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Abstract. Future Cosmic Microwave Background experiments together with upcoming galaxy
and 21-cm surveys will provide extremely accurate measurements of di↵erent cosmological
observables located at di↵erent epochs of the cosmic history. The new data will be able
to constrain the neutrino mass sum with the best precision ever. In order to exploit the
complementarity of the di↵erent redshift probes, a deep understanding of the physical e↵ects
driving the impact of massive neutrinos on CMB and large scale structures is required. The
goal of this work is to describe these e↵ects, assuming a summed neutrino mass close to its
minimum allowed value. We find that parameter degeneracies can be removed by appropriate
combinations, leading to robust and model independent constraints. A joint forecast of the
sensitivity of Euclid and DESI surveys together with a CORE-like CMB experiment leads to
a 1� uncertainty of 14 meV on the summed neutrino mass. However this particular combi-
nation gives rise to a peculiar degeneracy between M⌫ and the optical depth at reionization.
Independent constraints from 21-cm surveys can break this degeneracy and decrease the 1�
uncertainty down to 12 meV.ar

X
iv

:1
61

0.
09

85
2v

2 
 [a

str
o-

ph
.C

O
]  

2 
D

ec
 2

01
6



Context
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Cosmic neutrino background 
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m⌫ ⇠ hpi =
R
pf(p)d3pR
f(p)d3p

= 3.15T⌫ with f(p) =
1

ep/T⌫ + 1

N. Palanque-Delabrouille  — April 26, 2017
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At early times (Tn ≫ mn), neutrinos contribute as radiation

At late times (Tn ≪ mn), neutrinos contribute as matter

Non-relativistic transition 

Cosmic Microwave
Background Large Scale structures 3

Cosmic Microwave
Background Large Scale structures

⇢⌫ = m⌫n⌫

⇢⌫ / T 4
⌫

znr ⇠ 1900
m⌫

1 eV

N. Palanque-Delabrouille  — Dec. 2, 2016 3

Cosmic Microwave
Background Large Scale structures 3

Radiation Matter Dark energy
Relativistic n’s Non-relativistic n’s

At recombination
mn < 0.6 eV (Smn <1.7) : relativistic
mn > 0.6 eV (Smn >1.7) : matter-like

Ων =
Σmν

93.1eV



Impact on CMB 
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mn > 0.6 eV (Smn > 1.7 eV)    
- Non relativistic at CMB
- Hot Dark Matter (HDM)

ÞDirect impact on CMB power 
spectrum:

Þ Even with pre-WMAP 
(COBE…), in late 90s, the 
damping of Cl on intermediate 
scales ( 100<l<1000) cannot be 
explained without relativistic 
neutrinos

Þ Fully excluded with WMAP     
including HCDM models (10% 
of HDM)

WMAP
Planck

Dodelson et al. 1995

~ mn tens of eV
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Fig. 14. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the neutrinoless ΛCDM model of section 4.4.6, a more re-
alistic ΛCDM model with three massless neutrinos (fν ≃ 0), and finally a ΛMDM
model with three massive degenerate neutrinos and a total density fraction fν = 0.1.
In all models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed.
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Fig. 15. CMB temperature anisotropy spectrum CT
l and matter power spectrum

P (k) for three models: the same ΛCDM model as in the previous figure, with three
massless neutrinos (fν ≃ 0); and two models with three massive degenerate neutri-
nos and a total density fraction fν = 0.1, sharing the same value of ωb and ωcdm as
the massless model, which implies a shift either in h (green dashed) or in ΩΛ (blue
dotted).

models, the values of (ωb, ωm, ΩΛ, As, n, τ) have been kept fixed, with the
increase in ων being compensated by a decrease in ωcdm. There is a clear
difference between the neutrinoless and massless neutrino cases, caused by a
large change in the time of equality and by the role of the neutrino energy-
momentum fluctuations in the perturbed Einstein equation [91]. However our
purpose is to focus on the impact of the mass, i.e. on the difference between
the solid (red) and thick dashed (green) curves in Fig. 14.

Impact on the CMB temperature spectrum. For fν ≤ 0.1, the three
neutrino species are still relativistic at the time of decoupling, and the di-
rect effect of free-streaming neutrinos on the evolution of the baryon-photon

61

Impact on CMB 
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mn < 0.6 eV (Smn < 1.7 eV) - relativistic at CMB
Þ “No” impact on baryon-photon plasma
Þ Subtle changes in peak position & amplitude
Þ May effect is the early Integrated Sachs-Wolfe effect (ISW) after 

recombination   ( 50<l<300) - position and amplitude of first peak.

WMAP
Planck

Ø CMB alone not sufficient for 
neutrinos masses sub-eV

Ø Add information directly from 
the matter distribution

fn = 0.1
fn = 0.0

Þ fn =  Wn / Wm
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Matter power spectrum

Large scales Small scales
keq

Matter power spectrum
Ø Analogy with sound: higher at 
certain frequencies 
Ø Real space ⟹ k-space (Mpc-1)
Ø First observation of “total” power 
spectrum with different tracers of 
the matter

Finite velocity of light
Ø Causality “horizon” (↗ with time)
Ø Small scales enter horizon early

Large scales enter horizon late
Ø Relativistic neutrinos will affect 

small scales

Matter era Radiation era

Impact 
of neutrinos



Free-streaming:
Ø Wash out the 

fluctuations 
Ø Suppression of small 

scales in P(k) 

Suppression factor ⟺ Smn

Three probes directly 
sensitive to free-steaming

Ø Galaxy Power spectrum
Ø Weak lensing
Ø Ly-a absorption along 

the line of sight

CMB- lensing is similarly 
affected by free-steaming

7

Impact on matter power spectrum

8fn

Wavenumber k (h.Mpc-1)

1D Ly-a

Galaxy LSS

P(
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CMB

z=4

z=0

Large scales Small scales

Impact in CMB-alone only for non-
relativist neutrinos ⇒ ~1-2 eV limit 

WL
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Neutrino masses

Sm > 0.06 eV Sm > 0.10 eV

Dm2 > 0 Dm2 < 0

Neutrino oscillations
Mass eigenstates m1,2,3 and flavor eigenstates me,µ,t

Solar  dm2 = m2
2 – m1

2 ~ 7.5 10-5 eV2

Atmospheric Dm2 = m3
2 - (m1

2 + m2
2)/2 ~ 2.4 10-3 eV2

→ No constraint on absolute masses
→ 2 schemes (sign of Dm2)

An answer with the cosmological neutrinos?



Forecast 
on neutrino masses

with future cosmological 
projects
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Probes –Projects    
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Gravitational lensing of CMB

CMB

Gravitational weak lensing

o  14$EU$
countries$+$
NASA+$US$
labs$

o  More$than$
120$
insBtutes/
labs$

o  More$than$
1100$
members$

Euclid$ConsorBum$

An$arBst$view$of$the$Euclid$satellite$–$courtesy$ESA$ www.euclid9ec.org$
sci.esa.int/euclid$

Euclid

CORE+
Lensing



10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c
� 2016 RAS, MNRAS 000, 1–38

Probes - Projects  
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BAO

3D power spectrum  - RSD

o  14$EU$
countries$+$
NASA+$US$
labs$

o  More$than$
120$
insBtutes/
labs$

o  More$than$
1100$
members$

Euclid$ConsorBum$

An$arBst$view$of$the$Euclid$satellite$–$courtesy$ESA$ www.euclid9ec.org$
sci.esa.int/euclid$

DESI

Euclid

Epoch of Reionization  - EoR
21cm projects
SKA -HERA



Strategy and goals of the papers  

12

Range for the neutrino masses 
Ø Many analyses in cosmology indicate that    
Smn < 0.15 eV (even 0.12 eV)

Ø Lower limit 60meV (normal hierarchy) 
Ø Range used for the study 60 < Smn < 150 meV

Several scenarios 
Ø CMB-alone (but with lensing!)   CORE-like
Ø CMB+BAO     CORE+DESI
Ø CMB+BAO+WL+P(k)    CORE+Euclid
Ø CMB+BAO+WL+P(k)+EoR CORE+Euclid+21cm



CMB-alone - CORE  
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Ø In CMB strong correlation 
between H0 and Smn

Ø Origin: early ISW

Ø Impact on first CMB peak 
therefore acoustic scale 
and H0

Ø Correlation between wCDM
and Smn due to lensing of 
CMB



CMB+BAO - CORE+DESI 
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ØBAO breaks the (H0,Smn)
degeneracy by adding 
another measurement of 
the acoustic scale at a 
different redshift

ØBAO data alone can 
constrain  Smnbut not 
with great accuracy

Ø See for instance in 
(wCDM

,Smn) plane



CMB+BAO+WL+P(k) 
CORE+Euclid
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ØAs BAO, P(k) and WL 
prefers different 
directions of degeneracy 
in (H0,Smn) plane.

ØReduce uncertainty on 
both H0 and Smn.

Ø WL  and CMB have 
different direction of 
degeneracy in (wCDM

,Smn) 
plane.



…Adding 21 cm

16

Ø In CMB strong correlation 
between As, the amplitude of 
primordial fluctuations and treio
(damping at high l) and (As, Smn)

Ø With 21cm experiment 
measurement of zreio

Ø Break the degeneracy (As, treio ) 
and therefore (As, Smn)As

As

t r
ei

o

Smn



Summary
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2000 for cosmic shear. Still this choice comes from a subjective estimate of the accuracy
with which non linear corrections and systematic e↵ects will be modelled in the future, and
di↵erent assumptions would lead to di↵erent parameter sensitivities.

�(M⌫)/[meV] �(⌧reio) �(109As) �(ns) �(!cdm) �(h)
CORE 42 0.0020 0.0084 0.0018 0.00052 0.0052
CORE+DESI 19 0.0020 0.0080 0.0014 0.00026 0.0022
CORE+DESI+Euclid-lensing 16 0.0020 0.0078 0.0014 0.00023 0.0019
CORE+Euclid (lensing+pk) 14 0.0020 0.0079 0.0015 0.00025 0.0017
CORE+Euclid (lensing+pk)+21cm 12 �� 0.0042 0.0014 0.00021 0.0017

Table 1. Expected 1� sensitivity of CORE, CORE + DESI, CORE + DESI + Euclid (lensing),
CORE + Euclid (lensing+pk), CORE + Euclid (lensing+pk) + “21cm-motivated ⌧

reio

prior” to the
parameters {M⌫ , ⌧reio, 109As, ns,!cdm

, h}. We did not combine DESI and Euclid-pk in order to avoid
double counting the information coming from the wiggly part of the spectrum.

In the first four lines of table 1 we report the expected sensitivity of CORE, CORE+DESI,
CORE+DESI+Euclid-lensing and CORE+Euclid (lensing+pk)15 to M⌫ and other cosmolog-
ical parameters playing a crucial role in our analysis of parameter degeneracies: ⌧reio, 109As,
ns, !cdm and h (the last independent parameter, !b, is always very well constrained by CMB
data alone). In figure 10 we plot the one dimensional posteriors and the one- and two-�
marginalized contours for the same parameters.

First of all we notice that the projected 1� errors in table 1 and 1D distributions in
figure 10 reflect the theoretical points we have discussed in the previous sections: both DESI
and Euclid greatly improve the sensitivity to M⌫ , !cdm and h. The uncertainty on M⌫

tightens by more than a factor two for CORE+DESI and a factor three for CORE+Euclid,
compare to the CORE only sensitivity. The error on H0 shrinks by a factor larger than
two for CORE+DESI and a factor three for CORE+Euclid. However once more we want to
stress that in the case of DESI the improved sensitivity arises from reducing the degeneracy
between H0 and M⌫ , while in the case of Euclid the longer lever arm of the shear data is
specifically sensitive to the suppression of power at small scales induced by M⌫ .

The first column of figure 10 shows all the degeneracies with respect to M⌫ . Let us
describe the evolution of those correlations with the addition of the di↵erent datasets:

1. CORE data only. When only CMB data are considered, correlations follow the di-
rections expected from our extensive discussion of section 2.3. Let us just note that
contrarily to ⇤CDM runs without neutrino mass as a free parameter, the mild cor-
relation between As and ns is negative, which is a result of the mild negative (resp.
positive) correlation between M⌫ and ns (resp. As).

2. Adding DESI data. In general, the size of the 2D-distributions shrink by a factor
⇠2. The extended regions defining the positive correlations between (M⌫ , As) and
(M⌫ , ⌧reio) become steeper, since it is not possible anymore to play with H0 or !cdm

to compensate the e↵ect of the summed neutrino mass on the CMB lensing spectrum.
Indeed, as described in section 3, moving along this degeneracy direction would lead to
very di↵erent BAO angular scales. Thus, the e↵ect of the summed neutrino mass on

15Contrarily to an earlier version of this work, to avoid any possible “double counting” of the BAO infor-
mation, we will not combine DESI and Euclid-pk data.

– 23 –

to compare with DESI forecast

2 SCIENCE MOTIVATION AND REQUIREMENTS 32

Table 2.11: Constraints on the sum of neutrino masses from DESI forecasts in combination with
constraints from the Planck satellite. The experiment combinations are identified as described in
the caption of Table 2.10. The last four cases include the information from Planck and DESI BAO
measurements. Fiducial values are ⌃m⌫ = 0.06 eV, N⌫,e↵ = 3.04. ⌃m⌫ constraints assume fixed
N⌫ , while N⌫ is marginalized over ⌃m⌫ .

Data �⌃m⌫ [eV] �N⌫,e↵

Planck 0.56 0.19
Planck + BAO 0.087 0.18
Gal (kmax = 0.1hMpc�1) 0.030 0.13
Gal (kmax = 0.2hMpc�1) 0.021 0.083
Ly-↵ forest 0.041 0.11
Ly-↵ forest + Gal (kmax = 0.2) 0.020 0.062

2.5.2 Neutrinos

The e↵ects of neutrinos in cosmology are well understood (for a review, see [165]). They decou-
ple from the cosmic plasma when the temperature of the Universe is about 1 MeV, just before
electron-positron annihilation. While ultra-relativistic, they behave as extra radiation (albeit not
electromagnetically coupled) with a temperature equal to (4/11)1/3 of the temperature of the cos-
mic microwave background. As the Universe expands and cools, they become non-relativistic and
ultimately behave as additional dark matter.

Neutrino Mass

The mass of neutrinos has two important e↵ects in the Universe [165]. First, as the neutrinos become
non-relativistic after the time of CMB decoupling they contribute to the background evolution in
the same way as baryons or dark matter, instead of becoming completely negligible as they would
if massless (like photons). This a↵ects anything sensitive to the background expansion rate, e.g.,
BAO distance measurements. Second, the process of neutrinos becoming non-relativistic imprints
a characteristic scale in the power spectra of fluctuations. This is termed the ‘free-streaming
scale’ and is roughly equal to the distance a typical neutrino has traveled while it is relativistic.
Fluctuations on smaller scales are suppressed by a non-negligible amount, of the order of a few
percent. This allows us to put limits on the neutrino masses.

From neutrino mixing experiments we know the di↵erences of the squares of masses of the
neutrino mass eigenstates. The splitting between the two states with similar masses is �m2

21 =
(7.50 ± 0.20) ⇥ 10�5 eV2, while the splitting between the highest and lowest masses squared is
�m2

32 = 2.32+0.12
0.08 ⇥ 10�3 eV2. Two things are not known: the absolute mass scale, and whether

the two states close together are more or less massive than the third state. In what is called the
normal hierarchy, the close states are less massive. In this configuration, the lowest possible masses
in eV are 0, 0.009, and 0.048, so the minimal sum of neutrino masses is 0.057 eV. In the inverted
hierarchy, the minimal masses are 0, 0.048, and 0.049 eV, for a total of 0.097 eV. This is shown in
Figure 2.14.

Table 2.11 shows our projected ⌃m⌫ constraints, obtained through Fisher matrix calculations
as discussed above and in [95].

With a projected resolution of 0.020 eV, DESI will make a precision measurement of the sum of
the neutrino masses independent of the hierarchy and therefore determine the absolute mass scale
for neutrinos, a measurement that is otherwise very challenging. Furthermore, if the masses were

Reasonable to think that we will measure neutrino masses 
at s~20-25 meV in 2025 just with Planck+DESI
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Free-Streaming 
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Free$streaming$

gravitaConal$
potenCal$

x$

iniCal$Cme$

gravitaConal$
potenCal$

x$

later$Cme$

Velocity-dispersion-large-wrt-size-of-poten1al-well-

Neutrinos$escape$from$potenCal$well,$
density$perturbaCons$get$washed$out$

Cold$dark$ma_er$

neutrino$


