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eV

The investigation on Light Sterile Neutrinos has been stimulated by the 
presence of anomalous results from neutrino oscillation experiments

 LNSD

 MiniBooNE

 Gallium

 Reactor

eV Sterile Neutrino

.. J. Kopp et al, 2013

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

2

(…sometimes in tension among themselves….)
3+1, 3+2  schemes

see 
White paper, Abazajian et al., 2012,
Palazzo, 2013
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Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)
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3+1, 3+2  schemes

Are eV νs compatible with cosmology?
...is necessary to consider the cosmological constraints on extra species
and  to assess the conditions under which νs are produced

.

see 
White paper, Abazajian et al., 2012,
Palazzo, 2013

(…sometimes in tension among themselves….)



Cosmological observations

1 MeV 1 eV T

Sensitivity to Neff and ν flavour

Sensitivity to Neff and ν masses

3Ninetta Saviano



"
R

= "
�

+ "
⌫

+ "
x

"
⌫

+ "
x

=
7

8

⇡2

15
T 4
⌫

Ne↵ =
7

8

⇡2

15
T 4
⌫

(NSM
e↵ +�N)

NSM
e↵ = 3.046 Mangano et al. 2005

 The non-e.m. energy density is parameterized by the effective numbers of neutrino species Neff

  Radiation Content in the Universe
At T  <  me , the radiation content of the Universe is

due to non-instantaneous neutrino decoupling 
(+ oscillations)
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Di Bari et al. 2013, Boehm et al. 2012, Conlon and Marsh, 201,3 Gelmini, Palomarez-Ruiz, Pascoli, 2004

�N = Extra Radiation:  axions and axion-like particles, sterile neutrinos (totally or 
                            partially thermalized), neutrinos in very low-energy reheating 
                            scenarios, relativistic decay products of heavy particles...



Neff                H             early freeze out          n/p               4He 

Impact on Big Bang Nucleosynthesis

At T~1- 0.01 MeV  production of the primordial abundances of 
light elements, in particular 2H, 4He

When  Γn⟷p  < H   ➜ neutron-to- proton ratio freezes out

Sterile ν influence on BBN :

   contribution to the radiation energy density governing H before     
      and during BBN        

   oscillating with the active neutrinos, can distort the  active    
      spectra which are the basic input for BBN

nn

np
=

n

p
= e��m/T ! 1/7

nn

np
=

n

p
= e��m/T ! 1/7
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At T~1- 0.01 MeV  production of the primordial abundances of 
light elements, in particular 2H, 4He

When  Γn⟷p  < H   ➜ neutron-to- proton ratio freezes out
nn

np
=

n

p
= e��m/T ! 1/7

nn

np
=

n

p
= e��m/T ! 1/7

BBN constraint on ΔNeff   :   NO strong preference    

From new precise measure of D in  damped Lyman-α system
 Neff = 3.28 ± 0.28 
1 extra d.o.f. ruled out at 99.3 C.L.

 Cooke, Pettini et al., 2013

ΔNeff  ≤ 1   (95% C.L.)

Mangano and Serpico. 2012Hamann et al, 2011

Impact on Big Bang Nucleosynthesis
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  Impact on CMB

Ninetta Saviano

 If sterile neutrinos are still relativistic at the CMB epoch, they impact the CMB spectrum

Neff and mν affect the time of matter-radiation 
equality ➟  consequences on the amplitude of 
the first peak and on the peak locations
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  Impact on CMB

 necessary to combine with other cosmological probes 

Ninetta Saviano

Neff and mν affect the time of matter-radiation 
equality ➟  consequences on the amplitude of 
the first peak and on the peak locations

 If sterile neutrinos are still relativistic at the CMB epoch, they impact the CMB spectrum

(⌦bh
2,⌦ch

2, 100✓MC , ns, As, ⌧)

Same data used to measure 
other cosmological parameters 

basic parameters of  ΛCDM: 

+    derived parameters    

zre, Yp, w,⌦mzLS ...)

(H0,⌦k,⌦⇤, Ne↵ ,�8,
X

m⌫ ,

 degeneracies
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Impact on the LSS

318 The recent times: neutrinos and structure formation
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Figure 6.5 Step-like suppression of the matter power spectrum due to neu-
trino mass. The power spectrum of a ⇤CDM model with two massless and
one massive species has been divided by that of a massless model, for several
values of m

⌫

between 0.05 eV and 0.50 eV, spaced by 0.05 eV. All spectra
have the same primordial power spectrum and the same parameters (⌦

M

,
!

M

, !
B

).

• in the intermediate region (k slightly larger than knr), neutrino pertur-
bations, although smaller than CDM perturbations, are not completely
negligible, at least at small redshift. Hence there is a smooth transition
between the region where neutrino masses have no e↵ect, and that in
which they have a maximal e↵ect.

In summary, neutrino masses produce a smooth step-like suppression of the
matter power spectrum on scales k > knr. This step is shown in Fig. 6.5 for
various masses. In the next subsection, we show how to estimate analytically
the suppression factor as a function of neutrino masses in the small scale
limit.

Suppression factor for k � knr

Several approaches for estimating analytically or semi-analytically the neu-
trino mass impact on small scales have been discussed in the literature. A
very accurate (but also very technical) discussion has been presented in (Hu
and Eisenstein, 1998) (see also (Holtzman, 1989), (Pogosian and Starobin-

  mν (Σ) 
increases

The small-scale matter power spectrum P(k > knr) is reduced in presence of massive ν:

✓   free-streaming neutrinos do not cluster 

✓   slower growth rate of CDM (baryon) perturbations

 Lesgourgues, Mangano, Miele and Pastor “Neutrino Cosmology”, 2013 
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Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

P
m⌫. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

P
m⌫ weaken consider-

ably to

X
m⌫ <

8>><
>>:

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known

43

Planck XVI, 2013

✓  Neff =  3.30 ± 0.54 (95 % C.L.; Planck+WP+highL+BAO) 

 ⤷   compatible with the standard value at 1-σ 

Standard scenario:

Neff and  ∑mν  constraints after Planck
                                                

.

✓   For 3 degenerate active ν :
(first release)

∑mν < 0.23 eV  (95 % C.L.; Planck+WP+highL+BAO) 

.

✘

Neff =  3.15 ± 0.46 (95 % C.L.; PlanckTT+lowP+BAO) 

Standard scenario:

✓  the preference for extra radiation is further reduced 

    ∑mν < 0.21 eV  (95 % C.L.; Planck TT+WP+ lowP+BAO) 

✓   For 3 degenerate active ν :

(second release)

Planck XIII, 2015
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 Joint constraints on Neff and meff
νs

     model       Planck
           +

mass bound (eV)
     (95% C.L.)

  Joint analysis
  Neff & 1 mass νs 

  WP+HighL+BAO
Neff < 3.80 

meff
νs < 0.42 

Planck XVI, 2013

Ninetta Saviano

Hamann and Hasenkamp, 2013

CMB
all

all= CMB+H0+ C+ CFHTLens

L. Verde et al, 2014

meff
νs  < 0.3  eV (95% C.L)

ΔNeff = 0.61 +- 0.30  
                                   meff

νs = 0.41+-0.13 eV
                     (68% C.L.)

     model     Planck TT
         +

mass bound (eV)
     (95% C.L.)

Joint analysis
  Neff & 1 mass νs 
(prior  mνs <10 eV)

lowP+lensing+BAO
Neff < 3.7

meff
νs < 0.52 

  Joint analysis
  Neff & 1 mass νs 
(prior  mνs <2 eV)

lowP+lensing+BAO
Neff < 3.7

meff
νs < 0.38 

Planck XIII, 2014

me↵
⌫s ⌘ (94, 1 ⌦⌫h

2)eV
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Active-sterile flavour evolution

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫

Evolution equation:

10

Sterile ν are produced in the Early Universe by the mixing with the active species in 
presence of collisions  

Vacuum term  MSW effect with 
 background medium 
 (refractive effect)  

 refractive ν−ν 
self-interactions term  

Collisional term  
  
creation, annihilation and all the 
momentum exchanging processes

⇢p =

0

BB@

⇢ee ⇢eµ ⇢e⌧ ⇢es
⇢µe ⇢µµ ⇢µ⌧ ⇢µs
⇢⌧e ⇢⌧µ ⇢⌧⌧ ⇢⌧⌧
⇢se ⇢sµ ⇢s⌧ ⇢ss

1

CCA⇢p =

0

BB@

⇢ee ⇢eµ ⇢e⌧ ⇢es
⇢µe ⇢µµ ⇢µ⌧ ⇢µs
⇢⌧e ⇢⌧µ ⇢⌧⌧ ⇢⌧⌧
⇢se ⇢sµ ⇢s⌧ ⇢ss

1

CCA

C[⇢]

  ν ensemble



Ne↵ =
1

2
Tr[⇢+ ⇢̄]

Bounds on active-sterile mixing parameters after Planck

・Black curves imposing the 95% C.L. Planck constraint   Neff < 3.8   on computed                               

          The excluded regions  are those on the right or at the exterior of the black contours.
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
(upper panels) and SIH (lower panels) cases from Ne↵ (black curves) and ⌦⌫h

2 (red curves) at 95 % C.L. The contours refer
to di↵erent values of sin2 ✓i4: sin

2 ✓i4 = 0 (continuous curves), sin2 ✓i4 = 10�3 (dashed curves), sin2 ✓i4 = 10�2 (dotted curves),
sin2 ✓i4 = 10�1.5 (dot-dashed curves). (see the text for details).

neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.

Radiation bounds

Mirizzi, Mangano, N.S et al 2013
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
(upper panels) and SIH (lower panels) cases from Ne↵ (black curves) and ⌦⌫h

2 (red curves) at 95 % C.L. The contours refer
to di↵erent values of sin2 ✓i4: sin

2 ✓i4 = 0 (continuous curves), sin2 ✓i4 = 10�3 (dashed curves), sin2 ✓i4 = 10�2 (dotted curves),
sin2 ✓i4 = 10�1.5 (dot-dashed curves). (see the text for details).

neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.

Note: above m ∼ O (1 eV), sterile ν are not relativistic anymore at CMB → NO radiation constraint
                                                BUT  mass constraints become important

11

  Hannestad, Tamborra and Tram 2012  

  Cirelli,Marandella, Strumia, Vissani, 2004 
 

Archidiacono et al., 2013 
 

See also:

3+1 Scenario

Ne↵ =
1

2
Tr[⇢+ ⇢̄]

Similar bounds would be obtained with Planck 2015 data

Ninetta Saviano



⌦⌫h2 = 1
2

[
p

�m2
41(⇢ss+⇢̄ss)]

94.1 eV

Bounds on active-sterile mixing parameters after Planck

・Red curves imposing the 95% C.L. Planck constraint  meff
νs < 0.42 ⇔            < 4.5 10-3    on computed  

            

          The excluded regions  are those above the red contours.

⌦⌫ h
2

⌦⌫h2 = 1
2

[
p

�m2
41(⇢ss+⇢̄ss)]

94.1 eV

Mass bounds
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
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Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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See also:

3+1 Scenario

⌦⌫ h
2

Similar bounds would be obtained with Planck 2015 data

Mirizzi, Mangano, N.S et al 2013
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.
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Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
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Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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 Thermalized sterile ν with m ∼ O (1 eV) strongly disfavored by cosmological constraints

•  3+1: Too heavy for LSS/CMB 
•  3+2: Too heavy for LSS/CMB and too  many for BBN/CMB

Bounds on active-sterile mixing parameters after Planck



eV

The investigation on Light Sterile Neutrinos has been stimulated by the 
presence of anomalous results from neutrino oscillation experiments

 LNSD

 MiniBooNE

 Gallium

 Reactor

eV Sterile Neutrino

. J. Kopp et al, 2013

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

2

3+1, 3+2  schemes

Are eV νs compatible with cosmology? NO

.

see 
White paper, Abazajian et al., 2012,
Palazzo, 2013

(…sometimes in tension among themselves….)

Ninetta Saviano



 Possible solutions...?

Ninetta Saviano

14

 Different mechanisms to suppress the νs abundance:
 1. large ν-ν asymmetries

✓  In the presence of large ν-ν asymmetries ( ~10-2) sterile  production strongly
       suppressed.  Mass bound can be evaded   

              Non trivial implication for BNN  
 

2.  hidden and “secret” interactions for sterile neutrinos

✓  Sterile ν feel a new potential that suppresses active-sterile mixing 

         Scenario strongly constrained by BBN and neutrino mass bounds

       3.   low reheating scenario
✓  sterile abundance depends on reheating temperature  

             Simplified scenarios

Mirizzi, N.S., Miele, Serpico 2012
Saviano et al., 2013
 Hannestad, Tamborra and Tram 2012
Chu & Cirelli, 2006 
Di Bari et al, 2001

 Hannestad et al., 2013,
Dasgupta and Kopp 2013,
Bringmann et al., 2013
Archidiacono et al., 2014
Saviano et al.,2014
Mirizzi, Mangano, Pisanti, N.S. 2014
Cherry et al, 2014
Tang, 2014

25

 Gelmini, Palomarez-Ruiz, Pascoli, 2004
Yaguna 2007

 Modification of cosmological models
 

 Inflationary Freedom
✓ Shape of primordial power spectrum of scalar perturbations  different from the usual 

power-law

Gariazzo, Giunti Laveder, 2015



Thermalized eV sterile ν incompatible with cosmological bounds:  
too heavy for structure formation

.

.

. neutrino cosmology is entering the precision epoch

Neff <  4 Σmν < 0.23 eV

Conclusions

meff
νs  < 0.7  eV

New exotics scenarios are required  (primordial neutrino asymmetry, hidden 
interactions, inflationary freedom...) 
        however the reconciliation with cosmology is not guaranteed and in some 
         cases disfavoured. 

Ninetta Saviano



Thermalized eV sterile ν incompatible with cosmological bounds:  
too heavy for structure formation

.

.

. neutrino cosmology is entering the precision epoch

Neff <  4 Σmν < 0.23 eV

Open questions:
-   Will ΔNeff be  definitely ruled-out in the future?

-   Which are the absolute masses of neutrinos?

-   Will the laboratory anomalies be confirmed?

Conclusions

meff
νs  < 0.7  eV

New exotics scenarios are required  (primordial neutrino asymmetry, hidden 
interactions, inflationary freedom...) 
        however the reconciliation with cosmology is not guaranteed and in some 
         cases disfavoured. 

Ninetta Saviano
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Big Bang Nucleosynthesis ( II )
 0.1-0.01 MeV

Formation of light nuclei starting from D

Planck Collaboration: Cosmological parameters

tive method presented in Mangano & Serpico (2011) leads to an
upper bound for YBBN

P that is consistent with the above estimate.
The recent measurement of the proto-Solar helium abundance
by Serenelli & Basu (2010) provides an even more conservative
upper bound, YP < 0.294 at the 2� level.

For the primordial abundance of deuterium, data points show
excess scatter above the statistical errors, indicative of system-
atic errors. The compilation presented in Iocco et al. (2009),
based on data accumulated over several years, gives yBBN

DP =
2.87 ± 0.22 (68% CL). Pettini & Cooke (2012) report an accu-
rate deuterium abundance measurement in the z = 3.04984 low-
metallicity damped Ly↵ system in the spectrum of QSO SDSS
J1419+0829, which they argue is particularly well suited to deu-
terium abundance measurements. These authors find yBBN

DP =
2.535 ± 0.05 (68% CL), a significantly tighter constraint than
that from the Iocco et al. (2009) compilation. The Pettini-Cooke
measurement is, however, a single data point, and it is im-
portant to acquire more observations of similar systems to as-
sess whether their error estimate is consistent with possible
sources of systematic error. We adopt a conservative position
in this paper and compare both the Iocco et al. (2009) and the
Pettini & Cooke (2012) measurements to the CMB predictions

We consider only the 4He and D abundances in this paper.
We do not discuss measurements of 3He abundances since these
provide only an upper bound on the true primordial 3He frac-
tion. Likewise, we do not discuss lithium. There has been a long
standing discrepancy between the low lithium abundances mea-
sured in metal-poor stars in our Galaxy and the predictions of
BBN. At present it is not clear whether this discrepancy is caused
by systematic errors in the abundance measurements, or has an
“astrophysical” solution (e.g., destruction of primordial lithium)
or is caused by new physics (see Fields 2011, for a recent re-
view).

6.4.2. Planck predictions of primordial abundances in
standard BBN

We first restrict ourselves to the base cosmological model, with
no extra relativistic degrees of freedom beyond ordinary neutri-
nos (and a negligible lepton asymmetry), leading to Ne↵ = 3.046
(Mangano et al. 2005). Assuming that standard BBN holds, and
that there is no entropy release after BBN, we can compute
the spectrum of CMB anisotropies using the relation YP(!b)
given by PArthENoPE. This relation is used as the default
in the grid of models discussed in this paper; we use the
CosmoMC implementation developed by Hamann et al. (2008).
The Planck+WP+highL fits to the base ⇤CDM model gives the
following estimate of the baryon density,

!b = 0.02207 ± 0.00027 (68%; Planck+WP+highL), (84)

as listed in Table 5. In Fig. 29, we show this bound together
with theoretical BBN predictions for YBBN

P (!b) and yBBN
DP (!b).

The bound of Eq. (84) leads to the predictions

YP(!b) = 0.24725 ± 0.00032, (85a)
yDP(!b) = 2.656 ± 0.067, (85b)

where the errors here are 68% and include theoretical errors that
are added in quadrature to those arising from uncertainties in
!b. (The theoretical error dominates the total error in the case
of YP.)36 For helium, this prediction is in very good agreement

36Note that, throughout this paper, our quoted CMB constraints on
all parameters do not include the theoretical uncertainty in the BBN
relation (where used).
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Fig. 29. Predictions of standard BBN for the primordial abun-
dance of 4He (top) and deuterium (bottom), as a function of
the baryon density. The width of the green stripes corresponds
to 68% uncertainties on nuclear reaction rates. The horizontal
bands show observational bounds on primordial element abun-
dances compiled by various authors, and the red vertical band
shows the Planck+WP+highL bounds on !b (all with 68% er-
rors). BBN predictions and CMB results assume Ne↵ = 3.046
and no significant lepton asymmetry.

with the data compilation of Aver et al. (2012), with an error
that is 26 times smaller. For deuterium, the CMB+BBN pre-
diction lies midway between the best-fit values of Iocco et al.
(2009) and Pettini & Cooke (2012), but agrees with both at ap-
proximately the 1� level. These results strongly support stan-
dard BBN and show that within the framework of the base
⇤CDMmodel, Planck observations lead to extremely precise
predictions of primordial abundances.

6.4.3. Estimating the helium abundance directly from Planck
data

In the CMB analysis, instead of fixing YP to the BBN predic-
tion, YBBN

P (!b), we can relax any BBN prior and let this pa-
rameter vary freely. The primordial helium fraction has an influ-
ence on the recombination history and a↵ects CMB anisotropies
mainly through the redshift of last scattering and the dif-
fusion damping scale (Hu et al. 1995; Trotta & Hansen 2004;
Ichikawa & Takahashi 2006; Hamann et al. 2008). Extending
the base ⇤CDM model by adding YP as a free parameter with
a flat prior in the range [0.1, 0.5], we find

YP = 0.266 ± 0.021 (68%; Planck+WP+highL). (86)

Constraints in the YP–!b plane are shown in Fig. 30. This figure
shows that the CMB data have some sensitivity to the helium
abundance. In fact, the error on the CMB estimate of YP is only
2.7 times larger than the direct measurements of the primordial
helium abundance by Aver et al. (2012). The CMB estimate of
YP is consistent with the observational measurements adding fur-
ther support in favour of standard BBN.

6.4.4. Extension to the case with extra relativistic relics

We now consider the e↵ects of additional relativistic degrees of
freedom on photons and ordinary neutrinos (obeying the stan-
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Prediction for 4He and D in a standard BBN obtained 
by Planck collaboration using  PArthENoPE

4He

D ×10-5

Planck XVI, 2013

Blue regions:  primordial yields from measurements 
performed in different astrophysical environments

ωb = 0.02207 ± 0.00027
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The equality redshift is one of the direct observables from the temperature power spectrum. 
The  CMB data constrain zeq mainly from the ratio of the first peak to the third peak.

Measuring zeq essentially fixes the ratio of the energy density in matter to the energy density in 
radiation.

The sound horizon  affects the angular position of the acoustic peaks via
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where DA is the angular diameter distance to the last scattering surface.

Since both zeq and !b—and hence R(zeq) and R(z⇤)—are well-constrained parameters 16 (!b is
constrained via the ratio of the odd to the even acoustic peaks), equations (69) and (70) imply that
!m = ⌦mh2—and hence Ne f f through zeq—is exactly degenerate with those parameters governing
the angular diameter distance DA in its e↵ects on ✓s. In the simplest ⇤CDM model17 extended with
a freely varying Ne f f parameter, holding !b and zeq fixed we find from equations (69), and (70)
that
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This relation implies that while ✓s constrains the parameter combination ⌦m = !m/h2, it does not
constrain !m and h individually. Hence, a strong correlation can be expected between Ne f f and the
present-day Hubble parameter H0. In more complex models, degeneracies of Ne f f with the spatial
curvature ⌦k and the dark energy equation of state are also possible.

Because of the strong Ne f f –!m and Ne f f –H0 degeneracies, measurements of the CMB acoustic
peaks alone generally do not completely constrain Ne f f . However, non-interacting, free-streaming
relativistic particles such as neutrinos leave another important imprint on the CMB anisotropies
through their anisotropic stress [339]. This anisotropic stress suppresses the amplitude of higher
harmonics in the temperature anisotropy spectrum (` > 200) [340] and is phenomenologically
somewhat degenerate with the e↵ects of changing the primordial fluctuation amplitude. However,
because anisotropic stress also shifts slightly the higher acoustic peak positions [340], it has been
possible since the measurement of the third acoustic peak by WMAP after 5 years of observations
to constrain Ne f f from below using WMAP data alone, with Ne f f = 0 excluded at better than
99.5% confidence in a ⇤CDM+Ne f f fit [338, 341]. An upper limit on Ne f f is however not yet
possible with WMAP data alone.

More recently, measurements of the CMB damping tail (` & 1000) by ACT and SPT has pro-
vided us with an additional handle on Ne f f through the e↵ect of zeq on di↵usion damping (or Silk
damping). The di↵usion damping scale rd can be approximated as [342]
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where �T is the Thomson scattering cross-section, and ne is the free electron number density. As
with ✓s, it is the angular di↵usion scale ✓d = rd/DA that we measure. Thus, assuming fixed values

16The decoupling redshift z⇤ also depends logarithmically on the Hubble parameter h. We ignore this dependence here
for our crude estimates.

17The vanilla ⇤CDM model assumes (i) a flat spatial geometry, (ii) an energy content of cold dark matter, baryons, dark
energy due to a cosmological constant, and massless neutrinos, and (iii) adiabatic, scalar-only primordial perturbations
described by a nearly scale-invariant power spectrum.
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Cosmic microwave background and large-scale structure

Unlike BBN, probes of the universe’s late-time inhomogeneities such as the CMB anisotropies
and the large-scale structure distribution are not sensitive to the flavor content of the neutrino
sector, only to its contribution to the stress-energy tensor. If neutrinos are massless, then the Ne f f
parameter as defined in equation (64) alone characterizes their e↵ects on the universe’s evolution.
If neutrinos are massive, then in principle it is necessary to know the exact form of the neutrino
phase space distribution in order to solve the evolution equations for the inhomogeneities exactly.
However, the current generation of late-time cosmological probes are not sensitive to deviations
of the neutrino phase space distribution from the relativistic Fermi-Dirac distribution [336, 337].
Therefore, it su�ces to discuss the neutrino sector only in terms of the neutrino masses m⌫i and the
Ne f f parameter.

Signatures of light sterile neutrinos in the CMB

Additional relativistic energy density due to a thermal population of light particles a↵ects the
CMB anisotropies mainly through its e↵ect on the epoch around matter-radiation equality. If
the particle has a rest mass substantially below the temperature of the thermal population around
matter-radiation equality (a rough estimate for neutrinos might be m⌫,i ⌧ 0.1 eV), then it alters the
equality redshift zeq according to

1 + zeq =
!m

!�

1
1 + 0.227Ne f f

, (68)

where !m and !� are the present-day matter and photon energy densities respectively. Because
observations of the CMB temperature anisotropies strongly constrain zeq through the ratio of the
first and the third acoustic peaks [338], measuring zeq essentially fixes the ratio of the energy
density in matter to the energy density in radiation. However, equation (68) also implies that Ne f f
and the physical matter density !m are strongly degenerate parameters.

If the particle’s rest mass is such that the thermal population transits from an ultra-relativistic
to a non-relativistic distribution around matter-radiation equality (a crude estimate for neutrinos
is m⌫,i ⇠ 0.1–1 eV), then zeq depends also somewhat on the particle’s mass to temperature ratio.
In other words, we expect some degeneracy of Ne f f with the particle’s rest mass. Heavier and/or
colder particle populations (e.g., m⌫,i � 10 eV) that have already become fully non-relativistic
before matter-radiation equality is a non-relativistic matter component in the context of CMB and
LSS. For this reason, the Ne f f parameter does not encompass keV-mass sterile neutrinos in CMB
and LSS studies.

A non-standard Ne f f also a↵ects the sound horizon rs at the time of CMB decoupling ⌧⇤,

rs =

Z ⌧⇤

0
d⌧0cs(⌧0)

' 1
H0

s
4
3

aeq

⌦mR(zeq)
ln
2
666664

p
1 + R(z⇤) +

p
R(z⇤) + R(zeq)

1 +
p

R(zeq)

3
777775 , (69)
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 4.   Damping tail

The envelope of the secondary peaks at large l depends on the angle θd =  λd/DA
where λd is the diffusion length .
Increasing the expansion rate will increase λd

λd which is controlled by the expansion history and  recombination history before the decoupling. It 
depends essentially by free electron ne  (∝ 1/ne).

An enhancing of ne can compensate the increased expansion rate         less 4He  (less recombination ) 

 Close to recombination, the tight-coupling approximation breaks down. 
 Random scattering processes tend to erase perturbations below the photon diffusion length.

ne = (1� Yp)nB
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Fig. 2. Expected values of neutrino masses according to the values in Eq. (2). Left:
individual neutrino masses as a function of the total mass for the best-fit values of
the ∆m2. Right: ranges of total neutrino mass as a function of the lightest state
within the 3σ regions (thick lines) and for a future determination at the 5% level
(thin lines).

Oscillation experiments can measure the differences of squared neutrino masses
∆m2

21 = m2
2 −m2

1 and ∆m2
31 = m2

3 −m2
1, the relevant ones for solar and atmo-

spheric neutrinos, respectively. As a reference, we take the following 3σ ranges
of mixing parameters from an update of ref. [13],

∆m2
21 = (7.9+1.0

−0.8) × 10−5 eV2 |∆m2
31| = (2.2+1.1

−0.8) × 10−3 eV2

s2
12 = 0.30+0.10

−0.06 s2
23 = 0.50+0.18

−0.16 s2
13 ≤ 0.043 (2)

Unfortunately oscillation experiments are insensitive to the absolute scale of
neutrino masses, since the knowledge of ∆m2

21 > 0 and |∆m2
31| leads to the two

possible schemes shown in Fig. 1, but leaves one neutrino mass unconstrained
(see e.g. the discussion in the reviews [14,15,16,17,18]). These two schemes
are known as normal (NH) and inverted (IH) hierarchies, characterized by
the sign of ∆m2

31, positive and negative, respectively. For small values of the
lightest neutrino mass m0, i.e. m1 (m3) for NH (IH), the mass states follow
a hierarchical scenario, while for masses much larger than the differences all
neutrinos share in practice the same mass and then we say that they are
degenerate. In general, the relation between the individual masses and the
total neutrino mass can be found numerically, as shown in Fig. 2.

It is also possible that the number of massive neutrino states is larger than
the number of flavor neutrinos. In such a case, in order to not violate the
LEP results the extra neutrino states must be sterile, i.e. singlets of the SM
gauge group and thus insensitive to weak interactions. At present, the results
of the Liquid Scintillator Neutrino Detector (LSND) [19], an experiment that

7

Planck

in future....
Galaxy distribution, lensing of 
galaxies, galaxy cluster....
(i.e. Euclid)

sensitivity  < 0.1 

 Lesgourgues and  Pastor, 2006 



Equation for the flavour evolution

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

Evolution equation:

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫

➜ 2th order term: “symmetric” matter effect

(charged lepton asymmetry subleading  (O(10-9)) ) 

Figure 2.1: Representative amplitudes contributing to forward scatterning: (a)
leading order and (b) higher order CC interactions (c) leading or-
der and (d) higher order NC interactions, (e) and (f) momentum
conserving and momentum exchanging processes, respectively, corre-
sponding to the low-energy limit of (c).

Self-interaction terms In extreme environments, such as the SN and the
Early Universe, the density of the neutrinos can be high that the neutri-
nos themselves form a background medium for their propagation [59]. The
neutrino-neutrino interactions, / GF , make an additional contribution to the
refractive energy shift. In particular, in addition to the diagonal refractive
index, there will be present also “o↵-diagonal refractive potentials” given by
the zero-momentum transfer processes in which neutrinos flavor exchange.
The amplitudes contributing to these processes are shown in the panel (c),
(d), (e), (f) of the Fig. 2.1.
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The importance of multi-flavour system
Mirizzi et al 2013, arXiv1303.5368

SNH, Δm241 > 0

SIH, Δm241 < 0
Sterile

In the sterile sector:
resonances associated with

NH, Δm231 > 0

IH, Δm231 < 0
Active

Δm24i θi4
i=1,2,3

• More resonances with the matter term, affecting the sterile neutrino production       

•  When the matter term  becomes of the same order of the neutrino mass-squared splitting, induce 
MSW-like resonances between the active and sterile states

• More mixing angles:       

•   oscillation mechanism shared between different flavours  ➜  effects not possible in the simple 
“1+1” scenario



  ✓   ρss  and  distortions of  νe spectra as function of the ν asymmetry parameter
             ⇾ evaluation of  the cosmological consequences 

✗ Very challenging task, involving time consuming numerical calculations
          ⇾ few representative cases

Sterile production by  neutrino asymmetry

Very large asymmetries are necessary to suppress the 
sterile neutrino abundances leading to non trivial 
consequences on BBN L=0

L=10-4

L=10-3

L=10-2

conversions occur at  T ~  Tν decoupling
 ⇛ active not repopulated anymore by 
  collisions  ( ρee< 1 )

⤷
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i
d⇢
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= [⌦, ⇢] + C[⇢]

Evolution equation:

/ GF

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫ + ⌦secr
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C = CSM + Csecr
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Active-Sterile flavour evolution

31

 νs - νs  interaction strength                             for T<< MX  

Allowed

Planck best fit  Ωb h2= 0.02207
PArthENoPE code
Pisanti et al, 2012
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