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Outline	  

•  The	  ΛCDM	  model:	  understanding	  the	  
differences	  between	  WMAP	  and	  Planck	  
	  

•  Extensions	  of	  ΛCDM:	  results	  on	  neutrino	  
physics	  and	  dark	  maTer	  annihila@on.	  

This	  talk	  will	  cover	  only	  a	  very	  small	  part	  of	  the	  Planck	  2015	  results,	  mostly	  
in	  the	  Cosmological	  Parameters	  and	  	  Likelihood	  papers	  (Planck	  2015	  results	  
XI,	  XIII).	  



Planck	  TT	  power	  spectrum	  

Temperature	  power	  spectrum	  cosmic	  variance	  limited	  @ll	  l~1600,	  on	  40-‐70%	  of	  the	  sky.	  
	  

CVL	  



Other	  experiments	  

WMAP	  cosmic	  variance	  limited	  @ll	  l~400	  
	  (data	  points	  @ll	  l~1200)	  

WMAP	  

Planck	  

CVL	  

WMAP	  
PLANCK	  
	  
	  

ACT	  and	  SPT	  use	  <	  5%	  of	  the	  sky	  vs	  40-‐70%	  in	  
Planck=>	  	  sample	  variance	  
more	  than	  3	  @mes	  larger	  than	  Planck!	  



Planck	  TT	  power	  spectrum	  



Planck	  TT	  power	  spectrum	  

See	  also	  Hannestad	  03,	  Shafieloo	  03,	  
Bennet	  et	  al.	  2011,	  Mortonson	  et	  al.	  2009	  and	  many	  others	  



Planck	   WMAP	  

Scalar	  spectral	  index	  ns	  

Dark	  MaTer	  density	  	  

Hubble	  parameter	  (derived)	  

•  Wmap	  and	  Planck	  
parameters	  differ	  by	  ~1	  
sigma.	  	  

•  WMAP	  error	  bars	  factor	  
2	  larger.	  

•  Ns	  and	  H0	  are	  larger	  in	  
WMAP,	  while	  Ωch2	  is	  
smaller.	  

	  

(NB:	  For	  Planck,	  we	  use	  TT	  only	  at	  
high-‐l	  and	  TT	  and	  pol	  at	  low-‐l.	  For	  
WMAP,	  we	  use	  all	  the	  TT	  and	  pol	  
data	  available.	  Few	  of	  the	  runs	  ran	  
with	  PICO/CAMB,	  might	  give	  small	  
differences.)	  
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Planck	   WMAP	  

Scalar	  spectral	  index	  ns	  

Dark	  MaTer	  density	  	  

Hubble	  parameter	  

Planck	  
Lmax	  800	  

Planck	  
Lmax	  800	  
	  
	  
	  

•  If	  we	  cut	  Planck	  data	  
at	  lmax=800,	  ns	  and	  
H0	  increase	  while	  H0,	  
in	  good	  agreement	  
with	  WMAP.	  
	  

•  Culng	  l<800	  makes	  
Planck	  more	  sensi@ve	  
to	  the	  l~20	  deficit,	  
similarly	  to	  what	  
happens	  with	  WMAP.	  



Planck	  
Lmax	  800	  
	  
	  
	  

•  When	  we	  cut	  at	  lmax=800,	  
degeneracies	  in	  parameters	  are	  
large.	  Once	  can	  increase	  ns	  to	  
beTer	  fit	  for	  the	  l=20	  deficit	  
(remember	  the	  constraining	  
power	  decreases	  at	  lower-‐l	  due	  
to	  cosmic	  variance)	  

	  
	  

•  Since	  a	  larger	  ns	  this	  decreases	  
the	  first	  peak,	  one	  can	  
compensate	  by	  decreasing	  the	  
value	  of	  Ωch2.	  

•  A	  smaller	  Ωch2	  requires	  a	  larger	  
H0	  in	  order	  to	  keep	  the	  
posi@on	  of	  the	  peaks	  (e.g.	  the	  
angular	  distance	  to	  last	  
scaTering)	  fixed.	  

-‐	  

-‐40%	  Ωch2	  
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30<l<800	  
	  
	  
	  Planck	  

30<l<800	  
WMAP	  
30<l<1200	  

	  
	  
	  
	  	  	  
	  

Culng	  the	  TT	  l<30,	  
we	  recover	  the	  	  full	  
Planck	  cosmology	  
both	  with	  Planck	  
lmax=800	  and	  with	  
WMAP!	  
	  
	  
	  
(NB:	  we	  cut	  here	  both	  
the	  TT	  and	  pol	  data	  at	  
low-‐l.	  We	  use	  a	  prior	  
on	  tau	  to	  break	  
degeneracies)	  

Preliminary	  



Summary	  
•  Planck	  and	  WMAP	  cosmologies	  are	  in	  very	  good	  
agreement,	  in	  par@cular	  when	  culng	  Planck	  at	  
lmax=800.	  

•  The	  WMAP	  and	  Planck	  lmax=800	  cosmologies	  are	  
affected	  by	  the	  l~20	  deficit:	  ns	  is	  large	  to	  beTer	  fit	  the	  
low-‐l,	  Ωch2	  is	  low	  to	  compensate	  for	  large	  ns	  on	  the	  
first	  peak,	  H0	  increases	  	  to	  keep	  the	  posi@on	  of	  the	  
peaks	  	  (angular	  diameter	  distance	  to	  last	  scaTering	  
surface)	  fixed.	  

•  If	  we	  cut	  the	  l<30,	  the	  WMAP	  and	  Planck	  lmax=800	  
cosmologies	  are	  in	  very	  good	  agreement	  with	  the	  full	  
Planck	  one.	  

•  The	  full	  Planck	  cosmology	  is	  less	  affected	  by	  the	  l~20	  
deficit	  thanks	  to	  the	  longer	  lever	  arm.	  However,	  this	  
deficit	  s@ll	  impacts	  parameters	  at	  some	  level	  (e.g.	  Neff,	  
Alens)	  



Extensions	  of	  ΛCDM	  
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•  ΛCDM	  is	  very	  good	  fit	  to	  the	  data	  
•  Remaining	  systema@cs	  present	  in	  

polariza@on	  spectra,	  possibly	  due	  to	  
unaccounted	  beam	  missmatch.	  

ΛCDM	  best	  fit	  
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Sum	  of	  neutrino	  masses	  
	  •  Rela@vis@c	  at	  the	  epoch	  of	  

recombina@on,	  Non-‐rela@vis@c	  at	  
late	  @mes	  

•  At	  large	  scales	  (T	  only):	  changes	  
early	  and	  late	  ISW	  through	  
changes	  of	  expansion	  rate.	  

•  At	  small	  scales:	  Less	  lensing,	  less	  
smoothing	  of	  the	  peaks.	  

•  Full	  mission	  TT	  data	  improve	  
constraints	  by	  ~20-‐40%.	  

•  «	  Best	  »	  es@mate	  from	  TT+lowP
+lensing+ext.	  Already	  stronger	  
than	  expected	  sensi@vity	  from	  
Katrin	  (tri@um	  beta	  decay)!	  

f n u =
1

ep + 1
f n u = 1f n u =

1
ep + 1

f n u = 1

Σmν(95%	  CL)	  
[eV]	   2013	   2015	   2015	  	  

+TE,EE	  

PlanckTT+lowP	   <0.93	   <0.72	  (23%)	   <0.49	  
(48%)	  

PlanckTT+lowP
+lensing	   <1.1	   <0.70	  (36%)	   <0.58	  (47%)	  

PlanckTT+lowP
+lensing+BAO	   <0.23	   <0.19	  

Assump@on: 3 degenerate massive neutrinos 
	  	  

For 2013, lowP is WMAP polarization 



Number	  of	  rela@vis@c	  species	  

( 68% C.L.)

•  Planck	  measures	  Neff	  	  in	  perfect	  agreement	  with	  the	  standard	  value,	  3.046.	  

•  Neff>0	  confirmed	  at	  ~15-‐sigma.	  

•  Neff=4	  excluded	  at	  3-‐5	  sigma!	  

2013	   2015	   2015	  
+EE,TE	  

PlanckTT+lowP	   3.51±0.39	  	   3.13±0.32	  
(18%)	  

2.98±0.20	  
(48%)	  

PlanckTT+lowP
+BAO	   3.40±0.30	  	   3.15±0.23	  

(23%)	  
3.04±0.18	  
(40%)	  

(for 2013,  lowP is WMAP polarization) 

Assump@on:	  
1	  massive	  neutrino	  at	  
0.06eV,	  	  other	  massless	  

•  CMB	  is	  sensi@ve	  to	  radia@on	  density.	  
•  Neff	  parametrizes	  the	  radia@on	  density	  

other	  than	  photon).	  Neff=3.046	  (standard).	  
•  Non-‐standard	  Neff	  could	  be	  due	  to	  

addi@onal	  radia@on	  (sterile	  neutrino,	  light	  
relics)	  or	  non-‐standard	  thermal	  history.	  
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The Case for Dark Radiation

Maria Archidiaconoa, Erminia Calabresea, and Alessandro Melchiorria
a Physics Department and INFN, Università di Roma “La Sapienza”, Ple Aldo Moro 2, 00185, Rome, Italy

Combined analyses of recent cosmological data are showing interesting hints for the presence of
an extra relativistic component, coined Dark Radiation. Here we perform a new search for Dark
Radiation, parametrizing it with an effective number of relativistic degrees of freedom parameter,
Neff . We show that the cosmological data we considered are clearly suggesting the presence for
an extra relativistic component with Neff = 4.08+0.71

−0.68 at 95% c.l.. Performing an analysis on Dark
Radiation sound speed ceff and viscosity cvis parameters, we found c2eff = 0.312 ± 0.026 and c2vis =
0.29+0.21

−0.16 at 95% c.l., consistent with the expectations of a relativistic free streaming component
(c2eff=c2vis=1/3). Assuming the presence of 3 relativistic neutrinos we constrain the extra relativistic
component with NS

ν = 1.10+0.79
−0.72 and c2eff = 0.24+0.08

−0.13 at 95% c.l. while c2vis results as unconstrained.
Assuming a massive neutrino component we obtain further indications for Dark Radiation with
NS

ν = 1.12+0.86
−0.74 at 95% c.l. .

I. INTRODUCTION

Since almost a decade, observations from Cosmic Mi-
crowave Background (CMB hereafter) satellite, balloon-
borne and ground based experiments ([1], [2], [3], [4]),
galaxy redshift surveys [5] and luminosity distance mea-
surements, are fully confirming the theoretical predic-
tions of the standard ΛCDM cosmological model. This
not only permits to place stringent constraints on the
parameters of the model but can be fruitfully used to
constrain non standard physics at the fundamental level,
such as classes of elementary particle models predicting
a different radiation content in the Universe.
One of the major theoretical predictions of the stan-

dard scenario is the existence of a relativistic energy com-
ponent ( see e.g. [6]), beside CMB photons, with a cur-
rent energy density given by :

ρrad =
!

1 +
7

8

" 4

11

#4/3
Neff

$

ργ , (1)

where ργ is the energy density of the CMB photons
background at temperature Tγ = 2.728K and Neff is in
principle a free parameter, defined as the effective num-
ber of relativistic degrees of freedom. Assuming standard
electroweak interactions, three active massless neutrinos
and including the (small) effect of neutrino flavour oscil-
lations the expected value is Neff = 3.046 with a devia-
tion from Neff = 3 that takes into account effects from
the non-instantaneous neutrino decoupling from the pri-
mordial photon-baryon plasma (see e.g. [7]).
In recent years, thanks to the continuous experimental

advancements, the value of Neff has been increasingly
constrained from cosmology ([8], [9], [10], [11], [12], [1],
[13], [14], [15], [16], [17], [18]), ruling out Neff = 0 at high
significance.
However, especially after the new ACT [2] and SPT

[4] CMB results, the data seem to suggest values higher
than the ”standard” one, with Neff ∼ 4− 5 (see e.g. [13],
[14], [17], [18], [19]) in tension with the expected standard
value at about two standard deviations.

The number of relativistic degrees of freedom obviously
depends on the decoupling process of the neutrino back-
ground from the primordial plasma. However, a value of
Neff = 4 is difficult to explain in the three neutrino frame-
work since non-standard neutrino decoupling is expected
to maximally increase this value up to Neff ∼ 3.12 (see
e.g. [20]). A possible explanation could be the existence
of a fourth (or fifth) sterile neutrino. The hypothesis
of extra neutrino flavour is interesting since recent re-
sults from short-baseline neutrino oscillation data from
LSND [21] and MiniBooNE [22] experiments are con-
sistent with a possible fourth (or fifth) sterile neutrino
specie (see [13, 14] and references therein). Moreover, a
larger value for Neff ∼ 4 could arise from a completely
different physics, related to axions (see e.g. [23]), grav-
ity waves ([24]), decaying particles (see e.g. [25]), extra
dimensions [26, 27] and dark energy (see e.g. [28] and
references therein).
As a matter of fact, any physical mechanism able to

produce extra ”dark” radiation produces the same ef-
fects on the background expansion of additional neutri-
nos, yielding a larger value for Neff from observations.
Since there is a large number of models that could en-

hance Neff it is clearly important to investigate the pos-
sible ways to discriminate among them. If Dark Radia-
tion is made of relativistic particles as sterile neutrinos it
should behave as neutrinos also from the point of view of
perturbation theory, i.e. if we consider the set of equa-
tions that describes perturbations in massless neutrino
(following the definition presented in [29]):

δ̇ν =
ȧ

a
(1− 3c2eff)

%

δν + 3
ȧ

a

qν
k

&

− k

%

qν +
2

3k
ḣ

&

, (2)

q̇ν = kc2eff

%

δν + 3
ȧ

a

qν
k

&

−
ȧ

a
qν −

2

3
kπν , (3)

π̇ν = 3c2vis

%

2

5
qν +

8

15
σ

&

−
3

5
kFν,3, (4)

2l+ 1

k
Ḟν,l − lFν,l−1 = −(l+ 1)Fν,l+1, l ≥ 3 , (5)

it should have an effective sound speed ceff and a viscos-



DM	  annihila@on	  at	  the	  epoch	  of	  
recombina@on	  
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DM	  annihila@on	  at	  the	  epoch	  of	  
recombina@on	  

•  The injected energy 
ionizes, excites and 
heats the medium. 
This affects the 
evolution of the free 
electron fraction. 

•  Suppresses the 
peaks, but enhances 
polarization at large 
scales! 

dE
dt

= ρc
2c2ΩDM

2 (1+ z)6 feff
<σ v >
mχ
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Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Constraints	  on	  Dark	  MaTer	  
Annihila@on	  

Most  of parameter space 
preferred by AMS-02/
Pamela/Fermi ruled out at 
95%, under the assumption 
<σv>(z=1000)=<σv>(z=0) 

Thermal Relic cross 
sections at z~1000 ruled 
out for:  
 
m~<40 GeV  (e-e+)  
m~<16 GeV  (µ+µ-) 
m~<10 GeV  (τ+τ-). 

Only a small part of the 
parameter space 
preferred by Fermi GC is 
excluded 

95% cl 

★   Calore et al. 2014 

� Cholis and Hooper 2013 

feff from T. Slatyer (Madhavacheril et al. 2013) 



Conclusions	  
•  Good	  agreement	  between	  Planck	  and	  WMAP	  
on	  LCDM	  parameters.	  Differences	  understood.	  

•  Planck	  2015	  data	  is	  powerful	  to	  constrain	  
LCDM	  and	  extensions.	  

•  Planck	  polariza@on	  can	  improve	  spectacularly	  
constraints	  on	  a	  number	  of	  models,	  e.g.	  DM	  
annihila@on.	  
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Comparison	  with	  other	  datasets:	  
BAO  

Direct measurements H0 Cluster counts (σ8-Ωm) 

Supernovae (Ωm) 

H0=67.8±0.96 
(PlanckTT+lowP+lensing) 
 
 
H0=72.8±2.4    [2σ tension] 
(Riess+11) 
 
H0=70.6 ± 3.3  [1σ tension] 
(Efstathiou+14) 
 
H0=74.3 ± 2.6  [2.5σ tension] 
(Freedman+12) 
 
 
 
 

[in Km/s/Mpc] 

Planck collaboration XXIV 

Betoule	  et	  al.	  2014	  

Weak Lensing (σ8-Ωm) 

VS	  



Recent	  anomalies:	  
Dark	  maTer	  annihila@on?	  

Cosmic	  rays	  	  excesses	  in	  
PAMELA/FERMI/AMS-‐02	  
•  Leptonic	  ann.chan.,	  	  
•  Mass	  ~	  TeV,	  	  
•  Large	  cross-‐sec@on	  required	  

(~10-‐23cm3/s).	  
•  Need	  broken	  power	  law	  in	  

electrons.	  

	  
	  
Fermi	  Galac@c	  Center	  excess	  
•  Many	  	  ann.	  chan.	  allowed.	  
•  Mass	  ~	  few	  tens	  GeV,	  
•  Thermal	  relic	  cross	  sec@on	  

(~10-‐26cm3/s)	  

Calore 2014 

Positron/electron	  	  FracYon	  	  

Electron+Positron	  Spectrum	  



Infla@on:	  ns	  and	  r	  

l  From Planck TT+lowP: 
l Almost a 6σ departure from scale 
invariance (but model dependent! 
relaxable  when opening Neff) 
 
ns=0.9655±0.0062 
 
l Tensor to scalar ratio constrained at 
95%c.l.: 
            r<0.10 

l  Adding BB measurements from 
BICEP2/KECK, foreground-cleaned 
with Planck data (Planck TT+lowP
+BKP):  
 

   r<0.08 
      
 

 
 

r=Power	  in	  tensor	  (Grav.	  
Waves)/scalar	  (density	  pert.)	  

ns=spectral	  index	  of	  primordial	  
scalar	  perturba@ons	  



Previous	  Constraints	  

Large 
degeneracies in 
TT only data. 

WMAP9 
Planck 2013 TT+WP 
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Planck	  2015	  Constraints	  

Polarization 
breaks 
degeneracies!  
 
Planck TT,TE,EE 
set a constraint 
5 times 
stronger than 
WMAP9, 4 
times stronger 
than 
WMAP9+SPT 
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Extensions	  of	  ΛCDM	  



Dataset	  

•  Planck	  TT:	  	  Planck	  TT	  2	  <	  ell	  <	  2500.	  
•  lowP:	  	  low-‐l	  Planck	  polarizaYon	  	  2	  <	  ell	  <	  30	  (For	  2013	  results,	  this	  

will	  indicate	  low-‐l	  WMAP	  polariza@on).	  
•  Planck	  TE,	  EE:	  Planck	  TE	  and	  EE	  high-‐ell,	  30	  <	  ell	  <	  2000	  

Small	  systema@cs	  in	  polariza@on	  might	  s@ll	  be	  affec@ng	  the	  results.	  	  
•  Lensing:	  	  Planck	  lensing	  poten@al	  40	  <	  ell	  <400	  from	  4-‐point	  

correla@on	  func@on	  
•  Ext,	  external	  datasets:	  

–  BAO	  (6dFGS,	  SDSS-‐MGS,	  BOSS-‐LOWZ,	  CMASS	  DR11)	  	  
–  JLA:	  Type	  Ia	  Supernovae	  (SNLS	  +SDSS+low	  z	  Sne)	  
–  H0:	  Hubble	  constant	  (	  Efstathiou	  2014	  	  reanalysis	  of	  Riess	  et	  al.	  2011)	  

Ø  Whenever	  not	  specified,	  we	  assume	  	  
Neff=3.046,	  Σmν=0.06eV	  (1	  massive,	  two	  massless).	  	  



NEUTRINOS	  



A	  one-‐slide	  overview	  on	  neutrinos	  

•  Standard	  model	  of	  par@cles:	  3	  ac@ve	  neutrinos	  
–  Apperance/disapperance	  anomalies:	  addi1onal	  sterile	  
neutrinos?	  

•  Neutrino	  oscilla@on	  experiments:	  	  
–  δm2

sun	  =	  7.6	  ±0.6	  x	  10-‐5	  eV2,	  δm2
atm=	  2.5	  x	  10-‐3	  eV2	  	  

–  S1ll	  lacking	  absolute	  mass	  value	  

•  Standard	  model	  of	  cosmology:	  	  relic	  neutrino	  background.	  
–  In	  thermal	  equilibrium	  with	  plasma	  via	  weak	  interac@ons.	  
–  Today	  at	  T=1.9K.	  
–  Rela@vis@c	  at	  the	  epoch	  of	  recombina@on	  (if	  Σmν<1eV),	  non-‐
rela@vis@c	  today.	  



Neutrinos	  and	  CMB	  

Rela1vis1c	  at	  early	  1mes	  (Neff):	  
•  CMB	  is	  sensi@ve	  to	  radia@on	  density.	  
•  Neff	  parametrizes	  the	  radia@on	  density	  

other	  than	  photon).	  Neff=3.046	  
(standard).	  

•  Non-‐standard	  Neff	  could	  be	  due	  to	  
addi@onal	  radia@on	  (sterile	  neutrino,	  
light	  relics)	  or	  non-‐standard	  thermal	  
history.	  
	  

Non-‐rela1vis1c	  at	  late	  1mes	  (mnu):	  
•  At	  large	  scales	  (T	  only):	  changes	  early	  

and	  late	  ISW	  through	  changes	  of	  
expansion	  rate.	  

•  At	  small	  scales:	  Less	  lensing,	  less	  
smoothing	  of	  the	  peaks.	  

Prefactor	  calculated	  for	  standard	  neutrinos	  ,	  i.e.	  	  
Fermions	  decoupling	  (instantaneously)	  before	  
	  e+e-‐	  annihila@on,today	  at	  T=1.9K	  	  
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The Case for Dark Radiation

Maria Archidiaconoa, Erminia Calabresea, and Alessandro Melchiorria
a Physics Department and INFN, Università di Roma “La Sapienza”, Ple Aldo Moro 2, 00185, Rome, Italy

Combined analyses of recent cosmological data are showing interesting hints for the presence of
an extra relativistic component, coined Dark Radiation. Here we perform a new search for Dark
Radiation, parametrizing it with an effective number of relativistic degrees of freedom parameter,
Neff . We show that the cosmological data we considered are clearly suggesting the presence for
an extra relativistic component with Neff = 4.08+0.71

−0.68 at 95% c.l.. Performing an analysis on Dark
Radiation sound speed ceff and viscosity cvis parameters, we found c2eff = 0.312 ± 0.026 and c2vis =
0.29+0.21

−0.16 at 95% c.l., consistent with the expectations of a relativistic free streaming component
(c2eff=c2vis=1/3). Assuming the presence of 3 relativistic neutrinos we constrain the extra relativistic
component with NS

ν = 1.10+0.79
−0.72 and c2eff = 0.24+0.08

−0.13 at 95% c.l. while c2vis results as unconstrained.
Assuming a massive neutrino component we obtain further indications for Dark Radiation with
NS

ν = 1.12+0.86
−0.74 at 95% c.l. .

I. INTRODUCTION

Since almost a decade, observations from Cosmic Mi-
crowave Background (CMB hereafter) satellite, balloon-
borne and ground based experiments ([1], [2], [3], [4]),
galaxy redshift surveys [5] and luminosity distance mea-
surements, are fully confirming the theoretical predic-
tions of the standard ΛCDM cosmological model. This
not only permits to place stringent constraints on the
parameters of the model but can be fruitfully used to
constrain non standard physics at the fundamental level,
such as classes of elementary particle models predicting
a different radiation content in the Universe.
One of the major theoretical predictions of the stan-

dard scenario is the existence of a relativistic energy com-
ponent ( see e.g. [6]), beside CMB photons, with a cur-
rent energy density given by :

ρrad =
!

1 +
7

8

" 4

11

#4/3
Neff

$

ργ , (1)

where ργ is the energy density of the CMB photons
background at temperature Tγ = 2.728K and Neff is in
principle a free parameter, defined as the effective num-
ber of relativistic degrees of freedom. Assuming standard
electroweak interactions, three active massless neutrinos
and including the (small) effect of neutrino flavour oscil-
lations the expected value is Neff = 3.046 with a devia-
tion from Neff = 3 that takes into account effects from
the non-instantaneous neutrino decoupling from the pri-
mordial photon-baryon plasma (see e.g. [7]).
In recent years, thanks to the continuous experimental

advancements, the value of Neff has been increasingly
constrained from cosmology ([8], [9], [10], [11], [12], [1],
[13], [14], [15], [16], [17], [18]), ruling out Neff = 0 at high
significance.
However, especially after the new ACT [2] and SPT

[4] CMB results, the data seem to suggest values higher
than the ”standard” one, with Neff ∼ 4− 5 (see e.g. [13],
[14], [17], [18], [19]) in tension with the expected standard
value at about two standard deviations.

The number of relativistic degrees of freedom obviously
depends on the decoupling process of the neutrino back-
ground from the primordial plasma. However, a value of
Neff = 4 is difficult to explain in the three neutrino frame-
work since non-standard neutrino decoupling is expected
to maximally increase this value up to Neff ∼ 3.12 (see
e.g. [20]). A possible explanation could be the existence
of a fourth (or fifth) sterile neutrino. The hypothesis
of extra neutrino flavour is interesting since recent re-
sults from short-baseline neutrino oscillation data from
LSND [21] and MiniBooNE [22] experiments are con-
sistent with a possible fourth (or fifth) sterile neutrino
specie (see [13, 14] and references therein). Moreover, a
larger value for Neff ∼ 4 could arise from a completely
different physics, related to axions (see e.g. [23]), grav-
ity waves ([24]), decaying particles (see e.g. [25]), extra
dimensions [26, 27] and dark energy (see e.g. [28] and
references therein).
As a matter of fact, any physical mechanism able to

produce extra ”dark” radiation produces the same ef-
fects on the background expansion of additional neutri-
nos, yielding a larger value for Neff from observations.
Since there is a large number of models that could en-

hance Neff it is clearly important to investigate the pos-
sible ways to discriminate among them. If Dark Radia-
tion is made of relativistic particles as sterile neutrinos it
should behave as neutrinos also from the point of view of
perturbation theory, i.e. if we consider the set of equa-
tions that describes perturbations in massless neutrino
(following the definition presented in [29]):

δ̇ν =
ȧ

a
(1− 3c2eff)

%

δν + 3
ȧ

a

qν
k

&

− k

%

qν +
2

3k
ḣ

&

, (2)

q̇ν = kc2eff

%

δν + 3
ȧ

a

qν
k

&

−
ȧ

a
qν −

2

3
kπν , (3)

π̇ν = 3c2vis

%

2

5
qν +

8

15
σ

&

−
3

5
kFν,3, (4)

2l+ 1

k
Ḟν,l − lFν,l−1 = −(l+ 1)Fν,l+1, l ≥ 3 , (5)

it should have an effective sound speed ceff and a viscos-



•  Full	  mission	  TT	  data	  improve	  
constraints	  by	  ~20-‐40%.	  

•  Alens	  problem:	  CMB	  prefers	  a	  ~2-‐
sigma	  larger	  lensing	  amplitude	  than	  
LCDM,	  while	  lensing	  reconstruc@on	  
prefers	  lower	  values.	  This	  mild	  tension	  
limits	  the	  improvement	  on	  neutrino	  
mass	  in	  CMB+lensing	  combina@on.	  

•  «	  Best	  »	  es@mate	  from	  TT+lowP
+lensing+ext.	  Already	  stronger	  than	  
expected	  sensi@vity	  from	  Katrin!	  

f n u =
1

ep + 1
f n u = 1f n u =

1
ep + 1

f n u = 1

Assump@on: 3 degenerate massive 
neutrinos 
	  	  

For 2013, lowP is WMAP polarization 

f n u =
1

ep + 1
f n u = 1f n u =

1
ep + 1

f n u = 1

Σmν(95%	  CL)	  
[eV]	   2013	   2015	   2015	  	  

+TE,EE	  

PlanckTT+lowP	   <0.93	   <0.72	  (23%)	   <0.49	  
(48%)	  

PlanckTT+lowP
+lensing	   <1.1	   <0.70	  (36%)	   <0.58	  (47%)	  

PlanckTT+lowP
+lensing+BAO	   <0.23	   <0.19	  

Sum	  of	  neutrino	  masses	  
	  



•  Full	  mission	  TT	  data	  improve	  
constraints	  by	  ~20-‐40%.	  

•  Alens	  problem:	  CMB	  prefers	  a	  ~2-‐
sigma	  larger	  lensing	  amplitude	  than	  
LCDM,	  while	  lensing	  reconstruc@on	  
prefers	  lower	  values.	  This	  mild	  tension	  
limits	  the	  improvement	  on	  neutrino	  
mass	  in	  CMB+lensing	  combina@on.	  

•  «	  Best	  »	  es@mate	  from	  TT+lowP
+lensing+ext.	  Already	  stronger	  than	  
expected	  sensi@vity	  from	  Katrin!	  

f n u =
1

ep + 1
f n u = 1

Assump@ons: 3 degenerate massive neutrinos 
For 2013, lowP is WMAP polarization 
	  	  

f n u =
1

ep + 1
f n u = 1

Σmν(95%	  CL)	  
[eV]	   2013	   2014	   2014	  	  

+TE,EE	  

PlanckTT+lowP	   <0.93	   <0.72	  (23%)	   <0.48	  (48%)	  

PlanckTT+lowP
+lensing	   <1.1	   <0.70	  (36%)	   <0.58	  (47%)	  

PlanckTT+lowP+BAO	   <0.25	   <0.21	  (16%)	   <0.16	  (36%)	  

PlanckTT+lowP+ext	   <0.20	   <0.15	  

PlanckTT+lowP
+lensing+ext	   <0.23	   <0.19	  

Sum	  of	  neutrino	  masses	  
	  



•  Full	  mission	  TT	  data	  improve	  
constraints	  by	  ~20-‐40%.	  

•  Alens	  problem:	  CMB	  prefers	  a	  ~2-‐
sigma	  larger	  lensing	  amplitude	  than	  
LCDM,	  while	  lensing	  reconstruc@on	  
prefers	  lower	  values.	  This	  mild	  tension	  
limits	  the	  improvement	  on	  neutrino	  
mass	  in	  CMB+lensing	  combina@on.	  

•  «	  Best	  »	  es@mate	  from	  TT+lowP
+lensing+ext.	  Already	  stronger	  than	  
expected	  sensi@vity	  from	  Katrin!	  

f n u =
1

ep + 1
f n u = 1f n u =

1
ep + 1

f n u = 1

Assump@on: 3 degenerate massive 
neutrinos 
	  	  

For 2013, lowP is WMAP polarization 

f n u =
1

ep + 1
f n u = 1f n u =

1
ep + 1

f n u = 1

Σmν(95%	  CL)	  
[eV]	   2013	   2015	   2015	  	  

+TE,EE	  

PlanckTT+lowP	   <0.93	   <0.72	  (23%)	   <0.49	  
(48%)	  

PlanckTT+lowP
+lensing	   <1.1	   <0.70	  (36%)	   <0.58	  (47%)	  

PlanckTT+lowP
+lensing+BAO	   <0.23	   <0.19	  

Sum	  of	  neutrino	  masses	  
	  



Number	  of	  rela@vis@c	  species	  

( 68% C.L.)

•  Planck	  measures	  Neff	  	  in	  perfect	  agreement	  with	  the	  standard	  value,	  3.046.	  

•  Neff>0	  confirmed	  at	  ~15-‐sigma.	  

•  Neff=4	  excluded	  at	  3-‐5	  sigma!	  

2013	   2015	   2015	  
+EE,TE	  

PlanckTT+lowP	   3.51±0.39	  	   3.13±0.32	  
(18%)	  

2.98±0.20	  
(48%)	  

PlanckTT+lowP
+BAO	   3.40±0.30	  	   3.15±0.23	  

(23%)	  
3.04±0.18	  
(40%)	  

(for 2013,  lowP is WMAP polarization) 

Assump@on:	  
1	  massive	  neutrino	  at	  
0.06eV,	  	  other	  massless	  

•  CMB	  is	  sensi@ve	  to	  radia@on	  density.	  
•  Neff	  parametrizes	  the	  radia@on	  density	  

other	  than	  photon).	  Neff=3.046	  (standard).	  
•  Non-‐standard	  Neff	  could	  be	  due	  to	  

addi@onal	  radia@on	  (sterile	  neutrino,	  light	  
relics)	  or	  non-‐standard	  thermal	  history.	  
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a Physics Department and INFN, Università di Roma “La Sapienza”, Ple Aldo Moro 2, 00185, Rome, Italy

Combined analyses of recent cosmological data are showing interesting hints for the presence of
an extra relativistic component, coined Dark Radiation. Here we perform a new search for Dark
Radiation, parametrizing it with an effective number of relativistic degrees of freedom parameter,
Neff . We show that the cosmological data we considered are clearly suggesting the presence for
an extra relativistic component with Neff = 4.08+0.71

−0.68 at 95% c.l.. Performing an analysis on Dark
Radiation sound speed ceff and viscosity cvis parameters, we found c2eff = 0.312 ± 0.026 and c2vis =
0.29+0.21

−0.16 at 95% c.l., consistent with the expectations of a relativistic free streaming component
(c2eff=c2vis=1/3). Assuming the presence of 3 relativistic neutrinos we constrain the extra relativistic
component with NS

ν = 1.10+0.79
−0.72 and c2eff = 0.24+0.08

−0.13 at 95% c.l. while c2vis results as unconstrained.
Assuming a massive neutrino component we obtain further indications for Dark Radiation with
NS

ν = 1.12+0.86
−0.74 at 95% c.l. .

I. INTRODUCTION

Since almost a decade, observations from Cosmic Mi-
crowave Background (CMB hereafter) satellite, balloon-
borne and ground based experiments ([1], [2], [3], [4]),
galaxy redshift surveys [5] and luminosity distance mea-
surements, are fully confirming the theoretical predic-
tions of the standard ΛCDM cosmological model. This
not only permits to place stringent constraints on the
parameters of the model but can be fruitfully used to
constrain non standard physics at the fundamental level,
such as classes of elementary particle models predicting
a different radiation content in the Universe.
One of the major theoretical predictions of the stan-

dard scenario is the existence of a relativistic energy com-
ponent ( see e.g. [6]), beside CMB photons, with a cur-
rent energy density given by :

ρrad =
!

1 +
7

8

" 4

11

#4/3
Neff

$

ργ , (1)

where ργ is the energy density of the CMB photons
background at temperature Tγ = 2.728K and Neff is in
principle a free parameter, defined as the effective num-
ber of relativistic degrees of freedom. Assuming standard
electroweak interactions, three active massless neutrinos
and including the (small) effect of neutrino flavour oscil-
lations the expected value is Neff = 3.046 with a devia-
tion from Neff = 3 that takes into account effects from
the non-instantaneous neutrino decoupling from the pri-
mordial photon-baryon plasma (see e.g. [7]).
In recent years, thanks to the continuous experimental

advancements, the value of Neff has been increasingly
constrained from cosmology ([8], [9], [10], [11], [12], [1],
[13], [14], [15], [16], [17], [18]), ruling out Neff = 0 at high
significance.
However, especially after the new ACT [2] and SPT

[4] CMB results, the data seem to suggest values higher
than the ”standard” one, with Neff ∼ 4− 5 (see e.g. [13],
[14], [17], [18], [19]) in tension with the expected standard
value at about two standard deviations.

The number of relativistic degrees of freedom obviously
depends on the decoupling process of the neutrino back-
ground from the primordial plasma. However, a value of
Neff = 4 is difficult to explain in the three neutrino frame-
work since non-standard neutrino decoupling is expected
to maximally increase this value up to Neff ∼ 3.12 (see
e.g. [20]). A possible explanation could be the existence
of a fourth (or fifth) sterile neutrino. The hypothesis
of extra neutrino flavour is interesting since recent re-
sults from short-baseline neutrino oscillation data from
LSND [21] and MiniBooNE [22] experiments are con-
sistent with a possible fourth (or fifth) sterile neutrino
specie (see [13, 14] and references therein). Moreover, a
larger value for Neff ∼ 4 could arise from a completely
different physics, related to axions (see e.g. [23]), grav-
ity waves ([24]), decaying particles (see e.g. [25]), extra
dimensions [26, 27] and dark energy (see e.g. [28] and
references therein).
As a matter of fact, any physical mechanism able to

produce extra ”dark” radiation produces the same ef-
fects on the background expansion of additional neutri-
nos, yielding a larger value for Neff from observations.
Since there is a large number of models that could en-

hance Neff it is clearly important to investigate the pos-
sible ways to discriminate among them. If Dark Radia-
tion is made of relativistic particles as sterile neutrinos it
should behave as neutrinos also from the point of view of
perturbation theory, i.e. if we consider the set of equa-
tions that describes perturbations in massless neutrino
(following the definition presented in [29]):

δ̇ν =
ȧ

a
(1− 3c2eff)

%

δν + 3
ȧ

a

qν
k

&

− k

%

qν +
2

3k
ḣ

&

, (2)

q̇ν = kc2eff

%

δν + 3
ȧ

a

qν
k

&

−
ȧ

a
qν −

2

3
kπν , (3)

π̇ν = 3c2vis

%

2

5
qν +

8

15
σ

&

−
3

5
kFν,3, (4)

2l+ 1

k
Ḟν,l − lFν,l−1 = −(l+ 1)Fν,l+1, l ≥ 3 , (5)

it should have an effective sound speed ceff and a viscos-



•  PArthENoPE	  code	  for	  BBN	  
predic@ons	  (Pisan@	  et	  al.	  2008).	  
From	  	  primordial	  Yhe	  and	  
deuterium	  measurements,	  
constraints	  on	  Neff-‐Ωbh2	  

•  Great	  agreement	  between	  CMB	  	  
and	  primordial	  abundance	  
measurements,	  assuming	  
standard	  BBN!	  

YpBBN	  

yDP	  

Number	  of	  rela@vis@c	  species:	  
Agreement	  with	  BBN	  



Planck Collaboration: Cosmological parameters

For this quite restricted range of masses, the impact on the
other parameters is modest, and in particular low values of �8
will remain in tension with the parameter space preferred by
Planck+BAO.

The joint constraint is weaker than the constraint of Eq. (49d)
excluding lensing, but there is no compelling information to dis-
regard the lensing information while keeping BAO. The CMB
lensing signal probes very-nearly linear scales and passes many
consistency checks over the range the data is used. The situa-
tion with galaxy lensing is rather di↵erent, being subject to an
array of potentially large observational systematics, as well as
probing much lower redshifts and non-linear scales where issues
of non-linear modelling and baryonic feedback become impor-
tant (Harnois-Draps et al. 2014).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of redshift distortion, BAO and
lensing information. The tension in the redshift distortion re-
sults with ⇤CDM was subsequently reduced in the analysis
of Samushia et al. (2014), as shown in Fig. 15. Galaxy lensing
and cluster constraints remain in tension, and we discuss possi-
ble neutrino resolutions to these issues further below.

An exciting future prospect is the direct detection of non-
relativistic cosmic neutrinos by capture on tritium, for example
with the PTOLEMY experiment (Cocco et al. 2007; Betts et al.
2013; Long et al. 2014). Unfortunately for the mass rangeP

m⌫ < 0.23 eV preferred by Planck detection is with the first
generation experiment will be di�cult unless the mass is in the
upper tail.

6.3.2. Constraints on Ne↵

Dark radiation density in the early universe is usually parame-
terized by the parameter Ne↵ , defined so that the total relativistic
energy density in neutrinos and any other dark radiation is given
in terms of the photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (54)

The factors are included so that for three standard neutrinos that
were thermalized in the early universe and decouple well before
electron-positron annihilation, Ne↵ = 3. The standard cosmolog-
ical prediction is actually Ne↵ = 3.046, since neutrinos are in
fact not fully decoupled at electron-positron annihilation and are
subsequently slightly heated (Mangano et al. 2002).

In this section we focus on additional density from mass-
less particles. In addition to massless sterile neutrinos, a variety
of other particles could contribute to Ne↵ . We assume that the
additional massless particles are produced well before recom-
bination, and neither interact nor decay, so their energy density
scales with the expansion exactly like that of massless neutrinos.
An additional �Ne↵ = 1 could correspond to a fully thermalized
sterile neutrino that decoupled at T <⇠ 100 MeV; for example
any sterile neutrino with mixing angles large enough to be a po-
tential resolution to the reactor neutrino oscillation anomalies
would most likely rapidly thermalize in the early universe (how-
ever the massless case is not very well motivated since neutrino
oscillation solutions require ⇠ 1 eV mass neutrinos).

More generally the additional radiation does not need to be
fully thermalized, for example there are many possible mod-
els of non-thermal radiation production via particle decays (see
e.g. Hasenkamp & Kersten (2013); Conlon & Marsh (2013)).
The radiation could also be produced at temperatures T >
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Fig. 26. Samples from Planck TT+lowP in the Ne↵–H0 plane,
colour-coded by �8. Higher Ne↵ makes H0 more consistent with
direct measurements (grey bands are a conservative constraint
H0 = 70.6 ± 3.3, Eq. (29)), but increases �8. Solid black con-
tours show the constraints from Planck TT,TE,EE+lowP+BAO.
Models with Ne↵ < 3.046 (left of solid vertical line) require
photon heating after neutrino decoupling or incomplete ther-
malization. Dashed vertical lines correspond to specific fully-
thermalized particle models: one additional massless boson that
decoupled around the same time as the neutrinos (�Ne↵ ⇡ 0.57),
or before muon annihilation (�Ne↵ ⇡ 0.39), or an additional ster-
ile neutrino that decoupled around the same time as the active
neutrinos (�Ne↵ ⇡ 1).

100 MeV, in which case typically �Ne↵ < 1 for each addi-
tional species, since heating by photon production at muon an-
nihilation (at T ⇠ 100 MeV) decreases the fractional impor-
tance of the additional component at the later times relevant for
the CMB. For particles produced at T � 100 MeV the den-
sity would be diluted even more by numerous phase transitions
and particle annihilations, and give �Ne↵ ⌧ 1. Furthermore if
the particle is not fermionic, the factors entering the entropy
conservation equation are di↵erent, and even thermalized par-
ticles could give specific fractional values of �Ne↵ . For exam-
ple Weinberg (2013) considers the case of a thermalized mass-
less boson, which contributes �Ne↵ = 4/7 ⇡ 0.57 if it decou-
ples in the range 0.5 MeV > T > 100 MeV like the neutrinos,
or �Ne↵ ⇠ 0.39 if it decouples at T > 100 MeV (before the
photon production at muon annihilation, and hence undergoing
fractional dilution).

In this paper we adopt a phenomenological approach where
we constrain Ne↵ as a free parameter with a flat prior, though we
comment separately on a few possible discrete cases separately
below. Values of Ne↵ < 3.046 are less well motivated as they
would require the standard neutrinos to be incompletely thermal-
ized or additional photon production after neutrino decoupling,
but we include this range for completeness.

Fig. 26 shows that Planck is entirely consistent with the stan-
dard value Ne↵ = 3.046, but that a significant density of addition
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Fig. 27. Samples from Planck TT+lowP in the Ne↵–me↵
⌫, sterile

plane, colour-coded by �8, in models with one massive sterile
neutrino family, with e↵ective mass me↵

⌫, sterile, and the three ac-
tive neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is con-
stant along the grey dashed lines, with the indicated mass in
eV; the grey region shows the region excluded by our prior
mthermal

sterile < 10 eV which excludes most of the region where the
neutrinos behave nearly like dark matter. The physical mass in
the Dodelson-Widrow scenario, mDW

sterile, is constant along the dot-
ted lines (with the value indicated on the adjacent dashed lines).

distribution, since all particles travel at the speed of light.
However in the massive case the results are more model de-
pendent. As a concrete massive sterile neutrino model we fol-
low Planck Collaboration XVI (2014) by considering the case of
one massive sterile neutrino parameterized by me↵

⌫, sterile, in addi-
tion to the two approximately massless and one massive neutrino
of the baseline model. In the case of a thermally-distributed ster-
ile neutrino, me↵

⌫, sterile is related to the true mass via

me↵
⌫, sterile = (Ts/T⌫)3mthermal

sterile = (�Ne↵)3/4mthermal
sterile . (59)

and the cosmologically-equivalent Dodelson-Widrow (DW)
case the relation is given by

me↵
⌫, sterile = �smDW

sterile , (60)

with �Ne↵ = �s. We now impose a prior on the physical thermal
mass mthermal

sterile < 10 eV when generating parameter chains, to ex-
clude regions of parameter space in which (for the CMB) the par-
ticles are so massive that they behave like dark matter, where the
density constraint is limited only by the constraint on the total
dark matter density. Although we only consider the specific case
of one massive sterile neutrino with a thermal (or DW) distribu-
tion, our constraints are expected to also approximately apply to
a variety of somewhat di↵erent models, for example eV-mass
particles produced as non-thermal decay products (Hasenkamp
2014).

Fig. 27 shows that although Planck is perfectly consistent
with no massive sterile neutrinos, a significant region of parame-
ter space with fractional �Ne↵ is allowed where �8 is lower than
in the ⇤CDM model. This is also the case for massless sterile

neutrinos combined with massive active neutrinos. In the single
massive sterile model the combined constraints are

Ne↵ < 3.7
me↵
⌫, sterile < 0.59 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(61)
The upper tail of me↵

⌫, sterile is largely associated with high physical
masses near to the prior cuto↵; if instead we restrict to the region
where mthermal

sterile < 2 eV the constraint is

Ne↵ < 3.7
me↵
⌫, sterile < 0.38 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(62)
Massive sterile neutrinos with mixing angles large enough to
help resolve the reactor anomalies would typically imply full
thermalisation in the early universe, and hence give �Ne↵ = 1
for each additional species. Such a high value of Ne↵ , espe-
cially combined with msterile ⇠ 1 eV as required by reactor
anomaly solutions, were virtually ruled out by previous cos-
mological data (Mirizzi et al. 2013; Archidiacono et al. 2013a;
Gariazzo et al. 2013), and this conclusion is only strengthened
here since Ne↵ = 4 is excluded at greater than 99% confidence
(including BAO). Unfortunately there does not therefore appear
to be a consistent resolution to the reactor anomalies unless ther-
malization of the massive neutrinos can be suppressed, for ex-
ample by large lepton asymmetry, new interactions, or particle
decay (see Gariazzo et al. (2014); Bergström et al. (2014) and
references therein).

We also consider the case of additional radiation and degen-
erate massive active neutrinos, with combined constraint

Ne↵ = 3.2 ± 0.5
P

m⌫ < 0.32 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(63)
Again Planck shows no evidence of deviation from the baseline
model.

6.4. Neutrino models and tension with external data

The extensions to ⇤CDM allow Planck to be consistent with a
somewhat wider range of late-universe parameters. Fig. 28 sum-
marises Planck’s constraints on ⌦m, �8 and H0 in the various
models we have considered. The inferred Hubble parameter can
increase or decrease, as required to maintain the observed acous-
tic scale, depending on the relative contribution of additional ra-
diation (changing the sound horizon) and neutrino mass (chang-
ing mainly the angular diameter distance). However all models
have a somewhat similar degeneracy directions in the⌦m-�8 and
H0-�8 planes, so these models remain predictive: you can’t just
fit anything. The two parameter extensions are required to fit
substantially lower �8 without also decreasing H0 away from
observed values, but scope for doing this is limited.

Each external dataset in general needs to be reanalysed in
the di↵erent models, since the the extensions change the growth
of structure, angular distances and the matter-radiation equal-
ity scale. For example, the dashed lines in Fig. 28 shows how
di↵erent models a↵ect the CFHTlens galaxy weak lensing con-
straints from Heymans et al. (2013b) [see section 5.6.2], when
restricted to the region of parameter space consistent with acous-
tic scale measurements and the local Hubble parameter. There is
greater overlap of the constraint contours contours in some of
the extended models, but this is only a marginal improvement
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Fig. 27. Samples from Planck TT+lowP in the Ne↵–me↵
⌫, sterile

plane, colour-coded by �8, in models with one massive sterile
neutrino family, with e↵ective mass me↵

⌫, sterile, and the three ac-
tive neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is con-
stant along the grey dashed lines, with the indicated mass in
eV; the grey region shows the region excluded by our prior
mthermal

sterile < 10 eV which excludes most of the region where the
neutrinos behave nearly like dark matter. The physical mass in
the Dodelson-Widrow scenario, mDW

sterile, is constant along the dot-
ted lines (with the value indicated on the adjacent dashed lines).

distribution, since all particles travel at the speed of light.
However in the massive case the results are more model de-
pendent. As a concrete massive sterile neutrino model we fol-
low Planck Collaboration XVI (2014) by considering the case of
one massive sterile neutrino parameterized by me↵

⌫, sterile, in addi-
tion to the two approximately massless and one massive neutrino
of the baseline model. In the case of a thermally-distributed ster-
ile neutrino, me↵

⌫, sterile is related to the true mass via

me↵
⌫, sterile = (Ts/T⌫)3mthermal

sterile = (�Ne↵)3/4mthermal
sterile . (59)

and the cosmologically-equivalent Dodelson-Widrow (DW)
case the relation is given by

me↵
⌫, sterile = �smDW

sterile , (60)

with �Ne↵ = �s. We now impose a prior on the physical thermal
mass mthermal

sterile < 10 eV when generating parameter chains, to ex-
clude regions of parameter space in which (for the CMB) the par-
ticles are so massive that they behave like dark matter, where the
density constraint is limited only by the constraint on the total
dark matter density. Although we only consider the specific case
of one massive sterile neutrino with a thermal (or DW) distribu-
tion, our constraints are expected to also approximately apply to
a variety of somewhat di↵erent models, for example eV-mass
particles produced as non-thermal decay products (Hasenkamp
2014).

Fig. 27 shows that although Planck is perfectly consistent
with no massive sterile neutrinos, a significant region of parame-
ter space with fractional �Ne↵ is allowed where �8 is lower than
in the ⇤CDM model. This is also the case for massless sterile

neutrinos combined with massive active neutrinos. In the single
massive sterile model the combined constraints are

Ne↵ < 3.7
me↵
⌫, sterile < 0.59 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(61)
The upper tail of me↵

⌫, sterile is largely associated with high physical
masses near to the prior cuto↵; if instead we restrict to the region
where mthermal

sterile < 2 eV the constraint is

Ne↵ < 3.7
me↵
⌫, sterile < 0.38 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(62)
Massive sterile neutrinos with mixing angles large enough to
help resolve the reactor anomalies would typically imply full
thermalisation in the early universe, and hence give �Ne↵ = 1
for each additional species. Such a high value of Ne↵ , espe-
cially combined with msterile ⇠ 1 eV as required by reactor
anomaly solutions, were virtually ruled out by previous cos-
mological data (Mirizzi et al. 2013; Archidiacono et al. 2013a;
Gariazzo et al. 2013), and this conclusion is only strengthened
here since Ne↵ = 4 is excluded at greater than 99% confidence
(including BAO). Unfortunately there does not therefore appear
to be a consistent resolution to the reactor anomalies unless ther-
malization of the massive neutrinos can be suppressed, for ex-
ample by large lepton asymmetry, new interactions, or particle
decay (see Gariazzo et al. (2014); Bergström et al. (2014) and
references therein).

We also consider the case of additional radiation and degen-
erate massive active neutrinos, with combined constraint

Ne↵ = 3.2 ± 0.5
P

m⌫ < 0.32 eV

9>>=
>>; (95%, Planck TT+lowP+lensing+BAO).

(63)
Again Planck shows no evidence of deviation from the baseline
model.

6.4. Neutrino models and tension with external data

The extensions to ⇤CDM allow Planck to be consistent with a
somewhat wider range of late-universe parameters. Fig. 28 sum-
marises Planck’s constraints on ⌦m, �8 and H0 in the various
models we have considered. The inferred Hubble parameter can
increase or decrease, as required to maintain the observed acous-
tic scale, depending on the relative contribution of additional ra-
diation (changing the sound horizon) and neutrino mass (chang-
ing mainly the angular diameter distance). However all models
have a somewhat similar degeneracy directions in the⌦m-�8 and
H0-�8 planes, so these models remain predictive: you can’t just
fit anything. The two parameter extensions are required to fit
substantially lower �8 without also decreasing H0 away from
observed values, but scope for doing this is limited.

Each external dataset in general needs to be reanalysed in
the di↵erent models, since the the extensions change the growth
of structure, angular distances and the matter-radiation equal-
ity scale. For example, the dashed lines in Fig. 28 shows how
di↵erent models a↵ect the CFHTlens galaxy weak lensing con-
straints from Heymans et al. (2013b) [see section 5.6.2], when
restricted to the region of parameter space consistent with acous-
tic scale measurements and the local Hubble parameter. There is
greater overlap of the constraint contours contours in some of
the extended models, but this is only a marginal improvement
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3.	  Neutrino	  perturba@ons	  

•  Standard	  model	  of	  cosmology	  predicts	  neutrino	  perturba@ons,	  
characterized	  by	  effec@ve	  sound	  speed	  and	  viscosity	  parameter	  
(isotropic	  and	  anisotropic	  pressure	  perturba@ons)	  	  

•  Standard	  values	  for	  free-‐streaming	  par@cles	  (ceff2,	  cvis2)	  =	  (1/3,	  1/3);	  
perfect	  fluid:	  (1/3,0)…	  

	  
•  First	  constraints	  from	  CMB	  alone.	  
•  Standard	  free-‐streaming	  behaviour	  in	  perfect	  agreement	  with	  

Planck	  data	  

Planck Collaboration: Cosmological parameters

6.4.1. Neutrino perturbation parameters

In this subsection, we investigate CMB constraints on the
neutrino perturbation parameters. According to Hu et al.
(1999); Hu (1998), the evolution of perturbations for
(massless) neutrinos are described by the following
set of equations Archidiacono et al. (2011); Hu (1998);
Trotta & Melchiorri (2005):
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where c2
e↵ is the neutrino sound speed in its own reference frame

and allows for non-adiabatic perturbations; c2
vis parameterizes

the anisotropic stress. The expected values for standard non-
interacting neutrinos are c2

e↵ = c2
vis = 1/3. A greater (lower) neu-

trino sound speed would increase (decrease) the neutrino pres-
sure leading to a lower (higher) perturbation amplitude. On the
other hand, changing c2

vis alters the viscosity of the neutrino fluid:
with a null value of c2

vis, neutrinos act as a perfect fluid, support-
ing undamped oscillations; in contrast, greater values result in an
overdamped perturbation amplitude (see Smith et al. (2012) for
details). Several previous works have put constraints on these
parameters (see e.g. Gerbino et al. (2013); Archidiacono et al.
(2013b); Diamanti et al. (2013); Archidiacono et al. (2011);
Smith et al. (2012); Trotta & Melchiorri (2005)), since any de-
viation from the expected values could be a hint of non-standard
physics in the neutrino sector. Non-standard interactions involve
for example the neutrino coupling with light scalar particles ??.
In this analysis, for simplicity, we assume Ne↵ = 3.046 and
massless neutrinos. We have checked that assuming a total mass
for the neutrinos of ⌃m⌫ ⇠ 0.06 eV has no impact on our con-
straints on c2

e↵ and cvis.
Top and bottom panels of Fig. 29 show the posterior distri-

butions of the perturbation parameters from Planck temperature
data, from full Planck temperature and polarization data and af-
ter inclusion of BAO. In Tab. 6.4.1, the 68% confidence level
around the mean value is also reported.

As we can see, the obtained constraints on c2
e↵ are fully com-

patible with 1/3, showing no hints for deviations from the stan-
dard model. A vanishing value of c2

vis, that could imply an in-
teraction between neutrinos and other species, is also excluded
at more than 95% c.l. from temperature data and even more (at
about 9 standard deviations) when polarization data is included,
representing the first CMB-only-driven evidence for neutrino
anisotropies. These results are also consistent with the forecasts
discussed in Smith et al. (2012). The temperature value is o↵ by
little more than one standard deviation from the expected value
of 1/3. This is most probably due, as showed in Gerbino et al.
(2013), to degeneracies with other parameters as the scalar spec-
tral index that skews the posterior towards larger values. When
polarization data is included indeed this small tension disappears
and the constraints are fully compatible with the standard value.
Since TE power spectrum is able to constrain cosmological pa-
rameters better than TT, as shown in Galli et al. (2014), this re-
flects on c2

vis constraints.

Overall, we find a good consistency with the standard ex-
pected values c2

vis = 1/3 and c2
e↵ = 1/3.

Table 6. Constraints at 68%CL for the neutrino perturbation parame-
ters from the indicated datasets. All include lowP.

Parameter TT TT,TE,EE TT,TE,EE+BAO

c2
vis 0.57 ± 0.16 0.336 ± 0.039 0.338 ± 0.040

c2
e↵ 0.314 ± 0.012 0.3256 ± 0.0063 0.3257 ± 0.0059
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Fig. 29. One dimensional posterior probability for the neutrino pertur-
bation parameters from the indicated datasets. Top Panel: posterior for
c2

e↵ . Bottom Panel: posterior for c2
vis.
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