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Outline 
Ø  Measuring neutrinos with cosmology: 

•  Neutrino thermal history 
•  Observables 
•  Constraints 

Ø  Future: constraints and (perhaps) detection 
Ø  Conclusions 
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Timeline 
Temperature Process and Observables ν  Constraints 
Tγ ∼ 1 MeV (z~108) ν decoupling 
Tγ ∼ 0.8 MeV (z~108) BBN Flavour, Number 
Tγ ∼ 1 eV (z~1100) CMB Number, (Mass) 
Tν ∼ mν / 3 (z~1890*mν/eV) ν  nr transition 
Tγ ∼ 0.2 meV (z~0) LSS Mass, (Number) 
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What Cosmology cannot tell us: 
 

•  Mixing angles 

•  Phases 

•  Dirac vs Majorana 

•  Hierarchy … 
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Figure 1. Evolution of the distortions of the neutrino spectra for the dimensionless momentum
y = 5 with standard neutrino interactions, as a function of x or the photon temperature. Outer (inner)
lines correspond to the case with no neutrino mixing (with oscillations and masses in the NH case).
The upper two lines correspond to electron neutrinos and the lower lines to muon and tau neutrinos
(slightly different in the case with oscillations).

3 Results

3.1 Standard case with flavour oscillations

First, we consider the case with standard weak interactions, with and without neutrino oscil-
lations. In the presence of neutrino mixing, we are mainly interested in the possible effects
of including the full expressions for the off-diagonal collision terms in the kinetic equations.
On the other hand, once the collision terms are fixed, we also want to check whether there
are differences between the two options for the neutrino mass hierarchy or the present best-fit
values of the mixing parameters lead to modifications with respect to the results in [12].

We show in Fig. 1 the evolution of the flavour neutrino spectra for a particular value of the
neutrino momentum (y = 5). The corresponding distortions f⌫↵/feq, where feq = [exp(y) +
1]

�1, are shown as a function of the photon temperature or the cosmological expansion (x).
The behaviour of this evolution has been discussed in previous works (see e.g. [7, 12]). At large
temperatures (T� & 2 MeV) neutrinos are still interacting with e± and their energy spectra
keeps an equilibrium form with T� . Later the cosmological expansion renders less efficient
the weak processes and neutrinos decouple from the electromagnetic plasma in a momentum-
dependent way. The residual interactions lead to spectral distortions for neutrinos, which are
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Neutrino decoupling 

Γ  ~  GF
2 T5  <  H

 
Tν,dec ~ 1 MeV è HDM 
 
e+e-     è γγ

Tν / Tγ  = (4/11)1/3 

In the primordial Universe weak interactions keep neutrinos in equilibrium with the heat 
bath. 

Lesgourgues & Pastor 
AHEP (2012) 
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Neff Effective number of 
relativistic 
degrees of freedom 

v  Other relativistic relics can contribute to Neff 
 
v  This equation holds after decoupling and as long as all 

neutrinos are relativistic 
 
v  Neff

SM = 3.045 deSalas & Pastor, JCAP (2016) 

 de Salas & Pastor, JCAP (2016) 



Neutrino number and BBN 
Shortly after neutrino decoupling the weak interactions that kept neutrons and protons in 
statistical equilibrium freeze out. 

Planck TT,TE,EE + lowE + He [Aver+ JCAP (2015)] + D [Cooke+ ApJ (2018)] 

Neff = 2.89±0.29 (95% c.l.) experimental rate Adelberger+ Rev. Mod. Phys (2011) 
Neff = 3.05±0.27 (95% c.l.) theoretical rate Marcucci+ PRL (2016) 
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H = Γ
T=Tfreeze

Tfreeze ≈ 0.6g*
1/6 MeV

nn
np T=Tfreeze

≈ exp −
(mn −mp )
Tfreeze

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ ≈
1
6

YP ≈
2nn / np
1+ nn / np T≈0.2MeV

∝ f (g*,Ωbh
2 )

g*→ g* +
7
4
ΔNeff

YP
theo −YP

obs

Ωb
→ΔNeff Ωb

Planck 2018 



Neutrino number and CMB 
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rs = cs dt / a0

t*∫ =
cs
a2
da
H0

a*∫ ∝
1
H

exp − 2rd / λd( )2⎡
⎣

⎤
⎦

!ϕ < 0
zeq =

ρm
ρr

θs =
rs
dA

θd =
rd
dA

Planck 2018 TT + lowE: Neff = 3.00+0.57
-0.53 (95%cl) 

Planck 2018 TTTEEE + lowE: Neff = 2.92+0.36
-0.37 (95%cl)

 

•  Early ISW 
 
 
•  Shift of the peak position 

 

•  Silk damping 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Is a 10 eV “extra” neutrino consistent with CMB bounds? NO, it is not! 
 
 

Neutrino number and CMB 
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Table I.2 The use of Eq. (13) to determine N
e↵

re-
quires knowledge of the neutrino phase-space distri-
bution at decoupling, and we demonstrate in the Ap-
pendix that our three points satisfy the conditions re-
quired for the phase-space distribution to be approxi-
mated by a Fermi-Dirac distribution scaled by a con-
stant. With this approximation, and using Eq. (13)
with Eqs. (15) and (20), the contributions to N

e↵

at
z
eq

are �N
e↵

= (1.68, 1.47, 1.25) at points 1, 2, and 3
respectively. This leads to some easing of the tension
between SBL data and CMB constraints on N

e↵

.
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FIG. 2. Contribution of one thermalized massive sterile
neutrino to Ne↵ at the time of matter-radiation equality.
If the sterile neutrino has an approximately Fermi-Dirac
distribution, this is equivalent to�N

zeq
e↵ /�NBBN

e↵ , i.e. if the
sterile neutrino is not fully thermalized and �NBBN

e↵ < 1,
then �N
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e↵ will be reduced accordingly.
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2 Reference [51] performed a similar calculation of the e↵ect of
neutrino mass on Ne↵ . Whilst our expression for the neutrino
phase-space distribution, Eq. (20), agrees with their Eq. (8),
we reach a di↵erent conclusion regarding the e↵ect on Ne↵ ,
which measures the energy density in relativistic neutrinos,
rather than the total neutrino energy density.

FIG. 3. Contribution of one massive sterile neutrino to Ne↵

as a function of the equivalent temperature of a massless
neutrino, T⌫ . At matter-radiation equality, T⌫ = 0.55 eV
[26].

IV. DISCUSSION AND CONCLUSIONS

We have discussed the cosmological generation and
evolution of a population of two sterile neutrinos, with
masses and mixings motivated by the recent SBL data.
Specifically, we calculated the contribution of these ex-
tra neutrino species to N

e↵

at BBN and CMB epochs.
We focused on the region of the parameter space where
the sterile neutrinos are produced with less than ther-
mal abundance (�N

e↵

< 2), so that the tension with
BBN and CMB measurements is eased, compared with
the case of two fully thermalized species. We find
points at the limit of the region of parameter space al-
lowed by the SBL data where the heaviest sterile state
is fully thermalized, while the second is produced with
abundance as low as ⇠ 40% of the thermal abundance.

Whilst it is possible — with the maximum suppres-
sion of N

e↵

due to partial thermalization — to find
points in parameter space marginally compatible with
BBN constraints (NBBN

e↵

<⇠ 4.6 at 2�), the tension with
BBN data overall remains.

Interestingly, if SBL-favored sterile neutrinos really
are the origin of N

e↵

> 3, we expect their contribution
to N

e↵

at z
eq

— relevant for CMB constraints — to
be lower than that at BBN epoch, due to their being
only moderately (partially) relativistic at z

eq

, with a
di↵erence NBBN

e↵

�NCMB

e↵

on the order of 10% or less.
In principle, this feature would allow us to distinguish
the sterile neutrino hypothesis from other possible ori-
gins of an excess of radiation. Future measurements of
NCMB

e↵

could approach or reach this level of precision
[52]. We also note that while the mass-induced sup-
pression works to ease the tension with the CMB data
somewhat, it comes with a price: the ⇠ 1 eV masses
of the sterile states would increase the sum of the neu-
trino masses to

P
m

⌫

>⇠ 1 eV, which is disfavored by
CMB bounds on this quantity.

Summing up, we find that even with the suppression
e↵ects due to partial thermalization and partially rel-
ativistic masses, two additional sterile neutrinos in a
mass range that might explain SBL neutrino data ap-
pear to be inconsistent with cosmological bounds com-
ing from BBN and CMB measurements.

It has recently been questioned whether the SBL
data from MiniBooNE actually favor two sterile neu-
trinos [37]. If this requirement is relaxed then the re-
sults we derive will be particularly relevant to constrain
models with one extra neutrino. Alternatively, new
physics that might resolve these inconsistencies include

Jacques+ PRD (2013) 
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T  ν |γ,dec = 0.7 eV 
 
CMB: Neff = 2.92+0.36

-0.37 (95%cl) 
 

ΔNeff =
ρν ,extra
ρ thermal
ν ,m=0

Pν ,extra / ρν ,extra
1/ 3

⎛

⎝
⎜

⎞

⎠
⎟

ρ =
g
2π 2 dpEp2 f (p)∫

P = g
2π 2 dp P

4

3E
f (p)∫



Note: m1=m2=m3 

m1, Δm2
sun, Δm2

atm è0.1% ΔP(k)/P(k) 

 

•  Background effects (zeq, dA, zΛ)  

•  Perturbation effects (early ISW) 

 

Neutrino mass and CMB 
Ωνh

2 =
ρν
ρc

=
mν∑

93.14eV
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mν∑ ref
= 60 meV

mν∑ =150 meV

MA, Brinckmann, Lesgourgues, Poulin 
JCAP (2017) 



Note: m1=m2=m3 

m1, Δm2
sun, Δm2

atm è0.1% ΔP(k)/P(k) 

 

•  Background effects (zeq, dA, zΛ)  

•  Perturbation effects (early ISW) 

 

è Correlation between Mν and H0 (TTTEEE) and also ωcdm  (TTTEEE+lensing)   

Planck 2018 TT + lowE: Σmν < 0.54 eV (95%cl) 

Planck 2018 TTTEEE + lowE: Σmν < 0.26 eV (95%cl) 

 è CMB data alone (even future cosmic variance limited CMB surveys) cannot measure 

Mν  

Neutrino mass and CMB 
Ωνh

2 =
ρν
ρc

=
mν∑

93.14eV
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mν∑ ref
= 60 meV

mν∑ =150 meV

MA, Brinckmann, Lesgourgues, Poulin 
JCAP (2017) 



Neutrino non-relativistic transition 
When neutrinos become non-relativistic 
 

znr ≈ 1890 (mν,i/1eV),  
 
they travel through the Universe with a thermal velocity 

 
vth,i = <p>/mν,i ≈ 3Tν,i/mν,i ≈ 150 (1+z) (1eV/mν,i) km/s 

 
Neutrinos cannot be confined below the characteristic free-streaming scale defined by 
vth,i. 
 

knr,i (z) ≡
H (znr,i )
(1+ znr,i )

= 0.0145Mpc−1 mν ,i

1eV
⎛

⎝
⎜

⎞

⎠
⎟

1/2

Ωm
1/2h
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Neutrino mass and LSS 
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P(k, z) = δm (k, z)
2

δm =
δρm
ρm

k2

a2
φ = −4πG(δρm ) δρν << δρcdm( )

H 2 =
8πG
3

ργ + ρb + ρcdm + ρν + ρΛ( )

δcdm ∝ a

δcdm ∝ a
1−3/5 fν

Pc (k)
ν

Pc (k)
ΛCDM ≈1− 6 fν

Pm (k)
ν

Pm (k)
ΛCDM ≈1−8 fν



Neutrino mass and LSS 
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P(k, z) = δm (k, z)
2

δm =
δρm
ρm

k2

a2
φ = −4πG(δρm ) δρν << δρcdm( )

H 2 =
8πG
3

ργ + ρb + ρcdm + ρν + ρΛ( )

δcdm ∝ a

δcdm ∝ a
1−3/5 fν

Pc (k)
ν

Pc (k)
ΛCDM ≈1− 6 fν

Pm (k)
ν

Pm (k)
ΛCDM ≈1−8 fν



Neutrino mass and LSS 

 Galaxy surveys              BAO                                  Cosmic shear          Galaxy clustering 

Tegmark+ PRD(2006) 

SDSS-DR12 

KiDS 
Giblin+ MNRAS(2018) 
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Figure 4. The mean unclipped (solid grey) and clipped (other solid colours) ⇠+ correlation functions measured from the SLICS realisations. The dashed black
line is the theoretical unclipped prediction from equation 13. The left hand panels display ✓⇠+, the right hand the measurements normalised to the unclipped
statistic from SLICS. The annotation in the lower right hand corner of each panel specifies which of the parameters are held constant in the calculations. The
upper panel is concerned with variations in the clipping threshold, c, with fixed smoothing scale, �s, and shape noise characteristics, �e. The middle and
lower panels present variations in the smoothing scale and shape noise respectively. The magenta line in all cases depicts the measurement for the fiducial
parameters: c = 0.010,�s = 6.6 arcmin and �e = 0.28. The error bars are the error on the mean measurement.

An additional test of whether the chosen (c,�s) combination
is suitable comes from inspection of the clipped and unclipped cor-
relation functions. The optimal choices for these parameters will
facilitate clipping of the non-linear regions exclusively, leaving the
linear signal untouched. In this case, the unclipped and clipped ⇠+
should converge on the larger, linear angular scales. In Figure 4,
we present how the ⇠clip+ measured from the SLICS are affected
by variations in the clipping threshold, smoothing scale and the
galaxy shape noise. Similar trends are seen for the ⇠clip� statistic
at higher angular scales (we refer the reader to Section 4). The left
hand panels in this figure display ✓⇠+, where ⇠+ is the mean un-
clipped (in solid grey) or clipped (other colours) correlation func-
tion measured from the SLICS realisations. The right hand pan-
els display the various correlation functions normalised to that of
the unclipped. In calculating the error on the ratios, we take into
account the cross-covariance between the clipped and unclipped
statistics. The magenta line on all panels is the same and corre-
sponds to c

= 0.010,�s = 6.6 arcmin with KiDS-450 level shape
noise.

The upper panel of Figure 4 illustrates the effect of increasing
the clipping threshold from c

= 0.005 to 0.010 to 0.015, whilst
the smoothing scale is fixed to 6.6 arcmin and the shape noise is
fixed to the KiDS-450 level. On average, 26±3% of the area of the
field is clipped in the case of the most aggressive clipping thresh-
old, c

= 0.005, and 3± 1% is clipped in the case of the least ag-
gressive, c

= 0.015. We see that when adopting c
= 0.005, the

clipped signal exhibits a large reduction in power at angular scales

around 6 arcmin and a failure to converge with the unclipped at the
larger angular scales. The power deprecation is caused by overly
aggressive clipping; subtracting too much of the shear signal en-
genders anticorrelations in the ⇠clip+ . The excess power at large ✓
is caused by the smoothing transferring small-scale power to larger
scales. This effect is illustrated by considering the convolution of
a single �-function with a Gaussian smoothing kernel; the signal is
spread by an extent given by the width of the Gaussian. This panel
suggests that c

= 0.010 and 0.015 are more appropriate thresh-
olds as they better recover the large scale behaviour of the ⇠unclip+ .

The variations in the ⇠clip+ when the smoothing scale is altered,
whilst c is fixed to 0.010 and the shape noise is fixed to KiDS-
450 level, are shown in the middle panel of Figure 4. We note the
lack of convergence between the unclipped and the clipped signal
with �s = 4.4 arcmin, indicating over-clipping of the convergence
field. We also see that the angular scale at which the loss of power
in the ⇠clip+ is maximised translates right with increasing smoothing
scale. This is due to the loss of signal incurred from smoothing over
features of this angular size. The upper and middle panels of Figure
4 illustrate the importance of identifying a clipping threshold and
smoothing scale which are high enough to diminish the clipping
of pure noise features, but low enough to avoid smoothing out the
cosmological content in the clipped statistic.

The lower panel of Figure 4 illustrates the sensitivity of the
⇠clip+ to the shape noise, whilst c and �s are fixed to 0.010 and 6.6
arcmin respectively. Where �e > 0 the shape noise is sampled from

MNRAS 000, 000–000 (0000)
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Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this
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 CMB                                                     Lensing 

...and more ... (e.g., RSD) 
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Figure 4. The mean unclipped (solid grey) and clipped (other solid colours) ⇠+ correlation functions measured from the SLICS realisations. The dashed black
line is the theoretical unclipped prediction from equation 13. The left hand panels display ✓⇠+, the right hand the measurements normalised to the unclipped
statistic from SLICS. The annotation in the lower right hand corner of each panel specifies which of the parameters are held constant in the calculations. The
upper panel is concerned with variations in the clipping threshold, c, with fixed smoothing scale, �s, and shape noise characteristics, �e. The middle and
lower panels present variations in the smoothing scale and shape noise respectively. The magenta line in all cases depicts the measurement for the fiducial
parameters: c = 0.010,�s = 6.6 arcmin and �e = 0.28. The error bars are the error on the mean measurement.

An additional test of whether the chosen (c,�s) combination
is suitable comes from inspection of the clipped and unclipped cor-
relation functions. The optimal choices for these parameters will
facilitate clipping of the non-linear regions exclusively, leaving the
linear signal untouched. In this case, the unclipped and clipped ⇠+
should converge on the larger, linear angular scales. In Figure 4,
we present how the ⇠clip+ measured from the SLICS are affected
by variations in the clipping threshold, smoothing scale and the
galaxy shape noise. Similar trends are seen for the ⇠clip� statistic
at higher angular scales (we refer the reader to Section 4). The left
hand panels in this figure display ✓⇠+, where ⇠+ is the mean un-
clipped (in solid grey) or clipped (other colours) correlation func-
tion measured from the SLICS realisations. The right hand pan-
els display the various correlation functions normalised to that of
the unclipped. In calculating the error on the ratios, we take into
account the cross-covariance between the clipped and unclipped
statistics. The magenta line on all panels is the same and corre-
sponds to c

= 0.010,�s = 6.6 arcmin with KiDS-450 level shape
noise.

The upper panel of Figure 4 illustrates the effect of increasing
the clipping threshold from c

= 0.005 to 0.010 to 0.015, whilst
the smoothing scale is fixed to 6.6 arcmin and the shape noise is
fixed to the KiDS-450 level. On average, 26±3% of the area of the
field is clipped in the case of the most aggressive clipping thresh-
old, c

= 0.005, and 3± 1% is clipped in the case of the least ag-
gressive, c

= 0.015. We see that when adopting c
= 0.005, the

clipped signal exhibits a large reduction in power at angular scales

around 6 arcmin and a failure to converge with the unclipped at the
larger angular scales. The power deprecation is caused by overly
aggressive clipping; subtracting too much of the shear signal en-
genders anticorrelations in the ⇠clip+ . The excess power at large ✓
is caused by the smoothing transferring small-scale power to larger
scales. This effect is illustrated by considering the convolution of
a single �-function with a Gaussian smoothing kernel; the signal is
spread by an extent given by the width of the Gaussian. This panel
suggests that c

= 0.010 and 0.015 are more appropriate thresh-
olds as they better recover the large scale behaviour of the ⇠unclip+ .

The variations in the ⇠clip+ when the smoothing scale is altered,
whilst c is fixed to 0.010 and the shape noise is fixed to KiDS-
450 level, are shown in the middle panel of Figure 4. We note the
lack of convergence between the unclipped and the clipped signal
with �s = 4.4 arcmin, indicating over-clipping of the convergence
field. We also see that the angular scale at which the loss of power
in the ⇠clip+ is maximised translates right with increasing smoothing
scale. This is due to the loss of signal incurred from smoothing over
features of this angular size. The upper and middle panels of Figure
4 illustrate the importance of identifying a clipping threshold and
smoothing scale which are high enough to diminish the clipping
of pure noise features, but low enough to avoid smoothing out the
cosmological content in the clipped statistic.

The lower panel of Figure 4 illustrates the sensitivity of the
⇠clip+ to the shape noise, whilst c and �s are fixed to 0.010 and 6.6
arcmin respectively. Where �e > 0 the shape noise is sampled from

MNRAS 000, 000–000 (0000)

Maria Archidiacono -- What cosmology can tell us about neutrinos 

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ⇤CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015),†
using CosmoMC and camb for sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ⇤CDM
model, as well as ⌦bh2 and ns, we sample As, ⌦ch2, and the
(approximate) acoustic-scale parameter ✓MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of ⌦m, H0, and �8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ✓MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the ⌦m–�8 plane.

The lensing-only constraint defines a band in the ⌦m–�8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

�8⌦
0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ⇤CDM model is discussed in detail in
† For example, we split the neutrino component into approximately

two massless neutrinos and one with
P

m⌫ = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ⇤CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ⇤CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ⌘ aeqHeq / ⌦mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth  lens become smaller. Theoretical ⇤CDM
models that keep `eq ⌘ keq �⇤ fixed will therefore have the same
number (proportional to keq �⇤) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where `eq ⇡ constant,
As ⇡ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ⇤CDM parameters around the best-fit
model, `eq / ⌦0.6

m h, with the power-law dependence on ⌦m only
varying slowly with ⌦m; the constraint `eq / ⌦0.6

m h = constant
defines the main dependence of H0 on ⌦m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e↵ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this

8

 CMB                                                     Lensing 

...and more ... (e.g., RSD) 

Planck 2018 TT,TE,EE+lowE+lensing+BAO:  
Σmν < 0.12 eV (95%cl) 
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       Neff & flavour                              Neff & (Σmν)                           (Neff) & Σmν 
 
 
                                                                                                                                                                                                                                                   

Neff = 2.92+0.36
-0.37 (95%cl) Σmν < 0.12 eV (95%cl) 

        z~108 (T ~1 MeV)                      z~1100 (T~1 eV)                                   z<3 

Planck 2018 

TT,TE,EE + lowE … + lensing + BAO 
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       Neff & flavour                              Neff & (Σmν)                           (Neff) & Σmν 
 
 
                                                                                                                                                                                                                                                   

Neff = 2.92+0.36
-0.37 (95%cl) Σmν < 0.12 eV (95%cl) 

        z~108 (T ~1 MeV)                      z~1100 (T~1 eV)                                   z<3 

Planck 2018 

TT,TE,EE + lowE … + lensing + BAO 

eV νs are:                        too many               and                too heavy 
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Euclid (2021) 
1% accuracy: 
galaxy clustering, 
cosmic shear 

SKA 
21cm survey 

Sprenger, MA, Brinckmann, Clesse, Lesgourgues, JCAP (2019) MCMC forecast 
 
Fiducial = 0.06 eV equally distributed among 3 neutrino species 
Conservative vs. Optimistic uncertainty on small scales 

Planck+Euclid Planck+Euclid+SKA1-IM 

Conservative 24 meV 18 meV 

Optimistic 20 meV 15 meV 
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Euclid (2021) 
1% accuracy: 
galaxy clustering, 
cosmic shear 

SKA 
21cm survey 

Sprenger, MA, Brinckmann, Clesse, Lesgourgues, JCAP (2019) MCMC forecast 
 
Fiducial = 0.06 eV equally distributed among 3 neutrino species 
Conservative vs. Optimistic uncertainty on small scales 
 
 
 
 
 
Note: IO indirectly disfavoured 

Planck+Euclid Planck+Euclid+SKA1-IM 

Conservative 24 meV 18 meV 

Optimistic 20 meV 15 meV 
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Models that can be excluded: 

•  Neutrino Non-Standard interactions (solution of the H0 tension) 

•  Non-Abelian Dark Matter (solution of the σ8 tension) 

•  Self-Interacting Dark Matter (solution of the small scale crisis) 

•  ... 

Future CMB + Euclid + SKA 

Physics beyond the Standard Model 
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•  Cosmology is a powerful tool to constrain neutrino physics, but the results 
have to be taken with a grain of salt because of model dependence 

 
•  Future galaxy and hydrogen surveys will be able to detect the neutrino 

mass sum in the minimal extension of the ΛCDM 
 
•  Ongoing work: ISW-GC Euclid CMBXC 

•  Complementarity with ground-based experiments (KATRIN mβ < 1.1 eV) 
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•  Cosmology is a powerful tool to constrain neutrino physics, but the results 
have to be taken with a grain of salt because of model dependence 

 
•  Future galaxy and hydrogen surveys will be able to detect the neutrino 

mass sum in the minimal extension of the ΛCDM 
 
•  Ongoing work: ISW-GC Euclid CMBXC 

•  Complementarity with ground-based experiments (KATRIN mβ < 1.1 eV) 
 

“The most exciting phrase to hear in science, the one that heralds new discoveries, is 
not ‘Eureka!’ but ‘That’s funny …’” Isaac Asimov 
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Figure 1. Euclid cosmic shear combined with Planck (see section 6 for details): sensitivity to a 0.1%-
variation of P (k) for di↵erent cuto↵ wavenumbers (always scaled with redshift). The flat `max = 5000
cut-o↵ (blue) shows the amount of information available in absence of a cut-o↵. The second (green) and
third (red) cases are more conservative than a sharp cut-o↵ at ` = 1310 would be. For comparison, the
dashed line marks ` = 1310, corresponding to the `

max

used by the KiDS collaboration in Ref. [52]
as a reasonable cut-o↵ producing stable results. The last case (cyan) is a little more constraining
than this sharp cut-o↵, intended to reflect improvements in non-linear modeling in the analysis of
future data. For our analysis we will use k

NL

(0) = 0.5h/Mpc (conservative) and k
NL

(0) = 2.0h/Mpc
(realistic) as our non-linear cut-o↵ wavenumbers. The corresponding 1-� sensitivity of our MCMC
forecasts can be seen in table 6.

Table 6. Planck (see section 6) plus Euclid cosmic shear 1-� sensitivity (normalized by corresponding
Planck-only values) of MCMC forecasts for the non-linear cut-o↵ values used in Figure 1. We see that
most sensitivities do not depend strongly on the choice of a given k

NL

(0). Only ns and M⌫ show a
non-negligible improvement in sensitivity, despite the large changes in the cut-o↵. Therefore, we find
that the non-linear cut-o↵ scheme is appropriate for our analysis.

kmax 100!b !cdm ✓s ln(1010As) ns ⌧reio M⌫ [eV]
0.5 h/Mpc 0.77 0.27 0.97 0.94 0.72 0.96 0.50
1.0 h/Mpc 0.76 0.27 0.94 0.95 0.70 0.98 0.41
2.0 h/Mpc 0.76 0.25 0.97 0.94 0.65 0.97 0.36
lmax = 5000 0.74 0.24 0.94 0.94 0.58 0.96 0.30
Planck only 1.00 1.00 1.00 1.00 1.00 1.00 1.00

for every redshift and wavenumber. The resulting contributions ��2
` solely depend on the

characteristics of the likelihood.
In Figure 1 we see the ��2

` contributions to the Euclid cosmic shear likelihood for
di↵erent choices of kNL(0). Whenever ` reaches a value where an additional redshift bin has
to be discarded according to the cut-o↵ scheme described above, the ��2 drops sharply. A
comparison of forecasts for Planck + Euclid cosmic shear for the same values of kNL(0) is
shown in Table 6. We see that the sensitivity does not di↵er by a large amount despite great
changes in the non-linear cut-o↵, with only ns and M⌫ showing non-negligible improvement
in sensitivity with increasing cut-o↵ values. Since the results do not depend strongly on the

– 13 –

0 1000 2000 3000 4000 5000
`

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

�
�

2
(⇥

1
0
4
)

`max = 5000

kNL(0) = 0.5 h/Mpc

kNL(0) = 1.0 h/Mpc

kNL(0) = 2.0 h/Mpc knl (z)∝ knl (0)(1+ z)
2/(2+ns )

ΔP / P = 0.1%

lmax
zi = knl (z)× r

zi
peak

Sprenger, MA+ JCAP (2019) 

Planck+Euclid-CS 

Conservative 43 meV 
Optimistic 30 meV 

Conservative: knl(0)=0.5 h/Mpc 
Optimistic: knl(0)=2.0 h/Mpc 
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Conservative: knl(0)=0.2 h/Mpc 
Optimistic: th. err. & kmax(0)=10 h/Mpc 

α =
δPg
Pg

0.33% at k=0.01 h/Mpc 
1% at k=0.3 h/Mpc 
10% at k=10 h/Mpc 

Sprenger, MA+ JCAP (2019) 



Cosmological tensions 
H0 = (67.4 ± 0.5) km/s/Mpc   (68% c.l.) (Planck TT,TE,EE+lowE, ΛCDM)  
H0 = (74.03 ± 1.42) km/s/Mpc   (68% c.l.) Riess+ Apj (2019) 
4.4 σ tension 
 
σ8 tension between Planck and CFHTLens, KiDS Hildebrandt+ (2018) 
alleviated by DES Abbott+ (2018) 
 
Two possible model extensions each one solving one tension 
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