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THE COSMIC NEUTRINO BACKGROUND 

¥   The presence of a background of relic neutrinos is a basic 
prediction of the standard cosmological model 	

¥   Neutrinos are kept in thermal equilibrium with the 
cosmological plasma by weak interactions until  T ~ 1 MeV ( z 
~ 1010 );	

¥   Neutrinos keep the energy spectrum of a relativistic fermion 
in equilibrium:	

¥   The present Universe is filled by a relic neutrino background 
with T = 1.9 K and n = 113 part/cm3 per species (C! B)	
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THE COSMIC NEUTRINO BACKGROUND 

The standard picture relies upon the following facts/
assumptions: 
¥  weak interactions mantain neutrinos in equilibrium with 

the plasma down to T ~ 1 MeV 
¥  perfect lepton symmetry; 
¥  e+e- annihilation is the only mechanism for entropy 

generation after neutrino decoupling ; 
¥  neutrinos are stable; 
¥  in general, there are no interactions (beyond weak and 

gravitational) that could lead to neutrino scattering/
annihilation/decay 



THE COSMIC NEUTRINO BACKGROUND 

The neutrino energy density is expressed in terms of the 
effective number of relativistic species 
 
 
 
 
assuming the standard thermal history, Neff =3.046 for the 
three active neutrinos (Mangano et al., 2005). 
The only unknown parameter is the mass. 
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THE COSMIC NEUTRINO BACKGROUND 

Perturbations of non-interacting neutrinos evolve 
according to: 
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In the massless limit, 
after integrating over 
momentum and 
expanding the angular 
dependence:	



THE COSMIC NEUTRINO BACKGROUND 
This picture is consistent with current CMB observations: 
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THE COSMIC NEUTRINO BACKGROUND 
This picture is consistent with current CMB observations: 

Neff = 3.15 ± 0.23  (PlanckTT+lowP+BAO)	
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THE COSMIC NEUTRINO BACKGROUND 

It is important however to test the standard picture by 
considering non-standard scenarios, e.g. 
 
-  Large lepton asymmetries 

-  Non-standard interactions (e.g. scalar interactions) 

-  Non-thermal distributions (like in low-reheating 
scenarios) 



SECRET NEUTRINO INTERACTIONS 

Consider a new (“hidden”) neutrino (pseudo)scalar 
interaction mediated by a light boson (like e.g. in Majoron 
models): 
 
 
 
This induces processes like 
-  neutrino-neutrino scattering 
-  neutrino-neutrino annihilation to phi’s 
-  neutrino decay (needs off-diagonal couplings) 
-  neutrinoless double beta decay. 
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THE MAJORON MODEL 
As a concrete example, in models in which neutrinos acquire 
mass through sponataneous breaking of lepton number,  they 
couple to the NG boson of the broken symmetry – the 
Majoron: 
 
 
 
 
 
In the see-saw limit <" > << <# > << <$> the majoron is the 
following combination of the Higgs fields: 
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CONSTRAINTS ON SECRET INTERACTIONS 
antineutrinos emerging from the SN 1987A survive,N
! 0.5, accounting for the rough agreement between the ex-
pected and the detected SN 1987A signals. In order to ana-
lyze the implications of this restriction, one must generalize
the simplest argument used in Ref.!20" since neutrinos may
loose energy as a result of majoron decays.

This allows us to get some limits on the coupling param-
eter of the order ofg1(g2)# few" 10# 4 from the Þrst three
solutions to the solar neutrino problem. For the case of
vacuum oscillations, though, the solution is already disfa-
vored by the SN 1987A data even in the absence of neutrino
decays!20". Though they may narrow it down considerably,
the above arguments do not totally close the allowed window
of neutrino-Majoron couplings, neither for the SMA, LMA,
nor LOW solutions, even for a supernova in our milky way.

B. Constraints from Majoron luminosity

This bound is based on the observation that neutrino de-
cays into Majorons could suppress the energy release con-
tained in the neutrino signal. Under the assumption of small
$e# $x mixing, the neutrino signal observed in SN 1987A is
in good agreement with numerical computations of the total
binding energy released in a supernova explosion. An analy-
sis of decay and scattering processes involved yields the ex-
clusion region!12"

3" 10# 7$ !g÷i j !$ 2" 10# 5. %17&

For !g÷i j ! values smaller than 3" 10# 7, the Majoron neutrino
coupling becomes too small to induce any effect. On the
other hand, for!g÷i j !! 2" 10# 5, Majorons get trapped in the
core and do not contribute to the energy release.

Another point to observe is thatCP-violating phases af-
fect these limits. This follows from the appearance of the
phase' in the explicit form of the Majoron neutrino coupling
constants given in Eq.%10&. In order to eliminate such an
explict CP phase dependence when translating the limit on
!g÷i j ! into the mass basis, we have analyzed for each term of
Eq. %10&the excluded region for different values of' , and
subsequently considered the intersection of the resulting ex-
cluded regions. This conservative procedure allows us to rule
out part of the parameter space irrespective of the value of
the CP phase.

As an example, we illustrate in Figs. 1 and 2 the regions
excluded for the LMA MSW solution to the solar neutrino
problem. The luminosity bound can be described in two
steps. In the Þrst one we take oneg÷i j from Eq.%10&, and by
means of Eq.%11&we write it in terms ofg1# m1. In this
way, we obtain an expression for the energy loss that de-
pends explicitly upon theCP phase' . Now, by varying that
CP phase, the bound given in Eq.%17& is translated into
different ruled out regions. We show in Fig. 1 the resulting
bound on!gee! assuming two extreme cases,' %0 %solid
lines&and ' %( /2 %dotted lines&. Notice that for the latter
case the bound disappears because of a cancellation between
the two terms in!gee!. In order to remove the phase we
therefore consider the intersection as the most conservative
choice.

Now turn to the implications of the luminosity bound to
the other components of the Majoron-neutrino coupling ma-
trix elements. Once we have obtained those intersecting re-
gions for eachg÷i j we simply take the union of them, giving
rise to a Þnal highly nontrivial exclusion region, as can be
seen in Fig. 2.

It is important to notice that the shape of such regions is
characterized by the values of the square root of) m!

2 and
) matm

2 . Let us Þrst considerg÷i j with i , j * 3. In this case only
) m!

2 appears in Eq.%11&, so that form1& ) m!
2 , one has

g2+ g1 , giving rise to a vertical line with no dependence on
m1, as noted in the Þgures. In contrast, form1' ) m!

2 , one
hasg2+ g1(! ) m!

2 /m1) with an explicit dependence onm1,
which strengthens the bound for lowerm1 values. Let us
now consider the limit coming fromg3 . In this case the
characteristic mass scale is always given by) matm

2 , Eq.%11&,
irrespective of the particular solutions to the solar neutrino

FIG. 1. Excluded regions from the Majoron luminosity require-
ment 3" 10# 7$ !gee!$ 2" 10# 5, for two extremeCP cases,' %0
%solid lines&and ' %( /2 %dotted lines&, in the m1# g1 plane. LMA
parameters sin2(2, )%0.6 and) m!

2 %1" 10# 5 eV2 are assumed.

FIG. 2. Excluded regions independent ofCP phase from the
Majoron luminosity requirement on!gee! %solid line&, !ge- !! %dashed
line&, !g- ! - ! ! %dotted lines&, and !g. ! . ! ! %dash-dotted line&, in the
m1# g1 plane. LMA parameters sin2(2, )%0.6 and ) m!

2 %1
" 10# 5 eV2 are assumed.
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0! 2% decay 
gee < (0.8 ÷ 1.6) x 10-5 

(flavor basis) 

cosmology 
gij < (few) x 10-7 

(mass basis) 
supernovae 
gi’j’ < 3 x 10-7 or gi’j’ > 2 x 10-5 

(medium basis) 



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS 

Collisional processes can suppress stress and affect the 
perturbation evolution of cosmological neutrinos 
 
 
 
 
 
 
In the UR limit, the cross section for binary processes (like 
!! scattering) mediated by a massless boson is JCAP07(2015)014
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Figure 1. Feynman diagrams for the binary processes allowed by the Lagrangian (2.1). Time goes
from left to right. From left to right: ! -! scattering (s and t channels),! -" scattering, ! ø! annihilation
to " Õs.

addition to the simplest 0!## decay mode

(A, Z ) ! (A, Z + 2) + 2 e�, (2.2)

whose existence only requires the neutrino to be a Majorana particle [38], modes in which
one or two additional " bosons are emitted

(A, Z ) ! (A, Z + 2) + 2 e� + " , (2.3)

(A, Z ) ! (A, Z + 2) + 2 e� + 2" , (2.4)

are possible if neutrinos possess (pseudo)scalar couplings. 0!## experiments yield constraints
on the e! ective " -neutrino coupling constant "g

ee

# < (0.8Ð1.6) $ 10�5, depending on the
theoretical model [39, 40]. The quantity g

ee

is the e %e entry of the coupling matrix in the
weak base, related to the couplingsg

ij

in the mass basis through the elements of the neutrino
mixing matrix.

Neutrino decays ! ! ! 0 + " can also be important in the high-density supernova envi-
ronment [41Ð44]. In the case of Majoron models, limits on Majoron-neutrino couplings from
observations of SN 1987A were derived in ref. [42]. It has been shown there that" emission
would shorten too much the observed neutrino signal from SN 1987A if 3$ 10�7 . g . 2$ 10�5

(here g denotes the largest element of the coupling matrixg!" in the weak base), thereby
excluding this region. Moreover, the observed ø!

e

ßux from SN 1987A can also be used to fur-
ther constraint g11 . 10�4. These limits, together with those from 0!## decay experiments
available at that time, were combined and translated into the mass basis in ref. [43].

Scalar and pseudoscalar neutrino couplings can also be relevant in a cosmological con-
text, since collisional processes induced by the new interaction would a! ect the evolution of
perturbations in the cosmological neutrino ßuid. In general, the cross section for a binary
process mediated by a massless boson has the form$bin & g4/s in the ultrarelativistic limit
(apart from numerical factors) with g being the largest value of the Yukawa matrix (we do
not distinguish between scalar and pseudoscalar couplings in the following), and

'
s is the

center-of-mass energy. Thus, in thermal equilibrium, the rate for a binary process is

" bin = "$binv#neq ( g4T , (2.5)

since the equilibrium neutrino abundanceneq ( T3, and s & T2.
Interactions are of cosmological signiÞcance when the ratio" /H between the interaction

and Hubble expansion rates is of order unity or larger. The expansion rate scales asH & T2

Ð 3 Ð
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SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS 

The interaction rate grows with temperature as 
 
 
 
since the expansion rate grows faster with temperature (T2 
and T3/2 in the RD and MD eras, respectively), the ratio &/H 
actually increases with time. 
Neutrinos recouple at low temperatures, at zrec implicitly 
defined by &(zrec) = H(zrec) 
In the following I write generically 
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SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS 
Neutrino perturbations in the presence of collisions 
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(massles limit)	
No coll. term for monopole and 
dipole due to conservation of 
particle number and momentum 
in 2       2 processes	

Higher order momenta are driven to zero by the collisions	
	 	energy is confined to the monopole and dipole	





SCALAR INTERACTIONS IN THE CMB SPECTRUM 

Overall boost of 
the spectrum 
amplitude 

(Forastieri, ML, Natoli, 2015; see also Archidiadono, 
Hannestad 2013; Cyr-Racine, Sigurdsons 2013	



CONSTRAINTS FROM PLANCK 2013 
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CONSTRAINTS FROM PLANCK 2013 



CONSTRAINTS FROM PLANCK 2013 



LOW-REHEATING SCENARIOS 
For a very low reheating 
temperature  (TRH ~ O(MeV)), 
thermalization of the neutrino 
background could be incomplete, 
leading to non-thermal 
distributions 

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

1 3 10 15

N
e

ff

TRH (MeV)

No osc
with osc

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.1  1  10

d!
"
/d

y
y

eq
15 MeV

3 MeV
1 MeV

This leads to Neff < 3.046 
 
(see P. Fernandez talk!) 
 



THE COSMIC NEUTRINO BACKGROUND 

The modified distribution function is plugged in the 
Boltzmann equation: 
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CONSTRAINTS ON TRH FROM PLANCK 2015 
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SUMMARY 

-  Cosmological observations are in good agreement with 
the standard picture of the evolution of the neutrino 
background; 

-  the precision of the available data allows to test non-
standard scenarios with high accuracy; 

-  the strenght of neutrino scalar interactions is 
constrained by CMB observations at the 10-7 level (zrec < 
8000),  comparable to supernovae; 

-  low reheating temperature scenarios can also be tested; 
Planck 2015 constrains TRH > 4.7 MeV; 

-  Mass limits are stable with respect to variation in the 
reheating temperature. 


