
implications for cosmology 
after BICEP2



•  BICEP2 result 
•  Planck is in tension with BICEP2 and other astrophysical observations 
•  Sterile neutrino plays an important role in reducing tension between Planck 

and BICEP2 
•  Sterile neutrino could also relieve other tensions. --- Another cosmic 

concordance? 
•  Testing GR in the presence of sterile neutrino via measuring growth index 

using redshift-space distortions 
•  Neutrinos and dark energy after Planck and BICEP2 







•  Planck	  dust	  polariza1on	  (353	  GHz)	  alone	  could	  explain	  the	  BICEP2	  result	  (from	  extrapola1on	  to	  150	  GHz),	  
but	  with	  large	  uncertainty	  

•  There	  is	  no	  defini1ve	  conclusion	  
•  Debates	  are	  s1ll	  going	  on	  
•  Look	  forward	  to	  the	  joint	  analysis	  of	  Planck	  and	  BICEP2	  maps	  
•  Before	  defini1ve	  conclusion,	  we	  cannot	  say	  that	  BICEP2	  is	  wrong!	  



BICEP2: in tension with Planck 



Large running is not good for inflation 

•  Usual models: dns/dlnk ≈ O(10-4）	


•  Inflation models must be contrived 



Planck: in tension with other astrophysical observations 



Planck: in tension with other astrophysical observations 

may come from the new source of the systematic 
error, e.g., the absence of evolution of the color-
luminosity parameter β 







Sun, long-baseline reactor 

short-baseline accelerator, reactor 

atmosphere, long-baseline accelerator 

•  Sterile: they interact only by gravity, and not by weak interaction (would not affect the width of Z0)	

•  Through their mixing with active neutrinos and their interactions with gravity, sterile neutrinos 

could have a big effect on astrophysics and cosmology	

•  Detection: search for oscillations between active and sterile neutrinos	

•  Cosmological evidence: through their gravitational effects on galaxy formation and the evolution of 

the universe 





CMB+BAO+BICEP 

Sterile neutrino: A concordance model 



Sterile neutrino: A concordance model 
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2.4σ ! 1.0σ 4.3σ ! 2.0σ 2.3σ ! 1.7σ 



Sterile neutrino: A concordance model 



•  The results indicate a fully thermalized sterile neutrino with sub-eV mass.	


•  However, the short baseline neutrino oscillation experiments prefer the mass 
of sterile neutrino at around 1 eV. 	


•  So, there is still a tension on the sterile neutrino mass between the 
cosmological data and the short-baseline neutrino oscillation data. 	


•  The implication of this tension for cosmology deserves further investigations.  









Since	  dark	  energy	  and	  MG	  theories	  can	  in	  principle	  predict	  iden1cal	  expansion	  
histories,	  a	  poten1al	  way	  of	  dis1nguishing	  between	  them	  is	  to	  probe	  and	  compare	  
the	  different	  structure	  growth	  histories	  of	  them. 

linear	  growth	  rate 

for	  GR 
Wang	  &	  Steinhardt	  1998	  
Linder	  2005 

growth	  index 

Red-‐space	  distor1ons	  (RSD)	  measure	  f(z);	  in	  prac1ce 

•  RSD	  constrain	  γ：tes1ng	  GR	  

•  Samushia	  	  et	  al.	  2012	  (BOSS-‐DR9): 	  
	  
•  Beutler	  et	  al.	  2013	  (BOSS-‐DR11):	  	  

•  Discrepant	  from	  GR	  at	  2-‐3σ	  level 



the	  consistency	  with	  GR	  is	  at	  the	  0.6σ	  level 

Constraining	  growth	  index	  from	  RSD 





Dark energy and neutrinos 











To	  see	  how	  w	  (DE)	  improves	  the	  fits: 

Take	  corresponding	  ΛCDM-‐based	  models	  as	  references	   

To	  see	  how	  neutrinos/dark	  radia1on	  improves	  the	  fits	  in	  the	  framework	  of	  wCDM: 

Take	  wCDM+r	  model	  as	  reference	   



•  BICEP2 indicates that the standard cosmology should at least be extended to the 
7-parameter ΛCDM+r model	


•  In this model, Planck is still in tension with BICEP2	

•  Including dns/dlnk can relieve this tension but challenge the design of inflation	

•  In fact, Planck is also in tensions with other astrophysical observations, such as 

H0, SZ cluster counts, and cosmic shear, etc.	

•  A sterile neutrino cosmological model could be a concordance model, leading to 

the consistency of all these data	

•  Cosmological evidence of the existence of light sterile neutrino is found with 

high statistical significance	

•  Model of sterile neutrino is better than that of active neutrino plus dark radiation	

•  GR test via RSD favors sterile neutrino 	

•  Data further favor extensions to DE+neutrino/DR models	




Thanks! � 
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