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Introduc+on:	  the	  Cosmic	  	  
Neutrino	  Background	  



History	  of	  the	  Universe	  

Role	  of	  
neutrinos?	  



T~MeV 
t~sec 

Neutrinos	  coupled	  	  
by	  weak	  interac+ons	  



ν Decoupling and e± annihilations 

Expansion	  of	  the	  universe	  

 
  

 

 
 
	  
	  
Weak	  
Processes	  
Effec9ve:	  
ν 	  in	  eq	  
(thermal	  
spectrum)	  

 
 

Collisions	  less	  
and	  less	  
important:	  
ν 	  decouple	  	  
(spectrum	  
keeps	  th.	  form)	  

γγ→+ -ee
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T~MeV 
t~sec 

Decoupled	  neutrinos	  
(Cosmic	  Neutrino	  
Background	  or	  CNB)	  

Neutrinos	  coupled	  	  
by	  weak	  interac+ons	  

Neutrinos	  keep	  the	  energy	  	  
spectrum	  of	  a	  rela9vis9c	  	  
fermion	  with	  eq	  form	  
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Neutrino	  cosmology	  is	  interes9ng	  because	  Relic	  neutrinos	  are	  very	  abundant:	  

• 	  The	  CNB	  contributes	  to	  radia9on	  at	  early	  9mes	  and	  to	  maKer	  at	  late	  9mes	  (info	  
on	  the	  number	  of	  neutrinos	  and	  their	  masses)	  

• 	  Cosmological	  observables	  can	  be	  used	  to	  test	  standard	  or	  non-‐standard	  
neutrino	  proper9es	  



• 	  Number	  density	  	  

 
 

• 	  Energy	  density	  
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The	  Cosmic	  Neutrino	  Background	  
	  



The	  Cosmic	  Neutrino	  Background	  
	  

•  Number	  density	  	  

	  
	  

• 	  Energy	  density	  
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The	  Cosmic	  Neutrino	  Background	  
	  

•  Number	  density	  	  

	  
	  

• 	  Energy	  density	  
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Low Energy  
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VERY LOW  
Energy Neutrinos 



Neutrinos	  as	  Dark	  MaGer	  



We	  know	  that	  flavour	  neutrino	  oscilla+ons	  exist	  
From present evidences of oscillations from experiments measuring 
atmospheric, solar, reactor and accelerator neutrinos 

Evidence for Particle Physics  
beyond the Standard Model ! 

),,(),(e, 321 ννντµ ↔

From present evidences of oscillations from experiments measuring 
atmospheric, solar, reactor and accelerator neutrinos 

 
 
Mixing matrix U 
 
 



Mixing Parameters... 

see	  also	  Fogli	  et	  al,	  PRD	  89	  (2014)	  093018;	  González-‐García	  et	  al,	  JHEP	  1411	  (2014)	  052	  

Forero,	  Tórtola	  &	  Valle,	  	  
PRD	  90	  (2014)	  093006	  	  
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... and neutrino masses 

Possible neutrino mass hierarchy patterns 

Neutrino	  masses	  
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Neutrino	  masses	  
Data	  on	  flavour	  oscilla9ons	  do	  not	  fix	  the	  absolute	  scale	  of	  neutrino	  masses	  

eV 

m0 

 
What is the value of m0 ? 
 



Data	  on	  flavour	  oscilla9ons	  do	  not	  fix	  the	  absolute	  scale	  of	  neutrino	  masses	  
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The	  Cosmic	  Neutrino	  Background	  
	  

•  Number	  density	  	  

	  
	  

• 	  Energy	  density	  
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Neutrinos	  decoupled	  at	  T~MeV,	  keeping	  a	  	  
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VERY LOW  
Energy Neutrinos 

Non-relativistic? 
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Neutrinos	  as	  Dark	  MaKer	  
• 	  Neutrinos	  are	  natural	  DM	  candidates	  

 

 

 

• 	  They	  stream	  freely	  un9l	  non-‐rela9vis9c	  (collisionless	  phase	  mixing)	  	  	  	  	  	  	  	  	  	  	  	  
Neutrinos	  are	  HOT	  Dark	  MaGer	  (large	  thermal	  mo9on)	  

• 	  First	  structures	  to	  be	  formed	  when	  Universe	  became	  maKer	  –dominated	  
are	  very	  large	  

• 	  Ruled	  out	  by	  structure	  forma9on	  	  	  	  	  	  	  	  	  	  	  	  	  	  CDM	  
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Massive	  Neutrinos	  can	  s9ll	  be	  subdominant	  DM:	  limits	  on	  mν	  from	  
Structure	  Forma9on	  (combined	  with	  other	  cosmological	  data)	  



Neutrinos	  as	  Hot	  Dark	  MaKer	  
Massive	  Neutrinos	  can	  s9ll	  be	  subdominant	  DM:	  limits	  on	  mν	  from	  Structure	  
Forma9on	  (combined	  with	  other	  cosmological	  data)	  

S.	  Hannestad,	  Cosmology	  Group,	  Univ.	  Aarhus	  
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The	  radia+on	  content	  	  
of	  the	  Universe	  (Neff)	  



Rela+vis+c	  par+cles	  in	  the	  Universe	  

At	  T<me,	  the	  radia9on	  content	  of	  the	  Universe	  is	  
	  
	  
	  

Effec+ve	  number	  of	  rela+vis+c	  neutrino	  species	  
Tradi9onal	  parametriza9on	  of	  ρ stored	  in	  rela9vis9c	  par9cles	  

Neff	  is	  a	  way	  to	  measure	  the	  ra9o	  	  
	  
Ø 	  	  standard	  neutrinos	  only:	  Neff	  	  	  	  	  	  	  	  3	  	  (3.046)	  

Ø 	  Neff	  >	  3	  (delays	  equality	  9me)	  from	  addi9onal	  rela9vis9c	  par9cles	  (scalars,	  
pseudoscalars,	  decay	  products	  of	  heavy	  par9cles,…)	  or	  non-‐standard	  neutrino	  
physics	  (primordial	  neutrino	  asymmetries,	  totally	  or	  par9ally	  thermalized	  light	  
sterile	  neutrinos,	  non-‐standard	  interac9ons	  with	  electrons,…)	  
	  
	  

�⇥ + �x

��
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Neff	  <	  3	  ? 

Expansion	  of	  the	  universe	  

 
  

 

 
 
	  
	  
Weak	  
Processes	  
Effec9ve:	  
ν 	  in	  eq	  
(thermal	  
spectrum)	  

 
 

Collisions	  less	  
and	  less	  
important:	  
ν 	  decouple	  	  
(spectrum	  
keeps	  th.	  form)	  

γγ→+ -ee

LOW-‐REHEATING	  SCENARIO	  
If	  latest	  rehea9ng	  phase	  of	  the	  
Universe	  ends	  in	  this	  region	  

(TRH<10	  MeV),	  interac9ons	  not	  
enough	  to	  bring	  the	  standard	  	  

neutrinos	  into	  eq.	  



Neff	  <	  3	  ? 
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Neff	  &	  Ac+ve-‐sterile	  neutrino	  oscilla+ons 

Expansion	  of	  the	  universe	  

 
  

 

 
 
	  
	  
Weak	  
Processes	  
Effec9ve:	  
ν 	  in	  eq	  
(thermal	  
spectrum)	  

 
 

Collisions	  less	  
and	  less	  
important:	  
ν 	  decouple	  	  
(spectrum	  
keeps	  th.	  form)	  

γγ→+ -ee

Oscilla9ons	  effec9ve	  
AFTER	  decoupling:	  
spectrum	  of	  ac9ve	  
neutrinos	  distorted	  

	  but	  Neff=3	  

Oscilla9ons	  effec9ve	  
BEFORE	  decoupling:	  the	  
addi9onal	  species	  can	  be	  
brought	  into	  eq:	  Neff=4	  



Hannestad,	  Tamborra	  &	  Tram,	  JCAP	  07	  (2012)	  025	  

Neff	  &	  Ac+ve-‐sterile	  neutrino	  oscilla+ons 
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Cosmological	  	  
Observables	  



Cosmological	  Observables	  

Primordial	  abundances	  of	  
light	  elements:	  Big	  Bang	  
Nucleosynthesis	  (BBN)	  

BBN:	  last	  epoch	  sensi9ve	  
to	  neutrino	  flavour	  

Bound	  on	  Neff	  
(typically	  Neff<4)	  



 

from J. Lesgourgues 

Cosmological	  Observables	  

Photon density fluctuations 
 before decoupling  

CMB primary anisotropy 
spectrum (temp+pol) 

Photon momentum  
after decoupling 

CMB secondary anisotropy 
spectrum 

matter density fluctuations 
  

LSS [ galaxy / cosmic shear / 
Lyα ] spectrum 

Recombination 

Hubble constant H0 & cosmic distances 
measurements: SN Ia and Baryon 

Acoustic Oscillations (BAO) 



CMB	  data	  from	  Planck	  

PLANCK	  2015:	  full-‐mission	  Planck	  observa9ons	  of	  
temperature	  and	  polariza9on	  anisotropies	  
	  

P.A.R.	  Ade	  et	  al,	  arXiv:1502.01589	  



Present	  CMB	  data	  
Planck	  vs	  other	  experiments	  



Bounds	  on	  neutrino	  proper+es	  from	  
	  	  	  	  Planck	  (&	  other	  cosmo	  data)	  



The	  minimal	  ΛCDM	  model	  fits	  very	  well	  Planck	  data	  



1-‐parameter	  extensions	  of	  the	  ΛCDM	  model	  

95%	  CL	  
limits	  

Ext	  =BAO	  +	  JLA	  +	  H0	   Planck	  collabora9on,	  arXiv:1502.01589	  



1-‐parameter	  extensions	  of	  the	  ΛCDM	  model	  

68+95%	  	  
Conf	  regions	  

0.06	  eV	  

3.046	  



Measuring	  Neff	  

•  Neff	  is	  a	  parameter	  for	  the	  rela9vis9c	  density	  in	  general	


•  “background	  effects”	  (change	  in	  expansion	  history)	  versus	  “perturba9on	  
effects”	  (gravita9onal	  interac9ons	  between	  photons	  and	  rela9vis9c	  
species)	


•  “effect	  of	  Neff”	  depends	  on	  what	  is	  kept	  fixed.	  

•  Fixing	  quan99es	  best	  probed	  by	  CMB	  (angular	  peak	  scale,	  redshi|	  of	  
equality,	  …):	  
•  possible	  with	  simultaneous	  enhancement	  of	  radia9on,	  maKer,	  Λ	  densi9es,	  

with	  fixed	  photon	  and	  baryon	  densi9es	  	  
•  then	  increase	  in	  Neff	  goes	  with	  increase	  in	  H0:	  posi9ve	  correla9on	  between	  the	  

two	  



Measuring	  Neff	  

Hinshaw	  et	  al,	  arXiv:1212.5226	  	  



Measuring	  Neff	  

Indirect	  detec9on	  of	  	  
CNB	  at	  10-‐17σ	  	  

All	  68%CL	  



Probing	  neutrino	  masses	  with	  cosmo	  data	  

Primary	  CMB	  spectrum	  

Galaxy	  P(k)	  /	  BAO	  

CMB	  /	  galaxy	  lensing	  

Clusters	  

Lyman-‐α	


H0	  ,	  SNe-‐Ia	  

Direct	  probe	  of	  
free-‐streaming	  

(via	  scale-‐dependent	  
growth	  factor)	  	  

Not	  probing	  directly	  	  
neutrino	  masses	  	  
but	  removing	  	  
parameter	  	  
degeneracies	  

Indirect	  probe	  of	  HDM	  frac9on	  
Massive	  neutrinos	  maKer	  	  
today	  but	  radia9on	  at	  eq.	  



Measuring	  mν	  with	  the	  CMB	  
•  Neutrinos	  contribute	  to	  radia9on	  at	  early	  9mes	  and	  non-‐rela9vis9c	  maKer	  

at	  late	  9mes	  

•  If	  mν	  <	  0.6	  eV,	  neutrinos	  are	  rela9vis9c	  at	  photon	  decoupling.	  In	  principle	  
the	  primary	  CMB	  TT	  spectrum	  sensi9ve	  to	  Σmν	  >	  1.5	  eV	  

•  “effect	  of	  mν”	  depends	  on	  what	  is	  kept	  fixed	  

•  Leave	  both	  “early	  cosmology”	  and	  angular	  diameter	  dist.	  to	  decoupling	  
invariant:	  
•  Possible	  by	  fixing	  photon,	  cdm	  and	  baryon	  densi9es,	  while	  	  tuning	  H0,	  ΩΛ	  	  
•  then	  increase	  in	  mν	  goes	  with	  decrease	  in	  H0:	  nega9ve	  correla9on	  between	  the	  

two	  
•  “base	  model”	  in	  Planck	  has	  (0.06,	  0,	  0)	  eV	  masses:	  shi|s	  best-‐fi~ng	  H0	  by	  -‐0.6	  

h/km/Mpc	  with	  respect	  to	  massless	  case	  
	  



Measuring	  mν	  with	  Planck	  
	  

CMB	  alone	  (Planck	  TT+lowP):	  

	
Σmν	  <	  0.72	  eV	  	  

+	  TE,EE+	  lensing:	  

	
Σmν	  <	  0.59	  eV	  

Planck	  TT+lowP+lensing+ext:	  

	
Σmν	  <	  0.23	  eV	  	  

	  
All	  95%	  CL.	  	  

Planck	  collabora9on,	  arXiv:1502.01589	  



Cosmological	  upper	  limits	  on	  the	  sum	  of	  neutrino	  masses	  
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Measuring	  mν	  with	  Planck	  

Planck	  TT+lowP	  

Planck	  TT+lowP+	  TE,EE+	  lensing	  

Planck	  TT+lowP+lensing+ext	  



Some	  combina+on	  of	  data	  leads	  to	  mν>0	  

Giusarma	  et	  al,	  PRD	  90	  (2014)	  043507	  [arXiv:1403.4852]	  

í	  



Absolute mass scale searches	  

Neutrinoless	  
double	  beta	  
decay	  

< 0.2-0.8 eV 

Tri9um	  β	  decay	   2.2 eV 
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i
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< 0.23-0.7 eV Cosmology	   �
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i

mi

Probing	  the	  absolute	  neutrino	  mass	  scale	  



Tri+um	  β	  decay,	  0ν2β	  and	  Cosmology	  

KATRIN	  

PLANCK	  
(CMB+BAO)	  

PLANCK	  
(CMB+BAO)	  

CURRENT	  0ν2β	  



Future	  
cosmological	  
data	  	  
	   Hannestad & Wong, JCAP 07 (2007) 004 

Takada et al, PRD 73 (2006) 083520 

Wang et al, PRL 95 (2005) 011302 

Hannestad et al, JCAP 06 (2006) 025 

Song & Knox, PRD 70 (2004) 063510 

Perotto et al, JCAP 10 (2006) 013 

Lesgourgues et al, PRD 73 (2006) 045021 

Loeb & Wyithe, PRL 100 (2008) 161301 

Pritchard & Pierpaoli, PRD 78 (2008) 065009 

Forecasts	  
indicate	  

10-‐150	  meV	  
sensi3vi3es	  to	  

Σmν	  are	  
possible	  !!	  

CMB	  
Polariza3on	  
(Planck	  
2014,…)	  

CMB	  lensing	  

Cosmic	  
Shear	  
Surveys	  

Lyman-‐α	  

Galaxy	  
Cluster	  
Surveys	  

21-‐cm	  H	  
line	  surveys	  



Future	  sensi9vi9es	  to	  Neff	  and	  Σmν	  	  
	  

Example	  of	  forecast:	  PLANCK	  +	  Euclid-‐like	  photometric	  galaxy	  cluster	  survey	  

Hannestad & Wong, JCAP 07 (2007) 004 

Takada et al, PRD 73 (2006) 083520 

Wang et al, PRL 95 (2005) 011302 

Hannestad et al, JCAP 06 (2006) 025 

Song & Knox, PRD 70 (2004) 063510 

Perotto et al, JCAP 10 (2006) 013 

Lesgourgues et al, PRD 73 (2006) 045021 
M.C.A.	  Cerbolini	  et	  al,	  	  
JCAP	  06	  (2013)	  020	  	  
[arXiv:1303.4550]	  

	  



Summary of future sensitivities 

Hannestad,	  Progr.	  Part.	  Nucl.	  Phys.	  65	  (2010)	  185	  

Future	  sensi9vi9es	  on	  neutrino	  masses	  

5-‐7	  years	   7-‐15	  years	  



Conclusions	  
Neff	
mν	


ν 
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ν 
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ν ν 
ν ν ν 

ν 
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ν 
ν 

ν 

ν 

ν 

ν ν 
ν ν ν 

ü 	  With	  Planck	  data,	  including	  CMB	  lensing,	  we	  can	  measure	  	  
combina9ons	  of	  cosmological	  parameters	  with	  high	  precision.	  	  
S9ll	  ΛCDM	  fits	  very	  well	  the	  data	  

ü 	  No	  evidence	  yet	  for	  nonzero	  neutrino	  masses	  or	  an	  enhanced	  	  
radia9on	  density	  (Neff).	  Bounds	  Σmν	  <	  0.2-‐0.7	  eV	  (95%	  CL)	  
and	  Neff=	  3.15±0.23	  (68%	  CL),	  depending	  on	  data	  
	  
ü 	  Improved	  sensi9vi9es	  from	  a	  variety	  of	  future	  cosmological	  data	  	  
to	  reach	  Σmν	  <	  0.1	  eV	  



For	  more	  details…	  
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