arXiv:astro-ph/0701585v1 19 Jan 2007

Thermal and chemical evolution of the primordial clouds in warm dark matter models with keV sterile neutrinos in one-zone approximation^∗

Jaroslaw Stasielak^†

Institute of Physics, Jagiellonian University, Kraków, 30-059, Poland, and Max-Planck Institute for Radioastronomy, Bonn, D-53121, Germany, and Department of Physics and Astronomy, University of Bonn, D-53121, Germany stasiela@th.if.uj.edu.pl

Peter L. Biermann

Max-Planck Institute for Radioastronomy, Bonn, D-53121, Germany, and Department of Physics and Astronomy, University of Bonn, D-53121, Germany, and Department of Physics and Astronomy, University of Alabama, AL 35487, Tuscaloosa, USA pbiermann@mpifr-bonn.mpg.de

Alexander Kusenko^‡

Department of Physics and Astronomy, University of California, CA 90095-1547, Los Angeles, USA kusenko@ucla.edu

We follow the evolution of the baryonic top-hat overdensity in a single-zone approximation. Our goal is to juxtapose the evolution of the gas temperature in the primordial clouds in the lambda cold dark matter model and the warm dark matter model with keV sterile neutrinos and to check the effects of their decays, into one X-ray photon and one active neutrino, on the structure formation. We find that, in all the cases we have examined, the overall effect of sterile dark matter is to facilitate the cooling of gas and to reduce the minimal mass of the halo able to collapse. Hence, we conclude that X-rays from the decays of dark matter in the form of sterile neutrinos can help the early collapse of gas clouds and the subsequent star formation.

Recent work has showed several inconsistencies between the predictions of Nbody simulations of collisionless cold dark matter (CDM) and the observations.^1 Perhaps, a better understanding of CDM on small scales will resolve these discrepancies. It is true, however, that all these problems altogether can be solved by suppression of the primordial power spectrum of scalar density fluctuations on small scales. This can be done in warm dark matter (WDM) models via the non-negligible kinetic energy of the dark matter particles.

One attractive candidate for WDM is sterile neutrino (SN) with mass of several keV and a small mixing angle with the ordinary neutrino. Such a particle would be a natural part of minimal extension of the standard model (νMSM) in which existence

∗The work of P. L. B. and J. S. was supported by the Pierre Auger grant 05CU 5PD1/2 via the Deutsches Elektronen-Synchrotron (DESY)/ Bundesministerium fuer Bildung und Forschung (BMBF). The work of A. K. was supported in part by the DOE grant DE-FG 03- 91ER40662 and by the NASA ATP grants NAG 05-10842 and NAG 05-13399. †J. S. thanks the organizers of Marcel Grossmann meeting for financial support. ‡A. K. thanks the CERN Theory unit and Ecole Polytechnique Federale de Lausanne (EPFL) for hospitality during his visit. 1

2

Fig. 1. Top left, top right and bottom left: Evolution of ionization fraction, H_2 fraction and temperature with redshift for different models. In each case, the mass of the primordial cloud is equal to M = 10^6M_⊙ and virialization redshift to z_{vir} = 12. Bottom right: Dependence of the minimal mass of primordial halo able to collapse on its virialization redshift. Models we have used in calculation are following: m_s = 25 keV and sin^2 θ = 3 × 10^{−12} (WDM1), m_s = 15 keV and sin^2 θ = 3 × 10^{−12} (WDM2), m_s = 3.3 keV and sin^2 θ = 3 × 10^{−9} (WDM3), and CDM.

of three SNs would be able to explain the masses of active neutrinos,^2 the baryon asymmetry of the universe^3 and the abundance of dark matter.^4 Furthermore, SN with mass in the keV range can simultaneously solve another seemingly unrelated astrophysical puzzle, namely, the origin of the rapid motions of pulsars.^5 It can also bring the supernova calculation in better agreement with the observation^6 and help the formation of super-massive black holes in the early universe.^7

Although dark-matter SNs are stable on cosmological time scales, they nevertheless decay. The most prominent ”visible” mode is decay into one active neutrino and one photon, ν_s → ν_aγ. It produces an X-ray background radiation that has a two-fold effect on the collapsing clouds of hydrogen in the early universe. First, the X-rays ionize gas and cause an increase in the fraction of molecular hydrogen,^9 which makes it easier for the gas to cool and to form stars. Second, the same X-rays deposit a certain amount of heat, which could thwart the cooling of gas. Moreover, it is well known that suppression on small scales in WDM models delays structure formation and can lead, in principle, to inconsistency with WMAP measurements.^8 It is, therefore, important to check cosmological implication of keV SNs via examination of their decays on star formation and re-ionization of the universe.

We follow the evolution of the baryonic top-hat overdensity in a single-zone approximation,^{10,11} assuming that the density of the collapsing cloud is constant after virialization. In order to take into account the effects of SNs decays inside the collapsing halo, we have solved radiative transfer equation for the spherically symmetric clouds with the uniform density.^{12} In addition, we have included absorption

3 of the X-rays from the SNs decays by both H and He. These are improvements with respect to 11, where one can find the details of our code.

Figure 1 shows our results. We can clearly see that the overall effect of SN decay is to enhance ionization fraction, H_2 fraction and to speed up the cooling of the gas in the primordial halos. The minimal mass of the clouds able to collapse is reduced in all WDM models we have used. It is worth to note that inclusion of SN free-streaming length can change substantially these results and lead to the delay of structure formation with respect to the CDM model.^{13} However, if one compares two WDM models, namely the one with SNs which cannot decay and the second one with decaying SNs, then the gas cooling should be enhanced in the latter case. If this is true then our conclusion will not change. Our work shows the importance of the dark matter decays in the structure formation in the early universe.

We thank G. Gilmore, M. Mapelli, E. Ripamonti and M. Shaposhnikov for very helpful discussions and comments.

References 1. J. Sommer-Larsen and A. D. Dolgov, ApJ 551, 608 (2001); B. Willman, F. Governato, J. Wadsley and T. Quinn, MNRAS 353, 639 (2004); F. Governato et al., ApJ 607, 688 (2004); M. Fellhauer et al., ApJ 651, 167 (2006); V. Belokurov et al., ApJ 642, L137 (2006); B. Allgood, R. A. Flores, J. R. Primack, A. V. Kravtsov, R. H. Wechsler, A. Faltenbacher and J. S. Bullock, MNRAS 367, 1781 (2006); G. Gilmore, M. Wilkinson, J. Kleyna, A. Koch, Wyn Evans, R. F. G. Wyse and E. K. Grebel, astro-ph/0608528.

2. T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B 631, 151 (2005). 3. E. K. Akhmedov, V. A. Rubakov and A. Y. Smirnov, Phys. Rev. Lett. 81, 1359 (1998);

T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17 (2005).

4. S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, 17 (1994); K. Abazajian, G. M.

Fuller and M. Patel, Phys. Rev. D 64, 023501 (2001); K. Abazajian, G. M. Fuller and W. H. Tucker, ApJ 562, 593 (2001); K. Abazajian, Phys. Rev. D 73, 063506 (2006); M. Shaposhnikov and I. Tkachev, Phys. Lett. B 639, 414 (2006).

5. A. Kusenko and G. Segrè, Phys. Lett. B396, 197 (1997); Phys. Rev. D 59, 061302 (1999); G. M. Fuller, A. Kusenko, I. Mocioiu and S. Pascoli, Phys. Rev. D 68, 103002 (2003); M. Barkovich, J. C. D’Olivo and R. Montemayor, Phys. Rev. D 70, 043005 (2004); in Pulsars: New Research (Hauppauge: Nova Science, 2007), hep-ph/0503113; A. Kusenko, IJMP D 13, 2065 (2004); hep-ph/0609081.

6. C. L. Fryer and A. Kusenko, ApJS 163, 335 (2006).

7. F. Munyaneza and P. L. Biermann, AA 458, L9 (2006); AA 436, 805 (2005); X. Fan et al., AJ 122, 2833 (2001).

8. N. Yoshida, A. Sokasian, L. Hernquist and V. Springel, ApJL 591, 1 (2003). 9. P. L. Biermann and A. Kusenko, Phys. Rev. Lett. 96, 091301 (2006). 10. M. Tegmark, J. Silk, M. J. Rees, A. Blanchard, T. Abel and F. Palla, ApJ 474, 1 (1997).

11. J. Stasielak, P. L. Biermann and A. Kusenko, ApJ 654, 290 (2007). 12. D. Mihalas and B. W. Mihalas, Foundations of Radiation Hydrodynamics (New York:

Oxford Univ. Press, 1984); J. Stasielak, S. Stachniewicz and M. Kutschera, Acta Phys. Pol. B 36, 3897 (2005); the proceedings of the Island Universes conference held in Terschelling, Netherlands, July 2005, ed. R. de Jong to appear, astro-ph/0612071.

13. E. Ripamonti, M. Mapelli and A. Ferrara, MNRAS to appear (2007), astro-ph/0606483