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Experimental Hints for Sterile Neutrinos 



Experimental hints for sterile neutrinos
Observations at odds with standard 3-neutrino interpretation of global oscillation data.

*  See white paper on sterile neutrinos for more details: K.N. Abazajian et al., arXiv: 1204.5379.

★ LSND anomaly [A. Aguilar et al., PRD 64, 112007 (2001)]
   ICARUS “LSND-like anomaly” [M. Antonello et al., arXiv: 1209.0122]

★ MiniBooNE data [A.A.Aguilar-Arevalo et al., arXiv: 1207.4809]

★ Short-baseline disappearance data (Bugey, ROVNO, ILL)

★ Reactor anomaly [Mention et al. PRD 83, 073006 (2011), Huber, PRC 84, 024617 (2011)]

★ Gallium anomaly [Giunti, Laveder, PRC 83, 065504 (2011), Giunti et al. PRD 86, 113014 
(2012)]

- Appearance signals:

- Disappearance signals:

Sterile neutrinos with mass up to                         explain quite well these anomalies.*δm2
s ∼ O(eV2)



Cosmological Hints for Sterile Neutrinos 



standard value 

N
eff = 3.046

Radiation content of the universe
The radiation content of the universe expressed in terms of        (any relativistic d.o.f.). Neff

Recent results: 

*  Z. Hou et al., arXiv: 1212.6267, J. Hamann, JCAP 1203 (2012) 021, Smith et al., PRD 85 (2012) 023001, Archidiacono et al., PRD 84 (2011)     
    123008. **  Y.I. Izotov and T.X. Thuan, Astrophys. J. 710 (2010) L67.

Several recent analysis point towards              .* Neff > 3

BBN: higher        abundance            additional radiation**4
He

WMAP-9+eCMB+BAO+H0 find Neff = 3.84± 0.4
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4.3. Number of Relativistic Species

4.3.1. The number of relativistic species and the CMB power spectrum

Let us write the energy density of relativistic particles near the epoch of photon decoupling, z ≈ 1090, as

ρr ≡ ργ + ρν + ρer, (12)

where, in natural units, ργ = π2

15T
4
γ is the photon energy density, ρν = 7

8
π2

15NνT
4
ν is the neutrino energy density, and

ρer denotes the energy density of “extra radiation species.” (The factor of 7/8 in the neutrino density arises from the
Fermi-Dirac distribution.) In the standard model of particle physics, Nν = 3.04 (Dicus et al. 1982; Mangano et al.
2002), while in the standard thermal history of the universe, Tν = (4/11)1/3 Tγ (e.g., Weinberg 1972).
Since we don’t know the nature of an extra radiation species, we cannot specify its energy density or temperature

uniquely. For example, ρer could be comprised of bosons or fermions. Nevertheless, it is customary to parameterize
the number of extra radiation species as if they were neutrinos, and write

ρν + ρer ≡
7π2

120
Neff T

4
ν , (13)

whereNeff is the effective number of neutrino species, which does not need to be an integer. With this parameterization,
the total radiation energy density is

ρr = ργ

�
1 +

7

8

�
4

11

�4/3

Neff

�
� ργ(1 + 0.2271Neff). (14)

While photons interact with baryons efficiently at z � 1090, neutrinos do not interact much at all for z � 1010. As a
result, one can treat neutrinos as free-streaming particles. Here, we also treat extra radiation species as free-streaming.
With this assumption, one can use the measured C

TT
l spectrum to constrain Neff (Hu et al. 1995; Hu et al. 1999;

Bowen et al. 2002; Bashinsky & Seljak 2004). Section 6.2 of Komatsu et al. (2009) and §4.7 of Komatsu et al. (2011)
discuss previous attempts to constrain Neff from the CMB and provide references. More recently, Dunkley et al.
(2011) and Keisler et al. (2011) constrain Neff using the seven-year WMAP data combined with ACT and SPT data,
respectively. In this paper, we assume the sound speed and anisotropic stress of any extra radiation species are the
same as for neutrinos. See Archidiacono et al. (2011); Smith et al. (2012); Archidiacono et al. (2012) for constraints
on other cases.
Neutrinos (and ρer) affect the power spectrum, CTT

l , in four ways. To illustrate and explain each of these effects,
Figure 8 compares models with Neff = 3.04 and Neff = 7, adjusted in stages to match the two spectra as closely as
possible.

1. Peak locations - The extra radiation density increases the early expansion rate via the Friedmann equation,
H

2 = 8πG
3 (ρm + ρr). As a result, increasing Neff from 3.04 to 7 reduces the comoving sound horizon, rs, at

the decoupling epoch, from 146.8 Mpc to 130.2 Mpc. The expansion rate after matter-radiation equality is
less affected, so the angular diameter distance to the decoupling epoch, dA, is only slightly reduced (by 2.5%).
Therefore, increasing Neff reduces the angular size of the acoustic scale, θ∗ ≡ rs/dA, which determines the peak
positions. A change in θ∗ can be absorbed by rescaling l by a constant factor. In the top-left panel of Figure 8,
we have rescaled l for the Neff = 7 model by a factor of 0.890, the ratio of θ∗ for these two models (θ∗ = 0.◦5961,
0.◦5306 for Neff = 3.04, 7, respectively). This rescaling brings the peak positions of these models into agreement,
except for a small additive shift in peak positions; see Bashinsky & Seljak (2004).

2. Early Integrated-Sachs-Wolfe effect - Extra radiation density delays the epoch of matter-radiation equality
and thus enhances the first and second peaks via the Early Integrated-Sachs-Wolfe (ISW) effect (Hu & Sugiyama
1995). This effect can be compensated by increasing the cold dark matter density in the Neff = 7 model from
Ωch

2 = 0.1107 to 0.1817, which brings the matter-radiation equality epoch back into agreement. (We do not
change Ωbh

2, as that changes the first-to-second peak ratio.) The top-right panel of Figure 8 shows the spectra
after making this adjustment. Note that changing Ωch

2 also changes θ∗, so the l axis is rescaled by 0.957 for the
Neff = 7 model in this panel.

3. Anisotropic stress - Relativistic species that do not interact effectively with themselves or with other species
cannot be described as a (perfect) fluid. As a result, the distribution function, f(x,p, t), of free-streaming
particles has a non-negligible anisotropic stress,

πij ≡
�

d
3
p

(2π)3
p

�
p̂ip̂j −

1

3
δij

�
f(x,p, t), (15)

as well as higher-order moments. This term alters metric perturbations during the radiation era (via Einstein’s
field equations) and thus temperature fluctuations on scales l � 130, since those scales enter the horizon during
the radiation era. On larger scales, fluctuations enter the horizon during the matter era and are less affected by
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Fig. 13.— The marginalized one-dimensional posteriors for θd/θs (left) and Neff (right) from various combinations of datasets. The

constraint on Neff in the ΛCDM+Neff model for different combinations of datasets can be interpreted from the corresponding θd/θs
posterior. The shift in θd/θs between broad WMAP7 (dot-dashed blue curve) and SPT (dashed blue curve) implies a preference for lower

Neff with SPT than WMAP7. The Neff posterior of SPT+WMAP7 is shown by the solid black curve. The tighter constraints on Neff can

be obtained by adding H0 (black dotted curve) and combining CMB, BAO, and H0 (solid orange curve).

two datasets. As a result, the uncertainty in Neff is pri-
marily due to the uncertainty in θd. In ΛCDM, θd is
primarily constrained from the WMAP7 determinations
of ωb and ωm – not by the damping tail measurement.
Freeing Neff greatly broadens the WMAP7 constraint on
θd due to a degeneracy between Neff and ωm. With Neff
free, the SPT determination of θd from the damping tail
becomes tighter than that from WMAP7.
Constraints on Neff are shown in the right panel of

Figure 13. The dot-dashed blue curve marks the broad
WMAP7 posterior; Komatsu et al. (2011) find Neff >

2.7 (95% CL) using WMAP7 alone. As expected from
the observed shift in θd/θs between WMAP7 and SPT,
the SPT data prefer lower values of Neff than WMAP7.
Adding the SPT data to WMAP7 markedly improves
the measurement as shown by the black curve. The joint
SPT+WMAP7 constraint is:

Neff = 3.62± 0.48,

representing a 20% reduction in uncertainty from the
constraint determined from the WMAP7+K11 band-
powers. For the CMB data, the probability that Neff >

3.046 is 89%.
We now turn to the addition of the late-time BAO and

H0 data. When zeq is held fixed at its well-measured
value from the CMB, increasing the effective number of
neutrino species results in an increased expansion rate,
which decreases rs. Since θs is well constrained, this re-
sults in a decrease in the angular-diameter distance DA,
and thusDV . The end result is that, for the BAO observ-
able rs/DV , the changes largely cancel. The CMB+BAO
constraint is Neff = 3.50 ± 0.47. The direct H0 mea-
surement is more sensitive to the value of Neff . How-
ever, the H0 and CMB datasets prefer similar values of
H0and the preferred value of Neff hardly moves when
H0 data is added. The resulting CMB+H0 constraint
is Neff = 3.46 ± 0.35. The significance of the prefer-

ence for Neff > 3.046 is largely unchanged between these
three cases: the CMB, CMB+BAO, and CMB+H0 pre-
fer Neff > 3.046 at 1.2σ, 1.0σ, and 1.2σ, respectively.
Though adding BAO or H0 data individually to the

CMB data slightly reduces the preferred value of Neff ,
combining all three datasets has the opposite effect of
shifting the distribution towards slightly higher Neff .
The joint CMB+BAO+H0 constraint is:

Neff = 3.71± 0.35

a 1.9σ preference for Neff > 3.046. The reasons for this
shift can be seen in Figure 3. Increasing Neff moves
the CMB-predicted H0 and BAO quantities towards the
measured values. This ability of high Neff to reconcile
the CMB with BAO and H0 has been noted previously
by, e.g., Anderson et al. (2012). The inclusion of the
BAO and H0 information leads to a small upward shift
in the value of Neff ; a higher value of Neff is required
to reduce the tension between these datasets than that
inferred from the CMB determination of θd/θs.
These Neff constraints depend on the modeling as-

sumptions. The effective number of neutrino species
is partially degenerate with several other extensions
to ΛCDM including dns/d ln k (which shifts the CMB
datasets preferred value of Neff down to Neff =
2.56+0.70

−0.63), the primordial helium abundance (considered
in § 9.1), and the summed neutrino mass (considered in
§ 9.2). The mild preference for Neff > 3 disappears when
either dns/d ln k or Yp are freed; however, the preference
remains when freeing

�
mν .

In summary, CMB data primarily constrain Neff
through measurements of the ratio θd/θs. AddingH0 and
BAO measurements tightens this constraint and leads to
a 1.9σ preference for more than 3 neutrino species. How-
ever the significance of the preference is sensitive to the
addition of further model extensions.



Assuming the existence of light sterile neutrinos, they mix with the active ones. 

Main radiation components: Three active neutrino families, photons. 

Extra-radiation components: Light sterile neutrinos [other candidates allowed] 

How is the radiation excess explained?

Caveat: Structure formation data strongly disfavor the IH scenario 
with sterile masses above 0.2-0.3 eV. 

Allowed scenarios 

inverted hierarchy (IH):

normal hierarchy (NH): δm2
s > 0

δm2
s < 0

δm2

νe νµ ντ

ν3

ν2
ν1

ν4

νs

∆m2

δm2
s



BBN:          prefers            , but it may be difficult to accommodate            ! *4
He Ns > 0 Ns = 2

*  J. Hamann et al., PRL 105, 181301 (2010). J. Hamann et al., JCAP 1109 (2011) 034. 
    G. Mangano and P. Serpico, Phys. Lett. B 701 (2011) 296.

Big Bang Nucleosynthesis bounds
Assuming fully thermalized sterile states, BBN constraints the sterile family number      .Ns

3

Datasets N
max
eff N

min
eff L(Neff ≤ N

SM
eff )

ωb+
2H+4He 4.05 2.56 0.20

ωb+
2Hlow +4He 4.08 2.57 0.19

2H+4He 3.91 0.80 0.67
ωb + Y

CMB
p +2H+4He 4.08 2.71 0.15

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

plane, then marginalized over the parameter ωb, which
is not of interest here. The results of our analysis are
thus encoded in the 1-dimensional likelihoood functions
L(Neff), whose integrals are normalized to 1. These func-
tions are shown in Fig. 1 and relevant numerical quan-
tities are summarized in Table I. We define Nmin

eff and
Nmax

eff such that

∫ 7

Nmin
eff

L(x)d x = 0.95 ,

∫ Nmax
eff

0

L(x)d x = 0.95 , (8)

and the parameter L(Neff ≤ NSM
eff ) in Table I as

L(Neff ≤ NSM
eff ) =

∫ NSM
eff

0

L(x)d x . (9)

When remembering that the standard model expec-
tation for Neff is about 3.046 [19], we see that in all
cases we get a bound ∆Neff ≤ 1. The reason why it is
slightly more stringent when using deuterium as a “mea-
surement” of ωb instead of CMB (third line) is that it
favors a slightly smaller value for the baryon fraction.
In correspondence of this smaller value, the deuterium
yield is a bit larger. Since deuterium grows with Neff , in
this case the deuterium hits the upper bound for a lower
value of Neff , increasing its constraining power. As it is
clear from the second row of Table I, allowing for primor-
dial deuterium depletion and limiting oneself to consider
the lowest limit of its measured value as a lower limit,
the bound does not change much, since the constraining
power derives from the upper limit on 4He. In Fig. 1,
this reflects on the quite hard cut in the likelihood func-
tions at large Neff . Also, adding the CMB measurement
of Yp of Eq. (7) does not change much the situation with
respect to the first case: the slight shift towards higher
values of Neff reported in the fourth row is simply due to
the fact that the current best value of Yp from CMB is
above the BBN prediction, albeit not significantly (less
than 1.5 σ). This also proves indirectly that if we had
imposed a loose lower-bound on Yp (say, Yp > 0.225) in-
stead of the flat likelihood of Eq. (3) at low-Yp, the result
would hardly change.
On the other hand, comparing the first and last two

lines in the table shows that an independent constraint
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FIG. 1: Marginalized 1-D likelihood functions L versus Neff

using the different combinations of data as in Table I. Solid
(red) and dashed (purple) curves are obtained using CMB
measurement of ωb, with the dotted (black) one also adds
CMB information on Yp. In all cases the quite sharp cut-off
at Neff ∼ 4 is due to 4He abundance upper limit.

on ωb and possibly even a relatively weak lower limit on
Yp are quite useful in setting a stringent lower limit on
Neff (second column of Table I). In particular, the effect
of the constraint on ωb is explained as follows: since the
dependence of 4He on ωb is very weak, and 2H suffers
of a partial degeneracy between Neff and ωb, relatively
low values of Neff can be compensated with relatively
high values of ωb. Hence, imposing an upper limit on ωb

yields to a more stringent lower limit on Neff . Of course,
this exercise has only illustrative purpose: the physics
behind the CMB measurement on ωb is well understood,
and any cosmologically meaningful lower limit on Neff is
significantly larger than the value reported at the third
row in Table I.
Finally, it is interesting to consider the last column in

Table I, illustrating the likelihood that the inferred Neff

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

IV. DISCUSSION AND CONCLUSIONS

In this letter, we have discussed a new and more con-
servative approach to derive BBN constraints on Neff ,
motivated by growing concerns on the reliability of astro-
physical determinations of primordial 4He. We showed

 Ns



Cosmological bounds: sub-eV masses

                 is viable only if additional ingredients are included (too much hot dark matter).**    ms � 1 eV

*  J. Hamann, S. Hannestad, G.G. Raffelt, I. Tamborra, and Y.Y.Y. Wong, PRL 105, 181301 (2010). 
**J. Hamann et al., JCAP 1109 (2011) 034.
See also E. Giusarma et al., PRD 83, 115023 (2011), S. Joudaki, K. Abazajian, M. Kaplinghat, arXiv: 1208.4354.

             + sterile neutrinos with mass       mν = 0 ms

             scheme [CMB+LSS fit]3 + Ns
model

ΛCDM



Combined bounds: eV-masses 
(short-baseline + cosmological data)

*  M. Archidiacono et al., arXiv: 1302.6720. 
    See also: M. Archidiacono et al.  PRD 86 (2012) 065028, S. Joudaki, K. Abazajian, M. Kaplinghat, arXiv: 1208.4354.
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Parameters WMAP9+SPT WMAP9+SPT WMAP9+SPT+SDSS WMAP9+SPT+SDSS
+SBL +SBL

Ωbh
2 0.02256± 0.00037 0.02249± 0.00035 0.02233± 0.00034 0.02230± 0.00034

Ωdmh
2 0.131± 0.008 0.131± 0.007 0.127± 0.007 0.128± 0.007

θs 1.0412± 0.0011 1.0411± 0.0011 1.0411± 0.0011 1.0412± 0.0010
τ 0.083± 0.013 0.083± 0.013 0.081± 0.012 0.080± 0.012
ns 0.959± 0.011 0.962± 0.009 0.963± 0.011 0.958± 0.009
log(1010As) 3.222± 0.041 3.218± 0.036 3.212± 0.036 3.226± 0.034
N4 0.65± 0.22 0.69± 0.21 < 0.96 < 0.83
m4[eV] 1.72± 0.65 1.27± 0.12 < 2.09 1.23± 0.13
H0[km/s/Mpc] 68.6± 2.1 68.9± 1.7 69.3± 1.9 68.1± 1.4
σ8 0.668± 0.061 0.692± 0.036 0.766± 0.036 0.744± 0.034
Ωm 0.327± 0.035 0.325± 0.030 0.311± 0.025 0.324± 0.027
χ
2
min 8274.1 8274.3 8326.4 8327.5

TABLE III. (3+1) analysis – Values of the cosmological parameters and their 68% confidence level intervals in the case of one
additional massive sterile neutrino, with mass m4 and with multiplicity N4. The (3+1) SBL χ

2 is applied where specified.
Upper bounds are quoted at 95% C.L.
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FIG. 5. (3+1) analysis – Two dimensional marginalized 68% and 95% confidence level regions in the plane N4 – m4 for the
different combinations of datasets reported in Tables III.

wards lower values of m4 and is consistent with a zero
value of the mass eigenstate.

As discussed above, the value of N4 is almost uncon-
strained when SDSS data are included, while in the case
of CMB–only there is evidence for an extra massive ster-
ile neutrino. This is manifest also in Figure 5, where the
the two dimensional marginalized 68% and 95% C.L. re-
gions in the plane (N4,m4) are plotted for the different
combinations of datasets reported in Tables III. We can
clearly see the effect of the SBL data: the constraints
on the mass are strongly tightened but there is almost
no effect on N4. Concerning the degeneracy between the
number of sterile states and their mass, a negative corre-

lation emerges when the matter power spectrum is taken
into account and the result is a divergence of m4 as N4

ν
is approaching zero.

B. Bi–dimensional (3+2) Joint Analysis

The results of the joint analysis for the (3+2) scheme
are reported in Table IV and in Figure 6 and 7. The
analysis refers to the case of Eq. (12).
Concerning the masses, the value of the heaviest mass

eigenstate (m5) is always significantly deviating from
zero: when CMB–only data are considered the effect is

model

ΛM
DM

partially thermalized stateNi =
ni

ntherm

3+1 scheme  [SBL + (CMB+LSS) fit]

m4 = 1.23± 0.13 eV
(2 σ)N4 < 0.83

(1σ)



Combined bounds: eV-masses 
(short-baseline + cosmological data)

*  M. Archidiacono et al., arXiv: 1302.6720. 
    See also: M. Archidiacono et al.  PRD 86 (2012) 065028, S. Joudaki, K. Abazajian, M. Kaplinghat, arXiv: 1208.4354.
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FIG. 9. Reduced (3+2) analysis – Two dimensional marginalized 68% and 95% confidence level regions in the plane (N4 +N5)
vs. (m4 +m5) for the different combinations of datasets reported in Table V.

terizations (massless; massive; 3 active massless plus a
varying number of massive sterile states).
We find that even in the context of such very gen-

eral models the ACT and SPT data are not compatible,
and that the results are strongly affected by this discrep-
ancy. This in turn affects the inferred neutrino mixing
and thermalization parameters. The discrepancy is to
some extent alleviated when BAO data plus a prior on
H0 from the HST analysis are included: in this case the
effective number of (massive) neutrinos is 3.60±0.35 with
a total effective mass 0.59 eV.
Given this discrepancy we have not used the ACT

dataset in the rest of our analysis (because it also leads
to spuriously stringent bounds on the neutrino mass),
and we considered only WMAP9 and SPT in combina-
tion with SDSS–DR7. In order to analyze the cosmo-
logical evidences in the context of neutrino mass mod-
els and short–baseline neutrino oscillation data, we have
used the results from the SBL as a prior in the analyses
of cosmological data. We specifically considered models
with one or two extra sterile neutrinos (denoted by (3+1)
and (3+2) schemes): we first performed a full analysis of
the SBL data and then we used the SBL posterior prob-
abilities on the sterile neutrino masses as priors in the
MCMC analysis of the cosmological datasets.
We found that the inclusion of the SBL priors induce

tight bounds on the sterile neutrino mass eigenstates,
and mildly constrain the fractional contribution of the
extra neutrinos to the total energy budget. In the (3+1)
scheme we obtain m4 = (1.27 ± 0.12) eV when CMB–
only data are considered as cosmological datasets, and
m4 = (1.23±0.13) eV when SDSS–DR7 data are also in-
cluded. We also notice that there is an evidence for a non

zero value of the single mass eigenstate (although with a
larger uncertainty) even without SBL priors when only
CMB data are considered: m4 = (1.72± 0.65) eV. In the
(3+1) scheme, the inclusion of SBL information does not
significantly constrain the multiplicity parameter, which
could be as large as 0.96. Instead, if SDSS data are not
included in the analysis, the multiplicity parameter can
deviate from zero at about 3σ.

In the (3+2) context, the inclusion of SBL information
induces relatively tight intervals for the two mass eigen-
states: m4 = (1.20 ± 0.30) eV and m5 = (1.96 ± 0.48)
eV for CMB–only data; m4 = (0.95 ± 0.30) eV and
m5 = (1.59± 0.49) eV when SDSS–DR7 is also included.
In this scheme, the multiplicity parameters are again only
slightly bounded from above, except for the heaviest mass
eigenstate: when SDSS data are included, N5 cannot ex-
ceed 0.62, meaning that the sterile neutrino need to be
only partially contributing to the energy density of the
Universe.

In conclusion, we found that the SBL data exhibit
a good agreement with the new updated cosmologi-
cal bounds on neutrino masses: this occurs both when
considering CMB–only data (WMAP+SPT) and when
adding information from SDSS. Either one or two extra
sterile neutrinos, with a mass at (or even above) the eV
scale (as dictated by the SBL results) and not fully con-
tributing to the energy density (as can occur, e.g., in the
case of partial thermalization) are therefore fully com-
patible with current cosmological measurements.

model

ΛM
DM

(2 σ)

3+2 scheme [SBL + (CMB+LSS) fit]

m4 = 0.95± 0.3 eV
m5 = 1.59± 0.49 eV

N4 < 0.85

N5 < 0.62

(1σ)

3+2 scheme (reduced analysis)
[SBL + (CMB+LSS) fit]

m4 +m5 = 2.33± 0.61 eV
N4 +N5 = 0.69± 0.29

(1σ)



Are sterile neutrinos fully thermalized? 



Thermalization of sterile neutrinos

*   S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.

★ BBN constraints assume fully thermalized sterile neutrinos. 
★ Cosmo and SBL data agree assuming not fully thermalized sterile neutrinos. 
★ If Planck does not find excess of radiation, how do terrestrial anomalies fit with cosmology?
 
Let’s assume for simplicity* (1 active + 1 sterile) scheme: 

ρ =
νa

νs

νa − νs

νa − νs
and adopt the density matrix formalism

νa νs
νi

νj

δm2
s

δm2

νe νµ ντ

ν3

ν2
ν1

ν4

νs

∆m2

δm2
s



Thermalization of sterile neutrinos

JCAP07(2012)025
In what follows we will refer δm2

s > 0 as the normal hierarchy scenario (NH) and δm2
s < 0

as the inverted hierarchy scenario (IH). Structure formation data strongly disfavour mod-
els with a total thermalised neutrino mass (the sum of all fully thermalised mass states)
in excess of 0.5–1 eV. Given that all the active states are fully thermalised this disfavours
the inverted hierarchy for sterile masses above 0.2–0.3 eV. However, for masses below this
the inverted hierarchy is not disfavoured and for completeness we study the same mass and
mixing parameter space for both NH and IH.

In order to describe the evolution of sterile neutrinos in the early universe, we use the
density matrix formalism and we express the density matrix associated with each momentum
p in terms of the Bloch vector components (P0,P) = (P0, Px, Py, Pz) [40, 41, 43],

ρ =
1

2
f0(P0 +P · σ) , ρ =

1

2
f0(P 0 +P · σ) , (2.3)

where σ are the Pauli matrices and f0 = 1/(1+ep/T ) is the Fermi-Dirac distribution function
with no chemical potential. The neutrino kinetic equations in terms of the components of
the Bloch vectors for each momentum mode are:

Ṗ = V ×P−D(Pxx+ Pyy) + Ṗ0z , (2.4)

Ṗ0 = Γ

[
feq
f0

−
1

2
(P0 + Pz)

]
(2.5)

where the dot denotes the time derivative (dt = ∂t −Hp∂p, with H the Hubble parameter)
and feq = 1/(1 + e(p−µ)/T ).

Defining the comoving momentum x = p/T , the vector V has the following components

Vx =
δm2

s

2xT
sin 2θs , (2.6)

Vy = 0 , (2.7)

Vz = V0 + V1 + VL. (2.8)

and

V0 = −
δm2

s

2xT
cos 2θs, (2.9)

V (a)
1 = −

7π2

45
√
2

GF

M2
Z

xT 5 [nνa + nν̄a ] ga (2.10)

VL =
2
√
2ζ(3)

π2
GFT

3L(a). (2.11)

Here, gµ,τ = 1 for νµ,τ–νs mixing, ge = 1 + 4 sec2 θW /(nνe + nν̄e) for νe–νs mixing and θW is
the Weinberg angle. The dimensionless number densities nνa,(ν̄a) are the equilibrium active
neutrino (antineutrino) densities normalised to unity in thermal equilibrium. The effective
neutrino asymmetries L(a) are defined by

L(e) =

(
1

2
+ 2 sin2 θW

)
Le +

(
1

2
− 2 sin2 θW

)
Lp −

1

2
Ln + 2Lνe + Lνµ + Lντ , (2.12)

L(µ) = L(e) − Le − Lνe + Lνµ , (2.13)

L(τ) = L(e) − Le − Lνe + Lντ , (2.14)
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The density matrix associated with each momentum is written in terms of the Bloch vectors
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damping term 
(loss of quantum coherence)

scattering rate 

V = V(δm2
s, θs, L

(a), p, T )

processes that deplete or 
enhance the abundance of aaa          νa

The neutrino kinetic equations for each mode are (with                       )**dt = ∂t −Hp∂p

**  G. Sigl and G.G. Raffelt, Nucl. Phys. B 406, 423 (1993).



Thermalization: Asymmetry dependence
effective              mixing angle reduced by large matter term    L(a) =

nνa − nν̄a

nγ
∝ L(a)νa − νs

* Enqvist et al. (1990, 1991, 1992), Foot, Thomson and Volkas (1995), Bell, Volkas and Wong (1998), ...
   See also Mirizzi et al., PRD 86 (2012) 053009.

Increasing                   less adiabatic conversion            position of the resonance shifts 

towards lower                 production of sterile thermalized states less efficient*

L(a)

T
10

FIG. 3: (3+1) scenario. Evolution of the effective number of degrees of freedom Neff for the cases corresponding to Fig. 2

associated with (∆m2
atm, θ13) active sector.

A. Le = Lµ, ϕCP = 0

In the following we consider different (2+1) cases with non-zero θes and θµs given by Eq. (6). In the left-upper
panel of Fig. 4 we represent the case with L = Le = Lµ. The solid curve corresponds to L = 0, the dashed curve to
L = −10−4, the dotted curve to L = −10−3 and the dash-dotted one to L = −10−2. This case is manifestly close
to the (3+1) scenario shown in Fig. 2. In order to clarify the dynamics of the sterile neutrino production, in the left
panels of Fig. 5 we plot in function of the temperature, the evolution of the neutrino asymmetries ∆ρα = ραα − ρ̄αα
for the νe (solid curve), νµ (dotted curve) and νs (dashed curve). Since ∆ρα typically presents very fast oscillations,
for the sake of the clarity we plot its value averaged over ten steps in T . In the right panels we show the evolution of
the vacuum term Ωvac (solid curve) and of the Ωasy ×∆e term (dashed curve) for the same cases of the left panels.
The crossing between these two curves at non-zero L determines the position of a e-s resonance.
Starting with the case L = 0, we see that Le = −2Lµ = −2Ls # few × 10−5 can be dynamically generated at the

onset of the flavor conversions (at T <∼ 80 MeV). Since the active asymmetries are opposite, they tend to decrease
reaching flavor equilibrium (L = 0) at T # 10 MeV. At T <∼ 30 MeV, when collisional rates slow down enough (see
Fig. 1), sterile neutrinos are produced without any hindrance (see Fig. 4).
We pass now to the cases with non-zero initial neutrino asymmetries. In this situation, since θes and θµs are non-

vanishing, both the active states can have resonances with the sterile one. Moreover, since for our choice θes # θµs,
the evolution of ∆ρe and ∆ρµ is very similar.
In the case with initial L = −10−4 the production of νs starts at T # 10 MeV (Fig. 4) when an active-sterile

resonance occurs. Also in the other two cases with L = −10−3 and L = −10−2 the position of the resonance coincides
with the onset in the rise of ρss in Fig. 4. However, as commented before, the lower the resonance temperature, the
less adiabatic the resonance. Therefore, the sterile neutrino production is further inhibited.
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*   S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.

 See also N. Saviano et al., arXiv: 1302.1200.



Conclusions

★ Cosmological data favor excess of radiation in the universe. 
    Low-mass sterile neutrinos are one natural possibility.

★ One/two sub-eV/eV sterile states allowed from cosmology (CMB+LSS).                                 
    BBN allows one fully thermalized sterile state. 

★ Assuming partial thermalization, agreement between cosmology and short-baseline       
   data for both 3+1 and 3+2 schemes. 

★ Large initial leptonic asymmetry prevents thermalization of sterile states.

★ Planck will provide very precise constraints (                       or better).∆Neff = ±0.26



Thank you for your 
attention!
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FIG. 1. Allowed 3σ regions (99.73% CL) in the sin2 2ϑeµ–
∆m2

41 plane in the 3+1 model obtained from νe and ν̄e dis-
appearance data (left of the dark red curve), νµ and ν̄µ dis-
appearance data (left of the dark green curve), combined dis-
appearance data (left of the dark orange curve), νµ → νe and
ν̄µ → ν̄e appearance data (inside the blue curve) and from
the global fit (inside the red curves). The best-fit points in
the last two cases are indicated by crosses.

low–∆m2
41 allowed region at ∆m2

41 � 0.8 − 2 eV2 and
sin2 2ϑeµ � (0.5−3)×10−3, containing the best–fit point,
and a high–∆m2

41 allowed region at ∆m2
41 � 6 eV2 and

sin2 2ϑeµ � (0.8− 2)× 10−3.
The appearance–disappearance tension discussed in

previous papers (e.g. Refs. [2–5, 45]) is still present,
because, as one can see from Fig. 1, the best–fit point
of the appearance data is excluded at about 3σ by the
disappearance data. However, the tension is less severe
than that which was obtained with old data, as testified
by the acceptable parameter goodness–of–fit in Tab. I.

In the following we combine the results of the analysis
of short–baseline and cosmological data considering both
3+1 and 3+2 schemes, in spite of the fact that the 3+1
scheme is sufficient to explain the current short–baseline
data and the 3+2 scheme is disfavored by Occam’s razor.
We consider also the 3+2 scheme because of the current
interest in it (see, for example, Ref. [46]) and because
future data may reverse the preference.

III. COSMOLOGICAL METHOD

We have modified the Monte Carlo Markov Chain
(MCMC) public package CosmoMC [47] (October 2012 ver-
sion) to account for the datasets listed below and in order

to sample the extended parameter space for our (3+1)
and (3+2) investigations.
The cosmological analysis is performed by employing

various combinations of datasets. The WMAP 9–years
data release [18] represents our basic CMB dataset. At
high multipoles, we use new data from the CMB experi-
ments South Pole Telescope [19] and Atacama Cosmology
Telescope [20]. The information on dark matter cluster-
ing comes from the matter power spectrum derived from
the Sloan Digital Sky Survey Data Release 7 luminous
red galaxy sample [48]. We have also investigated the
impact on our constraints of the Baryonic Acoustic Os-
cillations (BAO) results of Refs. [49–51] and of the prior
on the Hubble constant coming from the Hubble Space
Telescope measurements [52].
Short–baseline results have been included as a prior

in the analysis. Therefore the final χ2 of the combined
analysis is simply given by

χ2
tot = χ2

cosmology + χ2
SBL. (6)

Concerning the inclusion of the SBL information in the
cosmological analyses, the difference with respect to our
previous work [27], is that here we directly incorporate
the χ2 coming from SBL data (analyzed in a variety of
frameworks) in the MCMC sampling: this allows for un-
biased constraints on those parameters that are common
to the cosmological and SBL analyses.
Our basic cosmological model is the 6–parameters flat

ΛCDM model. Its parameters are: the physical baryon
and cold dark matter densities Ωbh2 and Ωdmh2, the ra-
tio of the sound horizon to the angular diameter distance
at decoupling θs, the optical depth to reionization τ , the
scalar spectral index ns and the overall normalization
of the spectrum As. In the cosmological analyses, we
also account for the Sunyaev–Zeldovich (SZ) effect and
foreground contributions by including three extra ampli-
tudes: the SZ amplitude aSZ , the amplitude of clustered
point sources ac and the amplitude of Poisson distributed
point–sources ap. Since the ACT team uses a different
mask for identifying and removing point sources, when
the ACT data are included in our analysis (Section IV)
a fourth extra amplitude is needed to account for the
Poisson contribution in the ACT data apACT different
from apSPT . Furthermore when the ACT likelihood is
included in our analysis, we split the SZ contribution in
two amplitudes referred for the two different SZ effects:
akSZ for the kinetic SZ effect and atSZ for the thermal
SZ effect.
In order to include extra sterile neutrinos, the ΛCDM

model is extended to a Λ Mixed Dark Matter model
(ΛMDM) by introducing a hot dark matter component
in the form of massive neutrinos. Usually this compo-
nent is parameterized as the neutrino mass fraction fν
(the neutrino–hot dark matter density over the total dark
matter density), as in Section IV, but in the joint analy-
sis of Section V the masses of the single mass eigenstate
are used as free parameters, in order to directly sample
the parameter which the SBL prior acts on.

Experimental bounds for sterile neutrinos

*  M. Archidiacono et al., arXiv: 1302.6720.



Thermalization: Mixing dependence

δm2
s = 0.93 eV2

sin2 2θs = 0.051

*  S. Hannestad, I. Tamborra, and T. Tram, JCAP 07 (2012) 025.
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Figure 2. Top panel: δNeff as a function of the temperature for four different mixing angles
(sin2 2θs = 10−4, 2 × 10−3, 5 × 10−2, 10−1) and fixed mass difference (δm2

s = 0.93 eV2). Bot-
tom panel: δNeff as a function of the temperature for four different mass differences (δm2

s =
10−3, 3.5× 10−2, 9.3× 10−1, 10 eV2) and fixed mixing angle (sin2 2θs = 0.051). Thermalisation begins
earlier and is more effective for larger mass differences and for larger mixing angles.

alone. For illustration, we choose the point of figure 1 with (δm2
s, sin

2 θs) = (−3.3 eV2, 6 ×
10−4) for which δNeff = 0.55 and we show the percentage of active (Na) and sterile (Ns)
neutrinos as a function of x for different T in figure 3. The thermalisation is not complete
and it is nearly instantaneous as the resonance moves through the momentum spectrum and
the resulting dip in the active sector is quickly repopulated from the background.

We have presented results for L(µ) = 0 only, but the case of L(e) = 0 shows exactly
the same trend as in figure 1. However, the region with δNeff = 1 is slightly smaller than

– 9 –

Thermalization begins at higher T and 
it is more efficient (              )L(a) = 0

large mixing angles

large mass differences



Sterile neutrinos with ~O(eV) mass are thermalized for null leptonic asymmetries a                 .T � 1 MeV
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Thermalization of sterile neutrinos (         )L(a) = 0

 See also N. Saviano et al., arXiv: 1302.1200.
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Sterile neutrinos with ~O(eV/sub-eV) mass are thermalized for initial null leptonic asymmetries 
at                  .T � 1 MeV

Thermalization of sterile neutrinos (         )L(a) = 0

 See also N. Saviano et al., arXiv: 1302.1200.
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Partial or no-thermalization occurs for sterile neutrinos with ~O(eV/sub-eV) mass and large 
initial leptonic asymmetries at                  .T � 1 MeV
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SPT & ACT
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W9+SPT W9+SPT W9+SPT W9+SPT W9+SPT W9+SPT
+ HST +BAO +SNLS3 +BAO+HST +BAO+SNLS3

Neff 3.66± 0.61 4.08 ± 0.54 3.76 ± 0.67 4.04 ± 0.68 4.21 ± 0.46 3.87 ± 0.68

∑
mν (eV) 1.35± 0.55 0.48 ± 0.33 0.56 ± 0.22 < 0.91 0.56 ± 0.23 0.50 ± 0.21

TABLE III: Mean values and errors(or 95% CL bounds) on Neff and
∑

mν (in eV) in a standard cosmology with Neff massive
neutrinos for the different combinations of data sets in the case of considering SPT high multipole data.

W9+ACT W9+ACT W9+ACT W9+ACT W9+ACT W9+ACT
+ HST +BAO +SNLS3 +BAO+HST +BAO+SNLS3

∑
mν (eV) < 0.89 < 0.34 < 0.53 < 0.49 < 0.44 < 0.54

TABLE IV: 95% CL upper bounds on
∑

mν (in eV) in a standard cosmology with three massive neutrinos for the different
combinations of data sets in the case of considering ACT high multipole data.

W9+ACT W9+ACT W9+ACT W9+ACT W9+ACT W9+ACT
+ HST +BAO +SNLS3 +BAO+HST +BAO+SNLS3

Neff 2.64± 0.51 3.20 ± 0.38 2.63 ± 0.48 2.75 ± 0.44 3.44± 037 2.78 ± 0.46

∑
mν (eV) < 0.95 < 0.39 < 0.55 < 0.44 < 0.50 < 0.53

TABLE V: Mean values and errors on Neff and 95% CL upper bounds on
∑

mν (in eV) in a standard cosmology with Neff

massive neutrinos for the different combinations of data sets in the case of considering ACT high multipole data.
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FIG. 3: Left panel (Three massive neutrino case plus dark energy): the red contours show the 68% and 95% CL allowed regions
from the combination of WMAP and SPT measurements in the (

∑
mν (eV), w) plane, while the magenta (blue) ones show

the impact of the addition of SNLS3 (HST) data sets. The green contours depict the results from the combination of CMB
and BAO data, while the cyan and yellow ones show the impact of the SNLS3 (HST) data combined with CMB and BAO
measurements. Right panel: as in the left panel but for the case of ACT data.
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∑
mν (eV) < 0.89 < 0.34 < 0.53 < 0.49 < 0.44 < 0.54

TABLE IV: 95% CL upper bounds on
∑

mν (in eV) in a standard cosmology with three massive neutrinos for the different
combinations of data sets in the case of considering ACT high multipole data.
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TABLE V: Mean values and errors on Neff and 95% CL upper bounds on
∑

mν (in eV) in a standard cosmology with Neff

massive neutrinos for the different combinations of data sets in the case of considering ACT high multipole data.
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FIG. 3: Left panel (Three massive neutrino case plus dark energy): the red contours show the 68% and 95% CL allowed regions
from the combination of WMAP and SPT measurements in the (

∑
mν (eV), w) plane, while the magenta (blue) ones show

the impact of the addition of SNLS3 (HST) data sets. The green contours depict the results from the combination of CMB
and BAO data, while the cyan and yellow ones show the impact of the SNLS3 (HST) data combined with CMB and BAO
measurements. Right panel: as in the left panel but for the case of ACT data.

*  M. Archidiacono et al., arXiv: 1303.0143. 


