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v in the Early Universe

• Td ~ 1 MeV (1 sec): ΓWK(Td) = H(Td)

ν decoupling by weak interactions with 
the primordial plasma   CNB

 (Cosmic Neutrino Background)

Relic ν are very abundant, not detected yet 
but established by cosmological observables 
at different epochs:
the CNB contributes to radiation at 
early times and to matter at late times

BBN    CMB             LSS

T~ 0.8 MeV               T <  eV
         

  ν flavor  
   sensitivity

       ν mass sensitivity

     Neff                 Neff

    1
T (MeV)

•  T >> 1 MeV  ➾  νʼs are populated (and reach  
    a  thermal distribution) by weak interactions

✻   Thermal distribution: Tν = 1.95 K 
✻ Number density ( ν + ν ): 112 cm-3/ flavor 
✻ Mean kinetic energy: << meV
✻   Energy density (m >T):
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 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 

At T~ me, e+e- pairs annihilate heating photons.
Since Tdec(ν) is close to me, neutrinos share a 
small part of the entropy release

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...

(+ oscillations)
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When     Γn⟷p  < H   ➜ neutron-to- proton ratio                                           freezes out

This ratio fixes the primordial yields, especially the 4He abundance characterized by 

⤷	 1/7	 including	 neutron	 decays

4

Big Bang Nucleosynthesis (BBN) is the epoch of the Early Universe  (T~1- 0.01 MeV) when 
the primordial abundances of light elements were produced, in particular 2H, 3He, 4He, 7Li.

Helium mass fraction
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Big Bang Nucleosynthesis
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Cosmological  ν influence the production of  primordial light elements:
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Big Bang Nucleosynthesis

Cosmological  ν influence the production of  primordial light elements:

1)   νe, νe   participate in the CC interaction which rule  n ⟷ p
      
     changes in the their energy spectra shift the TF O  ➪  modification in the primordial yields
            

⌫e + n ! e� + p

⌫e + p ! e+ + n

e� + ⌫e + p ! n

n
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2) να  contribute to the radiation energy density  that governs H  before and during BBN 
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3  ∝ Neff

Changing the H would alter the n/p ratio at the onset
 of BBN and hence the light element abundances



Adapted from  Cyburt et al, 2002

 Extra radiation impact on BBN and constraints

Mangano and Serpico. 2012

(at 95% C.L)

Hamann et al, 2011

Same results from analysis on sterile neutrino:

no strong indication for Ns > 0 from BBN alone

5

Upper limit on Neff  from constrains on primordial yields of D and 4He: ΔNeff  ≤ 1

From a measurement of D in a particle astrophysical system:
 Neff = 3.0 ± 0.5 Pettini and Cooke, 2013

Neff            H         early freeze out      n/p        4He 
(Td ↑)

Figure 1: BBN abundance predictions as a function of the baryon-to-photon ratio η, for
Nν,eff = 2 to 7. The bands show the 1σ error bars. Note that for the isotopes other than
Li, the error bands are comparable in width to the thickness of the abundance curve shown.
All bands are centered on Nν,eff = 3.

2 Formalism and Strategy

As is well known, BBN is sensitive to physics at the epoch t ∼ 1 sec, T ∼ 1 MeV. For

a given η, the light element abundances are sensitive to the cosmic expansion rate H at

this epoch, which is given by the Friedmann equation H2 = 8πGρrel ∼ g∗T 4/m2
pl, and is

sensitive (through g∗) to the number of relativistic degrees of freedom in equilibrium. Thus

the observed primordial abundances measure the number of relativistic species at the epoch

of BBN, usually expressed in terms of the effective or equivalent number of neutrino species

Nν,eff [8]. By standard BBN we mean that η is homogeneous and the number of massless

species of neutrinos, Nν,eff = 3. In this case, BBN has only one free parameter, η. We will

for now, however, relax the assumption of exactly three light neutrino species. In this case,

BBN becomes a two-parameter theory, with light element abundance predictions a function

of η and Nν,eff .

In Figure 1, we plot the primordial abundances as a function of η for a range of Nν,eff

from 2 to 7. We see the usual offset in 4He, but also note the shifts in the other elements,

particularly D, and also Li over some ranges in η. Because of these variations, one is not
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Light element abundances are sensitive to extra radiation:
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 v’s and their masses effect the PS of temperature  fluctuations of CMB (T < eV) and
  the matter PS of the LSS inferred by the galaxy surveys.

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

 Lesgourgues, Mangano, Miele and Pastor “Neutrino Cosmology”, 2013 

  Taken from

6Ninetta Saviano

  mν (Σ) 
increases
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v and CMB and 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 

  Taken from
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 v’s and their masses effect the PS of temperature  fluctuations of CMB (T < eV) and
  the matter PS of the LSS inferred by the galaxy surveys.
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Adapted from Y.YY Wong 

constraints Neff  from  the 
CMB Spectrum 

 Extra radiation impact on CMB
If additional degrees of freedom are still relativistic at the time of CMB formation, they impact the CMB 
anisotropies.
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zre, Yp, w,⌦mzLS ...)

(⌦bh
2,⌦ch

2, 100✓MC , ns, As, ⌧)

(H0,⌦k,⌦⇤, Ne↵ ,�8,
X

m⌫ ,

Adapted from Y.YY Wong 
Same data used to measure 
other cosmological parameters 

basic parameters of  ΛCDM: 

 degeneracies

constraints Neff  from  the 
CMB Spectrum 

 Extra radiation impact on CMB

+    derived parameters    

If additional degrees of freedom are still relativistic at the time of CMB formation, they impact the CMB 
anisotropies.

 necessary to combine with other cosmological probes 
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W7+LRG+H038
W7+BAO+H039
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W7+SPT+BAO+H050
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W7+SPT+BAO+H055
W9+ACT+SPT+BAO+H056 Neff

Figure 1: A selection of cosmological Neff measurements and 68% confidence intervals from the liter-
ature for various combinations of models and data sets. W denotes WMAP followed by data release.
The models are all ΛCDM plus the extensions given on the plot. Results from: 1,9,10,23,50Joudaki
(2012), 2,3Gonzalez-Garcia et al. (2010), 4,5,13,15,16Hamann et al. (2010), 6,22,46Wang et al.
(2012), 7,8Riemer-Sørensen (2012), 11,12,32Smith et al. (2012), 14Riemer-Sørensen et al. (2013),
17,33Archidiacono et al. (2011), 18Benson et al. (2011), 19,20,21Giusarma et al. (2011), 24Zhao et al.
(2012), 25,51,52,53Giusarma et al. (2012), 26Izotov & Thuan (2010), 27Pettini & Cooke (2012),
28Mangano & Serpico (2011), 29Nollett & Holder (2011), 30,31Audren et al. (2012), 34,35Keisler et al.
(2011), 36,37Dunkley et al. (2011), 38,39Komatsu et al. (2011), 40,42,43Reid et al. (2010), 41Mantz et al.
(2010), 44Xia et al. (2012), 45Moresco et al. (2012), 47Gonzalez-Morales et al. (2011), 48,49Calabrese et al.
(2012), 54,55Hou et al. (2012), 56Hinshaw et al. (2012).

CMB & LSS hints for extra radiation before Planck

Summarizing:

Riemer-Sørensen, Parkinson & Davis, 2013

G. Hinshaw, et al.2013

J.L.Sievers et al. 2013

Komatsu et al., 2008,2010
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   CMB  (combined) Neff

WMAP5+ BAO+ H0+SN 4.4 ± 1.5 (68% C.L.)

WMAP7+ BAO+ H0 4.4 ± 0.84 (68% C.L.)

WMAP9+ BAO+ H0+ ACT+ SPT 
(Yp fixed)

3.84 ± 0.40 (68% C.L.)

Ninetta Saviano

Hints for extra radiation reduce over the years

Slight preference for Neff >3.046



Neff and  ∑mν  constraints after Planck
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

 ⤷   compatible with the standard value at 1-σ 

Planck XVI, 2013

Ninetta Saviano 9

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

IFAE,9-11 April 2014
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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
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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

bounds on ν  mass

     model     Planck
         +

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

 3 degenerate νa WP+HighL+BAO ∑mν < 0.23 

  Joint analysis
  Neff & 3 degen νa 

WP+HighL+BAO
Neff = 3.32 ± 0.54 

∑mν < 0.28 

  Joint analysis
  Neff & 1 mass νs 

   BAO
Neff < 3.80 

meff
νs < 0.42 

Planck XVI, 2013

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

Ninetta Saviano

me↵
⌫s ⌘ (94, 1 ⌦⌫h

2)eV

 ⤷   compatible with the standard value at 1-σ 
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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↵
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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

bounds on ν  mass

     model     Planck
         +

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

 3 degenerate νa WP+HighL+BAO ∑mν < 0.23 

  Joint analysis
  Neff & 3 degen νa 

WP+HighL+BAO
Neff = 3.32 ± 0.54 

∑mν < 0.28 

  Joint analysis
  Neff & 1 mass νs 
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Neff < 3.80 
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Planck XVI, 2013

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



 Experimental anomalies &  sterile ν interpretation
Some experimental data in tension with the standard 3ν scenario:

1.  νe appearance signals 

2. νe and νe disappearance signals 

•  excess of  νe originated by initial νµ : LSND/ MiniBooNE 

•   deficit in the νe fluxes from nuclear reactors (at short distance)

•  reduced solar νe  event rate  in Gallium experiments

 These anomalies, if interpreted as oscillation signals, point towards the possible 
existence of 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

Mention et al.2011
Acero, Giunti and Lavder, 2008

A. Aguilar et al., 2001

A. Aguilar et al., 2010

(…and sometimes in tension among themselves….)

Sterile neutrino : does not have weak interactions and does not contribute to the  
number of active neutrinos determined by LEP

11Ninetta Saviano

 Giunti and Lavder, 2011

 Kopp, et al. 2011

Many analysis have been performed   3+1, 3+2  schemes Kopp at al., 2013
Giunti et al., 2013
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• Describe the ν ensemble in terms of 4x4 density matrix  

Active-sterile flavor evolution
Sterile ν are produced in the Early Universe by the mixing with the active species 

✳ No primordial sterile neutrino is present

• introduce the dimensionless variables
                                                                          with m =  arbitrary mass scale;     a= scale factor, a(t) → 1/T

x ⌘ m a; y ⌘ p a; z ⌘ T� a;

• denote the time derivative                                               ,  H  the Hubble parameter 
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 the EoM become:

H ⌘ x2

m
H

12Ninetta Saviano

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
Dolgov and Villante, 2003
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Active-sterile flavor evolution
Sterile ν are produced in the Early Universe by the mixing with the active species 

x ⌘ m a; y ⌘ p a; z ⌘ T� a;

Vacuum term
with M neutrino mass matrix
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• denote the time derivative                                               ,  H  the Hubble parameter H ⌘ x2

m
H

• introduce the dimensionless variables
                                                                          with m =  arbitrary mass scale;     a= scale factor, a(t) → 1/T
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✳ No primordial sterile neutrino is present
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CCA• Describe the ν ensemble in terms of 4x4 density matrix  

Active-sterile flavor evolution
Sterile ν are produced in the Early Universe by the mixing with the active species 

x ⌘ m a; y ⌘ p a; z ⌘ T� a;
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McKellar & Thomson, 1994
Dolgov et al., 2002.
Dolgov and Villante, 2003

charged lepton asymmetry subleading  (O(10-9)) ➜ 
➜ 2th order term: “symmetric” matter effect
        sum of  e- - e+ energy densities ε

 MSW effect with  background medium 
       (refractive effect)

5

In terms of ! and !̄ the Equations of Motion (EoMs) for the neutrino ensemble assume the form [29, 30, 52]

i
d!

dx
= +

x2

2m2 y H

[
U†M2U , !

]
+

√
2GF m2

x2 H

[(
−

8 ym2

3 x2 m2
W

E! −
8 ym2

3 x2 m2
Z

Eν + Nν

)
, !

]

+
xC[!]

mH
, (12)

i
d!̄

dx
= −

x2

2m2 y H

[
U†M2U , !̄

]
+

√
2GF m2

x2 H

[(
+

8 ym2

3 x2 m2
W

E! +
8 ym2

3 x2 m2
Z

Eν + Nν

)
, !̄

]

+
xC[!̄]

mH
, (13)

x
dε

dx
= ε− 3P . (14)

In the previous expressions H denotes the properly normalized Hubble parameter, namely

H ≡
x2

m
H =

x2

m

√
8π ε(x, z(x))

3M2
Pl

=

(
m

MPl

)√
8πε(x, z(x))

3
, (15)

where the total energy density and pressure of the plasma, ε and P , enter through their “comoving transformed”
ε ≡ ε(x/m)4 and P ≡ P (x/m)4 respectively. Since for most of the temperatures we are interested in, electron and
positrons are the only charged leptons populating the plasma in large numbers, to a very good approximation the
total energy density can be expressed as the sum

ε(x, z(x)) $ εγ + εe + εν , (16)

where

εγ =
π2

15
z4(x) , (17)

εe =
1

π2

∫ ∞

0

dy y3 [fFD(y/z(x)− φe) + fFD(y/z(x) + φe)] $
7 π2

60
z4(x) , (18)

εν =
1

2π2

∫
dy y3Tr[!(x, y) + !̄(x, y)] ≡

7

8

π2

15
Neff . (19)

Note that due to the range of temperature T considered we have safely assumed massless e± that, due to the fast
electromagnetic interactions, have a Fermi-Dirac distribution fFD(y/z(x)∓φe) ≡ 1/(exp(y/z(x)∓φe)+1) respectively.
The reduced electron chemical potential φe is in principle a dynamical variable that requires a further equation (the
electric charge conservation) in order to be evolved consistently. However, for our purpose electrons are only important
when their energy density is dominated by pairs, rather than by the e− excess due to the baryon asymmetry, and φe

can be put equal to zero.
The first term on the r.h.s. of the EoMs (12) and (13) is responsible for the vacuum neutrino oscillations. In the

second term, the diagonal matrix E! related to the energy density of charged leptons under the previous assumptions
takes the form

E! ≡ diag(εe, 0, 0, 0) = diag

(
7 π2

60
z4(x), 0, 0, 0

)
. (20)

Moreover we have

Nν =
1

2π2

∫
dy y2 {Gs(!(x, y)− !̄(x, y))Gs + GsTr [(!(x, y)− !̄(x, y))Gs]} , (21)

Eν =
1

2π2

∫
dy y3 Gs(!(x, y) + !̄(x, y))Gs . (22)

These terms make the EoMs non-linear and are the main numerical challenge in dealing with this physical system.
Note that the matrix Nν is related to the difference of the density matrices of neutrinos and antineutrinos, while
Eν to their sum. The matrix Gs = diag(1, 1, 1, 0) in flavor space contains the dimensionless coupling constants. We
remark that in the presence of more than one active species, the Nν matrix also contains off-diagonal terms. The
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• introduce the dimensionless variables
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✳ No primordial sterile neutrino is present
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self-interactions of ν with the ν background:
off-diagonal potentials ➠  non-linear EoM
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✳ No primordial sterile neutrino is present

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
Dolgov and Villante, 2003
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• Describe the ν ensemble in terms of 4x4 density matrix  

Active-sterile flavor evolution
Sterile ν are produced in the Early Universe by the mixing with the active species 
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✳ No primordial sterile neutrino is present

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
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✳ No primordial sterile neutrino is present

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
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 the EoM become:

i
d%

dx
= +

x2

2m2 y H

⇥
M2, %

⇤
+

p
2GF m2

x2 H
⇥

�8 ym2

3x2

✓
E`

m2
W

� E⌫

m2
Z

◆
+ N⌫ , %

�
+
x Ĉ[%(y)]

mH

Collisional term  ∝ GF2   
creation, annihilation and all the momentum 
exchanging processes

@
t

! @
t

�Hp @p = Hx @
x

• denote the time derivative                                               ,  H  the Hubble parameter H ⌘ x2

m
H

• introduce the dimensionless variables
                                                                          with m =  arbitrary mass scale;     a= scale factor, a(t) → 1/T

12Ninetta Saviano

✳ No primordial sterile neutrino is present

Sigl and Raffelt 1993;
McKellar & Thomson, 1994
Dolgov et al., 2002.
Dolgov and Villante, 2003
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Bounds on active-sterile mixing parameters after Planck

✔  sterile abundance by flavor evolution of the active-sterile system for 3+1 scenario
     (to be compared with the Planck constraints)

✔  2 sterile mixing angles (+ 3 active )                  10-5 ≤ sin2θi4 ≤ 10-1  (i= 1,2)

✔  sterile mass-square difference Δm2st = Δm241 (+ 2 active)    10-5 ≤  Δm241 /eV2 ≤ 102 

✔  average-momentum approximation (single momentum):  
        

✔ conservative scenario: vanishing primordial neutrino asymmetry 

%p(T ) = fFD(p)⇢(T ) (hpi = 3.15 T )

Mirizzi, Mangano, N.S. et al 2013, arXiv:1303.5368

13Ninetta SavianoIFAE,9-11 April 2014

see also Cirelli, Marandella, Strumia and Vissani, 
2004  
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Bounds on active-sterile mixing parameters after Planck
                                                                  ... our results

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

          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.

✓  Normal active hierarchy

✓  Normal sterile hierarchy

Radiation bounds

Mirizzi et al 2013, arXiv1303.5368
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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.

IFAE,9-11 April 2014
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Bounds on active-sterile mixing parameters after Planck
                                                                  ... our results

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

          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.

✓  Normal active hierarchy

✓  Normal sterile hierarchy

Radiation bounds

Mirizzi et al 2013, arXiv1303.5368
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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.

simple behavior for
 θ24 ≃ 0  and for large sterile mass
                           see also Hannestad, Tamborra and Tram 2012  

IFAE,9-11 April 2014



Ne↵ =
1

2
Tr[⇢+ ⇢̄]

Bounds on active-sterile mixing parameters after Planck
                                                                  ... our results

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

          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.

✓  Normal active hierarchy

✓  Normal sterile hierarchy

Radiation bounds

Mirizzi et al 2013, arXiv1303.5368
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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.

complex behavior for
small sterile mass due to resonances
 and for θ24 > 0
                        see also Dolgov and Villante, 2003  

IFAE,9-11 April 2014
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Bounds on active-sterile mixing parameters after Planck
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・Black curves imposing the 95% C.L. Planck constraint  Neff < 3.8   on ours                                

          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
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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.

✓  Normal active hierarchy

✓  Normal sterile hierarchy

Radiation 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.

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

✓  Normal active hierarchy

✓  Normal sterile hierarchy
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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
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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• The sterile neutrino parameter space is severely constrained.

• Excluded area from the mass bound covers the region accessible 
   by  current and future laboratory experiments.

• Sterile ν with m ∼ O (1 eV)   strongly disfavored
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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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 Suppression of the sterile production
  •   large ν-ν asymmetries

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

                       Non trivial implication for BNN   

 

Mirizzi, N.S., Miele, Serpico 2012

 Saviano et al., 2013
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Very large asymmetries are necessary to suppress the 
sterile neutrino abundances leading to non trivial 
consequences on BBN
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B-mode by BICEP2

19

 Detection at about 5.9 σ for B-mode polarization on 
large angular scales, compatible with the presence of 
a tensor component with amplitude 
r0.002  = 0. 2+-0.06  at 68 %  c.l.
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E. Giusarma et al, 2014

C. Dvorkin et al, 2014

Neff = 4.00 +- 0.41  (68% C.L.)
(Only CMB data) 
Extra radiation seems to mitigate the tension
 among Planck and BICEP2 results 

meff
νs = 0.47+-0.13 eV

Neff = 0.81 +- 0.25 

New possibility for sterile neutrinos?

Neutrinos help reconcile Planck measurements with 
both Early and Local Universe

M. Archidiacono et al, 2014

CMB+ other probes

21IFAE,9-11 April 2014 Ninetta Saviano



E. Giusarma et al, 2014

C. Dvorkin et al, 2014

Neff = 4.00 +- 0.41  (68% C.L.)
(Only CMB data) 
Extra radiation seems to mitigate the tension
 among Planck and BICEP2 results 

meff
νs = 0.47+-0.13 eV

Neff = 0.81 +- 0.25 

New possibility for sterile neutrinos?

Neutrinos help reconcile Planck measurements with 
both Early and Local Universe

21

M. Archidiacono et al, 2014

CMB+ other probes

21

Caution: whatever Neff, fully thermalized eV sterile neutrinos are too heavy for the LSS

A serious theoretical consideration for possible candidates is necessary
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 Extra radiation impact on BBN and constraints

3

Datasets N
max
eff N

min
eff L(Neff ≤ N

SM
eff )

ωb+
2H+4He 4.05 2.56 0.20

ωb+
2Hlow +4He 4.08 2.57 0.19

2H+4He 3.91 0.80 0.67
ωb + Y

CMB
p +2H+4He 4.08 2.71 0.15

TABLE I: Constraints on Neff corresponding to different
datasets used: i) first row: Eq. (6), Eqs. (1;3), Eq. (4); ii) sec-
ond row: Eq. (6), Eqs. (1;3), Eq. (5); iii) third row: Eqs. (1;3)
and Eq. (4); fourth row: as the first one, with the additional
CMB measurement of Yp of Eq. (7). The last column shows
the likelihood that Neff is smaller than the standard value
3.046 [19].

plane, then marginalized over the parameter ωb, which
is not of interest here. The results of our analysis are
thus encoded in the 1-dimensional likelihoood functions
L(Neff), whose integrals are normalized to 1. These func-
tions are shown in Fig. 1 and relevant numerical quan-
tities are summarized in Table I. We define Nmin

eff and
Nmax

eff such that

∫ 7

Nmin
eff

L(x)d x = 0.95 ,

∫ Nmax

eff

0

L(x)d x = 0.95 , (8)

and the parameter L(Neff ≤ NSM
eff ) in Table I as

L(Neff ≤ NSM
eff ) =

∫ NSM

eff

0

L(x)d x . (9)

When remembering that the standard model expec-
tation for Neff is about 3.046 [19], we see that in all
cases we get a bound ∆Neff ≤ 1. The reason why it is
slightly more stringent when using deuterium as a “mea-
surement” of ωb instead of CMB (third line) is that it
favors a slightly smaller value for the baryon fraction.
In correspondence of this smaller value, the deuterium
yield is a bit larger. Since deuterium grows with Neff , in
this case the deuterium hits the upper bound for a lower
value of Neff , increasing its constraining power. As it is
clear from the second row of Table I, allowing for primor-
dial deuterium depletion and limiting oneself to consider
the lowest limit of its measured value as a lower limit,
the bound does not change much, since the constraining
power derives from the upper limit on 4He. In Fig. 1,
this reflects on the quite hard cut in the likelihood func-
tions at large Neff . Also, adding the CMB measurement
of Yp of Eq. (7) does not change much the situation with
respect to the first case: the slight shift towards higher
values of Neff reported in the fourth row is simply due to
the fact that the current best value of Yp from CMB is
above the BBN prediction, albeit not significantly (less
than 1.5 σ). This also proves indirectly that if we had
imposed a loose lower-bound on Yp (say, Yp > 0.225) in-
stead of the flat likelihood of Eq. (3) at low-Yp, the result
would hardly change.
On the other hand, comparing the first and last two

lines in the table shows that an independent constraint
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FIG. 1: Marginalized 1-D likelihood functions L versus Neff

using the different combinations of data as in Table I. Solid
(red) and dashed (purple) curves are obtained using CMB
measurement of ωb, with the dotted (black) one also adds
CMB information on Yp. In all cases the quite sharp cut-off
at Neff ∼ 4 is due to 4He abundance upper limit.

on ωb and possibly even a relatively weak lower limit on
Yp are quite useful in setting a stringent lower limit on
Neff (second column of Table I). In particular, the effect
of the constraint on ωb is explained as follows: since the
dependence of 4He on ωb is very weak, and 2H suffers
of a partial degeneracy between Neff and ωb, relatively
low values of Neff can be compensated with relatively
high values of ωb. Hence, imposing an upper limit on ωb

yields to a more stringent lower limit on Neff . Of course,
this exercise has only illustrative purpose: the physics
behind the CMB measurement on ωb is well understood,
and any cosmologically meaningful lower limit on Neff is
significantly larger than the value reported at the third
row in Table I.
Finally, it is interesting to consider the last column in

Table I, illustrating the likelihood that the inferred Neff

value is lower or equal than its standard model expec-
tation: we see that BBN alone has no clear preference
for a larger-than-standard Neff (compared to a lower-
than-standard one) when the observed abundances are
interpreted conservatively. The blue, dot-dashed curve
in Fig. 1 also shows graphically the same effect. Even
when combined with CMB data, BBN does not favor
significantly larger-than-standard values for Neff .

IV. DISCUSSION AND CONCLUSIONS

In this letter, we have discussed a new and more con-
servative approach to derive BBN constraints on Neff ,
motivated by growing concerns on the reliability of astro-
physical determinations of primordial 4He. We showed

Mangano and Serpico. 2012

(at 95% C.L)

Hamann et al, 2011

Same results from analysis on sterile neutrino:

no strong indication for Ns > 0 from BBN alone
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Figure 1: BBN abundance predictions as a function of the baryon-to-photon ratio η, for
Nν,eff = 2 to 7. The bands show the 1σ error bars. Note that for the isotopes other than
Li, the error bands are comparable in width to the thickness of the abundance curve shown.
All bands are centered on Nν,eff = 3.

2 Formalism and Strategy

As is well known, BBN is sensitive to physics at the epoch t ∼ 1 sec, T ∼ 1 MeV. For

a given η, the light element abundances are sensitive to the cosmic expansion rate H at

this epoch, which is given by the Friedmann equation H2 = 8πGρrel ∼ g∗T 4/m2
pl, and is

sensitive (through g∗) to the number of relativistic degrees of freedom in equilibrium. Thus

the observed primordial abundances measure the number of relativistic species at the epoch

of BBN, usually expressed in terms of the effective or equivalent number of neutrino species

Nν,eff [8]. By standard BBN we mean that η is homogeneous and the number of massless

species of neutrinos, Nν,eff = 3. In this case, BBN has only one free parameter, η. We will

for now, however, relax the assumption of exactly three light neutrino species. In this case,

BBN becomes a two-parameter theory, with light element abundance predictions a function

of η and Nν,eff .

In Figure 1, we plot the primordial abundances as a function of η for a range of Nν,eff

from 2 to 7. We see the usual offset in 4He, but also note the shifts in the other elements,
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Light element abundances are sensitive to extra radiation:



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-

46

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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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....
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sensitivity  < 0.1 

 Lesgourgues and  Pastor, 2006 
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In the sterile sector:
resonances associated with

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

19

• More mixing angles:       

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

L = -10-4

(kept constant)

Resonance
Vasy ≈  Vvac

• For L < 0  resonance occurs in the anti– ν channel

• For L > 0  resonance occurs in the ν channel 

Mirizzi, N.S., Miele, Serpico 2012
       Phys. Rev. D 86, 053009

MSW effect on ν-ν asymmetric interaction term (Vasy)

Due to it’s dynamical nature , L changes sign  resonances in both ν and ν channels  



Multi-momentum treatment
  ✓   Compute Neff   and possible distortions of  νe spectra as function of the ν
         asymmetry parameter          evaluation of  the cosmological consequences 

✗ Very challenging task, involving time consuming numerical calculations
                 study in (2+1) scenario and for few representative cases

Results:

multi-momentum

single-momentum

Enhancement of the sterile production with
 respect to the single-momentum approx. 

Saviano et al, 2013

0.34



Enhancement  at most of  0.2 of unity for ΔN with respect to the single-momentum approx. 

  ✓   Compute Neff   as function of the ν asymmetry parameter

looking at the extra contribution

One needs to consider very large asymmetries in order to significantly suppress 
the production  of sterile neutrinos.

see also Hannestad, Tamborra and Tram, 2012

 Neff   from multi-momentum treatment

0.22



  ✓   Compute Neff   as function of the ν asymmetry parameter

looking at the extra contribution

 Neff   from multi-momentum treatment

0.22

0.34

Clear indication that active are depleted since they are not 
fully repopulated by collisions near the temperature of 
neutrino decoupling    

         
             possible distortion in the  active neutrino spectra



Spectral distortions at T = 1 MeV 

Sizable distortions (especially for ξ =10-2)   
   consequences on primordial yields   

y2 ρee (y)

y2 feq (y, ξe)          
ξν= µν /T

Saviano et al, 2013



Non-trivial implications on BBN

asymmetry + νs

    Yp        

PArthENoPE code. Pisanti et al, 2012

Saviano et al, 2013

asymmetry 

   Yp        


