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Neutrinos in the Cosmo
The Universe is made of: radiation, matter (DM+b+e), dark energy

CMB L S SBBN
NR
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Neutrinos are significant because:
- main component of the rel energy density that sets expansion rate of the Universe
- (ordinary neutrinos have a mass, so) turn from Rel to NRel at a crucial time
- may free-stream or interact among themselves, or with new light particles
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   ,                (or                   ),                               ...

Neutrinos in the Cosmo
So what “neutrinos”?

So what properties are probed by cosmology?

{{

3 ordinary, 
SM neutrinos

extra light degrees of freedom, 
very weakly coupled to SM forces

- neutrino number
- total neutrino mass
- non-conventional interactions

Cosmological data are (mostly)  not  sensitive to:

What are the relevant cosmological probes?
- BBN  (             , flavor is important, primordial plasma)

- later cosmology i.e. CMB+LSS   (          ,         , gravity is the only force)

T ∼ MeV

T ! eV ≈ mν

θactive
m1,2,3 CP−violation∆m

2

active
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Neutrinos in BBN
Neutrinos affect the primordial production of light elements.

Nν
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depend on       and        densities

Equation for neutron/proton ratio:

Ṫ ∼ −H(T, ρ)T

Hubble parameter
depends on

 total energy density
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Nν � 3.8± 0.7 (2σ)
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Neutrinos affect (indirectly, i.e. gravitationally) the evolution 
of cosmological perturbations in radiation and matter.
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Formalism
(=cosmological perturbation theory in one slide)

Π = Θ2 + ΘP2 + ΘP0

Θ̇ + ikµΘ = −Φ̇ − ikµΨ − τ̇
[

Θ0 − Θ + µvb − 1/2P2(µ)Π
]

Θ̇P + ikµΘP = −τ̇
[

ΘP + 1/2
(

1 − P2(µ)
)

Π
]

v̇b +
ȧ

a
vb = −ikΨ +

τ̇

R

[

vb + 3iΘ1

]

δ̇b + ikvb = −3Φ̇

δ̇dm + ikvdm = −3Φ̇

v̇dm +
ȧ

a
vdm = −ikΨ

R = 3ρ0
b/4ρ0

γ

}
}

}
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dark matter
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τ̇ = dτ/dη = −neσT a

}
P (k) ∝ 〈δm(k)2〉
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∫
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]

k2 (Φ + Ψ) = −32πGNa2ρrΘr,2

}metric
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ȧ

a

(

Φ̇ − Ψ
ȧ
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ȧ

a

)

= 4πGNa2
[

ρmδm + 4ρrδr

]

k2 (Φ + Ψ) = −32πGNa2ρrΘr,2

}metric



metric}k2Φ + 3
ȧ
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The dataset

In our analysis of flux statistics, we are interested in the
mean flux hFi and the fluctuations about the mean
!F ð"Þ # Fð"Þ=hFi$ 1. We use F(") to denote the transmit-
ted flux, i.e., the ratio of the flux at a given wavelength " to
the unabsorbed quasar continuum flux at ". In order to find
F("), and hence hFi, it is necessary to make an estimate of
the unabsorbed continuum level. The quantity !F(") is much
less sensitive to the exact assumed continuum level, as hFi
has already been divided out. In the present paper we do not
attempt to make accurate determinations of hFi from our
data. Instead, we use hFi results from the literature and
show how our results (for example, for the amplitude of the
matter power spectrum) would change for given future
determinations of hFi.

In order to calculate !F("), we have two choices. The first
is to estimate a continuum level by fitting a line that passes
through apparently unabsorbed regions of the spectrum.
This has already been done in a semiautomated way for the
HIRES data as described in x 2.1 (see also Burles & Tytler
1998). For the LRIS data, which have much lower spectral
resolution, our !F(") results are more likely to be sensitive to
the continuum-fitting technique used. We therefore com-
pare two techniques applied to the LRIS data. The first is
the automated technique described in CWPHK. This
involves fitting a third-order polynomial through the data
points in a given length of spectrum, rejecting points that lie
2 # below the fit line, and iterating until convergence is
reached. We implement this procedure using 100 Å fitting
segments.

The second method for estimating !F(") is to calculate the
mean flux level of the spectrum directly, rather than first fit-
ting the continuum to scale unabsorbed flux to F ¼ 1. The
mean level must be estimated from a region much larger
than the length scales for which we are interested in measur-
ing variations in !F("). This can be done by either fitting a

low-order polynomial to the spectrum itself (Hui et al. 2001)
or smoothing the spectrum with a large radius filter. We do
the latter, using a 50 Å Gaussian filter. The value of !F(") is
then given by Cð"Þ=CSð"Þ $ 1, where C(") is the number of
counts in the spectrum at a wavelength " and CS(") is the
smoothed number of counts.

Figure 2 illustrates these two methods of determining
!F("). Figure 2a shows the LRIS spectrum of the z ¼ 3:16
quasar Q107+1055, along with the fitted continuum (upper
smooth curve) and the 50 Å smoothed spectrum (lower
smooth curve). Figure 2b compares !F(") estimated using the
fitted continuum and using the smoothed spectrum. The
two methods yield nearly indistinguishable results, with
small differences appearing in regions where the spectrum is
apparently close to the unabsorbed continuum. Figure 2c
shows !F(") from the (continuum-fitted) HIRES spectrum
of Q107+1055. Figure 2d blows up the central 150 Å of the
spectrum, superposing the two LRIS !F("), the HIRES
!F("), and the HIRES !F(") smoothed to the spatial resolu-
tion of the LRIS data. The smoothed HIRES spectrum
matches the LRIS spectrum almost perfectly, providing fur-
ther evidence of the robustness of the !F(") determination.
In x 3.3 we compare the HIRES and LRIS flux power spec-
tra for the four quasars common to both samples. We also
show that the two methods of determining !F(") from the
LRIS spectra yield similar power spectrum results. We
adopt the smoothed spectrum method as our standard,
since it does not involve splitting a spectrum into discrete
segments and is simpler to implement in a robust manner.

As in CWPHK, we scale the individual pixel widths in the
spectra to the size they would have at the mean redshift of
the sample in question. In the present work we do this
assuming that the evolution of H(z) follows that in an
Einstein–de Sitter (EdS) universe, which should be a good
approximation at these high redshifts (see also M00). We

Fig. 2.—Determination of !F("), for the quasar Q1017+1055. (a) LRIS spectrum (wiggly line), the continuumfitted over 100 Å regions (upper smooth curve),
and the spectrum smoothed with a 50 Å Gaussian (lower smooth curve). (b) Fluctuations !F(") derived using the continuum-fitted spectrum and the smoothed
spectrum. The continuum-fitted curve is slightly higher where the two are distinguishable. (c) Fluctuations !F(") from the HIRES spectrum of Q1077+1055.
(d ) Zoom of the central 150 Å showing the two variations of the LRIS spectrum, the HIRES spectrum, and the HIRES spectrum smoothed to the resolution
of the LRIS data (gray curve).
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Figure 1: Our computation of CMB and LSS spectra in standard ΛCDM cosmology, compared with

data.

3 Analysis strategy

We develop our own computational tools for the analysis of the cosmological observables. For what
concerns standard cosmology, our results agree with those of other authors (e.g. the WMAP Sci-
ence Team), but having independent analyses is clearly important. In this respect, our analysis is
particularly independent: it differs from what nowadays is a typical analysis in the way illustrated
in table 2. Cosmological observables are computed using a code written by one of us, rather than
running the commonly used CMBfast or CAMB public codes [8]: this allows us to have a better
control and flexibility on non-standard modifications.

We use the line-of-sight approach in the conformal Newtonian gauge [8, 9, 10]; recombination
can be implemented both in Peebles approximation (see e.g. [31]) and using the external recfast
code [11], which is the option chosen for the present analysis.

The main disadvantage is that our code is almost 2 orders of magnitude slower than CMBfast
or CAMB. In part this happens because, rather than optimizing our code for standard cosmology,
we keep it fully flexible such that non-standard cosmologies are immediately implemented.3 In
part this happens because, while standard codes are written in FORTRAN, our code is written in
Mathematica [12] and we run it on a common laptop (rather than on a cluster of computers).

We now describe the advantages of our approach that allowed us to perform our analysis. Readers
not interested in these technical details can skip the rest of this section. The main point is that,

3For example, the interacting particles considered in this paper are implemented by typing their linear evolution
equations, eq. (10) or eq. (13), in NDSolve form.
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3 Analysis strategy

We develop our own computational tools for the analysis of the cosmological observables. For what
concerns standard cosmology, our results agree with those of other authors (e.g. the WMAP Sci-
ence Team), but having independent analyses is clearly important. In this respect, our analysis is
particularly independent: it differs from what nowadays is a typical analysis in the way illustrated
in table 2. Cosmological observables are computed using a code written by one of us, rather than
running the commonly used CMBfast or CAMB public codes [8]: this allows us to have a better
control and flexibility on non-standard modifications.

We use the line-of-sight approach in the conformal Newtonian gauge [8, 9, 10]; recombination
can be implemented both in Peebles approximation (see e.g. [31]) and using the external recfast
code [11], which is the option chosen for the present analysis.

The main disadvantage is that our code is almost 2 orders of magnitude slower than CMBfast
or CAMB. In part this happens because, rather than optimizing our code for standard cosmology,
we keep it fully flexible such that non-standard cosmologies are immediately implemented.3 In
part this happens because, while standard codes are written in FORTRAN, our code is written in
Mathematica [12] and we run it on a common laptop (rather than on a cluster of computers).

We now describe the advantages of our approach that allowed us to perform our analysis. Readers
not interested in these technical details can skip the rest of this section. The main point is that,

3For example, the interacting particles considered in this paper are implemented by typing their linear evolution
equations, eq. (10) or eq. (13), in NDSolve form.
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      sets the total relativistic energy content and affects the peaks of 
CMB (and LSS) spectra:

Nν = 3
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Π = Θ2 + ΘP2 + ΘP0

Θ̇ + ikµΘ = −Φ̇ − ikµΨ − τ̇
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      sets the total relativistic energy content and affects the peaks of 
CMB (and LSS) spectra:
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Hamann et al 2007, Verde et al. 2011

(Seljak 2006, 
Mangano 2007,

Cirelli, Strumia 2006, 
Hamann et al. 2010

Nν = 4.34± 0.80



Neutrinos become “Sticky”: free-streaming is prevented, 
                   form a tightly coupled fluid at CMB.

Many models postulate non-conventional neutrino interactions: 
Neutrinos in CMB+LSS

Mass Varying Neutrinos (N.Weiner et al.),  
Neutrinoless Universe (J.Beacom et al.), 
Light Dark Matter (P.Fayet, C.Boehm)...
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Quantitatively:
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≈ −{0.53, 57}
ρfree

ρfree + ρsticky + ργ

(Friedland et al. 2007)
Caveat: plot for illustration only, all parameters fixed except the fraction of sticky neutrinos.
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Figure 7: Global fit of the total relativistic energy density (parametrized by the usual ‘number of
neutrinos’ Nν), and of its interacting fraction. The dot shows the SM prediction, and along the
dotted line the number of normal freely-streaming neutrinos keeps its standard value.

4.6 Massless neutrinos interacting with a massless boson

So far we added extra light particles, free or interacting among themselves. We now assume that
ordinary neutrinos are involved in interactions with these extra particles. More specifically, we
consider Nnormal

ν neutrinos that behave normally, while N int
ν neutrinos are involved in the interactions

with extra scalars φ, such that these interacting N int
ν neutrinos no longer free stream, but form a

tightly coupled fluid together with the scalars.
Following [36, 37] we assume that the energy and pressure density of this fluid are given in the

homogenous limit by

ρ = 2N int
ν ρeq

F (mν , Tfl) + Nφρeq
B (mφ, Tfl), p = 2N int

ν peq
F (mν , Tfl) + Nφpeq

B (mφ, Tfl) (15)

where ρeq
F (m,T ) and peq

F (m,T ) are the energy and pressure density of one fermionic degree of freedom
with mass m in thermal equilibrium at temperature T , and ρeq

B and peq
B are the analogous quantities

for one bosonic degree of freedom. The temperature Tfl of the fluid is computed by assuming that it
equals the ordinary neutrino temperature at T ! mν ,mφ, and that the fluid cools down adiabatically.
This fixes the fluid equation of state w and its sound speed cs, and inhomogeneities evolve as dictated
by eq. (13). Summarizing, this system is described by the following parameters: Nnormal

ν , N int
ν , Nφ,

mν , mφ.

In this section we assume that mν and mφ are negligibly small, such that w = c2
s = 1/3 (relativistic

fluid). Then, the ratio N int
ν /Nφ becomes essentially irrelevant, such that the system can be described

by just two parameters: i) the total energy density in relativistic particles, that we describe by the
usual ‘number of neutrinos’ Nν = Nnormal

ν + N int
ν + 4Nφ/7, that remains constant; ii) the energy

fraction R = N int
ν /Nν that contributes to the fluid. The remaining fraction 1 − R = Nnormal

ν /Nν

14

allowed

excluded

∼ 1 sticky ν allowed

3 sticky ν excluded

(@ 99% CL, 
global fit)

(at 5    )σ

Friedland et al. 2007
Bell et al. 2005

Cirelli, Strumia 2006



- Cosmology is a (the most) sensitive probe 
of many neutrino properties (use BBN, CMB, LSS etc...).

- Current status:

- Outlook:

(BBN)

∑
mνi

< 0.40 eV

(CMB+LSS)

(CMB+LSS incl Ly-   , 
  at 99.9% CL)

∼ 1 sticky ν allowed 3 sticky ν excluded(@ 99% CL, 
global fit)

(at 5    )σ

Results are becoming solid but there are puzzling surprises.

α

- better 4He for       , Planck will determine       within 
- sensitivity                               (weak lensing): sure detection!
- Planck will test 1 sticky     at 4
- ...

∑
mνi

≈ 0.03 eV

Friedland et al. 2007

Hannestad 2005

Nν

ν σ

Nν 0.26

Nν ! 3.1 ± 0.6

Conclusions (of this other talk)

Nν = 4.34± 0.80
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