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Ø  The effective number of relativistic degrees of freedom 

 
 

•  It can be non-standard 
•  It can be many things (not only neutrinos) 
•  It is not constant (it decreases when particles go non relativistic) 
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Ø  The effective number of relativistic degrees of freedom 

 
 
Ø  The neutrino mass sum 

•  It can be non-standard 
•  It can be many things (not only neutrinos) 
•  It is not constant (it decreases when particles go non relativistic) 
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Cosmic History: Neff, early Universe 

E ≈ 1 MeV  



Big Bang Nucleosynthesis 
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Fig. 1. Marginalized 1-D likelihood functions L versus Neff using the different com-
binations of data as in Table 1. Solid (red) and dashed (purple) curves are obtained
using CMB measurement of ωb , with the dotted (black) one also adds CMB informa-
tion on Y p . In all cases the quite sharp cut-off at Neff ∼ 4 is due to 4He abundance
upper limit. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this Letter.)

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

Datasets Nmax
eff Nmin

eff L(Neff ! NSM
eff )

ωb + 2H + 4He 4.05 2.56 0.20
ωb + 2Hlow + 4He 4.08 2.57 0.19
2H + 4He 3.91 0.80 0.67
ωb + Y CMB

p + 2H + 4He 4.08 2.71 0.15

In correspondence of this smaller value, the deuterium yield is a
bit larger. Since deuterium grows with Neff, in this case the deu-
terium hits the upper bound for a lower value of Neff, increasing its
constraining power. As it is clear from the second row of Table 1,
allowing for primordial deuterium depletion and limiting oneself
to consider the lowest limit of its measured value as a lower limit,
the bound does not change much, since the constraining power
derives from the upper limit on 4He. In Fig. 1, this reflects on the
quite hard cut in the likelihood functions at large Neff. Also, adding
the CMB measurement of Y p of Eq. (7) does not change much the
situation with respect to the first case: the slight shift towards
higher values of Neff reported in the fourth row is simply due to
the fact that the current best value of Y p from CMB is above the
BBN prediction, albeit not significantly (less than 1.5σ ). This also
proves indirectly that if we had imposed a loose lower-bound on
Y p (say, Y p > 0.225) instead of the flat likelihood of Eq. (3) at low-
Y p , the result would hardly change.

On the other hand, comparing the first and last two lines in the
table shows that an independent constraint on ωb and possibly
even a relatively weak lower limit on Y p are quite useful in setting
a stringent lower limit on Neff (second column of Table 1). In par-
ticular, the effect of the constraint on ωb is explained as follows:
since the dependence of 4He on ωb is very weak, and 2H suffers
of a partial degeneracy between Neff and ωb , relatively low val-
ues of Neff can be compensated with relatively high values of ωb .
Hence, imposing an upper limit on ωb yields to a more stringent
lower limit on Neff. Of course, this exercise has only illustrative
purpose: the physics behind the CMB measurement on ωb is well
understood, and any cosmologically meaningful lower limit on Neff
is significantly larger than the value reported at the third row in
Table 1.

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

4. Discussion and conclusions

In this Letter, we have discussed a new and more conservative
approach to derive BBN constraints on Neff, motivated by growing
concerns on the reliability of astrophysical determinations of pri-
mordial 4He. We showed that even with present data, an analysis
which is at the same time conservative and informative is possible,
in particular when using CMB and/or deuterium measurements as
constraints on the baryon abundance. In all the cases we consid-
ered, we found that #Neff ! 1 at 95% C.L., and possibly the bounds
are slightly more stringent, see Table 1. It is perhaps useful to note
that, following hints from neutrino laboratory experiments, models
with two sterile neutrinos with relatively large mixings have been
recently (re)considered in a cosmological context, see e.g. [20,21].
Although CMB data alone might accommodate or even marginally
favor such amount of extra radiation, our results suggest that they
are strongly disfavored or excluded by BBN, at least if the two
sterile neutrino distributions are close enough to thermal ones. Of
course, this is only an example: non-standard values of Neff (and in
particular low ones) might even indicate new physics completely
unrelated to neutrinos (more details can be found e.g. in [4]).

Let us briefly discuss the sensitivity of our results to some
underlying assumptions. Let’s assume that our sole astrophysical
assumption on helium, dY /dZ " 0, should be empirically proven
wrong. In such a case (at the moment of academic interest, given
the evidence of the contrary from the data!), lacking a model-
independent way to correct for the evolutionary effects, the whole
logic of “primordial helium traceability” would be put under dis-
cussion: otherwise said, we expect that observational progresses
will either improve over our upper bound (for example by limiting
the analysis to very low metallicity objects and/or increasing the
statistics), or one will have to give up completely the idea that any
quantitative inference on the primordial value can be done from
what observed in low-redshift stellar objects. Only indirect probes
as the CMB one could then be used reliably, though with quite a
large uncertainty.

On the other hand, albeit only in model-dependent frameworks,
one has an idea of the possible contributions of pre-galactic gen-
erations of stars to Y . For example, the model in [13] suggest
possible production yields of PopIII stars up to #Y ≃ 3.3 × 10−3,
with comparable effects found in [14]. From a numerical evalua-
tion of the derivative of Y p(ωCMB

b , Neff) at the standard value we
find #Neff ≃ 75#Y , hence a contribution like the one above would
result in an apparent rightward shift of #Neff ≃ 0.25 in the curves
of Fig. 1. In [14] the overall chemical evolution is found to be
responsible for shifts up to #Y ≃ 0.007 (i.e. #Neff # 0.5) while
the impact on Deuterium abundances in high-redshift objects is
negligible. It appears reasonable to conclude that the cosmological
evolution Y (z) due to both pre-galactic and galactic populations
of objects might easily explain the slight preference for larger-
than-standard Neff values from the BBN analysis based on current
astrophysical samples.

One may also wonder how sensitive this bound is to other
particle physics parameters entering the 4He prediction. The most
important such parameter is probably the neutron lifetime, which

Neff = 4.046 is excluded at 95% c.l. 
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Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff ≃ 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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the lower panel. The error bars show ±1� uncertainties.
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full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8
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Neff = 3.13 ± 0.32 (TT + lowP) 
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Cosmic History: mν, late times 
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CMB gravitational lensing 

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

50 100 150 200 250 300 350 400

L

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

[L
(L

+
1)

]2
C

�
�

L
/2

�

�10�7

0.00

0.08

0.16

0.24

0.32

0.40

0.48

0.56

0.64

0.72

�
m

�

Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-
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Suppression of lensing potential 
(plus CMB lensing on TT) 
 
 
(95% c.l., TT + lowP + lensing) 
assuming three species of degenerate 
massive neutrinos 

mν < 0.14 eV∑

•  Free-streaming 

•  Massive neutrinos slow down the growth of matter perturbations 

kFS ≈ H / vν
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Figure 2. First row: Matter CF in real space, for massless neutrinos, and at redshift
z = 0. The right panel is a zoom of the left panel centered at the BAO peak. The
data points are from our N-body simulations; the red dashed, green solid, and blue
solid lines are, respectively, ⇠lin, ⇠(1), and ⇠(2), defined in eq. (17), multiplied by R2.
The black solid (dashed) line at small R2⇠ values in the left panel is the di↵erence (5)
between the CF from the FrankenEmu [18] N-body based emulator and ⇠(1) (and ⇠(2)),
also rescaled by R2. The black solid line in the right panel is the FrankenEmu CF,
times R2. Second row: same as in the first row, but at redshift z = 1.
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Figure 3. Ratio between the matter real space CF at two di↵erent redshifts, for
massless neutrinos. The top, middle, and bottom curves in the figure are ratios of CF
at z = 0.5, z = 1, z = 2, respectively, divided by the corresponding CF at z = 0. The
data are ratios between our N-body simulations; the red dashed, green solid, and blue
solid lines are ratios between, respectively, ⇠lin, ⇠(1), and ⇠(2), defined in eq. (17). The
black solid lines are ratios between CF obtained from the FrankenEmu emulator.
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Figure 4. Matter CFs in real space. Analogous of Figures 2 (z = 0) and 3 (ratios
between CFs at di↵erent z), but now for massive neutrinos. The figures in the first
row are for

P
m⌫ = 0.15 eV, while those in the second row are for m⌫ = 0.3 eV.

not improve significantly the ratios between CF’s.

Indeed, while the ⇠(1) CF does not perfectly reproduce the N-body CF, it tracks

extremely well how the CF changes with redshift. We see this from Figure 3, where we

show ratios between matter CF (of the same cosmology) computed at di↵erent redshift.

The ratios obtained from ⇠(1) are in excellent agreement with the ratios obtained from

our N-body data, as well as with the FrankenEmu. We also see that, as we just

mentioned, the inclusion of the P
22

term does not provide a significant improvement

on these ratios.

Identical conclusions are obtained in the comparison between ⇠(1) and our N-body

data in the case of massive neutrinos. Notice that FrankenEmu does not provide data

for these cosmologies. We show this in Figure 4, where we present the CF at z = 0, and

the ratio between CFs at di↵erent redshift, in the case of
P

m⌫ = 0.15 eV (first row)

and 0.3 eV (second row). In these cases, we computed the velocity dispersion �2

v using

the linear PS for total matter in eq. (3), that is for �m = ⌦
c

�
c

+ ⌦
b

�
b

+ ⌦⌫�⌫ , as it is

the source of the Poisson equation.

It is natural to ask whether an equivalent agreement takes place also in redshift

space. This is confirmed by Figure 5, where we show the comparison between the

angular-averaged redshift space CF (21) and the one obtained from the N-body data.

The linear correlations functions in real and redshift space are related to each other by

the Kaiser relation (21). Not surprisingly, this also overpredicts the BAO peak. On the

contrary, the CF ⇠̄(1)s shows an equal agreement with the N-body simulations as its real

Peloso et al., JCAP(2015) 
                                   95% c.l.,  

 SDSS-III BOSS DR12 (2016)  

mν < 0.16 eV∑

0.05 eV <m < 0.5 eV

Lesgourgues & Pastor, AHEP (2012) 

BAO MPK 



Large Scale Structure 

Euclid produces a legacy dataset with images and photometry 
of more than a billion galaxies and several million spectra, 
out to high redshifts z > 2.  
 

Neff
fid = 3.046

Σmν = 0.06 eV

σ (Neff ) = 0.019
σ (Σmν ) = 0.0098 eV
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Figure 4. Marginalised joint two-dimensional 68% and 95% credible contours from the CMB+clusters
data set (“ccl”, blue), CMB+shear+galaxies (“csgx”, green), and all data sets (“csgxcl”, black) for
various parameters, using the default binning configuration of Nbin = 10 for the cluster data.

fluctuation amplitude.
Interestingly, a non-standard radiation content as parameterised by N

ml

e↵

, although it has
no direct e↵ect on the late-time expansion or growth history, is exceptionally well constrained
by CMB+clusters. This can be understood as follows: using CMB data alone, Nml

e↵

is strongly
degenerate with !

m

and h. However, because the cluster mass function is directly sensitive
to !

m

and h, it very e↵ectively lifts any degeneracy of these parameters with N

ml

e↵

when used
in combination with CMB data. As shown in the lower right panel of figure 4, very little
degeneracy remains between N

ml

e↵

and !

m

for the CMB+clusters data set. A more telling
illustration of how the binned cluster data removes the (N

e↵

,!

m

)-degeneracy can be found
in the right panel of figure 3: Here, when only one redshift and mass bin is used, the cluster
mass function is primarily sensitive to the fluctuation amplitude on small scales so that the
(N

e↵

,!

m

)-degeneracy persists in the CMB+clusters fit. However, as soon as access to the
linear growth function and some shape information become available through as little as
Nz = N

m

= 2 bins, the degeneracy becomes broken because of the growth function’s direct
dependence on ⌦

m

and of the normalisation’s dependence on !

m

.

7.3 Combining all data sets: constraints on neutrino parameters

Perhaps the most noteworthy result of table 1 is that, while CMB+shear+galaxies (“csgx”)
and CMB+clusters (“ccl”) are well-suited to measuring di↵erent parameters and are hence in
a sense complementary to each other, the combined usage of all data sets, i.e., the “csgxcl”
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More than 5σ detection of neutrino mass 

CMB+clusters 
CMB+shear+galaxies 

Basse, Bjaelde, Hamann, Hannestad, Wong, JCAP (2013) 
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Solutions 

 How can cosmology face SBL? Partial thermalization: 

 
�  Non-standard interactions  
        MA, Hannestad, Hansen, Tram, PRD (2015, 2016);  

 Saviano et al., PRD (2014);  
 Mirizzi et al., PRD (2014);  
 Dasgupta, Kopp, PRL (2013, 2015);  
 Hannestad, Hansen, Tram, PRL (2013) 

�  Lepton asymmetry   
 Mirizzi, Saviano, Miele, Serpico (2012);  

 Hannestad, Tamborra, Tram (2012) 

�  Low reheating temperature  
 Rehagen, Gelimini (2014) 

�  Non-standard expansion rate at MeV scale 



Pseudoscalar model 

The sterile neutrino is coupled to a new light pseudoscalar 
 
 
The phenomenologically success of the model relies on two things: 
 
�  gs should be large enough to prevent full thermalisation of the sterile neutrino: 
    10-6 < gs < 10-5  èNeff 

 
�  νs must annihilate into φ at late time to avoid the mass bound from large scale 

structure: mφ <~ 0.1eV èΣmν 
 
  

Lint ~ gsφν sγ5ν s



Sterile neutrino number at BBN 
3
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where p is the momentum, G
F

is the Fermi coupling
constant, M

Z

is the mass of the Z boson, and n
⌫s =R

f
s

d3p/(2⇡)3 is the number density of sterile neutrinos.
For the repopulation of the active neutrinos, we use the
expression

�
a

= C
µ

G2

F

pT 4, C
µ

⇡ 0.92.

For the sterile neutrino redistribution, we choose T
⌫s and

µ
⌫s to conserve energy and number density, when f

eq,s

=
(ep/T⌫s�µ⌫s/T⌫s + 1)�1, and we approximate the rate by

�
s

=
g4
s

4⇡T 2

⌫s

n
⌫s . (8)

Finally, we approximate the damping term by D =
1

2
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s

).
We compute the sterile neutrino contribution to the

potential in Eq. (3) from the actual numerical distribu-
tion. The contribution from the �-background is com-
puted analytically assuming that the �-particles were
produced thermally above a TeV. They will then follow
a Bose-Einstein distribution with a reduced temperature
of

T
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where the approximation is valid in the temperature
range of interest. We are ignoring momentum transfer
between the sterile neutrinos and the pseudoscalars for
simplicity, but we suspect that including it would have
a negligible e↵ect on our results. When sterile neutrinos
are produced, they will create non-thermal distortions in
the sterile neutrino distribution, and the sterile neutrino
spectrum might end up being somewhat non-thermal. In
Fig. 1 we show the final contribution to the energy den-
sity N

e↵

N
e↵

⌘ ⇢
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FIG. 1: The contribution of the sterile neutrino to the rela-
tivistic energy density �Ne↵ = Ne↵ � 3 as a function of the
coupling parameter gs.

from a sterile neutrino with mixing parameter sin2 2✓
s

=
0.05 and m

⌫s = 1 eV, close to the best fit value from
neutrino oscillation data [1, 2]. The transition from full
thermalisation to zero thermalisation happens in the re-
gion 10�6 < g

s

< 10�5, confirming the simple estimate
in Eq. (6) 1.

Late time phenomenology. — In a recent paper by Mi-
rizzi et al. [30] it was pointed out that even if strong self-
interactions prevent thermalisation of the sterile neutrino
before active neutrino decoupling it will eventually be al-
most equilibrated by oscillations at late times. This leads
to a scenario in which active and sterile neutrino distri-
butions have similar temperatures and both contribute
to the combined N

e↵

. Even if early thermalisation is
prevented this still leads to a sterile neutrino population
with a temperature only slightly below that of standard
model active neutrinos and therefore the usual cosmolog-
ical neutrino mass bound still applies to this model.

However, unlike the previously studied Fermi-like in-
teraction, sterile neutrinos and pseudoscalars interact via
a variety of 2 $ 2 processes which in general have
a scattering rate of order � ⇠ g4

s

T because there is
no mass scale involved. This is true for example for
the pair annihilation process ⌫

s

⌫̄
s

! �� where we al-
ready found the thermally averaged cross section to

1
Note that in the absence of a pre-existing population of � and ⌫s,
sterile neutrino production would still be suppressed for the same

values of gs as soon as a small amount of ⌫s has been produced

through oscillations. The assumption is thus not crucial to the

scenario.

MA, Hannestad, Hansen, Tram, PRD (2014) 

BBN bounds: 
ΔNeff ≤ 1 (95% c.l.) sin2 2θ s= 0.05

m s=1 eV

When sterile neutrinos are produced, 
they will create non-thermal distortions 
in the sterile neutrino distribution, and 
the sterile neutrino spectrum end up 
being somewhat non-thermal. 

The transition between  
full thermalization and no thermalization 
occurs for coupling 10-6 < gs < 10-5 

LASAGNA code 



Sterile neutrino mass and LSS 
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Conclusions 

ü  Cosmology is a powerful tool to constrain neutrino physics 

ü  Despite the progress of precision cosmology, sterile neutrinos still represent 
an open question 

ü  The tension between cosmology and oscillation experiments exacerbates the 
debate: SBL light sterile neutrinos are too many and too massive for 
cosmology 

ü  “Secret” sterile neutrino self-interactions mediated by a light pseudoscalar 
can accommodate one additional massive sterile state in cosmology without 
spoiling CMB measurements and, at the same time, evading mass 
constraints 
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Thermal history 

u T > TeV φ particles are thermally produced 

u T ~ GeV (gs~10-5) νs and φ in thermal equilibrium 

                                                         in the relativistic limit 

       one single tightly-coupled fluid 

u T > 200MeV the dark sector decouples 

 

 

u T ~ 10MeV neutrino oscillations become important 
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Early Universe: Flavour evolution 
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Late time phenomenology (1): 
νs – φ interactions 
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As soon as sterile neutrinos go non-relativistic, they start annihilating into 
pseudoscalars 

T [eV]
0.1 1 10

Γ
s/H

10
-40

10
-20

1

g
s
=10

-6

g
s
=10

-8

Late time phenomenology (2): 
νs – φ annihilations 
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Sterile neutrino annihilations will 
heat up the scalars 

As soon as sterile neutrinos go non-relativistic, they start annihilating into 
pseudoscalars ν sν s →φφ
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Late time phenomenology (2): 
νs – φ annihilations 
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Coupling to DM: not too strong 

TMAX~mχ/3 

χχ→φφ decoupled 
 recoupling 

 

Non-rel. DM 
 

annihilations 
 

Γd (TMAX )< H (TMAX )
Γd (T ) = σ v n∝ gd

4T

No Dark Acoustic 
Oscillations at CMB 
i.e. no 
if 
and 

χφ→ χφ
mχ >>me
αd <<α

gd ≤ 2×10
−5 mχ

MeV
$

%
&

'

(
)

1/4



Coupling to DM: not too weak 
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The condition for having observable consequences on galactic dynamics is that the 
scattering time scale of DM self interactions is less than the age of the Universe. 
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Galactic Dynamics: 
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ü  “too big to fail”        
ü  “cusp vs core” 
    “missing satellites” DM - DR  
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parameters remains open. Nonetheless, the absence of
dramatic departures from CDM predictions has allowed
important constraints to be placed [24, 25].

In this Letter, we examine the possible existence of a
dark force from a di↵erent perspective. Rather than limit
its allowed range of parameters based on observations,
we show that it can ameliorate tensions in astrophysi-
cal data. In particular, we find that a Yukawa force in
dark matter scattering would naturally produce cores in
dwarf galaxies while avoiding the myriad constraints on
SIDM which arise in systems with a much larger veloc-
ity dispersion, such as clusters of galaxies. The specific
velocity dependence of the interaction cross-section, as
well as the possible exothermic nature of the interaction,
alleviate earlier concerns about the SIDM model. To dis-
tinguish from previous approaches with a constant cross
section or a simple power law velocity dependence, we
label this scenario as Yukawa-Potential Interacting Dark
Matter (YIDM).

Dark Forces. The mediator of the force � could be
either a scalar or a vector, as magnetic-type interactions
are negligible. The force could couple to standard model
fields through kinetic mixing with the photon, or through
mass mixing with the Higgs boson. Constraints on the
presence of such a force come from a wide range of pro-
cesses [26, 27], but ample parameter space remains for

a small mixing angle, ✏
<⇠ 10�3. New searches are un-

derway to find precisely such a force carrier at ⇠ GeV
energy experiments [28].

Scattering through a massive mediator is equivalent to
having a Yukawa potential. The elastic scattering prob-
lem is then analogous to the screened Coulomb scatter-
ing in a plasma [29], which is well fit by a cross-section
[24, 30],

h�i ⇡

8
>>><

>>>:

4⇡
m2

�
�2 ln(1 + ��1), �

<⇠ 0.1,

8⇡
m2

�
�2/(1 + 1.5�1.65), 0.1

<⇠ �
<⇠ 103,

⇡
m2

�

�
ln� + 1� 1

2

ln�1 �
�
2

, �
>⇠ 103,

(1)
where � = ⇡v2�/v

2 = 2↵dm�/(m�v
2), and v is the rela-

tive velocity of the particles. We use angular brackets to
denote that this is the momentum-transfer weighted cross
section. Here, v� is the velocity at which the momentum-
weighted scattering rate h�vi peaks at a cross section
value of �

max

= 22.7/m2

�. The above expression can be
approximately generalized to the inelastic case by sub-
stituting m� !

p
m�� for the characteristic minimum

momentum transfer when m� <
p
m�� (see discussion

in [30]). This expression is derived using classical physics,
and thus, it is important to note what quantum e↵ects
can come into play. In cases where the de Broglie wave-
length is longer than the Compton wavelength of the
force m�1

� , the quantum calculation should be consid-
ered for quantitative results. Nonetheless, the same qual-
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FIG. 1: Dependence of the self-interaction cross-section (�) on
the relative velocity (v) for dark matter interacting through a
Yukawa potential. The normalizations of � and v are set by
free parameters in the underlying Lagrangian (see Appendix),
and we show two possible curves peaking at v

�

= 10 km s�1

and = 100 km s�1 (blue, solid and purple, dashed, respec-
tively).

itative features should remain: the cross section should
saturate at low velocities near � ⇠ m�2

� , and at high
velocities, where the classical approximation is valid, it
should fall rapidly.
Figure 1 depicts the velocity dependence of the elas-

tic cross-section in Eq. (1). Interestingly, the scattering
rate is nearly constant at low velocities, peaks at a ve-
locity v�, and declines sharply at v > v�, allowing it to
introduce cores in dwarf galaxies where the velocity dis-
persion is low (v ⇠ 10 km s�1) but not in clusters of
galaxies where the characteristic velocities are larger by
two orders of magnitude (v ⇠ 103 km s�1). The nor-
malizations of the cross-section and velocity are deter-
mined by free parameters in the interaction Lagrangian
(see Appendix), with the Compton wavelength of the in-
teraction setting the relevant spatial scale. We show two
possible values of the peak velocity, one that would pro-
duce cores only in dwarf galaxies (v� = 10 km s�1), and
another that would produce cores in more massive galax-
ies (v� = 102 km s�1) as implied by data on low surface
brightness galaxies [31]. At any given halo mass, we ex-
pect scatter in the core properties of individual halos,
due to variations in their age and assembly history.
Having one collision per Hubble time at the character-

istic core density of dwarf galaxies ⇠ 0.1M� pc�3, trans-
lates to the condition (m�/10GeV)(m�/100MeV)2 ⇠ 1
(see Appendix). An order of magnitude larger cross-
sections are also allowed by the data. Figure 2 shows
the allowed parameter ranges [25] that would naturally
explain the dark matter distribution in observed astro-
physical objects. We find that even though collisions
shape the central profiles of dwarf galaxies, the standard
collisionless treatment still provides an excellent approx-
imation for the dark matter dynamics in X-ray clusters.
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