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eV

The investigation on Light Sterile Neutrinos has been stimulated by the presence 
of anomalous results from neutrino oscillation experiments  
(LNSD, MiniBoone, Gallium, Reactor)

eV Sterile Neutrino

. J. Kopp et al, 2013

3

3+1, 3+2  schemes

see White paper, Abazajian et al., 2012
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…often in tension among themselves…

.

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

New bad mews are coming from IceCube, Minos,  Daya Bay… 
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…often in tension among themselves…

.

Are eV νs compatible with cosmology?

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

New bad mews are coming from IceCube, Minos,  Daya Bay… 



Cosmological observations

1 MeV 1 eV T

Sensitivity to Neff and ν flavour (spectra)

Sensitivity to Neff and ν masses  

(and to other proprieties, i.e. neutrino 
interactions… )
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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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�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...

NSM
e↵ = 3.0463.045 after a recent recalculation)(

De Salas & Pastor, 2016



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

When  Γn⟷p  < H   ➜ neutron-to- proton ratio freezes out
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p
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BBN constraint on ΔNeff   :   NO strong preference    
From new precise measure of D in  damped Lyman-α system 
 Neff = 3.28 ± 0.28 ,1 extra d.o.f. ruled out at 99.3 C.L. 

ΔNeff  ≤ 1   (95% C.L.)
Hamann et al, 2011, Mangano and Serpico. 2012  Cooke, Pettini et al., 2013



  Impact on CMB

! better to combine with other cosmological probes 

Ninetta Saviano

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

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

7

Neutrino mass  (background and perturbation level, suppression of the lensing…)

 Neutrino Interactions 

Same data used to measure other cosmological parameters 

Lattanzi’s talk



Impact on the LSS

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

⌫

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

M

,
!

M

, !
B

).

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

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

Suppression factor for k � knr

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

  mν (Σ)  
increases

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

✓   free-streaming neutrinos do not cluster  

✓   slower growth rate of CDM (baryon) perturbations

 Lesgourgues, Mangano, Miele and Pastor “Neutrino Cosmology”, 2013 
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me↵
⌫s = ⇢ss m

ph
⌫s

 Joint constraints on Neff and meff
νs

L. Verde et al, 2014

meff
νs  < 0.3  eV (95% C.L)

     model     Planck TT 
         +

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

Joint analysis 
  Neff & 1 mass νs  

(prior  mph
νs <10 eV)

lowP+lensing+BAO
Neff < 3.7 

meff
νs < 0.52 

  Joint analysis 
  Neff & 1 mass νs  

(prior  mph
νs <2 eV)

lowP+lensing+BAO
Neff < 3.7 

meff
νs < 0.38 

Planck XIII, 2015
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Hamann and Hasenkamp, 2013

CMB
all

all= CMB+H0+ C+ CFHTLens

ΔNeff = 0.61 +- 0.30   
                                    meff

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

me↵
⌫s ⌘ (94, 1 ⌦⌫h

2)eV

Less stringent mass bound from combined analysis      meff
νs  < 0.6  eV
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Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

Are eV νs compatible with cosmology?



Active-sterile flavour evolution

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫

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

Vacuum term  MSW effect with  
 background medium  
 (refractive effect)  

 refractive ν−ν  
self-interactions term   

Collisional term   
   
creation, annihilation and all the 
momentum exchanging processes

⇢p =

0

BB@

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

1

CCA⇢p =

0

BB@

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

1

CCA

C[⇢]

  ν ensemble

+ ...
Stodolsky , Raffelt and Sigl,1992 ;  

Sigl and Raffelt 1993;

(3+1) Scenario



 Thermalized sterile ν with m ∼ O (1 eV) strongly disfavored by cosmological constraints 

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

For the mass and mixing parameters 
preferred by laboratory 
sterile ν  are copiously produced, 
reaching 1 extra d.o.f

12Ninetta Saviano

Comparing with the cosmological bounds:
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…often in tension among themselves…

.

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

Are eV νs compatible with cosmology?  NO



 Possible solutions...?
• Different mechanisms to suppress the νs abundance:
 

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

2.  “secret” interactions for sterile neutrinos

      3.   low reheating scenario
            sterile abundance depends on reheating temperature  

• Modification of cosmological models
 

 Inflationary Freedom
Shape of primordial power spectrum of scalar perturbations  different from 
the usual power-law
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Yaguna 2007
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Efficacy reduced by  more recent paper  Di Valentino et al 2016 
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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

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)
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⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫ asymmetric term / (%� %̄)

 = L



 ρss  and  spectra  of  active neutrinos (in particular νe) as function of the ν asymmetry 
parameter.  ⇾ evaluation of  the cosmological consequences 

Sterile production by  neutrino asymmetry

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

15

L=0

L=10-4

L=10-3

L=10-2



Sterile production by  neutrino asymmetry

16

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

 ρss  and  spectra  of  active neutrinos (in particular νe) as function of the ν asymmetry 
parameter.  ⇾ evaluation of  the cosmological consequences 

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



Consequences on BBN

νe spectra distorted             implications on BBN

17

initial
final (1 MeV)



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)

    Yp        

 H2
       

17

initial
final (1 MeV)

with respect to the standard BBN and also to the BBN + L (no νs)

with respect to the standard BBN and also to the BBN + L (no νs)
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with respect to the standard BBN and also to the BBN + L (no νs)

The suppression of  νs by L asymmetry  is not for free -> difficult to accomodate with  BBN 
18
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Secret interactions for sterile neutrinos

Different authors have assumed the Standard Model (SM) is augmented by one extra species of 
light (∼ eV) neutrinos νs, which do not couple to the SM gauge bosons but experiment a new 
force

Such a new interaction can have profound effects on active-sterile neutrino conversion in the early Universe, 

since sterile ν feel a new potential that can  suppresses active-sterile  mixing  (through an effective νa-νs 
mixing reduced by a large matter term)

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

they also generate MSW resonance and strong collisional production, increasing 
their abundance, with non trivial consequences on the cosmological observables

Caveat:

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

𝛎SI constraints from cosmological probes➜

Ninetta Saviano 19



νs - νs  interaction strength

SI in the flavour evolution
new secret self-interactions  among sterile ν mediated by a massive gauge boson X : 

[22] some of us have shown that this decoherent sterile neutrino production would quickly lead
to equilibrium among active and sterile species, leading to a sizeable abundance of the latter in
conflict with the cosmological neutrino mass bound. In addition, this mechanism reduces the
e↵ective number of neutrinos to N

e↵

' 2.7 at matter-radiation equality. For MX & 0.1 MeV,
sterile neutrinos would be free-streaming before becoming non-relativistic and they would af-
fect the structure formation at scales smaller than the free-streaming length. Conversely, for
masses MX . 0.1 MeV, as noticed in [22, 23], sterile neutrinos would be at the border between
free-streaming and collisional regime at the photon decoupling, so one cannot naively apply
the mass constraints as we did before. This range of the parameter space for the secret in-
teractions is particularly interesting since it was previously shown [13, 14] to have potentially
important consequences for the small scale structure of dark matter if the mediator X couples
also to dark matter. Furthermore, possible signatures of secret interactions in the observations
of very-high-energy neutrinos by Icecube has been analyzed in [24, 25].

In the present work, we pursue a dedicated investigation ofMX . 0.1 MeV region obtaining
constraints by the latest Planck data on the cosmic microwave background. The plan of this
paper is as follows. In Sec. 2 we discuss the production mechanism of sterile neutrinos associated
with secret interactions in the post-decoupling epoch and we present the existing cosmological
bounds on this scenario. In Sec. 3 we present the results of our analysis and we draw our
conclusions in Sec. 4.

2 Secret interaction framework

2.1 Sterile neutrino production

The 3+1 active-sterile neutrino mixing scenario involves 3 active families and a sterile species.
Describing the neutrino system in terms of 4 ⇥ 4 density matrices ⇢ = ⇢(p), the active-sterile
flavour evolution is ruled by the kinetic equations [26]

i
d⇢

dt
= [⌦, ⇢] + C[⇢] , (2.1)

see [8] for a detailed treatment. The first term on the right-hand side of Eq. (2.1) describes the
flavour oscillations Hamiltonian, given by

⌦=
M2

2p
+
p
2G

F


�8p

3

✓
E`

M2

W

+
E⌫

M2

Z

◆�

+
p
2G

X


� 8pEs

3M2

X

�
, (2.2)

where M2 = U†M2U is the neutrino mass matrix in flavour basis, with U the active-sterile
vacuum mixing matrix. The terms proportional to the Fermi constant GF in Eq. (2.2) are
the standard matter e↵ects in active neutrino oscillations, while the term proportional to GX

represents the new matter secret potential. In particular, E` is related to the energy density of
e� and e+ , E⌫ is the ⌫-⌫ interaction term proportional to a primordial neutrino asymmetry
(that here we assume negligible), while Es is the energy density associated with ⌫s. The last term
in the right-hand side of Eq. (2.2) is the collisional integral given by the sum of the standard
(/ G2

F ) and the secret one (/ G2

X). Since the flavour evolution typically occurs at neutrino
temperature T⌫ ⌧ MX we can reduce the secret interaction to a contact form, with an e↵ective
strength

GX =

p
2

8

g2X
M2

X

. (2.3)

The strong collisional e↵ects produce a damping of the resonant transitions and would
bring the system towards the flavour equilibrium among the di↵erent neutrino species with a

– 2 –

for T < MX 

i
d⇢

dt
= [⌦, ⇢] + C[⇢]

⌦ = ⌦vac + ⌦mat + ⌦⌫�⌫ + ⌦⌫s�⌫s

Secr

C[⇢] = CSM + CSecr

Evolution equation:

/ GX

/ GX

20
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νs - νs  interaction strength

SI in the flavour evolution
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where M2 = U†M2U is the neutrino mass matrix in flavour basis, with U the active-sterile
vacuum mixing matrix. The terms proportional to the Fermi constant GF in Eq. (2.2) are
the standard matter e↵ects in active neutrino oscillations, while the term proportional to GX

represents the new matter secret potential. In particular, E` is related to the energy density of
e� and e+ , E⌫ is the ⌫-⌫ interaction term proportional to a primordial neutrino asymmetry
(that here we assume negligible), while Es is the energy density associated with ⌫s. The last term
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The strong collisional e↵ects produce a damping of the resonant transitions and would
bring the system towards the flavour equilibrium among the di↵erent neutrino species with a

– 2 –

for T < MX 

i
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dt
= [⌦, ⇢] + C[⇢]
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C[⇢] = CSM + CSecr

Evolution equation:
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rate, versus photon temperature T (see [24] for details).
Results are shown for GX ¼ 103 GF. In the left panel
we consider gX ¼ 10−1 while in the right panel we take
gX ¼ 10−2, corresponding to MX ¼ 390 MeV and
MX ¼ 39 MeV, respectively. In these plots we show the
active-sterile vacuum term (solid curve) and the secret
matter potential assuming ρss ¼ 10−2 (dashed curve), an
indicative value when steriles are about to be excited. We
realize that for gX ¼ 10−1 the active-sterile resonance
occurs at T ≃ 2 MeV, while for gX ¼ 10−2 it takes place
at T ≃ 1 MeV. We also show the standard collisional term
(dotted) and the collisional term associated with G2

X (dot-
dashed curve). Notice that in the active sector the system
remains collisional down to a few MeV, when the standard
collision rate over Hubble rate drops below unity. On the
other hand, the secret collisional term associated with G2

X
remains larger than the Hubble rate till T ∼ 0.1 MeV,
implying that it will tend to drive the active-sterile system
towards the flavor equilibrium for all the relevant evolution.
The secret collisional term also dominates over the vacuum
oscillation one for T ≳ fewMeV, thus breaking the coher-
ence between different neutrino flavors and preventing
significant oscillations at high temperatures.
In Fig. 2 we show the resonance temperature Tres for

ρss ¼ 10−2 in the plane ðGX; gXÞ. From the resonance
condition, one gets
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Dashed and solid curves represent locations of constant Tres
and MX, respectively. We see that for the values of the
parameters of the secret interactions considered in this
figure, resonances may take place in a range of temper-
atures relevant for BBN. In the following we will focus on
this range of parameters for our analysis.

We now consider the temperature evolution of neutrino
momentum–averaged density matrix ρðTÞ. In Fig. 3 we
show the flavor evolution for the two cases of Fig. 1
compared to the standard case without secret interactions.
In particular, in the left panels we represent ρee (continuous
curve), ρμμ (dotted curve) and ρss (dashed curve) while
right panels show the corresponding Neff . The upper panel
is the standard evolution in absence of sterile self–
interactions; in this case sterile neutrinos are produced
efficiently at T ≃ 70 MeV and they thermalize, giving
Neff ¼ 4. Since the sterile production occurs at temper-
atures for which the active neutrinos are in a collisional
regime, the latter are efficiently repopulated with
ρee ¼ ρμμ ¼ 1. In the presence of secret νs-νs interactions,
the sterile neutrino production is suppressed with respect to
the standard case, till a resonance is intercepted. For the

FIG. 1 (color online). Neutrino refractive and collisional rates (normalized in terms of the Hubble rate) versus temperature T for
GX ¼ 103 GF. Left panel corresponds to gX ¼ 10−1, while right panel to gX ¼ 10−2. The curves correspond to the active-sterile vacuum
term (solid curve), the secret matter potential for ρss ¼ 10−2 (dashed curve), the standard collisional term (dotted curve) and the
collisional term associated with G2

X (dot-dashed curve).

FIG. 2 (color online). Resonance temperature Tres in the plane
ðGX; gXÞ. Dashed curves represent constant Tres contours, while
on solid curves MX is constant. The values shown for both
parameters are expressed in MeV. The case of Tres ¼ 1 MeV is
highlighted with a tick dot-dashed style, and correspond to the
order of magnitude of BBN onset in the standard case, when
neutron to proton density ratio freezes out.
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parameters are expressed in MeV. The case of Tres ¼ 1 MeV is
highlighted with a tick dot-dashed style, and correspond to the
order of magnitude of BBN onset in the standard case, when
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case of gX ¼ 10−1 the production starts around T ¼
3 MeV. Due to a strong collisional term in the sterile
neutrino sector, the system tends to evolve towards a flavor
equilibrium with equal density of actives and sterile
species. In this case since the flavor conversions occur
in a temperature range where the active neutrinos are still in
a collisional regime, though close to decoupling, this effect
tend to repopulate the active sector, producing a final

ρee ≃ 0.9 and ΔNeff ¼ 0.8. Finally, for gX ¼ 10−2 active-
sterile neutrino conversions occur at T ≲ 1 MeV, where
active neutrinos are no longer repopulated by the collisional
effects. In this case, the depletion of the ρee is remarkable,
with a final value ρee ¼ 0.7 and ΔNeff ¼ 0.18.
We have performed a scan of neutrino evolution as

function of GX and gX focusing, as already mentioned, on
the range where sterile productions is expected may alter
the results of BBN. Our findings are summarized in Fig. 4,
where we report the asymptotic values of ΔNeff in the
ðGX; gXÞ plane. Some reference values are shown as
dashed lines.

III. IMPACT ON OBSERVABLES:
THE LIGHT NUCLEI ABUNDANCES

A. Data and analysis

As known, BBN proceed in two basic steps. At the MeV
scale weak processes maintaining chemical equilibrium
between neutrons and protons become ineffective, when
their rates drop below the value of the Hubble expansion
rate. Later on, at T ∼ 80 keV deuterium forms, and soon
the whole nuclear reaction chain starts till it eventually
stops at a temperature of order 10 keV. The role of
neutrinos, including possible sterile states, is twofold.
They gravitate and contribute as relativistic species to
the total energy budget. This effect is encoded into a single
parameter, Neff . In addition, electron neutrino distribution
in phase space is a key input for the weak proton–neutron
rates, which fix the n/p ratio.
In the following we will exploit both the abundances of

4He, typically cast in terms of its mass fraction Yp, and the
deuterium to hydrogen number density ratio, 2H=H. In fact,
for both these nuclei we have trustable experimental
determinations of their primordial values, which we will
very briefly discuss later.
We start by summarizing how typically nonstandard

neutrino abundances influence final light nuclei yields. For
a fixed baryon density an increase of ΔNeff shifts the weak
rate freeze out at larger temperatures, since the Hubble rate
is proportionally larger. From chemical equilibrium, which
we can trust down to the freezing temperature Tfr,
n=p ∼ exp ð−Δm=TfrÞ, with Δm the neutron–proton mass
difference. If Tfr gets higher due to an increase ofNeff , there
are more neutrons available at the onset of deuterium
formation, and this translates into a larger value of Yp. This
is what we expect if sterile neutrino states are excited in the
early universe. This effect can be compensated if electron
neutrino number density is larger, since in this case weak
rates get increased. The secret interaction scenario, while it
may reduce the value of ΔNeff to some (positive) values
smaller than unity yet, it typically leads to a smaller
electron neutrino density ρee < 1 These two features, i.e.
a positive ΔNeff and less electron neutrinos, both conspire
to produce a larger Yp.

FIG. 3 (color online). Flavor evolution as functions of temper-
ature T for different cases for GX ¼ 103 GF. Upper panel is the
standard case without secret interactions. Middle and lower plots
are for gX ¼ 10−1 and gX ¼ 10−2, respectively. In the left panels
we report ρee (continuous curve), ρμμ (dotted curve) and ρss
(dashed curve). Right panels show the corresponding ΔNeff .

FIG. 4 (color online). The asymptotic values of ΔNeff versus
GX and gX . Colors from blue (lower right corner) to red (upper
left corner) correspond to increasing values. Dashed curves show
some reference values.
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are more neutrons available at the onset of deuterium
formation, and this translates into a larger value of Yp. This
is what we expect if sterile neutrino states are excited in the
early universe. This effect can be compensated if electron
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rates get increased. The secret interaction scenario, while it
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smaller than unity yet, it typically leads to a smaller
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case of gX ¼ 10−1 the production starts around T ¼
3 MeV. Due to a strong collisional term in the sterile
neutrino sector, the system tends to evolve towards a flavor
equilibrium with equal density of actives and sterile
species. In this case since the flavor conversions occur
in a temperature range where the active neutrinos are still in
a collisional regime, though close to decoupling, this effect
tend to repopulate the active sector, producing a final

ρee ≃ 0.9 and ΔNeff ¼ 0.8. Finally, for gX ¼ 10−2 active-
sterile neutrino conversions occur at T ≲ 1 MeV, where
active neutrinos are no longer repopulated by the collisional
effects. In this case, the depletion of the ρee is remarkable,
with a final value ρee ¼ 0.7 and ΔNeff ¼ 0.18.
We have performed a scan of neutrino evolution as

function of GX and gX focusing, as already mentioned, on
the range where sterile productions is expected may alter
the results of BBN. Our findings are summarized in Fig. 4,
where we report the asymptotic values of ΔNeff in the
ðGX; gXÞ plane. Some reference values are shown as
dashed lines.

III. IMPACT ON OBSERVABLES:
THE LIGHT NUCLEI ABUNDANCES

A. Data and analysis

As known, BBN proceed in two basic steps. At the MeV
scale weak processes maintaining chemical equilibrium
between neutrons and protons become ineffective, when
their rates drop below the value of the Hubble expansion
rate. Later on, at T ∼ 80 keV deuterium forms, and soon
the whole nuclear reaction chain starts till it eventually
stops at a temperature of order 10 keV. The role of
neutrinos, including possible sterile states, is twofold.
They gravitate and contribute as relativistic species to
the total energy budget. This effect is encoded into a single
parameter, Neff . In addition, electron neutrino distribution
in phase space is a key input for the weak proton–neutron
rates, which fix the n/p ratio.
In the following we will exploit both the abundances of

4He, typically cast in terms of its mass fraction Yp, and the
deuterium to hydrogen number density ratio, 2H=H. In fact,
for both these nuclei we have trustable experimental
determinations of their primordial values, which we will
very briefly discuss later.
We start by summarizing how typically nonstandard

neutrino abundances influence final light nuclei yields. For
a fixed baryon density an increase of ΔNeff shifts the weak
rate freeze out at larger temperatures, since the Hubble rate
is proportionally larger. From chemical equilibrium, which
we can trust down to the freezing temperature Tfr,
n=p ∼ exp ð−Δm=TfrÞ, with Δm the neutron–proton mass
difference. If Tfr gets higher due to an increase ofNeff , there
are more neutrons available at the onset of deuterium
formation, and this translates into a larger value of Yp. This
is what we expect if sterile neutrino states are excited in the
early universe. This effect can be compensated if electron
neutrino number density is larger, since in this case weak
rates get increased. The secret interaction scenario, while it
may reduce the value of ΔNeff to some (positive) values
smaller than unity yet, it typically leads to a smaller
electron neutrino density ρee < 1 These two features, i.e.
a positive ΔNeff and less electron neutrinos, both conspire
to produce a larger Yp.

FIG. 3 (color online). Flavor evolution as functions of temper-
ature T for different cases for GX ¼ 103 GF. Upper panel is the
standard case without secret interactions. Middle and lower plots
are for gX ¼ 10−1 and gX ¼ 10−2, respectively. In the left panels
we report ρee (continuous curve), ρμμ (dotted curve) and ρss
(dashed curve). Right panels show the corresponding ΔNeff .

FIG. 4 (color online). The asymptotic values of ΔNeff versus
GX and gX . Colors from blue (lower right corner) to red (upper
left corner) correspond to increasing values. Dashed curves show
some reference values.
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BBN constraints for sterile 𝜈SI (vector)
After the ν oscillation in the range of gx and GX relevant for BBN, we have both : 

ΔNeff  > 0 and  distortions of the active νe spectra 

Allowed

Planck best fit  Ωb h2= 0.02207
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 Deuterium yield

Experimental reference value:

R. Cooke et al, 2013

σexp

2H/H= (2.53 ± 0.04) x 10-5
Experimental reference value:

mass permitted:  MX ≤ 40 MeV

Translating in a bound for the mediator mass:
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Mass constraints for sterile 𝜈SI (vector)
Constraint on lower MX ↔ very large GX  (> 105 GF)   

Very strong secret collisional term 
 leads to a quick flavor equilibrium

(ρee,  ρµµ,  ρττ,  ρss)initial      → 

(1,     1,   1,     0)
(ρee,  ρµµ,  ρττ,  ρss)final 

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

Stodolsky, 1987

 lower value in the 2σ  range from anomalies  gives  meffs ∼ 0.8 eV        

in tension  with the CMB and LSS  conservative bounds on sterile mass (< 0.6 eV)
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The smaller value of GX for which this happens can be
obtained from the condition that scattering rate equals
the value of H at a temperature 3.15Tν ∼ ⟨p⟩ ∼

√

∆m2
st

G2
XT 5

ν ∼ H(Tγ) . (18)

Using standard expression of the Hubble rate in the Tγ ∼
eV range and the fact that, as we have seen, sterile tem-
perature is given by Tν = (4/11)1/3(3/4)1/3Tγ this gives
GX ∼ 1010GF , which corresponds to MX ≃ 10−1 MeV
for gX ≃ 10−1. Therefore, the mass bound discussed be-
low only applies as long as the coupling GX is smaller
than this value.
Assuming that the active neutrinos are much lighter

than the sterile species, one can define an effective sterile
neutrino mass [34]

meff
st = ρss

√

∆m2
st =

3

4

√

∆m2
st . (19)

Latest analysis in [24] of the sterile neutrino anomalies
gives a best-fit ∆m2

st = 1.6 eV2 with a 2σ range

1.08 eV2 < ∆m2
st < 1.99 eV2 . (20)

Using Eq. (19) the lower value in the 2σ range gives
meff

st ≃ 0.78 eV. This value has to be compared with
the cosmological mass bounds. We also comment that
the global analysis of sterile neutrino anomalies pre-
sented in [25] finds a discrepancy between appearance
and disappearance sterile neutrino data. As a conse-
quence only a small region around∆m2

st ≃ 0.9 eV2 would
be compatible with all data. This would correspond to
meff

st ≃ 0.7 eV.
Cosmological bounds on sterile neutrino mass and

abundance in the early universe are rather sensitive to
the data set used in the analysis, notably CMB data from
Planck [35] and the recent but controversial BICEP2
experiment [36] (see also [37]), LSS, H0 measurements
as well as lensing and cluster data (CFHTLenS+PSZ).
In particular, the Planck Collaboration combines Planck
with WMAP polarization data, Baryon Acoustic Oscil-
lation and high multipole CMB data. In this case the
bound obtained is meff

st < 0.42 eV at 95% C.L. [35],
which is in strong disagreement with the sterile neutrino
abundance produced by the secret interactions. More-
over a possible non-zero sterile neutrino mass has been
claimed in order to relieve the discrepancy between the
CMB measurements and other observations, like cur-
rent expansion rate H0, the galaxy shear power spec-
trum and counts of galaxy clusters, providing a value
meff

st ≃ 0.7 eV at 2σ [38–41] (see also [42]) or an upper
bound of meff

st < 0.6 eV [43]. Stronger bounds have also
be quoted in [41, 43].
In general, from the results presented here, one would

conclude that the minimum meff
st ≃ 0.78 eV obtained

from the secret collisional production and compatible
with the ∆m2

st range would be in tension (at least at
2σ level) with the bounds on sterile neutrino mass from

cosmology. A possible way out to this result is to con-
sider extremely high couplings, GX ≥ 1010GF , since in
this case sterile-sterile scatterings are in equilibrium till
the eV scale, when they become non relativistic. As we
mentioned, they would never experience a free streaming
regime and cosmological mass bounds do not apply.
To close, we remark that in deriving our constraint we

have been conservative, since we have assumed that ster-
ile neutrinos are produced only by vacuum oscillations at
T ≪ 1 MeV. However, it has been argued in [8, 13] that
there could be another colder primordial population of νs
generated at T ≫ GeV by the decoupling of the U(1)X
sector from standard particles. This additional contribu-
tion would increase the tension between the sterile neu-
trino abundance and the cosmological mass bound.

V. CONCLUSIONS

Secret interactions among sterile neutrinos mediated
by a light gauge boson X have been recently proposed
as an intriguing possibility to suppress the thermaliza-
tion of eV sterile neutrinos in the early universe. In
particular, interactions mediated by a gauge boson with
MX ≤ 10 MeV would suppress the sterile neutrino pro-
ductions for T >∼ 0.1 eV and seemed therefore safe from
cosmological constraints related to big-bang nucleosyn-
thesis [12].
In the present work we have shown that when the mat-

ter potential produced by the sterile interactions becomes
smaller than the vacuum oscillation frequency, ster-
ile neutrinos are copiously produced by the scattering-
induced decoherent effects in the sterile neutrino sector.
This process would lead to a quick flavor equilibration,
with a sterile neutrino abundance largely independent on
the specific values of GX and MX . A possible complete
re-thermalization of sterile neutrinos and its impact on
mass bound was already advocated in [13]. Indeed, we
have shown that due to the large damping effects this is
always the case in secret interactions among sterile neu-
trinos with low MX masses.
We investigated the cosmological consequences of this

huge sterile neutrino population. We find that a signa-
ture of secret interactions would be a reduction of the ef-
fective number of neutrinosNeff down to 2.7. If this value
is compatible with the 2σ range given by the Planck ex-
periment [35], the future experiment Euclid [32], with a
sensitivity to ∆Neff < 0.1 may probe this small deviation
with respect to the standard expectation. Moreover, for
MX

>∼ gX MeV, sterile neutrinos would be free-streaming
at the matter-radiation equality epoch. Then, the large
sterile neutrino production would be in tension with the
most recent cosmological mass bounds on sterile neutri-
nos. We note that for the parameters MX ≃ gX MeV,
where secret interactions would play also an interesting
role in relation to dark matter and small-scale struc-
tures [8], sterile neutrinos would be at the border be-
tween free-streaming and collisional regime at the neu-

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

 Mirizzi,Mangano, Pisanti Saviano, 2014

Secret interaction scenario: disfavored  MX > 0.1 MeV (⬄ ∼ 109 GF) 
24

Planck XVI, 2015, Hamann and Hasenkamp, 2013,Giusarma et al 2016…

The strong collisional e↵ects produce a damping of the resonant transitions and would
bring the system towards the flavour equilibrium among the di↵erent neutrino species with a
production rate given by [22, 30]

�t ' hP (⌫↵ ! ⌫s)i
coll

�X , (2.4)

where hP (⌫↵ ! ⌫s)i
coll

is the average probability of conversions among an active ⌫↵ and a sterile
neutrino ⌫s in a scattering time scale (�X)�1, where the scattering rate is given by

�X ' G2

XT 5

⌫
p

hpi
ns

na
. (2.5)

In Eq. (2.5) hpi ' 3.15T⌫ is the average-momentum for a thermal Fermi-Dirac distribution, and
ns and na the sterile and active neutrino abundance, respectively.

2.2 Cosmological bounds: state-of-the-art

Since the search for sterile neutrinos in laboratory experiments is presently open, it is impor-
tant to use as many observations as possible to corner sterile neutrinos and in particular their
production through secret interactions. In this context, cosmological observations represent a
valid complementary tool to probe this scenario, being sensitive to the number of neutrinos, to
their mass and to their free streaming characteristic.

In this Section we present the cosmological bounds obtained so far. For a coupling constant
gX & 10�2 and masses of the mediator MX & O(10 MeV) the sterile neutrino production would
occur before neutrino decoupling (T & 0.1–1 MeV). At this regard, in [20] it has been computed
the sterile neutrino production relevant for BBN. The standard BBN dynamics is altered both
by a larger value of N

e↵

and by the spectral distortion of ⌫e when oscillations occur close to the
neutrino decoupling. Using the present determination of deuterium primordial abundances, it
was found that the 2H/H density ratio excludes much of the parameter space at 3�, in particular
masses MX � 40 MeV are excluded.

For smaller values of the mediator mass a large matter potential is generated suppressing
the sterile neutrino production before the neutrino decoupling. With this choice of parameter
ranges, BBN is left unchanged and gives no bound on the model. However, at lower tempera-
tures when active-sterile oscillations are no longer matter suppressed, sterile neutrinos are still
in a collisional regime, due to their secret self-interactions. The interplay between vacuum os-
cillations and collisions leads to a scattering-induced decoherent production of sterile neutrinos
with a fast rate given in Eq. (2.4). At this regard, in [22] were neglected the resonant matter
e↵ects in the sterile neutrino production, reducing the average probability in Eq. (2.4) to a pure
vacuum one, i.e.

hP (⌫↵ ! ⌫s)i
coll

' 1

2
sin2 ✓↵s . (2.6)

Taking as representative mixing angle sin2 2✓es ' 0.12 [33], one would expect a sterile neutrino
abundance, ns ' 0.06 na. This seemingly negligible population is enough to generate a large
scattering rate in the post-decoupling epoch for a su�ciently large GX . In particular for GX &
108GF the scattering rate at T� ⇠ 10�2 MeV would be much larger than the Hubble rate H.
This would lead a fast flavour equilibration between the three active and the sterile species,
leading from an initial abundance

(ne, nµ, n⌧ , ns)
initial

= (1, 1, 1, 0) , (2.7)

to a final one:

(ne, nµ, n⌧ , ns)
final

=

✓
3

4
,
3

4
,
3

4
,
3

4

◆
, (2.8)

for all the parameters associated with eV sterile neutrino anomalies.
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The interplay between flavor oscillations and collisions
becomes more transparent considering the equations of
motion [Eq. (1)–(2)] in the case of mixing of only one
active flavor with the sterile neutrinos. In this case one
may write ρ = 1

2
(1 + P · σ), Ω = 1

2
(ω0 + Ω · σ) and

SX = 1
2
(s0+SX ·σ), where σ are the Pauli matrices. One

recovers the known evolution of the polarization vector
P, expressed by the Stodolsky’s formula [2, 28]

dP

dt
= Ω×P−DPT . (6)

The first term at the right-hand-side represents the pre-
cession of the polarization vector P around Ω. The ef-
fect of the collisions is to destroy the coherence of the
flavor evolution, leading to a shrinking of the length of
P. More precisely, the component of the polarization vec-
tor “transverse” to the flavor basis PT is damped with
a rate D = (1/2)ΓX |SX |2 (we remind the reader that
PT represents the off-diagonal elements of ρ). As shown
in [28, 29], the combination of precession and damping
can lead to different behaviors depending on the relative
strength of the two effects.
In particular, when the typical oscillation rate (t−1

osc),
collision rate (t−1

coll) and the expansion rate of the uni-
verse (H), obey the hierarchy t−1

osc ≫ t−1
coll ≫ H the flavor

dynamics can be described as follows. Active neutrinos
να start to oscillate into sterile states νs. The average
probability to find a sterile neutrinos in a scattering time
scale (Γ−1

X ) is given by ⟨P (να → νs)⟩coll. In each col-
lision, the momentum of the νs component is changed,
while the να component remains unaffected. Therefore,
after a collision the two flavors are no longer in the same
momentum state, and then they can no longer oscillate.
Conversely, they start to evolve independently. However,
the remaining active neutrinos can develop a new co-
herent νs component which is made incoherent in the
next collision, and so on. The process continues till one
reaches a flavor equilibrium with equal number of να and
νs (corresponding to |P| = 0, i.e. a completely mixed
ensemble). Starting with a pure active flavor state, cor-
responding to ρ = diag(1, 0), the final density matrix
would be ρ = diag(1/2, 1/2). The averaged relaxation
rate to reach this chemical equilibrium is [11, 28]

Γt ≃ ⟨P (να → νs)⟩collΓX . (7)

Notice that this rate is non zero as soon as an initial
sterile neutrino density is produced when the matter term
becomes of the order of the vacuum oscillation frequency.
This initial sterile abundance is again proportional to the
conversion probability. Thus Γt is, at first, proportional
to the square of ⟨P (να → νs)⟩coll.
In the following we will show that the conditions to

trigger this dynamics are always fulfilled at Tν ≪ 1 MeV,
leading to a copious sterile neutrino production. The key
observation is that, although the refractive potential is
smaller than the oscillation rate and the collisional cross
sections are even smaller, yet they exceed the Hubble rate

and lead to scattering-induced decoherent production of
sterile neutrinos.

III. STERILE NEUTRINO PRODUCTION BY
SCATTERING-INDUCED DECOHERENCE

In Fig. 1 we show the behavior of the different neutrino
refractive and collisional rates normalized to the Hub-
ble rate H(Tγ), versus photon temperature Tγ = 1.4Tν

(see [4] for details). For the sake of illustration, we show
the quantity of Eq. (2)-(5) averaged over thermal Fermi-
Dirac distributions. Results are shown for gX = 10−1.
Left panel is for GX = 108 GF , or MX = 1.2 MeV,
while right panel corresponds to GX = 1010 GF , i.e.
MX = 0.12 MeV. We show the active-sterile vacuum
term (solid curve) and the secret matter potential (dotted
curve) assuming ρss = ns/na = 0.06, corresponding to
the initial sterile neutrino abundance induced by vacuum
oscillations (see later). We note that for Tν > MX the
real form of the matter potential would deviate from the
contact structure of Eq. (3) used in the Figure (see [8]).
In particular, for Tν ≃ MX the potential would vanish,
leading to a possible production of νs when this con-
dition is fulfilled. However, since the duration of this
phase is expected to be shorter than the inverse of the
sterile neutrino production rate Γ−1

t , for simplicity we
neglect this possible (small) extra-contribution of ster-
ile neutrinos. In the left panel a resonance would take
place at Tγ ≃ 5 × 10−2 MeV, while in the right panel at
Tγ ≃ 1×10−2 MeV. This resonance excites sterile states.
In principle one should perform numerical simulations

in a (3+1) scheme in order to calculate the resonant ster-
ile neutrino abundance and the further flavor evolution.
However, in the presence of the very large matter poten-
tial and collisional term, induced by the secret interac-
tions, these would be computationally demanding. More-
over, our main argument is not related to the details of
the corresponding dynamics. Therefore, for simplicity we
assume that the resonance is completely non-adiabatic,
so we have to take into account only the vacuum produc-
tion of sterile neutrinos at lower temperatures when the
matter term becomes smaller than the vacuum oscillation
term, associated with ∆m2

st. This is a very conservative
assumption. However, it allows us to easily compute the
flavor evolution and is enough to show the role of the
damping term.
The active-sterile vacuum oscillation probability, aver-

aged over a collision time scale, is given by [30]

⟨P (να → νs)⟩coll ≃
1

2
sin2 2θαs . (8)

Taking as representative mixing angle sin2 2θes ≃
0.12 [24], one would expect a sterile neutrino abundance,
ns ≃ 0.06na. This seems a negligible contribution, but
is enough to generate a large scattering rate proportional
to G2

X , see Eq. (7). This is shown in Figure 1 as dashed
curves. As one can see, at Tγ

<∼ 10−2 MeV, Γt ≫ H(Tγ).



  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

Constraint:  nν TOT must  be constant

        Tν is reduced by a factor  (3/4)1/3, 
   leading to an effect on the radiation density

A surprising effect on Neff

5

but for the effect of momentum redshift. In the model
we are considering, after their production sterile neutri-
nos are fastly rescattering among themselves via secret
interactions of order G2

X . They are therefore, collisional.
In fact, a grey body distribution is not a solution of the
collisional Boltzmann equation, so these scattering pro-
cesses will push the sterile distribution towards a Fermi-
Dirac shape, with the constraint that the total neutrino
number density is kept constant. Furthermore, as soon as
sterile neutrinos change their distribution this has a feed-
back on active neutrino distribution too, which are still
efficiently oscillating into sterile states. This implies that
all neutrino species in presence of sterile-sterile scattering
will adjust quite efficiently their distribution to a thermal
equilibrium distribution. The constant number density
(or entropy) constraint implies that their eventual tem-
perature is reduced by a factor (3/4)1/3 with respect to
the initial active neutrino temperature Tν = (4/11)1/3Tγ .
Indeed, we have

nν = 2

∫

d3p

(2π)3
3

4

1

exp(p/Tν) + 1

= 2

∫

d3p

(2π)3
1

exp[p/(Tν(3/4)1/3)] + 1
. (11)

There are in fact, no pair production processes from the
electromagnetic plasma which can refill active neutrino
densities, since in the scenario we are considering, ster-
ile neutrinos are excited well below the active neutrino
decoupling phase.
From these considerations we see that the total en-

ergy density stored in active and sterile neutrinos is re-
duced. Indeed, before sterile neutrinos are excited, and
after e+− e− annihilation phase, active neutrinos energy
density is given by

ϵν,in = 3×
7

8

(

4

11

)4/3

ϵγ , (12)

where the photon energy density is ϵγ = (π2/15)T 4
γ and

the effective number of neutrino species is Neff ≃ 3, ne-
glecting the small effect due to partial neutrino heating
of order ∆Neff = 0.046 [33]. After sterile states are pro-
duced via oscillations and kinetic equilibrium is reached
via secret interactions, we have four species which share a
common temperature Tν = (4/11)1/3(3/4)1/3Tγ . There-
fore, till all neutrinos are fully relativistic

ϵν,fin = 4×
(

3

4

)4/3

×
7

8

(

4

11

)4/3

ϵγ , (13)

and correspondingly the value of Neff decreases to

Neff ∼ 4×
(

3

4

)4/3

∼ 2.7 . (14)

This value is only slightly reduced at the matter ra-
diation equality, i.e. for Tγ ∼ 0.7 eV, since at this en-
ergy scale only the high energy tail of sterile neutrino

distribution counts as radiation. If we weight this con-
tribution with the ratio of corresponding pressure over
the pressure of a purely relativistic gas, as in [30] and as-
sume relativistic active states at this epoch, we find with
mst ∼

√

∆m2
st ≃ 1 eV

Neff ∼ 3

(

3

4

)1/3 (3

4
+

1

4

P

P0

)

∼ 2.66 , (15)

where the first and second terms in bracket are the active
and sterile contribution, respectively and

P = 2

∫

d3p

(2π)3
p2

3
√

p2 +mst
2

×
1

exp[p/(Tν(3/4)1/3)] + 1
, (16)

P0 = 2

∫

d3p

(2π)3
p

3

1

exp[p/(Tν(3/4)1/3)] + 1
. (17)

A value of the effective number of neutrino smaller than
the expected standard result would be a signature in
favour of strongly interacting sterile states mixed with
active neutrinos, though there might be different mod-
els which can account for this result (e.g., low-reheating
scenarios [31]). Presently, the most precise determina-
tion of Neff is from Planck experiment. In the standard
ΛCDM model but allowing for a free number of relativis-
tic species the result is Neff = 3.30 ± 0.27 (68 % C.L.)
[35], which is compatible with (15) at about 2σ. A new
data release by Planck collaboration is expected soon,
including polarization data. This might put further con-
straint on Neff . In the future even more tight bounds
are foreseen to come by next generation experiment such
as Euclid [32],which should reach a sensitivity of order
∆Neff < 0.1.

B. Cosmological mass bounds

The sterile neutrino production due to the scattering-
induced decoherent effects is expected to affect the Cos-
mic Microwave Background (CMB) and Large Scale
Structures (LSS), which are both sensitive to neutrino
mass scale in the 10−1 eV– 1 eV range. One of the main
effect of a massive neutrino is due their free streaming till
the epoch when they become non relativistic, which sup-
presses the growth of perturbations on small scales. How-
ever, if sterile states scatters via secret interactions, the
free streaming regime is delayed until the scattering rate
becomes smaller than the Hubble parameter. This means
that if GX is large enough so that this condition holds
at the non relativistic transition, sterile neutrinos would
never have a free streaming phase, but always diffuse. 3

3 We are very pleased to thank Basudeb Dasgupta for pointing us
this possibility.
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CMB constraints for sterile 𝜈SI (vector)
For  MX ≤ 0.1  MeV (≥  1010 GF )    ➙ νs   could be still coupled at CMB and LSS epoch  ➙  
possible no free-streaming.

Γ/H an appropriated analysis should be performed

We derive our mass bounds, taking into account neutrino scattering via secret interactions and we also take 
into account the increased density and pressure perturbations in the neutrino fluid, induced by collisions with 
strength  

Scattering rates between mass eigenstates —> projection from the flavour basis through the mixing matrix 

as the sum of a zero-th order part f
0

and a perturbation �f ⌘ f
0

 , the latter evolves according
to the Boltzmann equation:

L̂[�f ] = Ĉ[�f ] , (2.11)

where L̂ is the Liouville operator. The collision term Ĉ in the right-hand side takes into account
the e↵ect of secret interactions. In principle, the collision term is a complicated integral involving
the matrix elements for the relevant processes; computing exactly the collision integral is a
numerically demanding task, beyond the scope of our work (see e.g. Ref.[28] for a detailed study
of this topic). Fortunately it is enough, for the purpose of studying the evolution of cosmological
perturbations, to resort to the so-called relaxation time approximation [29], in which the collision
integral is taken to be Ĉ[�f ] ' �f/⌧c, ⌧c = han�vi�1 being the mean conformal time between
collisions. We can rewrite the Boltzmann equation in a more convenient way (we refer the
reader to Ref. [32] for the notation):
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where the indices i and j label neutrino mass eigenstates, and summation over repeated indices
should be understood. In the case under consideration, the scattering cross section � is of
the order of G2

XT 2

⌫ , where T⌫ = (3/11)1/3T� is the common temperature of active and sterile
neutrinos after flavour equilibration. Given that the neutrino number densities ns = n⌫ =
(3/2)(⇣(3)/⇡2)T 3

⌫ , we have that the collision rate � = ⌧�1

c ⇠ aG2

XT 5

⌫ . Comparing this with the
conformal Hubble expansion rate H ⌘ aH, we can find the time at which collisions cease to be
important and sterile neutrino start to behave as free-streaming particles.

Boltzmann codes like camb [33] evolve the perturbations in the distribution functions of
the mass eigenstates. In order to obtain the scattering rates between mass eigenstates, those
should be projected from the flavour basis through the mixing matrix. We shall assume that
the sterile state is the superposition of the 1 and 4 mass eigenstates through the vacuum mixing
angle ✓s as

⌫s ' sin ✓s⌫1 + cos ✓s⌫4 , (2.13)

so that we are in the situation in which the mass eigenstates ⌫
1

and ⌫
4

interact with relative
rates sin2 ✓s and cos2 ✓s, while ⌫2 and ⌫
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are essentially free-streaming [23], and the scattering
rate term becomes:
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It is possible to rewrite the Boltzmann equation for the mass eigenstates as an infinite hierarchy
of multipoles [32]:
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[22] some of us have shown that this decoherent sterile neutrino production would quickly lead
to equilibrium among active and sterile species, leading to a sizeable abundance of the latter in
conflict with the cosmological neutrino mass bound. In addition, this mechanism reduces the
e↵ective number of neutrinos to N

e↵

' 2.7 at matter-radiation equality. For MX & 0.1 MeV,
sterile neutrinos would be free-streaming before becoming non-relativistic and they would af-
fect the structure formation at scales smaller than the free-streaming length. Conversely, for
masses MX . 0.1 MeV, as noticed in [22, 23], sterile neutrinos would be at the border between
free-streaming and collisional regime at the photon decoupling, so one cannot naively apply
the mass constraints as we did before. This range of the parameter space for the secret in-
teractions is particularly interesting since it was previously shown [13, 14] to have potentially
important consequences for the small scale structure of dark matter if the mediator X couples
also to dark matter. Furthermore, possible signatures of secret interactions in the observations
of very-high-energy neutrinos by Icecube has been analyzed in [24, 25].

In the present work, we pursue a dedicated investigation ofMX . 0.1 MeV region obtaining
constraints by the latest Planck data on the cosmic microwave background. The plan of this
paper is as follows. In Sec. 2 we discuss the production mechanism of sterile neutrinos associated
with secret interactions in the post-decoupling epoch and we present the existing cosmological
bounds on this scenario. In Sec. 3 we present the results of our analysis and we draw our
conclusions in Sec. 4.

2 Secret interaction framework

2.1 Sterile neutrino production

The 3+1 active-sterile neutrino mixing scenario involves 3 active families and a sterile species.
Describing the neutrino system in terms of 4 ⇥ 4 density matrices ⇢ = ⇢(p), the active-sterile
flavour evolution is ruled by the kinetic equations [26]

i
d⇢

dt
= [⌦, ⇢] + C[⇢] , (2.1)

see [8] for a detailed treatment. The first term on the right-hand side of Eq. (2.1) describes the
flavour oscillations Hamiltonian, given by

⌦=
M2

2p
+

p
2G

F


�8p

3

✓
E`

M2

W

+
E⌫

M2

Z

◆�

+
p
2G

X


� 8pEs

3M2

X

�
, (2.2)

where M2 = U†M2U is the neutrino mass matrix in flavour basis, with U the active-sterile
vacuum mixing matrix. The terms proportional to the Fermi constant GF in Eq. (2.2) are
the standard matter e↵ects in active neutrino oscillations, while the term proportional to GX

represents the new matter secret potential. In particular, E` is related to the energy density of
e� and e+ , E⌫ is the ⌫-⌫ interaction term proportional to a primordial neutrino asymmetry
(that here we assume negligible), while Es is the energy density associated with ⌫s. The last term
in the right-hand side of Eq. (2.2) is the collisional integral given by the sum of the standard
(/ G2

F ) and the secret one (/ G2

X). Since the flavour evolution typically occurs at neutrino
temperature T⌫ ⌧ MX we can reduce the secret interaction to a contact form, with an e↵ective
strength

GX =

p
2

8

g2X
M2

X

. (2.3)

The strong collisional e↵ects produce a damping of the resonant transitions and would
bring the system towards the flavour equilibrium among the di↵erent neutrino species with a
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Figure 1. Angular power spectrum of CMB temperature fluctuations. For the non interacting case
and in case of secret interactions. In the upper panel, we show spectra for three di↵erent values of the
coupling constant GX = 2 ⇥

�
108, 109, 1010

 
GF (red solid, dashed, dotted lines, respectively). The

non-interacting case is undistinguishable from the GX = 2⇥108 GF case. The APS is obtained assuming
3 active neutrinos having

P3
i=1 mi = 0.06 eV and a sterile neutrino species with ms = 1 eV. In the

lower panel, we show residuals with respect to the non-interacting case. The error bars represent the
uncertainties of the Planck 2015 data.

In our analysis, we always take flat, wide (in the sense that they are much larger than
the expected posterior widths) priors for the six ⇤CDM parameters. We also consider priors
on GX and ms in order to model limiting cases of the scenario under consideration, to include
additional pieces of experimental information, or simply to explore di↵erent regions of the
parameter space. We start by performing a set of exploratory MCMC runs in which we assume
a flat prior distributions in log

10

[GX ] and ms. The advantage of a logarithmic prior in GX is
that it allows to explore several orders of magnitude in the parameter with equal probability
per decade and thus to assess when the e↵ect of secret interactions on the CMB APS becomes
“large”, at least in comparison with the experimental sensitivity. However, a logarithmic prior
gives more weight to small values of the parameter with respect to a flat prior, resulting in
tighter bounds on the parameter itself. Moreover, it is an improper prior, since it does not
integrate to a finite value if GX � 0, and in order to give meaningful credible intervals an
arbitrary, non-zero, lower bound on GX has to be assumed. For these reasons, we only use the
results from this analysis to estimate the sensitivity of the data to GX and to gauge the initial
step of the subsequent MCMC runs, that always use a flat prior on GX .

The full model, in which the ⇤CDM parameters as well as GX and ms are varied, is dubbed
S⇤CDM (standing for “⇤CDM with secret interactions”). In this case, and unless otherwise
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Effect of interactions among neutrino species on the evolution of cosmological perturbations: as the sum of a zero-th order part f

0

and a perturbation �f ⌘ f
0

 , the latter evolves according
to the Boltzmann equation:

L̂[�f ] = Ĉ[�f ] , (2.11)

where L̂ is the Liouville operator. The collision term Ĉ in the right-hand side takes into account
the e↵ect of secret interactions. In principle, the collision term is a complicated integral involving
the matrix elements for the relevant processes; computing exactly the collision integral is a
numerically demanding task, beyond the scope of our work (see e.g. Ref.[28] for a detailed study
of this topic). Fortunately it is enough, for the purpose of studying the evolution of cosmological
perturbations, to resort to the so-called relaxation time approximation [29], in which the collision
integral is taken to be Ĉ[�f ] ' �f/⌧c, ⌧c = han�vi�1 being the mean conformal time between
collisions. We can rewrite the Boltzmann equation in a more convenient way (we refer the
reader to Ref. [32] for the notation):
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where the indices i and j label neutrino mass eigenstates, and summation over repeated indices
should be understood. In the case under consideration, the scattering cross section � is of
the order of G2

XT 2

⌫ , where T⌫ = (3/11)1/3T� is the common temperature of active and sterile
neutrinos after flavour equilibration. Given that the neutrino number densities ns = n⌫ =
(3/2)(⇣(3)/⇡2)T 3

⌫ , we have that the collision rate � = ⌧�1

c ⇠ aG2
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⌫ . Comparing this with the
conformal Hubble expansion rate H ⌘ aH, we can find the time at which collisions cease to be
important and sterile neutrino start to behave as free-streaming particles.

Boltzmann codes like camb [33] evolve the perturbations in the distribution functions of
the mass eigenstates. In order to obtain the scattering rates between mass eigenstates, those
should be projected from the flavour basis through the mixing matrix. We shall assume that
the sterile state is the superposition of the 1 and 4 mass eigenstates through the vacuum mixing
angle ✓s as

⌫s ' sin ✓s⌫1 + cos ✓s⌫4 , (2.13)

so that we are in the situation in which the mass eigenstates ⌫
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It is possible to rewrite the Boltzmann equation for the mass eigenstates as an infinite hierarchy
of multipoles [32]:
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As long as Γ > H, interacting neutrinos behave as perfect fluid —> shear and higher moments are 
exponentially suppressed. 

Net effect: density and pressure perturbations are enhanced with respect to the non-interacting  
                    case, propagating to the photon fluid, and thus to CMB anisotropies
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where L̂ is the Liouville operator. The collision term Ĉ in the right-hand side takes into account
the e↵ect of secret interactions. In principle, the collision term is a complicated integral involving
the matrix elements for the relevant processes; computing exactly the collision integral is a
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as the sum of a zero-th order part f
0

and a perturbation �f ⌘ f
0

 , the latter evolves according
to the Boltzmann equation:

L̂[�f ] = Ĉ[�f ] , (2.11)

where L̂ is the Liouville operator. The collision term Ĉ in the right-hand side takes into account
the e↵ect of secret interactions. In principle, the collision term is a complicated integral involving
the matrix elements for the relevant processes; computing exactly the collision integral is a
numerically demanding task, beyond the scope of our work (see e.g. Ref.[28] for a detailed study
of this topic). Fortunately it is enough, for the purpose of studying the evolution of cosmological
perturbations, to resort to the so-called relaxation time approximation [29], in which the collision
integral is taken to be Ĉ[�f ] ' �f/⌧c, ⌧c = han�vi�1 being the mean conformal time between
collisions. We can rewrite the Boltzmann equation in a more convenient way (we refer the
reader to Ref. [32] for the notation):

@ i

@⌧
+ i

q(~k · n̂)
✏

 i +
d ln f

0

d ln q

"
�̇� i

q(~k · n̂)
✏

 

#
= ��ij j , (2.12)

where the indices i and j label neutrino mass eigenstates, and summation over repeated indices
should be understood. In the case under consideration, the scattering cross section � is of
the order of G2

XT 2

⌫ , where T⌫ = (3/11)1/3T� is the common temperature of active and sterile
neutrinos after flavour equilibration. Given that the neutrino number densities ns = n⌫ =
(3/2)(⇣(3)/⇡2)T 3

⌫ , we have that the collision rate � = ⌧�1

c ⇠ aG2

XT 5

⌫ . Comparing this with the
conformal Hubble expansion rate H ⌘ aH, we can find the time at which collisions cease to be
important and sterile neutrino start to behave as free-streaming particles.

Boltzmann codes like camb [33] evolve the perturbations in the distribution functions of
the mass eigenstates. In order to obtain the scattering rates between mass eigenstates, those
should be projected from the flavour basis through the mixing matrix. We shall assume that
the sterile state is the superposition of the 1 and 4 mass eigenstates through the vacuum mixing
angle ✓s as

⌫s ' sin ✓s⌫1 + cos ✓s⌫4 , (2.13)

so that we are in the situation in which the mass eigenstates ⌫
1

and ⌫
4

interact with relative
rates sin2 ✓s and cos2 ✓s, while ⌫2 and ⌫

3

are essentially free-streaming [23], and the scattering
rate term becomes:

�ij =

2

6666664

sin2 ✓s 0 0 sin ✓s cos ✓s

0 0 0 0

0 0 0 0

sin ✓s cos ✓s 0 0 cos2 ✓s

3

7777775
(3/2)(⇣(3)/⇡2) aG2

X T 5

⌫ . (2.14)

It is possible to rewrite the Boltzmann equation for the mass eigenstates as an infinite hierarchy
of multipoles [32]:

 ̇i,0 = �4

3
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✏
 i,1 �

2

3
ḣ , (2.15a)

 ̇i,1 = k2
q

✏

✓
1

4
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◆
, (2.15b)
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✏
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4

15
 i,1 �

3
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k i,3

◆
+

2

15
ḣ+

4

5
⌘̇ � �ij j,2 , (2.15c)
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q

✏
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i
� �ij j,` (` � 3) , (2.15d)
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Figure 2. Two-dimensional (bottom right) and corresponding one-dimensional posteriors for the e↵ec-
tive strength of the interaction GX =

p
2g2X/8M2

X in units of the Fermi constant (top) and the sterile
neutrino mass ms (bottom left). Blue constraints are obtained using PlanckTT+lowP data, while the
red ones come from PlanckTT+lowP+BAO, both for the S⇤CDM scenario (that assumes GX � 108GF

and thus Ne↵ = 2.7). The filled regions in the contour plot, from darker to lighter, show the 68, 95 and
99% credible intervals. The shaded regions in the one-dimensional plots correspond to the 95% credible
interval. The grey and green horizontal regions are representative of the 68% and 99.73% priors on ms

suggested by SBL anomalies. The red star at GX = 1.5⇥ 1010GF and ms = 1 eV is representative of the
strong self-interacting scenario described in Ref. [13]. Note that the actual significance of the exclusion
of the scenario with respect to ⇤CDM from the PlanckTT+lowP data is larger than 3� (and similarly for
the PlanckTT+lowP+BAO data), due to the fact that ⇤CDM does not belong to the parameter space
shown in this figure (see discussion in the text).

trino interactions. Even disregarding BAO data, secret interactions with GX & 108GF are
disfavoured with respect to standard ⇤CDM, by CMB data, due to their prediction of a low
N

e↵

. Moreover, CMB estimates of the Hubble constant H
0

in the secret interactions frame-
work are smaller than their ⇤CDM counterparts, thus increasing the tension with astrophysical
measurements of the same quantity.
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stated, we take flat and wide priors also on GX and ms. Note that, as explained above, we
always have N

e↵

= 2.7. A limiting scenario is obtained by fixing GX to a very small value
in our modified camb while keeping N

e↵

= 2.7, in order to reproduce the case in which GX

is large enough for the flavour equilibration to happen, while still being small enough not to
a↵ect the evolution of cosmological perturbations. As we have mentioned, this approximately
corresponds to GX ⇠ 108GF . Since, as noted in the previous section, this case is practically
indistinguishable, as long as the evolution of cosmological perturbations in concerned, from a
⇤CDM scenario with N

e↵

= 2.7 and GX = 0, we shall refer to this model as “S⇤CDM GX0”.
Finally, we also consider prior on ms to model information from short baseline experiments. We
refer to Ref. [3] in which the allowed 3� (i.e., 99.73% CL) range for the squared mass di↵erence
�m2

41

= m2

4

� m2

1

that explains the SBL anomalies is 0.87 eV2  �m2

41

 2.04 eV2. Not
knowing the full shape of the probability density distribution for ms, we decided to model it
considering two “extreme” cases: in the first (“narrow ms prior”) we impose a gaussian prior
ms = 1.27 ± 0.03 eV (the width of the prior is chosen to match the 1� confidence interval for
�m2

41

[3], assuming m
4

� m
1

), while in the second (“broad ms prior”) we impose a flat prior
0.93 eV  ms  1.43 eV, corresponding to the 3� interval reported above. Finally, we will
often compare our results to those obtained in the framework of the standard ⇤CDM model;
for these, we refer to the values reported in the Planck 2015 parameters paper [36], and in this
case it should be understood that N

e↵

= 3.046 [37, 38]. A list of the abbreviations used for the
models considered in this paper, including a short description, can be found in Tab. 1.

Our data consists of the baseline Planck 2015 dataset (dubbed “PlanckTT+lowP” in the
Planck papers), that includes temperature data in the range 2  `  2500, as well as the
large-scale (2  `  30) polarization (based on the measurements of the 70 GHz channel) [39].
The likelihood function associated to the data is computed using the code publicly released by
the Planck collaboration2. We marginalize over a number of nuisance parameters related to
astrophysical foregrounds and instrumental uncertainties, as described in Ref. [39]. We also
consider geometrical information coming from baryon acoustic oscillations; in particular we
make use of the BAO results from the 6dF Galaxy Survey [40], from the BOSS DR11 LOWZ
and CMASS samples [41], and from the Main Galaxy Sample of the Sloan Digital Sky Survey
[42]. The extended dataset combining the Planck 2015 data with the BAO information will be
denoted “PlanckTT+lowP+BAO”.

Description

⇤CDM Standard six-parameter ⇤CDM, N
e↵

= 3.046.

S⇤CDM GX0
Sterile neutrino extension, N

e↵

= 2.7, ms free,
“small” GX (⇠ 108GF ).

S⇤CDM
Sterile neutrino extension, N

e↵

= 2.7, ms and
GX free.

S⇤CDM Narrow
Sterile neutrino extension, N

e↵

= 2.7, GX free,
ms = 1.27± 0.03 eV (gaussian prior).

S⇤CDM Broad
Sterile neutrino extension, N

e↵

= 2.7, GX free,
0.93 eV  ms  1.43 eV (flat prior).

Table 1. Description of the models considered in this work.

2
We acknowledge the use of the products available at the Planck Legacy Archive (http://www.cosmos.esa.

int/web/planck/pla).
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Parameter S⇤CDM

⌦bh
2 0.02197±0.00021

⌦ch
2 0.1144+0.0016

�0.0015

100✓MC 1.04332+0.00090
�0.00063

⌧ 0.074± 0.018

ns 0.9392± 0.0063

ln(1010As) 3.038± 0.036

GX/GF < 1.97⇥ 1010

ms < 0.29

H
0

65.26± 0.68

Table 3. Parameter constraints for the models under consideration, from the PlanckTT+lowP+BAO
dataset. We either quote constraints in the form “mean ± 68% uncertainty”, or as 95% credible intervals
(when not indicated, the lower limit should be understood to be zero). Units of ms and H0 are eV and
km s�1 Mpc�1, respectively.

Parameter ⇤CDM S⇤CDM GX0 S⇤CDM S⇤CDM Broad S⇤CDM Narrow

�2
min 11265.1 11272.8 11269.0 11275.2 11277.6

Table 4. Best-fit �2 values for the models under consideration, for the PlanckTT+lowP dataset.

states of the standard model of particle physics, with new, secret self-interactions mediated by
a massive vector boson and confined in the sterile sector. This model has been proposed in
order to alleviate the tension between the preferred solution of the SBL neutrino anomalies and
cosmological observations, that disfavour a fourth fully thermalized neutrino species. Notably
the e↵ect of the new interactions would be to e↵ectively dilute the density of both the active and
sterile states (leading to an e↵ective number of relativistic species N

e↵

= 2.7, more compatible
with the Planck data). However, the mass of the sterile neutrino required to explain the SBL
anomalies still appears to be too large with respect to the corresponding cosmological bounds.
It was not clear a priori if and to what extent such bounds could be evaded thanks to the
secret interactions that, if very strong, could significantly delay the onset of sterile neutrino free
streaming.

Secret interactions also leave an imprint on the CMB spectra, by extending the collisional
regime for the neutrino fluid. Using this e↵ect, we have constrained the e↵ective “Fermi con-
stant” GX of the new interaction to be smaller than 2.8⇥ 1010GF at 95% CL from the Planck
2015 temperature and large-scale polarization data. This limit is improved to 2.0 ⇥ 1010GF

at 95% CL when information from BAO are included. These results disfavour the range, cor-
responding to GX & 1010GF , in which the onset of sterile neutrino free streaming is delayed
until after recombination, and cosmological mass bounds could be possibly evaded. In fact, our
self-consistent analysis yields, at 95% CL, ms < 0.82 eV and ms < 0.29 eV from the Planck
2015 data alone and in combination with BAO, respectively, smaller than the value required
to explain SBL anomalies, allowing to conclude that the tension between the SBL oscillation
experiments and CMB observations still holds even in extended models with secret sterile neu-
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Figure 2. Two-dimensional (bottom right) and corresponding one-dimensional posteriors for the e↵ec-
tive strength of the interaction GX =

p
2g2X/8M2

X in units of the Fermi constant (top) and the sterile
neutrino mass ms (bottom left). Blue constraints are obtained using PlanckTT+lowP data, while the
red ones come from PlanckTT+lowP+BAO, both for the S⇤CDM scenario (that assumes GX � 108GF

and thus Ne↵ = 2.7). The filled regions in the contour plot, from darker to lighter, show the 68, 95 and
99% credible intervals. The shaded regions in the one-dimensional plots correspond to the 95% credible
interval. The grey and green horizontal regions are representative of the 68% and 99.73% priors on ms

suggested by SBL anomalies. The red star at GX = 1.5⇥ 1010GF and ms = 1 eV is representative of the
strong self-interacting scenario described in Ref. [13]. Note that the actual significance of the exclusion
of the scenario with respect to ⇤CDM from the PlanckTT+lowP data is larger than 3� (and similarly for
the PlanckTT+lowP+BAO data), due to the fact that ⇤CDM does not belong to the parameter space
shown in this figure (see discussion in the text).

trino interactions. Even disregarding BAO data, secret interactions with GX & 108GF are
disfavoured with respect to standard ⇤CDM, by CMB data, due to their prediction of a low
N

e↵

. Moreover, CMB estimates of the Hubble constant H
0

in the secret interactions frame-
work are smaller than their ⇤CDM counterparts, thus increasing the tension with astrophysical
measurements of the same quantity.
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stated, we take flat and wide priors also on GX and ms. Note that, as explained above, we
always have N

e↵

= 2.7. A limiting scenario is obtained by fixing GX to a very small value
in our modified camb while keeping N

e↵

= 2.7, in order to reproduce the case in which GX

is large enough for the flavour equilibration to happen, while still being small enough not to
a↵ect the evolution of cosmological perturbations. As we have mentioned, this approximately
corresponds to GX ⇠ 108GF . Since, as noted in the previous section, this case is practically
indistinguishable, as long as the evolution of cosmological perturbations in concerned, from a
⇤CDM scenario with N

e↵

= 2.7 and GX = 0, we shall refer to this model as “S⇤CDM GX0”.
Finally, we also consider prior on ms to model information from short baseline experiments. We
refer to Ref. [3] in which the allowed 3� (i.e., 99.73% CL) range for the squared mass di↵erence
�m2

41

= m2

4

� m2

1

that explains the SBL anomalies is 0.87 eV2  �m2

41

 2.04 eV2. Not
knowing the full shape of the probability density distribution for ms, we decided to model it
considering two “extreme” cases: in the first (“narrow ms prior”) we impose a gaussian prior
ms = 1.27 ± 0.03 eV (the width of the prior is chosen to match the 1� confidence interval for
�m2

41

[3], assuming m
4

� m
1

), while in the second (“broad ms prior”) we impose a flat prior
0.93 eV  ms  1.43 eV, corresponding to the 3� interval reported above. Finally, we will
often compare our results to those obtained in the framework of the standard ⇤CDM model;
for these, we refer to the values reported in the Planck 2015 parameters paper [36], and in this
case it should be understood that N

e↵

= 3.046 [37, 38]. A list of the abbreviations used for the
models considered in this paper, including a short description, can be found in Tab. 1.

Our data consists of the baseline Planck 2015 dataset (dubbed “PlanckTT+lowP” in the
Planck papers), that includes temperature data in the range 2  `  2500, as well as the
large-scale (2  `  30) polarization (based on the measurements of the 70 GHz channel) [39].
The likelihood function associated to the data is computed using the code publicly released by
the Planck collaboration2. We marginalize over a number of nuisance parameters related to
astrophysical foregrounds and instrumental uncertainties, as described in Ref. [39]. We also
consider geometrical information coming from baryon acoustic oscillations; in particular we
make use of the BAO results from the 6dF Galaxy Survey [40], from the BOSS DR11 LOWZ
and CMASS samples [41], and from the Main Galaxy Sample of the Sloan Digital Sky Survey
[42]. The extended dataset combining the Planck 2015 data with the BAO information will be
denoted “PlanckTT+lowP+BAO”.

Description

⇤CDM Standard six-parameter ⇤CDM, N
e↵

= 3.046.

S⇤CDM GX0
Sterile neutrino extension, N

e↵

= 2.7, ms free,
“small” GX (⇠ 108GF ).

S⇤CDM
Sterile neutrino extension, N

e↵

= 2.7, ms and
GX free.

S⇤CDM Narrow
Sterile neutrino extension, N

e↵

= 2.7, GX free,
ms = 1.27± 0.03 eV (gaussian prior).

S⇤CDM Broad
Sterile neutrino extension, N

e↵

= 2.7, GX free,
0.93 eV  ms  1.43 eV (flat prior).

Table 1. Description of the models considered in this work.
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We acknowledge the use of the products available at the Planck Legacy Archive (http://www.cosmos.esa.
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Parameter S⇤CDM

⌦bh
2 0.02197±0.00021

⌦ch
2 0.1144+0.0016

�0.0015

100✓MC 1.04332+0.00090
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⌧ 0.074± 0.018

ns 0.9392± 0.0063

ln(1010As) 3.038± 0.036

GX/GF < 1.97⇥ 1010

ms < 0.29

H
0

65.26± 0.68

Table 3. Parameter constraints for the models under consideration, from the PlanckTT+lowP+BAO
dataset. We either quote constraints in the form “mean ± 68% uncertainty”, or as 95% credible intervals
(when not indicated, the lower limit should be understood to be zero). Units of ms and H0 are eV and
km s�1 Mpc�1, respectively.

Parameter ⇤CDM S⇤CDM GX0 S⇤CDM S⇤CDM Broad S⇤CDM Narrow

�2
min 11265.1 11272.8 11269.0 11275.2 11277.6

Table 4. Best-fit �2 values for the models under consideration, for the PlanckTT+lowP dataset.

states of the standard model of particle physics, with new, secret self-interactions mediated by
a massive vector boson and confined in the sterile sector. This model has been proposed in
order to alleviate the tension between the preferred solution of the SBL neutrino anomalies and
cosmological observations, that disfavour a fourth fully thermalized neutrino species. Notably
the e↵ect of the new interactions would be to e↵ectively dilute the density of both the active and
sterile states (leading to an e↵ective number of relativistic species N

e↵

= 2.7, more compatible
with the Planck data). However, the mass of the sterile neutrino required to explain the SBL
anomalies still appears to be too large with respect to the corresponding cosmological bounds.
It was not clear a priori if and to what extent such bounds could be evaded thanks to the
secret interactions that, if very strong, could significantly delay the onset of sterile neutrino free
streaming.

Secret interactions also leave an imprint on the CMB spectra, by extending the collisional
regime for the neutrino fluid. Using this e↵ect, we have constrained the e↵ective “Fermi con-
stant” GX of the new interaction to be smaller than 2.8⇥ 1010GF at 95% CL from the Planck
2015 temperature and large-scale polarization data. This limit is improved to 2.0 ⇥ 1010GF

at 95% CL when information from BAO are included. These results disfavour the range, cor-
responding to GX & 1010GF , in which the onset of sterile neutrino free streaming is delayed
until after recombination, and cosmological mass bounds could be possibly evaded. In fact, our
self-consistent analysis yields, at 95% CL, ms < 0.82 eV and ms < 0.29 eV from the Planck
2015 data alone and in combination with BAO, respectively, smaller than the value required
to explain SBL anomalies, allowing to conclude that the tension between the SBL oscillation
experiments and CMB observations still holds even in extended models with secret sterile neu-
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Figure 2. Constraints on DM self-interactions from the re-
quirements that the self-interaction in galaxy clusters is small,
i.e., h�T i/m� . 1 cm2/g, and that production of 1 eV ster-
ile neutrinos is suppressed, i.e., sin2 2✓m . 10�3 at T� =
1MeV. We also show the favored parameter region for mit-
igating the cusp vs. core and too big to fail problems, i.e.,
h�T i/m� = 0.1 � 1 cm2/g in dwarf galaxies, and solving the
missing satellites problem (Mcut = 109�10 MSun). The kink
in the �T contours is from an approximate treatment of the
regime between the Born and classical limits.

h�T i, we take the analytical expressions for �T for sym-
metric DM, as summarized in [36], and convolve with a
DM velocity distribution, that we take to be of Maxwell-
Boltzmann form, with velocity dispersion v

rel

.
As for the missing satellites problem, it was shown

in [37–40] that DM–neutrino scattering can decrease the
temperature of kinetic decoupling of DM, T

kd

, which
can increase the cut-o↵ in the structure power spectrum,
M

cut

/ T�3

kd

, to the scales of the dwarf galaxies. T
kd

is
determined by equating the DM momentum relaxation
rate ⇠ (Ts/m�)ns��s with the Hubble expansion rate.
Here, ns ⇠ T 3

s is the sterile neutrino number density,
and ��s ⇠ T 2

s /M
4 is the DM–sterile neutrino scattering

cross section. Quantitatively [39],

M
cut

M
Sun

' 3.2 ⇥ 1013 ↵
3

2

�

✓
Ts

T�

◆ 9

2

kd

✓
TeV

m�

◆ 3

4

✓
MeV

M

◆
3

.

(7)

In previous literature, the exponent of Ts/T� in eq. (7) is
sometimes incorrectly given as 3/2 [41]. We find the cut-
o↵ can be raised to M

cut

= 109 � 1010 M
Sun

, as required
to solve the missing satellites problem. The number of
sterile neutrino generations Ns, assumed to be 1 here,

only weakly impacts the result as M
cut

/ N
3/4
s . Note

that in contrast to Ref. [39], we obtain a small Ts/T� ,
from decays of heavy Standard Model particles after the
decoupling of the sterile sector.

In Fig. 2, we show the region of parameter space fa-
vored by these considerations (see also Appendix B). We
see that it is possible to simultaneously mitigate the cusp
vs. core problem, too big to fail problem, as well as
the missing satellites problem, while remaining consis-
tent with the cluster constraint and simultaneously sup-
pressing sterile neutrino production to evade BBN and
CMB constraints. The potentially interesting solution to
all the enduring problems with small-scale structures was
first shown in a scenario with active neutrinos [39], which
has since been constrained using laboratory data, BBN,
and large-scale structure [42–44]. A qualitative exten-
sion to sterile neutrinos was suggested therein, and we
see here that such a scenario may be realized with no
conflict with cosmology.

The DM relic abundance may be produced by
Sommerfeld-enhanced annihilations of DM into A0 pairs
that decay to sterile neutrinos, or alternatively through
an asymmetry. However, unlike in [39], we do not use
separate couplings of DM and ⌫ to do this, so this should
identify the preferred value for DM mass in the range
m� ⇠ 1 � 100TeV. As long as DM chemical freeze-out
happens well above T� ⇠GeV and the sterile neutrinos
have time to rethermalize with ordinary neutrinos (and
photons) via high-scale interactions, our scenario remains
unaltered by DM annihilation.

DISCUSSION AND SUMMARY

We now discuss the possible origin of a new gauge force
in the sterile neutrino sector, and on further phenomeno-
logical consequences (see also [45]). In [46], Pospelov has
proposed a model with sterile neutrinos charged under
gauged baryon number. He has argued that the model is
consistent with low energy constraints, in particular the
one from K ! ⇡⇡⌫⌫, even for 2 sin ✓/M2 ⇠ 1000GF .
This is precisely the parameter region in which sterile
neutrino production in the early Universe is suppressed,
as we have demonstrated above. In [46–48], the phe-
nomenological consequences of this model have been in-
vestigated, and it has been shown that strong anoma-
lous scattering of solar neutrinos in DM detectors is ex-
pected. As an alternative to gauged baryon number, ster-
ile neutrinos could also be charged under a gauge force
that mixes kinetically with the photon [47]. In this case,
M & 10 MeV is preferred unless the coupling constants
are extremely tiny. Once again in this model interesting
solar neutrino signals in DM detectors can occur. Fi-
nally, while we have focused here on new gauge interac-
tions, it is also conceivable that the new interaction is
instead mediated by a scalar [49, 50]. However, in this
case ��s / m2

⌫s
, which is too small and the missing satel-

lite problem cannot be solved.
In summary, we have shown that eV-scale sterile neu-

trinos can be consistent with cosmological data from

2

these scales or a total MW mass . 8 ⇥ 1011 M� [22].
Abundance matching of stellar and halo mass, which
agree with stacking analyses of gravitational lensing sig-
nals and satellite dynamics of SDSS galaxies, make the
required large degree of stochasticity implausible [23].
For a 1012 M� MW, on the other hand, the chance to
host two satellites as massive as the Magellanic Clouds is
less than 10% [24] and even lower for smaller MW masses
(from satellites studies of MW-type SDSS systems [25]
and MW and Andromeda orbit timing arguments [26]).

The next logical possibility that could lead to a sup-
pression of small-scale power is a modification of the
CDM paradigm itself. The most often discussed options
are interacting DM (IDM) [27] and warm DM (WDM)
[28], though it should be noted that there exist interesting
alternatives such as DM from late decays [29], DM with
large annihilation rates [30], extremely light DM particles
forming a condensate [31], or inflationary models with
broken-scale invariance [32]. As was soon realized, how-
ever, IDM with a constant cross section produces spheri-
cal cores in conflict with observed ellipticities in clusters
[33] and the survivability of satellite halos [34]. While
WDM is unlikely to account for some of the large ⇠1 kpc
cores claimed in dwarfs [35], and severely constrained by
Lyman-↵ observations [36–39], it may be able to par-
tially resolve the ‘too big too fail’ problem by allowing
these subhalos to initially form with lower concentrations
[40]. Alternatively, DM self-interactions mediated by a
Yukawa potential, with the resulting characteristic veloc-
ity dependence of the transfer cross section [41, 42], avoid
constraints on scales of MW-type galaxies and beyond
[43] and produce ⇠1 kpc cores that match the observed
velocity profiles of massive MW satellites [44] (see also
Ref. [41]).

Most astrophysical and DM solutions have shortcom-
ings, or can explain at most two of the three problems,
which makes them less attractive on the basis of Oc-
cam’s razor. Here, we demonstrate that there is a class of
IDM models that simultaneously can account for all three
problems. Encouraged by the results of Refs. [43, 44], in
particular, we will focus on models with a Yukawa-like
interaction between the DM particles that is mediated
by a light messenger (see Fig. 1). As we will show, the
kinetic decoupling of DM in these models can happen
su�ciently late to suppress the power spectrum at scales
as large as that of dwarf galaxies, M

cut

& 109M�, while
at the same time the velocity-dependent self-interaction
of DM produces cored density profiles in dwarfs 1.

Model setup.— In models with new light exchange
particles �, kinetic decoupling can happen much later

1

Late kinetic decoupling (T
kd

⇠ 0.1 keV) was advocated as poten-

tial solution to the missing satellites problem before [45] – though

this analysis considerably under-estimated T
kd

for WIMPs [46].

than in standard WIMP scenarios, in particular for small
masses m� [5]. For scalar exchange particles, however,
the amplitude for DM scattering with leptons scales like
⇠ m�m`/m

2

�, implying that scattering with neutrinos is
generally negligible. While a coupling of � to charged
leptons also leads to a loop-suppressed e↵ective coupling
to photons, L � g����F

µ⌫Fµ⌫ , the resulting scatter-
ing amplitude does not contribute in the relevant limit
of small momentum transfer. Kinetic decoupling there-
fore never occurs at T

kd

⌧ 0.1MeV, at which point the
number density of electrons starts to become strongly
Boltzmann-suppressed and there are no lighter (and thus
more abundant) particle species left that could keep up
kinetic equilibrium instead.
Let us consider instead the situation where DM con-

sists of heavy Dirac fermions � which only couple to a
light vector boson V . Due to our interest in late kinetic
decoupling, we will require V to also couple to neutrinos:

L
int

� �g��̄ /V �� g⌫ ⌫̄ /V ⌫ . (1)

Note that we take a phenomenological approach here and
only state couplings that explicitly enter our analysis. In
particular, V does not have to be a gauge boson, which
leaves couplings to other SM particles unspecified (see
e.g. Ref. [47] for a recent model-independent analysis).
DM is then thermally produced in the early universe via
�̄� $ V V . Assuming g⌫ is small, but large enough to
thermalize V at early times, the relic density is given by

⌦�h
2 = ⌦�̄h

2 ' 0.11

2

⇣ g�
0.683

⌘�4

⇣ m�

TeV

⌘
2

. (2)

This expression receives O(1) corrections due to the Som-
merfeld e↵ect [48], i.e. a multiple exchange of V as shown
in Fig. 1, which we fully take into account in our anal-
ysis. The kinetic decoupling temperature, on the other
hand, will be set by �-⌫ scattering. The corresponding
amplitude at small momentum transfer reads

X

all spins

|M|2�⌫$�⌫ = 64g2�g
2

⌫

m2

�E
2

⌫

m4

V

. (3)

In the following, we will consider g⌫ as an essentially
free parameter while g� is fixed by the requirement to
obtain the correct relic density (see e.g. Ref. [49] for a
list of possible natural explanations for g⌫ ⌧ g�).
DM self-scattering.— The light vector messenger in-

duces a long-range attractive Yukawa potential be-
tween the DM particles, cf. Fig. 1. Concerning elas-
tic DM self-scattering, this is completely analogous to
screened Coulomb scattering in a plasma for which sim-
ple parametrizations of the transfer cross section �T (v) in
terms ofm�,mV , g� and the relative velocity v of the DM
particles exist [41, 50]. Using these parametrizations, it
was shown that the type of DM model introduced above
produces cores rather than cusps [43] and may solve the

This scenario may solve all of the small-scale structure 
issues mentioned above. Indeed, the efficient scattering 
of DM would lead to late kinetic decoupling, delaying 
the formation of the smallest protohalos.
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same features as the previously studied models based on
Fermi-like interactions mediated by heavy vector bosons
in the sense that it provides a background potential which
can block the production of sterile neutrinos and resolve
the apparent inconsistency between cosmology and short
baseline neutrino oscillation data.

However, the model has very di↵erent late-time phe-
nomenology. The very low mass of the pseudoscalar
makes the sterile neutrino strongly self-interacting at late
times, an e↵ect which is perfectly consistent with current
cosmological data, but might be used to uniquely iden-
tify the model once more precise measurements become
available. In order to accommodate the mass bound from
cosmological large scale structure [30], we need g

s

>⇠ 10�6

to allow the sterile neutrinos to annihilate when they be-
come non-relativistic. Our analysis of the CMB suggests
N

e↵

⇡ 4, and this suggestion is amplified if we also con-
sider the direct measurements of H

0

. At 95% confidence
we can rule out N

e↵

= 3.046 when we include the H0
measurement, and this formally corresponds to an upper
limit on g

s

of g
s

<⇠ 10�5 according to Fig. 1. However,
this bound is very dependent on the set of data we have
used, and might both be strengthened and weakened by
including more data. We finally arrive at a combined
bound on g

s

of

10�6 <⇠ g
s

<⇠ 10�5(CMB+H0). (22)

A more robust determination of N
e↵

would allow the pos-
sible values for g

s

to be further confined, and a precise
value of N

e↵

> 3.046 would allow us to pinpoint a cor-
responding coupling strength. We also note that since
the fundamental coupling strength is very low and re-
stricted to the sterile sector in this model it is unlikely
to produce observable e↵ects on neutrino physics in gen-
eral (see e.g. [18] for laboratory constraints). Consid-
ering non-standard energy loss from the proto-neutron
star in SN1987a also leads to an upper bound on g

s

in
the ⇠ few ⇥ 10�5 range (see e.g. [46] for a discussion).

In addition to the coupling to sterile neutrinos we hy-
pothesise that the pseudoscalar also couples to the dark
matter particle. Provided that the dark matter parti-
cle is su�ciently light this can lead to significant e↵ects
on dark matter clustering in galaxies and clusters and
possibly resolve some of the apparent discrepancies be-
tween the standard ⇤CDM model and observations [47].
These discrepancies include the “Too big to fail” prob-
lem [48] and the “cusp vs. core” problem (see [49] and
references herein), but not the “missing satellites” prob-
lem [50] which would require a stronger coupling between
neutrinos and DM.

In order for the model to be viable, the dark mat-
ter coupling must be su�ciently low that the pair an-
nihilations do not transfer excess entropy to the plasma
of sterile neutrinos and pseudoscalars. Conversely, the
dark matter coupling must be strong enough to produce
an observable e↵ect on galactic dynamics. In Fig. 4 we

FIG. 4: Constraints in m� � gd space. The green region is
ruled out from Eq. (10) due to overproduction of �-particles
from �-annihilations, while the purple region will have no
e↵ect on galactic dynamics, cf. Eq. (15).

show these two constraints simultaneously and include
the bound from warm dark matter [51]. We are left with
a viable DM candidate with a mass between few keV
and ⇠ 10 MeV and couplings from 10�13 to 10�5. A
more detailed treatment of the “cusp vs. core” and “Too
big to fail” problems could probably constrain the dark
matter further, but that is beyond the scope of this ar-
ticle. The type of dark matter, that we have described,
is very di↵erent from the normal WIMP cold dark mat-
ter. However, it is entirely possible that dark matter
consists of an additional sterile neutrino species with ex-
tremely suppressed mixing to the active sector. If this
is the case it cannot be produced via the usual scatter-
ing and oscillation mechanism. However, unlike an MeV
sterile neutrino produced via the normal oscillation and
scattering mechanism it also remains stable on cosmo-
logical timescales. The actual production mechanism for
the dark matter particle might be via direct inflaton de-
cay at reheating or from the thermal background at very
high temperature.
In summary, sterile neutrino and dark matter inter-

actions via a light pseudoscalar seems an extremely in-
teresting possibility for explaining a variety of di↵er-
ent problems in cosmology and certainly merits further
study.
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be h�|v|i = g4
s

/(8⇡T 2) in the relativistic limit, imply-
ing a reaction rate � = h�|v|in

⌫s ⇡ 3.6 ⇥ 10�3g4
s

T .
This should be compared to the Hubble expansion rate
H ⇠ 10T 2/m

Pl

. As long as g
s

>⇠ 10�6 the ⌫
s

� � plasma
becomes strongly self-interacting before the sterile neutri-
nos become non-relativistic around recombination. The
strong self-interactions of the combined fluid leads to a
complete absence of free-streaming and in turn an ab-
sence of anisotropic stress in this component.

The scenario where all neutrinos are strongly inter-
acting is strongly disfavoured by current data (see e.g.
[15, 31–38] for discussions of self-interacting neutrinos
and cosmic structure formation). However, this is not
necessarily true for models in which standard model neu-
trinos are free-streaming, and the interaction is confined
to the sterile sector. We note here that since the pseu-
doscalar coupling is diagonal in mass basis it does not
induce self-interactions in the three active mass states.

We also note that the rest mass constraint does not
apply to this model, if we require g

s

>⇠ 10�6: As soon as
sterile neutrinos become non-relativistic they annihilate
into �. This annihilation has two immediate e↵ects. It
leads to an overall increase in the energy density of the
⌫
s

� � fluid, and it leads to a temporary decrease in the
equation of state parameter for the fluid. Both of these
e↵ects were discussed in detail in [34].

We have performed a study of how this model is con-
strained by current CMB data through an MCMC sam-
pling of the cosmological parameter space performed
with CosmoMC [39] and using CMB data from the Planck
mission as well as CMB polarisation data from the
WMAP satellite [40] (we refer to this data combination
as “Planck+WP”). We describe the neutrino sector by
the overall energy density after thermalisation, N

e↵

and
assume a sterile mass of 1 eV. We assume complete equi-
libration between all species between the thermalisation
scale at a few MeV and the CMB scale (T ⇠ 1 eV), so
that the energy density in the active sector is 21/32N

e↵

with the remaining 11/32N
e↵

is in the ⌫
s

� fluid.
In the top panel of Fig. 2 we show the 1D marginalised

posterior for N
e↵

for the Planck+WP data, as well as for
the same data, but with the direct measurement of H

0

from [41] included. The data shows a clear preference for
high values of N

e↵

and the most extreme case with com-
plete thermalisation of the sterile neutrino, correspond-
ing to N

e↵

' 4, is well within the 1� allowed region. It is
also of interest to compare the di↵erence in �2 between
this model and the standard ⇤CDM cosmology. We find
that ��2 of the pseudoscalar model compared to the ref-
erence ⇤CDM model is ��2 = �2

pseudoscalar

� �2

⇤CDM

=

0.298, while if we assume N
e↵

' 4 ��2 = 0.276.
Interestingly for this model with a subdominant,

strongly interacting neutrino sector we also find a pref-
erence for a higher value of H

0

. This e↵ect was seen
already in [34] but with a much more dramatic increase
in H

0

because all neutrinos were assumed to be strongly

N
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FIG. 2: 1D marginalised posteriors for Ne↵ (Top panel) and
H0 (Bottom panel) obtained by assuming the pseudoscalar
scenario and using only CMB data (black/solid line) and
CMB data plus the H0 prior (red/dotted line). (Top panel)
The green dash-dot line refers to the ⇤CDM model (Ne↵ =
3.046) and the purple line is the complete thermalization case
(Ne↵ ' 4). (Bottom panel) The green and the blue dash-dot
lines show the posteriors obtained in the ⇤CDM model using
Planck and Planck+H0, respectively. The H0 prior is marked
by the grey shaded region [41].

interacting. In the bottom panel of Fig. 2 we show the 1D
marginalised posterior for H

0

for this model as well as for
⇤CDM. The increase inH

0

alleviates the tension between
the locally measured value of H

0

and the much lower
value inferred from Planck data when the standard model
is assumed. We see this e↵ect very directly when compar-
ing �2 values: ��2 = �2

pseudoscalar

� �2

⇤CDM

= �3.752,

while if we assume N
e↵

' 4 ��2 = �3.248. We thus find
that in this case the model with a strongly interacting
⌫
s

� � sector is a better fit to current data than ⇤CDM
(and of course a vastly better fit than ⇤CDM with an
additional 1 eV sterile neutrino).

Dark matter. —We will now investigate the possibility
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Introduction.— Data from a number of neutrino os-
cillation experiments point to the existence of a fourth,
sterile neutrino with a mass around 1 eV (see e.g. [1, 2]).
However, such a neutrino would be completely ther-
malised in the early universe through a combination of
mixing and scattering [3–5], and since there are strin-
gent cosmological constraints on the presence of eV-scale
neutrinos, cosmology seems at odds with the oscillation
experiments unless the sterile neutrino is somehow pre-
vented from being fully thermalised in the early Universe
[6] (see also [7–9]).

Several simple solutions exist to this problem. First of
all, it is entirely possible that the underlying cosmological
model di↵ers from the standard ⇤CDM universe, and in
more complex models constraints on light neutrinos can
be severely weakened. Even if ⇤CDM does turn out to be
the correct cosmological model, oscillation data can still
be made compatible provided that the sterile neutrino is
at most partly thermalised or is removed by decay and/or
annihilation before the rest mass becomes important for
cosmological structure formation.

The generic condition for producing any given parti-
cle species is that � > H at some epoch, where � is the
production rate and H is the expansion rate of the uni-
verse. Partial thermalisation can be achieved either by
lowering � or by increasing H. Models which lower � are
for example models with new interactions in the sterile
sector [10–13], whereas H can be modified for example
in models with low reheating temperature or early dark
energy [14].

In this paper we will revisit the possibility of new inter-
actions in the sterile sector. Previous studies have all fo-
cused on interactions via a new light vector, i.e. a Fermi-

like interaction [10–13]. This has the merit of making
neutrinos strongly interacting at early times while com-
pletely decoupled at late times. Here we will investigate
a new possibility - coupling neutrinos (and possibly dark
matter) to a massless or very light pseudoscalar such as
the majoron. Couplings to a scalar would lead to the
presence of a new fifth force on which very tight bounds
exist. However, since the pseudoscalar couples only to
the spin of the involved particles and because macro-
scopic media are unpolarised no such problem exists for
pseudoscalars.

Interactions via a light pseudoscalar have the interest-
ing property that they make the sterile neutrinos very
strongly self-interacting at late times and e↵ectively re-
move sterile neutrino anisotropic stress. Depending on
the density of sterile neutrinos, this property could al-
low us to distinguish between self-interacting and free-
streaming sterile neutrinos.

If dark matter couples to the same particle, it has the
possibility to make the scattering cross-section strongly
velocity dependent through Sommerfeld enhancement
which is a desirable feature if some of the astrophysics
problems related to cold dark matter are to be addressed.

Model framework. — Instead of constructing an ex-
plicit model we base our discussion on a simplified setup
which, however, does contain all the relevant physics.
The sterile neutrino is coupled to a new light pseu-
doscalar with mass m

�

⌧ 1eV via

L ⇠ g
s

�⌫̄�
5

⌫. (1)

Later we will look at dark matter with a similar coupling
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Introduction.— Data from a number of neutrino os-
cillation experiments point to the existence of a fourth,
sterile neutrino with a mass around 1 eV (see e.g. [1, 2]).
However, such a neutrino would be completely ther-
malised in the early universe through a combination of
mixing and scattering [3–5], and since there are strin-
gent cosmological constraints on the presence of eV-scale
neutrinos, cosmology seems at odds with the oscillation
experiments unless the sterile neutrino is somehow pre-
vented from being fully thermalised in the early Universe
[6] (see also [7–9]).

Several simple solutions exist to this problem. First of
all, it is entirely possible that the underlying cosmological
model di↵ers from the standard ⇤CDM universe, and in
more complex models constraints on light neutrinos can
be severely weakened. Even if ⇤CDM does turn out to be
the correct cosmological model, oscillation data can still
be made compatible provided that the sterile neutrino is
at most partly thermalised or is removed by decay and/or
annihilation before the rest mass becomes important for
cosmological structure formation.

The generic condition for producing any given parti-
cle species is that � > H at some epoch, where � is the
production rate and H is the expansion rate of the uni-
verse. Partial thermalisation can be achieved either by
lowering � or by increasing H. Models which lower � are
for example models with new interactions in the sterile
sector [10–13], whereas H can be modified for example
in models with low reheating temperature or early dark
energy [14].

In this paper we will revisit the possibility of new inter-
actions in the sterile sector. Previous studies have all fo-
cused on interactions via a new light vector, i.e. a Fermi-

like interaction [10–13]. This has the merit of making
neutrinos strongly interacting at early times while com-
pletely decoupled at late times. Here we will investigate
a new possibility - coupling neutrinos (and possibly dark
matter) to a massless or very light pseudoscalar such as
the majoron. Couplings to a scalar would lead to the
presence of a new fifth force on which very tight bounds
exist. However, since the pseudoscalar couples only to
the spin of the involved particles and because macro-
scopic media are unpolarised no such problem exists for
pseudoscalars.

Interactions via a light pseudoscalar have the interest-
ing property that they make the sterile neutrinos very
strongly self-interacting at late times and e↵ectively re-
move sterile neutrino anisotropic stress. Depending on
the density of sterile neutrinos, this property could al-
low us to distinguish between self-interacting and free-
streaming sterile neutrinos.

If dark matter couples to the same particle, it has the
possibility to make the scattering cross-section strongly
velocity dependent through Sommerfeld enhancement
which is a desirable feature if some of the astrophysics
problems related to cold dark matter are to be addressed.

Model framework. — Instead of constructing an ex-
plicit model we base our discussion on a simplified setup
which, however, does contain all the relevant physics.
The sterile neutrino is coupled to a new light pseu-
doscalar with mass m

�

⌧ 1eV via

L ⇠ g
s

�⌫̄�
5

⌫. (1)

Later we will look at dark matter with a similar coupling
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FIG. 2: Linear matter power spectra for ⇤+1⌫s+m⌫,s (lower
panel) and the pseudoscalar model (upper panel) for various
values of the sterile neutrino mass and for Ne↵ = 4.046 (in the
pseudoscalar model 11/32 ⇥ 4.046 are strongly interacting).
For comparision, the matter power spectrum obtained with
Planck 2015 best-fit is also shown.

to gs >⇠ 10�5 and Ne↵ ⇠ 4 corresponding to gs <⇠ 10�6.

Assuming that actives and steriles completely equili-
brate via oscillations prior to the timescales of interest
to CMB and large scale structure, the expection is that
11/32 of the total energy density in all neutrinos and
the pseudoscalar is in the ⌫s � � fluid. However, this
ratio could be smaller if equilibration is incomplete or if
steriles and pseudoscalars equilibrate after active-sterile
equilibration. In most runs we fix the ratio, fint, to 11/32,
but we have also tested the case where fint is allowed to
vary.

We stress that each value of gs corresponds to one

value of Ne↵ and one value of fint, but while Ne↵ can
be found as a function of gs [12], the calculation yield-
ing fint is unfeasible to perform using current technol-
ogy, and we simply leave fint as a free parameter when

considering partial equilibration. When also letting Ne↵

vary freely, the result is a two-dimensional parameter
space, where the pseudoscalar models trace out a one-
dimensional path.

Comparison with data

In order to test the ability of the pseudoscalar model
to fit cosmological data and to constrain its parameters,
we perform a Markov Chain Monte Carlo analysis using
CosmoMC [16] with a modified version of the Boltzman
solver CAMB [17]. Our basic data set is based on Planck
2015 high multipole temperature data and low multipole
polarization data (PlanckTT+lowP), implemented ac-
cording to the prescription of Ref. [18]. Additional data
sets are the Hubble Space Telescope (HST) prior on the
Hubble constant from direct measurements [5] and Bary-
onic Acoustic Oscillations (BAO), including 6dFGS [19],
SDSS-MGS [20], BOSS-LOWZ BAO [21] and CMASS-
DR11 [22].
�2

results —

In order to get a feeling for how well the models fit the
data compared with each other we have obtained best-fit
�2 values for a variety of di↵erent cases (see Table I). Be-
fore comparing values for the di↵erent models, we should
state clearly the question we want to ask. We are in
fact less interested in comparing the pseudoscalar model
with the standard ⇤CDM model. Instead, we would like
to compare these two models in a possible future where
terrestrial experiments have confirmed the existence of
an eV-scale sterile neutrino. So the two models that
we should compare are the pseudoscalar model and the
⇤CDM model with an additional fully thermalised neu-
trino of mass around 1 eV or higher.
If only CMB data is used the pseudoscalar model with

fixed fint has a slightly higher �2 than ⇤CDM and the
model with varying fint has a slightly lower �2. Even
⇤CDM with a 1 eV sterile neutrino does not have a sig-
nificantly higher �2. However, especially when BAO data
is included, the sensitivity to the neutrino rest mass in-
creases drastically and �2 for ⇤CDM with a 1 eV sterile
neutrino becomes much worse - formally excluding it at
approximately 5� relative to pure ⇤CDM. However, the
pseudoscalar model again has a �2 comparable to ⇤CDM
and thus provides a significantly better fit than ⇤CDM
with a 1 eV sterile neutrino, as shown in Figure 3. In
conclusion, in the absence of evidence for eV sterile neu-
trinos from short baseline data, cosmological data does
not merit the inclusion of sterile neutrinos or sterile neu-
trino interactions. However, if the existence of eV sterile
neutrinos is confirmed by future short baseline data, new
physics is needed in order to reconcile them with cosmol-
ogy. Our analysis shows that the pseudoscalar interaction
drastically reduces �2 and allows for a fit as good as pure
⇤CDM.
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Possible hint:                              

                              would reconcile eV sterile ν , H0
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same features as the previously studied models based on
Fermi-like interactions mediated by heavy vector bosons
in the sense that it provides a background potential which
can block the production of sterile neutrinos and resolve
the apparent inconsistency between cosmology and short
baseline neutrino oscillation data.

However, the model has very di↵erent late-time phe-
nomenology. The very low mass of the pseudoscalar
makes the sterile neutrino strongly self-interacting at late
times, an e↵ect which is perfectly consistent with current
cosmological data, but might be used to uniquely iden-
tify the model once more precise measurements become
available. In order to accommodate the mass bound from
cosmological large scale structure [30], we need g

s

>⇠ 10�6

to allow the sterile neutrinos to annihilate when they be-
come non-relativistic. Our analysis of the CMB suggests
N

e↵

⇡ 4, and this suggestion is amplified if we also con-
sider the direct measurements of H

0

. At 95% confidence
we can rule out N

e↵

= 3.046 when we include the H0
measurement, and this formally corresponds to an upper
limit on g

s

of g
s

<⇠ 10�5 according to Fig. 1. However,
this bound is very dependent on the set of data we have
used, and might both be strengthened and weakened by
including more data. We finally arrive at a combined
bound on g

s

of

10�6 <⇠ g
s

<⇠ 10�5(CMB+H0). (22)

A more robust determination of N
e↵

would allow the pos-
sible values for g

s

to be further confined, and a precise
value of N

e↵

> 3.046 would allow us to pinpoint a cor-
responding coupling strength. We also note that since
the fundamental coupling strength is very low and re-
stricted to the sterile sector in this model it is unlikely
to produce observable e↵ects on neutrino physics in gen-
eral (see e.g. [18] for laboratory constraints). Consid-
ering non-standard energy loss from the proto-neutron
star in SN1987a also leads to an upper bound on g

s

in
the ⇠ few ⇥ 10�5 range (see e.g. [46] for a discussion).

In addition to the coupling to sterile neutrinos we hy-
pothesise that the pseudoscalar also couples to the dark
matter particle. Provided that the dark matter parti-
cle is su�ciently light this can lead to significant e↵ects
on dark matter clustering in galaxies and clusters and
possibly resolve some of the apparent discrepancies be-
tween the standard ⇤CDM model and observations [47].
These discrepancies include the “Too big to fail” prob-
lem [48] and the “cusp vs. core” problem (see [49] and
references herein), but not the “missing satellites” prob-
lem [50] which would require a stronger coupling between
neutrinos and DM.

In order for the model to be viable, the dark mat-
ter coupling must be su�ciently low that the pair an-
nihilations do not transfer excess entropy to the plasma
of sterile neutrinos and pseudoscalars. Conversely, the
dark matter coupling must be strong enough to produce
an observable e↵ect on galactic dynamics. In Fig. 4 we

FIG. 4: Constraints in m� � gd space. The green region is
ruled out from Eq. (10) due to overproduction of �-particles
from �-annihilations, while the purple region will have no
e↵ect on galactic dynamics, cf. Eq. (15).

show these two constraints simultaneously and include
the bound from warm dark matter [51]. We are left with
a viable DM candidate with a mass between few keV
and ⇠ 10 MeV and couplings from 10�13 to 10�5. A
more detailed treatment of the “cusp vs. core” and “Too
big to fail” problems could probably constrain the dark
matter further, but that is beyond the scope of this ar-
ticle. The type of dark matter, that we have described,
is very di↵erent from the normal WIMP cold dark mat-
ter. However, it is entirely possible that dark matter
consists of an additional sterile neutrino species with ex-
tremely suppressed mixing to the active sector. If this
is the case it cannot be produced via the usual scatter-
ing and oscillation mechanism. However, unlike an MeV
sterile neutrino produced via the normal oscillation and
scattering mechanism it also remains stable on cosmo-
logical timescales. The actual production mechanism for
the dark matter particle might be via direct inflaton de-
cay at reheating or from the thermal background at very
high temperature.
In summary, sterile neutrino and dark matter inter-

actions via a light pseudoscalar seems an extremely in-
teresting possibility for explaining a variety of di↵er-
ent problems in cosmology and certainly merits further
study.
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two neutrinos (the beam and target), and the dashed lines
are for ⌫SI with no regeneration.

near 0.5PeV from emission near z = 1, and lower en-
ergies from emission at still-higher redshifts. As noted,
the rapid rise of the SFR between z = 0 and z = 1 [87, 88]
overcomes the suppression due to the Hubble expansion,
i.e., less volume per redshift interval, until near z = 1,
where the SFR begins to flatten and then fall.

With ⌫SI, interpreting the spectrum shape is more
complicated. Attenuation is energy-dependent, and re-
generation moves particles to lower energies while in-
creasing their numbers. We obtain the resultant spectra
by numerically solving the propagation equation, Eq. (8).
We show the e↵ects of attenuation alone as a compari-
son for the full calculation that includes regeneration.
For regeneration, the total energy carried in neutrinos is
conserved. We checked our numerical results by compar-
ing the total energy in the spectrum to that of the free-
streaming case, finding agreement at the percent level.
Energy conservation corresponds to area conservation in
a plot of E2dN/dE with log energy bins. In Fig. 2, the
area conservation is apparent, with the exception of the
bottom panel, where we cut o↵ the figure before showing
the whole regenerated spectrum.

For the top panel, where E
res

= 5 PeV, the cross sec-
tion increases with energy, which produces a flattish spec-
trum of regenerated neutrinos. For the middle panel,
where E

res

= 0.5 PeV, the resonance energy is at the
peak of the unattenuated spectrum, which causes signifi-
cant absorption there and a pileup of regenerated events
at slightly lower energy. Importantly, the absorption dip
is broadened by the redshift e↵ects. Neutrinos emitted
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FIG. 3. The e↵ects of ⌫SI on an emitted continuum spectrum
that is consistent with IceCube data. The solid line indicates
the free-streaming case (� = 2 and Ecut = 107 GeV), while
the other lines are for four models of ⌫SI, with the parameters
defined in Table I.

with the same energy at di↵erent redshifts reach the reso-
nance energy at di↵erent redshifts, smearing out the reso-
nance in received energy (this is analogous to the redshift
smearing of a monoenergetic emission line). This broad-
ening is helpful for detection, as a narrow feature would
be di�cult to observe with realistic detector energy res-
olution. For the lower panel, where E

res

= 0.05 PeV,
the cross section is decreasing at energy higher than the
resonance, so regenerated neutrinos will continue to in-
teract until they fall below the resonance energy, where
the energy dependence changes, forming a true cascade.

E. Astrophysical scenarios with ⌫SI

We now consider more realistic astrophysical scenar-
ios that are compatible with IceCube measurements [28–
30, 92–94]. We assume that a generic astrophysical flux
can be described by L

0

(E) / E��e�E/E
cut . An E�2

power-law is a typical astrophysical neutrino spectrum.
IceCube detected no events above about 2 PeV. A cut-

TABLE I. Parameters for the benchmark scenarios.

A B C D

g 0.3 0.03 0.03 0.01

M [MeV] 100 10 3 1

⌧ (1 PeV) ⇠ 0.7 ⇠ 0.6 ⇠ 0.2 ⇠ 0.002

Eres [PeV] 50 0.5 0.045 0.005
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defined in Table I.

with the same energy at di↵erent redshifts reach the reso-
nance energy at di↵erent redshifts, smearing out the reso-
nance in received energy (this is analogous to the redshift
smearing of a monoenergetic emission line). This broad-
ening is helpful for detection, as a narrow feature would
be di�cult to observe with realistic detector energy res-
olution. For the lower panel, where E

res

= 0.05 PeV,
the cross section is decreasing at energy higher than the
resonance, so regenerated neutrinos will continue to in-
teract until they fall below the resonance energy, where
the energy dependence changes, forming a true cascade.

E. Astrophysical scenarios with ⌫SI

We now consider more realistic astrophysical scenar-
ios that are compatible with IceCube measurements [28–
30, 92–94]. We assume that a generic astrophysical flux
can be described by L

0

(E) / E��e�E/E
cut . An E�2

power-law is a typical astrophysical neutrino spectrum.
IceCube detected no events above about 2 PeV. A cut-

TABLE I. Parameters for the benchmark scenarios.

A B C D

g 0.3 0.03 0.03 0.01

M [MeV] 100 10 3 1

⌧ (1 PeV) ⇠ 0.7 ⇠ 0.6 ⇠ 0.2 ⇠ 0.002

Eres [PeV] 50 0.5 0.045 0.005
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