sin
e it is atwo-body rea
tion, the photon energy is half the mass of the sterileneutrino, thus, it is in X-ray range. These photons 
an enhan
e H2produ
tion and speed up star formation. It makes keV sterile neutrinosvery attra
tive 
andidate for the warm dark matter.
νs → νa + γThe inverse width of radiative sterile neutrino de
ay

τ ≡ Γ−1
νs→νaγ

= 1.3× 1026s(7 keVms
2 )5 (0.8× 10−9sin2 θ

)Sterile neutrino hypothesis 
an be 
on�rmed by dete
tion of the X-rayline from their de
ays in the nearby galaxies.Jarosªaw Stasielak Sterile neutrinos and stru
ture 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 evaluateda

ording 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 sho
ks andin
rease 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 swit
h to the first equationCriterion for su

essful 
ollapseT (0.75zvir ) < 0.75T (zvir )Jarosªaw Stasielak Sterile neutrinos and stru
ture formation



9 / 16The 
ooling/heating fun
tionHeatingPhoto-disso
iation of H2 by the 
osmi
 mi
rowave ba
kground(CMB)Photo-ionization of H by the CMB radiationheating due to the sterile neutrino de
aysCooling
ollisional ex
itation of H and H2
ollisional ionization of H and 
ollisional disso
iation of H2H− and H+2 formationre
ombinationBremsstrahlungCompton 
oolingH and He ionization due to the sterile neutrino de
aysJarosªaw Stasielak Sterile neutrinos and stru
ture 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 fra
tion
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13/ 16Evolution of the H2 fra
tion
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14/ 16Minimal mass able to 
ollapse
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15/ 16Con
lusionsWe have performed a detailed analysis of the 
ooling and
ollapse of primordial gas 
louds in the model with warm darkmatter, taking into a

ount both the in
rease in the fra
tion ofH2 and the heating due to the sterile neutrino de
ays.Our work shows importan
e of the radiation �eld in the
ollapse of primordial 
louds and in the pro
ess of starformation.One 
an use the same te
hnique to investigate the in�uen
e ofanother hypotheti
al parti
le de
ays.Jarosªaw Stasielak Sterile neutrinos and stru
ture formation



16/ 16Con
lusionsAs expe
ted, the e�e
t of the sterile neutrino de
ays on thelargest gas 
louds is negligible, but the smaller 
louds are, infa
t, a�e
ted. For the largest 
louds, the additional H2 makesno di�eren
e and 
ooling via H is su�
ient.The overall e�e
t of sterile neutrino de
ays is to redu
e theminimal mass able to 
ollapse at all 
onsidered redshifts and tospeed up stru
ture formation.The sterile neutrino de
ays provide me
hanism whi
h 
ould, inprin
iple, 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. Be
ause of its properties, we may have to 
allthem Weakly Intera
ting Neutrinos or just WINs.Jarosªaw Stasielak Sterile neutrinos and stru
ture formation


