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Additional light omponentNeutrino masses with the Einstein gravityf (R) gravityDark energy in f (R) gravityAnomalous growth of perturbationsSterile neutrino and f (R) gravityConlusions



Based on:1. H. Motohashi, A. A. Starobinsky and J. Yokoyama, Prog.Theor. Phys. 124, 541 (2010) | standard neutrinos + f (R)gravity .2. H. Motohashi, A. A. Starobinsky and J. Yokoyama, Phys.Rev. Lett. 110, 121302 (2013) | standard + sterileneutrinos + f (R) gravity.



Amount of light omponentLight { (pratially) massless at the time of BBN andreombination.It is onventionally expressed in terms of e�etive neutrinotypes: �r = � "1 + Ne� 78 � 411�4=3#with N = 3:046 for the standard three avor neutrino speies.BBN (Izotov and Thuan, 2010): Ne� = 3:7+0:8�0:7 (95%).From reent CMB and other observational data (P. A. R. Adeet al., arXiv:1303.5076):Ne� = 3:36+0:68�0:64 (95%; Plank+WP+highL)Ne� = 3:62+0:50�0:48 (95%; Plank+WP+highL+H0)Ne� = 3:52+0:48�0:45 (95%; Plank+WP+highL+H0+BAO)Conlusion: one additional (sterile) neutrino speies is wellpossible.



Cosmologial upper limit on neutrino masses(Absene of) damping of the power spetrum of densityperturbations at small sales.For three standard neutrino speies:Pi m�i < 0:23 eV (95%; Plank+WP+highL+BAO)For larger number of speies the upper limit beomes weakerbut not too muh. In the ase of one additional thermal sterileneutrino and 3 usual neutrinos with P3i=1m�i � 0:06 eV,Ne� < 3:80; me��;ster < 0:42 eV(95%; Plank+WP+highL+BAO)Conlusion: in the sope of the Einstein gravity, it is notpossible to have a sterile neutrino with the standard numberdensity and the restmass m & 0:5 eV.



Why interest in one sterile neutrino?
Anomalies in some ground experiments though with marginalstatistial signi�ane:1. The MiniBoone anomaly.2. Gallium anomaly in the SAGE and GALLEX experiments.3. Reator anomalies.If on�rmed, their explanation requires a fourth (sterile)neutrino with the restmass m � 1 eV.Will this destroy osmology ompletely?



f (R) gravityThe simplest model of modi�ed gravity onsidered as aphenomenologial marosopi theory in the fully non-linearregime and non-perturbative regime. It an produe models ofpresent geometrial dark energy alternative to a osmologialonstant. S = 116�G Z f (R)p�g d4x + Smf (R) = R + F (R); R � R�� :



Field equations18�G �R�� � 12 Æ��R� = � �T �� (vis) + T �� (DM) + T �� (DE)� ;where G = G0 = onst is the Newton gravitational onstantmeasured in laboratory and the e�etive energy-momentumtensor of DE is8�GT �� (DE) = F 0(R)R���12 F (R)Æ��+�r�r� � Æ��rr�F 0(R) :Beause of the need to desribe DE, de Sitter solutions in theabsene of matter are of speial interest. They are given bythe roots R = RdS of the algebrai equationRf 0(R) = 2f (R) :



Degrees of freedomI. In quantum language: partile ontent.1. Graviton { spin 2, massless, transverse traeless.2. Salaron { spin 0, massive, mass - R-dependent:m2s (R) = 13f 00(R) in the WKB-regime.II. Equivalently, in lassial language: number of free funtionsof spatial oordinates at an initial Cauhy hypersurfae.Six, instead of four for GR { two additional funtions desribemassive salar waves.Thus, f (R) gravity is a non-perturbative generalization of GR.It is equivalent to salar-tensor gravity with !BD = 0 (iff 00(R) 6= 0).



Models of present dark energy in f (R) gravityMuh more diÆult to onstrut than inationary models (theR + R2 model and lose ones).An example of the viable model satisfying viability onditionsin the present Universe (Starobinsky, 2007):f (R) = R + �R00� 1�1 + R2R20 �n � 11Awith n � 2. f (0) = 0 is put by hand to avoid the appearaneof a osmologial onstant in the at spae-time.Similar models: Hu and Sawiki, 2007; Appleby and Battye,2007.No good mirosopi justi�ation for both the energy saleand the ompliated form of f (R) needed (0 < f 0 < 1).



Anomalous growth of perturbations in f (R) gravityOurs deeply in the sub-horizon regime when the salaronbeomes light (its Compton length exeeds the omoving saleof perturbations):�Æ + 2H _Æ � 4�Ge� �Æ = 0 ; Ge� = Gf 0 1 + 4k2a2 f 00f 01 + 3k2a2 f 00f 0 :
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Constraints in the parameter spae
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Evolution of (z) and Ge� (z)=G
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Massive neutrinos with f (R) gravityThe anomalous growth of perturbations may be partiallyompensated by an inrease of P� m� as ompared to thestandard �CDM, up to O(0:5 eV) in the ase of 3 standardneutrinos.
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Sterile neutrino and f (R) gravityIf the mass of the 4th sterile neutrino is �xed to 1 eV:
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�2�CDM � �2fRG = 9:55(one more additional parameter ompared to the standard�CDM model).



ConlusionsI Standard osmology based on the Einstein gravity admitsthe existene of one additional (sterile) neutrino type withthe standard number density, but its mass should be lessthan 0:5 eV.I Cosmology based on f (R) gravity admits one massivesterile neutrino with the mass m�;ster � 1 eV, and for a�xed mass m�;ster = 1 eV, �ts osmologial observationaldata signi�antly better than the standard �CDM model.I This sterile neutrino mass range is very interesting forground-based neutrino experiments.
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