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THE COSMIC NEUTRINO BACKGROUND

The presence of a background of relic neutrinos (CnB) 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 );

• Below T ~ 1 MeV, neutrino free stream keeping an equilibrium
spectrum:

• Today Tn = 1.9 K and nn = 113 part/cm3 per species

• Free parameters: the three masses (but cosmological evolution
mostly depends on their sum)
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THE COSMIC NEUTRINO BACKGROUND
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Weak cross section:

Weak interaction rate

Expansion rate

Interactions become ineffective at

Given this, we can use conservation laws to compute the 
temperature, density, etc… of neutrinos at a given time.
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Due to non-instantaneous decoupling, the standard 
expectation is Neff = 3.046 (updated calculation gives Neff

= 3.045; see de Salas & Pastor 2016)

Effective number of relativistic species
Planck 2018 + BAO:    Neff = 2.99+/- 0.17



THE COSMIC NEUTRINO BACKGROUND

The LCDM(+n) model assumes:

• only weak and gravitational interactions for n’s;
• no sterile neutrinos or other light relics;

• perfect lepton symmetry (zero chemical potential);
• no entropy generation after neutrino decoupling

beyond e+e- annihilation;
• neutrinos are stable;
• in general, there are no interactions that could lead to 

neutrino scattering/annihilation/decay

See M. Gerbino’s talk on Friday



THE COSMIC NEUTRINO BACKGROUND

Possible extensions to the standard picture:

- Non-standard interactions, e.g. scalar interactions 
(scattering will affect neutrino free streaming; decay 
changes Neff)

- Non-thermal distributions, e.g. low-reheating scenarios) 
(Neff < 3.046, suppression of the spectrum)

- Sterile neutrinos 
( Neff > 3.046, another free streaming species)

- Large lepton asymmetries ( Neff > 3.046, larger average 
velocity)



THE COSMIC NEUTRINO BACKGROUND

Possible extensions to the standard picture:

- Non-standard interactions, e.g. scalar interactions 
(scattering will affect neutrino free streaming; decay 
changes Neff)

- Non-thermal distributions, e.g. low-reheating scenarios 
(Neff < 3.046, suppression of the spectrum)

- Sterile neutrinos 
( Neff > 3.046, another free streaming species)

- Large lepton asymmetries ( Neff > 3.046, larger average 
velocity)



500 1000 1500 2000 2500
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

{

{3
H{+

1L
C

{ê2
p
@10

9
mK

2 D

Neff = 2.5
Neff = 2.75
Neff = 3.046
Neff = 3.25
Neff = 3.5

(note I am showing ~ l4 Cl, not l2 Cl)

Energy density in 
units of  “standard” 
neutrino density
(thermally 
distributed with 
T=1.9 K)

�rad =

�
1 +

7
8

�
4
11

�4/3

Neff

�
��

Due to non-instantaneous decoupling, the standard 
expectation is Neff = 3.046 (updated calculation gives Neff

= 3.045; see de Salas & Pastor 2016)

Effective number of relativistic species
Planck 2018 + BAO:    Neff = 2.99+/- 0.17



500 1000 1500 2000 2500
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

{

{3
H{+

1L
C

{ê2
p
@10

9
mK

2 D

Neff = 2.5
Neff = 2.75
Neff = 3.046
Neff = 3.25
Neff = 3.5

(note I am showing ~ l4 Cl, not l2 Cl)

Energy density in 
units of  “standard” 
neutrino density
(thermally 
distributed with 
T=1.9 K)

�rad =

�
1 +

7
8

�
4
11

�4/3

Neff

�
��

Due to non-instantaneous decoupling, the standard 
expectation is Neff = 3.046 (updated calculation gives Neff

= 3.045; see de Salas & Pastor 2016)

Effective number of relativistic species
Planck 2018 + BAO:    Neff = 2.99+/- 0.17

Playing the devil’s advocate: 
are we really seeing neutrinos?
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Probing CnB perturbations 
Parameterized by the effective n sound speed and viscosity
Consistent with free-streaming neutrinos (c2vis = c2eff = 1/3)

PlanckTT+lowP+BAO

c2eff = 0.316 +/- 0.010
c2vis = 0.44+0.15

-0.10

PlanckTT,TE,EE+lowP+BAO

c2eff = 0.3242 +/- 0.0059
c2vis = 0.331 +/- 0.037

Planck 2015 XIII



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 of g1(g2)#few"10#4 from the first 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$!g̃ i j!$2"10#5. %17&

For !g̃ i j! values smaller than 3"10#7, the Majoron neutrino
coupling becomes too small to induce any effect. On the
other hand, for !g̃ i j!!2"10#5, Majorons get trapped in the
core and do not contribute to the energy release.
Another point to observe is that CP-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
!g̃ 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 first one we take one g̃ i j from Eq. %10&, and by
means of Eq. %11& we write it in terms of g1#m1 . In this
way, we obtain an expression for the energy loss that de-
pends explicitly upon the CP 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 each g̃ i j we simply take the union of them, giving
rise to a final 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 first consider g̃ i j with i , j*3. In this case only

)m!
2 appears in Eq. %11&, so that for m1&)m!

2 , one has
g2+g1 , giving rise to a vertical line with no dependence on
m1 , as noted in the figures. In contrast, for m1')m!

2 , one
has g2+g1(!)m!

2 /m1) with an explicit dependence on m1 ,
which strengthens the bound for lower m1 values. Let us
now consider the limit coming from g3 . 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 extreme CP 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 of CP 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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0n2b 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)

L � hij�̄i�j� + gij�̄i�5�j� + h.c. ,



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

Collisional processes can suppress stress and affect the 
perturbation evolution of cosmological neutrinos

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, ⌫⌫̄ annihilation
to �’s.

addition to the simplest 0⌫�� decay mode

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

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

are possible if neutrinos possess (pseudo)scalar couplings. 0⌫�� experiments yield constraints
on the e↵ective �-neutrino coupling constant hgeei < (0.8–1.6) ⇥ 10�5, depending on the
theoretical model [39, 40]. The quantity gee is the e� e entry of the coupling matrix in the
weak base, related to the couplings gij 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 [41–44]. 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 matrix g↵� in the weak base), thereby
excluding this region. Moreover, the observed ⌫̄e flux 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 fluid. In general, the cross section for a binary
process mediated by a massless boson has the form �bin ⇠ g

4
/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

p
s is the

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

�bin = h�binvineq / g
4
T , (2.5)

since the equilibrium neutrino abundance neq / T
3, and s ⇠ T

2.
Interactions are of cosmological significance when the ratio �/H between the interaction

and Hubble expansion rates is of order unity or larger. The expansion rate scales as H ⇠ T
2

– 3 –

� � g4

s
� g4

T2

In the UR limit:

��� = ��binv�neq � g4T ,

H grows as T2 (RD) and T3/2 (MD) so the ratio G/H increases
with time. Neutrinos recouple at low temperatures!
In the following I write generically

� � 1
32�

g4

s

e.g., in simple 
majoron models:

��� = (. . . ) � g4

T 2
�

� 3�(3)

2�2
T 3

� = g4
e� � 3�(3)

2�2
T�



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS
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SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

Neutrino perturbations in the presence of collisions
��

��
+ ikµ

q
�
� +

d ln f0
d ln q

�
�̇ � ḣ + 6�̇

2
µ2

�
=

1
f0
Ĉ[f] ,

Ĉ[f] � � 1
�c

�fRelaxation time approx. :

�̇ = �4
3
� � 2
3
ḣ ,

�̇ = k2
�
1
4
� � �

�
,

�̇ =
4
15

� � 3
10

kF3 +
2
15

ḣ +
4
5
�̇ � a�� ,

Ḟ� =
k

2� + 1

�
�F��1 � (� + 1)F�+1

�
� a�F� (� � 3) .

(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
fluctuations are confined to the monopole and dipole



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

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



Overall boost of 
the spectrum 
amplitude + phase 
shift

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

Data points are from 
Planck 2015

0

5.0×108

1.0×109

1.5×109

2.0×109

500 1000 1500 2000

0

5.0×107

1.0×108

1.5×108

TT
Neutrino momenta 
affect the 
gravitational 
potentials and thus 
propagate to the 
photons



Overall boost of 
the spectrum 
amplitude + phase 
shift

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

Data points are from 
Planck 2015

TE
Neutrino momenta 
affect the 
gravitational 
potentials and thus 
propagate to the 
photons

-150

-100

-50

0

50

100

500 1000 1500

-15

-10

-5

0

5

10



-150

-100

-50

0

50

100

500 1000 1500

-15

-10

-5

0

5

10

TE



LENSING AND INTERACTING NEUTRINOS
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CONSTRAINTS FROM PLANCK 2015 

Limits are 95% CL Forastieri, ML, Natoli
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CONSTRAINTS FROM PLANCK 2015 

Limits are 95% CL Forastieri, ML, Natoli

PlanckTT(TEEE) +lowP+lensing
gnn4 < 2.35 (1.64) x 10-27 
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SCALAR n INTERACTIONS IN THE CMB SPECTRUM
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MAJORON MODELS

A simple realization of scalar neutrino interactions is found in Majoron models, in 
which neutrino masses arise from the spontaneous violation of lepton number

When the scalar singlet s acquires a vev v1>> vF it generates the large mass term M 
(a Majorana mass term for the rh neutrinos) in the see saw mass matrix

Diagonalization of the mass matrix yields small neutrino masses mn ~ vF2/v1 and an 
interaction term between the neutrino mass eigenstates and the majoron J = Im(s)

with

Our results on the scattering rate imply that the scale of lepton number breaking

Lν = yνLΦνR � 1
2yσσν

c
RνR + h.c.

M =
yσv1�

2

LY =
iJ
2 gijv̄iγ5νj gij �

mν,i
v1

δij �
v2Φ
v21

δij

v1 > 300TeV



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 strength of neutrino scalar interactions is
constrained by CMB observations at the 10-7 level (zrec <
4000 from PlanckTT+lowP+lensing);

- For a simple majoron model (with diagonal couplings) g
< 7 x 10-7 from PlanckTT+lowP+lensing…

- …corresponding to a scale of lepton number breaking
above ~ 300 TeV

- Limits from future experiments might improve by one
order of magnitude



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

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

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

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

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

– 18 –

1 eV for the real mass is 
allowed by Planck.

However, for ms ~ 1eV 
and sin2 2q ~ 0.1 (the 
preferred SBL solution)
full thermalization (DNeff
~ 1) is expected.

This is at odds with 
Planck constraints 

Hannestad et al. 
2015



Hannestad et al. 
2014

A possible solution:
new (“secret”) 
neutrino interactions in 
the sterile sector can 
prevent production in 
the early Universe



MSW effect

Mixing angle in matter 
is changed due to the 
effect of neutrino –
matter (usually 
electrons) scattering
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�θ
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nres =
�m2 cos 2✓

2E
p
2GF

In ordinary matter (i.e., weak interactions)

For secret vector interactions, GF à GX

Mixing angle in matter 
goes to 0 at large 
matter densities

Resonance 
for n~nres



Ls = gX ⌫̄s�µ
1

2
(1� �5) ⌫sX

µ

Interactions mediated by a massive gauge boson X
(Hannestad et al. 2014; Dasgupta & Kopp 2014; Bringmann et al 
2014; Mirizzi et al 2015; Chu,Dasgupta,Kopp 2015)

Production of sterile neutrinos is 
suppressed BUT “secret” 
collisions can still lead to a 
significant late-time (T<<1 MeV) 
abundancy

Tensions with CMB/LSS?

The mechanism also reduces
Neff = 2.7



STERILE PRODUCTION AT T < 1MEV
For gx> 10-2 and MX < 10 MeV, it is still possible to copiusly produce 
neutrinos at low (T<1 MeV) temperatures, through an interplay between 
vacuum oscillations and collisions (“scattering-induced decoherence”)
(Saviano et al 2014; Mirizzi et al 2015; )
Relaxation rate to chemical equilibrium:

Number conservation and flavour
equilibration imply
ns,after = na,after = 3/4 na,before

Then collisions lead to 
thermalization and

T⌫ =

✓
3

4

◆1/3

T std
⌫ Ne↵ = 4⇥

✓
3

4

◆4/3

' 2.7



FREE-STREAMING OF INTERACTING STERILES

However, for ms ~ 1eV and Tn ~ 
(3/4)1/3Tn

std, the density of free-
streaming species is possibly too 
large

Problem with structure formation?

If GX is large enough (> 1010 GF) 
free-streaming is suppressed until the 
sterile state becomes non-relativistic.

Large GX will leave an imprint in 
CMB spectrum (see e.g. Cyr-Racine 
& Sigurdson 2014; Lancaster et al 
2016; for active neutrinos)

�×��� �×��� �×��� �×��� �×���� �×�����×����

����

����

�×���

�×���

�� /��
� �
��
�



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

In arXiv:1704.00626 we have studied the effect of collisions in the sterile 
sector on the evolution of cosmological pertubations and on the CMB 
spectrum. 
Startinh point is the collisional Boltzmann eqn for neutrinos
(monopole and dipole of the collision term are – 0)

We have assumed with qs = 0.1



SECRET INTERACTIONS AND COSMOLOGICAL PERTURBATIONS

Collisions push power 
towards the lowest 
multipoles (ell=0, 1)

Increase in density and 
pressure fluctuations 
below a critical scale



Planck TT+lowP
+ BAO

LCDM (Neff=2.7)
+ ms + GX

GX < 2.8 (1.97) x 1010 GF

ms < 0.82 (0.29) eV

H0 =62.6 +/- 1.8 km/s/Mpc
(65.3 +/- 0.7)

(GX > 108 

is always 
assumed)

The mass 
constraint is 
still there!



The model is mildly disfavoured (Dc2 = 4) with respect to standard 
LCDM
(mainly because of low Neff) – this is independent of SBL anomalies

If we impose a “large” (~ eVish) sterile neutrino mass, as per SBL 
anomalies, the model becomes strongly disfavoured:

(note that this numbers do not take into account H0 tension)

0.93 eV < ms < 1.43 eV, ��2 = 10.1

ms = 1.27± 0.03 eV, ��2 = 12.5





THE COSMIC NEUTRINO BACKGROUND

Perturbations of non-interacting neutrinos evolve 
according to:
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+ ikµ

q
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� +
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2
15
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Ḟ� =
k

2� + 1

�
�F��1 � (� + 1)F�+1

�
(� � 3) .

In the massless limit, 
after integrating over 
momentum and 
expanding the angular 
dependence:



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 <D> << <F> << <s> the majoron is the 
following combination of the Higgs fields:

- � Y�Y���(��) � �Y�Y���(��) + Y�(Y�� + �Y��)�(�)

L< = <X4̄/�
�XF/ + <G4̄/�GF/ + <H/̄/�HF/+

+<� /̄/���F/ + <̃�/7/�// +
<5
�

�F/�
F
/� + +.F. ,



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.

L � hij�̄i�j� + gij�̄i�5�j� + h.c. ,



THE COSMIC NEUTRINO BACKGROUND
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Increasing Neff makes 
the Universe younger 
at recombination and 
increases the angular 
scale of the photon 
diffusion length

increased Silk damping 
and reduced power in 
the damping tail.

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

(note I am showing ~ l4 Cl, not l2 Cl)



STERILE NEUTRINO PARAMETERIZATION

A full description of the sterile sector would require to specify 
(for each sterile species) its mass ms and the full form of the 
distribution function.
Two notable cases are often considered:
- thermally distributed with arbitrary temperature Ts;
- à la Dodelson-Widrow: distributed proportionally to active 

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

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



STERILE NEUTRINO PARAMETERIZATION

In this phenomenological reparameterization

meff
s �

�
94.1�sh2

�
eV

Effective mass
(sets non-relativistic 
energy density)

�Neff =

�
(Ts/T�)4 thermal

�s DW

Effective number of 
degrees of freedom
(sets relavistic energy 
density)

To go back to the real 
mass:

ms =

�
meff
s (Ts/T�)�3 = meff

s /�N3/4
eff thermal

meff
s /�s = meff

s /�Neff DW



f n u =
1

ep + 1
f n u = 1

Neff = 3.13 ± 0.32  (PlanckTT+lowP)

Neff = 3.15 ± 0.23  (PlanckTT+lowP+BAO)

Neff = 2.99 ± 0.20  (PlanckTT,TE,EE+lowP)

Neff = 3.04 ± 0.18  (PlanckTT,TE,EE+lowP+BAO)
(uncertainties are 68% CL)

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

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

Planck 2015 XIII

PLANCK CONSTRAINTS ON MASSLESS STERILE NEUTRINOS



PLANCK CONSTRAINTS ON MASSIVE STERILE NEUTRINOS

0.0 0.4 0.8 1.2 1.6

me↵
⌫, sterile [eV]

3.3

3.6

3.9

4.2

N
e↵

0.
5

1.
0

2.0

5.0

0.66

0.69

0.72

0.75

0.78

0.81

0.84

0.87

0.90

�
8

Planck TT+lowP+
lensing+BAO

Neff < 3.7
meff

sterile< 0.52 eV

One sterile 
eigenstate; total 
active mass fixed to 
0.06 eV

Present-day energy density

Ea
rl

y 
en

er
gy

 d
en

si
ty

Amplitude of density 
fluctuations

Lines of constant ms

(thermal) Lines of constant ms (DW)
Planck 2015 XIII



CMB LENSINGCMB LENSING

The CMB anisotropy pattern is 
distorted (“blurred”) by the weak 
lensing effect due to the 
intervening structures between us 
and the last scattering surface

The effect is relevant at small 
scales (~ % effect at sub-
degree scales) and results in a 
smearing of the power 
spectrum at high multipoles.
It also induces a non-gaussian 
signal.

CMB lensing probes the 
matter distribution of the 
Universe.
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c2eff = 0.3242 +/- 0.0059
c2vis = 0.331 +/- 0.037



f n u =
1

ep + 1
f n u = 1

Parameterized by the effective n sound speed and viscosity
Consistent with free-streaming neutrinos (c2vis = c2eff = 1/3)
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PlanckTT,TE,EE+lowP+BAO

c2eff = 0.3242 +/- 0.0059
c2vis = 0.331 +/- 0.037



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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