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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
�
XX

/m
X

. (0.1 � 1) cm2s�1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g�1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)

X

gauge inter-
action. There are two crucial ingredients for S⌫DM,
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We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-

sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in

Cherry	et	al.,	(2014)	
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
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. (0.1 � 1) cm2s�1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g�1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)
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gauge inter-
action. There are two crucial ingredients for S⌫DM,
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We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-

sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
�
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. (0.1 � 1) cm2s�1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g�1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)
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gauge inter-
action. There are two crucial ingredients for S⌫DM,
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We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-

sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in
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FIG. 8: The value of ↵
X

required to obtain the correct DM relic density as a function of the DM mass m
X

(solid red) for the vector (left) and scalar (right) mediators. We also plot the required ↵

X

(dashed blue) if
the Sommerfeld effect is neglected in the early Universe. We take the DM kinetic decoupling temperature
Tkd = 1 MeV and the mediator mass m

�

= 10 MeV.

In the cases we consider, the tree-level annihilation cross sections are given by Eq. (28) and the
Sommerfeld enhancement factors for s-wave and p-wave annihilations are
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In Fig. 8, we show the value of ↵

X

which gives rise to the observed relic density for the vector
(left) and scalar (right) mediators. In the calculation, we have taken the DM kinetic decoupling
temperature Tkd = 1 MeV and the mediator mass m

�

= 10 MeV. The Sommerfeld effect in the
early Universe can lead to an O(1) suppression factor on ↵

X

for m
X

& 1 TeV, but is negligible for
lighter DM. This is because heavier DM requires a larger ↵

X

which results in a larger enhancement
factor on DM annihilation in the early Universe.

Here, we comment on the dependence of the result shown in Fig. 8 on m

�

and Tkd. Since a
large mass hierarchy between m

X

and m

�

is required for DM to have sufficient self-interactions
to affect structure formation when m

X

& 1 TeV, the mediator is effectively massless for the
Sommerfeld enhancement. Thus the result is not sensitive to m

�

. The value of ↵
X

can also depend
on Tkd. For a small Tkd, DM particles cool down slowly, which suppresses the Sommerfeld effect.
However, typically, this dependence is very mild because the the DM annihilation rate becomes
much less than the Hubble expansion rate before the Universe cools to Tkd, even if the annihilation
is enhanced. In our case, we have checked that ↵

X

only changes by less than 3% when we set Tkd

to be 1 GeV. It is worth noting, however, that Tkd may play an important role in the resonance
regime. It has been shown that DM can re-couple to the thermal bath after freeze-out in the
resonance regime, which leads to a negligible relic density [84]. This chemical re-coupling effect
only occurs when Tkd is high and parameters have to be highly fine-tuned to satisfy the resonance
condition exactly. With Tkd = 1MeV, we have checked that chemical re-coupling does not happen
and DM has the correct relic density in the resonance regime.

In Fig. 9, we show the allowed range of (m
X

,m

�

) with ↵

X

fixed by the relic density constraint
as shown in Fig. 8. For the vector mediator case (left), both attractive and repulsive interactions are
present, and we take the average of attractive and repulsive cross sections. In the scalar mediator
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Sommerfeld	
enhancement	
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Dark	radiaFon:	constraints	from	BBN	
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protons	in	staFsFcal	equilibrium	freeze	out.	

Cooke	et	al.,	MNRAS	(2013)	
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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

D/H	

YP	

ΔNeff (BBN )<1 (95%c.l.)
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di↵usion distance at recombination is

r2d = ⇡2

Z a⇤

0

da

a3�TneH


R2 + 16

15 (1 +R)

6(1 +R2)

�
(1)

where ne is the number density of free electrons, �T is the
Thompson cross-section, a⇤ is the scale factor at recombi-
nation (defined below) and the factor in square brackets
is due to the directional and polarization dependence of
Thompson scattering [28, 29]. Although Eq. 1 is only an
approximation to the di↵usion length, it allows an an-
alytic understanding of the dependence of this di↵usion
length on model parameters [21].

If we approximate a⇤ as independent of H, then rd /
H�0.5. This is as expected for a random walk process:
the distance increases as the square root of time. In-
creasing H (which happens when we increase Ne↵) leads
to smaller rd which would decrease the amount of damp-
ing. Why do we see, in Fig. 1, the damping increase as
Ne↵ increases?

The answer has to do with how rs and DA change to
keep ✓s fixed despite the increased expansion rate. The
comoving sound horizon is given by

rs =

Z t⇤

0
cs dt/a =

Z a⇤

0

cs da

a2H
. (2)

Since rs / 1/H, it responds even more rapidly to changes
in H than is the case for rd. To keep ✓s fixed at the
observed value, DA must also scale as 1/H. Since DA

decreases by more than would be necessary to keep ✓d
fixed, ✓d increases which means the damping is increased.

To look at it another way, if we knew DA perfectly,
we could use rs to determine H prior to recombination.
But we do not know DA, largely because we do not know
the value of the cosmological constant, or more generally
the density of the dark energy as a function of the scale
factor. Instead, we can use the two scales together to
form a ratio that is sensitive to H, with no dependence
on DA: ✓d/✓s = rd/rs / H0.5.

Does this explanation hold together quantitatively? To
demonstrate that what we are seeing in the power spec-
trum actually is increased Silk damping (at fixed ✓s) we
experiment with also fixing ✓d as Ne↵ increases. The
bottom panel of Fig. 1 shows how the angular power
spectrum responds to the same variations in Ne↵ , only
now taken at constant ✓d as well. When we remove the
✓d variation, the impact of the Ne↵ variation almost en-
tirely disappears. We conclude that the variations we
are seeing in the top panel are indeed due to the impact
of Ne↵ on the amount of Silk damping. A very similar
demonstration was provided by [22].

To keep ✓d fixed as Ne↵ varies, we varied a parameter
whose sole impact is on the number density of electrons:
the primordial fraction of baryonic mass in Helium, YP.
Even as early as times when 99% of the photons have yet
to last scatter, Helium, with its greater binding energy
than Hydrogen, is almost entirely neutral. Thus ne =
Xe(np + nH) = Xenb(1 � YP) where the first equality

FIG. 1: Top panel: WMAP and SPT power spectrum mea-
surements, and theoretical power spectra normalized at ` =
200. The black (central) curve is for the best-fit ⇤CDM+Ne↵

model assuming BBN consistency. The other model curves
are for Ne↵ varying from 2 to 6 with ⇢b, ✓s, and zEQ held
fixed. Larger Ne↵ corresponds to lower power. Central panel:
Same as above except normalized at ` = 400 where the ISW
contribution is negligible. We see most of the variation re-
mains. Bottom panel: The same as the central panel except
we vary YP to keep ✓d fixed. The lack of scatter in these spec-
tra compared to those in the middle panel demonstrates that
the e↵ect of Ne↵ on small-scale data is largely captured by its
impact on the damping scale. We can also begin to see more
subtle e↵ects of the neutrinos, most noticeably a phase shift
in the acoustic oscillations [22].

defines Xe and we have kept nb (and thus ⇢b) fixed. The
limit of integration in the above equations for rs and rd
is only slightly a↵ected by changing YP and thus rs is
largely una↵ected. However, the damping length scales
with YP as rd / (1� YP)�0.5.
From our analysis one finds that rd/rs / (1 +

f⌫)0.25/
p
1� YP where f⌫ ⌘ ⇢⌫/⇢� is proportional to

Ne↵ . The first factor arises because increasing H at fixed
zEQ meansH2 / (1+f⌫). Thus asNe↵ is varied, we know
how to change YP to keep rd/rs (and hence ✓d/✓s) fixed.

Hou	et	al.,	PRD	(2013)	
Planck Collaboration: Cosmological parameters
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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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zeq	
Early	ISW		

rs =
cs
a2
da
H0

a*∫ θd =
rd
DA

∝
H −0.5

H −1

Background	effects:	
•  expansion	rate		

PerturbaFon	effects	(free-streaming):	
•  phase	shie	in	δγ
•  overall	amplitude	suppression	

(anisotropic	stress)	

Sound	horizon	 Damping	
tail	

YP	ê	

Neff (CMB) = 2.99± 0.20 (68%cl)→ξ ≤ 0.5 (95%cl)
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with two WDM masses m
1

= 500 eV and m
2

= 1000 eV. In figure 8, the solid lines show
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Figure 8. Power spectra of two pure WDM models, with a Dodelson-Widrow mass m
1

= 500 eV
(red) or m

2

= 1000 eV (green), compare to those of a CDM model with the same cosmological
parameters. In both plots, solid lines refer to matter power spectra P (k), dashed lines to unlensed
CMB spectra and dotted lines to lensed CMB spectra. However the dashed and dotted lines account
for temperature on the left panel, and for polarisation on the right panel.

the ratio of the respective matter power spectra P (k). We see the free-streaming cut-o↵,
which appears at a twice larger wavenumber k

cut

for the mass m
2

. Note that this cut-o↵
is imprinted at a very high redshift z

nr

(when WDM becomes non-relativistic), and keeps a
fixed shape in comoving wavenumber space for z < z

nr

. Hence the figure shows the ratio of
the power spectra calculated at any redshift z < z

nr

, including the redshift of recombination,
or z = 0.

Instead of plotting the matter power spectrum as a function of k, we show it as a
function of the dimensionless number k(⌧

0

�⌧
rec

): this corresponds to the multipole to which
this comoving wavenumber contributes maximally at the time recombination. In the models
of figure 8, the quantity (⌧

0

� ⌧
rec

) is equal to 9530h�1Mpc. With such a rescaling, we can
compare directly features in the matter power spectrum and in the primary CMB anisotropy
spectra.

If the gravitational coupling between DM and photons played a role, we would expect
the CMB temperature and polarisation spectra to be suppressed at the same scale l

cut

=
k
cut

(⌧
0

�⌧
rec

) as the matter power spectrum. Indeed, on the scale where the cut-o↵ is visible,
the CDM model has a ratio of DM over photon density perturbations (⇢

c

�
c

)/(⇢
�

�
�

) much
larger than one during the end of radiation domination and throughout matter domination.
Hence, beyond l

cut

, one may naively expect that gravitational e↵ects are more important in
the CDM case than in the WDM case, and a feature should be visible in the CMB spectra.

But this is without counting on the e↵ective gravitational decoupling discussed in the
previous sections. We know that in the CDM case, DM perturbations are only relevant for
slow modes, while the CMB is dominated by fast modes at least on intermediate scales. This
conclusion can easily be extended to WDM. At very high redshift, when WDM is relativistic,
it behaves like massless neutrinos, and it couples to fast modes. However the impact of WDM
on fast modes is negligible, because WDM can only represent a tiny fraction of the radiation
background. Indeed, any DM model reasonably fitting observations must have a background
density scaling like a�3 for an extended period of time before recombination9. Extrapolating

9This would not be true for a very small mass (e.g. a Dodelson-Widrow mass m ⌧ 100 eV) for which dark
matter would almost be hot.
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The	signature	of	dark	maTer-dark	
radiaFon	on	the	CMB	

RelaFve	change	wrt		
ΛCDM+ΔNeff	(same	bkg.)	
•  Scale	dependent	
						phase	shie	and	
						amplitude	suppression	
	
If	during	MDE	DM	is	sFll	
coupled:	relaFve	
suppression	of	the	odd	
(compression)	peaks.	
	
	
	
See	also:	
Atomic	DM	
Cyr-Racine	et	al.,	PRD	(2013)	
Cyr-Racine	et	al.,	PRD	(2014)	

Archidiacono	et	al.,	(2017)	

<σv>≈T2	



Timeline	

Temperature	 Process	 Probe	

Tχ	∼	mχ /	25	 DM	freeze-out	 DM	relic	abundance	

T	>	200	MeV	 Dark	sector	decoupling	 Neff	BBN	&	CMB	

Tγ	∼	1	MeV	 BBN	&	ν	decoupling	

TDark	>	100	eV	 DM	kineFc	decoupling*	 CMB,	Ly-α,	Astrophys.	obs.	

TDark	<	100	eV	 DR	kineFc	decoupling	 CMB	

Tγ	∼	1	eV	 CMB	

Structure	formaFon	 DM	self-interacFons	 Astrophysical	observaFons	

*=	since	H	∼	T2	during	RDE,	there	is	decoupling	only	if	τ-1	∼	Tn	with	n>2,	otherwise	dark	
maTer	and	dark	radiaFon	recouple	at	later	Fmes.	



KineFc	decoupling:	bounds	from	Ly-α	
Talk	by	T.	Binder	

The	mass	of	the	smallest	proto-halos	corresponds	to	the	mass	enclosed	in	the	Hubble	
horizon	at	the	Fme	of	kineFc	decoupling.	
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•  Non-linear	regime	
•  Ly-α Irsic	et	al.,	(2017)	
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FIG. 1: Power spectrum relative to ⇤CDM at z = 5.4 (in per
cent). Linear matter, non-linear matter and flux power spec-
tra are represented by the thin, thick and very thick curves,
respectively. Black (blue) curves are for FDM (WDM) mod-
els with mFDM = 5.7, 15.7 ⇥ 10�22 eV (mWDM = 2, 3 keV).

the range relevant for the “small scale crisis” of cold dark
matter. These models were also simulated using the ax-
ionCAMB code [2] to obtain the linear transfer function,
finding negligible impact on the simulated flux power.
The corresponding ⇤CDM model is also simulated along
with a range of IGM thermal histories and cosmological
parameters. In Fig. 1 we show the linear, non-linear and
flux power spectrum at z = 5.4 for WDM and FDM mod-
els that have the same k

1/2: non-linearities erase some of
the information contained in the linear power spectrum.
Note that the 1D flux power is much more sensitive to
the cuto↵. The maximum wavenumbers at which the
flux power spectrum is measured by HIRES/MIKE and
XQ-100 are represented by the horizontal arrows. It has
been noted before (e.g. [43]) that for the analysis of the
Lyman-↵ it is su�cient to use the appropriate transfer
function without modelling the full quantum e↵ects be-
low the de-Broglie wavelength of the FDM particle.

We vary the thermal history by modifying the photo-
heating rates in the simulations as in [44]. The low den-
sity IGM (� = 1+ � < 10) is well described by a power-
law temperature-density relation, T = T

0

���1. We con-
sider a range of values for the temperature at mean den-
sity T

0

and the slope of the T�⇢ relation, �, based on the
previous analysis of the Lyman-↵ forest and recent ob-
servations [45]. As in [38] these consist of a set of three
di↵erent temperatures at mean density, T

0

(z = 3.6) =
7200, 11000, 14800 K, which evolve with redshift, as well

as a set of three values of the slope of the T � ⇢ relation:
�(z = 3.6) = 1.0, 1.3, 1.5. The reference thermal history
assumes (T

0

(z = 3.6), �(z = 3.6)) = (11000 K, 1.5).

Following again [38] we use two parameters describing
cosmology, �

8

and n
e↵

= d lnP
m

(k)/d ln k, evaluated at
k = 0.005 km�1 s. Five di↵erent values are considered
for both �

8

= 0.754, 0.804, 0.829, 0.854, 0.904, and n
e↵

=
�2.3474,�2.3274,�2.3074,�2.2874,�2.2674. The refer-
ence model has (�

8

, n
e↵

, n
s

) = (0.829,�2.3074, 0.961).
We also vary the redshift of reionization z

rei

which is
chosen to be z

rei

= 9 for the reference model as well as
z
rei

= 7, 15 for two additional models. The last param-
eter (f

UV

) characterizes the e↵ect of Ultraviolet (UV)
background fluctuations. An extreme model dominated
by QSOs has been chosen with a strong scale dependence
at higher redshift and towards large scales. The mean
flux is also varied a-posteriori through rescaling the ef-
fective optical depth, ⌧

e↵

= � ln F̄ . We use three di↵er-
ent values (0.8, 1, 1.2) ⇥ ⌧

obs,e↵ , with the observed value
of ⌧

obs,e↵ chosen to be those of the SDSS-III/BOSS mea-
surements [46].

Method. Using the models of the flux ob-
tained from the simulations we establish a grid of
points for each redshift, in the parameter space of
(F̄ (z), T

0

(z), �(z),�
8

, z
rei

, n
e↵

, f
UV

,m
FDM

). We then
perform a linear interpolation between the grid points
in this multidimensional parameter space, to obtain pre-
dictions of flux power for the desired models. The inter-
polation is performed for P

F

(k, z), directly, rather than
for ratios of flux power w.r.t. the corresponding ⇤CDM
simulation as was done in [29]. Parameter constraints are
then obtained with a Monte Carlo Markov Chain code
that explores the likelihood space until convergence is
reached.

The redshift evolution of the IGM parameters T
0

and � are modelled as power-laws for our reference

analysis: T
0

(z) = TA
0

[(1 + z)/(1 + z
p

)]T
S
0 and �(z) =

�A [(1 + z)/(1 + z
p

)]�
S

. The pivot redshift is di↵erent for
each data set and roughly corresponds to the redshift at
which most of the data lies (z

p

= 3.6, 4.5, 4.2 for XQ-100,
HIRES/MIKE and the combined analysis, respectively).

Results. In Figure 2 we show the main result of this
letter: the marginalized 1D likelihood for 1/m

FDM

. For
our reference analysis, in which the temperature evolu-
tion is parameterized as a power-law at di↵erent pivot
redshifts, XQ-100 returns an upper limit of 4.6 ⇥ 10�22

eV, HIRES/MIKE gives 16.4⇥10�22 eV, while the com-
bination of the two data sets results in a considerable
improvement to 37.5⇥10�22 eV (2� C.L.). These num-
bers become 2.7, 16.5, 32.2 ⇥10�22 eV, for XQ-100,
HIRES/MIKE and both data sets, when using the fol-
lowing Planck priors on n

e↵

= �2.307 ± 0.01 and �
8

=
0.829 ± 0.01 (1� Gaussian priors). The improvement in
the joint constraints is due to the fact that when combin-
ing the two data sets the thermal evolution of the IGM is

HIRES/MIKE	

XQ-100	

z=0	
α=108

ΓDM = H→Tkd (mχ ,mφ,gχ ,gν ,ξ )

<σv>≈T2	



Models	on	the	market	



Models	on	the	market	
•  τDM-1∼T2		Non-Abelian	DM	
     Buen-Abad	et	al.,	PRD	(2015)

•  τDM-1∼T4		∼massless	mediator	
     const.	cross	secFon
   Wilkinson	et	al.,	JCAP	(2014)	

•  τDM-1∼T6		massive	mediator	+	ν 
     Van	den	Aarssen	et	al.,	PRL	(2012)PRL	(2012)
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decreases by a substantial amount when going from the ⇤CDM model to our model: ��2 =
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FIG. 4: 68% and 95% CL contours for (�
8

, H
0

) and (�
8

, ⌦
m

): first, for the ⇤CDM model and

CMB+BAO data (green); next, for our model and CMB+BAO data (black), CMB+LSS data

(blue), CMB+BAO+LSS data (red). This figure can be compared with Fig. 33 of Planck 2015 [1],

to show a clear di↵erence between our model and all the massive active/sterile neutrino models

used in that figure: our model can explain a lower �
8

without requiring at the same time a lower

H
0

or a higher ⌦
m

(on the contrary, it is compatible with higher H
0

values).

A good way to appreciate these results is to look at the (�
8

, H
0

) and (�
8

, ⌦
m

) contours

shown in Figure 4. The CMB+BAO results for ⇤CDM are shown in green. These results are

notoriously in 3-4� tension with LSS data, which require at the same time a lower �
8

and a

similar ⌦
m

, and in 2-3� tension with the high value of H
0

from [16]. The CMB+BAO results

for our model are shown in black/grey. The comparison of the green and black contours

makes the point. Our model is compatible with much lower values of �
8

for the same range of

⌦
m

values. It is also compatible with much larger H
0

values. It is worth stressing a crucial

di↵erence between our model and more traditional models featuring extra relativistic or

massive relics (like sterile neutrinos), in combination with massive active neutrinos. These

models have been invoked by Ref. [34] to reconcile tensions between CMB, LSS and H
0

data.

The Planck 2015 paper has shown that this does not work well anymore with recent CMB

and BAO data. Ref. [1] shows that the improvement is only of the order of ��2 ⇠ 1 between

the ⇤CDM model and these models. Fig. 33 of [1] provides a clear interpretation of this

result. In models with extra massless/massive neutrinos, parameter correlations are such
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     const.	cross	secFon
   Wilkinson	et	al.,	JCAP	(2014)	
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Figure 1: Interaction processes that set the DM relic density
and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto↵
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant �T .
We also note that �T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v2

max

= g2�mV /(2⇡2m�) at
which �T v becomes maximal and �max

T ⌘ �T (vmax

) =
22.7m�2

V . In particular, v
max

should not be too di↵er-
ent from the typical velocity dispersion �v ⇠ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of �max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g� by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m�,mV ) and the astrophysically relevant param-
eters (v

max

,�max

T ). As demonstrated in Fig. 2, a so-
lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m� & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m� . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m� an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto↵.— For small kinetic decou-
pling temperatures T

kd

, acoustic oscillations [52] are
more e�cient than free streaming e↵ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto↵
can be translated into a smallest protohalo mass of

M
cut

⇡ 4⇡

3

⇢�
H3

���
T=Tkd

= 1.7⇥ 108
✓
T
kd

keV

◆�3

M� , (4)

where H is the Hubble rate and we assumed late kinetic
decoupling such that the e↵ective number of relativistic
degrees of freedom g

e↵

= 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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Figure 2: The white area corresponds to DM and mediator
masses that may solve the ‘cusp vs. core’ problem. The crosses
indicate two benchmark models for which detailed simulations
[44] have found a solution to the ‘too big to fail’ problem.
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evant quantities �T

max

and v
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. See text for further details.
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Figure 3: This plane shows the mediator mass mV vs. the
coupling strength g⌫ . Large values of g⌫ and small values of
mV lead to late kinetic decoupling and thus a large mass M
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of the smallest protohalos. M
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& 5 ⇥ 1010M� is excluded
by Ly-↵ data while M
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& 109M� may solve the small-scale
abundance problems of ⇤CDM cosmology.

those expressions to allow for T⌫ 6= T , we find

T
kd

=
0.062 keV

N
1
4
⌫ (g�g⌫)

1
2

✓
T

T⌫

◆ 1
2

kd

⇣ m�

TeV

⌘ 1
4
⇣ mV

MeV

⌘
, (5)

where N⌫ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
T
kd

, and thus M
cut

, is essentially independent of g� and
m�.

Using for definiteness N⌫ = 3 and T⌫ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant M
cut

in the (g⌫ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⌫ & 10�7 (assuming m� ⇠ 1TeV and
mV ⇠ 1MeV; this value is even lower for larger m� and
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and may lead to observable neutrino annihilation products
today (left), change the inner velocity and density profile of
dwarf halos (middle) and induce a comparatively large cuto↵
in the spectrum of primordial density perturbations (right).

‘too big too fail problem’ [44], without being in conflict
with the strong constraints for models with constant �T .
We also note that �T drops with larger v such that for
galaxy clusters only the very central density profile at
r . O(1 � 10) kpc will be smoothed out, matching ob-
servational evidence (from improved lensing and stellar
kinematic data [51]) for a density cusp in A383 that is
slightly shallower than expected for standard CDM.

For our discussion, the astrophysically important
quantities are the velocity v2

max

= g2�mV /(2⇡2m�) at
which �T v becomes maximal and �max

T ⌘ �T (vmax

) =
22.7m�2

V . In particular, v
max

should not be too di↵er-
ent from the typical velocity dispersion �v ⇠ O(10) km/s
encountered in dwarf galaxies if one wants to make any
contact to potential problems with standard structure
formation at these scales. On the other hand, the value
of �max

T is constrained by various astrophysical measure-
ments, see Ref. [44] for a compilation of current bounds.

Fixing g� by the relic density requirement, there is a
one-to-one correspondence between the particle physics
input (m�,mV ) and the astrophysically relevant param-
eters (v

max

,�max

T ). As demonstrated in Fig. 2, a so-
lution to the aforementioned small-scale problems (2)
and (3) may then indeed be possible for DM masses
of m� & 600GeV and a mediator mass in the (sub-)
MeV range. We also display the strongest astrophysi-
cal bounds on large DM self-interaction rates [43]. For
m� . 4TeV, they arise from collisions with particles from
the dwarf parent halo, while at larger m� an imminent
gravothermal catastrophe is more constraining.

The small-scale cuto↵.— For small kinetic decou-
pling temperatures T

kd

, acoustic oscillations [52] are
more e�cient than free streaming e↵ects to suppress the
power spectrum [4, 53]. The resulting exponential cuto↵
can be translated into a smallest protohalo mass of
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where H is the Hubble rate and we assumed late kinetic
decoupling such that the e↵ective number of relativistic
degrees of freedom g

e↵

= 3.37. For scattering with rela-
tivistic neutrinos, c.f. Eq. (3), the analytic treatment of
kinetic decoupling given in Ref. [54] is valid. Extending
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those expressions to allow for T⌫ 6= T , we find
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where N⌫ is the number of neutrino species coupling to
V . Combining this with Eq. (2) we therefore expect that
T
kd

, and thus M
cut

, is essentially independent of g� and
m�.

Using for definiteness N⌫ = 3 and T⌫ = (4/11)
1
3T� , we

show in Fig. 3 contours of constant M
cut

in the (g⌫ ,mV )
plane. We find that the result of the full numerical
calculation [4, 5] is indeed extremely well described by
Eqs. (4,5) for g⌫ & 10�7 (assuming m� ⇠ 1TeV and
mV ⇠ 1MeV; this value is even lower for larger m� and
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
�
XX

/m
X

. (0.1 � 1) cm2s�1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g�1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)

X

gauge inter-
action. There are two crucial ingredients for S⌫DM,
LS⌫DM = �L

�

+ �L
M

, where the first term specifies
the nature of the DM and neutrino coupling to the new
gauge boson,

�L
�

= g
⌫

⌫̄
s

�
µ

⌫
s

�µ + g
X

X̄�
µ

X�µ, (1)

and the second term,

�L
M

= y
↵

(L
↵

H)(h
X

⌫
s

)

⇤
, (2)

allows the new ⌫
s

to mass-mix with the active SM neutri-
nos in a gauge-invariant way via a U(1)

X

charged Higgs
h
X

which acquires a vacuum expectation value (VEV).
This Higgs is also responsible for giving mass to the vec-
tor, m

�

= g
h

hh
X

i, where g
h

is the gauge charge of the
Higgs and hh

X

i is its VEV. Note that the active neu-
trinos are contained in their electroweak (EW) doublets,

L
↵

=

✓
⌫
↵

`
↵

◆
, where ↵ = e, µ, ⌧ .

We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-

sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in
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and DM after neutrino decoupling (T
dec

' 2.3 MeV)
leads to injection of entropy into the neutrino sector as
the DM becomes nonrelativistic, which a↵ects both nu-
cleosythesis and recombination by accelerating the ex-
pansion rate of the Universe. Based on recent CMB
measurements and primordial elemental abundance de-
terminations, this second, independent e↵ect leads to the
constraint m

�

& 4 MeV for a real scalar and m

�

& 9 MeV
for Dirac fermionic DM [20].

At high energies, the approximation � / E

2
⌫

breaks
down for most viable particle interactions, since any me-
diating particle � starts to be resolved as the center of
mass energy approaches m

�

. We thus turn to two sim-
plified interaction models to illustrate our scenario: a)
a fermionic DM candidate coupled to neutrinos via a
spin-1 mediator (S

�

, S

�

) = (1/2, 1) and b) a scalar DM
particle, coupled via a fermion (0, 1/2). The former is
akin to a new Z

0 gauge boson [21], while the latter, in-
spired by right-handed sneutrino models (e.g., [22, 23]),
includes an s-channel diagram in the elastic scattering
matrix element and thus presents some resonant struc-
ture. This leads to qualitatively di↵erent phenomenol-
ogy, suggesting that resonant scattering at high energies
may be significantly more constraining than cosmological
constraints where E

⌫

. eV ⌧ m

�

.
In both cases, we refer to the DM as � and the

mediator as �, and seek to constrain the particle masses
m

�

, m

�

, and three-point couplings g (setting the � � ⌫

and � � � couplings equal where relevant).

The extragalactic neutrino signal Since the dis-
covery of cosmic neutrinos in 2013 [24, 25], IceCube has
reported 53 HESE events. Several scenarios and source
classes have been proposed for the origin and production
of high-energy neutrinos (see [18, 26–32]). However, the
sources of IceCube’s highest energy neutrinos are still a
mystery, since – so far – all point source searches and
correlation studies have favored an isotropic distribution
[33]. This, along with the relatively large observed flux,
implies that a large fraction of the energy in the nonther-
mal Universe originates from hadronic processes. The ob-
served cosmic neutrino flux is predominantly extragalac-
tic in origin, and its total energy density is similar to
that of photons measured by the Fermi gamma ray tele-
scope [34]. This suggests a common origin of high-energy
neutrinos and gamma rays. That is, rather than some
exotic sources, IceCube is observing the same Universe
astronomers do.

In this work, we use the full four-year HESE
sample, which consists of 13 muon tracks and 40
cascades. They are compatible with a power
law spectrum given by E

2
�(E) = 2.2 ± 0.7 ⇥

10�8(E/100 TeV)�0.58 GeV cm�2 s�1 sr�1. No statisti-
cally significant clustering has been found in this event
selection, i.e., the spatial distribution is consistent with
the isotropic direction. Furthermore, correlation between

Galactic

21.3 23log10(�DM/GeVcm�2)

FIG. 1. The arrival directions of the 53 HESE neutrinos ob-
served in four years of IceCube data [16], in Galactic coordi-
nates. Crosses represent shower events, while x’s correspond
to tracks. Circles represent the median angular uncertainty
of cascades. The color scale is the column density of DM
traversed by neutrinos arriving from each direction.

the neutrinos arrival directions and the galactic plane was
not found to be significant [16]. The flavor composition
of this sample is consistent with (⌫

e

: ⌫

µ

: ⌫

⌧

) = (1 : 1 : 1)
[35, 36]. This is the composition expected for pionic ori-
gin of the events and current measured neutrino mixing
angle [37]. Nonetheless, a di↵erent flavor composition at
production would yield an oscillation-averaged flux that
is very close to (1 : 1 : 1) and, with current statistics,
would not be distinguishable within the space of flavors
allowed by oscillation [36]. In fact, as long as the produc-
tion mechanism is pion-dominated, the expected flavor
ratio remains close to (1 : 1 : 1) even in the presence of
new physics in the propagation [38]. For definiteness, we
set the spectral index to the expected value from Fermi
acceleration mechanisms, i.e., � = 2. Changing � to 2.5
has no visible impact on our conclusions.

We model the attenuation of extragalactic neutrinos
as they pass through the halo of DM particles that grav-
itationally bind the Milky Way. The bulk of the DM
lies in the direction of the Galactic center, (l, b) = (0, 0)
in Galactic coordinates, 8.5 kpc away from our location.
Its radial density distribution ⇢

�

(r) can be modeled with
the Einasto profile [39]. We employ shape parameters
that fit the Via Lactea II simulation results [40], and a
local DM density of ⇢� = 0.4 GeV cm�3. Although the
commonly-used NFW profile also provides a good fit to
Via Lactea II, the central divergence leads to excessive
attenuation in this model. In this sense, the choice of an
Einasto profile can be taken as conservative.

We take the incoming neutrino flux, �(E), to be
isotropic, extragalactic in origin, and model it as a power
law in energy. The propagation of the extragalactic high-
energy neutrino flux towards the Earth, as they traverse
the di↵use DM halo, can be described by a cascade equa-
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model parameters.
Fig. 2 shows the event distributions in four di↵erent

scenarios, as they would be expected in IceCube. The
top panel shows the deposited energy distribution, while
the lower one shows the event rate versus angular dis-
tance from the Galactic center, where DM-induced at-
tenuation is strongest. Fig. 2, highlights the two main
e↵ects we observe: 1) a suppression of the event rate with
decreasing energy, and 2) a suppression of the event rate
near the Galactic center. It is the combination of these
e↵ects that constrain such models. In the bottom panel
of Fig. 2 we show only events with energies above 60
TeV to avoid confusion with the atmopheric contamina-
tion, which comes predominantly from low energies and
low declinations.

We contrast four di↵erent scenarios: 1) a null isotropic
(black) hypothesis where no DM-neutrino interaction is
present, 2) the case (yellow) with a fermionic (S

�

= 1/2)
DM particle, with a vector (S

�

= 1) mediator and a
coupling g = 1, 3) the same (blue), but with larger g =p

5, and finally 4) a scalar DM candidate with a fermionic
mediator (S

�

= 0, S

�

= 1/2), and with m

�

= 20 keV,
m

�

= 6 GeV, and g = 1. For reference we also show
atmospheric muons (grey) and neutrinos (cyan).

Models 2 and 3 are chosen to give an observable e↵ect:
these are large, and we will show that they can be probed
by our analysis. However, the resulting low-energy cross
sections are not large enough to a↵ect the cosmological
limits. Indeed, even the more extreme (blue) of these
scenarios remains two orders of magnitude below the
large-scale structure limits, and it is therefore clear that
in certain regions of the parameter space, IceCube data
can provide strong constraints on new Z

0-like media-
tors. The final scenario is chosen such that resonant
(s-channel) scattering occurs at E

⌫

= m

2
�

/2m

�

= 810
TeV, close to where the “gap” in observed IceCube
events is seen. This resonant suppression can clearly
be seen in Fig. 2. However, we note that though the
cross section is allowed by di↵usion damping constraints,
the DM masses required for such an e↵ect are so low
that their thermal contact with neutrinos at early
times will inevitably increase the number of e↵ective
relativistic degrees of freedom, a↵ecting nucleosynthesis
and recombination. In Fig. 3, the marginalized posterior
distributions of the two models for HESE are illustrated:
fermionic DM with vector mediator in the left (green)
column, and scalar DM with fermionic mediator in the
right (purple) column. The 95% and 68% containment
regions are respectively shown in light and dark shading.
The white regions correspond to disfavored parameter
spaced. Given that we have no compact support, the
normalization of the posteriors distributions is not well
defined. However, the likelihood L is rapidly driven to
zero on the white side of the 95% containment bands
due to the inability of strongly-interacting models to
generate high-energy events. We have furthermore
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FIG. 3. Marginalized 95% (light) and 68% (dark) contain-
ment regions of the two models considered here: (left col-
umn) fermionic DM with a vector mediator and (right col-
umn) scalar DM with fermionic mediator. Shown as a func-
tion of the model parameters (m�, m�, g). White regions are
disfavored parameter space.

tested that they are robust against changes in the prior
region. The resonance region in the scalar DM case
can be discerned in the upper-right panel, though the
paucity of events prevents a more detailed reconstruction.

Conclusions We have used the recently opened cos-
mic neutrino frontier to seek out new dark sector interac-
tions, and to boldly explore the parameter space of their
interactions with high-energy neutrinos. The isotropic
distribution of the high-energy extraterrestrial neutri-
nos leads to constraints on the DM-neutrino interaction
in the Galaxy. Our study considers not only the spa-
tial component, but also the energy and topology of the
events. We obtain the strongest constraints to date in
some regions of parameter space, and our new method is
sensitive to the DM-neutrino interaction details.

Our current constrains are statistically limited due
to the low rate of cosmic neutrino detection and the
poorness of angular resolutions. Further observation of
high-energy starting events in IceCube and implemen-
tation of a new method for increasing the number of
astrophysical neutrinos from the southern sky would
help to obtain stronger bounds or find evidence of DM-
neutrino interaction. This also motivates an IceCube
extension such as purposed IceCube-Gen2 [48] as well as
KM3NeT [49] which will provide larger samples of well

Arguelles	et	al.,	(2017)	
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the new interaction would lead to a neutrinoless Uni-
verse. Limits on neutrino-neutrino scattering induced by
non-standard interactions (either Majoron-like, as those
considered in this paper, or Fermi-like) from cosmologi-
cal observations have been derived in Refs. [27, 28] and,
more recently, in Ref. [29], using data from the Planck
2013 release. In these papers, the neutrino fluid is mod-
eled as abruptly changing from collisionless to perfectly
tightly coupled (or viceversa in the case of Fermi-like
interactions) at a given transition redshift, that repre-
sents the parameter actually constrained by the data. A
complementary approach consists in deriving limits on
phenomenological quantities parameterizing the e↵ective
sound speed and viscosity of the neutrino fluid [30–36].
As noted by a few authors, however, this approach does
not always provide an accurate representation of the col-
lisional regime [28, 54]. For this reason we avoid re-
sorting to it throughout this paper. Instead, we derive
limits on the strength of neutrino non-standard interac-
tions by directly modifying the Boltzmann equation in
order to account for neutrino collisions, without assum-
ing a sudden transition between the two limiting regimes
(free-streaming and tight coupling). We also consider
extended models allowing for extra relativistic species or
tensor pertubations.

This paper is structured as follows. In Sec. II we briefly
introduce the theoretical framework that describes the
hidden interactions of interest. In Sec. III we review the
Boltzmann formalism for interacting neutrinos. In Sec.
IV we describe the method used to compute the impact
of interacting neutrinos on the evolution of cosmological
perturbations and on the CMB observables, and to de-
rive constraints on the strength of the interaction, that
are discussed in Sec. V. Finally, in Sec VI we draw our
conclusions.

II. HIDDEN NEUTRINO INTERACTIONS

We consider neutrinos interacting with a light boson �
through simple scalar h

ij

and pseudoscalar g
ij

couplings,
as described by the following Lagrangian [23–25]:

L = h
ij

⌫̄
i

⌫
j

�+ g
ij

⌫̄
i

�
5

⌫
j

�+ h.c. , (1)

where the indices i, j run over the neutrino mass eigen-
states. This kind of interaction allows for the binary pro-
cesses shown in Fig. 1, i.e. ⌫ + ⌫̄ $ �+ � (neutrino an-
nihilation to �’s), ⌫ +� $ ⌫ +� (neutrino-� scattering),
⌫+ ⌫ $ ⌫+ ⌫ (neutrino-neutrino scattering mediated by
a scalar boson exchange), as well as for neutrino decay
⌫ ! ⌫0 + �.

Neutrino scalar and pseudoscalar couplings are con-
strained by laboratory searches for neutrinoless double
beta decay (0⌫��), and by supernovae observations. For
example, in addition to the simplest 0⌫�� decay mode

(A, Z) ! (A, Z + 2) + 2e� , (2)

⌫

⌫

⌫

⌫

�

⌫

⌫

�

⌫

⌫

⌫

�

�

⌫

⌫

⌫

�

⌫

⌫

�

Figure 1. Feynman diagrams for the binary processes allowed
by the Lagrangian (1). Time goes from left to right. Clock-
wise, from top left: ⌫-⌫ scattering (s and t channels), ⌫-�
scattering, ⌫⌫̄ annihilation to �’s.

whose existence only requires the neutrino to be a Majo-
rana particle [37], modes in which one or two additional
� bosons are emitted

(A, Z) ! (A, Z + 2) + 2e� + � , (3)

(A, Z) ! (A, Z + 2) + 2e� + 2� , (4)

are possible if neutrinos possess (pseudo-)scalar cou-
plings. 0⌫�� experiments yield constraints on the ef-
fective �-neutrino coupling constant hg

ee

i < (0.8�1.6)⇥
10�5, depending on the theoretical model [38, 39]. The
quantity g

ee

is the e�e entry of the coupling matrix in the
weak base, related to the couplings g

ij

in the mass basis
through the elements of the neutrino mixing matrix.
Neutrino decays ⌫ ! ⌫0 + � can also be important in

the high-density supernova environment. In the case of
Majoron models, limits on Majoron-neutrino couplings
from observations of SN 1987A were derived in Ref. [40].
It has been shown there that � emission would shorten
too much the observed neutrino signal from SN 1987A
if 3 ⇥ 10�7 . g . 2 ⇥ 10�5 (here g denotes the largest
element of the coupling matrix g

↵�

in the weak base),
thereby excluding this region. Moreover, the observed ⌫̄

e

flux from SN 1987A can also be used to further constraint
g
11

. 10�4. These limits, together with those from 0⌫��
decay experiments available at that time, were combined
and translated into the mass basis in Ref. [41].
Scalar and pseudoscalar neutrino couplings can also be

relevant in a cosmological context, since collisional pro-
cesses induced by the new interaction would a↵ect the
evolution of perturbations in the cosmological neutrino
fluid. In general, the cross section for a binary process
mediated by a massless boson has the form �

bin

⇠ g4/s in
the ultrarelativistic limit (apart from numerical factors)
with g being the largest value of the Yukawa matrix (we
do not distinguish between scalar and pseudoscalar cou-
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We calculate new general constraints on extra neutrino interactions via light vector bosons. We use
the requirement that Z, W , and kaon decays, as well as electron-neutrino scattering, are not altered
by the new interactions beyond what is allowed by experimental uncertainties. These constraints
are strong and apply to, among other more general scenarios, neutrinophilic dark matter, where
interactions of neutrinos and dark matter via a new gauge boson are important. In particular, we
show that models where neutrino interactions are needed to solve the small-scale structure problems
in the ⇤CDM cosmology are constrained.

I. INTRODUCTION

Neutrinos are feebly interacting yet ubiquitous
particles that govern many physical phenomena. The
roles that neutrinos play appear to be described by just
their weak interactions. However, neutrino detection
remains technically challenging and it is possible that
new interactions that a↵ect only neutrinos have escaped
discovery. These hidden neutrino interactions [1, 2] have
thus been invoked for solving a variety of problems
related to cosmological structure formation, neutrino
oscillation anomalies, and dark matter [3–11].

If the new interactions are mediated by a heavy boson,
they can be e↵ectively described using a modified Fermi
constant [12, 13]. However, a rich phenomenology is
possible for interactions through new light bosons that
are kinematically accessible. A massless boson leads
to a 1/r2 force that is strongly constrained [14], so we
focus on a light but not massless mediator. If the boson
is heavier than about an MeV then it can decay into
charged fermions, e.g., an electron-positron pair, which
can be tested at collider experiments [15, 16]. The most
challenging scenario is if the boson is lighter than about
an MeV, so that it can only decay “invisibly” to a
neutrino-antineutrino pair.

Models of light scalar bosons coupled to neutrinos,
e.g., Majorons, have been extensively studied, and
there are strong constraints on such couplings [17–
34]. Interestingly, interactions with a new light vector
boson seem to have been largely overlooked and we
address this possibility in this paper. The only previous
constraints [35] on this are from the propagation of
neutrinos from SN 1987A, and we improve these by
orders of magnitude.

Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ⇤CDM cosmology [8]. Precision measurements of
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FIG. 1. Constraints on hidden neutrino interactions. If V
couples only to neutral leptons, then only our constraint from
Z decay applies. If V couples equally also to charged leptons,
all of our constraints apply. The hatched region shows the
parameter space of mediator mass and coupling that solves
the missing satellites problem of ⇤CDM [8].

the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [36–38]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (⇤CDM) model [39–41]. However, at the scales
of galaxy clusters, galaxies, and yet smaller objects,
⇤CDM predictions do not match the observations [42].
There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [43–50].
Second, “too big to fail” – the most massive subhalos
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Supernova 1987A and the secret interactions of neutrinos
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By using SN1987A as a "source" of neutrinos with energy —10 MeV we place limits on the
couplings of neutrinos with cosmic background particles. Specifically, we find that the
Majoron —electron-neutrino coupling must be less than about 10; if neutrinos couple to a mass-
less vector particle, its dimensionless coupling must be less than about 10;and if neutrinos cou-
ple with strength g to a massive boson of mass M, then g/M must be less than 12 MeV

I. INTRODUCTION

Supernova 1987A in the Large Magellanic Cloud' pro-
duced a pulse of neutrinos which was detected by under-
ground neutrino detectors. ' The great distance to the
supernova, D =55+15 kpc, and the concommitant long
travel time, affords a unique opportunity to place limits
on the properties of neutrinos, limits that in some in-
stances cannot be matched by terrestrial experiments.
Limits on neutrino mass, lifetime, and mixing angles
have been set using the information obtained from
SN1987A. In this paper we consider the limits which
can be placed on "secret" interactions of neutrinos with
cosmic background particles (CBP's). By secret interac-
tions, we mean interactions not shared by charged parti-
cles, i.e., interactions beyond those in the
SU(3) XSU(2) XU(1) model.
Although the interactions of neutrinos with "matter"

(electrons, protons, neutrons, nuclei, etc. ) are weak, it is
possible that neutrinos have "stronger than weak" in-
teractions with other unknown particles (e.g. , Major-
ons ' ), or with themselves. ' If a particle is stable and
weakly interacting, it should be present today as a CBP.
The detection of neutrinos from SN1987A requires that
the mean free path of neutrinos through the CBP's is
comparable to or greater than the distance to the super-
nova. This results in limits to the cross sections of neu-
trinos with themselves and with other particles

(tT & 10 cm ).
The neutrino events detected in the Kamiokande II

and Irvine-Michigan-Brookhaven (IMB) underground
detectors are in qualitative agreement with the predicted
neutrino flux from a type-II supernova. The data can
best be fit if the bulk of the events are v, captures,
v,p ~e+n, with an incident v, flux of the order of 10'
cm (Ref. 8). Since this is about what is predicted, any
substantial decrease in the v, flux either because of the
decay of neutrinos in flight or because of the scattering
of neutrinos in flight can be ruled out. Although the data
also strongly suggests the existence of some v, e ~v, e
(v, =v„v, , v„,v„,v„v, ) scatterings in addition to v, cap-
ture, the identity of the incident neutrinos in such pro-
cesses cannot be ascertained, so we must focus on limits
to the interactions of v, 's.

II. NEUTRINO MEAN FREE PATH

To start, let us assume that v, 's with energy
F. =(

~ p ~
+m )' &&m are emitted from the super-

nova and scatter off a background of particles (denoted
as X) whose phase-space density is fx(p). The
Boltzmann equation for the evolution of the neutrino
phase-space density f (p) including the effects of
v(p)X(p„) ~v(p')X(p») scattering is

36 2895
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Figure 1. case A (Top panel) CMB temperature angular power spectra. The black line shows
the Lambda Mixed (Cold + Hot) Dark Matter (⇤MDM) model with !cdm = 0.099 and !⌫ = 0.013
(corresponding to ⌃m⌫ = 1.2 eV). The blue and green lines depict the theoretical spectrum obtained
if massive neutrinos decouple at redshift zi = 50000 and zi = 15000, respectively. The red and purple
lines represent the corresponding power spectrum obtained by plugging into the Boltzmann equations
collisional term related to the GX value corresponding to the decoupling redshift found from Eq. (3.2):
GX = 2.20 ⇥ 10�3 MeV�2 for a decoupling redshift zi = 50000 and GX = 1.34 ⇥ 10�2 MeV�2 for a
decoupling redshift zi = 15000. (Bottom panel) Percentage error introduced by the approximations
of switching o↵ the hierarchy at z < zi instead of plugging into the equations the correct expression
of GX . The grey band defines the cosmic variance.
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Coupling	to	(eV)	sterile	neutrinos	
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FIG. 1. The relevant Feynman diagrams for (1) the relic abundance, (2) DM-DM self-scattering, and (3) ⌫-DM scattering
relevant for addressing the missing satellites problem.

in the perturbative regime. Lastly and most importantly,
we point out that, thank to the active-secluded neutrino
mixing, the neutrino self-interactions in this model mod-
ify the mean free path of Ultra-High-Energy (UHE) neu-
trinos as they propagate through the bath of relic neu-
trinos. We find that the bulk of the parameter space
which simultaneously resolves all dark matter structure
problems has direct observational consequences for the
IceCube experiment.

In Sec. II we describe the general features of the S⌫DM
model. In Sec III we solve the Boltzmann equations
to determine the region of parameter space favored by
an (a)symmetric thermal relic. In Sec. IV we determine
the self-scattering parameters relevant for addressing the
cusp-versus-core and too-big-to-fail problems. The se-
cluded neutrino temperature and kinetic decoupling com-
putation are addressed in Secs. V and VI respectively.
Implications of the neutrinos self-interactions for the
high-energy IceCube data are discussed in Sec. VII. We
summarize all of our results in Sec. VIII and conclude.

II. THE S⌫DM MODEL

As already mentioned, the fact that simulations im-
ply much cuspier density profiles than the cored pro-
files favored by observations [1–3] could be an indica-
tion that DM has non-negligible self-scattering [9]. De-
tailed analysis shows that a velocity-dependent interac-
tion is favored, as can be achieved with a light force car-
rier. The argument proceeds as follows. The strongest
constraints on DM self-interactions come from Milky
Way ellipticity and Cluster collisions, roughly requiring
�
XX

/m
X

. (0.1 � 1) cm2s�1 [40–42]. Note that these
constraints are obtained from DM populations where
the velocity dispersion is O(100 km/s) for Milky Way
constraints and O(1000 km/s) for cluster constraints.
For the O(1 cm2 g�1) cross sections at dwarf scales
(O(10 km/s)), as identified by Spergel and Steinhardt [9],
to be allowed, the self-scattering should exhibits strong
velocity dependence. Long-range interactions mediated
by an O(MeV) force carrier have precisely this feature
and may thus solve the cusp-versus-core problem while
remaining consistent with the constraints from galactic
and cluster scales [10–12, 33].

In this paper we shall assume that the DM is a Dirac
fermion, X, charged under a new U(1)

X

gauge inter-
action. There are two crucial ingredients for S⌫DM,
LS⌫DM = �L

�

+ �L
M

, where the first term specifies
the nature of the DM and neutrino coupling to the new
gauge boson,

�L
�

= g
⌫

⌫̄
s

�
µ

⌫
s

�µ + g
X

X̄�
µ

X�µ, (1)

and the second term,

�L
M

= y
↵

(L
↵

H)(h
X

⌫
s

)

⇤
, (2)

allows the new ⌫
s

to mass-mix with the active SM neutri-
nos in a gauge-invariant way via a U(1)

X

charged Higgs
h
X

which acquires a vacuum expectation value (VEV).
This Higgs is also responsible for giving mass to the vec-
tor, m

�

= g
h

hh
X

i, where g
h

is the gauge charge of the
Higgs and hh

X

i is its VEV. Note that the active neu-
trinos are contained in their electroweak (EW) doublets,

L
↵

=

✓
⌫
↵

`
↵

◆
, where ↵ = e, µ, ⌧ .

We note that the presence of this mixing is completely
logical, since the operator in Eq. (2) is suppressed by only
a single power of the new physics scale ⇤ and hence even
new physics at very high scales could generate it. The
situation is completely analogous to the standard Wein-
berg operator for the neutrino Majorana mass. Indeed,
a simple ultraviolet completion of our model involves a
see-saw type construction. One introduces right-handed
singlet neutrinos with very large Majorana masses, cou-
ples them to both the SM and secluded neutrinos with
Dirac mass terms and then integrates the heavy right-
handed states out, yielding Eq. (2) at low energies.

The baryonic neutrino model of Pospelov [43–45] em-
ploys similar features in order to endow neutrinos with
new BSM interactions. We, however, do not assume any
novel neutrino-baryon or neutrino-charged-lepton cou-
pling. In fact, in S⌫DM when the universe is at tem-
peratures below the high energy scale ⇤, interactions be-
tween the dark and SM sectors can be mediated exclu-

sively through neutrino mixing. In this case, neither the
“dark photon” searches nor DM direct detection exper-
iments are expected to turn up a positive signal. The
astrophysical and cosmological signatures discussed be-
low, including the possible imprints of the dark sector in

s	s	
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The	case	for	sterile	neutrinos	
BBN:	Neff	<	4	(95%c.l.)
	
(Planck	+	LSS)

ΛCDM	+	Σmν

Σmν <	0.2	eV	(95%c.l.)

ΛCDM	+	Neff		

Neff		=	3.15	±	0.23	(68%c.l.)

ΛCDM	+	Neff	+	meff
ν, sterile

Neff		<	3.7	&	meff
ν, sterile <	0.38	eV	(95%c.l.)	

	
	
	
	
	
	
	
•  Lepton	asymmetry	Mirizzi	et	al.,	PRD	(2012);	Hannestad	et	al.,	JCAP	(2012)	
•  Low	reheaFng	scenarios	La[anzi	et	al.,	PRD	(2015)	
•  “Secret”	sterile	neutrino	self-interacFons	

Gariazzo	et	al.,		
Global	fit	(2017)	

Neff	=	4.0…	
Mν	≈	1	eV	

Non-standard	physics:		
parFal	thermalizaFon	of	sterile	neutrinos	in	the	early	Universe.	

ΔNeff =
ρν ,s
ρ thermal
ν ,m=0

Pν ,s / ρν ,s
1/ 3

⎛

⎝
⎜

⎞

⎠
⎟; ρ =

g
2π 2 dpEp2 f (p)∫



νs Secret	InteracFons	
The	sterile	neutrino	is	coupled	to	a	new	light	pseudoscalar	(Majoron	models)	
	
	
	
The	phenomenological	success	of	the	model	requires:	
	
	
	
	
	
	
	

Lint ~ gsφν sγ5ν s

								Neff	&	flavour																																		Neff	&	(Σmν)																																(Neff)	&	Σmν	
	
	
																																					10-6	<	gs	<	10-5																																																							
																																																																																																																																																			mφ	<	0.1eV		



νs Secret	InteracFons	
The	sterile	neutrino	is	coupled	to	a	new	light	pseudoscalar	(Majoron	models)	
	
	
	
Non-cosmological	constraints:	
	

Lint ~ gsφν sγ5ν s

SN	energy	loss	ge	<	4	x	10-7	
gs	<	10-5	

Farzan,	PRD	(2003)	

ββ ge	<	3	x	10-5	

Bernatowicz	et	al,	PRL	(1992)	



Early	Universe:	flavour	evoluFon	
ρ(p, t) =

ρaa ρas
ρsa ρss

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟=

f0 (p)
2

P0 (p, t)+σ ×P(p, t)⎡⎣ ⎤⎦;

dP
dt

=V ×P −DPT +
R
f0
ẑ

V =Vvacuum +Vmedium +Vs

Vvaccum =
Δm2

2p

Vmedium ∝
GF

Mz
2 napT

4

D =
1
2
Γ

R = Γ f0 −
f0
2
(P0 +Pz )

⎛

⎝
⎜

⎞

⎠
⎟

Γa ∝GF
2 pT 4
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dp =VXP —DPTdt
where V=V"'+V ' and D is a damping parameter
giving the rate of loss of coherence of the ensemble. Pz
is the "transverse" part of P.
The two parameters V and D are the real and imagi-

nary parts of a certain expression' which for scattering
on a species i of the medium is given by the scattering
amplitudes of v, and vz on i:

V, ' =Nv Rei(i
~

1—S"S, ~i ), (sa)

Imi(i ~1—S, S, ~i) . (Sb)

A sum must be taken over the various momenta and
species, which in the present problem will be a sum over
thermal distributions. The quantity D may be thought
of as a rate parameter measuring the effectiveness of the
collisions in interupting the mixing of the two states, i.e.,
the frequency at which collisions stop the coherent de-
velopment of the wave function. In the case where only
one neutrino type interacts and the other one does not,
Eq. (5b) gives simply one-half the collision rate of the in-
teracting neutrino or, expressed as a distance, one-half
the inverse mean free path for the interacting neutrino.
In the opposite extreme where both neutrinos scatter
identically, D =0 since S S = 1. There is no
damping —the medium has not "measured" which neu-
trino is present.
One anticipates regimes of different types of behavior

the Sun. The second effect induced by the medium is a
shrinkage of the vector P. This is due to collisions
which destroy the coherence of the evolution. This in-
coherence is the new element not present for a beam of
neutrinos. When this shrinkage is strong it can influence
the qualitative behavior of the mixing process. Once
again the assumption that flavor is conserved in the
scattering on the medium means that this shrinkage
must be perpendicular to the z (liavor) axis. One thus
arrives at the generalization of Eq. (2) to the case of the
medium

D)) V~ (6a)

and that in this limit the relaxation time of P is
D (6b)

At finite temperatures, larger than the energy splitting of
the two neutrinos, the true equilibrium state is, of
course, always an equal mixture of both particle types,
corresponding to P =0; and in a sufficiently long time,
all solutions of Eq. (4) do indeed relax to P=O. Howev-
er, in an actual problem the "freezing in" of P via the
strong damping may be so effective on the scale of other
relevant times that, in effect, equilibrium never exists.
To understand when this may or may not happen, it is

necessary to estimate the values of V and D, to which we
now turn. We begin with V ', as given by Eq. (5a).
Since we are dealing with weak interactions, we expand
to first order in G and find by writing S =1+iT-1+iG
that, to order 6, V '" involves the difference in the for-
ward elastic scattering amplitudes for v, and v&. Since
the forward-scattering amplitude f can be related to the
refractive index via n = I+(2vrIIC )Nf, N the number
density,

for P according to the relationship between the time be-
tween (effective) collisions and the times involved in the
vacuum oscillations. Weak damping changes the
sinusoidal oscillations of P in the vacuum situation to
damped oscillations, and increasing in strength, eventu-
ally gives overdamped behavior in the strong damping
limit. The strong damping limit is particularly interest-
ing since it can qualitatively change the nature of the
mixing process. When D becomes very large, the P vec-
tor changes very slowly, becoming fixed to the z axis.
This is because with strong damping the transverse com-
ponents of P are quickly shrunk away, which tends to
align P strongly along the z axis. Note that in the ab-
sence of a transverse component of V a constant P along
the z axis would be a solution of the equations. Thus, in
this limit the time dependence is essentially due to the
Pz generated by V&, the transverse component of V.
We can make these remarks more quantitative by ex-

amining the general solution with constant parameters
for Eq. (4). This can be obtained by assuming exponen-
tial time behavior for P and finding the eigenvectors and
eigenvalues of the right-hand side (RHS) of Eq. (4).
First, we find that with Vz ——0 there is one eigenvalue
zero, corresponding to P along the z axis and constant.
When a small Vz is switched on this eigenvalue becomes
Vr D/(D + V, ). The other eigenvalues are approxi-
mately equal to D and correspond to P approximately
perpendicular to the z axis. We thus conclude that the
strong damping limit, where P is pinned to the z axis, is
given by

Vmed Vmed +(& & )Z V V (7)
FIG. 1. Relationship of P and V in the absence of damping.

The z or flavor axis is vertical so that P "up" represents a v,
and P "down" a v„. P, characterizing the density matrix,
precesses around V which represents the influence of the mass
mixing matrix and the index of refraction of the medium.

We therefore need Kn for v, and v„, as calculated from
the forward, no-spin-flip, elastic scattering amplitude.
For standard-model interactions at low energy, where we
can neglect the nonlocal effects of the intermediate-

Stodolsky,	PRD	(1987)	

Vs (ps ) =
gs
2

8π 2ps
pdp( fφ + fs )∫ ~10−1gs

2Ts

Γs =
gs
4

4πTs
2 ns

damping	

repopulaFon	 Vs >Vvacuum 			unFl																		(≈1MeV)										Γa
H
>1



Neff	at	BBN	
3

QKEs are now

Ṗ
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a

[2� P
a

] ,
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Here, the potentials are given by

V
x

=
�m2

⌫s

2p
sin 2✓

s

,

V
z

= �
�m2

⌫s

2p
cos 2✓

s

� 14⇡2

45
p
2
p
G

F

M2

Z

T 4n
⌫s + V

s

,

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

(�
a

+ �
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
�

=

✓
g
?

(T
�

)

g
?

(1TeV)

◆ 1
3

T
�

'
✓
10.75

106.7

◆ 1
3

T
�

' 0.47T
�

, (9)

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↵

⌘ ⇢
⌫a + ⇢

⌫s

⇢
⌫0

, where ⇢
⌫0 ⌘ 7

8

✓
4

11

◆
4/3

⇢
�
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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.

Archidiacono	et	al.,	PRD	(2014)	

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

The	transiFon	between	full	
thermalizaFon	and	no	
thermalizaFon	occurs	for	coupling	
10-6	<	gs	<	10-5	
	

LASAGNA	code	

sin2 2θ s= 0.05
m s=1 eV

BBN	bounds:	
ΔNeff	≤	1	(95%	c.l.)	



Neff	at	CMB	
The	νs	–	φ	fluid	becomes	strongly	interacFng	before	neutrinos	go	non-relaFvisFc	
around	recombinaFon.	

Γs =
gs
4

4πTs
2 ns
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FIG. 6: Triangle plot in the parameter space (Ne↵, m⌫,s, H0) showing the 1D marginalized posteriors and the 2D marginalized
contours obtained with various data set combinations in the pseudoscalar scenario. The partial thermalization of pseudoscalars
and sterile neutrinos in the early Universe can make one sterile neutrino consistent with a value of Ne↵ between 3 and 4.57 (grey
shaded region), depending on gs; while the ⇤CDM model has to be consistent with one fully thermalized additional degree of
freedom (Ne↵ = 4.046, black/dotted vertical line) in order to account for one sterile neutrino with large mixing angle.
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DISCUSSION

We have tested the pseudoscalar model against the
most precise available cosmological data and found that
the model is generally compatible with data, providing
at least as good a fit as the standard ⇤CDM model. Fur-
thermore the fit is vastly better than ⇤CDM with an
additional sterile neutrino in the eV mass range.

If the eV sterile neutrino interpretation of short base-
line data turns out to be true cosmology is faced with a
very serious challenge. Taken at face value such a model
is excluded by CMB and large scale structure data at
least at the 5� level. With this in mind it is clear that
accommodating eV sterile neutrinos requires addition of
new physics either in cosmology or in the neutrino sector
(see e.g. [30] for a discussion).

The model discussed here provides a simple and ele-
gant way of reconciling eV sterile neutrinos with preci-
sion cosmology. We again stress that this model has a
late-time phenomenology very di↵erent from models with
purely free-streaming neutrinos and that it could well be
possible to test details of the model with the greatly en-
hanced precision of future cosmological surveys such as
Euclid [31].

Finally, it is interesting that a recent study by Les-
gourgues et al. [29] find that current cosmological data
prefers relatively strong self-interactions between dark
matter and a new dark radiation component. While the
model presented here cannot provide such dark matter
interactions at the required strength unless the funda-
mental coupling becomes close to unity, it could be a
another indication that we are seeing the first signs of
new, hidden interactions in the dark sector.
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CorrelaFon	between	values	of	Neff	and		
values	of	gs	

Consistent	with	HST	
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Σmν	and	LSS	
As	soon	as	sterile	neutrinos	go	non-relaFvisFc,	they	start	annihilaFng	into	
pseudoscalars.	
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Σmν	and	LSS
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Sterile	neutrinos	disappear	from	the	cosmic	neutrino	background.	
Neutrinoless	Universe,	Beacom	et	al.,	PRL	(2004)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	If	the	mediator	is	a	massive	MeV	vector	boson,	then	the	late	Fme	phenomenology	is	
different.		
Hannestad	et	al.,	PRL(2013);	Bringmann	et	al.,	JCAP	(2014);	Mirizzi	et	al.,	PRD	(2014);	Chu,	
Dasgupta,	Kopp,	JCAP	(2015)	
	



GalacFc	dynamics	

τ scat
τ dyn

=
2R2

3Nχσ
τ dyn =

2πR
v

τ scat =
1

n σ v
Nχ =

Mgal

mχ

Hard	scaTering	
	
	
The	condiFon	for	having	observable	consequences	on	galacFc	dynamics	is	that	the	
scaTering	Fme	scale	of	DM	self	interacFons	is	less	than	the	age	of	the	Universe.	
		
Milky	Way:																																																																											
																																																														

σ ~ 4πb2 1
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mχb
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9/4

It	is	just	a	lower	bound	
It	requires	further	
invesFgaFon	

Talk	by	Sebasban	Wild	
No	significant	self-interacbon	expected	from	pseudoscalar	exchange	

Bellazzini	et	al.,	PRD	(2013)	
Ackerman	et	al.,	PRD	(2009)	



Small	scale	problems	

WDM	limit	
mχ	>	3.3	keV	
Viel	et	al.	(2013)	
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Γd (T ) = σ v n∝ gd
4T

Γd (TMAX =mχ / 3)< H (TMAX =mχ / 3)

Archidiacono	et	al.,	PRD	(2014)	



Conclusions	&	Overview	
Missing	
satellites	

Cusp	vs.	core	 Too	big	to	fail	

Baryons	 ✓	 ✓	 ✓	

SIDM	 ✗	 ✓	 ✓	

SIDM	+	DR	 ✓	 ✓	 ✓	

DR	=	Sterile	neutrinos	
	

•  Astrophysical	observaFons	

•  SBL	sterile	neutrinos	in	cosmology	(BBN,	CMB	&	LSS)	



Conclusions	&	Overview	

Warm	Dark	MaTer	
	
Free-streaming	length	circa	the	size	of	a	dwarf	galaxy.	
MoFvated	by	parFcle	physics	models	of	sterile	neutrinos.	
Severely	constrained	by	Ly-α.	

Viel	et	al.,	PRD	(2013)	
Lovell	et	al.,	MNRAS	(2014)	

Missing	
satellites	

Cusp	vs.	core	 Too	big	to	fail	

Baryons	 ✓	 ✓	 ✓	

SIDM	 ✗	 ✓	 ✓	

SIDM	+	DR	 ✓	 ✓	 ✓	

WDM	 ✓	 ✗	 ✓	



Conclusions	&	Overview	

Decaying	Dark	MaTer	
	
It	 is	 a	 natural	way	 to	 generate	 a	mixture	 of	 cold	 and	warm	dark	maTer	 that	 alters	
structure	 formaFon	only	 in	 the	 late	Universe,	 so	 it	 can	evade	 constraints	 from	Ly-α 
(τ∼H0

-1).	
	

Wang	et	al.,	MNRAS	(2014)

Missing	
satellites	

Cusp	vs.	core	 Too	big	to	fail	

Baryons	 ✓	 ✓	 ✓	

SIDM	 ✗	 ✓	 ✓	

SIDM	+	DR	 ✓	 ✓	 ✓	

WDM	 ✓	 ✗	 ✓	

DDM	 ✓	 ✗	 ✓	



Conclusions	&	Overview	

Late	Forming	Dark	MaTer	
	

Phase	transiFon	of	a	scalar	field	from	radiaFon	to	maTer	(fuzzy	dark	maTer	is	a	form	
of	 LFDM).	 The	 earlier	 the	 phase	 transiFon,	 the	 smaller	 the	 power	 spectrum	 cutoff	
scale.	

Agarwal	et	al.,	PRD	(2015)	
Ultra	Light	Axions	&	Ly-α, Kobayashi	et	al.,	(2017)	

Missing	
satellites	

Cusp	vs.	core	 Too	big	to	fail	

Baryons	 ✓	 ✓	 ✓	

SIDM	 ✗	 ✓	 ✓	

SIDM	+	DR	 ✓	 ✓	 ✓	

WDM	 ✓	 ✗	 ✓	

DDM	 ✓	 ✗	 ✓	

LFDM	 ✓	 ✗	 ✓	



Conclusions	&	Overview	
Missing	
satellites	

Cusp	vs.	core	 Too	big	to	fail	

Baryons	 ✓	 ✓	 ✓	

SIDM	 ✗	 ✓	 ✓	

SIDM	+	DR	 ✓	 ✓	 ✓	

WDM	 ✓	 ✗	 ✓	

DDM	 ✓	 ✗	 ✓	

LFDM	 ✓	 ✗	 ✓	

BSI	 ✓	 ✓	 ✗	

Broken-Scale-Invariance	inflaFonary	model	
	

The	model	predicts	an	excess	of	power	wrt	to	ΛCDM	before	the	cutoff;	thus	it	is	highly	
constrained	by	Ly-α.	
	
	

Kamionkowski	et	al.,	PRL	(2000)
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Neff	&	YP	
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FIG. 2: Probability distribution of Ne↵ using just WMAP
data, WMAP + SPT, and WMAP + constraints on ✓d/✓s
from WMAP + SPT (see Tab. I).

However, the above analysis requires a small correc-
tion for two reasons. First, increased expansion, even if
we keep ne(a) fixed, decreases a⇤ because we define a⇤,
following [30], such that the optical depth to Thomson
scattering from here to a⇤ is unity. Second, recombina-
tion is not a process that occurs in chemical equilibrium.
As emphasized in [31], increasing the expansion rate leads
to an increase in ne(a). By numerically studying these
e↵ects, which partially cancel each other, we find that
rd/rs / (1 + f⌫)m/

p
1� YP with m = 0.28 rather than

0.25.
Note that when varying Ne↵ in Fig. 1, we also vary

YP as is expected for standard assumptions about BBN,
as will be explained below. Following BBN consistency
(as opposed to keeping YP fixed) increases the damping
e↵ect by about 30%.

We should mention that neutrino perturbations do al-
ter the amplitude of the power spectrum at l >⇠ 200 by
a (nearly) constant factor [22, 32]. The breaking of the
Ne↵ , ⇢m degeneracy in WMAP data at low Ne↵ is due
to the impact of neutrino perturbations, and this is the
e↵ect that allowed for an indirect detection of these per-
turbations as reported in [33, 34].

However, with the inclusion of small-scale data, the
perturbations have lost their significance. In Fig. 2 we
demonstrate that theNe↵ constraint fromWMAP+ SPT
is well approximated by combining the WMAP7 data
with the information on ✓d/✓s from WMAP +SPT.

Fig. 3 provides another way of seeing the importance
of ✓d/✓s to the Ne↵ constraint. From the color coding
one can see that lines of constant ✓d/✓s run along the
major axis of the probability contours. Further, one can
see that the BBN consistency line cuts nearly perpen-
dicularly across these lines. This feature explains why
the errors on Ne↵ are about 30% smaller if one assumes

FIG. 3: The joint likelihood of Ne↵ and YP with 68% and
95% confidence contours. Each scattered point in the figure
shows one element of the Markov chain with color coding the
corresponding value of ✓d/✓s. The purple dashed line is the
BBN consistency line.

BBN consistency rather than fixed YP. If we abandon
BBN consistency and allow YP to vary freely, then Ne↵

is allowed to vary along the major axis of the probability
contours and the constraint on Ne↵ loosens considerably,
as described in more detail below.

C. Constraining Ne↵ with YP free

We do not have a complete analytic understanding of
the closing of the contours on the major axis (as opposed
to the minor axis) in Fig. 3. We can turn though to the
lowest panel of Fig. 1 to see that at fixed ✓d/✓s there
is indeed some remaining variation to the power spectra
as Ne↵ varies. At least some of this variation is due to
the di↵erence in acoustic oscillation phase shift that one
gets for neutrinos, relative to the same energy density in
photons, due to their free streaming [22].
Another e↵ect important for breaking the degeneracy

between YP and Ne↵ is due to high baryon fraction. In
our above analysis we assumed that zEQ is a fixed con-
stant. However, this assumption will break down when
Ne↵ decreases to lower values, as it can do if YP is al-
lowed to vary freely, while the baryon density remains un-
changed. As Ne↵ decreases, to keep zEQ fixed, !m would
decrease, thus driving up the baryon fraction, !b/!m.
E↵ects due to the high baryon fraction make it impossi-
ble at su�ciently low Ne↵ to find a value of zEQ, !b and
!b/!m that reproduce the measured power spectra. In
an attempt to best accommodate the data, the region of
high likelihood departs from constant zEQ, as can be seen
in the upper panel of Fig. 4 which shows probability con-
tours in the (1+f⌫) - ⌦b/⌦m plane. The lines are lines of

Hou	et	al.,	PRD	(2013)	
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Figure 1. Linear theory results in massive neutrino cosmologies. Left panel: Ratio of the total matter power
spectrum to the CDM power spectrum at redshifts z = 0 (continuous curves) and z = 2 (dashed curves) for
two di↵erent values of the sum of neutrino masses, ⌃m⌫= 0.3 eV in red and ⌃m⌫= 0.53 eV in green. Dotted
lines denote the asymptotic value at small scales of (1� f⌫)

2. Right panel: ratio at z = 0 of the total matter
power spectrum (continuous curves) and CDM power spectrum (dashed curves) for the same two cosmologies
to the ⇤CDM prediction.

while from Eq. (2.8) and Eq. (2.5), it follows that the suppression for the CDM power spectrum, Pcc,
is given by a factor ⇠ (1� 6f⌫). The di↵erence in the suppression between the two power spectra is
shown in the right panel of Figure 1.

3 Simulations

The DEMNUni simulations have been conceived for the testing of di↵erent probes, including galaxy
surveys, CMB lensing, and their cross-correlations, in the presence of massive neutrinos. To this
aim, this set of simulations is characterised by a volume big enough to include the very large-scale
perturbation modes, and, at the same time, by a good mass resolution to investigate small-scales
nonlinearity and neutrino free streaming. Moreover, for the accurate reconstruction of the light-cone
back to the starting redshift of the simulations, it has been used an output-time spacing small enough
that possible systematic errors, due to the interpolation between neighbouring redshifts along the line
of sight, result to be negligible.

The simulations have been performed using the tree particle mesh-smoothed particle hydrody-
namics (TreePM-SPH) code gadget-3, an improved version of the code described in [37], specifically
modified in [38] to account for the presence of massive neutrinos. This version of gadget-3 follows
the evolution of CDM and neutrino particles, treating them as two distinct sets of collisionless parti-
cles. For the specific case of the DEMNUni simulations, a gadget-3 version, modified for OpenMP
parallelism and for memory e�ciency, has been used to smoothly run on the BG/Q Fermi cluster.

Given the relatively high velocity dispersion, neutrinos have a characteristic clustering scale larger
than the CDM one. This allows to save computational time by neglecting the calculation of the short-
range tree-force induced by the neutrino component. This results in a di↵erent scale resolution for the
two components, which for neutrinos is fixed by the PM grid (chosen with a number of cells eight times
larger than the number of particles), while for CDM particles is larger and given by the tree-force (for
more details see [38] ). This choice does not a↵ect the scales we are interested in; in fact, the tree-force
acts below the PM-grid scale, which, for the DEMNUni simulations is ⇠ 0.5h/Mpc (PMGRID=4096
and Lbox = 2h�1 Gpc), and, as discussed also in [39], this corresponds to wavenumbers which are at
least two orders of magnitude smaller than the zero-redshift free-streaming lengths for the neutrino
masses considered in our runs. This means that for z > 0, neutrino overdensities are completely

– 4 –

Castorina	et	al.,	JCAP	(2015)	
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Figure 3. Halo profiles from N -body simulations for a model without massive
neutrinos, with isolated halos (solid) and all halos (dot-dashed). The halo masses
are 1012, 1013, 1014 and 1015 M⊙. The profiles for the lowest 3 halo masses are taken
from the 256 h−1Mpc box and the profile for the most massive halo is taken from the
1024 h−1Mpc box. NFW profiles are also shown (dotted), and the halo mass dependent
virial radii are indicated by the ’+’ signs.

particular distances from the halo centers, or due to the fact that we only select isolated

halos, which are more likely to be found in low density regions.

From the pure ΛCDM N -body simulations presented in Fig. 3 it can be seen
that our matter halos are perfectly fitted by a NFW profile over the mass range

Mvir = 1012 − 1014M⊙ until 20 h−1 kpc from the halo centers. Here our N -body results

begin to lack particle resolution. The profile for the larger halo mass is taken from a

1024 h−1Mpc box with the same number of particles, and this halo is therefore only

resolved until ∼ 100 h−1kpc. Note that our dominant background NFW profiles in

the N -body simulation are valid down to scales significantly smaller than the scales at
which we present neutrino density profiles. Therefore, our neutrino density profiles are

not affected by insufficient CDM N -body particle resolution.

Since the CDM component is much more clustered than its neutrino counterpart,

the flat profile from the host halo is only dominant relative to the contribution from

the halo itself on scales beyond the virial radius (see Fig. 3). From this figure it can

also be readily understood why the neutrino density profiles differ when only low mass
isolated halos are considered: The underlying CDM gravitational source term is roughly

flat beyond the virial radius, and within the virial radius the neutrinos free-stream out

of the small mass halos, in sum producing a roughly flat neutrino density profile also

Brandbyge	et	al.,	JCAP	(2010)	
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Figure 7. Absolute (top) and relative (middle) halo mass functions for 5 different
neutrino cosmologies. The halo mass functions have been splined and smoothed
together to obtain sufficient accuracy in the halo mass range 1012 to 1015 M⊙. Bottom:
Relative change in our halo mass function for different (exotic) cosmologies.

Brandbyge	et	al.,	JCAP	(2010)	
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Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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If we allow YCMB
P to vary as an additional parameter to base

⇤CDM, we find the following constraints (at 95 % CL):

YBBN
P =

8>>>>>>>><
>>>>>>>>:

0.253+0.041
�0.042 Planck TT+lowP ;

0.255+0.036
�0.038 Planck TT+lowP+BAO ;

0.251+0.026
�0.027 Planck TT,TE,EE+lowP ;

0.253+0.025
�0.026 Planck TT,TE,EE+lowP+BAO .

(78)
Joint constraints on (YBBN

P ,!b) are shown in Fig. 38. The ad-
dition of Planck polarization measurements results in a sub-
stantial reduction in the uncertainty on the helium fraction.
In fact, the standard deviation on YBBN

P in the case of Planck
TT,TE,EE+lowP is only 30 % larger than the observational error
quoted by Aver et al. (2013). As emphasized throughout this pa-
per, the systematics in the Planck polarization spectra, although
at low levels, have not been accurately characterized at this time.
Readers should therefore treat the polarization constraints with
some caution. Nevertheless, as shown in Fig. 38, all three data
combinations agree well with the observed helium abundance
measurements and with the predictions of standard BBN.

There is a well-known parameter degeneracy between YP
and the radiation density (see the discussion in PCP13). Helium
abundance predictions from the CMB are therefore particularly
sensitive to the addition of the parameter Ne↵ to base ⇤CDM.
Allowing both YBBN

P and Ne↵ to vary we find the following con-
straints (at 95 % CL):

YBBN
P =

8>>>>>>>><
>>>>>>>>:

0.252+0.058
�0.065 Planck TT+lowP ;

0.251+0.058
�0.064 Planck TT+lowP+BAO ;

0.263+0.034
�0.037 Planck TT,TE,EE+lowP ;

0.262+0.035
�0.037 Planck TT,TE,EE+lowP+BAO .

(79)
Contours in the (YBBN

P ,Ne↵) space are shown in Fig. 39. Here
again, the impact of Planck polarization data is important, and
helps to reduce substantially the degeneracy between these two
parameters. Note that the Planck TT,TE,EE+lowP contours are
in very good agreement with standard BBN and Ne↵ = 3.046.
However, even if we relax the assumption of standard BBN, the
CMB does not allow high values of Ne↵ . It is therefore di�cult
to accommodate an extra thermalized relativistic species, even if
the standard BBN prior on the helium fraction is relaxed.

6.6. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
alter the recombination history, leading to changes in the
temperature and polarization power spectra of the CMB
(e.g., Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005). As demonstrated in several papers (e.g., Galli et al. 2009;
Slatyer et al. 2009; Finkbeiner et al. 2012), CMB anisotropies
o↵er the opportunity to constrain the nature of DM.
Furthermore, CMB experiments such as Planck can achieve
limits on the annihilation cross-section that are relevant to
the interpretation of the rise in the cosmic-ray positron frac-
tion at energies >⇠ 10 GeV observed by PAMELA, Fermi, and
AMS (Adriani et al. 2009; Ackermann et al. 2012; Aguilar et al.
2014). The CMB constraints are complementary to those de-
termined from other astrophysical probes, such as the gamma-
ray observations of dwarf galaxies by the Fermi satellite
(Ackermann et al. 2014).

The way in which DM annihilations heat and ionize the
gaseous background depends on the nature of the cascade of par-
ticles produced following annihilation and, in particular, on the
production of e± pairs and photons that couple to the gaseous
background. The fraction of the rest mass energy that is injected
into the gaseous background can be modelled by an “e�ciency
factor”, f (z), which is typically in the range f = 0.01–1 and
depends on redshift28. Computations of f (z) for various annihi-
lation channels can be found in Slatyer et al. (2009), Hütsi et al.
(2009) and Evoli et al. (2013). The rate of energy release per unit
volume by annihilating DM can therefore be written as

dE
dtdV

(z) = 2 g ⇢2
critc

2⌦2
c(1 + z)6 pann(z), (80)

where pann is defined as

pann(z) ⌘ f (z)
h�3i
m�
, (81)

⇢crit the critical density of the Universe today, m� is the mass of
the DM particle, and h�3i is the thermally-averaged annihilation
cross-section times (Møller) velocity (we will refer to this quan-
tity loosely as the “cross-section” hereafter). In Eq. (80), g is a
degeneracy factor that is equal to 1/2 for Majorana particles and
1/4 for Dirac particles. In this paper, the constraints will refer
to Majorana particles. Note that to produce the observed dark
matter density from thermal DM relics requires an s-wave anni-
hilation cross-section of h�3i ⇡ 3 ⇥ 10�26 cm3 s�1 at the time of
freeze-out (see e.g., the review by Profumo 2013).

Both the amplitude and redshift dependence of the e�-
ciency factor f (z) depend on the details of the annihilation pro-
cess (e.g., Slatyer et al. 2009). The functional shape of f (z)
can be taken into account using generalized parameterizations
or principal components (Finkbeiner et al. 2012; Hutsi et al.
2011), similar to the analysis of the recombination history pre-
sented in Sect. 6.7.4. However, as shown in Galli et al. (2011),
Giesen et al. (2012), and Finkbeiner et al. (2012), to a first ap-
proximation the redshift dependence of f (z) can be ignored,
since current CMB data (including Planck) are sensitive to en-
ergy injection over a relatively narrow range of redshift, typi-
cally z ⇡ 1000–600. The e↵ects of DM annihilation can there-
fore be reasonably well parameterized by a single constant pa-
rameter, pann, (with f (z) set to a constant fe↵) that encodes the
dependence on the properties of the DM particles. In the fol-
lowing, we calculate constraints on the pann parameter, assum-
ing that it is constant, and then project these constraints on to
a particular dark matter model assuming fe↵ = f (z = 600),
since the e↵ect of dark matter annihilation peaks at z ⇡ 600 (see
Finkbeiner et al. 2012). The f (z) functions used here are those
calculated in Slatyer et al. (2009), with the updates described in
Galli et al. (2013) and Madhavacheril et al. (2014). Finally, we
estimate the fractions of injected energy that a↵ect the gaseous
background, from heating, ionizations, or Ly↵ excitations us-
ing the updated calculations described in Galli et al. (2013) and
Valdes et al. (2010), following Shull & van Steenberg (1985).

We compute the theoretical angular power in the pres-
ence of DM annihilations by modifying the recfast routine
(Seager et al. 1999) in the camb code as in Galli et al. (2011).29

28To maintain consistency with other papers on dark matter annihila-
tion, we retain the notation f (z) for the e�ciency factor in this section.
It should not be confused with the growth rate factor introduced in Equ.
(32).

29We checked that we obtain similar results using either the HyRec
code (Ali-Haimoud & Hirata 2011), as detailed in Giesen et al. (2012),
or CosmoRec (Chluba & Thomas 2011), instead of recfast.
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If we allow YCMB
P to vary as an additional parameter to base

⇤CDM, we find the following constraints (at 95 % CL):

YBBN
P =

8>>>>>>>><
>>>>>>>>:

0.253+0.041
�0.042 Planck TT+lowP ;

0.255+0.036
�0.038 Planck TT+lowP+BAO ;

0.251+0.026
�0.027 Planck TT,TE,EE+lowP ;

0.253+0.025
�0.026 Planck TT,TE,EE+lowP+BAO .

(78)
Joint constraints on (YBBN

P ,!b) are shown in Fig. 38. The ad-
dition of Planck polarization measurements results in a sub-
stantial reduction in the uncertainty on the helium fraction.
In fact, the standard deviation on YBBN

P in the case of Planck
TT,TE,EE+lowP is only 30 % larger than the observational error
quoted by Aver et al. (2013). As emphasized throughout this pa-
per, the systematics in the Planck polarization spectra, although
at low levels, have not been accurately characterized at this time.
Readers should therefore treat the polarization constraints with
some caution. Nevertheless, as shown in Fig. 38, all three data
combinations agree well with the observed helium abundance
measurements and with the predictions of standard BBN.

There is a well-known parameter degeneracy between YP
and the radiation density (see the discussion in PCP13). Helium
abundance predictions from the CMB are therefore particularly
sensitive to the addition of the parameter Ne↵ to base ⇤CDM.
Allowing both YBBN

P and Ne↵ to vary we find the following con-
straints (at 95 % CL):

YBBN
P =

8>>>>>>>><
>>>>>>>>:

0.252+0.058
�0.065 Planck TT+lowP ;

0.251+0.058
�0.064 Planck TT+lowP+BAO ;

0.263+0.034
�0.037 Planck TT,TE,EE+lowP ;

0.262+0.035
�0.037 Planck TT,TE,EE+lowP+BAO .

(79)
Contours in the (YBBN

P ,Ne↵) space are shown in Fig. 39. Here
again, the impact of Planck polarization data is important, and
helps to reduce substantially the degeneracy between these two
parameters. Note that the Planck TT,TE,EE+lowP contours are
in very good agreement with standard BBN and Ne↵ = 3.046.
However, even if we relax the assumption of standard BBN, the
CMB does not allow high values of Ne↵ . It is therefore di�cult
to accommodate an extra thermalized relativistic species, even if
the standard BBN prior on the helium fraction is relaxed.

6.6. Dark matter annihilation

Energy injection from dark matter (DM) annihilation can
alter the recombination history, leading to changes in the
temperature and polarization power spectra of the CMB
(e.g., Chen & Kamionkowski 2004; Padmanabhan & Finkbeiner
2005). As demonstrated in several papers (e.g., Galli et al. 2009;
Slatyer et al. 2009; Finkbeiner et al. 2012), CMB anisotropies
o↵er the opportunity to constrain the nature of DM.
Furthermore, CMB experiments such as Planck can achieve
limits on the annihilation cross-section that are relevant to
the interpretation of the rise in the cosmic-ray positron frac-
tion at energies >⇠ 10 GeV observed by PAMELA, Fermi, and
AMS (Adriani et al. 2009; Ackermann et al. 2012; Aguilar et al.
2014). The CMB constraints are complementary to those de-
termined from other astrophysical probes, such as the gamma-
ray observations of dwarf galaxies by the Fermi satellite
(Ackermann et al. 2014).

The way in which DM annihilations heat and ionize the
gaseous background depends on the nature of the cascade of par-
ticles produced following annihilation and, in particular, on the
production of e± pairs and photons that couple to the gaseous
background. The fraction of the rest mass energy that is injected
into the gaseous background can be modelled by an “e�ciency
factor”, f (z), which is typically in the range f = 0.01–1 and
depends on redshift28. Computations of f (z) for various annihi-
lation channels can be found in Slatyer et al. (2009), Hütsi et al.
(2009) and Evoli et al. (2013). The rate of energy release per unit
volume by annihilating DM can therefore be written as

dE
dtdV

(z) = 2 g ⇢2
critc

2⌦2
c(1 + z)6 pann(z), (80)

where pann is defined as

pann(z) ⌘ f (z)
h�3i
m�
, (81)

⇢crit the critical density of the Universe today, m� is the mass of
the DM particle, and h�3i is the thermally-averaged annihilation
cross-section times (Møller) velocity (we will refer to this quan-
tity loosely as the “cross-section” hereafter). In Eq. (80), g is a
degeneracy factor that is equal to 1/2 for Majorana particles and
1/4 for Dirac particles. In this paper, the constraints will refer
to Majorana particles. Note that to produce the observed dark
matter density from thermal DM relics requires an s-wave anni-
hilation cross-section of h�3i ⇡ 3 ⇥ 10�26 cm3 s�1 at the time of
freeze-out (see e.g., the review by Profumo 2013).

Both the amplitude and redshift dependence of the e�-
ciency factor f (z) depend on the details of the annihilation pro-
cess (e.g., Slatyer et al. 2009). The functional shape of f (z)
can be taken into account using generalized parameterizations
or principal components (Finkbeiner et al. 2012; Hutsi et al.
2011), similar to the analysis of the recombination history pre-
sented in Sect. 6.7.4. However, as shown in Galli et al. (2011),
Giesen et al. (2012), and Finkbeiner et al. (2012), to a first ap-
proximation the redshift dependence of f (z) can be ignored,
since current CMB data (including Planck) are sensitive to en-
ergy injection over a relatively narrow range of redshift, typi-
cally z ⇡ 1000–600. The e↵ects of DM annihilation can there-
fore be reasonably well parameterized by a single constant pa-
rameter, pann, (with f (z) set to a constant fe↵) that encodes the
dependence on the properties of the DM particles. In the fol-
lowing, we calculate constraints on the pann parameter, assum-
ing that it is constant, and then project these constraints on to
a particular dark matter model assuming fe↵ = f (z = 600),
since the e↵ect of dark matter annihilation peaks at z ⇡ 600 (see
Finkbeiner et al. 2012). The f (z) functions used here are those
calculated in Slatyer et al. (2009), with the updates described in
Galli et al. (2013) and Madhavacheril et al. (2014). Finally, we
estimate the fractions of injected energy that a↵ect the gaseous
background, from heating, ionizations, or Ly↵ excitations us-
ing the updated calculations described in Galli et al. (2013) and
Valdes et al. (2010), following Shull & van Steenberg (1985).

We compute the theoretical angular power in the pres-
ence of DM annihilations by modifying the recfast routine
(Seager et al. 1999) in the camb code as in Galli et al. (2011).29

28To maintain consistency with other papers on dark matter annihila-
tion, we retain the notation f (z) for the e�ciency factor in this section.
It should not be confused with the growth rate factor introduced in Equ.
(32).

29We checked that we obtain similar results using either the HyRec
code (Ali-Haimoud & Hirata 2011), as detailed in Giesen et al. (2012),
or CosmoRec (Chluba & Thomas 2011), instead of recfast.
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II. SECRET INTERACTIONS AND STERILE
NEUTRINO PRODUCTION

We assume that the Standard Model is augmented by
a sterile neutrino ⌫s with mass ms

1 and with order 10%
mixing with the SM neutrinos. We moreover assume the
existence of a new secret U(1)s gauge interaction, medi-
ated by a vector boson A0 of mass M at the MeV scale
and coupling to sterile neutrinos through an interaction
of the form

L
int

= es⌫̄s�
µPL⌫sA

0
µ . (1)

Here, es is th U(1)s coupling constant and PL = (1 �
�5)/2 is the left-handed chirality projection operator. We
define the secret fine structure constant as ↵s ⌘ e2s/(4⇡).

This new interaction generates a large temperature-
dependent potential [16]

V
e↵

'

8
>>><

>>>:

�7⇡2e2sET 4

s

45M4

for Ts ⌧ M

+
e2sT

2

s

8E
for Ts � M

(2)

for sterile neutrinos of energy E and sterile sector tem-
perature Ts. This potential leads to an in-medium mixing
angle ✓m between active neutrinos ⌫a and sterile neutri-
nos ⌫s, given by

sin2 2✓m =
sin2 2✓

0�
cos 2✓

0

+ 2E
�m

2V
e↵

�
2

+ sin2 2✓
0

. (3)

In the following, we will use a vacuum mixing angle
✓
0

' 0.1 and an active–sterile mass squared di↵erence
�m2 ' 1 eV2. As shown in [15, 16], the secret interac-
tions can suppress ✓m, and thus active to sterile neutrino
oscillations, until after neutrino decoupling as long as
|V

e↵

| � |�m2/(2E)|.
The new interaction also leads to collisions of sterile

neutrinos. The collision rate for ⌫s⌫s $ ⌫s⌫s scattering
is given by

�
coll

= n⌫s
� ⇠

8
<

:
n⌫s

e4s
E

2

M
4 for Ts ⌧ M

n⌫s
e4s

1

E
2 for Ts � M

, (4)

where n⌫s
is the sterile neutrino density. The sterile neu-

trino production rate �s and the final density depend on
this collision rate. Two qualitatively di↵erent scenarios
must be distinguished:

Collisionless production: If the collision rate �
coll

is
smaller than the Hubble rate H at all times, the ac-
tive and sterile neutrinos can be taken to be oscillating

1
Since ⌫s is not a mass eigenstate, ms actually means the mass
of the fourth, mostly sterile, mass eigenstate.

without scattering [26].2 If �m2/(2T⌫a
) � H, ⌫s are

then produced only through oscillations, so that the final
sterile neutrino number density is n⌫s

' 1

2

sin2 2✓m n⌫a
,

where n⌫a
= 3⇣(3)/(4⇡2)g⌫a

T 3

⌫a
is the density of one of

active neutrino flavors and T⌫a
is the active neutrino tem-

peratur. The final population of sterile neutrinos thus
remains small, at most O(10�2) of the active neutrino
density, because of the small mixing angle.

Collisional production: If �
coll

exceeds the Hubble
rate H, then sterile neutrinos cannot be treated as non-
collisional [27]. In each collision, the sterile component of
a ⌫a–⌫s superposition changes its momentum, separates
from the ⌫a component, and continues to evolve indepen-
dently. Subsequently, the active component again gen-
erates a sterile component, which again gets scattered.
This process continues for all neutrinos until eventually
the phase space distributions of ⌫a and ⌫s have become
identical. Thus, the fraction of ⌫a converted to sterile
neutrinos is not limited by the mixing angle, and all neu-
trino flavors end up with equal number densities.

The ⌫a ! ⌫s production rate in this case is �s '
1

2

sin2 2✓m · �
coll

[28], where we can interpret the first
factor as the average probability that an initially active
neutrino is in its sterile state at the time of collision.
The second factor gives the scattering rate that keeps it
in the sterile state. We note that the production rate
�s is proportional to n⌫s

and thus rapidly approaches its
final value,

�s '
1

2
sin2 2✓m ⇥ 3

4
nSM

⌫a
·
8
<

:
e4s

E
2

M
4 for Ts ⌧ M

e4s
1

E
2 for Ts � M

. (5)

Note that, when �
coll

is much larger than the oscilla-
tion frequency, using the average oscillation probability
1

2

sin2 2✓m is inappropriate, and in fact the production
rate �s goes to zero in this case. Such a situation is,
however, not realized for the parameter values explored
in this work.

In the following, we will look at both collisionless and
collisional production of sterile neutrinos in more detail,3

with a special focus on the latter where more sterile neu-
trinos may be produced.

2
We ignore the SM matter potential and scattering experienced
by active neutrinos because we will be interested in the regime
where the secret interaction dominates over the SM interaction.

3
There is also the possibility that Mikheyev-Smirnov-Wolfenstein
(MSW) type resonant e↵ects, e.g., because of the sign-flip of
the secret potential Ve↵ around Ts ' M , modify the ⌫s pro-
duction probability. In this work we treat all MSW transitions
to be completely non-adiabatic and thus ignore them. A careful
momentum-dependent treatment, which we defer to future work,
is needed to accurately describe resonant conversion.
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NEUTRINO PRODUCTION

We assume that the Standard Model is augmented by
a sterile neutrino ⌫s with mass ms

1 and with order 10%
mixing with the SM neutrinos. We moreover assume the
existence of a new secret U(1)s gauge interaction, medi-
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of the form
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density, because of the small mixing angle.

Collisional production: If �
coll

exceeds the Hubble
rate H, then sterile neutrinos cannot be treated as non-
collisional [27]. In each collision, the sterile component of
a ⌫a–⌫s superposition changes its momentum, separates
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FIG. 5: The active neutrino distribution for different tem-
peratures. The parameters used are GX = 3 · 102GF and
gX = 0.025. This corresponds to a hidden boson with the
mass MX = 424 MeV.

because the energy redistribution becomes more efficient.
However, when MX is decreased the suppression of oscil-
lations due to the effect of MX on the matter potential
quickly wins and ∆Neff decreases rapidly with decreas-
ing MX . Therefore ∆Neff > 1 can only occur in a limited
transition region of MX if it occurs at all (which depends
on the mixing parameters, δm2 and sin2(2θ)).
Finally, we again stress that our treatment is only con-

sistent if MX ≫ T for any temperature relevant to our
calculation. For the typical mass differences favoured by
SBL measurements the production of sterile neutrinos
takes place at temperatures well below 100 MeV and we
have taken this as a representative minimum mass for the
new boson. Note that such a low mass would be com-
pletely excluded for a boson coupling to the active sector
[19]. However, provided that the coupling is diagonal in
“flavor” such that X couples only to the sterile state,
such bounds are irrelevant.
Big Bang Nucleosynthesis (BBN).— Apart from the

additional energy density in the sterile sector the oscilla-
tions can have another important effect, namely a distor-
tion of the active neutrino distribution. This can happen
even after neutrino decoupling because energy can still
be transferred between the active and sterile sectors after
the active neutrino decouples from the plasma. In mod-
els where the active-sterile conversion is delayed, such as
the one presented here or models with a non-zero lepton
asymmetry [10] this can in certain cases be the dominant
cosmological effect. The reason is that the electron neu-
trino takes part in the nuclear reaction network relevant
for Big Bang Nucleosynthesis (see e.g. [10]). Even if the
sterile neutrino mixes primarily with νµ or ντ , active-
active oscillations will transfer part of the distortion to
the electron sector. However, a detailed investigation of
this effect is beyond the scope of the present paper and

here we simply point out that interesting effects on BBN
might occur. For illustration we show in Fig. 5 how the
active distribution can vary as a function of temperature
relative to its unperturbed state, f0.

Discussion.— We have demonstrated that additional
self-interactions of a sterile neutrino can prevent its ther-
malization in the early Universe and in turn make sterile
neutrinos compatible with precision cosmological obser-
vations of structure formation. Arguably the model dis-
cussed here is more natural than invoking a non-zero lep-
ton asymmetry, relying only on the sterile sector possess-
ing interactions similar to those in the standard model.
In order for the model to work the new gauge boson me-
diating the interaction must be significantly lighter than
MZ , but can easily be heavy enough that no significant
background of such particles can exist at late times. We
finally note that if this scenario is indeed realized in na-
ture, future precise measurements of Neff will effectively
pinpoint the mass of the hidden gauge boson. In sum-
mary, the framework presented here presents a natural
way of reconciling short baseline neutrino experiments
with precision cosmology.
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that dark matter also couples to the new pseudo-scalar
with a dimensionless coupling strength, g

d

. We assume
that the dark matter is produced at a very high tempera-
ture by e.g. inflaton decay. Once dark matter is coupled
to the new interaction, there is the potential worry that
it will pair annihilate via the process ��̄ ! �� with the
same cross section as in Eq. (7). If the annihilation pro-
cess is in equilibrium where � goes non-relativistic, it
will dilute the density of � while transferring an unac-
ceptable amount of entropy to �. Due to the nature of
the interaction, it is decoupled at high temperatures, and
the cross section likewise drops when the dark matter be-
comes non-relativistic. Therefore, we only need to ensure
that the dark matter annihilation rate is low enough at
T
max

⇠ m
�

. We assume that the cross section is given
by the highly relativistic expression for h�|v|i in Eq. (7),
and use the condition �(T

max

) = h�|v|in
�

< H(T
max

) to
derive the condition,

g
d

<⇠ 2⇥ 10�5

⇣ m
�

MeV

⌘
1/4

, (10)

for the new interaction not to overly dilute the density
of �.

Additionally, the new coupling also induces a Yukawa
type potential between the dark matter particles. This
in turn leads to dark matter self-interactions which
might have observable consequences for galactic dynam-
ics. Rather than going through a detailed calculation we
will simply estimate the mean time between dark matter
scatterings in order to estimate whether self-interactions
are important. In order to do so we will follow the pre-
scription given in [42]. First, following Ref. [43] we write

V (r) = � g2
d

m2

�

e�m�r

4⇡r3
h(m

�

r)S, (11)

where h(m
�

, r) = 1 + m
�

r + 1

3

(m
�

r)2 and S is a spin-
dependent factor which we assume to be one.

The interaction potential in Eq. (11) causes elastic
scattering of dark matter, and following the prescription
in [42] we can estimate the value of g

d

needed in order to
have a significant impact on galactic dynamics. The cal-
culation in [42] was performed for a massless U(1) vector
so the potential is Coulomb-like. This in turn leads to
both “soft” and “hard” scattering of roughly equal im-
portance. Here we can safely neglect the contribution
from soft scatterings because of the steepness of the po-
tential.

The ratio of the scattering time scale ⌧
scat.

to the dy-
namical time scale in the galaxy ⌧

dyn.

is given by Eq. 17
in [42],

⌧
scat.

⌧
dyn.

=
2R2

3N�
, (12)

where R is the radius of the galaxy, N is the number of
DM particles in the galaxy and � is the scattering cross

section. For a hard scatter we have � ' b2 where the
impact parameter b is the radial distance such that the
sum of kinetic and potential energy is zero,

↵
d

m2

�

b3
=

1

2
m

�

v2, (13)

where we have used that m
�

b ⇠ m
�

/m
�

⌧ 1 which
leads to the approximation V (r) ⇡ �↵

d

/(m2

�

r3) where
↵
d

= g2
d

/4⇡. We then find that

✓
⌧
scat.

⌧
dyn.

◆
3

=
2R4m8

�

G2

27N↵2

d

, (14)

where G is Newton’s constant. The condition for the
time scale of scattering to be less than the age of the
Universe is2 ⌧

scat.

/⌧
dyn.

<⇠ 50. Plugging in numbers for a
Milky Way size halo and using ↵

d

= g2
d

/4⇡, we find

g
d

>⇠ 6⇥ 10�8

⇣ m
�

MeV

⌘ 9
4
. (15)

The value of g
d

in Eq. (15) can be seen as a lower bound
on the value required to have a significant e↵ect. The
actual value required might be somewhat larger.
In order for elastic scattering to be important in it-

self the mass of the dark matter particle is therefore re-
quired to be quite small. For example, g

d

⇠ 10�5 leads
to the requirement that m

�

<⇠ 10 MeV. So depending
on the unknown mass of the Dark Matter particle, hard
scattering on this potential could have a direct impact
on galactic dynamics. Even if this is not the case, the
potential could still have a very important indirect ef-
fect through the Sommerfeld mechanism [43]. The idea
is that the Dark Matter particles could have some weak
short range scattering cross section generated by beyond
the standard model (BSM) physics, which is then en-
hanced by a velocity dependent boost factor S(v) such
that �(v) = S(v)�

0

. If this new BSM physics enters at a
scale ⇤

BSM

, we could expect �
0

⇠ 1/⇤2

BSM

.
Sommerfeld enhanced scattering. — The potential in

Eq. (11) diverges faster than r�2 so it is singular and
leads to an unbounded Hamilton operator [44]. This is
of course not physical, since the potential will ultimately
be regularised by UV physics. While the boost factor can
be made independent of the regularisation procedure, it
will depend a bit on the UV completion [43, 44]. We
are just trying to estimate this e↵ect, so we follow the
simplified version of the regularisation procedure outlined
in [43]: we introduce a cut-o↵ in the potential defined by
V (r

cut

) = ⇤
BSM

and set V (r < r
cut

) ⌘ V (r
cut

) such that
the potential is continuous at r

cut

.

2
We take ⌧dyn. to be the dynamical time scale of a Milky Way

size halo.
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To compute the Sommerfeld factor, we follow [44] and
write the radial part of the Schrödinger equation as

�00
`

(x) =

✓
m

�

p2
V

✓
x

p

◆
+

`(`+ 1)

x2

� 1

◆
�

`

(x), (16)

=

✓
�g2

d

v

8⇡x3

m

h(Fx
m

)e�Fxm +
`(`+ 1)

x2

� 1

◆
�

`

(x).

with x ⌘ pr and F ⌘ 2m�

m�v
. The continuous box

renormalisation has been implemented by simply using
x
m

⌘ max(x, x
cut

) inside the potential term. The equa-
tion determining the cuto↵ x

cut

is

1 =

✓
m

�

⇤
BSM

◆
g2
d

v3

32⇡x3

cut

h(Fx
cut

)e�Fxcut . (17)

In the limit x ! 0, the complete solution to Eq. (16)
are Ax`+1 + Bx�` for ` � 0. As usual, requiring the
solution to be regular at x = 0 forces B = 0. A can
be absorbed into the overall normalisation of the wave
function, i.e. we put A = 1. In the asymptotic limit x !
1, the solution just becomes a sine with an amplitude
and a phase shift. We have

�
`

(x) ! x`+1, x ! 0, (18)

�
`

(x) ! C sin(x� `⇡/2 + �
`

), x ! 1. (19)

To compute the Sommerfeld factor numerically, we use
Eq. (18) to set initial conditions at x

ini

, 0 < x
ini

< x
cut

.
We then evolve the wave until it has reached its asymp-
tote in Eq. (19) and we denote this point by x

asym.

. This
happens when the wave no longer feels the potential and,
for ` > 0, the centrifugal barrier. The Sommerfeld factor
is related to the asymptotic amplitude C (through the
overall normalisation) by the formula [44]

S
`

=
[(2`+ 1)!!]2

C2

=
[(2`+ 1)!!]2

�2

`

(x
asym.

) + �02
`

(x
asym.

)
. (20)

The last expression is obtained from Eq. (19) and is nu-
merically convenient. Note that the equation for the
boost factor does not depend on the masses but only
on �

`

. The mass dependence in Eq. (16) enters only
through the ratio m

�

/m
�

in the factor h(Fx)e�Fx. This
factor is ⇠ 1 when Fx <⇠ 1, and it is easy to show
that this is the case for all values of x where the po-
tential is non-negligible, provided that m�

m�
< (v/g

d

)
2
3 .

This inequality is easily satisfied for the parameter space
that we are considering. The regularisation procedure
introduces another possible mass dependence through
Eq. (17). The previous argument applies again to
the factor h(Fx)e�Fx, ruling out a dependence on the
(m

�

/m
�

)-ratio. So the only mass dependence will en-
ter through the ratio (m

�

/⇤
BSM

). We have shown the
boost factor in Fig. 3 for two extreme values of this ratio.
Evidently, the e↵ect of Sommerfeld enhancement can be
safely neglected for all reasonable values of g

d

.

FIG. 3: Sommerfeld enhancement factor for ` = 0 due the
potential in Eq. (11) for two extreme values of the ratio
(m�/⇤BSM). Top panel: (m�/⇤BSM) = 1.0. Bottom panel:
(m�/⇤BSM) = 10�5. As discussed in the text, the dependence
on the ratio (m�/m�) is negligible.

Dark acoustic oscillations? — Since our model couples
dark matter to a background of dark radiation we might
worry that the ��� system can undergo acoustic oscilla-
tions close to the epoch of recombination and thus distort
the observed CMB spectrum (see e.g. [46] for a recent
discussion). The interaction around the epoch of CMB
formation is primarily Compton scattering, �� ! ��,
and we can directly compare it to the normal Compton
scattering rate of photons and electrons. The Compton
cross section scales as � / ↵2/m2 where m is the fermion
mass. As long as g2

d

⌧ ↵ and m
�

� m
e

, the dark sec-
tor acoustic oscillations will be completely negligible and
therefore cosmologically safe. This of course also means
that late-time Compton scatterings can be safely ignored
since they have no impact on the ability of � to cluster
gravitationally. Scaling relative to the electron-photon
process we can formulate the bound as

g2
d

⌧ 1.6⇥ 10�2

⇣ m
�

MeV

⌘
. (21)

Discussion. — We have studied a model with secret
sterile neutrino interactions mediated by a massless or
very light pseudoscalar. The model has some of the


