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THE STANDARD COSMOLOGICAL MODEL 

The six-parameter, vacuum-
dominated cold dark matter 
(ΛCDM) cosmological model is 
the simplest model that can 
explain present cosmological 
observations 



THE STANDARD COSMOLOGICAL MODEL 

•  The Universe is spatially homogeneous and isotropic (cosmological principle) 

•   The Universe is flat, and its energy density is provided by 

•   non-relativistic matter (baryons and dark matter) (~25% today) 

•   “radiation’’ (photons and neutrinos)  (~10-5 today) 

•   a cosmological constant-like component (~75% today) 

•  The initial fluctuations were gaussian, adiabatic and with a nearly scale-

invariant spectrum – generated from single-field inflation. 

•  Six parameters: three for the matter-energy content and background 

geometry (usually baryon density, DM density, distance to last scattering 
surface), two for initial conditions (amplitude and slope of the primordial 
spectrum), one for reionization. 
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The CMB is a blackbody radiation with T=2.7 K extremely uniform across the 
whole sky; it is the relic radiation emitted at the time the nuclei and electrons 
recombined to form neutral hydrogen, when the Universe was ~ 400,000 years 
old (the so-called last scattering surface, LSS). 
Its tiny (~ 10-5) temperature and polarization anisotropies encode a wealth of 
cosmological information. 

Full sky temperature 
map from Planck 
(2015)	

THE COSMIC MICROWAVE BACKGROUND 



Power spectrum of 
temperature 
fluctuations  from 
Planck (2015)	

If the fluctuations are gaussian, all the statistical 
information in the map is encoded in the two 
point correlation function or in its harmonic 
transform, the angular power spectrum: 
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THE COSMIC NEUTRINO BACKGROUND 
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Increasing Neff makes 
the Universe younger 
at recombination and 
increases the angular 
scale of the photon 
diffusion length	
	
	
	
increased Silk damping 
and reduced power in 
the damping tail.	

Time of matter radiation 
equality and angle subtended 
by the sound horizon at LSS are 
held fixed 

(note I am showing ~ l4 Cl, not l2 Cl) 
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CMB LENSING CMB LENSING 
The CMB anisotropy pattern is 
distorted (“blurred”) by the weak 
lensing effect due to the 
intervening structures between us 
and the last scattering surface 

The effect is relevant at small 
scales (~ % effect at sub-
degree scales) and results in a 
smearing of the power 
spectrum at high multipoles. 
It also induces a non-gaussian 
signal. 
 
CMB lensing probes the matter 
distribution of the Universe. 
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The CMB anisotropy pattern is 
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CMB LENSING CMB LENSING 
Light neutrinos (both active and 
sterile) are free streaming, so they 
suppress clustering at small scales.  
This means less lensing since matter 
is distributed more smoothly. 

The effect is larger for 
larger neutrino density, 
and thus for larger 
neutrino mass. 
For active neutrinos 
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THE PLANCK SATELLITE 
-  Third-generation ESA satellite dedicated to the CMB 
-  observed the sky continously from 12 August 2009 to 23 October 

2013  
-  Scientific payload: array of 74 detectors in nine frequency bands 

between ~ 30 GHz and ~ 1 THz 
-  angular resolution between 30’ and 5’, ΔT/T ~ 2 x 10-6 
-  Low Frequency Instrument (LFI): pseudo-correlation radiometers 

observing at 30, 44, 70 GHz 
-  High Frequency Instrument (HFI): bolometers observing at 100, 

143, 217, 353, 545 and 857 GHz 
-  observed the mw sky for ~ 30 (HFI) and 48 (LFI) months 
-  first cosmological release in May 2013, using the “nominal mission” 

temperature data (15.5 months of observations) 
-  second cosmological release in Feb 2015: full mission temperature 

and polarization 
-  third and final release in 2017 



Comparison with forerunners COMPARISON WITH FORERUNNERS 



THE MICROWAVE SKY 



Planck 2015 CMB Temperature map PLANCK 2015 TEMPERATURE MAP 
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Planck 2015 CMB Polarization map PLANCK 2015 CMB POLARIZATION MAP 



TE and EE angular power spectra 
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Red curves are fitted to 
the TT spectrum only!! 



�0.5

0

0.5

1

1.5

2

1 10 100 500 1000 2000

[L
(L

+
1)
]2
C

�
�

L
/2
⇡
[⇥

10
7
]

L

Planck (2015)
Planck (2013)

SPT
ACT

LENSING POTENTIAL RECONSTRUCTION 

Lensing potential 
estimated from the 
four-point correlation 
function 

LENSING POTENTIAL RECONSTRUCTION 

Non-gaussian signal 
induced by the CMB 
lensing (can be seen in 
the CMB 4-point 
correlation function)	

Allows to reconstruct 
the map of the lensing 
potential (and its 
spectrum).	



STERILE NEUTRINO PARAMETERIZATION 

A full description of the sterile sector would require to specify 
(for each sterile species) its mass ms and the full form of the 
distribution function.

Two notable cases are often considered: 
-  thermally distributed with arbitrary temperature Ts; 
-  à la Dodelson-Widrow: distributed proportionally to active 

neutrinos with an arbitrary scaling factor χs (depends on the 
mixing angle). 

This two models are equivalent from the point of view of 
cosmological observations as they can be remapped in the same 
effective model 



STERILE NEUTRINO PARAMETERIZATION 
In this phenomenological reparameterization 
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f n u =
1

ep + 1
f n u = 1

Neff = 3.13 ± 0.32  (PlanckTT+lowP)	
	
Neff = 3.15 ± 0.23  (PlanckTT+lowP+BAO)	
	
Neff = 2.99 ± 0.20  (PlanckTT,TE,EE+lowP)	
	
Neff = 3.04 ± 0.18  (PlanckTT,TE,EE+lowP+BAO)	
	 (uncertainties are 68% CL)	

PLANCK CONSTRAINTS ON MASSLESS STERILE NEUTRINOS 

Planck constraints on Neff alone (can be regarded as a 
massless limit for the sterile)	

Planck 2015 XVI	
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Planck constraints on Neff alone (can be regarded as a 
massless limit for the sterile)	

Neff  = 4 (i.e., one extra thermalized neutrino)  
is excluded at between ~ 3 and 5 sigma. 

Planck 2015 XVI	

PLANCK CONSTRAINTS ON MASSLESS STERILE NEUTRINOS 
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larger σ8 and thus worsen 
the tension with LSS 
probes.	

PlanckTT + lowP	

PLANCK CONSTRAINTS ON MASSLESS STERILE NEUTRINOS 

Planck 2015 XVI	



0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+	
lensing+BAO	
	
Neff < 3.7	
meff

sterile < 0.52 eV	
	
	
	
	

One sterile 
eigenstate; total 
active mass fixed to 
0.06 eV	
	

PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS 

Planck 2015 XVI	



PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS 

0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+	
lensing+BAO	
	
Neff < 3.7	
meff

sterile < 0.52 eV	
	
	
	
	

One sterile 
eigenstate; total 
active mass fixed to 
0.06 eV	
	

Present-day energy density	

Ea
rl

y 
en

er
gy

 d
en

si
ty
	

Amplitude of density 
fluctuations	



PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS 

0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+	
lensing+BAO	
	
Neff < 3.7	
meff

sterile < 0.52 eV	
	
	
	
	

One sterile 
eigenstate; total 
active mass fixed to 
0.06 eV	
	

Present-day energy density	

Ea
rl

y 
en

er
gy

 d
en

si
ty
	

Amplitude of density 
fluctuations	

Behaves like warm/cold DM	



PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS 

0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+	
lensing+BAO	
	
Neff < 3.7	
meff

sterile < 0.52 eV	
	
	
	
	

One sterile 
eigenstate; total 
active mass fixed to 
0.06 eV	
	

Present-day energy density	

Ea
rl

y 
en

er
gy

 d
en

si
ty
	

Amplitude of density 
fluctuations	

Lines of constant ms 
(thermal)	 Lines of constant ms (DW)	



PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS 

0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+	
lensing+BAO	
	
Neff < 3.7	
meff

sterile < 0.52 eV	
	
	
	
	

meff
s < 0.38 eV	

	
restricting to ms 
(thermal) < 2 eV	
	

Present-day energy density	

Ea
rl

y 
en

er
gy

 d
en

si
ty
	

Amplitude of density 
fluctuations	

Behaves like warm/cold DM	



−6 −5 −4 −3 −2 −1

log(sin2(2θ))

−4

−2

0

2

4

6

lo
g(
δm

2
/e
V

2
)

∆Neff, full(0.1MeV)

0.0

0.2

0.4

0.6

0.8

1.0

Figure 6. ∆Neff at T = 0.1 MeV using the full collision term.

in [4, 21]. To highlight this deviation, we show in figure 7 the differences in ∆Neff incurred
respectively by the equilibrium, CC, and A/S approximations relative to the full solution in
the (δm2, sin2 2θ)-parameter space.

As expected, the deviations always occur, independently of the approximation scheme,
in a diagonal band corresponding to the transition region from ∆Neff = 0 to ∆Neff = 1. Be-
yond this common feature, however, the different approximations incur the largest deviations
at different parameter values.

The equilibrium approximation follows the result of the full calculation quite well for
δm2 values above 0.01eV2, but overestimates ∆Neff by more than 0.1 at δm2 < 0.001 eV2. We
can understand this deviation by looking at the conversion temperature. The temperature
of maximal conversion is proportional to (δm2)1/6 [21], so that low values of δm2 gener-
ally correspond to low conversion temperatures. If the conversion temperature is sufficiently
high (T ≫ 1 MeV), repopulation is rapid and ∆Neff is limited only by how fast νs can be
produced through oscillations and collisions [24]. The effective production rate is given by
equation (3.2), and production ceases as soon as the collision rate becomes too low. If most of
the conversion occurs at low temperatures, however, collisions become too inefficient to sus-
tain the population of the active sector and consequently for equation (3.2)—which assumes
instantaneous repopulation—to hold, thereby causing the real ∆Neff contours to deviate from
straight lines in relation to δm2 and sin2 2θ in figure 6. The equilibrium approximation errs
in its overestimation of the repopulation rate, yielding almost straight ∆Neff contours even
in the low δm2, high sin2 2θ region.

In contrast, the top right panel of figure 7 shows that the CC approximation generally
underestimates ∆Neff, but works somewhat better at δm2 ! 0.01 eV2. For high δm2 values
the underestimation is due mainly to the undersized DCC damping term which diminishes
the sterile neutrino production rate as already discussed in section 3.2. For low δm2 values,
however, the agreement becomes better (a deviation of 0.02 at δm2 = 10−4, sin2 2θ = 10−0.5)
because the deficiency of sterile neutrinos is compensated by an overproduction of active

– 18 –

1 eV for the real mass is 
allowed by Planck.	
	
However, for ms ~ 1eV 
and sin2 2θ ~ 0.1 (the 
preferred SBL solution)	
full thermalization (ΔNeff 
~ 1) is expected.	
	
This is at odds with 
Planck constraints 	
	

Hannestad et al. 
2015	
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Maybe “secret” 
self-interactions 
are an answer?	

Both scalar- and vector– mediated interactions 
have been considered in the literature to avoid 
thermalization (see e.g. Archidiacono et al. 2014; 
Mirizzi et al. 2014)	



SUMMARY 
-  The standard ΛCDM can explain all present 

cosmological observations 
-  Light sterile neutrinos are a hot component and would 

both provide extra energy density in the early Universe, 
and suppress matter fluctuations at small scales 

-  Planck CMB observations are consistent with no light 
species beyond the three active neutrinos 

-  However, sterile neutrinos with sub-eV effective mass 
and subthermal abundance are allowed by CMB 
observations… 

-  …BUT the SBL-preferred solution would lead to full 
thermalization 

-  Could there be a loophole? E.g., additional BSM 
interactions for steriles? 
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