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Neutrino proprieties from cosmological probes



The Standard Model includes 3 species of 
massless neutrinos interacting only  through
the weak interactions.

νe νµ ντ

+ anti-neutrinos
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3ν  Scenario 

N⌫ = 2.984± 0.008LEP data:
(PDG 2012)
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The Standard Model includes 3 species of 
massless neutrinos interacting only  through
the weak interactions.

+ anti-neutrinos

In the last two decades, a long series of  ν oscillation experiments has established  that 
neutrinos are massive and oscillate. 
Indeed the 3-flavour eigenstates (νe, νµ, ντ) produced by charged-current weak interactions 
oscillate due to he fact that they are quantum superposition  of the 3-mass eigenstates (ν1, ν2, ν3) :
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3ν  Scenario + Oscillations ( I )
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N⌫ = 2.984± 0.008LEP data:
(PDG 2012)

νe νµ ντ

flavour eigenstates

flavour eigenstates
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3ν  Scenario + Oscillations ( II )
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:
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Parameters well-known from  oscillation experiments:

 mixing angles  θ23 ≈ 39o,        θ13 ≈ 9o,          θ12  ≈ 34o                      

  oscillations driven by 2 independent mass squared  differences  
            Δm2

21 = Δm2
sol = 7.5 x 10-5 eV2,  |Δm2

31,2| = |Δm2
atm| =2.4 x 10-3 eV2

solar sectoratmospheric sector

3ν  Scenario + Oscillations ( II )



Parameters well-known from  oscillation experiments:

Still unknown:           and the  neutrino hierarchy ( i.e. the sign of Δm2
atm ):

 mixing angles  θ23 ≈ 39o,        θ13 ≈ 9o,          θ12  ≈ 34o                      

  oscillations driven by 2 independent mass squared  differences  
            Δm2

21 = Δm2
sol = 7.5 x 10-5 eV2,  |Δm2

31,2| = |Δm2
atm| =2.4 x 10-3 eV2

The unitary 3 ⇥ 3 mixing matrix U (the leptonic analogue of the quark
mixing matrix), sometimes referred to as the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix [14] is:

U =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13e�i� c12c23 � s12s23s13e�i� s23c13
s12s23 � c12c23s13ei� c12s23 � s12c23s13ei� c23c13

1

A⇥

0

@
1 0 0
0 ei� 0
0 0 ei�

1

A

(1.8)

with sij= sin ✓ij, cij= cos ✓ij and ✓12, ✓23, ✓13 are the three mixing angles.
The phase � is a CP-violating phase present in both Majorana and Dirac
neutrino cases, while � and � are CP-violating phases present only in the
case of Majorana neutrinos.

Even if the most evident proof of the neutrino masses are the neutrino
flavor oscillations, these are not sensitive to the absolute mass but only to
the mass-square di↵erences m2

i �m2
j . The current neutrino phenomenology

implies that three-neutrino mass spectrum {mi}, with i = 1, 2, 3, is formed
by a doublet of relatively close states and by a third single neutrino state,
which may be either heavier than the doublet (“Normal Hierarchy”, NH) or
lighter (“Inverted Hierarchy”, IH) (Fig. 1.1).

Figure 1.1: Neutrino mass ordering: normal mass hierarchy (left) and inverted
mass hierarchy (right).

The lightest neutrino of the doublet is usually referred as ⌫1 while the
heaviest one is ⌫2 and the corresponding mass-squared di↵erence is defined
as

�m2
21 = �m2

sol = m2
2 �m2

1 > 0 (1.9)

and indicated as solar mass square di↵erence.
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3ν  Scenario + Oscillations ( II )



v in the Early Universe ( I )
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T (MeV)
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•  T >> 1 MeV  ➾  νʼs are populated 
                         by weak interactions



v in the Early Universe ( I )

    1
T (MeV)

• Td ~ 1 MeV (1 sec): ΓWK(Td) = H(Td)

ν decoupling by weak interactions with 
the primordial plasma   CNB

 (Cosmic Neutrino Background)
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v in the Early Universe ( I )

    1
T (MeV)

• Td ~ 1 MeV (1 sec): ΓWK(Td) = H(Td)

ν decoupling by weak interactions with 
the primordial plasma   CNB

 (Cosmic Neutrino Background)

CNB contributes to radiation at early 
times and to matter at late times

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

2 =

P
i mi

94.1 eV

•  T >> 1 MeV  ➾  νʼs are populated 
                         by weak interactions

4



feq(p, T ) =
1

ep/T + 1

Neutrinos  mass < 1 eV    still ultra-relativistic at the 
decoupling 

Neutrinos keep a momentum spectrum  with an
 equilibrium  Fermi- Dirac form with temperature T

•   In the standard cosmological scenario, neutrinos of different flavours are produced  with 
      the same energy  spectrum (except for small spectral distortions due to a non-instantaneous      
        neutrino decoupling ) 

no effect from the oscillations among the 3 flavour states in the standard scenario. 

•  In non-standard scenarios (primordial neutrino asymmetry, sterile neutrinos, low reheating)

Oscillations can lead to  cosmological consequences, depending on the temperature 

v in the Early Universe ( II )
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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...
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n

p
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Yp =
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1 + n/p

Big Bang Nucleosynthesis 

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

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

Helium mass fraction

⤷	 1/7	 including	 neutron	 decays

7

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.
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Abundance of light elements predicted as function of:

➣ standard scenario:   ωb = Ωb h2

                                 (equivalently ηB= nB/nγ)

                                     ωb = Ωb h2

➣ non-standard:           Neff (>3)
                                                        ξν (chemical potential)
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7

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.

Abundance of light elements predicted as function of:
BBN code: PArthENoPE (Pisanti et al, 2008)
numerical solution of a set of differential equations 
governing the evolution of  each nuclide species

  weak rates (known at 0.1% level)

  neutron lifetime τn (=880.1± 1.1 s;  PDG 2012)
 

  nuclear rates 

Helium mass fraction

Ninetta Saviano

Big Bang Nucleosynthesis

➣ standard scenario:   ωb = Ωb h2

                                 (equivalently ηB= nB/nγ)

                                     ωb = Ωb h2

➣ non-standard:           Neff (>3)
                                                        ξν (chemical potential)



v and Big Bang Nucleosynthesis
Cosmological  ν influence the production of  primordial light elements in two ways:

1)   νe, νe   participate in the CC weak interactions which rule the n ⟷ p interconversion
             
              any change in the their energy spectra can shift the n/p ratio 
           freeze out temperature  ➪ modification in the primordial yields
            
              i.e.  νe - νe   asymmetry (chemical potential ξe) ➝

2) να  contribute to the radiation energy density  that governs the expansion rate of the
     Universe  before and during BBN epoch and then the n/p ratio.

⌫e + n ! e� + p

⌫e + p ! e+ + n

e� + ⌫e + p ! n

n

p
= e(��m/T�⇠e)

H =
ȧ

a
=

r
8⇡GN ✏R

3
 (γ, e, ν, x)
             ↳∝ Neff

Changing the H would alter the n/p ratio at the onset
 of BBN and hence the light element abundances
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 Extra radiation impact on BBN and constraints

Mangano and Serpico. 2012Hamann et al, 2011

No strong indication for  ΔNeff  > 0 from BBN alone

9

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

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

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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B

Adapted from  Cyburt et al, 2002

Light element abundances are sensitive to extra radiation:

ΔNeff  ≤ 1   (95% C.L.)



 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
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  mν (Σ) 
increases



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.



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.

12Ninetta Saviano



zre, Yp, w,⌦mzLS ...)

(⌦bh
2,⌦ch

2, 100✓MC , ns, As, ⌧)

(H0,⌦k,⌦⇤, Ne↵ ,�8,
X

m⌫ ,

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 

12Ninetta Saviano



www.publish.csiro.au/journals/pasa 3

2 3 4 5 6 7
Neff

W7+SPT+BAO+H0+Union21 Neff+Ωk+fν+w+nsrun
W7+CMB+LRG+SN+H02
W7+CMB+BAO+SN+H03 Neff+Ωk+fν+w
W7+CMB+LRG+H04
W7+CMB+BAO+H05
W7+H0+WL+BAO+H(z)+Union26
W7+SPT+WiggleZ+H(z)+BAO+SNLS7
W9+SPT+WiggleZ+H(z)+BAO+SNLS8
W7+SPT+BAO+H09
W7+SPT+BAO+H0+Union210 Neff+fν+w
W7+ACT+SPT+BAO+H011 Neff+Ωk+fν
W7+ACT+SPT+BAO+H012
W7+BAO+H013 Neff+Ωk
W7+SPT+WiggleZ+H(z)+BAO+SNLS14
W7+CMB+LRG+H015
W7+CMB+BAO+H016
W7+ACT+SPT+LRG+H017
W7+SPTSZ+BAO+H018
W7+SDSS+H019
W7+SDSS+H0+Union220
W7+SDSS+H0+Union2+4He+D/H21
W7+H0+WL+BAO+H(z)+Union222
W7+SPT+BAO+H023
W7+SNLS+BAO+BOSS24
W7+SPT+BAO+H025 Neff+fν
4He26
D/H27
D/H+4He28
W7+D/H29
W7+SPT(agnostic)30
W7+SPT31
W7+ACT+SPT+BAO+H032
W7+ACT+SPT+LRG+H033
W7+SPT+BAO+H034
W7+SPT35
W7+ACT+BAO+H036
W7+ACT37
W7+LRG+H038
W7+BAO+H039
W5+LRG+maxBGC+H040
W5+CMB+BAO+fgas+H041
W5+LRG+H042
W5+BAO+SN+H043
W7+H0+SDSS+SN+CHFTLS44
W7+SPT+H(z)+H045
W7+H0+WL+BAO+H(z)+Union246
W7+ACBAR+BAO+H0+ACT47
W7+ACBAR+ACT+SPT+SDSS+H048
W7+ACBAR+ACT+SPT+SDSS+MSH049
W7+SPT+BAO+H050
W7+SPT51
W7+H052
W7+SPT+BAO+H053
W7+SPT54
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

Riemer-Sørensen, Parkinson & Davis, 2013
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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:
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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.)
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(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),
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(2012), 54,55Hou et al. (2012), 56Hinshaw et al. (2012).

CMB & LSS hints for extra radiation before Planck

Summarizing:

   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.)

Riemer-Sørensen, Parkinson & Davis, 2013

G. Hinshaw, et al.2013
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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),
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CMB & LSS hints for extra radiation before Planck

Summarizing:

Hints for extra radiation reduce over the years

Slight preference for Neff >3.046

Riemer-Sørensen, Parkinson & Davis, 2013
13

   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.)
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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↵

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

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

14Ninetta Saviano

.

Standard scenario:

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

•   For 3 degenerate active ν :
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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
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 ⤷   compatible with the standard value at 1-σ 

Planck XVI, 2013

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

Standard scenario:

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

•   For 3 degenerate active ν :

Second release to appear very soon....
only rumors  from conference presentations...



 Extended scenario: 

sterile neutrinos
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...is necessary to assess the conditions under which they are produced



 Effects to take into account for the ν propagation:

1. Interactions with the external background medium 
•   Refractive effects  (forward scatterings)
•   Collisions which destroy the coherence of the evolution, influencing the behavior 

             of the  mixing

2. Neutrinos interactions among themselves (refractive self-interactions): the ν gas is so
    dense, that ν form a  background medium, making the problem a  non-linear phenomenon 

Active-sterile flavour evolution
Sterile ν are produced in the Early Universe by the mixing with the active species 
in presence of collisions  Stodolsky , Raffelt and Sigl,1992 ;  

Sigl and Raffelt 1993;
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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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 Joint constraints on Neff and  ∑mν

     model     Planck
         +

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

  Joint analysis
  Neff & 3 degen νa 

WP+HighL+BAO
Neff = 3.32 ± 0.54 

∑mν < 0.28 

  Joint analysis
  Neff & 1 mass νs 

WP+HighL+BAO
Neff < 3.80 

meff
νs < 0.42 

Planck XVI, 2013

me↵
⌫s ⌘ (94, 1 ⌦⌫h

2)eV

Ninetta Saviano

ΔNeff = 0.61 +- 0.30  
                                         (1σ)meff

νs = 0.41+-0.13 eV
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Hamann and Hasenkamp, 2013

CMB
all

all= CMB+H0+ C+ CFHTLens
L. Verde et al, 2014

meff
νs  < 0.3  eV (95% C.L)



Bounds on active-sterile mixing parameters after Planck

✔  sterile abundance by flavour 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):  
        

%p(T ) = fFD(p)⇢(T ) (hpi = 3.15 T )

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

6

10!110!210!310!410!5

10!1

10!2

10!3

10!4

10!5

1

101

102

sin2
Θ14

#
m

4
1

2
!e

V
2
"

a" #m41
2
$ 0, sin2

Θ34 % 0

KATRIN

10!2

10!1.5

10!3

sin 2
Θ

24
%

0

SBL

sol. upturn

10!110!210!310!410!5

10!1

10!2

10!3

10!4

10!5

1

101

102

sin2Θ24

#
m

4
1

2
!e

V
2
"

b" #m41
2 $ 0, sin2Θ34 % 0

ΝΜ disap.

SBL

10!2

10!1.5

10!3

sin 2
Θ
14 %

0

10!110!210!310!410!5

10!2

10!3

10!4

10!5

sin2
Θ14

!#
m

4
1

2
!
"e

V
2
#

c# #m41
2
$ 0, sin2

Θ34 % 0

10!3 sin 2
Θ

24
%

0

10!110!210!310!410!5

10!2

10!3

10!4

10!5

sin2
Θ24

!#
m

4
1

2
!
"e

V
2
#

d# #m41
2
$ 0, sin2

Θ34 % 0

10!3

10!2

sin 2
Θ

1
4
%

0

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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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 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

6

10!110!210!310!410!5

10!1

10!2

10!3

10!4

10!5

1

101

102

sin2
Θ14

#
m

4
1

2
!e

V
2
"

a" #m41
2
$ 0, sin2

Θ34 % 0

KATRIN

10!2

10!1.5

10!3

sin 2
Θ

24
%

0

SBL

sol. upturn

10!110!210!310!410!5

10!1

10!2

10!3

10!4

10!5

1

101

102

sin2Θ24

#
m

4
1

2
!e

V
2
"

b" #m41
2 $ 0, sin2Θ34 % 0

ΝΜ disap.

SBL

10!2

10!1.5

10!3

sin 2
Θ
14 %

0

10!110!210!310!410!5

10!2

10!3

10!4

10!5

sin2
Θ14

!#
m

4
1

2
!
"e

V
2
#

c# #m41
2
$ 0, sin2

Θ34 % 0

10!3 sin 2
Θ

24
%

0

10!110!210!310!410!5

10!2

10!3

10!4

10!5

sin2
Θ24

!#
m

4
1

2
!
"e

V
2
#

d# #m41
2
$ 0, sin2

Θ34 % 0

10!3

10!2

sin 2
Θ

1
4
%

0

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
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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
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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.
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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.
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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.

10-2

10-3

θ24 = 0

“eV sterile ν ”
allowed region from 
global analysis of SBL
sin2θ24= 10-2, 95%C.L.
(Giunti et al. )
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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.

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
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2 (red curves) at 95 % C.L. The contours refer
to di↵erent values of sin2 ✓i4: sin
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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.
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θ24 = 0

“eV sterile ν ”
allowed region from 
global analysis of SBL
sin2θ24= 10-2, 95%C.L.
(Giunti et al. )
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Bounds on active-sterile mixing: results
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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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to di↵erent values of sin2 ✓i4: sin
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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.

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

Mirizzi et al 2013, arXiv:1303.5368
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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

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

Are eV νs compatible with cosmology?
Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

NO

24



eV

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

 Gallium

 Reactor

eV Sterile Neutrino

.. J. Kopp et al, 2013

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

Are eV νs compatible with cosmology?
Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)
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Does exist an escape route?
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A possible solution: suppression of  νs production

Ninetta Saviano

14

 Different mechanisms:
  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 

                  Implications on BBN

                      Fully unconstrained model

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

                       simplified scenarios

Mirizzi, N.S., Miele, Serpico 2012

 Saviano et al., 2013

 Hannestad et al., 2013,
Dasgupta and Kopp 2013,
Archidiacono et al., 2014

25

 Gelmini, Palomarez-Ruiz, Pascoli, 
2004
Yaguna 2007



A possible solution: suppression of  νs production

Ninetta Saviano

14

 Different mechanisms:
  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 

                  Implications on BBN

                      Fully unconstrained model

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

                       simplified scenarios

Mirizzi, N.S., Miele, Serpico 2012

 Saviano et al., 2013

25

 Gelmini, Palomarez-Ruiz, Pascoli, 
2004
Yaguna 2007

 Hannestad et al., 2013,
Dasgupta and Kopp 2013,
Archidiacono et al., 2014



Sterile production with primordial neutrino asymmetry

Introducing 
 Suppress the thermalization of  sterile neutrinos (ρss     )
(Effective νa-νs mixing reduced by large matter term ∝ L)

 Foot and  Volkas, 1995 

Caveat : L can also generate MSW-like resonant flavour conversions among active
                and sterile neutrinos enhancing their production
                            
                                
                                  large L are necessary to reach the suppression

Enqvist et al., 1990, 1991,1992; Foot, Thomson & Volkas, 1995;Bell, Volkas & Wong, 1998; 
Dolgov, Hansen, Pastor & Semikoz, 1999;Di Bari & Foot, 2000;  Di Bari, Lipari and lusignoli , 
2000;Kirilova & Chizhov, 2000; Di Bari, Foot, Volkas & Wong, 2001; Dolvgov & Villante, 
2003; Abazajian, Bell, Fuller, Wong, 2005; Kishimoto, Fuller, Smith, 2006; Chu & Cirelli, 
2006; Abazajian & Agrawal, 2008; Hannestad et al, 2012

A possible answer: primordial neutrino asymmetry 

Introducing  
Suppress the thermalization of  sterile neutrinos 
(Effective νa-νs mixing reduced by a large matter 
term       L) 

 Foot and  Volkas, 1995  

Caveat : L can also generate MSW-like resonant flavor conversions among active 
                and sterile neutrinos enhancing their production 

A lot of work has been done in this direction….. 

L =
n! ! n!
n" !

Enqvist et al., 1990, 1991,1992; Foot, Thomson & Volkas, 1995;Bell, Volkas & 
Wong, 1998; Dolgov, Hansen, Pastor & Semikoz, 1999;Di Bari & Foot, 2000;  Di 
Bari, Lipari and lusignoli , 2000;Kirilova & Chizhov, 2000; Di Bari, Foot, Volkas & 
Wong, 2001; Dolvgov & Villante, 2003; Abazajian, Bell, Fuller, Wong, 2005; 
Kishimoto, Fuller, Smith, 2006; Chu & Cirelli, 2006; Abazajian & Agrawal, 2008; 

In a simplified scenario,  L~10-4 was found to be enough in order to have a significant 
reduction of the sterile neutrino abundance    Chu & Cirelli, 2006"

… looking for the right L 

IFIC’s""Seminar,"19"Feb"2013" Nine7a"Saviano" 14)

A lot of work has been done in this direction…
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  ✓   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 

27
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conversions occur at  T ~  Tν decoupling
 ⇛ active not repopulated anymore by 
  collisions  ( ρee< 1 )

⤷

L=0

L=10-4

L=10-3

L=10-2



Consequences on BBN

νe spectra distorted             implications on BBN

28

initial
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Consequences on BBN

νe spectra distorted             implications on BBN

Non-trivial implications on BBN 

PArthENoPE code Pisanti et al, 2012 

Helium 4 sensitive both to  •  increase of Neff 
•  changes in the weak rates due to the spectral distortions 

Saviano et al, 2013 

Deuterium mainly sensitive to the increase of Neff 

Yp =
2(n / p)
1+ n / p

Helium mass fraction 

IFIC’s""Seminar,"19"Feb"2013" Nine7a"Saviano" 27)
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A possible solution: suppression of  νs production

Ninetta Saviano

14

 Different mechanisms:
  1. large ν-ν asymmetries

✓  In the presence of large ν-ν asymmetries ( ~10-2) sterile  production strongly
       suppressed. Planck  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 

                  Possible implications on BBN

                      Fully unconstrained model

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

                       simplified scenarios

Mirizzi, N.S., Miele, Serpico 2012

 Saviano et al., 2013
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Yaguna 2007
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Secret interactions for sterile νs 
Hannestad, Hansen & Tram,  2013 

 new secret self-interactions 
among sterile ν mediated by a massive 

gauge boson X : MX << MW 

Suppress the thermalization of  
sterile neutrinos
(Effective νa-νs mixing reduced by a large 
matter term)

 Only for sterile sector...          secret interactions apparently unconstrained...

30



Caveat:  can also generate MSW-like resonant flavor conversions among active
                and sterile neutrinos, enhancing their production

            consequences on cosmological bounds at low temperature

Hannestad, Hansen & Tram,  2013 

Suppress the thermalization of  
sterile neutrinos
(Effective νa-νs mixing reduced by a large 
matter term)

 Only for sterile sector...          secret interactions apparently unconstrained...

Secret interactions for sterile νs 

30

 new secret self-interactions 
among sterile ν mediated by a massive 

gauge boson X : MX << MW 



   If the new mediator interaction X also couples to Dark Matter
                possible attenuation of  some of the small scale structure problems 
                (“missing satellites” problem... )      Dasgupta and Kopp, 2013

Bringmann et al, 2013

Caveat:  can also generate MSW-like resonant flavor conversions among active
                and sterile neutrinos, enhancing their production

            consequences on cosmological bounds at low temperature

Hannestad, Hansen & Tram,  2013 

Suppress the thermalization of  
sterile neutrinos
(Effective νa-νs mixing reduced by a large 
matter term)

 Only for sterile sector...          secret interactions apparently unconstrained...

Secret interactions for sterile νs 

30

 new secret self-interactions 
among sterile ν mediated by a massive 

gauge boson X : MX << MW 
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Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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Standard case: as expected the sterile  
are copiously produced and thermalize

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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Secret interactions: shift of the conversions 
at lower T and sterile abundance starts to be
reduced

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 

32



Secret interactions: resonances around  
1 MeV, sterile ν suppressed.
Note that also νe and  νµ the  are depleted: 
crucial for Neff but also for BBN
       ρee= 0.7,  ΔNeff = 0.18

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 

32



BBN constrains: primordial 4He yield

  ΔN reduced but anyway > 0

  ρee < 0

both conspire to produce a large YpExcluded

.

Planck best fit  Ωb h2= 0.02207

95% C.L. Planck range Ωb h2

PArthENoPE code
Pisanti et al, 2012

Experimental reference value: Yp = 0.2465+- 0.0097

σ

4He analysis dominated by 
the experimental error

(theoretical one extremely small)

E. Aver et al, 2013
Y.I. Izotov et al, 2007

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 
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.

Allowed

Planck best fit  Ωb h2= 0.02207

Experimental reference value: R. Cooke et al, 2013
2H/H = (2.53± 0.04)⇥ 10�5

PArthENoPE code
Pisanti et al, 2012

Most of the parameter space excluded at 3σ ⬌ mass permitted  MX ≤ 40 MeV

σexp

Remark: theoretical value affected by an error due mainly to the present 
                 uncertainty on the reaction d(p, γ)3He  ➜  σth= 0.062 X10-5

� =
q

�2
exp

+ �2
th

� =
q

�2
exp

+ �2
th

BBN constrains: primordial 4He yield
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.

Allowed

Planck best fit  Ωb h2= 0.02207

.

Allowed

PArthENoPE code
Pisanti et al, 2012

2H constraints weaker for larger values of  Ωb h2 ⬌ mass permitted MX ≤ 220 MeV at 3σ

� =
q

�2
exp

+ �2
th

� =
q

�2
exp

+ �2
th

95% C.L. Planck  upper range  Ωb h2  < 0.02261

BBN constrains: primordial 4He yield

Experimental reference value: R. Cooke et al, 2013
2H/H = (2.53± 0.04)⇥ 10�5

Most of the parameter space excluded at 3σ ⬌ mass permitted  MX ≤ 40 MeV

σexp

Remark: theoretical value affected by an error due mainly to the present 
                 uncertainty on the reaction d(p, γ)3He  ➜  σth= 0.062 X10-5
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... could we say something for lower masses ??

BBN can put constraints down to a mass  MX = 40 MeV...
Mass constraints for secret interactions
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lower MX   ↔ very large GX  (> 106 GF)   
very strong secret  collisional term

 leading to a quick flavor equilibrium
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Mass constraints for secret interactions
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Stodolsky, 1987

Scatterig rate:

The flavour evolution leads to a large population of sterile states, in 
conflict with the cosmological mass bound 
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lower MX   ↔ very large GX  (> 106 GF)   
very strong secret  collisional term

 leading to a quick flavor equilibrium

The flavour evolution leads to a large population of sterile states, in 
conflict with the cosmological mass bound 

... could we say something for lower masses ??
YES

BBN can put constraints down to a mass  MX = 40 MeV...

(ρee,  ρµµ,  ρττ,  ρss)initial      →
   (1,     1,   1,     0)

(ρee,  ρµµ,  ρττ,  ρss)final

(3/4, 3/4, 3/4, 3/4)

 lower value in the 2σ  range gives                      eVme↵
st ⇠ 0.8

Mass constraints for secret interactions

 for the most parameter space in tension  with 
the cosmological bounds on sterile mass (0.7 eV)
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Scatterig rate:
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Summarising:

✓ Very large  MX                                  thermalization of  νs  ↔ secret interactions do not have effect

✓  400 MeV< MX < 40  MeV                               severely constrained by BBN bounds

✓  40  MeV < MX < 0.1  MeV                               severely constrained by sterile mass bounds
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✓  400 MeV< MX < 40  MeV                               severely constrained by BBN bounds

✓  40  MeV < MX < 0.1  MeV                               severely constrained by sterile mass bounds

For  MX < 0.1  MeV   ➙ νs   could be still coupled 

at CMB and LSS epoch  ➙ no free-streaming     

36

Γ/H Present cosmological mass bound obtained 
considering free-streaming ν

An appropriated analysis  should be performed

Cosmological constraints on secret interactions 
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In particular  for MX = 0.1  MeV , secret 
interactions would play also an interesting
role in relation to dark matter and small-scale 
structures.
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✓  400 MeV< MX < 40  MeV                               severely constrained by BBN bounds

✓  40  MeV < MX < 0.1  MeV                               severely constrained by sterile mass bounds
Dasgupta and Kopp, 2013

The game is still open

In particular  for MX = 0.1  MeV , secret 
interactions would play also an interesting
role in relation to dark matter and small-scale 
structures.
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A surprising feature on  Neff 
•  After the production, νs have a “grey-body” spectrum  (ρss = 3/4)....

.... but the collisions and oscillations are still active pushing all neutrinos to a    
      common FD distribution

 Mirizzi,Mangano, Pisanti Saviano, 2014, 
ArXiv:1410.1385
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• Constraints from BBN
secret interactions not 

completely unconstrained
(possible intriguing signatures)

eV sterile ν incompatible with cosmological bounds:  
too heavy for structure formation
It is necessary to suppress the sterile production ⇾ exotic scenarios

.

.

.Possible mechanism: secret interactions for sterile ν 

• Constraints from mass bound

. neutrino cosmology is entering the precision epoch

Neff <  4 Σmν < 0.23 eV
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• Constraints from BBN
secret interactions not 

completely unconstrained
(possible intriguing signatures)

Conclusions

eV sterile ν incompatible with cosmological bounds:  
too heavy for structure formation
It is necessary to suppress the sterile production ⇾ exotic scenarios

.

.

.Possible mechanism: secret interactions for sterile ν 

• Constraints from mass bound

. neutrino cosmology is entering the precision epoch

Neff <  4 Σmν < 0.23 eV

The new Planck data should throw light on several open questions

- More restrictive limits expected on mν

- Would ΔNeff be ruled-out in near future?
looking forward new data...
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... I thank you!


